Downloaded from orbit.dtu.dk on: Dec 20, 2017

Technical University of Denmark DTU
oo

New Sol-Gel Coatings to Improve Casting Quality

Nwaogu, Ugochukwu Chibuzoh; Tiedje, Niels Skat

Publication date:
2011

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Nwaogu, U. C., & Tiedje, N. S. (2011). New Sol-Gel Coatings to Improve Casting Quality. DTU Mechanical
Engineering.

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://orbit.dtu.dk/en/publications/new-solgel-coatings-to-improve-casting-quality(0bb8bb35-8378-421c-8253-da8d5c6cf832).html

s
.
0

e

o

New Sol-Gel Coatings to Improve Casting Quality

A PhD Thesis
By
ochukwu Chibuzoh Nwaogu

Supervisor: Niels Skat Tiedje, PhD.
(Associate Professor)

Department of Mechanical Engineering,
Technical University of Denmark.

December, 2011.







To my humble family



ii



“My interest is in the future because
I am going to spend the rest of my life there”

Albert Einstein

iii



iv



Preface

This is a PhD Thesis on “New Sol-Gel Coatings to Improve Casting Quality” which
was carried out and submitted to the Department of Mechanical Engineering at the
Technical University of Denmark (DTU), in partial fulfillment of the requirements
for the award of the degree of Doctor of Philosophy (PhD). The work presented
herein was supervised by Associate Professor Niels Skat Tiedje within the period of
November, 2008 to December, 2011. The expertise of the nine industrial partners
and one research institute was reasonably harnessed for the success of this work.

In view of the large amount of data collected from all the experiments performed
at the DTU foundry and laboratories, and the industrial tests in the companies,
the most significant results and analyses along with a rich literature survey are
presented.

I will not say it was an easy task to come this far, however, determination coupled
with a very friendly working environment was the driving force. Being a member
of the Casting research group at DTU MEK, under Niels Skat Tiedje has been a
source of inspiration and motivation. The exposure was inestimable and working
with industrial partners exposed me to a high calibre brain-storming.

Coming back to Denmark from Germany after my Masters Degree in Materials
Science at Technical University of Hamburg, Germany (after being an exchange
student at Aalborg University, Denmark in 2007) was a decision I needed no guid-
ance to make for several reasons. Again, the site of liquid metal for the very first
time at Funfrap foundry in Aveiro, Portugal, during the early part of my Masters
study in Materials Science at University of Aveiro, Portugal, was amazing. That
also enhanced my decision to take up the PhD in Casting Technology at DTU,
among three other PhD offers in different countries in Europe. I wanted to be part
of the group working with liquid metals and associated areas.

Having reached this stage of my studies and looking back from a vantage position,
the path was rigorous, I must say. Amidst challenges, I acquired lots of knowledge
and skills, I had to learn effective time management and team work. Working
smartly and systematically, I overcame lots of the challenges. Effective literature
study and ideas from the industrial partners, opened my thoughts to the direction
of the project coupled with the guidance of my supervisor. Innovative and creative
thinking became part of the success story.

Today, I am happy I have come this far.
Ugochukwu Chibuzoh Nwaogu.
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Abstract

Sand casting is one of the oldest casting methods. The greatest advantage of
sand casting is that almost any metal can be poured in the sand and there is
almost no limit on the size, shape, or weight of the part. Sand casting provides
the most direct route from pattern to casting. Among the limitations involved in
sand casting is the need for fettling and machining in order to finish the castings,
especially castings having rough surfaces, veinings, or finnings, and other surface
defects. In this regard, this project deals with the understanding and reduction or
elimination of the occurrence of these mentioned defects on the castings made in
sand moulding materials by use of novel refractory coatings.

The project involves the development of novel foundry coatings using the SOL-GEL
Technology. The idea was to harness the possibilities offered by this technology
to produce environmentally-friendly refractory foundry coatings. This process is
a novel application for foundry coating development.

In the approach for this research project, intensive efforts were made to understand
casting technology, the behaviour (mechanical and thermal) of moulding materials
(at ambient and elevated temperatures), foundry coating technology and purposes,
mould-metal reactions, metallurgy, modelling and simulations of casting processes,
and surface metrology of castings.

In the experimental approach, several coating formulations were prepared both
with nanoparticle refractory materials (TiOg, ZnO) and microparticle refractory
materials (filter dust, zircon, china clay, olivine, aluminium silicates). However,
the nanoparticle refractory materials proved incompatible with the sand grains for
foundry coating production. Therefore, the bulk of the work was centred on the
micro-sized refractory materials which showed positive results.

The coatings were extensively characterized experimentally. The wet properties
(density, °Baumé parameter, viscosity) and dry properties (penetration, coverage,
layer thickness, moisture, permeability) as they apply to foundry industry, were
measured and presented. The results show that the particle size, the particle
size distribution, and the percentage solid content play a significant role in the
rheology of the coatings. The percentage solid content is directly proportional to
the density, °Baumé parameter, viscosity, coverage, layer thickness and inversely
proportional to the penetration, moisture content and permeability.

In this project, a new Strength Testing Machine (STM) for moulding materials was
built and calibrated in-house for the determination of the mechanical properties
of moulding materials. Coated moulding materials were tested for strengths (ten-
sile, bending and compression) using the new STM, to determine the effect of the

xxiii



coatings on the strengths of the moulding materials. The results reveal that the
coatings degrade the strengths in the tensile and bending modes, but not signifi-
cantly, while the compression strength was increased using the coatings. Thermal
degradation examinations were performed on cores coated with sol-gel containing
coatings and those coated with the same coating without sol-gel component to
understand the effect of the sol-gel component on the thermal stability. The ob-
servations made lead to the conclusion that lower amounts of sol-gel component
will enhance the thermal stability of the moulding material.

Numerical modelling and simulations of the casting processes were performed to
understand and predict defect areas in the castings. The coating layer thickness
was modelled for simulation purposes. The thermal behaviour of the moulding
materials was also simulated. The simulation results show that the effect of the
coating on the moulding materials is thermal insulation. The simulation results
agree with the experimental results. In another context, the likely surface reactions
of the moulding materials and the metal were predicted and these depend on the
free energy of formation of the products, CO5/CO ratio and the temperature.

Many casting experiments were performed in both horizontally- and vertically-
parted moulds using coated cold box and furan cores with uncoated cores as
control. Many industrial tests were also performed. The cores were coated by
dipping at different times in filter dust sol-gel coating with different solid contents,
commercial coatings, and commercial coatings containing various amounts sol-gel
component as additive. The coating application on moulds was by spraying. The
surface quality of the castings shows that the filter dust sol-gel coating improved
the surface quality of the castings and the results are comparable with the in-
vestigated commercial coatings. However, this coating formulation was dropped
due to the fact that the filter dust is not a conventional material and it is not
in continuous supply. The surface of the castings made with cores coated with
the commercial coatings containing sol-gel component as an additive shows that
better surface quality of castings were obtained with lower amount of sol-gel ad-
ditive. In another context, the casting surface quality obtained by spraying the
vertically-parted mould reveals that the coatings can enhance the surface quality
and also influence the metallostatic pressure effects. Multilayer application by
spraying proved more satisfactory. The thermal measurements during the cast-
ing experiments shows that the coatings have a thermally insulating effect on the
cores, in concordance with the numerical results.

The surface metrology applied on the surface of the castings shows that the castings
made with coated cores have lower surface roughness than the castings made with
uncoated cores. In this project, it was also shown that optical metrology with
white light is applicable to the evaluation of the surface texture of castings with a
medium magnification, say 5x.

Finally, this project has successfully applied sol-gel technology in the development
of foundry coatings and the results show positive potentials.
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Chapter 1

Introduction

1.1 Background

Castings can be produced in either permanent metal or expendable refractory
moulds. The use of metal moulds is limited to metals with low melting points.
Thus, the greater part of the output of the foundry industry consists of castings
made in refractory moulds, mainly sand castings. Silica sand is the mainstay
of that part of foundry industry that uses expendable moulds. The reasons are:
silica sand is cheap, available, often occurs together with its own binder (clay),
is naturally round-grained, packs well, and is refractory enough to be used for
all common metals and alloys [1]. However, casting defects that are a result of
the thermal expansion of silica sand have always posed problems for the foundry
industry. The phenomenon is caused by the rapid thermal expansion of the sand
systems® during the casting process, resulting in the core failing due to cracking.
The molten metal then flows into these cracks, creating a thin fin of metal, which
is referred to as a veining or finning defect. Other related casting defects occurring
as a consequence of the expansion effect of silica sand include scabs, rat-tails, and
castings out of dimensional tolerances [2, 3]. Apart from these defects associated
with silica sand expansion, there are other defects which occur when the melt
subject the sand to thermal distortion. These include metal penetration, sand
burn-on, sand inclusion and erosion, etc. Some of these defects are shown in
Figure 1.1.

The use of refractory coatings on cores and moulds is fundamental to obtaining
acceptable casting surface quality. Refractory coatings are used on green sand
moulds and resin bonded cores in foundries to aid surface finish improvements, re-
duce thermal expansion defects such as veining, metal penetration, and unbonded
sand defects such as erosion. Fetling? and casting inspection often contribute a
very significant percentage to the total production cost in foundries. Therefore,
there is a strong need for the reduction of the production cost. As the need for
more complex, critical castings and higher quality standards grows, the function
and quality of the core coatings utilized in the process becomes important [4].

1Sand systems refer to sand moulds and cores.
2Cleaning of castings after shot-blasting.
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(a) Veining defect (b) Penetration and veining defect

Figure 1.1: Some castings with defects after shot-blasting .

Some are more successful than others [3]. The castings shown in Figure 1.1 are
made with coated sand moulds and cores, but the castings still have these defects.

The question that has remained unanswered is what can be done to reduce the
tendency of occurrence of these defects? Or better still, eliminate them completely?

Therefore, the project innovation consortium was formed to develop and test a
novel Eco-friendly coating based on Sol-Gel Technology for foundry applications.
The other members of the consortium apart from DTU are briefly introduced in
Section 1.4.

The novel coatings were extensively characterized experimentally and tested with
casting experiments. The surface quality defined by the roughness parameter of
the castings made with these coatings were measured with a 3D optical micro-
scope to establish a novel application of this measurement method in the foundry
industry. This is a non contact scanning process based on focus variation. In most
foundries, surface quality of castings is measured by using roughness comparators
which are highly operator dependent and therefore subject to variation. Most im-
portantly, this method is only qualitative and lacks reproducibility. Therefore, it
is imperative to find a method that is quantitative and highly reproducible for
surface quality measurement of castings. The results are correlated with the series
of characterization results of the coatings and the conditions of casting using some
statistical models. In this project, it was also found out from our measurement
trials, that most sand castings are out of stylus instruments measuring range, espe-
cially the profilometers. Furthermore, a mechanical testing machine was developed
and used for measuring the tensile and flexural strengths of chemically bonded core
materials. This is a novel application for chemically bonded core materials since
the traditional strength machines are used for green sand materials. Moreover,
this system shows the loading profile, unlike the existing machines, which measure
the maximum strengths.

In chapter 2, a detailed discussion of mould and core dynamics emanating from the
contact of the mould or core with the liquid metal will be given. Furthermore, the
concept of order-packing of granular materials as it affects sand grains is discussed.
Most of the physical phenomena occurring during the casting process and the as-
sociated casting surface defects as a results of the mould/core and molten metal
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interaction, will be discussed. Chapter 3 will briefly discuss Surface Technology.
The parameters for the characterization of surface roughness and ISO standards
dealing with surface texture characterization according to literature are presented.
Chapter 4 deals with the modelling and simulations of casting processes, elucidat-
ing anticipated defect areas in the model. Chapter 5 covers materials and approach
adopted in the execution of the research. In this chapter, different areas of the
project and methods of investigation are presented. Chapter 6 presents the sum-
mary of the results from different areas of the project. Chapter 7 shows the results
from industrial trials as case studies. Chapter 8 deals with the discussion of the
results, findings of this research, and further knowledge. Chapter 9 presents the
summary of the work by showing the important deductions from the research as
conclusions while also providing the lead for future work. Another important sec-
tion of this thesis is the supplements part. The supplements present the different
publications of the results from the various areas of the research.

1.2 Scope of Thesis

The scope of this thesis is to enhance surface quality of castings using novel sol-gel
coatings on moulds and cores thereby saving energy and cost in the fetling shops
of the foundries.

The main idea is to develope a novel foundry coating using the sol-gel process.
This process has been applied in different areas of coating production for various
applications such as membrane application, thermal barrier, corrosion and wear
resistant coatings, self cleaning, etc. but has not been applied in the develop-
ment of foundry coatings. Therefore, this is a novel application of this process in
foundry coating production. The sol-gel process has an advantage that the system
can easily be controlled to get a tailored microstructure. The coatings investigated
in this study were produced by the Sol-Gel group in the Materials Testing Divi-
sion at Danish Technological Institute, Aarhus, Denmark. Therefore, this study
concentrates on investigating and understanding the behaviour of the coatings on
the cores and making castings with the coated cores to elucidate the performance
of the coating in improving the surface quality of the castings.

1.3 Goals

The goals of the project include:

o To analyse how sol-gel coatings adhere to the surface of cores produced with
different binder systems.

e To analyse how the coatings behave when subjected to the heat treatment
resulting from direct contact with liquid metal during casting.

o To describe surface reactions between the coatings, cores, and castings during
mould filling and solidification.
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o To suggest model equations for the surface reactions.

e To determine the mechanical properties of core materials onto which the
coatings are applied.

» To propose mode of fracture of the cores and coatings.

o To characterize the surface quality of the castings made with cores coated
with sol-gel coatings and to quantify the surface roughness of some standard
surface comparators.

« To investigate the interfacial microstructure of the casting in contact with
the coated moulding materials.

1.4 Project Partners

This project, apart from being hosted and carried out at Technical University
of Denmark, DTU, Mechanical Engineering laboratories, has other partners that
have in one way or the other contributed immensely with their foundry expertise
to the milestone so far reached in the research. A brief introduction of each is
provided below.

1.4.1 C. C. Jensen A/S

C. C. Jensen A/S is a family-owned international company, established in 1953, and
based in Denmark. Their uniqueness is based on combination of tradition, innova-
tion, and technical expertise. C. C. Jensen has a global network of 9 subsidiaries,
5 affiliate companies, 1 joint venture partner and more than 40 distributors [5].

1.4.2 Dania A/S

Dania A/S was established in 1947. Dania manufactures and supplies series pro-
duced machine moulded components in grey iron and nodular iron with weights
ranging from 0.5 to 60 kg, preferably complex and core intensive castings. Dania
also offers surface treatment and machining services [6].

1.4.3 Danish Technological Institute (DTI)

The Danish Technological Institute (DTI) applies and disseminates research- and
technologically-based knowledge for the Danish and international business sectors.
They provide consultancy and standardisation services [7]. The coatings being
investigated in this project are produced by the Sol-Gel group at DTI.



1.4. PROJECT PARTNERS 5

1.4.4 DISA Industries A/S

DISA Industries is a complete foundry supplier and provides cutting edge moulding
technology, core solutions, and global technical services. DISA Industries is popu-
larly known for the production of the automatic moulding machine, DISAMATIC,
for vertically-parted green sand moulds [§].

1.4.5 Frese Metal- og Stalstgberi A/S

Frese Metal- og Stalstgberi A /S has more than 65 years of foundry experience and
specialises in making complicated, core intensive, single or series production of
quality castings in corrosion resistant materials such as bronze, aluminium bronze
and stainless steel using an automatic moulding No-bake process [9)].

1.4.6 Johan Jensen & S¢gn Metalstgberi

Johan Jensen & Sgn Metalstgberi was established in 1892. This means that they
have more than a century’s worth of experience in the area of grouting® and cast-
ing equipment for all purposes. Their customer base ranges from large cement
factories, shipyards, and large machinery factories to small local blacksmiths [10].

1.4.7 Nordsjeellands Metalstgberi

Nordsjellands Metalstgberi A/S is the largest aluminium sand-casting foundry in
Denmark. This foundry produces castings in any kind of standardized aluminium
alloys suited for sand forms. They produce items from 1 gram to several hundred
kilos [11].

1.4.8 Sibelco Nordic A/S (formerly PV Sand)

The company was founded in 1971. From middle of June 2010, the company name
was changed from PV Sand A/S to Sibelco Nordic A/S. Sibelco Nordic A/S is a
leading manufacturer and supplier of many products for foundries, the offshore-
industry, surface treatment, construction industry and sport & leisure [12]. This
company participated in the development of the coatings being investigated.

1.4.9 Vald. Birn A/S

Birn provides optimum manufacturing process for a broad spectrum of machine-
moulded castings weighing up to approximately 80 kg in medium and large volumes
with and without cores. Birn produce a wide range of standard cast materials in
grey iron and nodular iron. Apart from manufacturing cast components, Birn
offers machining, surface treatment, and assembly services [13].

3To fill or finish with a thin mortar or plaster.
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1.4.10 Vestas Castings Group A/S

Vestas Castings Group A/S under Vestas Nacelles A/S is a subsidiary of Vestas
Wind Systems A/S. In Vestas Casting Group A/S, the weight of the castings
ranges from 100 kg to 20 tonnes. The main activity of Vestas Castings Group
is the casting of items in high strength ductile iron and grey cast iron for wind
turbines. The components cast are primarily rotor hubs, blade hubs, main beams,
bearing houses, base frames, stiffeners, and torque arms. These components are
cast in moulds of furan resin bonded sand [14].



Chapter 2

Mould and Core Dynamics

2.1 Concept of Order-Packing of Granular Ma-
terials

Packing can be defined as any manner of arrangement of solid units, in which
each constituent unit is supported and held in position in the earth’s gravitational
field by tangential contacts with its neighbours. The packing of aggregate ma-
terials affects their physical properties such as bulk density, porosity, pore size
distribution, pore shape, aggregate strength, and tortuosity! [15]. The concept of
order-packing embraces the manner in which the sizing and shaping of aggregate
particles contribute to the orderly packing in a refractory matrix. By promoting
the orderly packing, it is possible to obtain an improvement of density and stability
from the physical arrangement of aggregate particles, as well as, from the addition
of binders to fill the voids and cement the particles [16, 17, 18]. The packing of
aggregate materials is influenced by particle size, particle size range, sphericity?,
roundness® and surface roughness of the aggregate materials, cementing materials
(binders), moisture content, and water surface tension [15, 19]. Particles have a
certain geometric form or shape with varying degree of roundness. It is generally
accepted that the sphericity and roundness of particles are significant factors in
determining the physical properties of aggregate materials. The properties which
are likely to be influenced by particle sphericity and roundness include the void
ratio, pore size distribution, number of points of contact, compressibility, cohesion,
friction, and strength. Void ratio of sands increases with decreasing sphericity and
usually with decreasing roundness [15].

It has been discovered that factors such as grain shape and distribution, rammed
densities, and surface stabilities, do influence the casting results obtained with
foundry sands. Formerly, it was assumed that the order-packing is established
within a mould by ramming forces. The more modern concept holds that through
the dynamic grouping and packing of compatible particle sizes during mulling, an

!Tortuosity is a term used to describe diffusion in porous media.

2Sphericity is a measure of the degree to which the shape of a particle approaches that of a
sphere.

3Roundness is basically a measure of angularity of the particle corners regardless of shape.

7
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aggregate is predisposed toward orderly packing before it is ever discharged from
a Muller and placed in a mould [16]. However, particle size has no influence on
packing behaviour of large particles, but this is not the case with finer particles.
Particle size affects packing, only when particles are less than 50 pm [15].

Bulk density (v4), porosity (), void ratio (e) and packing density (£2), which are
commonly used as a measure of packing, are related to one another by the following
relationship:

Vd €
: Vs 1 +e ( )

where 4 is the density of solids [15, 18, 20, 21]. Most measurements of packing are
expressed in terms of bulk density; however, it is better when comparing materials
to use e or Q which is independent of the density of solids [15].

2.1.1 Some Theoretical Relationships

To develop the application of this concept for dynamic orderly packing during
mulling, the packing potentialities of true spheres such as glass beads are consid-
ered since this is a simpler system even than the granular materials, and provides
a framework within which the packing of less uniform particles can be understood
(16, 22].

With a mass composed of uniform spheres, or beads, of a certain sieve size (a 1-
component system), one can visualize the beads as packing to create either a simple
cubic or rhombic formations (Figure 2.1). By placing a layer of four beads in true
vertical alignment above another layer of four beads, one secures an example of a
simple cubic packing (Figure 2.1a). This type of packing is physically unstable in
that the natural tendency is to shift from cubic to rhombic. If one shifts the upper
layer so that one of its components rests in the pocket common to the four beads
in the lower layer, an example of simple rhombic packing is created (Figure 2.1b).

(a) Simple cubic (b) Simple rhombic

Figure 2.1: Types of packing uniform spheres from one sieve (1-component system)
[16].
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Considering cubic packing, one perceives that there is a space within the centre of
the formation into which a smaller sphere can be fitted. If a sphere of proper size
is inserted into this cavity, it can contact all of the eight larger spheres without
distorting the geometrical perfection of the cubic structure; and a 2- component
system has been created (Figure 2.2). Similarly, the simple rhombic type of forma-
tion is capable of including a sphere within an internal cavity enclosed by the larger
spheres. However, in comparison the included sphere in the rhombic formation is
smaller than the included sphere within the cubic formation.

If we assume we are dealing with perfect spheres of diameters equal to standard
sieve openings, the forgoing can be restated in a more practical terms. With a
cubic formation composed of large spheres, a sphere from the next smaller sieve
will just fit into the cubic cavity. With a rhombic formation created from the
same large-size spheres, a sphere from the second smaller sieve will just fit into the
rhombic cavity.

These discussions could be extended to the more complex orderly packing arrange-
ments peculiar to 3-, 4-; 5-, and 6-component systems. However, it is believed or-
derly formations from 2-component systems predominate when mixing and mulling
is applied to foundry sands. Further explanation of Figure 2.2, (assuming we are
still dealing with spheres from No. 70 and No. 80 sieves), we find that placing
a No. 80 sphere within the cubic cavity formed by the No. 70 spheres techni-
cally transforms the formation from simple cubic to a body-centred-cubic type of
formation (Figure 2.2b).

It can be noted that the rigidity and stability of the formation has been increased
because the smaller sphere serves as a “key” between the two layers of larger
spheres. A shift from simple cubic to simple rhombic alignment is no longer pos-
sible. Furthermore, the small sphere is occupying the space that could be filled
by ineffective bond. Maximum efficiency and economy requires that binders be
present as coatings on aggregate components, and not be wasted in filling void
spaces. Finally, it should be evident that the points of sphere-to-sphere contact
(the areas where the bond of adhesion is most effective) have been increased from
12 in the simple cubic formation to 20 in the body-centred cubic formation.

Assuming that increasing contact points between the spheres promotes better ad-
hesion throughout a mass as a whole, it can be postulated that the creation of
the body-centred cubic formation has contributed a 66.6% increase in strength
potentials with respect to improving bond efficiency [16].

In another context, since the small spheres are of such size that they can fit into
the existing pores without disturbance, then the pore space is reduced. If it is
continued to put in small spheres in pores without any distortion in the geometri-
cal system formed, all the pores will be filled when the permeability of the system
is zero. In view of the influence of pore space on permeability, it is important to
know the size of the largest sphere which can be accommodated within the cavi-
ties of close-packed uniform grains. This can be calculated and if the diameter of
the original spheres is “d”, the largest inclusive sphere has a diameter of (/(2) —
1)d or 0.4d. The next largest sphere which can fit into the remaining pores has
a diameter of 0.2d [17]. However, it is mentioned in [23], that a few researchers
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(a) Expanded formation (b) Compact formation
Small size diameter = 0.732 R and Large size diameter = R

Figure 2.2: Types of packing uniform spheres from one sieve (2-component system )

[16].

reported that porosity for fine particles packing is higher than that of coarse par-
ticles and the proposed mechanism suggested that increasing the inter-particle
forces increases porosity. Table 2.1 summarizes important characteristics of pore
structures designed by different degrees of mono-size spheres packing.

Table 2.1: Important characteristics of some mono-size sphere packing.

Packing type CN || Porosity, % || R of sphere R of
inscribed in sphere
cavities inscribed

in
Throats

Hexagonal 0.2247R-

close-packed 12 2595 octahedral 0.154R
0.4142R-
tetrahedral

0.1547R

Tetragonal 10 30.19 0.2910R 096197

Body-centred 8 31.98 0.2910R 0.2247R

cubic

. 0.1547R
Orthorhombic 8 39.54 0.5275R 041491
| Cubic [6 [ 47.64 | 0.732R [ 0.4142R |

| Tetrahedral 4 ] 66.00 | 1.00R [ 0.732R |
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2.1.2 Practical Applications

The concept for dynamic orderly packing is not applicable to natural sands. Most
natural sands contain a high percentage of clay and silt-like materials; and mulling
is used to plasticize the clay and create rather thick coatings upon individual
grains. Upon being rammed together, portions of the clay coatings are forced into
the voids between adjacent sand grains. As a generalization, one can state that
the density and stability of natural sand is more dependent upon the bond than
distribution of sand grains; synthetic sands, being the most used moulding sand,
are more dependent upon distribution of sand grains than bond. However, mulling
is required to develop the characteristics of both.

2.1.3 Grain Distribution — Laws of Probability

It is generally assumed that a sieve analysis sharply defines between the different
sizes of grains comprising a sand base. According to [16], such is not the case. On
any particular sieve one finds grains ranging from those just able to pass through
the preceding sieve to those just unable to pass through to the following sieve.
Because of this lack of sharp differentiation between the grains on adjacent sieves,
it is impossible to simply screen a sand and secure grains of uniform size on each
of two successive sieves (Figure 2.3).

Figure 2.3: Schematic portrayal of range in sizes retained on No. 70 sieve demon-
strate non-uniformity on any sieve [16].

2.1.4 Influence of Particle Geometry

The theoretical discussion dealt with true spheres — geometric shapes that facilitate
fast distribution and easy packing. This is not the case with foundry sand [16, 24].
Most possess non-uniform shapes and can be classified as being rounded, sub-
angular, angular and compounded types [15, 25] as shown in Figure 2.4.

o Rounded grains have the least contact with one another in a rammed struc-
ture, thereby making the sand highly permeable to gases. Sand having
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Figure 2.4: Classification of sand grain shapes.

rounded grains, however, lack strength and do not pack up to the opti-
mum extent. The binder requirements are minimal and they have higher
flowability.

e Sub-angular grains have comparatively lower permeability and greater strength
than the rounded ones.

o Angular grains have defined edges, and the surfaces are nearly flat. They pro-
duce higher strength and lower permeability in the mould than sub-angular
grains. The binder consumption is likely to be higher and they have lower
flowability.

e Compounded grains are cemented together such that they fail to separate
when screened. They may consist of rounded, sub-angular or angular grains
or a combination of the three. These are the least desirable due to their
tendency to breakdown at high temperature.

Obviously the well rounded types should be more compatible with promoting or-
derly packing than the angular or sub-angular types. Investigations have revealed
that round grains are usually found on the No. 6 to No. 40 sieves; sub-angular
grains upon the No. 50 to No. 140 sieves; and angular grains upon the No. 200
and finer sieves. In practice, sand grains contain mixed grain shapes, depending
on origin. A sub-angular-to-rounded grain mixture would be the best combination
[26].

Ranges of grain size, shapes and condition of grain surface all have their effect on
mould and core performances. Grain sizes are measured by means of DIN and
AFS standard screen analyses. Particles of 0.02 mm to approximately 2.0 mm
mean diameter are usually considered as sand grains. Smaller particles down to 2
um are silt and particles smaller than 2 ym are clay. Those larger than 2 mm may
be considered as gravel [16]. The finer the grains, the more intimate will be the
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Table 2.2: Calculation of Grain Finesness Number (GFN) [27]

Sieve No. Sand Retained Multiplied by Prev. | Product
British Stand. on the Sieve (g) Sieve No
L +10 ] Nil H : [ - |
L +16 ] Nil H : [ -]
| +22 | 0.2 | 0.2 x 16 [ 32 |
| +30 | 0.8 | 0.8 x 22 [ 176 |
| +44 | 6.7 | 6.7 x 30 [ 2010 |
| +60 | 22.6 | 22.6 x 44 [ 11044 |
| +100 | 48.3 | 48.3 x 60 | 2898.0 |
| +150 | 15.6 | 156 x 100 | 1560.0 |
| +200 | 1.8 | 1.8 x 150 [ 270 |
| Through 200 || 4.0 | 4 x 200 | 800 |
Product = 6854.2
| AFS Fineness No. = ot = 0052 = 68 AFS |

contact and the lower the permeability. However, fine grains tend to fortify the
mould and lessen its tendency to get distorted [26].

The analysis of particle sizes of sand substance, spread as they are over a range
extending from about 1 mm to 0.1 mm (1000 to 100 pm), forms a major method
of assessment of the suitability for moulding purposes. This test reveals both the
coarseness and fineness of the aggregate material, which may be summarized as
“grain fineness number” (GFN) based upon either B.S. or [.S.O. sieve apertures
[26]. The GFN is obtained from a nest of standard laboratory sieves on a vibrating
mechanism with a sensitive balance (+ 0.5 accuracy) [27]. 100 g of sample of
perfectly dry sand is placed on top (coarsest) sieve. The system is vibrated for 15
minutes. The content of each of the sieves is weighed starting with the top sieves
and the weights are recorded against the corresponding sieve mesh number (either
the British standard sieve numbers or the AFS American standard sieves). The
weight of each separate sieve is multiplied by the preceding sieve mesh number.
The total product is divided by the total sample weight and this gives the AFS
Fineness Number. This is exemplified in Table 2.2.

Appreciable percentages of coarse grains should be avoided because of their ad-
verse effect on casting surface finish. The finer the grain sizes are the better the
opportunity to achieve smooth finishes of the castings. However, only fine grain
sands do not guarantee smooth castings as thermal instability, inadequate mould
density, poor flowability, and chemical activity, all affect the casting surface. The
variation of size, shape, and distribution results in significantly different properties
when the aggregates are mixed with binder and rammed into shape. The large
grain size sand has a relatively low specific surface area, so requiring a small binder
addition for a given mechanical strength, while small grains with higher specific



14 CHAPTER 2. MOULD AND CORE DYNAMICS

area need a larger binder addition to achieve the same strength [28]. Furthermore,
the distribution of grain sizes in a sand has a strong influence on their ease of
bonding. A narrow or very broad range of grain sizes will require larger percent-
ages of binders than will a moderate screen-spread sand to develop a given level
of green strength. Fines, silt, and clay are to be avoided or kept to a minimum
in this case. Liquid binders, when properly mixed with sand, form a very thin
coating on the grains [16].

2.2 Phenomena Affecting Mould and Core Dy-
namics

2.2.1 Heat Transfer

The rate of heat removal from the cast component during casting is important
as it determines the solidification rate and time, temperature distribution in the
material, and in the sand systems. The understanding of the heat transfer into
the sand systems is also important as it affects the surface finish of the castings,
depending on the behaviour to the heat. Heat transport and solidification processes
in various casting processes are generally complex as illustrated in Figure 2.5.

Figure 2.5: Temperature distribution in a cast, solidifying metal melt [29].

From Figure 2.5, the important identifiable resistances to heat extraction flow from
the melt to the mould include the melt, the solid phase + melt, the solid phase, the
metal /mould interface and the mould and the surrounding of the mould. However,
the resistances from the melt and the solid phase + melt (two-phase region) are
negligible. Nothing is normally known about the state of solidification, in the
two-phase region [29]. And in the melt and the mould surrounding, the turbulent
flow and mixing balance the temperature gradients rapidly as the bulk flow of the
liquid is fast and the mould is hardly heated up on the outside during solidification
(30].

The temperature of the melt is generally higher than the solidus during casting.
However, the mould material cools the cast metal. The melt is cooled more rapidly
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at the surface, which is in contact with the sand system. Consequently, solidifi-
cation starts at this surface and the solidification front moves inwards into the
melt.

2.2.1.1 Resistance from the Solid Phase

For heat flow from a liquid metal poured at its melting point T,, against a mould
wall with initial temperature Ty, the transient* heat problem can be described
by the partial differential equation for heat conduction in 1-D, given by Fourier’s
second law,

oT 0T
= a,—— 2.2
ot~ " oa? (22)
Fourier’s 3-D form of the heat conduction equation is given by
aT o?’T  9*°T  0°T
— = a, 2.3
o~ ° (89&2 T g T (922) (2:3)
as is the thermal diffusivity of the solid and it is expressed as
ks
a = (2.4)
PsCp

where

ks is thermal conductivity

ps is density

¢, is heat capacity at constant pressure.

The boundary conditions in Eq. 2.2 are x =0, T =Ty, at o = 5, T =T,
and at the solidification front the rate of heat evolution must balance the rate of
conduction down the temperature gradient [30, 31, 32]. The relationship is given

by:
Hp, (%f) - (gf) (2.5)

H is the latent heat of solidification.

However, if the rate of evolution of heat is faster than the rate of conduction,
there will be local overheating of the mould leading to production of castings with
surface defects [33].

2.2.1.2 Resistance from the Mould/Metal Interface

It is reported in [30] that in many casting processes, heat flow is controlled to
a significant extent by the resistance of the mould/metal interface. This occurs
when both the metal and the mould have reasonably good thermal conductivity,

4The temperature is a function of both position and time.
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therefore the resistance is dominated by the heat transfer between them. This is
mostly the case when an insulating coating is applied to the mould or when the
solidifying casting shrinks away from the mould (conversely, the mould heats up
and expands away from the metal). The result is creation of an air gap between
the two. The contact between metal and sand mould is not ideal, therefore the
temperature at the interface becomes important for predicting the thermal shock
that the mould can be subjected to. In [29], it was reported that during sand
casting process, the temperature at the interface between the metal and the mould
is approximately equal to the liquidus temperature of the liquid metal. However,
the following assumptions are considered:

e The thermal conductivity of the metal is very large compared to that of the
sand mould.

o During casting the temperature of the mould wall immediately becomes equal
to the temperature T of the liquid metal and maintains this temperature
throughout the whole solidification process.

o At large distances from the interface the temperature of the mould is equal
to the room temperature T

Figure 2.6: Sketch of the temperature profile during casting in a sand mould [29].

As can be seen in Figure 2.6, sand has a poor thermal conductivity. The heat
transport through the sand mould is always a “bottle neck”. Consequently, the
solidification process is completely controlled by the thermal conduction through
the sand mould.

There is a temperature difference across the interface between two different mate-
rials. The larger the difference the more heat is transferred per unit time from the
hotter to the colder one. Under stationary condition, this is expressed as

d
dcf = —hA(T,—T)) (2.6)

where h is the heat transfer coefficient expressed in J/m?sK or W/m?K.
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Poor contact between the materials will result in a poor response time [34] and
a thin layer of air between them. Air is a poor conductor and heat transfer is
significantly reduced [29].

The amount of heat per unit area, which is transported into the mould per unit
time in the negative direction through the interface between the mould and the
metal is given by

aq o \/kmould Pmould C;T)’wum (T o TO) (27)

ot Tt
where T} is the interface temperature.

This amount of heat consists of only solidification heat because the temperature in
the liquid phase (77,) is constant in the solid phase and the melt. The solidification
heat per unit area and unit time is given by

9q _
ot

dyr,
—p(—AH) == 2.8
ps(=OH) — (2.8)
where dy;, /dt is the solidification rate, i.e. the velocity of the solidification front

in the melt. The thickness of the solidifying layer as a function time is given by
Eq. 2.9:

2 Ti-T
ﬁ ps(_AH )

In Eq. 2.9, the second factor describes the metal while the third factor describes the

mould. It can also be seen from this equation that the thickness of the solidifying

layer is a parabolic function of time. The solidification rate is rapid initially but
decreases successively when the solidified layer grows.

YL (t) \/kmould Pmould Czwuld \/E (29)

The geometry of the mould wall has influence on the ability to extract the heat
from the melt. Heat is transferred more rapidly in a concave mould area than in
a planar surface because in a planar surface, heat spreads into a larger volume.
Conversely, heat is transferred more slowly into a convex mould /casting area than
in a planar one, because the heat spreads into a smaller volume than in a planar
case [29].

2.2.1.3 Resistance from the Mould

The rate of solidification of castings made in silica sand moulds is generally con-
trolled by the rate at which heat can be absorbed by the mould. The sand mould
acts as an insulator, keeping the casting warm. Ceramic, investment and plas-
ter moulds are even more insulating, preventing premature cooling of the melt,
enhancing fluidity to give adequate ability to fill thin sections for which these
casting processes are renowned. Unfortunately, the extremely slow cooling can
lead to poor mechanical properties.

The product (kmoutd Prmould c;"wld) in Eq. 2.7 is a useful parameter to assess the rate

at which various moulding materials can absorb heat [30]. This (kmoutd Pmould (:Zw“ld)%

is defined as the cooling power of the moulding material.
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2.2.2 Pressure from Metal
2.2.2.1 Pressure from Melt

The pressure from the melt is observed in three different forms namely static
pressure due to depth, dynamic pressure due to flow and buoyancy forces. In the
static condition, the expected linear increase in the size of a casting as the feeder
height is increased is evident from the expression of pressure, p; density, p; height,
h and acceleration due to gravity, g:

p = pgh (2.10)

The effect of density is also noteworthy. The air gap seems sensitive to the hy-
drostatic pressure. Generally, the air gap is reduced as the hydrostatic pressure is
increased with depth [30].

In the dynamic situation, the flow in the liquid is driven by the difference in
pressure, p between two points. This is given by Bernoulli’s equation (Eq. 2.11)
according to the principle of continuity (Eq. 2.12) for an incompressible liquid:

1)2 U2
p1 + pght + <p21> =p2 + pghs + <p22> (2.11)
Alvl = AQUQ = Av (212)

where A is the area of surface [29].

The pressure p, of the impact of a free jet of metal against a mould wall is given

by

p = pv? (2.13)

where v is the velocity of the incoming melt. This is the pressure experienced by
the mould if impacted by a stream of metal jetting from an ingate. From Eq. 2.13,
the dependence on squared velocity entells the need to keep the velocity through
the ingates low. The effect of density is also clear and emphasizes the problem for
the heavier alloys compared to the lighter alloys.

The buoyancy effect is very important, because liquid metals are so dense, and
therefore exert buoyancy force that makes it difficult for internal cores to remain
submerged in the liquid metal. This becomes important in the design of core prints
for cores that will be completely submerged in the melt. Thin long cores with
high ratio of length to diameter may buckle if its expansion is not accommodated
at the ends. The high floatation force will ensure that the buckling is in the
upward direction. Silica sand cores in liquid magnesium are almost as dense as
the melt, and therefore experience little or no buoyancy. Zircon sand core in
liquid aluminium is even closer to neutral buoyancy coupled with its low thermal
expansion [30].
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2.2.2.2 Pressure due to Casting Expansion/Contraction on Solidifica-
tion

The expansion/contraction of most metals during solidification generate high pres-
sure that expands and deforms the moulds. This expansion is homogeneous® and
any internal holes will also enlarge in proportion.

However, if the mould is rigid and able to withstand this pressure, then the ex-
pansion/contraction of the cast material will no longer be homogeneous. At least
part of the expansion will be forced to occur inwards, largely closing any internal
porosity present in the casting. By this mechanism, rigid moulds produce sounder
cast iron castings. The expansion of the iron is the result of the precipitation of
graphite during solidification. Ductile iron is more demanding for rigid moulds
than grey iron. Thus, general experience is that ductile iron is more difficult to
cast sound.

Considering the fact that grey iron exhibits coupled growth of the eutectic. This
means that the austenite and the graphite phases grow together, and the expansion
of the graphite and the shrinkage of the austenite approximately cancel. On the
other hand, ductile iron exhibits divorced growth of the eutectic phases, with
significant shrinkage due to the freezing of austenite, preceding the expansion due
to the formation of graphite [30, 35].

2.2.3 Gas Pressure in Moulds and Cores

There is a vigorous evolution of volatile materials from moulds and cores when
they come in contact with the liquid metal. In green sand moulds and many other
binder systems the main component of this volatilization is water. In other moulds,
the gases generated diffuse away through the bulk of the mould. In green sand
moulds, due to the presence of clay and other fines, the permeability of the gases
becomes difficult. The venting of the moulds was done by needling with wires.

In cores, however, the escape of gases is limited to the area of the core prints to
prevent the metal being damaged by passage of gas bubbles through it because
the cores are usually covered by the liquid metal. Furthermore, the rate of heating
of the core is greater than that of the mould because the core is much smaller
in size and it is usually surrounded on several sides by hot metal. All these fac-
tors contribute to the internal pressure within the cores rising significantly [30].
Two groups of researchers have done much work on gas evolution from green sand
moulds [36, 37], chemically bonded sand cores [37, 38, 39] and shell cores [40]. As
a fact, they did not measure the pressure due to these gases in the sand systems.
However, Winardi et al. [36], concluded that green sand produces a greater vol-
ume of gases at higher rates than any other bonded sand in the foundry due to its
high moisture and combustible concentrations while Tiedje et al. [39], quantified
the amount of each identified compound evolved from the respective binders in-
vestigated. The rate of out-gassing or gas evolution is very different for different
binders as shown in Figure 2.7.

%i.e. takes place uniformly throughout the material.
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Sand cores are generally made from clean, washed and dried silica sand which is
closely graded in size to maintain adequate permeability. They are bonded with
chemical binders which are rigidized by heat or chemical reactions to produce a
strong, easily handled shape. The numerous different systems in use have different
responses to the heat of the casting process, and produce gases of different kinds,
in different amounts, at different times, and at different rates [30, 39]. At present
the phenolic isocyanate-urethane systems are among the lowest overall producers
of volatiles as can be seen from Figure 2.7.

Figure 2.7: Gas evolution from various binder systems [30].

2.2.4 Explosive Reactions
2.2.4.1 General Mould Gas Explosions

General mould gas explosions occur as a result of the reaction of the molten metal
and the volatile constituents from the mould, especially water. In most cases, the
reactions are dampened by the sand which has high thermal inertia®. However,
out-gassing reactions are steady and sustained. The content of the out-gassing may
be flammable or explosive gases. These include hydrocarbons and other organics

6The degree of slowness with which the temperature of a body approaches that of its sur-
roundings.



2.2. PHENOMENA AFFECTING MOULD AND CORE DYNAMICS 21

Figure 2.8: The schematic structure of the transformation zones in a green sand
mould during casting [36].

such as methane, alcohol, and reaction products like hydrogen, carbon monoxide
etc. [30, 37, 38, 39]. Explosion occurs when there is proper mixing of the oxygen
of the air with the flammable components. This implies that turbulence enhances
these explosions, therefore should be minimized as much as possible during filling.
Explosions are common with moulds open to air through the feeders or over sized
sprues. Filling from the bottom upwards and properly calculated single sprues can
help eliminate such explosions. It is also important to keep moisture content as
low as possible while venting the moulds.

2.2.4.2 Water Explosions

This is mainly applicable to green sand moulds. At the completion of filling in a
mould, the metal increases its local rate of heat transfer to the mould due to the
pressure pulse accompanying the final stage of filling. The enhanced heat transfer
causes the water in the mould to evaporate explosively. Subsequently, the high
local pressure results in the metal penetrating deeper into the sand [30].

2.2.5 Transformation Zones

When the hot metal heats the surface of the mould, the water will be boiled off,
migrating away from the mould face, only to condense again in the deeper, cooler
parts of the mould. As the heat continues to diffuse in, the water migrates further.
Dry and wet zones travel through the mould [30]. The evaporation of water in
green sand produces four distinct zones: dry zone, vapour transport zone (VTZ),
condensation zone and external green zones [36] as shown in Figure 2.8.

The dry zone is the closest to the solidifying metal and is separated from the
metal by a narrow air gap. This layer has a high temperature resulting in the
evaporation of all the moisture in this zone. For silica sand in this zone, some
of the quartz is shattered due to rapid heating and some is partially transformed
into Tridymite and Crystobalite which have a lower density. The sand in the dry
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zone can expand up to 1.5% and has higher compressive strength than the green
sand. The steam generated in the dry zone at the vaporization interface flows
into a constant temperature zone, called the vapour transport zone. The vapour
transport zone has a uniform temperature of 100 °C and uniform moisture content
across the whole zone. The vaporization interface moves away from the mould-
metal interface with a speed of about 1 mm/s while the condensation interface
moves away with a speed of 3 mm/s. Therefore, the vapour transport zone moves
deeper into the mould and grows larger with time. The sand strength in the vapour
transport zone is much lower than the bulk strength of the sand. Failure of the
mould starts with the vapour transport zone. The transported vapour condenses
over a narrow zone next to the vapour transport zone. This zone is called the
condensation zone. The external zone is the farthest part from the mould-metal
interface where the temperature and water content are not affected by the heat
(30, 36].

The thickness of the vapour transport zone as a function of time can be determined
from the movement of vaporization and condensation interfaces. The depth and
the size of the dry zone can also be predicted at any time once the thickness of
the vapour transport zone is determined. The movement of the interfaces can be
calculated using the rate equation,

d = (Dt)? (2.14)

where

d is distance from the core-metal interface (cm)

D is coefficient of diffusion (cm?/s)

t is time (s).

The pressure that develops in the vapour transport zone in a green sand mould is
given by

_ QAcLpp

AP = 2.1
AP (2.15)

where

AP is pressure gradient inside the vapour transport zone (Pa)

Q is gas flow rate (m3/m?/s)

Ag¢ is core-metal contact area (m?)

Lp is distance for gas to flow in the vapour transport zone (m)

p is gas viscosity (kg/m-s)

Ap is gas flow area (m?)

P, is permeability coefficient of the vapour transport zone (m?)
Eq. 2.15 can also be used to determined the pressure in the sand.

As soon as the melt is in contact with the sand mould, the water at the surface
of the mould is vaporized and the sand is dry. The instantaneous thickness of dry
sand during immersion in a particular geometry can be calculated [36] using:
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L aeT'W ater
. R lw] (2.16)

Q pT lSand

where

r is instantaneous depth of dry sand (m)

R is total sand radius (m)

Lyyaier is heat of vaporization of water (J/kg)
Wiwvater is amount of water in the sand (kg)
@ is heat from melt (J/kg)

p is density of sand (kg/m?)

lsana is area of the core (m?)

It is important to note than the rate of advance of the evaporation front is depen-
dent on the amount of water present in the mould. Higher water content makes
slower progress. This is because more heat is required to move the front and this
extra heat will require extra time to arrive. The extra ability of the mould to ab-
sorb heat is also reflected in the faster cooling rates of castings made in moulds with
higher water content. Furthermore, measurements of the thermal conductivity of
various moulding sands have confirmed that the apparent thermal conductivity of
the moisture-condensation zone is about three or four times that of dry sand [30].

Vapour transport zones are present in various degrees in chemically bonded sands
[41].

2.2.6 Metal-Mould Reactions

The feasibility of a chemical reaction to occur is based on the free energy change of
the system. This energy is referred to as Gibb’s Free Energy (G) and is defined as
the energy associated with a chemical reaction that can be used to do work. The
free energy (G) of a system is the sum of the its enthalpy” (H) and the product of
the Kelvin temperature (T) and the entropy® (S) of the system (Eq. 2.17)[42, 43]:

G=H-TS (2.17)

Chemical reactions involve a change in free energy AG [44, 45] given by

ANG =AH — TAS (2.18)

In the standard state conditions, the result is the standard-state free energy change
(AG®) given by

AGY = AH? — TAS® (2.19)

The standard conditions referred to here are ambient temperature and atmospheric
pressure. The definition of the free energy change of a system as seen in equations

"Entalpy is the heat of the system.
8Entropy is a measure of the disorder in a system.
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2.18 and 2.19 shows the relative importance of the enthalpy and entropy terms
as driving forces behind a particular reaction. The change in the free energy of
the system measures the balance between the two driving forces that determine
whether the reaction is spontaneous. The enthalpy and entropy terms have differ-
ent sign conventions [46].

Favourable Unfavourable
AH? <0 AH? > 0
AS? > 0 ASY < 0

The Gibb’s Free Energy for the formation of products in the standard conditions
is called the free energy of formation, AG?. The standard-state free energy of a
reaction (r) can also be calculated from

AGg = ZAG(}, Products ~— ZAGO,Reactants (220)

Therefore, for a hypothetical reaction such as: a A + b B — ¢ C 4 d D, the total
free energy of reaction is given by

AGY = cAGY ¢ + dAGY , — a DG, — DAGY (2.21)

However, the following equation (Eq. 2.22) relates the standard-state free energy
of reaction with the free energy of reaction at any moment in time during a reaction
(not at standard conditions):

AG = AG° + RTInQ (2.22)

where

AG is free energy change at any moment

AGY is the standard-state free energy change
R is the ideal gas constant = 8.314J /mol-K
InQ is the natural log of the reaction quotient?.

The net direction of a chemical reaction such as the one above will be from higher
to lower energy [45]. Summing up the whole arguments, the following deductions
were made on Gibbs Free Energy change as a measure of the driving force for a
chemical reaction to occur:

AG® < 0 — Reaction proceeds spontaneously

AGY = 0 — System at equilibrium

AGY > 0 — Reaction will not occur

9The reaction quotient is the mathematical product of the concentrations (or partial pressures)
of the product of a reaction divided by the mathematical product of the concentrations (or partial
pressures) of the reactants of a reaction at any moment.
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The understanding of the relationship between the Gibb’s Free Energy and Re-
actions will be valuable in the prediction of the reaction products during casting
in green sand and chemically-bonded sand moulds. This is also applied in melt
refining [28]. This approach was used by Celal Cingi in the study of Mould-Metal
Reactions in Magnesium Investment Castings [47], where he investigated oxides
formation in magnesium investment castings. Oxides formation is one of the most
important metal-mould reactions. The standard free energies of formation of the
simple oxides are given in Ellingham diagram (Figure 2.9 ) which plots AG? against
temperature. Other information seen in the figure is the partial pressure of oxygen
at which it is in equilibrium with various oxides [48]. The temperature at which
the oxygen dissociation pressure of various materials reaches a given value can also
be obtained from the diagram as

—AG = RTInKp (2.23)

= 2.303RTlog { Po,/atm} (2.24)

for the reaction considered. It follows that the line drawn from the point where
AG = 0, T = 0 to the appropriate scale mark on the right-hand side of the
diagram intercepts the free-energy line for the element concerned at the required
temperature. This means that the oxygen dissociation pressure of a given Metal-
Metal Oxide system at a given temperature is obtained by joining the point (AG =
0, T = 0) on the top left hand to the appropriate point (temperature) on the M-
MO free energy line and extrapolating to the scale on the right hand ordinate for
Po,(atmospheres). From Figure 2.9, the slope of most of the lines is similar and
corresponds to the loss of 1 mol of gaseous Os; small changes in the slope occur at
the temperature of phase changes or the melting point of the metals, and a more
dramatic increase in slope signals the boiling point of the metal [49]. The ratio
CO/CO; can also be seen from the figure and it represents the measure of the
oxygen activity at the mould/core-metal interface [48].

2.2.6.1 Mould Surface Reactions

At mould surfaces, pyrolysis'® will take place. The various organic components in
the binder for green sand and chemically bonded sand will decompose producing
averagely hydrocarbons, CO, CO, which in turn will produce carbon. Carbon is
poorly wetted by many liquid metals and therefore assist in improving the surface
finish of castings. However, it is reported in [30] that for ductile iron, the solid
magnesium oxide-rich film on the surface acts as a mechanical barrier that prevents
penetration into the sand. And as such, coating is not required on the cores. This
might not be completely true because foundries use coatings on cores for ductile
iron castings. They further reported for grey iron, that the melt surface grows a
film of liquid silicate, as a result of the oxidizing atmosphere in green sand moulds.
This silicate is highly wetting to sand grains therefore, coatings are required on
the cores and moulds to prevent metal penetration.

0Pyrolysis is the decomposition of organic compounds by the action of heat
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Figure 2.9: Ellingham diagram - change in standard free energy of reaction versus
temperature diagram for various oxidation reaction.

Other reactions on the mould surface occur with the sand grains. The most com-
mon is the reaction of silica (SiOy) and iron oxide (wustite, FeO) to produce
fayalite (FeaSiOy).

2 FeO -+ 8102 — FQQSiO4

Fayalite causes the grains to fuse and collapse as they melt into each other, since
its melting point is only 1205°C. This low-melting-point liquid acts as a glue
adhering sand grains to the surface of the casting, to form burn-on [30].

2.2.6.2 Metal Surface Reactions

The most common and important mould/metal reaction is the reaction of the
metal with water vapour to produce a surface oxide and hydrogen. Another metal
surface reaction is carburization, which is more severe in low carbon content steel
because of carbon pick-up. This is the reason why low carbon steel is not produced
by lost foam process. The carbon atoms most probably adsorb in interstitial sites
on the surface, each embedded between four iron atoms [50].
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In iron castings, decarburization creates a layer free from graphite. This affects
machinability. It is possible that the carbon is oxidized by the water vapour
thereby depleting the carbon. Hydrogen decarburizes steel at 925 °C. This reaction
is very important in the casting of steel in green sand and resin bonded sand
moulds. Strongly surface-active elements such as sulphur retard carburization and
nitrogenation by site blocking thereby interfering with the adsorption of carbon
[50, 51, 52]. However, sulphur has its own associated limitations in Ductile iron.

The use of furan and phenolic resin-bonded moulds made with catalysts such as
sulphuric and /or sulphonic and phosphoric acids, cause problems in ferrous casting
because of sulphur and phosphorus pick-up respectively. In ductile iron, sulphur
pick-up reverts the graphite from spheroidal to flake form [30, 53], reducing the
fatigue resistance. In grey iron, the presence of the hard phosphide phase as a
result of phosphorus pick-up creates machining problems [30].

2.3 Defects Associated with Mould and Core Dy-
namics

During casting, as the molten metal enters the mould or hits the cores, the contact
triggers off lots of activities as discussed in Section 2.2 above. The effects of these
activities result in changes in the size and shape of moulds and cores. These effects
lead to defects, some of which are described below.

2.3.1 Expansion related defects

The expansion of the moulding materials and its magnitude depends on the type
of sand and binder systems used. Temperature-expansion curves for various mould
materials are shown in Figure 2.10.

Most sand moulds and cores are based on silica sand since it is the most readily
available and the cheapest moulding material [27, 54]. Silica sand has a high,
non-linear thermal expansion. This expansion is around 1.3 to 1.9% [27]. During
casting there is a phase transformation from a- to f-quartz at 573 °C [24, 55, 56,
57, 58]. This is because the a-phase is stable at lower temperatures and has smaller
volume than the S-phase which stable at higher temperatures. This takes place
by an increase in the dimensions of the a and ¢ axes of the quartz crystal [58].
When the molten metal come in contact with the mould material, a rapid thermal
expansion of the sand core occurs as a result of the phase transformation from low
volume a-phase to high volume [-phase. This rapid expansion causes core failure
due to crack formation. If the metal is still liquid, the metal runs into the cracks
in the cores forming fins, or in foundry terms, veins as the metal solidifies [59].
Another group of researchers [60] are of the opinion that immediately after the
sand had reached its peak volume, it starts to contract. This contraction ranges
from as much as 1% to as low as 0.3%. They concluded that the contraction of
the silica sand that occurred after the initial o to 3 expansion is the cause of the
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Figure 2.10: Linear expansion - Temperature curves for mould materials [30].

veining defects. Any expansion of the mould results in the demand for extra feed
metal otherwise the shrinkage pipe will extend into the casting.

Apart from veining, other defects associated with expansion include rat tails, buck-
les, and scabs as described below.

2.3.1.1 Veins/Fins

Veins appear on castings surfaces as irregular protrusions with sharp edges as a
result of molten metal flowing into cracks on the moulds or cores. They mostly
occur in sharp corners, thin sand sections, etc. Thin cores surrounded by heavy
metal sections are also prone to cause veining defects [61]. In high production
iron foundries worldwide, silica sand is commonly used for making cores due to its
availability and relatively low cost compared to other refractory sands. Despite
advancement in core technology for improved core production, certain fundamental
deficiencies still remain. These include:

e Poor refractoriness of silica sand

e Non-linear thermal expansion of the bonded core sand

Poor refractoriness of the silica sand can lead to sand burn-in/on and/or metal
penetration defects. These defects can be controlled by the use of refractory core
coatings. However, conventional refractory coating is not enough to overcome the
synergistic effects of the non-linear thermal expansion of silica sand and low hot
strength of the binders used. This leads to the formation of sand expansion defect
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Figure 2.11: Veining or finning and sand burn-on defects on casting surface.

known as “veins” or “fins” [62]. A typical example of veining defect is shown in
Figure 2.11.

As liquid iron surrounds an uncoated core during the casting process, the imme-
diate surface temperature of the core rapidly increases - subsequently this heat
diffuses deeper into the core substrate. The rate of heat transfer from the melt to
the core is governed by several factors, which includes:

e Thermal conductivity of the core substrate

o Heat transfer between the liquid metal and the core surface

The rise in temperature on the core leads to thermal expansion of the core. How-
ever, physical stresses are developed in the core due to the fact that the expansion
is non-linear across the cross-section, i.e. the core surface wants to expand more
than the inner area of the core. During the period of temperature rise, there is
little risk of crack formation because only compressive stresses are created. As the
temperature at the metal/core interface exceeds 600 °C, the effect on the core is
that thermally expanded core surface starts to contract while the material slightly
below the surface is still expanding. This leads to the cracking of the substrate
surface, if the hot strength of the binder cannot overcome the contractive forces.
If the metal at the metal/core interface is still liquid and the substrate surface
temperature is above the solidus of the metal, then the crack formed will be filled
with liquid metal to form veins or fins [62].

2.3.1.2 Buckle, Scabbing and Rat-Tail

A surface layer of the mould may peel and bows away from the mould and subse-
quently pressed back against the mould by the arrival of the liquid metal, forming
a buckle. Alternatively, if the peeled layer fractures, then metal can flow behind
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Figure 2.12: A schematic showing mould surface defects [30].

fractured surface, forming a scab. When no metal flows into the fractured surface,
a rat-tail is formed. A schematic of these defects is illustrated in Figure 2.12

2.3.2 Adherence Sand Defects

These defects have to do with combination of moulding material and the metal.
There are different types of such defects with different mechanisms of occurrence.
The defects include metal penetration, Burn-on, Burn-in, surface roughness, etc.

2.3.2.1 Metal Penetration

According to I. L. Svensson et al. [63], Draper and Gaindhar proposed a general
definition of metal penetration accepted by the foundry industry, as the condition
in which cast metal has entered into the inter-granular spaces of the moulding ma-
terial beyond the first layer of sand grains. Many research [64, 65, 66, 67] have been
carried out on this type of defect because of the high demand for quality surface
finish. Syvestro [64] identified and described different types of metal penetration
namely, mechanical penetration, chemical (reaction) penetration, vapour penetra-
tion, water explosion penetration, and eutectic exudation penetration depending
on the nature of their causes.

The requirements for penetration to occur are described by Eq. 2.25 [67].

20cosb

Ppen = — (2.25)

Tp

where,
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Figure 2.13: Pressure balance during metal penetration in moulding aggregates
[66].

Ppen is the penetration pressure (N/cm?)
o is the surface tension of the liquid metal (N/cm)

f is the contact angle between the liquid metal and the substrate material used
for the mould (degrees)

1, is the pore size of the mould material (cm)

From this equation, it can be seen that the causes of penetration can include too
large grain fineness number GFN, loosely packed sand, or impurities in the metal
that lower the contact angle. Therefore, if P, > 0, there will be no penetration
but if P, < 0, there will be penetration. However, Piwonka [68] reported that
most penetration defects are caused by poor casting design, not poor moulds. His
argument is based on the observation that most penetration problems in cast iron
are found in corners where heat is concentrated (i.e. a hot spot).

Two major types of penetration will be described further - mechanical penetra-
tion and chemical penetration. Mechanical penetration is the transport of metal
into the inter-granular spaces between the sand grains as a result of excessive
metallostatic pressure without displacing the sand grains [61]. The mechanism of
mechanical penetration is shown as a pressure balance at the mould-metal interface
and a schematic illustration is shown in Figure 2.13:

The liquid metal exerts a static pressure; Py, a dynamic pressure; Pg,,, and
pressure due to expansion during solidification, P.,,. All these pressures favour
penetration. However, capillary pressure; P, from the wetting of the sand grains,
gas pressure from expanding mould gases; Py,,, and frictional pressure Py between
the liquid metal and sand grains oppose it. The balance of these pressures is given
as an equation:

Po + Payn + Peop = Py + P + Pyas (2.26)

When the left-hand side of the Eq. 2.26 is greater than the right-hand side,
liquid metal is likely to penetrate into the inter-granular spaces of the sand grains,
leading to penetration. The equivalent capillary diameter; d. for sand moulds with
refractory coatings, is given by
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d, = 0.702d (2.27)

where d is the average coating particle diameter.

Chemical penetration can occur when a chemical reaction produces a change in one
of the variables in Eq. 2.25, leading to penetration. The reaction of liquid metal
with oxygen (in the air in the mould, or in the moisture in the sand) to form iron
oxide; FeO which has a lower contact angle (21°) than Fe on silica substrate. This
change in the value of # in Eq. 2.25 may cause penetration to occur depending
on the values of the other variables. FeO can wet silica and penetrate, followed
by iron which wets iron oxide. Furthermore, FeO can also react with the silica to
form fayalite (FeoSiO4). The dissolution of silica from the sand grains increases the
pore size which also enhances penetration. The reaction sequence is given below.

2Fe + Oy — 2FeO
2FeO —+ SZOQ — FQQS?:O4

Fayalite is often found on the surface of castings with penetration defects, and its
presence is taken as a sufficient evidence that the penetration is chemical in nature.
Oxides of other metals may also be formed on the casting surface depending on
the composition of the metal cast. Alloys of high Mn content pose problem due to
preferential oxidation of Mn leading to a low melting point silicate which produces
a casting with strongly adhering sand. These silicates have been identified as
MnSiO3 and MnSiOy4 [67]. A typical metal penetration is shown in Figure 2.14
and a typical penetration microstructure is shown in Figure 2.15.

2.3.2.2 Burn-On and Burn-In

Burn-on is a thin sand crust firmly adhering to the casting surface. The defect
occurs to a greater extent in the case of thick-walled castings and at high tem-
peratures. The defect indicates that the mould and the metal were overheated
causing a mould-metal reaction resulting in oxides and silicates covering the metal
surface. According to Kruse et al. [69], the causes of these defects have been a
subject of research for many years quoting Asanti 1966 and Chernogorov 1970.
They attributed the defects to vapour penetration, liquid iron silicate formation,
and mechanical penetration mechanisms. They occur in the hottest locations of
the casting. The most distinguishing feature of burn-on is that it never penetrates
further than one or two grains of surface moulding sand deep on the mould-metal
interface. Sylvestro [64] claims that it is easily removed. His studies showed that
the sand grains are held on the surface of the casting by oxide adhering agent.

The burn-in indicates that it is more severe than burn-on and more difficult to
remove. More sand grains are held on the surface of the casting by more oxide
adhering agent. A typical example of burn-on is shown in Figure 2.16.
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Figure 2.14: Metal penetration.

Figure 2.15: Metal penetration micrograph showing the metal (light area) and
sand (dark area).
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Figure 2.16: A casting with closely adhering sand layer [70].

2.3.3 Gas Related Defects

Gas related defects include pin holes, blow holes, etc. These are smooth walled,
nearly spherical cavities often not contacting the surface. Smaller cavities appear
in groups while larger cavities seem to be isolated. These are produced by gas
entrapped in the metal during solidification. These defects are due to lower gas
passing tendency of the mould which is caused by poor venting, lower permeability
of the mould, and improper casting design. The lower permeability of the mould
is due to use of finer grains, higher percentage of clay and moisture and excessive
ramming of mould. Often, they are only exposed after light machining [71].

2.3.3.1 Pin Holes

These are small holes created when expelled gases are escaping as the molten metal
solidifies which decreases the solubility of gases. In other words, these are very
small diameter and long pin holes showing the path of escape. The high pouring
temperature which increases the gas pick-up is the main reason for this defect. An
example of a pin holes is shown in Figure 2.17.
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Figure 2.17: Pin holes defect [70].

2.3.3.2 Blow Holes

These are spherical, flattened or elongated cavities present inside the casting or
on the casting surface. When present inside the casting they are called blow holes
while they are called open blows if they appear on the surface of the castings. If
the gas pressure in the core/mould increases to the point at which it exceeds the
pressure in the surrounding liquid, then gas will force its way out of the core and
into the liquid.

If the mould is filled quickly, then the hydrostatic pressure due to depth in the
liquid metal is built up more rapidly than the pressure of gas in the core/mould.
The higher metal pressure effectively suppresses any bubbling of gas through the
casting. If the mould is filled slowly, the gas pressure in the core/mould exceeds
the metal pressure and remains higher during most of the filling of the mould.
Gas escapes through the metal during the late stage of the filling [30]. Figure 2.18
shows a casting with blow holes exposed after machining.
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Figure 2.18: Blow holes defects [70].



Chapter 3

Surface Technology

Surface technology is concerned with: (1) defining the characteristics of a sur-
face, (2) surface texture, (3) surface integrity, and (4) the relationship between
manufacturing processes and the characteristics of the resulting surface [72]. How-
ever, in this project the primary concern is mainly with surface texture (surface
topography).

The main goal of this project is to use the novel coatings to improve the surface
quality of the castings. The coatings are applied to the cores to produce a smooth
surface finish, free from veining defects, metal penetration, burn-on/in, scabs,
buckles, etc., and with very low surface roughness. Therefore, it is very important
to make surface characterization of the surface of the castings. The parameters of
interest in the assessment of the quality of the surface of castings are the surface
texture and microstructural evolution around the metal-mould interface for both
grey iron and ductile iron followed by the expected reactions taken place at the
casting surface during the casting process.

All surfaces have their own characteristics, which collectively are referred to as
surface texture. Surface texture is identified in terms of well defined and mea-
surable quantities such as flaws!, lay?, roughness, and waviness®. Roughness is
defined as closely spaced, irregular deviations on a small scale; it is expressed in
terms of its height, width, and distance along the surface [73]. Surface roughness is
described by various parameters which include maximum profile peak height, Rp;
maximum profile valley depth, Rv; maximum height profile, Rz; mean height of
the profile elements, Re; and total height of the surface, Rt. All these are referred
to as amplitude profile parameters (peak to valley). The other group is referred
to as amplitude parameters (average of ordinates) and includes the arithmetic
mean value, Ra; and the root-mean-square roughness, Rq [74]. The Ra and Rq
parameters are generally and commonly used to describe the surface roughness of
a substrate. For its simplicity, the arithmetic mean value (Ra) was adopted in-
ternationally in the mid-1950s and used widely in engineering practice. The units
used for surface roughness are micron (pm) or pin (1 pm = 40 pin or 1 pin = 0.025
nm) [73]. In this project, the Ra values will be considered as the parameter to

'Random irregularities such as scratches, cracks, holes, depressions, tears or inclusions.
2Direction of the predominant pattern.
3Deviation from a flat surface.

37
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assess the quality of the surface of the castings while introducing areal (surface)
parameters (Sa and Sq).

3.1 Surface Topography

3.1.1 Surface Topography Measuring Instruments

Line profiling methods produce a topographic profile, z(x). This measurement
is commonly performed with a stylus instrument (Figure 3.1a). A typical stylus
instrument gives height information and it consists of a stylus that is in physical
contact with the surface being measured and a transducer that converts the vertical
movement of the stylus into an electrical signal. The electrical signal is amplified
and processed or converted into a digital signal via an A/D converter and then
analysed using a computer. The part of the stylus in contact with the surface is
usually a diamond tip with a radius of curvature ranging from 2 pm to 10 pm. The
major disadvantages of using a stylus instrument is that it requires direct physical
contact with the specimen, which limits the measuring speed [74, 75].

There are also non contact optical instruments that measure the actual surface
topography by either scanning a beam or using the field of view (profile and areal
methods), and those that measure a statistical parameter of the surface, usually
by analysing the distribution of scattered light (area integrating methods). Many
optical instruments use a microscope objective to magnify the features on the
surface being measured. Magnification varies from 2.5x to 100x depending on
the application and the surface of the specimen. Instruments using a microscope
objective have two identified fundamental limitations [74]. Firstly, the numerical
(or angular) aperture (NA) determines the largest slope angle on the surface that
can be measured and also has effects on the optical resolution. The NA of an
objective is given by

NA = nsina (3.1)

where n is the refractive index of the medium between the objective and the
surface (usually air, so n is approximated to 1) and « is the acceptance angle of
the aperture. The acceptance angle determines the slopes on the surface of the
specimen that can physically reflect back into the objective lens and hence be
measured. The second limitation is the optical resolution of the objective. The
resolution determines the minimum distance between two lateral features on a
surface that can be measured. The resolution is approximately given by

o
" T 9NA

where A is the wavelength of the radiation. For a theoretically perfect optical
system (i.e. aberration free), the optical resolution is given by Rayleigh criterion,
where the 3 in Eq. 3.2 is replaced by 0.61 [74]. A stylus instrument and an optical
instrument are presented in Figure 3.1.

(3.2)
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(a) A stylus instrument (b) Alicona InfiniteFocus microscope

Figure 3.1: Surface topography measurement instruments.
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Figure 3.2: Length measures on a profile [76].

3.1.2 Surface Profile Measurement

This is the measurement of a line across the surface that can be represented math-
ematically as a height function with lateral displacement, z(x). Profile measure-
ment is performed with a stylus or optical scanning instrument, by transversing
the stylus across a line on the surface in a perpendicular direction of the lay unless
otherwise stated [76]. The conditions are defined in ISO 4287 and 4288 [77].

3.1.2.1 Evaluation Length

This is the total length along the surface (x axis) used for the assessment of the
profile under investigation. ISO 4287, advocates the use of five sampling lengths for
roughness evaluation of surface roughness, the sum of which gives the evaluation
length.

3.1.2.2 Total Transverse Length

The total length of the surface transversed in making a measurement is the total
transverse length. It is usually greater than the evaluation length in order to allow
mechanical and electrical transients to be excluded from the measurement. The
length measured is shown in Figure 3.2.
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3.1.2.3 Profile Filtering

This is a means for selecting a range of structure in the total profile for analysis.
On the other hand, it may be thought of as a means of rejecting information
considered irrelevant, for example noise from the instrument. A filter that rejects
short wavelengths while retaining longer ones is referred to a low-pass filter. A
filter that preserves short-wavelengths while rejecting long wavelengths is referred
to as a high-pass filter. The combination of a low-pass and a high-pass filter to
select a restricted range of wavelengths with both high regions and low regions
rejected is called a band-pass filter. The wavelength at which the transmission
(and also the rejection) is 50% is called the cut-off of that filter [74].

The transmission characteristics of a filter are determined by its weighting func-
tion*. The weighting function, standardized by ISO 11562, in the form of Gaussian
probability function is described mathematically by

1 x \?
= — — 3.3
s(@) = oy <a)\) (3:3)
where « is a constant designed to provide 50% transmission at a cut-off wavelength

of A\, and is equal to

In2
M2 0.4697 (3.4)
m

The filter effect of the weighting function, s(x), is exclusively determined by the
constant, a. A surface filter separates the profile into long wave and short wave
components. The roughness profile is the profile derived from the primary profile
by suppressing the long-wave component using a short-wavelength (high-pass) fil-
ter, with a cut-off, Ac. The roughness profile is the basis for the evaluation of the
roughness profile parameters [74, 76]

3.1.2.4 Surface Profile Parameters

These are amplitude profile parameters (peak to valley), amplitude parameters
(average of ordinates) and spacing parameters. However, two amplitude param-
eters (average of ordinates) are discussed because these are the most commonly
used parameters in the industries and in research.

Arithmetic mean value, Ra

The Ra parameter is the arithmetic mean of the absolute values of the ordinate,
z(x), within the sampling length, L, [74, 79, 80] given by

1 L
Ra — L/o | 2(2) | da (3.5)

4A mathematical device used when performing a sum, integral, or average in order to give
some elements more "weight" or influence on the result than other elements in the same set.
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Figure 3.3: A graphical representation of the derivation of Ra [74].

Eq. 3.5 is for a continuous z(x) function. L is the sampling length. However, when
making surface texture measurements, z(x) is generally determined over a discrete
number of measurement points. In this case, the equation is written as

1 N

where N is the number of measured points in the sampling length [74, 81].

The Ra is derived by placing the areas of the graph below the centre line within
the sampling length above the line (Figure 3.3). The Ra value is the mean height
of the resulting profile [74]. The Ra value over one sampling length is the average
roughness; therefore, the effect of a single non-typical peak or valley will have only
a small influence on the value. Ra value assessment is made over a number of
consecutive sampling lengths and the average value obtained is accepted.

The root-mean-square roughness, Rq

The Rq parameter is defined as the root mean square value of the ordinate values,
z(x), within the sampling length [74, 82],

Rq = \l%/o 2%(x)dx (3.7)

The discretized form which is normally used is
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Table 3.1: ISO specification standards [74, 83].

ISO standard H Brief description

ISO 3274 Describes a typical stylus instrument and its
characteristics
I[SO 4287 Gives the definitions of the surface profile

parameters and how to calculate them

ISO 4288 Describes the various default values, and basic
rules and procedures for surface texture analysis

I[SO 11562 Describes the phase correct Gaussian filter that is
applied for various cut-off filters used for surface
profile analysis

I[SO 12179 Presents the methods for calibrating contact
stylus instruments for profile measurement

ISO 5436 P1 Describes the artefacts that are used for
calibrating stylus instruments

ISO 5436 P2 Describes the concepts and use of software
measurement standards

I[SO 1302 Provides the rules for the indication of surface
texture in technical product documentation such
as drawings, reports etc

Rq is always 11% larger than Ra for a given surface. However, this is only true of
a sinusoidal surface, although Rq is always larger than Ra. The Rq parameter is
used in optical applications where it is more directly related to the optical quality
of a surface. Also, Rq is directly related to the total spectral content of a surface
[74]. Egs. 3.7 and 3.8 show that there is a relationship between Rq and Ra, as
shown by the ratio Rq/Ra [73].

3.1.2.5 Profile Specification Standards

According to [74, 83] there are nine ISO specification standards relating to the
measurement and characterization of surface profile. These standards only cover
the use of stylus instruments and are presented in Table 3.1.

3.1.2.6 Symbols for Surface Texture

Designers specify surface texture on an engineering drawing by means of symbols
as shown in Figure 3.4. The symbol designating surface texture parameters is a
check mark, with entries as indicated for average roughness, waviness, cutoff, lay,
and maximum roughness spacing.
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Maximum waviness Maximum waviness

height —ﬁ width
0.002-0.5
0.030+—— Cutoff length

Lay symbol
|| 0.010 -=—— Maximum roughness spacing

7

Figure 3.4: Surface texture symbol with identification labels in engineering draw-
ings [72].

Maximum R, ——» 63
Minimum R, — 32

Table 3.2: Comparison of profile and areal analyses [84].

Without direction

’ Criterion H Profile analysis H Areal analysis \
’ Popularity H Well known H New \
\ Background H ISO 4287, 4288 H Surfstand book \
’ Repeatability H Medium H High ‘
\ Analyzed area H Small H Large \
’ Result values H Ra, Rq, Rz H Sa, Sq, Sz ‘

| | |

’ Surface structure || With direction

3.1.3 Area Surface Texture Characterization

Due to increasing need to relate surface texture to surface function, it becomes
pertinent to adopt a three-dimensional, or “areal”, measurement of the surface. A
2D profile measurement has inherent limitations. It does not indicate functional
aspects of the surface. Again, with profile characterization it is often difficult to
determine the exact nature of a topographic feature. Areal measurements provide
a more realistic representation of the whole surface and have more statistical sig-
nificance [74]. A comparison of the profile and areal profile analyses is presented
in Table 3.2.

3.1.3.1 Areal Filtering

The current standardized approach for the separation of the roughness and wavi-
ness components from a primary surface is a Gaussian filter. The weighting func-
tion of an areal filter is the Gaussian function defined by

1 T x? y?
slwy) = a2cx ey “rp [_042 ()\cac2 * /\cy2>] (3.9)

—dexr < x < Aex, —Aey <y < Aey (3.10)
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where x, y are the two-dimensional distance from the centre of the weighting func-
tion, Ac is the cut-off wavelength, « is a constant, to provide 50 % transmission
characteristic at the cut-off Ac, and a = 0.4697.

3.1.3.2 Areal Parameters

There are two classes of areal parameters, namely field and feature parameters.
However, two field parameters with direct application to the investigation will be
discussed for this project.

The root-mean-square value of the ordinates, Sq

This is the root-mean-square value of the surface departures, z(x,y), within the
sampling area

Sq = 25/22(x,y)dxdy (3.11)

where A is the sampling area, xy. This equation is for a continuous z(x,y) function.
For a sampled definition,

(3.12)

The arithmetic mean of the absolute height, Sa

The Sa parameter is the arithmetic mean of the absolute value of the height within
a sampling area,

1
Sa = 1 / | 2(z,y) | dedy (3.13)
A

For a discrete data,

1 MN

- 7
MN . J

i,j=1

Sa (3.14)

The Sa parameter is the closest relative to the Ra parameter, however, they are
fundamentally different because areal, Sa parameters, use areal filters whereas
profile, Ra parameters, use profile filters [74]. Deviations on the surface structure
can be detected with the Sa value. A change in the Sa value suggests a change in
the production process [84].
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3.1.3.3 Area Specification Standards

The areal specification standards are at various stages of development. The idea
is to have the profile standards as a subset of the areal standards. All the areal
standards are part of ISO 25178.
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Chapter 4

Simulations

Computerized simulation programmes for casting processes have been developed
since the early 1980s. These simply reproduce the trial-and-error methods pre-
viously applied on real casting processes on a computer. This is both quicker
and cheaper, and also enables a better understanding of metal behaviour to be
obtained [85, 86].

A series of casting processes were simulated using a commercial software, MAG-
MASOFT®, in order to predict the temperature distribution around the cores,
sand penetration, burn-on, and hot spot areas including other relevant criteria in
the study of casting defects such as pressure distribution during pouring. The
influence of coating layer deposit on the cores was also elucidated with respect to
thermal behaviour of the cores. The simulation included both filling and solid-
ification so that it is possible to assess how the melt flow and the heat transfer
interaction with the mould and core surfaces.

4.1 Mesh Generation

Mesh are small volumes in which calculations are performed. Complex geometries
are divided into these small volumes. Fluid flow and heat transfer is calculated
using Navier-Stokes equation and the heat transfer equation respectively. In com-
bination with mass and energy balances, these equations describe fluid flow and
heat transfer in and out of individual volumes. Thermal fields and flow velocities
can be used in various criteria functions to describe the risk of mould erosion,
formation of shrinkage porosity, local microstructure, etc. A fine mesh is divided
into many elements while a coarse mesh has few elements. The finer the mesh the
more accurate the results and the longer the simulation time. In the simulation
of the casting processes, MAGMA 5.1 version was used and it has the ability to
generate mesh automatically while maintaining the accuracy and simulation time.
The Magma 5.1 mesh generation creates the mesh of the geometry using one of
the following four modes [87]:

e Number of Elements

o Minimal Wall Thickness
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(a) Horizontally-parted mould - casting (b) Vertically-parted mould - casting

Figure 4.1: Enmeshment of the geometries.

e Single Parameter Set

o Multiple Parameter Set

However, in the mesh generation used for these simulations, the number of elements
was specified and the mesh was automatically generated. Figure 4.1 shows the
enmeshed version of the geometries.

4.2 Simulations

A casting process simulation requires the definition of both geometry and process
parameters. MAGMA 5.1 can simulate both sand and permanent mould processes.
In the sand mould process used for this project simulations, the definition of the
required process parameters input is managed through the following main func-
tions: Materials Definitions, Heat Transfer Definitions, Casting Processes, and
Treatment after Casting. There are two solvers for the calculation of mould filling,
the standard solver and solver 5. Solver 5 gives more accurate results, but needs
more computer capacity than the standard solver [87]. Solver 5 is used for this
project simulations.

After the coating layer deposit was measured from the image analysis using the
Image Pro Plus software for the sol-gel coatings containing 0, 40, 50 and 60% solid
contents, the coating layer was modelled in each case by adding the layer thickness
obtained from the measurements to the core dimensions. Simulations were carried
out considering mould filling and solidification sequences. In the simulations per-
formed, efforts were made to replicate the conditions used or intended to be used
for the physical experiments in the foundry. These include the melt temperature,
filling time, the pouring temperature, casting size, core size, metal, initial and
boundary conditions.
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4.2.1 Horizontally-Parted Moulds

The model used for the simulations in horizontally-parted moulds is shown in Fig-
ure 4.2. This model contains four casting cavities with a central downsprue. Each
casting cavity contains a core with an embedded thermocouple at the centre of the
core. This model helps to eliminate the effect of variation in melt temperature,
filling time and pouring temperature. It also enhances effective and comparative
studies of different coatings, different dipping times, different core systems, and
measurement of different temperatures in the cores.

(a) The casting (b) The cores (c) Casting and cores

Figure 4.2: CAD model for the horizontally-parted mould.

4.2.2 Vertically-Parted (DISA) Moulds

The pattern used for vertically-parted moulds is illustrated in Figure 4.3. This
pattern contains two heavy casting cavities with positions for three cores horizon-
tally placed. The downsprue is in the middle of the two cavities as shown in Figure
4.3a. The model helps in the investigation of the influence of pressure height on
the surface quality of the castings. The position of the three cores in the cast-
ing enables the investigation of the surface of quality of castings around the cores
relative to the heights of their locations.

(a) The castings (b) The cores (c) Casting and cores

Figure 4.3: CAD model for the vertically-parted mould.



50 CHAPTER 4. SIMULATIONS

4.2.3 Temperature Distribution in the Cores

In these simulations the cores are produced using silica sand with cold box process.
Silica sand has a critical temperature at which it expands rapidly because of the
transformation from a-quartz to f-quartz as shown in Figure 2.10. This critical
temperature is 573 °C. Therefore, it is expected that when the cores are heated
up to this temperature, they will expand rapidly causing thermal stresses in the
core due to non uniform expansion. This will in turn lead to cracking of the cores.
The temperature distribution fields from simulations are shown in Figure 4.4 for
horizontally-parted moulds. Figure 4.4(a) shows the temperature distribution at
completion of filling, it can be seen from the figure that the maximum temperature
reached at the surface of the cores, at the end of filling, is between 300 — 400 °C.
As solidification progressed, the heat diffused more into the bulk of the core raising
the temperature as shown in Figure 4.4b-f. This simulation shows that if at all
there will be crack formation in the cores, it will occur during solidification and
not during filling, which only took 5 s. Therefore, to avoid the defects formed as a
result of cracking of the core, the solidification should start along with filling and
continue after filling in order to form the first solidified metal skin before cracking
occurs.

The temperature distribution fields for the vertically-parted mould are shown in
Figures 4.5 and 4.6 for filling and solidification respectively. The simulation results
during filling shows that the down core is most liable to crack during the filling
process because its temperature rose above the silica sand critical temperature.
Consequently, veining defects are likely to occur in the lowest core. However, it
should be observed that the middle and top cores are subjected to high temperature
radiation from the incoming melt, especially, the top core before the melt reaches
it since the mould is filled from the bottom. It is suggested that this condition
will get the cores completely fried or roasted by the radiation in that they are
weakened before the melt gets to them. The binder at the surface of these cores,
particularly the top cores may be destroyed thereby exposing the inter-granular
pores in these cores. This will lead to high surface roughness of the casting in
contact with these top cores.

The temperature distribution fields in the cores during solidification (Figure 4.6)
show that the cores are subjected to high thermal distortion as we can see from
the temperature gradient. From Figure 4.6b-f, it is obvious that the simulation
predicts that the cores are completely destroyed by the heat from the melt, as
it shows that the core temperature is equal to that of the melt (this means that
the core binder breaks down completely). This suggests that there will be greater
tendency for the formation of sand burn-on and metal penetration.
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(a) After 5 s at 0% solidified (b) After 34 s at 21% solidified
(c) After 44 s at 41% solidified (d) After 57 s at 60% solidified
(e) After 79 s at 81% solidified (f) After 220 s at 100% solidified

Figure 4.4: Temperature distribution in the cores during solidification.
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(a) After 0 s at 0% filling (b) After 3 s at 20% filling
(c) After 6 s at 40% filling (d) After 9 s at 60% filling
(e) After 12 s at 80% filling (f) After 15 s at 100% filling

Figure 4.5: Temperature distribution in the cores during filling.
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(a) After 15 s at 0% solidified (b) After 45 s at 2% solidified
(c) After 62 s at 4% solidified (d) After 89 s at 8% solidified
(e) After 110 s at 12% solidified (f) After 119 s at 16% solidified

Figure 4.6: Temperature distribution in the cores during solidification.
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Figure 4.7: Temperature profiles in the cylindrical cores of varying thicknesses
showing critical temperature of silica sand and VTZ.

The temperature profile in the cylindrical cores with varying thicknesses are shown
in Figure 4.7. The effect of increasing the thickness of each core by coating it, is
clearly seen in these profiles. It takes longer time for the centre-line temperature
to go through the vapour transport zone and to reach the phase transformation
temperature of the silica sand. This trend continues until the lowest thickness,
showing the shortest time as shown by the enlargement of the region A at 573°C.
The time delay to reach this critical temperature is an advantage because it will al-
low for the first solidified skin of the casting to form before the critical temperature
is reached, thereby creating a solid barrier between the crack formed at the critical
temperature and unsolidified liquid metal. Therefore, the liquid metal cannot flow
back into the crack thereby eliminating the formation of veining defects.

At region B of the profile in Figure 4.7, it can be seen from the enlargement of
that region that the larger the thickness of the core the larger the vapour transport
zone (VTZ). This suggests that the moisture in each of the cores increases with
thickness as more inter-granular pores are created and more moisture occupies the
pore spaces.

Temperature profiles when the three thermocouples are located at different dis-
tances from the core-metal interface is presented in Figure 4.8. These profiles
show that the thermocouples at location 1 are rapidly heated as expected because
they are closest to the core-metal interface. There is a significant delay before the
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thermocouple in location 2 is reached. However, there is no significant delay in
reaching the thermocouple in location 3, after reaching the one in 2, as can be
seen from the profile. This could be as a result of complete destruction of the core
binder system thereby enhancing thermal diffusion by radiation and convection.
This simulation confirms that there can be gained time by increasing the thick-
ness of the cores by using thermally insulating refractory materials in the foundry
coatings.

Figure 4.8: Temperature profiles in cylindrical cores at different thermocouple
locations.

The temperature profiles in the cores used in the vertically-parted moulds are
shown in Figures 4.9 and 4.10. From Figure 4.9, the temperature at which the
lowest core thermocouple (ctrl 004) was reached is 442 °C. This confirms the sug-
gestion that the lowest core is likely to crack and form veining defects. This is
followed by the middle core thermocouple (ctrl 005) which was reached at 342°C.
The top core thermocouple (ctrl 006) recorded an initial temperature at 203 °C.
The cores were heated up rapidly above the liquidus temperature(1173°C), evi-
dently shown in Figure 4.10. This suggests that the simulations predict complete
destruction of the core binder materials by the melt and penetration occurs lead-
ing to the unique solidification plateau observed during cooling as shown in Figure
4.10. This shows that the core temperature is equal to the melt temperature. This
is in agreement with the results presented in the temperature distribution during
solidification in Figure 4.6.
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In order to confirm the prediction of the simulations about the core temperature
being equal to the temperature of the metal, a careful look at the profiles re-
veals that the solidification plateau lies between the liquidus (1173 °C) and solidus
(1160°C) temperatures as clearly seen in Figure 4.10. From Figure 4.10, the
middle core thermocouple showed the longest plateau followed by the lowest core
thermocouple and finally the top core thermocouple. This suggests that the melt
at the middle core thermocouple is the last to freeze, followed by the down core
thermocouple and then the top core thermocouple.

These observations are made and attributed to the fact that the cores are relatively
smaller than the casting, therefore, large melt surrounds the cores. This will lead
to rapid burn out of the binder. From this, it can be deduced that when the core
is heated above the liquidus temperature, there is a greater tendency for sand
burn-on and metal penetration to occur.

Figure 4.9: Temperature profiles in the rectangular cores in vertically-parted
moulds.
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Figure 4.10: Scaled temperature profiles in the rectangular cores in vertically-
parted moulds

4.2.4 Metallostatic Pressure Distribution

Metallostatic pressure has a significant effect in large castings. Its effect in small
castings is not quite pronounced. The tendency of metal penetration increases with
metallostatic pressure at constant average grain sizes of the moulding sand [88]. As
a result of this, the surface quality of the lower part of large castings differ from the
upper part of the same casting. The simulated metallostatic pressure distribution
in the cylindrical castings during filling is shown in Figure 4.11. It can be seen
that as the mould is being filled, the metallostatic pressure keeps changing and
increasing, reaching highest pressure at the bottom at completion of filling. This
is why it is sometimes referred to as pressure height effect, because it depends on
the height involved and melt density. Due to the small size of this castings, the
metallostatic pressure did not increase significantly as illustrated in Figure 4.11
and may not have any adverse effect on the surface quality of the castings.
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However, for the pressure distribution presented in Figure 4.12, it is evident that
the metallostatic pressure increases significantly with filling and reaches highest
at the bottom of the casting at completion of filling. This effect continues to be
more pronounced as the height of the casting increases thereby subjecting the lower
part of the casting to metal penetration. Another important effect of metallostatic
pressure in large castings is the dilation of the mould walls causing the formation
of wedge-shaped castings [30]. From the simulation results, it is expected that the
surface quality of the casting around the lowest core will be worse than the surface
quality around the middle and top cores due to the influence of the increasing
metallostatic pressure.

4.2.5 Predicted Defects Associated with Moulding Mate-
rials

Defect prediction is one area of casting process simulation that is very important
because it provides information that will help in the optimization of the process
to reduce or eliminate the defects in castings. This saves money, time, and energy
for foundries. From the simulated results presented for the cylindrical castings in
Figure 4.13, there is absence of porosities in the castings. However, the results
showed sand burn-on tendency and hot spot areas which also enhance sand burn-
on defect formation (Figure 4.13b and c¢). Sand burn-on is caused by localized
overheating of the mould or core, causing liquid metal at the mould-metal interface
to penetrate shallowly into the mould or core. When the metal at the mould-
metal interface stays hot enough to partially decompose the binder or coating
material, while still remaining fluid, burn-on will occur [89]. Considering the size
of these castings sand burn-on may not be a problem since it is more severe in the
downsprue.

However, with relatively large castings, the tendency or occurrence of sand burn-
on defects and other defects such as porosities and metal penetration, becomes
imperative. The predicted defects on the castings made in the vertically-parted
mould are shown in Figure 4.14. Areas of porosity are shown on the top of the
castings in Figure 4.14a. This means that to make sound castings, feeders may be
required. From Figure 4.14b, it can be seen that the predicted hot spot areas are
the same with the last-to-freeze zones in the castings (Figure 4.14c). This means
that the middle cores are subjected to higher thermal load. High tendency of sand
burn-on and metal penetration occurrence in these castings is predicted around
the cored areas as shown in Figure 4.14d and e. Metal penetration is considered
a more severe form of sand burn-on, and penetrated sand is generally chipped or
ground off the surface of the casting in the fetling shop.

Penetration requires the presence of partial liquid metal at the mould-metal in-
terface and local overheating of the surface of the moulding material, to occur.
Penetration goes deeper into the moulding materials and it is limited by the tem-
perature of the moulding material away from the interface. The temperature of
the moulding materials usually decreases away from the mould-metal interface,
therefore the flowing metal will solidify, and penetration will stop [89].
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(a) After 0.5 s at 10% filling (b) After 1.5 s at 30% filling
(c) After 2.5 s at 50% filling (d) After 3.25 s at 65% filling
(e) After 4 s at 80% filling (f) After 4.5 s at 90% filling

Figure 4.11: Pressure distribution in the melt during filling.
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(a) After 4.5 s at 30% filling (b) After 7.5 s at 50% filling
(c) After 9.75 s at 65% filling (d) After 12 s at 80% filling
(e) After 14.25 s at 90% filling (f) After 15 s at 100% filling

Figure 4.12: Pressure distribution in the melt during filling.
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(a) Porosity (b) Sand burn-on

(c) Hot spot

Figure 4.13: Predicted defect locations in the horizontally-parted moulds.
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(a) Porosity (b) Hot spot

(c) Solidification time (d) Sand burn on

(e) Sand penetration

Figure 4.14: Predicted defect locations in the vertically-parted moulds.



Chapter 5

Materials and Approach

5.1 Coating Production and Formulations

5.1.1 Sol-Gel Process

The basic sol-gel process involves the sequential hydrolysis and polycondensation
of inorganic or metal organic precursors in aqueous acid or base with a mutual
co-solvent with the formation of colloids or clusters [90]. Sol-gel chemistry is the
process in which a sol! agglomerates to form a gel>. This process is driven by
the van der Waals forces. In the sol-gel process two distinct reactions take place:
hydrolysis of the alkoxy groups and condensation of the resulting hydroxyl groups.
The relative rates of these two reactions are governed by the concentration of the
reagents and the presence of acidic or basic catalysts. The process takes place by
dissolving the alkoxide in alcohol and hydrolyzing the solution by adding water
under acidic, basic, or neutral conditions as shown in the hypothetical reaction
equation below:

The hydrolyzed species then condenses as shown in the following reaction equa-
tions:

When the hydrolyzed species react amongst themselves in a process called oxola-
tion, water is released,

M(OR)Z_l(OH) + M(OR)Z_1<OH> — (RO)Z_lM—O—M(OR)Z—l + HQO

When the hydrolyzed species react with another alkoxysilane in a process called
alkoxolation, alcohol is released

M(OR)Zfl(OH) + M(OR)Z — (RO)ZflM-O—M«)R)Zfl + ROH

In these reactions, metal-organic precursors are used. The most commonly used

metal alkoxides are represented by M(OR)z, where R represents an organic (typ-
ically alkyl) group and M represents a metal.

S0l is defined as dispersions of solid particles having at least one dimension in the range of
1-100 nm in liquid media.
2Gel is defined as a 3-dimensional network of the dispersed solid particles in a liquid medium.
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The unique property of the sol-gel process is the ability to allow a better control
of the whole process and synthesis of tailor-made structures from the molecular
precursors to the products. Table 5.1 shows commonly accepted rules of thumb
used as starting point in sol-gel chemistry and material development based on
relative hydrolysis and condensation rates [91].

Table 5.1: Expected product of sol-gel process depending on the rates of hydrolysis
and condensation [92].

Hydrolysis || Condensation || Results

Slow Slow Colloids/sols

Fast Slow Polymeric sols/gels

Fast Fast Colloidal gels or precipitates
Slow Fast Controlled precipitation

If the stoichiometry of water to alkoxide ratio is changed, this leads to a change in
sol concentration and pH affecting the sol reaction conditions. These inter-related
parameters are type of precursor, hydrolysis ratio, catalyst type/amount, and type
of solvent.

5.1.1.1 Precursors

In order to gain control over the hydrolysis-condensation process, the precursor
reactivity which comes from the nature of metal or metalloid, during the process
has to be decreased. Electronegativity or degree of unsaturation in a metal or met-
alloid alkoxide leads to different reactivities in these materials. As the orbital size
increases, the valence electrons become less tightly bound, which leads to a lower
electronegativity, ionization potential, and higher reactivity. Another property of
the metal alkoxide that has to be taken into account is its molecular structure.
The full coordination of many metals often cannot be satisfied in metal alkoxides
M(OR),,. This is due to the fact that the oxidation state Z of the metal is lower
than its usual coordination number N which defines the degree of unsaturation.
Higher degree of unsaturation results in higher reactivity [91]. It is established
that the hydrolysis rate of metal alkoxides decreases with increasing size of the
alkoxy group (e.g. ethoxide > propoxide > butoxide). This is a consequence of
steric hinderance and overcrowding of the transition state, thus leading to slower
reaction rates [93].

5.1.1.2 Hydrolysis Ratio

The hydrolysis ratio is expressed by the molar ratio of water to metal alkoxide.
The stoichiometrically needed ratio of HyO:Si(OR), for complete hydrolysis of the
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alkoxide is 2:1 [90, 91, 94]. Increasing the water content above the stoichiometric
value favours the condensation reaction through oxolation® and results in partic-
ulate sol [91]. However, at hydrolysis ratio lower that stoichiometric value, the
polymeric sol may form as a result of the dominant hydrolysis reaction.

5.1.1.3 Catalyst Type/Amount

Hydrolysis is performed with a catalyst. Three procedures are proposed: acid
catalysis, base catalysis, and two-step catalysis. Catalyst type and pH of the
reaction determine the resulting morphology. Acid catalysis is performed with
HCl, HySO4, HNO3, HF, oxalic acid, formic acid, and acetic acid. Base catalysis
involves dilute ammonia (1072 M). Gelation are generally longer when the pH of
the sol is low. Slow hydrolysis and fast condensation rates lead to the formation
of colloidal structures that is characteristic of base catalyzed systems to form a
network of uniform particles in the sol and the resulting pore volume is large. Fast
hydrolysis, and slow condensation rates characterize an acid catalyzed system,
which produces linear like polymeric clusters or randomly branched chains. The
associated elemental units either particulate or polymeric cluster allow to define the
membrane pore structure. Accessible micro-pores* could be obtained by packing
of polymeric clusters while the packing of colloidal particles enables the formation
of meso-porous® structures [90, 91, 93].

Figure 5.1: Schematic representation of gel densification for (a) acid and (b) base
catalyzed systems [91].

3Condensation process with the production of water.
4Have pore diameters of less than 2 nm.
>Containing pores with diameters between 2 and 50 nm.
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5.1.1.4 Solvent Type

Metal alkoxides are often dissolved in organic solvents to homogenize the reaction
mixture before hydrolysis can take place. The most often used solvents are parent
alcohols, which have the same number of carbon atoms in the alkyl group as in
the alkoxy group of the metal alkoxide (for example, ethanol is the most suitable
solvent for a metal ethoxide). However, solvents are often not chemically inert
towards metal alkoxides and the metal alkoxide reactivity can be easily modified
by changing the solvent. Solvent type and concentration have significant effect on
gelation kinetics and sol-gel reaction mechanisms [91].

5.1.1.5 Sol — Gel — Film Transformation

During sol-gel processing, sols and gels evolve in a different way depending on
precursors used. Two main structures of gels can form depending on the method
used for processing (colloidal or polymeric) including;

1. Physical (colloidal) gels in which steric effect in the sol dominates gel forma-
tion. These gels are concerned with aqueous media

2. Polymeric gels in which the relative rates and extent of reactions are critical
for gel formation. In this case organic media are preferred.

The final porous microstructure in the system is established during drying that
accompanies the process of film formation by dip or spin coating. For the purpose
of this study dip coating is the application process adopted because it is a com-
monly used method in the industry. In the dipping process, a porous support like
chemically-bonded sand core is brought into contact with the coating suspension
for a few seconds, resulting in film formation. The dip coating parameters, such as
sol viscosity and dipping time, as well as the withdrawal speed, play a significant
role in determining the thickness of the wet coating layer and consequently, the
thickness of the final ceramic dry layer [95]. Figure 5.2 shows the steady state film
deposition profile during dip coating of a porous support with sequential stages of
structural development that result from the draining accompanied by solvent evap-
oration, continued condensation reactions, and capillary collapse. The entrained
sol concentrates by gravitational draining of the suspension and evaporation of
the solvent accompanied by flow into or out of the porous support. Increasing sol
concentration due to the continued condensation reactions leads to aggregation
and gelation. At the final stage of the deposition, the gel film is collapsed by capil-
lary pressure that establishes the final pore size because of drying. During drying,
there is a tendency for the formation of cracks, therefore, it becomes important to
control the drying rate. The extent of shrinkage of the solid network at the critical
point has a determining role on the final pore volume-size distribution in the dried
gel. This in turn depends on a balance between the capillary pressures that tries
to collapse the gel and stiffness of the gel that is controlled by the condensation
reaction. There is little time for network formation during film deposition and the
structure of the film is largely controlled by the structure of the clusters in the sol
[96].
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Figure 5.2: Schematic of the steady state dip-coating process [95].

Drying accompanies both the dip and spin-coating processes and largely estab-
lishes the shape of the liquid profile and is governed by capillary pressure. The
increase in concentration leads to the formation of a gel-like structure. Further
evaporation gives rise to capillary tension in the liquid and that tension is balanced
by compressive stresses on the solid phase causing it to contract. The drying pro-
cess has two successive stages; constant rate period (CRP) and falling rate period
(FRP). The initial period of drying is called the constant rate period due to the
constant evaporation of the solvent. During the constant rate period, the loss of
pore fluid is accommodated by the shrinkage of the gel surface. In other words,
the volume shrinkage will be equal to the volume of the pore fluid lost by evapo-
ration. The driving force for this shrinkage is the capillary tension P developed in
the liquid, which can be correlated to the pore radius through the Kelvin equation
[90, 94]:

27y cosb

2 (5.1)

T'p

where; 7y is liquid-vapour interfacial energy, 6 is contact angle, and r, is pore
radius. This tension in the liquid causes the gel network to contract. Further
shrinkage and condensation continue up to the critical point, as the reactive ter-
minal hydroxyl species are brought into closer contact. At this point shrinkage
stops and tension is maximised. Contracting network is stiff and resists further
compaction. Further evaporation of the pore fluid causes the suspension meniscus
to go into the gel interior, which is the beginning of the second stage of drying, the
falling rate period. The remaining liquid can escape only by evaporation from the
pores and diffusion of vapour to the surface without further dimensional changes.

As the film dries, it shrinks in volume. Because of the presence of the rigid support,
the reduction in volume is accommodated completely by a reduction in thickness.
When the film has solidified and stresses can no longer be relieved by flow, tensile
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stresses develop in the plane of the substrate that nearly equals to the stress in

Auid;
= [l [E52) 52)

where FE is Young’s modulus, v is Poissons ratio of the coating suspension, f, is the
volume fraction of solvent at the solidification point, and f, is the volume fraction
of residual solvent in the dry film. Although, large stress occurs in the film, it is
commonly observed that cracking of films does not occur if the film thickness is
below a certain critical thickness [95].

5.1.2 Sol-Gel Reaction Mechanism Involved in this Study

In the sol-gel coating formulations, the sol-gel solution stock is produced by hydrol-
ysis and condensation reactions. This is done by controlled acid (HCI) catalyzed
hydrolysis with water of (3-glycidyoxypropyl)trimethoxysilane (GLYMO, Degussa)
and aluminium (IIT)-s-butoxide, in 75% solution of s-butanol (AL, ABCR) as the
mutual co-solvent to form the silanol group (Si-OH). The pH of this sol-gel solution
is about 5. The hydroxide (=Si-OH) from the hydrolysis is condensed with an-
other silane, propyltrimethoxysilane (PTMO, Evonik/Degussa) in a process called
alkoxylation® to form the siloxane bonds (=Si-O-Si=). The molar composition of
the sol-gel solution stock is expressed by GLYMO:AL:HCI:PTMO as 385:3:1:95.
The structure of the precursors are shown in Figure 5.3 while the properties are
presented in Table 5.2.

,D
OCH, ”
HsCO- Slw*-..
OCH3 O/\W )/
(a) GLYMO (b) AL, ABCR (c) PTMO

Figure 5.3: The structure of the precursors.

Trialkoxysilanes are well known coupling agents and are readily available with dif-
ferent functional groups [97]. They react readily with themselves and other metal
alkoxides to form hybrid inorganic/organic polymers as shown in the following
reaction equations. These equations typifies the sol-gel stock solution reaction
equations for hydrolysis and condensation (alkoxolation). The R’ represents a
functional group such as alkyl chains containing epoxy, amine, chloro, or vinyl
group.

R’Si(OR); + H,O —R’Si(OR)2(OH) + ROH (hydrolysis)

Al(OR); + H,O — HO-AI(OR); + ROH (hydrolysis)

~~R’Si(OR)2(OH) + HO-AI(OR)s~~ — ~~R“Si(OR)2-O-Al(OR)g~r~

6condensation under release of alcohol.
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Continued hydrolysis and condensation of the reactive M-OR groups with PTMO
will lead to a polymer that can be applied to a substrate by spin, dip, or spray
methods.

Table 5.2: Properties of the Sol-gel stock precursors.

| Properties || GLYMO | AL, ABCR || PTMO |
| Refractive index || 1.429 | 1.439 | 1.391 |
‘ Boiling point H 120°C H 40°C H 142°C ‘
| Density | 1.07 g/mL | 1.237 g/mL | 0.932 g/mL |

5.1.3 Novel Sol-Gel Foundry Coatings Investigated

New sol-gel foundry coatings, here referred to as Sol-gel Sand coatings (SeS) were
formulated according to the components shown in Table 5.3 for the screening
tests. The coating components include sol-gel component as the binder, nanopar-
ticles (TiOg, ZnO) as the refractory filler material, sulphuric acid as the hardener,
and water as the liquid carrier. Water is used as the liquid carrier due to its non-
toxicity, availability, low price and ease of adjustment of rheological properties.
The coating mixing set up is shown in Figure 5.4. Both water and other compo-
nents are varied in order to determine the optimal composition. In SeS_ 4, another
hardener was introduced in the form of aluminium complex in place of sulphuric
acid (HySOy). These are trial formulations which were used for screening tests and
to elucidate the performance of sol-gel coatings on chemically-bonded sand cores
and in improving the casting surface quality.

Another formulation SeS_5 was made. In this formulation, the nanoparticle re-
fractory filler materials were replaced with filter dust from Vald Birn A/S. The
filter dust particles size is of micron range [107]. The amount of filter dust used
vary from 20 - 60% relative to the liquid amount in the coating. Stable suspen-
sion of the refractory filter dust in the coating matrix was difficult, consequently
bentonite was introduced as a suspension agent. Both hardener types (sulphuric
acid and aluminium complex) were also alternatively used. Water was used as the
liquid carrier while sol-gel component was added as the binder. From the various
amounts (20 - 60%) of the solid content in the coating matrix, 40, 50, and 60%
solid content coatings were selected based on the coverage of the sand grains on
the core.

Some comparative studies were also performed with commercial coatings to assess
the performance of the sol-gel coatings relative to the conventional coatings in
improving the surface quality of the castings.

In a further development, the sol-gel component was increased to further study its
effect on the mechanical properties of chemically-bonded sand materials.

In the light of the shortage and non-continuous availability of the filter dust cou-
pled with its inconsistent composition, other common refractory materials such
as zircon, olivine, china clay, and aluminium silicates were investigated with the
sol-gel component. This means, in these formulations, the filter dust was replaced
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with each of these refractory materials. The density of the refractory materials
follows this trend: Zircon > Olivine > China clay > Aluminium silicate. Three
different coating compositions consisting of water with respectively 10, 25, 50%
sol-gel stock were prepared. To each of these compositions, 50% of each refractory
material was added. All prepared samples were left standing for a period of time
and then the precipitates were scraped to determine the ease of mixing each into
suspension again.

Table 5.3: Different sol-gel coatings investigated in the preliminary tests.

’ Sol-gel coating H Components H Types

SeS_ 1 sol-gel component

50% wt. water

’ H 1 and 10% nanoparticles H TiO,, ZnO ‘
’ H hardener H HySOy4 ‘

SeS_ 2 sol-gel component

water

’ H 1 and 10% nanoparticles H TiO,, ZnO ‘
’ H hardener H H,SO, ‘

SeS_ 3 sol-gel component

60 and 65% wt. water

’ H 50 and 150% nanoparticles H TiO9, ZnO ‘
’ H hardener H H>SO4 ‘

SeS_4 sol-gel component

85% wt. water

H nanoparticles H TiOg, ZnO ‘

hardener HySOy, Al (III)-s-butoxide,
75 % in s-butanol

5.1.4 Sol-Gel Coating as Additive to Existing Foundry Coat-
ings

The sol-gel component was tested as an additive to existing foundry coatings.
In this experiment, various amount of sol-gel component was added to existing
foundry coatings. Due to the number of coated cores involved, Taguchi approach
to experimental design was applied to reduce the number of experimental runs for
casting purposes and analysis.
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(a) mixing sol-gel component and ben- (b) mixing after adding filter dust
tonite

Figure 5.4: Coating making process, the mixing.

Table 5.4: The parameters and levels for the investigation.

’ Factors H Units H Level ‘

| | NN

’ Sol-gel component H % H 10 H 25 H 50 ‘

\ Viscosity H S H 11 H 13 H 15 \

’ Dipping time* H s H S H L H 10 ‘
*S = short (1-2 s), L = long (3-5 s)

5.1.4.1 Experimental Design using Taguchi Approach

Sol-gel component was added to a commercial (W254 6 Micro) coating as an
additive, and the resulting coating was applied to the cores made with cold box
and furan binders. The conditions of coatings and application are given in Table
5.4.

From Table 5.4, there are three parameters and each parameter has three levels.
Following full factorial design of experiments, the experimental design is 3% Fac-
torial designs i.e. 27 experimental runs for one of the core groups. The Taguchi
approach was adopted to reduce the number of experimental runs. Using Taguchi
Ly (3%) orthogonal array [98], the experimental design is give in Table 5.5. The
response from the factors in this experimental design is the surface roughness value
of the castings made with these selected cores. The smaller surface roughness value
is an indication of better performance.
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Table 5.5: The Lg orthogonal array of experiments for the parameters and their
levels.

’ No. of Expts. H Factors ‘
| | Sol-gel component | Viscosity || Dipping |
] 10 | R
2 | 10 | s ]t |
L 10 | I U
¢ % | I U
L % | B I s |
5 | % | I R
| 0 | IS N
L 0 | B | v |
I % I R

5.1.4.2 Data Analysis from Taguchi Experimental Design

Taguchi recommends that the data can be analyzed through the mean response for
each experimental run. It was also suggested for analysis of variation, an appro-
priately chosen signal-to-noise ratio (SN) is used. These signal-to-noise ratios are
derived from the quadratic loss function. A key component of Taguchi’s philoso-
phy is the reduction of variability. Each product or process performance will have
a target or nominal value. It is the objective of this experimental design to reduce
the variability around this target value. Taguchi models the departure from this
target value with a loss function. The loss refers to the cost that is incurred by so-
ciety when the consumer uses a product whose quality characteristics differs from
the nominal. The concept of society loss is a departure from traditional thinking.
Taguchi imposes a quadratic function of the form

L(y) = k(y = T)° (5.3)

shown in Figure 5.5. Obviously, this type of function penalizes even small depar-
tures of y from the target 7. This function attaches penalties only to cases where
y is outside of the upper and lower specifications (say y > USL or y < LSL)
Having given a brief description of the loss function, there are three signal-to-noise
ratios derived from the quadratic loss function which are considered to be standard
and widely applicable. They are

1. Nominal is best:

SNy = 10log <y> (5.4)
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Figure 5.5: Taguchi’s quadratic loss function.

2. Larger the better:

SNy — —10log (L5 L (5.5)
3. Smaller the better:
1 N
SNg = —10log (N > y§> (5.6)
i=1

where 7 is sample mean, S is sample standard deviation (S? is the sample variance),
y; is the sample, and N is the number of observations in a sample.

The SN ratios are expressed in a decibel (dB) scale. SNy is used if the objective
is to reduce variability around a specific target, SNy if the system is optimized
when the response is as large as possible, and SNg if the system is optimized
when the response is as small as possible. Factor levels that maximize the appro-
priate SN ratio are optimal [98]. Therefore, smaller the better i.e Eq. 5.6 for the
surface roughness will be selected for obtaining the optimum combination of the
parameters and their levels.

Descriptive statistics and analysis of variance (ANOVA) were also applied to dis-
tinguish the means of the target response (surface roughness, Ra value).

5.2 Wet Coating Characterization

5.2.1 Specific Gravity

The specific gravity of the sol-gel coating slurry was measured with a picnometer.
This measurement was also performed on the commercial coatings. This parameter
gives an idea of the solid content of the coating which determines the coating
density.
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5.2.2 Viscosity

The viscosity of the coating determines how the coating will penetrate into the
cores and moulds and the thickness of surface layer deposit on the cores or moulds.
Viscosity is also used to assess the level of solid content in the coating and to
predict the rheology of the coating. In spray application, there is a limit to the
viscosity of the coating that can easily be applied. Too high viscosity, will block
the nozzle of the spray gun or atomization will be difficult. In the case of dip
coating application, this is not the case, it has a wider application tolerance. In
sol-gel process, there are two main reactions, hydrolysis and condensation. The
condensation reaction is a network formation reaction which leads to the gellation
of the coating. The gelling of the coating significantly increases the viscosity of
the coating at the right amount of sol-gel component [Supplement 3.

The Ford flow cup was used to measure the viscosity of the sol-gel and commercial
coating slurries according to ASTM D1200 standard. A flow cup, sometimes called
an efflux cup or viscosity cup, is a simple gravity device that measures the timed
flow of a known volume of liquid passing through an orifice located at the bottom
of the shaped cup as shown in Figure 5.6. Under ideal conditions, this rate of
flow would be proportional to the kinematic viscosity (expressed in stokes and
centistokes) that is dependent upon the specific gravity of the draining liquid
[99]. The rate of flow (T") in seconds (efflux time) can be converted to centistokes
viscosity (V') using the following equation,

22
V = 0.14T — T6 (5.7)

while if the centistokes viscosity is known, the following equation is used [100].

(V 1+ V/V? T 8263)
T = 1598 (5.8)

The efflux times measured with the flow cup for some of the coatings were converted
to centistokes viscosity using Eq. 5.7 and presented in the result section.

5.2.3 °‘Baumé Parameter

The °Baumé test was performed with a hydrometer. The hydrometer is floated
in the sol-gel coating slurry and the °Baumé reading is taken directly from the
hydrometer scale, when it has stopped sinking. This measurement was also per-
formed on water and alcohol-based commercial coatings. The °Baumé parameter
is commonly used in the foundries today to control the coating consistency for
various sizes of foundry applications because it is quick and easy. Higher “Baumé
number indicates higher viscosity.
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Figure 5.6: Measurement of viscosity by efflux time [99].

5.3 Coating Application on Cores and Moulds

The cold box and furan cores were dip-coated with different times at all stages of
the experiments in order to replicate the foundry applications.

The green sand moulds were spray-coated. The distance from the spray gun to the
mould was 10-15 cm. Some mould cavities were given single layer spray-coating
while some were given multilayer spray-coating. The spray coating process is
shown in Figure 5.7.

(a) Grill (b) Vice

Figure 5.7: The spray-coating process of green sand moulds.
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5.4 Core-Coating Interaction and Analyses

5.4.1 Weight of Wet and Dry Coating on Cores

The cores were weighed before dip-coating, W, after dip coating, W5, and after
curing at 110°C for 1 hour, Wj.

Weight of wet coating on cores = Wy — W,
Weight of dry coating on cores = W3 — W;

These parameters can be used to determine the economics of the coating.

5.4.2 Moisture Content

The moisture content was determined by first measuring the weight of each core.
The cores were respectively heated at a temperature between 105 — 110 °C until
its weight is constant. The loss in weight, expressed as a percentage of the initial
weight of the cores, is the moisture content. It is important to know the moisture
content of the cores and moulds in order to avoid gas defects in castings.

5.4.3 Core Surface Coverage

The coverage of the surface of cores by the coating is elucidated by using a stere-
omicroscope - ZEISS Stereo CL1500 ECO. Knowing the coverage ability of the
coating will help to assess and prevent the occurrence of metal penetration, sand
burn on/in defects and improvement of the surface quality of the casting made
with the cores.

5.4.4 Coating Penetration into the Cores

The coating penetration into the cores after sectioning was obtained by using
a stereomicroscope - ZEISS Stereo CL1500 ECO. The penetration depth on the
images obtained with the stereomicroscope was determined by several distance
measurements using an image analysis software - Image-Pro Plus Version 6.1.
The average values were presented. This test is very important because it will
determine the extent to which the pores in the sand cores are filled with the
refractory material of the coating and their anchorage on the sand grains.

5.4.5 Core-Coating Refractory Material Interaction

The dried coated core materials were sectioned and the areas of the core where the
coating refractory materials are, were carbon-sputtered to make it conductive. The
prepared samples were examined using the Scanning Electron Microscope (SEM),
JOEL JSM-5900 with LaB6 — Filament equipped with INCA X Oxford Instruments
EDS to elucidate the interaction of the core and the refractory materials.
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5.4.6 Permeability

The ambient-temperature permeability of the cores was determined as an average
of three measurements using a permmeter as shown in Figure 5.8a. The sample
holder (Figure 5.8b) was adapted to fit the geometry of the core to enable reliable
measurements. This test is very important because it will determine the ease with
which the gas in the sand bodies can be vented to avoid gas related defects on the
castings and to assess the effect of the coatings on the permeability of the core
materials.

(b) Sample holder with
a core

(a) A permmeter

Figure 5.8: A permmeter and sample holder for measuring the permeability of the
cores.

5.5 Mechanical Properties of Coated Core Ma-
terials

The mechanical properties of the coated core materials were determined. This tests
highlighted the effects of the coating on the mechanical properties of chemically-
bonded sand materials. For the process, a new strength testing machine (STM)
was built for the measurement of tensile and flexural strengths of the coated core
materials [Supplement 4]. This machine loads the specimens uniformly (at a con-
stant strain rate) using a user defined specifications. The operating systems of the
machine are interfaced with a computer using labview software in order to mea-
sure the loading and the corresponding displacements and presenting the results as
load-displacement curves. From this plots, the maximum strength and stiffness of
the chemically bonded sand materials were determined [Supplement 5]. The new
STM and the specimens with the adaptive specimen plugs are shown in Figure 5.9.
The core materials coated with filter dust coating and coatings with more sol-gel
base were investigated. The results of the mechanical properties of core materials
coated with coatings containing more sol-gel stock is presented in this section and
for the core materials coated with filter dust coating, the results are reported in
Supplement 5.
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(a) The new STM (b) The specimens and adaptors

Figure 5.9: Measurement of the mechanical properties of chemically bonded sand
materials.

5.5.1 Tensile Test

The “dog bone” specimens were used for the tensile test experiment using the
new STM with proper adaptor for the tensile test (Figure 5.9b). Three specimens
treated with the same conditions were tested and the results were averaged and
standard deviations were determined. The dimensions of the specimen are shown
in Figure 5.10.

Figure 5.10: Standard tensile test specimen (dog bone) for sand materials (dimen-
sions in mm).

5.5.2 Bending or Flexural Test

The bar specimens were used for the bending or flexural test using the new STM
with the right adaptor for the bending test (Figure 5.9b). Three specimens of the
same treatment were also used for the test. The dimensions of the specimen is 172
mm X 22 mm X 22 mm with a curvature radius of 11 mm at both ends. The set
up is shown below.
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Figure 5.11: A schematic showing the bending test set-up.

5.5.3 Compression Test

The compression test is performed on three cylindrical core material specimens
using Amsler Hydraulic Test Press. This instrument measures the maximum com-
pressive loading at breakage point. The specimen dimensions and the direction of
loading are shown in Figure 5.12.

Figure 5.12: A schematic of the compression test specimen and set-up.

5.5.4 Statistical Evaluation of Mechanical Properties

Descriptive statistics was applied to the measured strength values to determine the
means and the standard deviations. Analysis of variance (ANOVA) was used to
determine the significance of the measured strength means. All statistical analysis
was performed at 95% confidence interval. Weibull statistical distribution was used
to analyze the strength of the chemically-bonded sand core materials to determine
the materials’ reliability, or in other words, the probability distribution according
to which the material will fail will be obtained.

5.5.4.1 Theory of Weibull Distribution

Weibull distribution function is used to model fracture strength data of brittle
materials to determine the strength reliability, which is one of the factors limiting
the wider use of these materials in various structural applications [101, 102, 103].
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Two popular forms of this distribution are two- and three- parameter Weibull
distributions. The cumulative distribution function (CDF) of the three-parameter
Weibull distribution is given as follows

ﬂ%@vﬂxﬁ)zl-—mm{—(p_v)q (5.9)

(%

v>0,a>0,8>0

where v, o and 3 are the locations, scale, and shape parameters respectively.
When v = 0, Eq. 5.9 becomes the CDF of two-parameter distribution, Eq. 5.10.

T

}ﬁ(x;a,ﬁ)zzl——exp{—()ﬂl (5.10)
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This CDF equation is the most known definition of two-parameter Weibull distri-
bution and it is mostly applied in the modeling of the fracture strength of brittle
materials. In the context of this investigation, F (x; a, [3), represents the prob-
ability that the fracture strength is equal to, or less than x. In probability, the
sum of probability of failure and probability of survival or reliability Ry (z; «, (),
is unity [102, 104]. Therefore,

Fy(z; a, B) + Ry (23 a, ) =1 (5.11)

The reliability is the probability that the fracture strength is at least x and it is
defined as

R (z; o, B) = exp [— <z>ﬁ] (5.12)

a>0,8>0

In Egs. 5.9-5.12, a and [ are estimated from the observations. The methods usu-
ally applied in the estimation of these parameters are method of linear regression
[102, 105, 106], and method of maximum likelihood [103]. The most widely used
is the linear regression method due to its simplicity [106]. This method is based
on the fact that Eq. 5.10 can be transformed into a linear regression model of
the form, Y = m X + ¢, when the natural logarithm of both sides is taken twice
[102, 105, 106] given Eq. 5.13,

znV«l_EixmBQ]:mm@—@mm) (5.13)

The measured fracture strength are ranked in ascending order, and a probability
of failure F; (z; «, B) is assigned to each strength, z;. The Weibull modulus, § can
be determined directly from the slope term in Eq. 5.13. And the scale parameter,
«, can be determined from the intercept term and is given by
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c

a = exp (—5> (5.14)

The following probability estimators (median ranks) are quoted in [106] to have
been used as the Fi(x;a,8)F;(x; o, [ in different literature. These include

1 — 0.5
F, = 5.15
: (5.15)
o (5.16)
on 41 ’
1 — 0.3
FF= — 5.17
n + 0.04 ( )
1 — 0.375
F= 20 1
n + 0.25 (5.18)

where Fj is the probability of failure for the i —ranked n strength datum [106].
A. Saghfi et al. [106], stated that Eq. 5.15 gives the least bias and is therefore
preferred for the purpose for probability estimation. In Eq. 5.10, when x = o,

Fy(z; 0, 8) = 1 — exp|—(1)7]

Fy(zr) =1-0.368 = 0.632

This implies that according to Eq. 5.14 characteristic strength («) is the time or
the number of cycles at which 63.2% of the data is expected to fail [106]. The
characteristic life, o is a measure of the scale, or spread, in the distribution of
the data. A 8 < 1 indicates that the material has a decreasing failure rate. This

rarely happens. Similarly, a § = 1 indicates a constant failure rate, and a § > 1
indicates an increasing failure rate [102] as the load is increased.

5.6 Casting Process

Sand casting process was used. The defects to be addressed are more common
with castings made by sand casting process.

At Frese Metal, Slagelse, Denmark, the cores are made from silica sand with the
chemical composition given in Table 5.6 and two different binder systems were
used. The regenerated sand cores are made from furan resin binders of phenol
formaldehyde/furfuryl alcohol (PF/FA) type. PF/FA has FA contents in the re-
gion of 30 and 70%. The cold box cores are made using the Amine/Phenol Ure-
thane Process. The bond is based on the use of a two part isocyanate, part one
being a phenolic resin, and the second part an isocyanate contained in a solvent.
The result, promoted by a reaction with Triethylamine (TEA) or dimethylethy-
lamine (DMEA) vapour, is the formation of a solid polyurethane resin. The cores
are coated for 1, 3, and 5 s with the new sol-gel coating produced at the Techno-
logical Institute, Aarhus, Denmark, by a dipping method.
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Table 5.6: Chemical composition of the core sand.

’ Compounds H SiO, H Al,O5 H K,O H Fe,O H CaO H TiO, H Na,O ‘
’Composition (%) H 98.61 H 0.69 H 0.51 H 0.05 H 0.01 H 0.07 H 0.05 \

The melt composition is shown in Table 5.7. The charge was melted in an Inducto
induction furnace operated at a frequency of 1000 Hz and a power of 125 kW. The
casting was carried out when the temperature of the melt in the furnace was above
1465 °C, measured with a thermocouple.

Table 5.7: The melt composition.

‘ Composition (wt. %) H C H Si H Mn H P H Mg H Fe ‘
al. ‘
|

’ Grey Iron H 3.5 H 2.6 H 0.2 H 0.02 H - H

] Ductile iron H 3.8 H 2.3 H 0.39 H 0.04 H 0.06 H Bal.

5.6.1 Horizontally-Parted Moulds

The moulds for the castings were prepared by the sodium silicate-COs process.
The mould pattern is presented in Figure 5.13. The layout contains four mould
cavities with four cylindrical cores sitting right at the centre of each mould cavity.
The core and casting dimensions are shown in Figure 5.14. The casting from each
mould weighs between 4 - 4.5 kg depending on the downsprue. Some of the cores
have k-type thermocouple inserted to the mid section of the cores, as shown in
Figure 5.15, to measure the temperature in order to assess the thermal behaviour
of the cores during casting.
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(a) The cope pattern (b) The drag pattern

Figure 5.13: The mould pattern used for the horizontally-parted moulds.

30.5 mm

——

65 mm

:‘C

32.5 mm

(a) The core dimension (b) The casting dimension

Figure 5.14: The core and casting dimensions for the horizontally-parted moulds.

(a) The cores with k-type thermocouples (b) Moulds ready for pouring

Figure 5.15: The horizontally-parted moulds experimental set-up.
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5.6.2 Vertically-Parted (DISA) Moulds

(a) The mould pattern platel (PP)  (b) The mould pattern plate2 (SP)

(c) The core dimension (d) The casting dimension

(e) The coated cores (f) The mould cavity with six cores

Figure 5.16: The casting layout for the vertically-parted moulds.

The moulds used for these tests were made from green sand using DISAMATIC
2110 moulding machine at DTU foundry shop. The casting layout is presented
in Figure 5.16. The mould contains two castings alongside the gating system in
between them. Each casting has locations for three cores as shown in Figure 5.16.
From the layout, the distance between the down core and the middle core is 54
mm, with the top core, 111 mm and the distance between the middle and the top
core is 57 mm. The distance of each of the cores from the top of the casting is
46, 115, and 181 mm for the top, middle and down cores respectively. The cores
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are surrounded by large amount of liquid metal in order to provoke surface defects
around the casting interface with the cores, so that the performance of the coatings
on the cores can be assessed. Due to the geometry of the castings, only one of the
cores has a k-type thermocouple inserted to its mid section, to assess the level of
thermal shock on the core.

5.6.3 Data Acquisition

The temperature profiles in the cores, when they are in contact with the melt, was
measured by using TIG welded k-type thermocouples (0= 0.2 mm) embedded
in the cores up to the mid section. These thermocouples were connected to the
DASYLab data acquisition system laboratory software, version 8.

5.7 Analyses of the Surface Quality of Castings

5.7.1 Prediction of Surface Reactions

Reactions take place when the liquid metal comes in contact with the mould ma-
terials. Considering the fact that the moulds may contain oxygen (from mois-
ture) and sulphur, these elements will enhance oxidation and sulphurization while
the metal may undergo decarburization and/or sulphurization with the elements.
These reactions can affect the properties of the cast components. The Web Tool
software is used to predict the likely surface reactions and to construct the corre-
sponding Ellingham diagrams.

5.7.2 Surface Roughness Measurement

Surface roughness of various castings were measured. The performance of the
coatings in improving the surface quality of castings will reflect on the surface
roughness of the castings. The lower the surface roughness values the better the
coatings performance. However, castings free from veining, scabs and metal pen-
etration defects are also indications of the coatings positive performance. For de-
tailed surface roughness measurement, both profile and areal measurements were
made using the 3D Alicona “InfiniteFocus” microscope (IFM) G4 to build a true
3D colour images of surfaces and microscopic structures. It was also used to make
extensive surface characterization of the standard surface comparators, used in
the foundries, to enhance comparison with the cast component surfaces obtained.
This is a novel application in foundry applications and a detailed Technical Re-
port on this approach for foundry application is provided in Supplement 7. The
system is shown in Figure 3.1b. The operating principle combines the small depth
of focus of an optical system with vertical scanning to provide topographical and
colour information from the variation of focus. This non-destructive method uses
white light which is delivered through a beam splitter to a series of selectable,
infinity-corrected, high-Numerical Aperture (NA) objectives contained in a six-
place nosepiece (2.5x, 5x, 10x, 20x, 50x and 100x). The specimen’s reflected
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light is projected through the beam splitter onto a colour digital sensor. The vari-
ation of sharpness is now utilized for extracting depth information. The operating
principle, Focus-Variation, has been added to the latest ISO standard for classify-
ing surface texture methods. The new draft of ISO norm 25178 for the first time
includes standardized parameters to classify optically area based measurements
[84]. In this project, for consistency, the measurement conditions are maintained.

5.7.3 Surface and Interfacial Microstructural Examination

The microstructure of the cast components at the interface between the casting
and the coated cores or moulds were examined using an optical microscope. The
specimens were ground and polished accordingly to mirror surface. A set of the
specimens were etched with Nital solution while the other set were left unetched.
The etched specimens were used to study the effect of the coating on the matrice of
the cast components while the unetched specimens were used to study the effects
on the graphite flake and nodule size and distribution around the interface in grey
and ductile iron respectively.



Chapter 6

Results

The results will be presented according to the following schematic showing the
flow of the work (Figure 6.1).

Figure 6.1: A schematic showing the flow of the work.

87
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6.1 Screening Tests Results with Nanoparticle
SG Coatings

The results from the screening test with nanoparticle Sol-Gel (SG) are summarily
presented. The surface of the core specimens were not covered by the refractory
coating as can be seen in Figure 6.2 and the penetration of the coatings into
the core substrate was not uniform and also penetration was deeper as shown in
Figure 6.3. The observed effects were attributed to the difference in the particle
sizes of the granular materials - sand and refractory filler materials. The sand grain
particle sizes are in the micron range while the refractory filler particle sizes are in
the nano range. Therefore, during the dip coating process, the nanoparticles could
not get deposited on the sand core surface rather they penetrated non uniformly
and deeply into the cores depending on the dipping times.

(a) Cold box core dip-coated for 5 s (b) Furan core-dip coated for 5 s

Figure 6.2: Poor surface coverage of sol-gel coatings containing nanoparticles.

The pore spaces between the sand grains are in several orders of magnitude larger
than the nanoparticles consequently, the nanoparticles flowed with the liquid car-
rier into the bulk of the substrate without sealing the pore spaces. The part of
the core that entered the coating suspension first (lower part) absorbed more of
the coating than the part (upper part) that entered the coating later. This means
that the penetration of the coating into the core is time-dependent. This is clearly
seen in Figure 6.3 with the difference in colours. The nanorefractory particles
agglomerated as they penetrate into the bulk of the core. The agglomeration of
the nanoparticles (the white powder in the marked area) is quite obvious and it
is also clear that the pore spaces are not sealed as can be seen from Figure 6.4.
The particle size difference between the sand grains and the nanoparticles is also
clearly seen from the figure.



6.1. SCREENING TESTS RESULTS WITH NANOPARTICLE SG COATINGS89

(a) Cold box core dip-coated for 1 s (b) Furan core dip-coated for 1 s
(¢) Cold box core dip-coated for 3 s (d) Furan core dip-coated for 3 s
(e) Cold box core dip-coated for 5 s (f) Furan core dip-coated for 5s

Figure 6.3: Non uniform nanoparticles sol-gel coating penetration into the cores.
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Figure 6.4: Agglomeration of the nanoparticles in the bulk of the core.

Furthermore, due to the nature of the coating, the core materials act like a sponge
to the coating because they are porous. Therefore, diffusion and capillarity are
the mechanisms of the penetration process. Most importantly, since there is no
coverage of the core materials, the castings made with these cores will have poor
surface finish. The castings with the best surface finish in this series are shown in
Figures 6.5 and 6.6 for cast iron and aluminium alloys respectively. From Figures
6.5 and 6.6, it is very clear that there is no striking difference between the surface
of the castings made with the uncoated cores and the surface of the castings made
with coated cores. This is because the coating refractory filler did not cover the
sand grains on the surface of the cores as shown in Figure 6.2. As a result, the sand
grains will reproduce their features on the surface of the castings thereby producing
casting with rough surfaces as observed. From the figures, the different dipping
times did not make outstanding improvements for either cold box or furan cores.
However, considering the casting temperature of aluminium alloys (700 — 750 °C),
it is evident that the moulding materials did not suffer much thermal shock like
they did with the casting of iron at about 1430 °C. The surfaces of the aluminium
alloy castings showed better surface quality. A comparison of the castings made
with cold box and furan cores reveals that the surface quality of castings from
furan cores is much better than those made with cold box cores. This is attributed
to the fact that cold box cores are made with 100% fresh sand unlike furan cores
which are made with only 20% fresh sand and 80% from regenerated sand which
has undergone thermal shock already. Therefore, with the bulk of furan core
system being regenerated, furan core materials have higher thermal integrity than
the cold box materials. From these results, it implies that to obtain an improved
surface finish of the castings, the sand grains will be completely covered by the
finer refractory fillers of the coating to a certain surface layer deposit [107]. From
the results obtained, the nanoparticle refractory fillers are not suitable for foundry
coating formulation considering the particle size difference with the sand grains.
Consequently, micron range particle sizes were used in place of the nanoparticles
in the subsequent formulations.
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(a) Uncoated cold box core (b) Uncoated furan core
(c) Cold box core dip-coated for 3 s (d) Furan core dip-coated for 3 s
(e) Cold box core dip-coated for 5 s (f) Furan core dip-coated for 5 s

Figure 6.5: Surface of iron castings made with nanoparticle sol-gel coatings.
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(a) Uncoated cold box core (b) Uncoated furan core
(¢) Cold box core dip-coated for 3 s (d) Furan core dip-coated for 3 s
(e) Cold box core dip-coated for 5 s (f) Furan core dip-coated for 5 s

Figure 6.6: Surface of aluminium alloy castings made with nanoparticle sol-gel
coatings.

6.2 Wet Coating Characterization

The results of some of the wet coating characterization are presented in this section.
Details of the coating characterization techniques are presented in on one of the
supplements [108]. The results presented in Figure 6.7 show the anomaly between
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density, viscosity, and °Baumé parameters which are measured for two different
commercial coatings; water-based, and alcohol-based coatings.

Density results show that the water-based coating has twice the density of alcohol-
based coating. This means that the water-based coating has double of the solid
content as the alcohol-based coating [109]. But it is also clear that there is no
significant difference in their respective viscosity values. However, the °Baumé of
the water-based coating with higher density is significantly higher than that of the
alcohol-based coating. It was reported in [110] that higher °Baumé number indi-
cates higher viscosity. However, from the results presented here, higher °“Baumé
rather indicates higher density. Therefore, it is possible °Baumé tracks the density
(solid content) of the coating and not the flow properties of the coatings or prob-
ably, the °Baumé parameter do not correlate the properties of two coatings with
different formulations. This may mean that the °Baumé parameter only tracks
the properties of coatings with same formulation. In other words, comparing the
properties of the water-based coatings and that of the alcohol-based coatings is
not proper.

Figure 6.7: Mystery of °“Baumé parameter as the only coating quality control
parameter.

6.3 Core-Coating Interaction Results and Anal-
yses

This section will present and discuss results obtained after coating and curing the
coating on the cores.
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6.3.1 Mass of Wet and Dry Coating on Cores

The results from the tests give an idea of the amount coating that can be taken
up by a specific area of the core. The mass of the dry coating is relative to the
mass of the wet coating. The masses of the wet and dry coating increases with
dipping time as can be seen in Figure 6.8. The introduction of more finer particles
into the a particulate system increases its moisture holding capacity. Therefore,
it is expected that the mass of wet coating will also increase with the percentage
of solid content in the coatings. However, a variation is observed with the coating
containing 50% solid content showing a mass lower than those of 40 and 60% solid
content coatings. This could be regarded as an experimental outlier!. This is
evident in the results obtained from the mass of dry coating showing increasing
mass of dry coating with increasing dipping time and the percentage solid content
for all the coatings. Therefore, the consistency of the coating suspension becomes
an important factor during coating application.

(a) Mass of wet coating (b) Mass of dry coating

Figure 6.8: Variation of mass of wet and dry coating with dipping time and per-
centage solid content.

6.3.2 Moisture Content

The difference between the mass of wet coating and that of dry coating expressed
as a percentage could invariably be taken as the moisture content of the coating.
However, a more detailed moisture test between the two core systems investigated
showed a reverse trend as can be seen from Figure 6.9. This reverse variation
in trend of the moisture content of both cold box and furan cores is attributed
to the reaction products in the two different systems having opposite affinity for
moisture. A critical examination of one of the experimental thermal profiles around
the vapour transport zone (VTZ) of the two binder systems as shown in Figure
6.10, reveals a uniform temperature of 100 °C and uniform moisture content across
the whole zone for each of the treatments. The VTZ moves deeper into the cores
and grows larger with time as can be seen in the figure (Figure 6.10). When
examining the VTZ temperature profile of cold box cores, it can be seen that the
core coated for 1 s (CG1) reached 100 °C faster, followed by 3 s (CG3) coated core,
and finally 5 s (CG5) coated core.

L An observation that is numerically distant from the rest of the data.
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Figure 6.9: Moisture content of each of the cold box and furan core with similar
treatments.
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Figure 6.10: Heating curves of each of the treatments showing the vapour transport
zones for cold box (CG) and furan (FG) cores.

This is because the heat from the melt was transferred both conductively through
the sand grains and filler particles contact and convectively through mass flow of
water vapour in the cores [36]. This suggests that for the cores investigated, CG1
has the highest moisture content followed by CG3 and lastly CG5. This is also
clearly seen in the length of each of the VIZs: CG5 is shortest followed by CG3
while CG1 presumably with the highest moisture has the longest VTZ. The VTZ
for furan cores is larger which suggests that it has higher moisture content than
the cold box cores. For the furan cores, the VTZ temperature profiles, shown
in the figure show an observable reverse trend. These observation supports the
results obtained in the moisture test for the same reason. The reaction products
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formed in the case of furan may be described as hydrophilic while the reaction
products formed in cold box cores are hydrophobic in nature hence the decreasing
affinity for moisture with increasing dipping time. It is also reported in [111] that
the water retention in this type of system depends on inter-granular, grain surface
morphology and on the pore network formed.

6.3.3 Core Surface Coverage

The coatings containing filter dust and the coatings with sol-gel additive showed
good surface coverage relative to the uncoated cores. The filter dust coating also
completely covered the sand grains on the cores, however there are presence of
cracks (Figure 6.11b). This is attributed to the increasing amount of solid content
and use of bentonite as the binder [107]. The sand grain in the cores were com-
pletely covered and free from cracks when sol-gel component is added as additive
to a water-based commercial coating. The coating with sol-gel component additive
showed increasing glassy ceramic nature with increasing sol-gel component amount
[Supplement 3] (Figure 6.11b).

(a) Uncoated core (b) Coated core with Filter (¢) 50% sol-gel additive coat-
dust sol-gel coating (P40D3) ing

Figure 6.11: Core surface coverage by different coatings.

6.3.4 Coating Penetration into the Cores

Apart from the nanoparticle coatings, the latest formulations showed uniform pen-
etration as can be seen from Figure 6.12 for the filter dust sol-gel coating. The
coating in all the cases penetrated around 2 mm into the core. The penetra-
tion shown in Figure 6.13 is typically required compared to that observed for the
nanoparticle coatings which showed no uniform penetration as presented in Figure
6.3. This uniform penetration is consistent for all the subsequent formulations,
which implies that to obtain the expected uniform coating penetration, the refrac-
tory particles must be in micro-range sizes and distribution relative to the sand
grain sizes, as is the case with the filter dust. The filter dust coating is more
compact and seems to provide a more protective layer (Figure 6.13a). However,
the amount of the sol-gel component in the coating significantly affected the rhe-
ological properties when the sol-gel component is used as additive (Figure 6.13b).
A much closer examination on the penetrated area showed two advancing fronts
into the bulk of the core, the carrier liquid front and the refractory material front
tagging behind [107].
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For good surface finish of castings, it is expected that the coating should be able
to have a dry proud layer thickness between 0.3-0.6 mm [107, 112]. Although
this will reduce the permeability of the cores, but the coatings are also porous,
however, the presence of the glassy ceramic formation has significant reducing
effect on the permeability of the coating. It should also be noted that increasing
the surface layer deposit also increases the tendency for cracking of the coating
during drying, therefore, an optimum layer thickness that is free from cracks after
drying is proposed. This is dependent on several factors such as refractory material
particle size, coating viscosity, the solid content, the dipping time, the drying time,
and the drying temperature.

(a) Cold box; sol-gel coating  (b) Furan; sol-gel coating (c¢) Cold box; commercial
coating

Figure 6.12: Uniform coating penetration into the cores from the filter dust coating.

(a) Filter dust sol-gel coating (b) 50% sol-gel additive coating

Figure 6.13: Micrographs of coating penetration in cold box by coatings.

6.3.5 Core-Coating Refractory Material Interaction

The deposition and penetration of refractory filler materials on a dip coated core is
shown in Figure 6.14a. As the cores are made with a binder before the application
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of the coatings, the binder has already cured. In this situation, the sand grains
are covered by the binder material. The sand grains are held together by bonding
bridges formed by the binder as shown in Figure 6.14b. The bonding bridges
are only formed where the sand grains touch one another. These are at selected
points and in-between the bonding bridges are voids. This is due to the sand
grains are not perfectly packed due to the variation in shapes and sizes as can
be seen in Figure 6.14c. When the coating applied on the core material is dried,
the refractory materials are deposited in the pores or voids in the penetrated area
and depending on the viscosity, solid content of the coating and dipping time, the
refractory materials may be deposited on the surface of the cores as the proud
layer. The refractory materials are held together by the coating binder. However,
these deposited refractory materials are just sitting in the voids with only physical
connection with the binder material covering the sand grains. A closer look at
Figure 6.14d, reveals that the powdery refractory filler material is only sitting on
the sand grains without any evidence of bonding (physical adsorption). However,
it can be clearly seen from the figures that the density of the penetrated area is
increased by filling up the pore volume. This will definitely reduce the permeability
of the cores while enhancing the thermal capacity.

(a) Penetrated area (b) Bonding bridge

(c) Coating-free area (d) Powdery filler deposits

Figure 6.14: Core-coating interaction.
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6.3.6 Permeability of Coated Cores

It is a well known fact that the permeability of coated cores is significantly reduced
by the coating [41, 107, 108, 112]. This is due to the filling of the intergranular
pore spaces between the sand grains with the refractory materials with several
orders of magnitude lower than the sand grain sizes. The ambient-temperature
permeability of the coated cores is affected by several factors including the solid
content, particle size, shape, and distribution and coating layer thickness. The
ambient-temperature permeability is inversely proportional to the coating layer
thickness [107]. In foundries, in order to enhance venting in big cores, holes are
drilled into the cores, to avoid the tendency of formation of gas porosities and
other gas-related defects in the castings. For smaller cores, foundries rely on the
core print for venting of the cores. So, for the filter dust sol-gel coatings and
sol-gel additive coatings, their cases will not be exceptions. The permeability of
the cores are significantly reduced due to the formation of a glass ceramic matrix
with very low porosity with sol-gel coatings. The is evident from the permeability
results presented in Figure 6.15 for the uncoated and coated cores. The coatings
significantly reduced the permeability of the cores, even more with the coatings
containing sol-gel component compared to the coating without sol-gel component
additive, shown by the markings in the figure below.

Figure 6.15: Permeability of uncoated and coated cores.
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6.4 Behaviour of Sol-Gel Material with other Re-

Table 6.1: Observations of first-time and direct mixing of sol-gel stock with refrac-

fractory Materials

tory materials.
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Test || Refractory filler/50% || Observations on mixing

1 Zircon Poor mixing

2 Olivine Bubble formation probably due to the
reaction of alkaline olivine with acid
sol-gel stock

3 China clay Viscosity gradually increases with
increasing amount of sol-gel stock

4 Aluminium silicate Poor mixing

Table 6.2: Observations in remixing coating precipitates after standing for a period

of time.

Test

Refractory filler /50%

Standing
time/h

Scrapping and mixing

Zircon

1.5

Fasy to mix into
suspension. Increasing
sol-gel stock increases
hardness of precipitate.

Olivine

Easy to mix into
suspension. Precipitate
harder than in the case of
Zircon with increasing
amount of sol-gel stock.

China clay

2.5

Easy mixing into
suspension. No precipitate
was observed.

Aluminium silicate

Fasy to mix into
suspension. Precipitate
hardness comparable to
Zircon.
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The results of the sol-gel compatibility test with other refractory materials are
presented in Table 6.1. The results show that first time/direct mixing of sol-gel
stock with refractory materials such as Zircon, Olivine, China clay and Aluminium
silicate does not produce homogeneous coating suspension. This is a set-back for
this technology. However, there may be need for strong dispersants and stabilizing
agents to enhance homogenization of the coating components. After the coatings
were allowed to stand for a period of time, the coating precipitates were scraped
and remixed into suspension. The following observations presented in Table 6.2
were made. These observations seem positive but the time involvement in the
remixing becomes an issue.

6.5 Sol-Gel Stock as Additive to other Foundry
Coatings

As additive to existing foundry coatings, 10, 25 and 50% sol-gel components com-
pared to the total coating formulation was added to each formulation. The prop-
erties of the foundry coatings investigated with sol-gel component additive are
presented in Table 6.3. All the coatings showed complete mixing with the various
percentages of sol-gel component. No sign of reactions were observed. The coat-
ing suspensions were allowed to stand for a period of time at room temperature to
elucidate the sedimentation of the refractory particles. The observations presented
in Table 6.4 were made.

Table 6.3: Properties of the various foundry coatings.

Coating Liquid carrier | Refractory filler

W200 Water Zircon

S103 Alcohol Zircon

S160 Alcohol Olivine

W225 Water Aluminium silicate

S120R Alcohol Aluminium silicate with iron oxide (FexO3)

The coatings containing 10% sol-gel component additive was diluted to a viscosity
of 13-14 s (DIN viscosity) using the corresponding carrier liquid for each coating.
Cold box cores were dip-coated in each of the diluted coating for 1 s, cured for
1 h at 110°C. The homogeneity of the various coating suspensions is evident on
the cured coated cores by uniform colour of the coatings on the cores as shown in
Figure 6.16. The coated cores have no evident drippings or runnings.
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Figure 6.16: Uniform colour of various coatings on the cured cold box cores.

Table 6.4: Observations after allowing coating suspensions to stand for a period
of time.

Coating Standing|| Observations on || Remixing after 5
time/h || sedimentation days
W200 (Zircon) 1.5 For 25 and 50% Good mixing into
sol-gel component suspension.
the filler felt Precipitate hard.
heavier when
mixed into
suspension.
S103 (Zircon) 1.5 No sedimentation Easy to mix. No
precipitation.
S160 (Olivine) 1.5 No sedimentation Good mixing into
suspension. No
precipitation.
W225 (Al 1.5 No sedimentation Easy to mix into
silicate) suspension. No
precipitation.
S120R (Al 1 No sedimentation Easy to mix into
silicate + suspension. No
Fe,03) precipitation.

6.6 Mechanical Properties of Core Materials at
Ambient Temperature

The results of the mechanical properties of core materials coated with coatings
containing increased amount of sol-gel stock is presented in this section. Three
different amounts of sol-gel component (35, 51 and 65%) were used in the coating
formulation with filter dust filler material.
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Three point bending test

300

251.67
208 67
250 ’ 183.00 185.00
- 200 T
Z
g 150
= 100
50
0
uncoated (0) 35 51 65

% sol-gel component

Figure 6.17: Flexural strength of cold box core materials coated with filter dust
coating containing various amounts of sol-gel components.
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Figure 6.18: Tensile strength of cold box core materials coated with filter dust
coating containing various amounts of sol-gel components.

From the results presented in Figures 6.17 and 6.18, it can be seen that at 35%
sol-gel component, the strength of the moulding material seems to decrease in
both flexural and tensile modes. This may be attributed to the effect of the
moisture of the coating dominating the effect of the sol-gel component. However,
with increasing amount of sol-gel component the strength of the moulding material
increases. This may be due to the availability of the proper concentration of sol-gel
component for the formation of a gel network which enhances the strength of the
moulding materials. In this situation, the sol-gel effect dominates in the system.
On the other hand, the effects of this increasing amount of sol-gel component on
the ease of shakeout of the moulding materials was not investigated. But it is
opined that since the coating penetration into the moulding materials is small
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compared to the volume of the moulding materials, this may not be a problem.
Detailed analyses of the mechanical properties of moulding materials of cold box
and furan origin coated with filter dust coating are provided in [Supplement 5]
accordingly.

6.7 Thermal Behaviour of Moulding Materials

A core coating can be designed to be either more insulating or more conductive
depending on the requirement. The coating layer’s thermal properties will affect
the heat transfer from the molten metal to the core and consequently, the tem-
perature gradient within the core and microstructural evolution at the casting
interface. This, in turn, can affect core binder pyrolysis rate and related gas evo-
lution characteristics. The thermal profiles of the heat distribution in the cores
measured during casting of metals in both the horizontally- and vertically-parted
moulds are presented. The effects of various coating formulations on the thermal
profiles were elucidated. In the horizontally-parted moulds, the thermal profiles in
cold box cores coated with Coating 1 (40% solid content and 9% sol-gel content),
Coating 2 (50% solid content and 9% sol-gel content), and Coating 3 (40% solid
content and 50% sol-gel content) relative to the uncoated cold box core are pre-
sented in Figure 6.19. From the figure, it can be seen that the coating provided
an insulating effect to the surface of the core to reach the silica sand Transfor-
mation Temperature Zone (TTZ) of 573°C. This means the coating reduces the
thermal shock experienced by the mould materials. The mechanism of this effect
is by filling the pore space with finer particles, thereby creating a greater thermal
resistance barrier between the particles. This, consequently, increases the heat
capacity of the individual particles, thereby slowing down heat transport. Coating
2 delayed the time to heat up the core to 573 °C by 27 s relative to the uncoated
core. This is followed by Coating 3 by 22 s, and finally Coating 1, by 15 s (Figure
6.19Db).

(a) Full profile (b) Scaled profile

Figure 6.19: Thermal profiles in cold box cores coated with different sol-gel filter
dust coatings showing the silica sand TTZ.

This means that these coating formulations can render adequate protection to the
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core giving room for the solidification of the metal to start before cracking and
complete degradation of the cores occur. This will eliminate surface defects such
as veinings, sand burn-on, metal penetration, etc.

(a) Cold box - TTZ

(b) Cold box - VTZ
Figure 6.20: Thermal profiles in coated cold box cores.
This is attributable to the thickness of the proud layer deposit of the coating

material which in turn is due to the amount of solid content, insulating nature
and the viscosity of the coating. The higher the viscosity the higher the proud
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layer deposit and the better the protection.

(a) Furan TTZ

(b) Furan VTZ

Figure 6.21: Thermal profiles in coated furan cores.

Also in using sol-gel component as additive to foundry coatings on cold box and
furan cores, the effects of the coatings on the heat distribution in the cores are
presented in Figures 6.20 and 6.21 respectively. The Transformation Temperature
Zone (TTZ) shows the effect of the coating in providing insulation effect to the
cold box and furan cores, while the Vapour Transport Zone (VTZ) shows the effect
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of the heat on the moisture in the core around the core-metal interface (Figures
6.20 and 6.21). The larger the VTZ, the more the moisture content [36, 41].

Figure 6.22: Thermal profiles in cold box core used in the vertically-parted moulds.

In a similar context, the thermal profiles of the core materials were also measured
during casting in the vertically-parted moulds (DISA moulds). The thermocouples
were placed in the two cores (top and down) on one side of the mould. Due to the
small nature of the cores and the large metal mass surrounding them, the cores
were heated above 1000 °C as shown in Figure 6.22. It is evident that the VTZ
is not clearly identifiable in these profiles due to the rapidity of the degradation.
Consequently, the moisture is rapidly burnt out. In these profiles, it is expected
that the high thermal shock experienced by the cores will provoke surface defects.
The idea is to see how the coatings will protect the cores from the thermal shock.
This will be seen on the surface quality of the castings accordingly.

In another investigation to understand the effect of addition of sol-gel component
to commercial coatings, the thermal degradation behaviour of coated furan and
cold box core materials were monitored in a preheated furnace (temperature -
above 700°C). Three different amounts (5, 10, and 20%) of sol-gel component
were added to a commercial coating and applied to both cold box and furan cores
and also their counterparts without sol-gel component was applied to other set of
cores with same conditions as control. The coated cores with sol-gel containing
coating and the coated cores with sol-gel free coating were degraded in the furnace
for at least 30 minutes while holding the furnace temperature between 760—875 °C.
The observations made lead to the conclusion that the smaller amount of sol-gel
component enhanced the thermal integrity of the cores. Higher amounts of sol-gel
component forms more glass ceramic matrix that becomes very brittle at elevated
temperatures due to development of thermal stresses in the system. Typical core
specimens subjected to thermal degradation tests are shown in Figure 6.23 for
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furan and cold box cores, coated with a coating containing 5% sol-gel component
and the one without sol-gel in the coating.

(a) Furan

(b) Cold box

Figure 6.23: Thermal degradation of furan and cold box cores.
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6.8 Analyses of the Surface of Castings

6.8.1 Prediction of Surface Reaction Products

The components of cast iron include Iron (Fe), Carbon (C), Silicon (Si), Manganese
(Mn), Phosphorus (P), Sulphur (S), Magnesium (Mg); (more in ductile cast iron),
Aluminium (Al), and Calcium (Ca). Considering the fact that the moulding ma-
terial and mould cavity may contain oxygen, carbon, and sulphur, the elements in
cast iron will undergo oxidation, carburization, and/or sulphurization. Therefore,
the knowledge of the standard free energies of such reactions is important and
can be calculated with The Web Tool software [113]. This software was also used
to construct the Ellingham diagrams for the oxides, carbides, and sulphides. All
calculations were based on the following equation.

AG° (T) = 8.314 x TInPp, (6.1)

The partial pressures of oxygen; Pp,, carbide; Pc, and sulphur; Pg, used was 10715
atmospheres. The temperature range within the casting temperature of cast iron
(298 to 1750 K).

When values of AG$ for oxides are displayed, the Ellingham Diagram offers a
useful way to estimate the equilibrium oxygen partial pressure as a function of
temperature. Thus, it is used to predict the temperatures at which a metal is
stable and the temperatures over which it will spontaneously oxidize (Figure 6.24),
carburize or decarburize (Figure 6.25), or sulphurize (Figure 6.26). Since AGY is
a measure of the driving force behind the reaction and the more negative the
value the greater the driving force, the lower the reaction line the more stable the
products as they are associated with a more negative AG® [28]. For temperatures
at which the free energy of formation of the forward reaction products (for example
oxides, carbides, sulphides, etc.) is positive, the reverse reaction is favoured and
the products will spontaneously decompose to the metal.

The oxidation of C' by H50 is strongly endothermic

C + H,O — CO + Hy; AH® = +131.3kJmol™', AS° = +133.7 JK 'mol™!
At high temperatures, C'O undergoes a reversible disproportionation

200 = C+COy; AH® = —172.5kJmol " CO,, AS° = —176.5 JK 'mol~!

The equilibrium concentration of CO is 10% at 550 °C and 99% at 1000 °C. Below
710°C (983 K) carbon is a stronger reducing agent when it is converted into
CO, rather than C'O; whereas above this temeperature the reverse is true [49].
Therefore, at casting temperatures, the ratio CO/COs is likely to be greater than
unity, this will hinder penetration.
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Ellinghan Diagram for Standard Reaction
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Figure 6.24: Predicted oxidation reactions likely to occur in the mould with liquid
metal.
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Figure 6.25: Predicted carburization reactions likely to occur in the mould with
liquid metal.
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Figure 6.26: Predicted sulphurization reactions likely to occur in the mould with
liquid metal.
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6.8.2 Surface Quality of Castings

The improvement of the surface quality of castings by use of novel sol-gel coatings
is the main objective of this research. The use of high thermal resistant coating
refractory materials of micron-size range relative to the sand grains used for pro-
ducing the moulding materials, has a significant impact on the performance of
foundry coatings. The fine details of the refractory materials deposited as surface
layer on the moulding materials will reflect on the surface quality of the castings.
This gives improved surface finish of the cast components by reducing roughness,
metal penetration, veining defects, etc. The photographs of the surface of cast-
ings produced with various sol-gel coating formulations with micron-size refractory
materials, in horizontally-parted and vertically-parted moulds, are presented for
visual examination. Some comparisons with commercial foundry coatings are also
provided. On seeing the improvement achieved by the sol-gel filter dust coating,
the surface quality of the casting surfaces was estimated by measuring the surface
roughness for subsequent approaches.

6.8.2.1 Sol-Gel Filter Dust Coating on Cold Box and Furan Cores

The cores for these castings were not completely coated in order to allow for
venting. However, the cores were not uniformly coated to a particular height
either (the coated heights are not the same) as shown in Figure 6.27. The coated
part of the cores is on the lower part of the castings. Therefore, for some castings
the effect of the part of the core without coating may be seen. This part of the
castings should be ignored in the assessment of the surface quality of these castings
where they occur. But, it can serve as a control to check the performance of the
coating on the coated part over uncoated part.

Figure 6.27: The coated cores with random coating heights.

The castings made with uncoated and 1 s dip-coated cold box and furan cores
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in 40% solid content and 9% sol-gel content coating are presented in Figure 6.28.
From this figure, it is evident that the coatings on both cold box and furan cores
improved the surface finish of the castings. This shows that there is a positive
potential in using sol-gel process for foundry coating production. It can also be
seen that the surfaces of castings made with furan cores seem better than the
surfaces of castings made with cold box cores. This is believed to be due to
the fact that furan cores have higher thermal resistance than the cold box core
materials due to the minimal level of fresh sand present in the core material [41].

(a) Uncoated cold box core (b) Uncoated furan core

(c) Cold box core coated for 1 s (d) Furan core coated for 1 s

Figure 6.28: Surface quality of castings made with uncoated and cores coated with
sol-gel filter dust coating.

Also, the castings made with cold box and furan cores dip-coated for 1 s in two
other commercial coatings are compared with castings produced with cold box and
furan cores dip-coated for 1 s in sol-gel filter dust coating. The results are presented
in Figures 6.29 and 6.30 for cold box and furan cores respectively. From Figure
6.29, it can be seen that the coatings on the cold box cores improved the surface
quality of the castings relative to the casting made with uncoated core. Some
veining defects are observed on the surface of casting made with the water-based
coating (Figure 6.29¢), this is attributed to the higher viscosity of this coating
during processing, which lead to higher surface layer deposit thickness.
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(a) Uncoated core (b) Alcohol-based coating

(c) Water-based coating (d) Sol-gel-based coating

Figure 6.29: Comparison of surface quality of castings made with uncoated and
coated cold box cores.

From Figure 6.30, a similar observation is made for the furan core system. The
coatings on the cores improved the surface quality of the castings when compared
with the surface of casting produced with uncoated core. Generally, from these
visually observed surface qualities of castings, it can be proposed that the filter dust
sol-gel dust coating has comparable performance with the commercial coatings in
improving the surface quality of castings.

According to the simulation results in Figure 4.13, it is suggested that porosity
and sand burn-on defects may not be a problem with these castings considering
their small sizes. From Figure 4.13, these defects are limited to the downsprue
and this is in agreement with the experimental casting shown in Figure 6.31.
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(a) Uncoated core (b) Alcohol-based coating

(c) Water-based coating (d) Sol-gel-based coating

Figure 6.30: Comparison of surface quality of castings made with uncoated and
coated furan cores.

Figure 6.31: Experimental casting showing areas of defects in agreement with
numerical simulations in the horizontally-parted mould.
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The sol-gel coating with 40, 50, and 60% filter dust (solid content) and 9% sol-gel
content was applied to cold box cores by dip-coating for 1, 3, and 5 s for vertically-
parted moulds (DISA moulds) to investigate the influence of pressure height of the
melt on the surface quality of the castings around the cores. The system was also
studied to see how the coatings on the cores will effect enhancement of the surface
quality of the castings. The casting surfaces made with the cores coated with
40% solid content coating and core dipping time of 1, 3, and 5 s are presented in
Figure 6.32. The castings are filled from the bottom (the bottom of each casting is
where the scale (ruler) is placed). The casting made with uncoated cores is shown
in Figure 6.32a. The identification and description of the core locations in the
castings is shown in Figure 6.32b and the label P40D1 means 40% solid content
and 1 s dipping time. As can be seen at the down channel of the casting produced
with uncoated cores, there is evident veining defect of about 85 mm long. This is
due to the cracking of the core around that area before solidification started. The
castings produced with coated cores shows surfaces without veining defects.

An observation was made during the estimation of the surface roughness of each
channel in the castings, that the top channels have higher roughness than the
other lower channels as shown in Figure 6.33. It is expected that, due to the
influence of metallostatic pressure as shown in the simulation results presented in
Figure 4.12, the casting surfaces at the down channels will have the highest surface
roughness followed by the mid channel, then the top channel will have the lowest
roughness. However, this was not the case because the top core seem to be fried by
the radiation heat from the incoming melt, thereby getting the surface destroyed
before the melt reaches the core. This caused the casting surfaces at the top cores
to have higher surface roughness as can be seen from Figure 6.33. Again, the mid
core is surrounded by the last-to-freeze metal from the simulation results (Figure
4.14b and c), therefore the mid core is subjected to extreme thermal shock and
distortion. This can lead to metal penetration.

For the sol-gel filter dust coatings containing 50 and 60% solid content, the proud
layer on the cores suffered severe cracks during curing. This was reproduced in the
surface of the castings made with these cores. The surface roughness estimation
of the casting surface around the core coated with 50% solid content coating is
presented in Figure 6.34, while the photographs of the surfaces of castings made
with cores coated with 60% solid content coating is presented in Figure 6.35. The
network of cracks on the castings made with coated cores is obvious. This is
attributed to the growing proud layer thickness with increasing solid content or to
the presence of bentonite in the coating formulation. Bentonite is known to swell
on absorption of water and shrinks on the release of the water during drying. This
shrinkage leads to stress development in the coating then causing it to crack. The
effect of the radiation from the incoming melt was also observed on the surface
quality of the castings around the mid and top coated cores, with metal penetration
on the mid channel for uncoated core (Figure 6.35a), but there is only minimal
metal penetration with coated cores as shown in Figure 6.35b-d. This shows that
the sol-gel coating may have a good thermal stability to withstand the effect of
the heat from the metal.
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(a) Uncoated cores (b) P40D1

(c) P40D3 (d) P40D5

Figure 6.32: Sol-gel filter dust coating containing 40% solid content and 9% sol-gel
content.

Figure 6.33: Surface roughness estimation of the casting surface around the cores
coated with 40% solid content sol-gel coating.
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Figure 6.34: Surface roughness estimation of the casting surface around the cores
coated with 50% solid content sol-gel coating.

(a) Uncoated core (b) P60D1

(c) P60D3 (d) P60D5

Figure 6.35: Sol-gel filter dust coating containing 60% solid content and 9% sol-gel
content.
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Figure 6.36: Experimental casting showing areas of defects in agreement with
numerical simulations in the vertically-parted mould.

Furthermore, the predicted defect areas shown in Figure 4.13 agree with the defect
areas from experimental castings as shown in Figures 6.35a and 6.36 for penetration
in the mid channel and shrinkage porosity on the top of the castings respectively.

6.8.2.2 Varying Sol-Gel Content and Solid Content to get Three Dif-
ferent Formulations

The castings made with cold box cores dip-coated for 3 s in Coating 1 (40% solid
content and 9% sol-gel content), Coating 2 (50% solid content and 9% sol-gel con-
tent), and Coating 3 (40% solid content and 50% sol-gel content) for horizontally-
parted moulds are presented in Figure 6.37. The surfaces show that the coated
cores improved the surface quality of castings with Coating 3 showing the best
surface quality. This is attributed to the high amount of sol-gel component (50%)
in the coating forming glass ceramic surface which provided high thermal stability
and smoothness which reflected on the surface of the casting.

The influence of dipping time is also shown with castings made with cores coated
with Coating 2 containing 50% solid content and 9% sol-gel content. The longer
the dipping time the more coating refractory material is deposited on the surface
of the cores. This enhances surface coverage and protective barrier to the core
substrates [107]. Therefore, it is expected that 5 s dipping will produce the best
casting surface. This is confirmed, as obviously seen in Figure 6.38d.

For the vertically-parted mould, 3 s dipping time in each coating was used to show
the effect of the coating type on the surface quality of the castings around the
coated cores. The casting surfaces are shown in Figure 6.39. The poor surface of
the casting (Figure 6.39a) made with uncoated cores is obvious with almost 100
mm crack length in the down channel, 75 mm crack length in the top channel and
evidence of metal penetration in the mid channel. The metal penetration in the
mid channel and the crack in the top channel (Figure 6.39b) were eliminated with
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coating 1 (40% solid content and 9% sol-gel content), but the crack on the down
channel could not be removed by the coating, probably because the coating is not
thick enough to withstand the thermal shock from the metal.

(a) Uncoated core (b) Coating 1

(c) Coating 2 (d) Coating 3

Figure 6.37: Surface quality of castings showing the influence of sol-gel coating
type on 3 s dipping of cold box cores.

However, with Coating 2 containing 50% solid content and 9% sol-gel content and
Coating 3 containing 40% solid content and 50% sol-gel content, all the surface
defects were removed giving better casting surfaces as can be seen in Figure 6.39¢
and d. This means that, increasing the amount of solid content from 40% in
Coating 1 to 50% in Coating 2, provided a layer deposit that can withstand the
thermal shock from the metal. In a similar context, increasing the sol-gel amount
from 9% in Coating 1 to 50% in Coating 3, enhanced the formation of a thermally
stable glass ceramic surface which improved the surface finish of the castings. An
estimation of the surface roughness of the castings is presented in Figure 6.40.
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(a) Uncoated core (b) 1 s dip-coating

(¢) 3 s dip-coating (d) 5 s dip-coating

Figure 6.38: Surface quality of castings showing the influence of dipping time in
Coating 2 on surface quality of castings.
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(a) Uncoated cores (b) Coating 1

(c) Coating 2 (d) Coating 3

Figure 6.39: Influence of sol-gel coating type on the surface quality of castings
with different location of coated cores.

Figure 6.40: Surface roughness estimation of the casting surface around the cores
coated with three different sol-gel coatings.
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6.8.2.3 Using Sol-Gel Component as Additive to Foundry Coatings
with Cold box and Furan Cores

(a) Cold box core (b) Furan core

Figure 6.41: The surface of castings made with uncoated cold box and furan cores.

(a) W254.6M + 0%SG-15 s V-10 s DC  (b) W254.6M + 10%SG-15 s V-10 s DC

(c) W254.6M + 25%SG-15 s V-L DC (d) W254.6M + 50%SG-11 s V-L DC

Figure 6.42: The effect of addition of sol-gel component to a commercial coating
on surface quality castings made with cold box cores.
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The poor surface quality of castings made with uncoated cold box and furan cores
are shown in Figure 6.41. The castings made with cores dip-coated in a foundry
coating (W254.6M) containing sol-gel component as an additive are shown for
both cold box (Figure 6.42) and furan (Figure 6.43) core systems in a horizontally-
parted mould. From Figure 6.42, the results show that there is no significant effect
of adding sol-gel component to the coating for cold box cores. The surfaces of the
castings produced with coating containing no sol-gel component and with coating
containing sol-gel component are comparable. This implies that adding sol-gel
component to this coating for cold box cores may be an economic waste. How-
ever, for furan cores as shown in Figure 6.43, it is obvious that there is observed
improvement on the surface quality of the castings made with the coating contain-
ing sol-gel component relative to the surface of the casting produced with coating
containing no sol-gel component. The casting surface produced with the coating
containing no sol-gel additive showed evidence of surface reaction products while
the surface of castings produced with the coating containing different amounts
of sol-gel additive improved the surface quality significantly. Therefore, for furan
cores, the addition of the sol-gel additive to the coating may make the coating
applicable to the core system.

(a) W254.6M + 0%SG-15s V-10 s DC (b) W254.6M + 10%SG-15 s V-10 s DC

(c) W254.6M + 25%SG-15 s V-L DC (d) W254.6M + 50%SG-15 s V-S DC

Figure 6.43: The effect of addition of sol-gel component on surface quality of
castings made with furan cores.
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6.8.2.4 Using Sol-Gel Component as Additive to Foundry Coatings
with Green Sand Moulds

The castings made in vertically-parted moulds are vice casting made by spraying
foundry coatings containing sol-gel component as additive. The castings examined
are castings identified with the mould numbers as 10, 11, 14, 20, and 22. The
description of the treatments given to the prints in the mould is as follows:

e Mould no.10: Print 143: No coating, Print 2+4: W230, dilution of W230:
30% addition of water.

e Mould no. 11: Print 143: No coating, Print 2+4: W230 + 4% Sol-Gel,
dilution of W230: 25% addition of water.

o Mould no. 14: Print 1+3: No coating, Print 2+4: W230 + 20% Sol-Gel,
dilution of W230: 25% addition of water with multilayer application. Moulds
poured after 1 hour extra waiting time.

e Mould no. 20: Print 1+3: No coating, Print 2+4: W226 + 4% Sol-Gel,
dilution of W226: 30% addition of water.

e Mould no. 22: Print 1+43: No coating, Print 24+4: W226, dilution of W226:
30% addition of water with multilayer application .

From visual examination of the surfaces, the surface quality of the castings could
not be distinctly distinguished. The only improvement visually observed was with
the multilayer application from mould No. 14 as can be seen from Figure 6.44.

(a) W230 + 4% SG (b) W230 + 20% SG-Multilayer

Figure 6.44: Vice castings .

A detailed surface texture measurement and analysis of the casting surfaces was
made using the Alicona microscope and Scanning Probe Image Processor (SPIP)
software respectively. Areal surface analysis is performed in order to distinguish
the surfaces. A description of the casting geometry is provided in Figure 6.45.
Prints 2 and 4 were spray-coated while prints 1 and 3 are left uncoated. This
pattern also helps in the investigation of the influence of metallostatic pressure on
the surface finish of the vice castings. For each of the prints in a mould, the top
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and down of the front face (Figure 6.45c) and top and down of the reverse face
(Figure 6.45d), were scanned for roughness measurement. Six measurements were
made on each face and then averaged. The parameter used for the description
of the surface roughness is the Sa value which is synonimous to Ra value. The
only difference is that the Ra value gives profile (2D) detail which is regarded as
not being representative of the surface texture, especially in unpatterned surfaces
(random texture) like those of castings, while Sa value gives areal (3D) detail
which covers more area of the surface thereby providing a more representative
information. The roughness results presented here are average of the measurements
made on the front face of the top and down arms of the vice castings along with
the reverse face.

(a) Casting layout-SP-showing the Prints (b) Vice - side view

(¢) Vice-front face (d) Vice-reverse face

Figure 6.45: Casting layout and descriptions.

The objective used is 5x giving a vertical resolution of 410 nm and a working
distance of 23.5 mm. For this objective, the XY range is 2.8392 mm x 2.1538
mm and a light beam spot diameter of 6 mm. After data acquisition with Alicona
“InfiniteFocus” Microscope, the image was analysed with Scanning Probe Image
Processor (SPIP) software. Plane correction was performed on the entire image
to level the surface (assuming it is not level) and to remove the primary profile.
However, the measurements were done on flat surfaces, therefore, there was no
significant difference. The surfaces were filtered to remove waviness using Gaussian
filter according to ISO 11562. This sequence of operations was followed consistently
for all the measurements. Typical example of processed surfaces are shown in
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Figure 6.46.

The reason for filtering the surfaces is to remove the dominance of waviness over
the surface roughness. This reason is shown in Figure 6.47. As can be seen, the
actual surface roughness is obvious in Figure 6.47d. A typical 3D surface texture
of an analyzed surface is presented in Figure 6.48.

(a) Original surface (b) Filtering-waviness (¢) Filtering-roughness

Figure 6.46: Surface processing in Scanning Probe Image Processor (SPIP).

(a) Waviness (b) Roughness

(¢) Waviness profile (d) Roughness profile

Figure 6.47: The difference between waviness and roughness. The reason for
filtering.

The surface roughness estimation of the multilayer application of spraying of mould
No. 14 with W230 containing 20% sol-gel component gave the castings with the
best surface finish. The results are presented in Figures 6.49 - 6.51.

In the investigation of the influence of metallostatic pressure on the surface quality
of the castings, from Figure 6.49, a comparison of the top and down arms of the
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vice castings shows that the down arm has higher roughness than the top arm.
Comparing Prints 1 and 3 for the uncoated mould cavity it is also evident that
Print 3 has higher roughness than Print 1, being lower in the mould where the
effect of metallostatic pressure is higher. However, with Prints 2 and 4, a clear
distinction is not observable because the coating probably modified or eliminated
the influence of the metallostatic pressure. This implies that with effective coating,
the surface quality of the castings can be significantly improved.

Figure 6.48: A typical 3D surface texture of a processed casting surface for rough-
ness measurement in SPIP.

Prints 2 and 4 have lower roughness as expected, but the reverse face showed a
much lower roughness. This is due to the fact that the reverse face was much more
effectively coated as it is only 3 mm into the mould unlike the front face which is
about 22 mm into the mould (see Figure 6.45b). This is clearly shown in Figure
6.50. From this figure, it can be seen that the reverse faces for the coated prints
have lower surface roughness than the front face of the same prints. This is the
same for both the top and down arms of the prints. This confirms the effectiveness
in the coating of the reverse face relative to the front face. This is because it is
difficult to coat deeper and narrow recesses in mould cavities with spraying due
to the back pressure of air preventing the deposition of the refractory materials of
the coating [108].
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(a) Front face

(b) Reverse face

Figure 6.49: Surface roughness results described by Sa values for multilayer appli-
cation of W230 + 20% sol-gel component.
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Figure 6.50: A comparison of the front and reverse faces of the castings in the
coated prints.

A clear separation from the different measurements for Prints 1 and 2, and Prints 3
and 4 as shown in Figure 6.51a and b is obvious. This indicates that the multilayer
coating has a positive potential in improving the surface quality of casting in the
green sand mould. Similar plots were made for the other castings but a distinct
separation was not observed, but in most cases the average showed the expected
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difference [Supplement 7].

(a) Prints 1 and 2

(b) Prints 3 and 4

Figure 6.51: Plots of the various measurements comparing two prints at the same
height in the mould.

As a reference, a comparison is made by measuring the roughness of the cast-
ing surface around the coated core areas and the results are presented in Figure
6.52. The results show that the roughness of the castings around the core areas
is comparable and also lower than most of the surface roughness obtained from
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the coated front and reverse faces of the castings. However, the multilayer coated
reverse side of the casting (Figure 6.49b) showed a better result when compared
with the roughness of the casting around the core area. This confirms that the
multilayer coating application will be effective in improving the surface quality of
castings in green sand moulds.

(a) Roughness

(b) Measurements

Figure 6.52: Surface roughness of the castings around the coated core area.

It is also note-worthy that there is no mechanical effect forcing the refractory ma-
terials in-between the pore spaces of the sand grains in the mould during spraying.
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Consequently, in some foundries they apply brushing on the moulds or cores after
spraying. Spraying is sensitive to the viscosity of the coating, therefore the coat-
ing has to be thin in order to be easily atomised by the spray gun, otherwise the
spray gun will be clogged. This means that the coating will not properly cover the
sand grains with one-time spraying of the moulds or cores. From the summary
of the results presented in Table 6.5, spraying W230 and W230 containing sol-gel
component was consistent in reducing the roughness of the castings. Multilayer
coating with W230 + 20% sol-gel seems more positive in reduction of the surface
roughness of the castings. W226 seems to create rather higher roughness than re-
ducing it in general terms. This could be as a result of reaction products adhering
to the surface of castings, making the surface rough. This is observed when the
surface of the castings was felt (tactile examination).

Table 6.5: Summary of percentage roughness reduction with coating Prints 2 and
4 relative to the uncoated Prints 1 and 3 for front and reverse faces.

|
|

Percentage reduction with coatings ‘

W230 | W230+ W230+20(7T W226+ || W226-

H
4% SG || SG-Multi || 4% SG || Multi
Front face H NO 10 H NO 11 H NO 14 H NO 20 H NO 22 \
’ Prints 1 & 2 H 24 H 17 H 20 H 13 H 9 \
’ Prints 3 & 4 H 26 H 12 H 49 H -5 H -17 \
Reverse face
’ Prints 1 & 2 H 26 H 3 H 59 H -4 H -6 \
’ Prints 3 & 4 H 35 H 36 H 63 H 39 H -5 \
’ Average 27.8 H 17.0 H 47.8 H 10.8 H 4.8 ‘

The negative numbers indicate that the uncoated Prints have lower roughness by these negative %.

6.8.3 Interfacial Microstructure

In cast iron, the properties of the material depends on the matrix structure and
the shape of the graphite precipitated. These are determined by the composi-
tion, solidification, and suitable heat treatment [114]. The carbon precipitated
in the eutectic reaction is not a major contributor to mechanical strength. The
mechanical properties of cast iron are derived mainly from the matrix [114].

Ductile iron, also known as nodular or spheroidal iron, is produced with a total
of 3.4 to 3.8 wt % carbon and 2 to 2.8 wt % silicon. In as-cast condition, the
matrix will consist of varying proportions of pearlite and ferrite (Figure 6.53a),
and as the amount of pearlite increases, the strength and hardness of the iron
also increase, while the ductility decreases. The matrix structure can be changed
by heat treatments, and those often carried out are annealing to produce a fully
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ferritic matrix, and normalizing to produce a substantial pearlitic matrix [115].
The properties of ductile iron are significantly affected by the graphite nodules,
in particular the roundness (referred to as nodularity) but also the number of
graphite nodules per unit area and the volume fraction. In addition, the carbide
content should be controlled to avoid detrimental effects on the fracture toughness.
Magnesium is added to attain high nodularity but it may also result in slag defects
when it reacts with oxygen and other products such as silica and increase the
tendency for carbide formation during solidification [116, 117].

Grey irons are iron-carbon-silicon alloys containing small amounts of other ele-
ments. Most grey irons are produced with a total carbon of 3 to 3.5 wt % and
normal silicon level vary from 1.8 to 2.4 wt %. The properties of grey iron depend
on the size, amount and distribution of the graphite flakes and the matrix (Figure
6.53b). Flake iron microstructure and mechanical properties depend on cooling
rate which makes them particularly section sensitive [114, 118]. As the section
size increases, the solidification rate decreases with an accompanying increase in
grain size and subsequent decrease in tensile strength. This is the result of the
mechanism of solidification [118].

(a) Ductile iron (b) Grey iron

Figure 6.53: Typical microstructure of cast iron.

As the castings are in contact with the coated cores, the influence of the coat-
ing on the solidification conditions can be elucidated by examining the casting
microstructural evolution at the mould/core-metal interface. The results of the
microstructure evolution at the interface of the castings and the coated cold box
and furan cores are presented in this sub-section. A comparison is made with the
bulk microstructure and the microstructure of subsurfaces of the castings made
with uncoated cores, in order to deduce the possible effects of the coating on the
interface microstructure of the castings (ductile and grey iron). The microstruc-
ture evolution of ductile and grey iron castings at the interface with uncoated and
sol-gel coated cold box cores are presented in Figure 6.54. From the figure, it can
be seen that both the graphite nodules (in the case of ductile iron) and graphite
flakes (in the case of grey iron) are uniformly distributed in the matrices of all
the microstructures for both uncoated and coated cold box cores. This suggests
that the sol-gel coating has no negative effect on the distribution of the graphite
structure at the interface.
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In Figure 6.55, from the microstructure at the interface of ductile and grey iron
castings with uncoated and coated furan cores, similar observations were made
as with cold box cores (Figure 6.54). Both the graphite nodules and the graphite
flakes are uniformly distributed and are comparable with microstructures obtained
with uncoated furan cores.

A detailed examination of the microstructures presented in Figures 6.54 and 6.55,
reveals that the graphite nodules are of form VI as reported in [119], while the
graphite flakes are of Type C (Kish graphite), mainly found in hyper-eutectic
composition [119, 120]. This is caused by a condition of very slow cooling rate
and near eutectic compositions, or under inoculation [120]. Considering the slow
cooling rate this could be associated with the insulating nature of the moulding
materials as the extraction of heat from the metal is slow.

(a) Uncoated core-ductile iron (b) Coated core-ductile iron

(¢) Uncoated core-grey iron (d) Coated core-grey iron

Figure 6.54: Interface microstructure of ductile and grey iron castings with cold
box cores-unetched.

However, there are some observations made along the interface of the castings
made with coated cores. These are presented in Figure 6.56 as representative
images showing the different types of effects observed and the type of core systems
where they occurred. In Figure 6.56a, it can be seen that there are graphite nodule-
free areas at the interface with coated cold box core which was not observed at the
interface of the castings made with uncoated cold box core (Figure 6.54a). The
graphite nodule-free areas look like stain-front as if the nodules dissolved. This
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graphite nature is referred to as chunky graphite. It also looks as if there is edge
effect on the sample. Further investigation at higher magnifications is required to
confirm these.

(a) Uncoated core-ductile iron (b) Coated core-ductile iron

(¢) Uncoated core-grey iron (d) Coated core-grey iron

Figure 6.55: Interface microstructure of ductile and grey iron castings with furan
cores-unetched.

Again, Figure 6.56b shows a clear reversion of the graphite nodules to graphite
flakes at the interface of ductile iron casting with coated furan core. This is
usually attributed to excess sulphur build-up in moulding sand, in this case, core
sand. This causes reversion to flakes as the magnesium in the iron reacts with
oxygen and/or sulphur forming MgO and/or MgS (Figures 6.24 and 6.26) thereby
depleting the magnesium available for nodularization [121]. Boonmee et al. [122]
proposed a mechanism for the degeneration of graphite at the interface as occurring
because of: 1. loss of Mg or Ce - possible causes are fading or chemical reaction
with O or S; 2. poisoning by deleterious elements such as Te, Sb, As, etc. Their
conclusion in this case is that Mg from the melt is tied by the O or/and S diffusing
from the mould. This defect was observed on the casting made with furan system
and therefore agrees with the report in [53] that it is common with furan and
phenolic resin-bonded moulding sand, where P-toluene sulphonic acid (PTSA) is
used as catalyst. In the furan system, the sulphur content in the sand should not
exceed 0.15% for up to 25 mm thick sections and approximately 0.7% for up to 75
mm thick sections. High density coatings are particularly effective in reducing the
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defect. Coatings with a CaO/MgO /talc composition are regarded as most effective
[123].

Furthermore, Figure 6.56¢ reveals a ferritic rim at the interface of the casting and
the coated cold box core. According to Narasimha and Wallace in [122], a ferritic
layer is to be expected in commercial grey iron castings. However, the probable
causes of this defect are under inoculation, slow pouring rate, and low pouring
temperature [120]. From the mentioned possible causes, it can be inferred that
the formation of the defect is not associated with the coating. Sea coal in the
green sand was found to reduce the ferritic rim in grey iron casting [122].

(a) Cold box (b) Furan

(¢) Cold box

Figure 6.56: Observed defects at castings interface with coated cores-unetched.

The microstructures of grey iron castings from different areas of the castings mak-
ing contact with commercially-coated core, green sand mould, sol-gel-coated core,
and the bulk of the metal in each case are shown in Figure 6.57. The microstruc-
ture are obtained by etching the polished surfaces with Nital solution in order to
reveal the details of the matrix of the castings.

Figure 6.57a and b show the interface microstructures of a grey iron casting with
commercially-coated cold box core and the bulk of the casting respectively. There
is presence of islands of ferrite (light colour) in the microstructure from the inter-
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face.

Figure 6.57c and d show the microstructures of a grey iron casting at the interface
with uncoated green sand mould and the bulk microstructure of the same casting
respectively. The observed difference can be considered not to be significant.

Figure 6.57e and f show the microstructures of a grey iron casting at the interface
with sol-gel coated-cold box core and that of the bulk of the metal respectively.
However, the microstructure at the interface with sol-gel-coated cold box core,
as can be seen in Figure 6.57e, reveals a clear ferritic rim. There is obvious
depletion of the pearlite at the interface around a depth of about 200 pm. The
occurrence of decarburized skin on grey cast iron was reported as early as 1962.
This phenomenon was attributed by Reisener in [122] to the interaction of the
casting surface layer with the moisture of the mould, which results in the formation
of carbon dioxide and hydrocarbon gases at the metal-mould interface. These
gases escape through the moulding material. These chemical reactions could lead
to the depletion of carbon in the casting skin. A comparison with the interface
microstructure of the casting surface with green sand mould (Figure 6.57c), which
is generally believed to have higher moisture content than cold box core material,
showed a significantly lower level of decarburization. But green sand moulds also
have a very high carbon content, therefore, the effect of the moisture could have
been compensated by the carbon content. The effect of moisture is minimized
by using pyrophyllite (an aluminium silicate hydroxide - Al,03.5i105.H50) as a
mould coating. Pyrophyllite expands at high temperature to a dense interfacial
barrier layer [122]. Yamada et al. [124], reported that decarburization occurs at a
critical temperature of 930 K, below which decarburization does not occur. They
said that the rate controlling process for the formation of decarburized layer is the
diffusion of carbon atoms towards the interface where they get oxidized.

It is note-worthy that these microstructural defects are commonly associated with
moulding materials and as such could not be attributed to the presence of the
coatings alone. Mould and core making technologies have significant roles in the
development of these defects. The effect of liquid metal processing (such as poor
inoculation, high contaminant concentrations, etc) is not left out too. Therefore,
a detailed investigation of interfacial microstructure and the evolutionary history
becomes a subject for further studies.
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(a) Commercial coating-interface (b) Commercial coating-bulk
(c) Green sand-interface (d) Green sand-bulk
(e) Sol-gel coating-interface (f) Sol-gel coating-bulk

Figure 6.57: Interfacial microstructure of grey iron casting in contact with different
surfaces-etched with Nital solution.



Chapter 7

Case Studies

Objective

« Testing coating formulations to assess their performance.

o Elimination of surface defects to improve the surface quality of the castings.

7.1 Casting: Part for X-Ray Detector, Hospital
Equipment.

Foundry: Johan Jensen & S¢gn Metalstgberi

Table 7.1: Casting conditions at Johan Jensen & Sgn Metalstgberi.

Alloy CuSn6Pb22 (Bronze)
Casting size 800 x 800 x 400 mm
Wall thickness 10 mm
Casting weight 124 kg
Poured weight 165 kg

Pouring temperature || 1120°C

Pouring time 15-20s
Mould Horizontally-parted furan sand mould
Cores Furan sand cores
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7.1.1 First Trials
7.1.1.1 Coatings Used

1. Traditional coating (Zirconia)
2. W 235.1 (aluminium silicate)
3. W 235.1 4+ 5% sol-gel component

(a) Traditional coating (Zirconium) (b) W 235.1 (aluminium silicate)

(¢) W 235.1 4+ 5% sol-gel component

Figure 7.1: Castings from first trials.

7.1.1.2 Conclusions from First Trials

o Sol-gel modified coating performs better than reference coating.

o Traditional coating preforms better than sol-gel modified coating.

7.1.2 Second Trials
7.1.2.1 Coating Used

1. Traditional coating + 5% sol-gel component

2. Traditional coating + 10% sol-gel component
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(a) Traditional coating + 5% sol-gel com-(b) Traditional coating + 10% sol-gel com-
ponent ponent

Figure 7.2: Castings from second trials.

7.1.2.2 Conclusions from Second Trials

o 10% sol-gel component addition appears as good as traditional coating.

o 5% sol-gel component addition deemed better than traditional coating after
cleaning.

7.2 Casting

Foundry: Vald. Birn A/S

Table 7.2: Casting conditions at Vald. Birn A/S.

Alloy GG250

Pouring temperature || 1370 — 1390 °C

Mould Vertically-parted green sand mould

Core Cold box sand core

7.2.1 First Trials

1. Traditional coating

2. Filter dust sol-gel coating
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(a) Traditional coating-1 (b) Traditional coating-2

(c) Filter dust sol-gel coating-1 (d) Filter dust sol-gel coating-2

Figure 7.3: Castings from first trial.

Figure 7.4: Summary of surface quality of castings from first trial by roughness
evaluation.
7.2.1.1 Conclusion from First Trials

Castings made with the filter dust sol-gel coating showed comparable surface
roughness, Ra values with casting made with traditional (conventional) coating.
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7.2.2 Second Trials
7.2.2.1 Coating Used

1. Traditional Coating (36 °Baumé)
2. W254.6 Micro (40 °Baumé)

3. W 254.6 Micro 4+ 10% sol-gel component (40 °Baumé)

(a) Traditional coating (b) Traditional coating-dry
(¢) Reference coating (d) Reference coating-dry
(e) Reference coating + sol-gel (f) Reference coating + sol-gel-dry

Figure 7.5: The coated cores for the second trial casting at Vald. Birn.
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(a) Traditional coating (b) Traditional coating

(c) W254.6 Micro (d) W254.6 Micro

(e) W254.6 Micro + 10% sol-gel component (f) W254.6 Micro + 10% sol-gel component

Figure 7.6: Castings from second trial.
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Table 7.3: Summary of casting defects (veinings) assessment for different coatings

Category ’I‘raditionaf Reference || Reference coating
(veining coating coating + 10% sol-gel
defects) additive
0-none - - 2
1-very few ) - 5
2-few 7 3 7
3-some 8 8 5
4-many - 9 .
5-very many - - -

7.2.2.2 Conclusions from Second Trials.

e Tendency for runners and drips — only few drips remain after curing of tra-

ditional coating.

e Tendency to form drips and runners — also present upon drying of reference

coating.

o Reference with sol-gel component seems visually to flow differently on the

cores.

« Addition of sol-gel component seems to greatly decrease veining defects com-
pared to the reference coating.
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Chapter 8

Discussion

8.1 Refractory Coatings

The foundry industry is under pressure to produce cleaner, thinner and better
tolerance castings. Despite the tolerances achieved in the core shop at room tem-
perature, the distortion of the core upon exposure to molten metal and rapid
heating may introduce additional variances to the finished castings. New resins
and sand systems are being developed to meet these requirements, however, the
foundry has pressed refractory coating manufacturers to produce coatings capa-
ble of enhancing the performance of chemically-bonded sand systems. To date,
refractory coating’s primary function has been to enhance casting surface finish
and minimise metal penetration defects by reducing the capillary dimensions of
the substrate and by changing the surface tension of the substrate surface [125].
In the US, most core applications limited the dry coating deposit to 0.1-0.25 mm.
In Europe, dry coating deposits on sand cores are much heavier ranging from 0.25-
0.40 mm and have shown some anti-veining properties. This means that coating
deposits can reduce the thermo-mechanical stress development in resin bonded
sand core systems [126].

The formulations of foundry coatings involves the dispensing and mixing of a
particulate refractory material or a blend of particulate refractory materials and
a carrier liquid for the particulate refractory materials and other additives. A
detailed review of foundry coatings technology provided the different types of re-
fractory materials for foundry coatings, binders, carrier liquids, and other additives
alongside different characterization parameters for coatings [108]. The discussion
presented here will deal with the observations from the results obtained from the
sol-gel coating project carried out. Other knowledge-based arguments which em-
phasize the enhancement of foundry coating performance from literature will be
provided.

Hollow parts of sand castings are formed by disposable cores. The most common
type is the resin-bonded sand cores, in which the resin is designed to break down
after casting, allowing the sand to flow out of the cored cavity. When the metal
first enters the mould, the mould and cores experience lots of activities. They
heat up and expand while the core also experiences buoyancy forces which will
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tend to make it float. This is not a problem with liquid magnesium where the
density difference with silica sand is near zero. Similar neutral buoyancy applies
to aluminium vs. zircon sand system [127]. Buoyancy becomes a problem for the
common systems such as aluminium vs. silica sand and liquid iron (or other dense
metals such as copper and steel) vs. silica sand. This is particularly so for the later
metals because of their high casting temperatures and high density. Floatation
forces have to be withstood by adequate mechanical support of the cores, usually
by good print design and location. Furthermore, the heating up and expansion
of the mould and core lead to distortion and also thermal stress development in
the mould and core, leading to cracking. This is followed by the occurrence of a
series of defects which can be arrested by the application of refractory coatings
which form a physical and thermal barrier to the metal poured. As a physical
barrier, the coating can prevent the diffusion of liquid metal into the moulding
materials. The permeability of the coating also plays a role in the elimination of
the evolved gases. Coatings for high temperature casting production should have
good permeability for gas and good thermal resistance to avoid expansion related
defects. Both parameters depend directly on the coating thickness: it has to be
thick enough to provide the needed thermal protection and thin enough as to allow
diffusion of gas for escape if applied on the mould [128]. If it is suspected that
the path of evolved gas exit will be through the molten metal, a coating with high
permeability would be preferred to allow evolved gases from the core and coating
to pass more easily through the coating layer. Conversely, if it is found that the
gas must pass through the core print to vent to the atmosphere, then a relatively
low-permeability core coating with high core sand permeability would be more
advantageous [129].

8.1.1 Nanoparticle Sol-Gel Coatings

The quality and performance of a coating is directly related to the stability of the
coating suspension, rheological behaviour, and the materials of the coating. From
the preliminary investigations of the first formulated sol-gel coating containing
nanoparticle refractory materials (TiOs and ZnO), the behaviour of the nanopar-
ticle sol-gel coatings when applied on core materials revealed the significance of
particle size (PS) and particle size distribution (PSD). It is seen that if the PS
and PSD of the refractory materials are not compatible with the PS of the sand
grains, the coating cannot cover the surface of the cores. In this situation, the
nanorefractory materials just penetrated into the core material with the carrier
liquid, obeying capillary effect. The sand grains of the core were not covered by
the coating. Therefore, there was no refractory deposit on the surface of the cores.
The surface quality of the castings made with these cores is poor. This implies that
the use of nanorefractory materials for coating development requires high mass of
the refractory materials-to-volume of carrier liquid ratio, in order to build up a
high solid content and high viscosity to reduce the level of penetration and make
a surface deposit of the refractory materials to cover the surface of the cores. This
means producing expensive coatings. The PS and PSD of the refractory fillers
for foundry coatings are typically in the range of 49-75 pm (200-300 mesh) [130].
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Therefore, the use of nanorefractory particles is not suitable for foundry coating
production.

8.1.2 Filter Dust Sol-Gel Coatings

The nanorefractory materials were replaced with filter dust. The filter dust re-
fractory materials had a bulk average particle size of about 15 pm [107]. This PS
seems also fine compared to the expected range given in literature. With the use
of filter dust, the rheology of the sol-gel filter dust coating changed significantly.
This was observed from the uniform penetration into the cores and complete sur-
face coverage of the cores by the filter dust coating. It was reported in [130] that
if the coating contains high amount of bentonite or the refractory materials are
excessively fine, an increased tendency to cracking on drying is encountered. This
can be possible explanations to the appearance of cracks on the surface of the
cores coated with filter dust coating [107]. In controlled investigations, it is sug-
gested that 3-4% bentonite and 0.2-0.3% sodium alginate solutions proved most
satisfactory as suspension agents. It is also reported that the bentonite can be re-
placed with cellulose compounds such as carboxymethyl cellulose [16, 130]. These
compounds do not crack during curing.

Ideally, a coating should be mechanically stable, resistant to thermal shock, in-
ert to liquid metal, harmless as a contaminant in the moulding sand, and safe in
the working environment. It was expected that the filter dust from sand mould-
ing lines would be particularly useful because it has already undergone a thermal
treatment that makes it more stable and it has a particle size and particle size
distribution that is useful for the foundry coatings. Most of the coating character-
ization techniques used in this study are the ones used in the foundry to control the
consistency of finished coating products. The consistency needs to be controlled to
suit the particular mode of application. Coatings are applied by brush or swab, by
dipping, flow coating, or by spraying. In this study, the characterization param-
eters for monitoring the coating consistency include °Baumé parameter, viscosity
and density (specific gravity). It was reported in [130] that thixotropic! properties
of the coating are suitable for brushing, allowing free flow to avoid dragging of the
sand surface, and enabling brush marks to disappear before the viscosity increases
again and strengthens the film. Spray coating requires thinner consistency, more
suited for atomization for the formation of fine droplets. This means that the spray
method is viscosity-limited and would require multilayer application for good sur-
face coverage [Supplement 7]. Dip coating requires pseudoplastic or shear thinning
behaviour?, which means rapid response to shear forces encountered as the core
enters the bath. This is the most effective technique for rapid production, being
widely employed for cores, including complex units and assemblies. Flow coating
or overpour is more suitable for larger cores and moulds, the coating is pumped
from a tank and discharged over the required surface through a fan-shaped nozzle.

'Fluids apparent viscosity decreases under stress, and recovers its initial viscosity with time
when unloaded.
2Fluids show a large decrease in viscosity when the shear rate is increased.
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It was observed from the results of the characterization of the coatings that the rhe-
ological properties control the coating penetration depth into the core substrate,
the uniform coverage, drip, and running properties. The coating viscosity, surface
tension, and thixotropic or pseudoplastic nature allowed for the constant /uniform
coating thickness, uniform penetration, and complete surface coverage. The coat-
ing viscosity is determined by the amount of solid content in the coating which in
turn determines the proud layer thickness on the substrate. The surface tension
determines the ability of the coating to wet and adhere to a substrate. The condi-
tions for good wetting are always fulfilled when the surface tension of the substrate
is higher than that of the liquid coating material [131]. Therefore, the surfactants
added to the coatings reduce the surface tension of the coatings enhancing wetting
and penetration.

In this study, it was observed, that the application of the coatings to the core
materials also reduces the permeability of the cores. This is expected because the
pore spaces between the sand grains are filled by the refractory materials from the
coating. Furthermore, coverage of the surface of the core by the refractory coating
materials led to the reduction of the permeability of the core [41].

Figure 8.1: XRD micro-analysis on uncoated and coated silica sand cold box cores.

In a different context, the filter dust was assumed to be aluminium silicate. The
filter dust coating was subjected to XRD analysis. The X-ray diffraction (XRD)
micro-analysis of the uncoated silica sand cold box cores and silica sand cold box
cores coated with Coating 2 (50% filter dust and 9% sol-gel content) and Coating
3 (40% filter dust and 50% sol-gel content) shows that the filter dust is mainly
silica as shown in Figure 8.1. All the quartz peaks in the uncoated core appeared
also in the coated core materials. There was no evidence of aluminium to confirm
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the earlier assumption that the filter dust is mainly aluminium silicates. Without
aluminium identified, the results confirm silica as being dominant.

Regardless of the good performance of the filter dust sol-gel coating in improving
the surface quality of castings, the formulation was dropped due to the unavail-
ability of the filter dust. The material is unconventional and inconsistent in com-
position, consequently, shows inconsistent and unpredictable properties. It will be
emphasized here that the sol-gel filter dust coating showed strong positive poten-
tial in improving the surface quality of castings. However, this formulation was
discontinued as a result of the undefined nature of the filter dust. This means that
the filter dust requires a detailed characterization and proper processing, if it is to
be used as a coating refractory material.

The formulation of sol-gel coatings with other conventional refractory materials
proved difficult due to sedimentation and short shelf life. The short shelf life is
as a result of the gelling of the system. This approach was not pursued further.
However, the effect of sedimentation can be controlled by use of the right surface
active agents to disperse the refractory materials in the coating matrix.

8.1.3 Sol-Gel Additive to Foundry Coatings

The use of sol-gel component as additive to existing foundry coatings became the
latter research activity in the project. Different amounts of sol-gel component was
added to selected foundry coatings and the effects on surface finish of castings
[Supplement 3] and the strengths of moulding materials were investigated. The
results showed that lower amount of sol-gel component proved significantly posi-
tive both in the improvement of surface finish of castings and in the strengthening
of the moulding materials, especially with the thermal stability /resistance. When
in contact with liquid metal, the glass ceramic nature of the surfaces with higher
amounts of sol-gel component cracked rapidly, as a result of development of ther-
mal stresses while with lower amount, both the strength and thermal stability were
enhanced. This is seen from the results presented in one of the Case Studies and
from the thermal degradation tests. The sol-gel addition changed the rheology
of the coating matrix. From Figure 7.5, drips and runnings are observed on all
the cores dipped in traditional, reference, and sol-gel coatings. Films and coatings
represent one of the most important applications of sol-gel science and technology.
The thickness of the sol-gel coatings is determined by the thickness of the parent
film when it abruptly increases its viscosity during the sol-to-gel transformation.
Sol-gel coatings are, after drying, generally amorphous and porous. Most of the
drawbacks of the sol-gel method in the preparation of bulk materials include the
cost of raw materials, cracking of the material during thermal treatment, etc. For
the foundry coatings, the problem encountered with the sol-gel method is mainly
with gellation on standing. With the level of penetration encountered with the
addition of sol-gel component to the commercial coatings, it can be proposed that
the sol-gel component lowered the surface tension of the system thereby increas-
ing the wetting and adhesion on the substrate and consequently increasing the
penetration.



154 CHAPTER 8. DISCUSSION

8.1.4 Development of New Foundry Coatings

The formulation of a novel foundry coating requires several trials by varying the
chemical compositions, concentrations of constituents, and studying the effects
on the coating rheology and stability. Following this, the stability of the col-
loidal system is very important for coating performance. Hence, the problems
encountered with the compatibility of sol-gel component with other conventional
refractory materials, can be solved by enhancing the stability of the suspension.
So, the knowledge of the zeta potential can reduce the time needed to produce
trail formulations.

Zeta potential is a physical property which is exhibited by any particle in suspen-
sion. It can be used to optimize the the formulations of suspensions and emulsions.
The particles in a dispersion may adhere to one another and form aggregates of
successively increasing size, which may settle out under the influence of gravity.
This was what happened with the conventional refractory materials during their
dispersion in the sol-gel coating matrix.

An aggregate usually separates out either by sedimentation (if it is more dense than
the medium) or by creaming (if it is less dense than the medium). In coatings, an
in-between state of weak aggregation is satisfactory. The weak aggregation causes
viscosity to be a function of shear rate. Stirring will produce enough shear to
reduce the viscosity and promote blending [132, 133, 134]. It is important to know
that there are electro-kinetic effects on the surface of particles in a liquid. Each
colloid carries a “like” electric charge which produces a force of mutual electrostatic
repulsion between adjacent particles. If the charge is high enough the particles will
remain discrete, dispersed and in suspension. Removing or reducing the charge, the
colloids will steadily agglomerate and settle out of suspension. Particle charge can
be controlled by modifying the suspending liquid. Modifications include changing
the liquid’s pH or changing the ionic species in solution. This process is known
as Electrostatic or Charge Stabilization. Another more direct technique is to
use surface active agents which directly adsorb to the surface of the colloids and
change its characteristics. This process is called Steric Repulsion [132, 134, 135].
Therefore, in the system where the refractory materials were not stable with the
sol-gel component, any of this methods can be used to disperse the materials in
the suspension depending on what suits the environment.

Zeta potential is a very good index of the magnitude of the interaction between
colloidal particles and measurements of zeta potential are commonly used to assess
the stability of colloidal systems. In an electrical double layer model (Figure 8.2),
the potential between the stern layer and the diffuse layer (surface hydrodynamic
shear®) is the zeta potential. The magnitude of the zeta potential gives an in-
dication of the potential stability of the colloidal system. If all the particles in
suspension have a large negative or positive zeta potential then they will tend to
repel each other and there will be no tendency for the particles to come together.
However, if the particles have low zeta potential values either way, then there will
be no force to prevent the particles from coming together and flocculating.

3The microscopic shear force caused by the motion of different layers in a fluid, where the
layers move at different velocities.
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The dividing line between stable and unstable suspensions is generally taken at
either +30 or —30 mV. Particles with zeta potentials more positive than +30 mV
or more negative than —30 mV are normally considered stable [132, 136, 137].
There is a pH at which the zeta potential is zero, this is the point at which the
suspension has the least stability and it is referred to iso-electronic point. The
zeta potential parameter, can be applied in the formulation of the coatings to
assess the stability of the coating suspension, especially with the conventional
refractory materials in order to improve on the sedimentation effects by observing
the effects of the addition of surface active agents on the zeta potential of the
coating suspension. This will reduce the extra work encountered with preparation
of many trials thereby saving time, energy and materials.

Figure 8.2: Electrical double layer model [134].

8.1.5 Conditioning of Coatings in the Foundry

Many foundries do not properly store, stir, or test their refractory coatings, and as
a result they wind up with inconsistent castings. The formulation of the coating
is the manufacturer’s responsibility, but its homogeneity before application is the
responsibility of the foundry. It is on this note that one of the Refractory Coating
Manufacturers with their Engineering partners offers the foundries a state-of-the-
art coating application control technology. The Coating Preparation Plant (CPP)
automates the coating preparation from its as-supplied state to the density that
delivers the desired wet layer thickness, with the various application methods like
spraying, dipping and over-poring [138, 139]. Coating performance has a major
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impact on casting quality. When coating preparation is not right, it will reflect on
the surface quality of the castings. By understanding the basics of coatings and
how to evaluate them, foundries are better prepared to recognize potential failure
before it happens. For this reason, it makes sense to do some form of coating
monitoring in the foundry shop. Based on the results from the investigations
carried out in this research and information from literature, some of the following
control measures described Tables 8.1-8.3 are recommended, to control foundry
refractory coatings to enhance the quality and performance on castings.
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Table 8.1: Measures to control coating consistency in the foundry shop [108, 139,

140).

Parameter

Description

Specific
Gravity (SG)

To assure that the formulation is consistent, test SG regularly. The additives and binders
may produce rheological effects or effects related to the surface energies of the liquid. The
net effect is that the defining equation varies with each manufacturer and each coating
formula, and therefore, it must be adjusted for each mixture: SG = %, where M = 145
and D = °Baumé. The proper control strategy is to measure SG of the coating and
occasionally estimate the rheological effects with careful °Baumé and/or viscosity
measurements. Many foundries use °Baumé to control their coatings, but this test alone is

not enough to maintain a coating consistency. The SG can be used to determine when the

coating must be diluted or thickened.

Solids

The solid content of a coating should be checked occasionally, depending on usage. If a new
drum is opened everyday, then it only needs to be tested once. If the use is one drum per
week, it might be best to check the drum twice. For solids test, a clean watch glass is
weighed , 20 mls coating sample is put in the glass, and it is then reweighed. The carrier
(solvent) is driven off by drying at 102 °C. The watch glass is reweighed after the coating
has dried, and the remaining percent solids is calculated. Some foundries use a “settling” or
sediment test in which a graduated cylinder is filled with coating and the solid content is
estimated by volume that settles to the bottom, usually for 24 hrs. This test does not yield
a true volume or weight percent solids, however, the results should be reasonably

reproducible, if compared at the same settling time.

Viscosity

Viscosity is a measure of a liquid’s internal friction, or resistance to flow. For foundry
applications, Ford flow cup or equivalent is a good measure. These cups hold a given
volume and have carefully constructed drain holes at the bottom. The cup is dipped in the
liquid and withdrawn. The drain time is measured and a chart is used to convert this time
to centipoise. The viscosity will change (usually it decreases) while being stirred. For this
reason, the mixer should always be turned off, prior to testing the coating. Also,
temperature is a critical factor in determining viscosity. The results can indicate variations
in the nature of the solvent due to aging, temperature, over-mixing, or some reactions with
the container. It can also point towards a major problem with the binders or the

suspending agents.

°Baumé

The °Baumé test is the most common test used in foundries to control coatings because it
is quick and easy. After mixing the coating sample thoroughly, immediately float the
hydrometer in the coating slurry. When it stops sinking, read the °Baumé directly from the

hydrometer scale. This relates to density and solid content of the coating.

pH

The pH indicates changes in the coating. This is measured using a pH meter or pH paper.

It measures the acidity or alkalinity of the coating.

Runs and

Drips

Runs and drips viscosity is measured by removing a hydrometer from the coating, holding
it an angle of 45 ° and observing the way the coating runs off (stream, drip, or a

combination of both).
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Table 8.2: Measures for processing finished coating in the foundry shop [108, 140].

Activity Description
Vendor The first step in assuring the quality of the refractory coating is to make sure that
certification they are certified by the manufacturer. The vendor should certify the chemical

purity of the raw materials and should be contractually bound to inform you of any
change in the formulation. One of the easiest incoming quality assurance check is to
weigh the container (or check the manufacturer’s recorded weight on the shipping

invoice). If the wrong mineral was used, there usually will be a major discrepancy.

Reconstitution Storage of coating allows time for its suspended refractory materials to settle out,
and the vibrations during shipment accelerate this settling of minerals. Coatings
should not be stored more than 30-90 days, depending on the formulation, without
vigorous, complete remixing. Encountering any resistance along the sides, or the
stirring rod cannot touch the bottom of the container, the solids in the coating may

have settled, hence, the coating needs reconstitution.

Shop stirring A cake of sediment at the bottom of a container can mean that the coating is not
properly stirred. The binders and suspension agents in the coating may become
more diluted in the coating used. This could mean that the moulds and cores may
not receive the full benefit of the refractory coating. Operating a mixer
continuously will cause a coating to lose solvent, since the internal friction actually
heats up the liquid. Coatings should be stirred for 5 mins. in every 1 hr. The mixer
can be shut off overnight or on weekends, and the drum properly covered to
minimize evaporation. For next time use, the contents should be stirred

continuously for 15-30 mins.

Consistent High solid coatings will change in viscosity and gel with prolonged over mixing. It is
application better to turn off the stirrer during spraying. As the solvent evaporates, a coating
becomes stiffer and more likely to drag sand when brushed or swabbed on the core

or mould surface.

Change over The time when a new system has been tested successfully and replaces the old
coating. When changing containers, there should be enough room in the new
container to add and stir in the residual material from the old one. Refractory
coatings should be stored inside, under moderate conditions. Coatings allowed to

freeze may loose binder and exposure to direct sunlight may cause the coatings to

loose solvent and cake.
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Table 8.3: Measures to determine coating-core interaction in the foundry shop

108, 139, 140].

Parameter

Description

Core

degradation

Core degradation varies from coating to coating. The longer a core stays wet, the
more core degradation will take place, so it is key to put cores into an oven heat
zone as quickly as possible after the core is dipped. Most coatings use surfactants as
wetting agents to allow the coating to penetrate the proper depth. These

surfactants change the surface tension of the water, making degradation worse.

Coating
deposit

Once the optimum °Baumé level is defined to achieve a good surface finish to the
castings, the amount of coating thickness can be determined. It can be Wet Layer
Thickness (WLT) or Dry Layer Thickness (DLT). WLT is measured with the
elcometer. It is always consistent with the DLT. For DLT, coating is removed from
the flat surface on a core and the difference in the cored surface and the coated
surface is measured. The amount of surface deposit can be used as a reference for
future comparisons and making decisions about coating allowance in tooling design.
Comparing test results with the coating thickness, among °Baumé, percent solids,

and viscosity, viscosity shows the strongest correlation.

Coating

penetration

The distance the coating penetrates the core is an important feature to a coating’s
success. A coating that lies entirely on the surface of the core is not anchored well
and will most likely spall away. A coating that penetrates too much will over
degrade the core. Coating penetration is also a function of core density. A core that
is blown too tightly resists coating penetration while a core blown softly acts like a
sponge and absorbs too much water. Any evaluation of coating penetration should
be done on a core that is of normal production quality. Core release agents may
waterproof the core and affect coating penetration. Penetration is evaluated by
simply breaking or cutting a coated dried core and observing how far the coating

penetrates the core.

Coating
permeability

Coating permeability is the amount of gas that can pass through the coating. The
level of permeability is dictated by both the type and amount of refractory
materials that are used in the coating formula and the dry film thickness deposit on
the core. The permeability of the coating on the core is measured using a
laboratory permmeter. The permeability of the coating at the coating-metal
interface may be different from that measured on the core. Some constituents of the
coating may quickly thermally decompose, leaving voids that result in higher

permeability. Some may soften and flux resulting in lower permeability.
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Figure 8.3: Higher precision of the new STM over the traditional STM.

8.2 Mechanical Properties of Moulding Materi-
als

Lots of information about moulding materials are lost by neglecting to keep track
of the properties of these materials. To draw attention to the fact that the prop-
erties of various moulding materials used in the foundry today, need to be tracked
and properly documented, a new strength testing machine (STM) was built to
measure the mechanical properties of moulding materials and also to monitor the
behaviour of the moulding materials during loading [Supplement 4]. With tradi-
tional methods, the loading history to ascertain the deformation of the material is
not available. This deficiency is the driving force for the development of the new
STM. The force and displacement of the STM were calibrated to ensure reliability
of the measurements. When taking elasticity and other linear measurement errors
into account the system shows excellent precision in measuring the position and
force, compared to the traditional STM as shown in Figure 8.3.

The controlling software is made to acquire and present data as Force (N) vs.
Time (s) during measurement. It automatically converts the data as Force (N) vs.
Displacement (mm) during data saving [Supplement 4]. The measurements with
the new strength testing machine (New STM) was done at a constant loading rate
of 0.5 mms~!, which is one of the advantages of the new STM. This is very clearly
shown in the figure above with the smoothness of the curves. In the measurements
with the traditional STM, the controlling software still assumes uniform loading
rate in the data acquisition during measurement, even at this situation, it is clearly
seen that the loading is not uniform because it is manually loaded. Furthermore,
the old STM does not measure displacement, which is another limitation. In the
measurements presented in the figure above, three measurements were made for
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both machines and the reproducibility of the New STM is obvious against the non
reproducibility of the STM. This confirms the higher precision and reliability of
the New STM over the old STM [73].

The new STM was used to measure the strength of the coated and uncoated
moulding materials of cold box and furan origin. The results show that the coat-
ing slightly reduced the strength of the moulding materials in the tensile and
flexural modes. This was due to the reaction of the coating liquid carrier with
the moulding materials. This is in agreement with the observations of other re-
searchers [141]. However, the claimed moulding materials strength reduction by
the alcohol-based and water-based coatings of 30 and 50% respectively, seem too
high from the observations made in the current study [Supplement 5]. In the
compression mode, the coatings are seen to improve the compression strength of
the moulding materials. In the analysis of the strength data obtained from the
tensile, bending and compressive strengths, it was observed that there was a large
scatter in the data obtained. The moulding materials are granular in nature and
also brittle when bonded. Their behaviour is unpredictable due to the presence
of many defects that can cause failure. Applying descriptive statistics to the data
only provided us with the means and standard deviations, which invariably did
not show any significant differences according to Null hypothesis. Therefore, the
effects of moulding materials, dipping time and percentage solid contents were not
ascertained. The information from the means and the standard deviations are
purely statistical and may have limited practical implications in the foundry.

Weibull statistical distribution has been applied to brittle granular materials to
model their strength data and to determine the reliability of these materials
[102, 103, 104, 105, 106]. Bending strengths are used to assess brittle materials,
therefore, moulding materials being granular in nature and brittle, their bending
data is subjected to Weibull statistical analysis. In this study, the application of
Weibull statistical distribution to foundry moulding materials is a novel one and
proved to work well for the moulding materials [Supplement 5]. From the bending
test data analysis, the strength limit of the moulding materials was found not to
exceed 4 MPa and beyond this strength, the materials will fail. The determined
strength limit is not the median value rather the value at which 63% of the ma-
terials will fail. This value is more reliable than the means because it provides
the maximum limit without probability unlike the mean. J. Thole et al. [142]
reported that weak moulds and cores can result in excessive casting distortion or
warpage. Many casting defects, such as hot tears and veins, are also associated
with the stiffness of the moulds and cores. In this respect, it is important to know
the stiffness of the bonded sand materials. The determination of the stiffness of
the moulding materials in this study was done at room temperature from the cal-
culated stress-strain curves [supplement 5]. A straight line was fitted to the elastic
portion of the stress-strain curves, with the slope representing the measured elastic
modulus. The stiffness of the moulding materials at room temperature was found
to be within the range, 1000-1600 MPa. The absence of a plastic behaviour in the
moulding materials is a finding of the present study. This stiffness parameter can
be used as a quality control means for the sand materials, because the particle
size, particle size distribution, and binder strength will reflect in this parameter.
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In other words, when new sand is introduced into the system, this parameter is
determined and at a later stage of using the sand it is again measured and com-
pared. The result is expected to reveal the state of the sand, although, binder
consumption can also serve as an indicator for the state of the sand.

In another development in the study of the mechanical properties of the moulding
materials, the fracture surfaces of the materials were subjected to microscopic
examination. The results proved that the coating refractory materials do not
contribute to the strength of the moulding materials. The microscopic studies also
revealed that the strength of the moulding materials are determined by the bonding
bridges between the sand grains and fracture mode is inter-granular through the
bonding bridges. Therefore, the finer the sand grains, the more the bonding bridges
and the stronger the moulding materials. This also means that more binder will
be consumed due to larger surface area. The reverse will be the case with coarser
grains. To improve the mechanical properties of moulding materials, camphor and
castor oil can be added to the coating to promote film formation and improve its
plasticity and strength [143].

8.3 Mass and Heat Transport at Core-Metal In-
terface

When the moulding materials come in contact with the liquid metal, lots of activ-
ities take place because they are typically capillary-porous bodies. There are mass
and heat transports (diffusion), thermo-mechanical degradation of the moulding
materials and chemical reactions, etc. The diffusion of heat in a capillary-porous
body is complex. More especially, when the molten metal is put in contact with
the mould which is very much colder, a contact is formed between the molten
metal and the substrate only at the asperities protruding from the surface due to
the effect of the surface tension of the molten metal [144, 145]. The quality of the
contact between the liquid metal and the mould is largely determined by the sur-
face micro-topography of the mould/core surface. Therefore, the surface tension
of the liquid metal and the mould atmosphere play significant roles in determining
the topographic contact. This non-perfect contact results in a thermal resistance
to heat transfer known as Thermal Contact Resistance (TCR). TCR is equivalent
to the inverse of the interfacial thermal conductance or heat transfer coefficient (h)
at the interface. The occurrence of TCR at the interface is associated with the fact
that the heat flux from the liquid metal to the cold mould/core wall needs to be
constricted to pass through the micro-contact spots at the interface as illustrated
in Figure 8.4. This may be modelled at a macroscopic scale by a temperature
difference at the interface that characterizes the magnitude of the TCR according
to Equation (8.1):
AT

The significance of TCR in the mechanisms of heat transfer becomes more pro-
nounced when the thermal properties of the contacting surfaces are high. If the
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thermal conductivities of the contacting bodies are small, the TCR becomes very
weak compared to the intrinsic thermal resistance of the bodies which depends
on their thickness and thermal conductivities. Consequently, the TCR becomes
negligible [145].

In the modelling of the coating layer on the silica sand cores for the simulations, the
coatings refractory material is taken as silica from the XRD analysis. In this case,
to model the coating layer on the cores was just to add the proud layer thickness
of the coating on the cores, which was measured with an image analysis software
[107]. However, the increased density of the penetrated area of the core could
not be accounted for in the numerical calculations. This will introduce differences
in the thermal profiles from the numerical simulations and the experiments. The
coatings with thicker layers increase the heat capacity of the core material around
the penetrated area and showed delayed heat transfer to the middle of the core
materials where the thermocouple is located.

Figure 8.4: Schematic of the liquid solid contact (vertical scale exaggerated) show-
ing the constriction of the heat flux as it passes through the microcontact area at
the interface and the temperature profile at the interface [145].

In the moulding materials, heat is transmitted by conduction, radiation, and con-
vection. In conduction, heat is transmitted through the points of contact of indi-
vidual particles. Owing to the considerable thermal resistance of the contact zone,
the coefficient of thermal conductivity of the body is many times smaller than that
of the particles. Binding materials (including clay, water glass, water, cold box,
furan, etc.) which bond together the moulding materials and thereby increase the
area of mutual contact, raise the coefficient of thermal conductivity (ks) and heat
capacity (c,) of the body. The gas filling the pores in moulding materials also take
part in heat transfer. However, its thermal conductivity is ten times less than that
of sand, and therefore, the effect in heat conduction can be disregarded. The fact
is that gas transfers heat not only by conduction but also by contact (convection).
The convection occurs both in the pores and between the pores [146]. Gas is trans-
parent to heat rays, so heat migration in the pores results from radiation also. The
amount of heat transferred by radiation depends on the geometric properties of the
pores (sand grains), the degree of blackness of the surface, and the temperature.
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Radiation depends mainly on temperature [146]. According to Stefan-Boltzmann
law, heat flux is proportional to the difference of the fourth powers of absolute
temperature [29, 31]. In this case, the primary concern is the temperature gra-
dient on the surface of any given pore. This gradient results from the presence
of a temperature gradient in the cross-section of the body (mould or core). The
coefficient of radiation is proportional to the degree of blackness of the body and
may vary from 0 (absolutely white body) to much higher for an absolutely black
body. The general theory of radiation heat-exchange postulates that the amount
of heat transmitted by radiation depends on both the shape and size of the pores.
However, tracing the effect of the shape of the pores is difficult, but the effect
of the size can be discussed on the basis of the theory of the action of screen for
radiation heat-exchange. In this context, screens reduce heat exchange proportion-
ally with the number of screens between two parallel surfaces. Bridges between
pores may to some extent be regarded as a type of screen. Consequently, with
increase in the dimensions of the sand grains (decrease in the number of bridges),
heat-transfer must increase, and decrease with the reduction of the particle size.
Therefore, with application of coating, it means that the density around the pene-
trated area is increased while introducing more bonding bridges which reduce the
heat transfer thereby increasing the heat capacity accordingly. This, in effect, will
increase the cooling power of the mould/core material. This could be one of the
possible explanations to the delay observed in the thermal profiles during casting
because the coating layer absorbs more energy before the temperature rises or the
coating is thermally insulating. However, considering the small coating layer the
explanation that the coating is thermally insulating becomes dominant.

In moulding materials, there are at least three identified types of convection cur-
rents of gas, resulting from different factors. The first type corresponds to normal
convection arising from the difference in the specific gravities of gas particles heated
to an uneven temperature. This type of convection occurs both in each individ-
ual pore and in the body as a whole, owing to filtration of the gas through its
capillaries.

The second type of convection takes the form of forced directional filtration of the
gas, caused by the pressure difference which arises near the casting owing to gas
evolution from the liquid metal, combustion of coating and binding additives in
the mould, evaporation of moisture, expansion of gas heated in the pores of the
mould, etc.

The third type of convection is caused by thermodynamic factors, and always
occurs when there is a gradient of temperature.

In moulding materials, there is also convection of the water, which generally cir-
culates as both steam and liquid. The water and organic solvents evaporating
in the heated parts of the capillary-porous body, is transferred as steam to the
colder parts and condenses there. Volatilization is accompanied by heat absorp-
tion, therefore, the zone where evaporation takes place will thermally act as a
heat sink, condensation is accompanied by heat evolution, because in the area
where condensation takes place heat is generated. Migration of gas and liquid is
accompanied by migration of heat together with their masses.
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In the first period after the metal has been poured, a large amount of gas is
evolved in the mould near the surface of the casting. The gas passes rapidly
through the capillaries of the mould or core and considerably increases the inten-
sity of heat-exchange. Such forced convection initially suppresses natural convec-
tion and completely determines the process. Then, as gas-evolution decreases, the
forced convection weakens and the mechanism of diffusion resulting from the gra-
dient of temperatures comes into action. In damp moulding materials, moisture is
volatilized rapidly upon reaching the boiling point. The surface layer of the mould,
in contact with the casting, dries, and a volatilization front moves inwards. As it
passes through the capillaries and reaches a region of the mould having a temper-
ature below the boiling point, the steam condenses. This involves the diffusion of
a large amount of heat (at atmospheric pressure the volatilization of 1 kg of water
is accompanied by the absorption of 2300 kJ of heat; the same amount of heat is
liberated at the point of condensation of 1 kg of steam). The coefficient of thermal
conduction is markedly higher in wet sand than in a dry one [146]. Based on the
above discussions and deductions made, the following model shown in Figure 8.5
is proposed to explain mass and heat transport (diffusion) at the interface between
the casting and the moulding material.

Figure 8.5: The model of the mass and heat transports at the mould/core-metal
interface.

8.4 Mould-Metal Interaction

Furthermore, for liquid-solid contact, one can imagine two conditions of contact
associated with either poor or good wettability between the solid and the liquid.
These two situations of contact depends on the magnitude of the surface tension of
the liquid metal, the nature of the solid surface and pressure. However, in both sit-
uations, the profile of the solid surface determines the topography of the interface.
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As expendable moulds are being considered here, following the thermo-mechanical
degradation of the moulding materials around the contact with the liquid metal,
it is believed that the moulding materials will undergo thermal shock and in the
process, thermal stresses build up leading to the cracking and breaking of the sand
grains around the interface with liquid metal. Therefore, if a thermal protective
coating is not applied, there will be presence of combination of finer grains and
coarser grains at the interface as the binder is burnt out and penetration is oc-
curring. This is shown in the modified model for the pressure balance for metal
penetration presented in Figure 8.6. The modified model presents different sand
grain sizes during metal penetration. Considering the dynamics, the kinetic con-
dition that the molten metal penetrates the surface of the mould or core material
is detailed as follows [143]:

(20cos)

P,>P, =P, +P.=—
"

(8.2)

where

P, - pressure from molten metal

P, - penetration resistance

P, - gas pressure from expanding mould gases
P, - capillarity resistance

o - surface tension of the molten metal

0 - wetting angle

r - radius of pores between sand grains.

For molten metals of superior wettability, # < 90°, cosf > 0 and for molten metals
with inferior wettability, 6§ > 90°, cosf < 0. When the molten metals could not
effectively wet the mould or core surface, then penetration is resisted. It is reported
in [147] that penetration is responsible for major economic losses to the foundry.
Most of the cost incurred is attributed to the rework in the fetling shop.

Thermal degradation test was performed on coated cores to elucidate the effect of
the coating on the thermal stability of the cores. From the results presented in
Figure 6.23, it was seen that the coating layer remained intact while the binder
of the core is burnt out, evidenced by the free sand flowing out from the cracks.
Therefore, the refractory coating on cores can actually protect the core material
from thermal shock.

However, at the incidence of silica phase transformation and the occurrence of the
associated defects when in contact with liquid metal, there has been lots of doubts
with regard to what happens at the mould/core-metal interface at this transfor-
mation temperature. A brief explanation of what happens is presented in this
discussion. At the mould/core-metal interface, the moulding material is rapidly
heated up and due to the poor thermal conductance of the moulding materials, the
surface of the moulding material is subjected to local overheating. This situation
happens so fast and at a lower temperature than the TTZ. The consequence is
burning out of the binder on the surface of the moulding materials. This leads to
penetration, sand inclusion and rough casting surface defects.
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Figure 8.6: Proposed model for the thermo-mechanical degradation of the mould-
ing materials at the core-metal interface during metal penetration.

When the surface temperature reaches 573°C, « - § quartz phase transformation
will occur with its associated rapid expansion. This expansion is non-uniform and
consequently introduces thermo-mechanical stresses which lead to the cracking
of the core/mould surface. If the metal temperature is still above the liquidus
temperature, when the cracks occur, the melt will flow into these cracks forming
veining or finning defects. However, with the application of refractory coatings, the
rapidity of the heating of the moulding materials surface is significantly reduced
and the binder around the surface of the moulding materials is protected from
early burn-out, allowing the metal to start solidifying before the coating-core-
binder failure. This will eliminate the the incidence of the defects (such as sand
inclusion, penetration, roughness of casting surfaces, etc.) associated with the
early burn-out of the binder. To a reasonable extent, the coatings also prevent the
incidence of veining defects. This is particularly the case when the coating contains
some additives that can enhance it thermal plasticity as mentioned earlier. The
coating protective layer is clearly shown in Figure 6.23. From this figure, it can
be seen that the coating remained intact even when the binder has completely
burnt out. In the figure, what was observed is that the failure of the coating was
by cracking, in this case the only likely defects to occur are veining defects if the
temperature of the metal is above liquidus.

8.5 Casting Surface Quality

The quality of the surface as well as the dimensional accuracy of a casting depends
on the extent of the reaction and interaction between the metal and the mould
materials. Some of the variables affecting the reaction are the compositions of
the metal and sand, pouring temperature, cooling rate, metal pressure, and the
mould atmosphere. These reactions and interactions can lead to sand burn-on,
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metal penetration, surface roughness, veinings, casting porosity, and dimensional
inaccuracy [148]. In furtherance of the explanation of the interfacial interaction of
the metal and the mould which determines the surface quality of the castings, cast
iron can be used as an example. Iron is oxidized at the mould surface, forming an
oxide liquid which wets the silica sand in the mould. This liquid phase penetrates
into the pores of the mould. Silica is soluble in this oxide liquid to about of 50% by
weight. The dissolution of silica enlarges the pores in the sand. This enlargement
of the pores permits the molten iron to penetrate the mould/core at low pressures
although iron does not wet the silica sand. The depth of penetration into the sand
by the iron depends on the length of time the melt remains above the liquidus and
the severity of the oxidation. At a very low CO,/CO ratio, no penetration occurs
because the atmosphere is reducing. This is why green sand contains carbon to
avoid the risk of decaburization. At a higher CO, content, the iron will be oxidized.
Slag formation depends on the time, temperature, and the oxidizing level at the
mould-metal interface. The rate of oxidation and the amount of attack upon
the sand increase under oxidizing environments [148]. All these affect the surface
quality of castings produced under this situation. In the foundries, most of these
effects are reduced by application of refractory coatings [149]. The activity at the
mould/core-metal interface also have negative effects on the sub-microstructural
evolution. If there is a change in the expected microstructure at the subsurface of
the casting beyond machining allowance, the mechanical properties of the part will
be affected. Therefore, the composition of the moulding materials and the coatings
become very important to monitor. They should be inert to the molten metal. In
this study, efforts were made to show some of the changes in the microstructure
at the interface of castings with coated cores. This needs further investigation.
Further work is necessary to show that the sol-gel additive has no negative effect
on the casting microstructure.

The good surface quality of the castings obtained by application of coatings on the
cores is attributed to the fact that the coating offers a protective barrier conse-
quently stopping the reactions and interactions. Furthermore, the refractory filler
materials in the coatings are very much smaller than the sand grains in sizes and
at the right amount, offers the right surface coverage to the cores. The fine details
of the refractory materials will be reproduced on the surface of the castings. Some
of the coating also contain anti-veining substance such as Fe;O3 which prevents
the occurrence of veining defects. This is the mechanism of surface improvement
with coating application. From the results presented in the case studies, the sol-gel
addition showed strong potential in enhancing the surface quality of the castings
relative to the reference coating (the same coating but without sol-gel component).
The addition of sol-gel to foundry coatings needs optimization for various coatings.

However, in this study, it was observed that the coatings improved the surface
quality of the castings more in areas away from the parting-lines of the core box in
both the cylindrical and flat cores. A closer observation shows that the parting-line
area of the cores seem to be the weakest part. This emanates from the production
process. These areas are mostly where penetration is largest especially in the
castings made with smaller flat cores (Figure 6.35). Therefore, a complete surface
quality of the castings can only be obtained by harnessing the synergy of the
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expertise from the core shop and the quality of the refractory coatings. Some
surface defects can be traced back to the core production process and poor sand
compaction, while it may not be easy for one coating to take care of all surface
defects on castings. Cores that come from the core shop with scars or other surface
defects, and without proper care and storage, are more prone to produce defective
castings.

The assessment of the surface quality of castings has been a difficult task. In the
foundries, the measurement of surface roughness of castings has been neglected
for decades, due to the inability of the mechanical surface roughness testing in-
struments such as stylus instruments, to reproduce the exact surface texture of
cast surfaces. The roughness range of many cast surfaces is outside the capacity of
these measuring instruments. It is also reported in [150] that since cast surfaces do
not exhibit the same cyclic character as machined surfaces it is difficult to evalu-
ate their roughness using conventional mechanical, optical, or pneumatic devices.
Consequently, visual tactile standards are used to describe the surface of cast-
ings. Purchasers of castings specify and assess surface quality and surface texture
more accurately and definitively using tactile comparators developed by Casting
Technology International (CTI) [151]. These provide a practical and functional
alternative to photographic representation of casting surfaces in standards such as
MSS SP-55-2001 (Manufacturers Standardization Society Standard Practice-55-
2001), Visual Method for Evaluation of Surface Irregularities. These comparators
form the part of a larger set of comparators defining different surface defects of
castings and apply to ISO 11971:2008 Steel and iron castings-visual examination
of surface quality; BS EN 1370:1997 Founding - Surface roughness inspection by
visual tactile comparators; BN EN 12454:1998 Founding - Visual examination of
surface discontinuities. However, in this study, an evaluation of the surface rough-
ness of the said standards proved that the standard with the lowest roughness in
the series is higher in roughness than most of the cast surfaces, especially when
coatings are applied to the cores or moulds used for making those castings.

An Optical 3D measurement system, Alicona “InfiniteFocus”, based on Focus-
Variation Technology, was applied in the measurement of surface roughness of
castings and some standards. This technique was successfully used to quantify the
surface roughness of cast components. In doing this, a moderate objective (5x)
was used because using higher objective will mean lower beam spot size which will
give measurements values which are not a true representation of the texture of the
cast surfaces. Surface parameters were used to describe the surface of the castings
although average of profile parameters give similar results. Therefore, one time
measurement with areal parameters saved at least 5 times the time required to
make at least 5 profile measurements.

The measured data was analyzed using Scanning Probe Image Processor (SPIP), a
3D surface metrology software. In the data processing, filtering was used to sepa-
rate the waviness and the roughness. The wavelength of primary concern are those
associated with roughness. Roughness is a result of the manufacturing process, es-
pecially with sand casting, these include the uniformly distributed irregularities on
the surface of the castings. If filtering was not performed, waviness will dominate
the surface texture of the casting. In this situation, the effect of the coating and
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moulding materials cannot be assessed. A typical effect of the filtering is shown
in Figure 8.7. This figure emphasizes the need for filtering the surface in order to
be able to measure the real surface roughness.

(a) Waviness (b) Roughness

(¢) Waviness profile (d) Roughness profile

Figure 8.7: The difference between waviness and roughness.
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Summary

9.1 Conclusions

This PhD thesis addresses the development of a novel refractory foundry coat-
ing using the Sol-Gel Technology. The coatings were developed and applied on
mould/core materials in order to enhance the surface quality of castings by reduc-
ing or eliminating the surface defects. From the detailed experiments performed,
the following deductions are made.

Sol-gel refractory coatings for foundry applications are possible. However, the
sol-gel stock is selective of particle size and particle size distribution, types of
refractory materials and suspension agents. This selectivity has to be reduced for
foundry coating development using sol-gel technology.

In the characterization of the coatings, the particle size and the particle size distri-
bution of the refractory materials have significant roles to play in the performance
of the coatings. Therefore, considering the sand grain sizes, nanoparticle refractory
materials are not suitable for foundry coatings. The formulation of the sol-gel coat-
ings with other refractory materials like zircon, olivine, china clay, and aluminium
silicates did not prove workable as the refractory materials were flocculating in the
systems. The rheological properties of coating such as viscosity and density are de-
pendent on the solid content of the coating. From various characterization results,
it can be concluded that the percentage solid content in the coating is directly
proportional to the density, “Baumé, viscosity, coverage, and proud layer thick-
ness, and inversely proportional to the penetration into the substrate, moisture
content, and permeability. The characterization results of the coating emphasizes
that °Baumé parameter be performed with additional tests such as viscosity, den-
sity, and surface tension, in controlling the consistency of foundry coatings. The
coatings enhanced the thermal stability of the core materials in general, while with
little amount of sol-gel additive, greater reinforcement to the stability of the core
can be achieved.

Test casting of the coatings showed that the filter dust sol-gel coatings showed
strong positive potential to enhance the surface quality of the castings. However,
the development of this coating was discontinued as a result of non availability of
the filter dust materials. The next activity was to add the sol-gel component as

171



172 CHAPTER 9. SUMMARY

an additive to commercial foundry coatings. The surface quality of the castings
improved significantly with addition of certain amount of sol-gel component to
some commercial coatings relative to the coating without sol-gel. Lower amounts
of sol-gel components were observed to improve the thermal integrity /stability of
the mould/core materials and consequently, enhance the surface quality and reduce
veining defects.

During the application of the coating to the mould/core, the interaction of the
coatings with the moulding materials leads to the lowering of the strength of the
moulding materials. The mechanical property measurements of mould/core ma-
terials reveals that the strength of the moulding materials is determined by the
binder and the fracture mode under loading is inter-granular through the bonding
bridges between the sand grains. Sand moulds/cores are not fully compact with
sand due to irregular particle shapes and sizes of the sand grains. Consequently,
the mould or core has large amount of voids of different sizes determined by the
sand grains and grain size distribution. Therefore, the cause of brittle failure of
moulding materials is as a result of these voids. Chemically-bonded sand core ma-
terials have no specific strength but a range of strengths at ambient temperature.
However, the knowledge of the mean strength is not much of technical use for
the foundry rather, the strength at which the moulding materials can be reliably
used. This is successfully determined by application of the Weibull Statistics on
the measured strength data. From the Weibull statistical analysis, the reliability
strength of the moulding materials is determined. The modulus of elasticity of
the chemically-bonded sand core materials were determined in the range of 1000-
1500 MPa for cold box and 1000-1600 MPa for furan core materials at ambient
temperature. The binder remains the determinant contributor.

From the predicted reactions at the mould/core-metal interface, the metals get
oxidized at very low free energy change within the casting temperature and also
at very low CO/CO, ratio. The harder the oxide is to reduce, the greater the
proportion of C'O needed in the gases. This means that an oxidizing atmosphere
should be avoided.

In this research, it has been established that optical system can be reliably used to
characterize the surface texture of castings contrary to previous views. An optical
3D measurement system, Alicona “InfiniteFocus”, based on Focus-Variation Tech-
nology, was applied successfully in the measurement of surface roughness of sand
castings and some standards. Average parameters are more sensitive to changes
in surface features than the extreme (peak-to-value height) parameters both in
profile and surface measurements. Surface parameters are more precise and reli-
able and saves measurement time compared to the profile parameters. Parameter
rash should be avoided in the foundry. Sa parameter from 3D surface measure-
ment suffices for casting surface characterization. Bearing area curve parameters
normalized to the core roughness can be used to determine the symmetry of the
surface features.
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9.2 Recommendations for Further Work

In view of the fact that the filter dust used as a refractory material for the sol-
gel coating showed positive results with improving the surface quality of castings,
probably due to the fact that it has already undergone thermal shock and has
high thermal integrity, processing it and finding use for it in refractory linings
for furnaces or as refractory fillers for foundry coatings will be favourable to the
environment. This means recycling of a foundry waste.

Concerning the coating formulations where the sol-gel component was not com-
patible with many other refractory materials, this is a big limitation for the sol-gel
application in foundry coating development. Therefore, it will be worth trying to
apply surface active agents to get the refractory materials properly dispersed in
the suspension and zeta potential measurements adopted to determine the stabil-
ity of the coating suspensions. This approach will significantly reduce the number
of trial formulations to be made thereby saving time, resources, and energy.

Having established that the sol-gel component shows positive results in enhancing
the performances of commercial coatings, optimization of the amount of sol-gel
component required for various commercial coatings and different moulding mate-
rials is required to be done. This will involve determining the viscosity, “Baumé,
and the amount of commercial coating at each of the sol-gel component amount
that shows good results. This will help in the formulation of a model for the ad-
dition for the right consistency for a particular commercial coating and moulding
material. This will be done with a more automated production process like cold
box core system to ensure reproducibility.

A detailed study of the subsurface microstructure of the castings at the interface
with coated moulds/cores are recommended, accordingly.

Another area of interest that is worth developing further is to effectively utilize the
capabilities of the new 3D optical measurement technique and make replicates of
casting surfaces of interest without destroying the component. This will provide a
non destructive novel technique of quantifying the roughness of cast components.
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Foundry refractory coatings protect bonded sand cores and moulds from producing defective castings during
the casting process by providing a barrier between the core and the liquid metal. In this study, new sol-gel
refractory coating on phenolic urethane cold box (PUCB) core was examined. The coating density, viscosity,
moisture content and wet and dry weight of the coating were evaluated on cores that had been coated at three
different dip-coating times. The coating coverage, surface appearance and depth of penetration into the cores
were examined with a Stereomicroscope. Gray iron castings were produced with sol-gel coated and uncoated
cores and the results were related to the coating properties. The casting results were also compared with
castings made with cores coated with commercial alcohol-based and water-based foundry coatings. The
analyses show that castings produced with sol-gel coated cores have better surface quality than those from
uncoated cores and comparable surface quality with the commercial coatings. Therefore, the new sol-gel
coating has a potential application in the foundry industry for improving the surface finish of castings thereby
reducing the cost of fettling in the foundry industry since the raw materials and technology are easily

affordable.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Sol-gel coating technology [1,2] has been applied to various areas of
coating production for corrosion protection [3,4], wear resistance [5],
thermal barrier [6], anti-soiling [ 7], anti reflective [8,9] etc. but has so far
not been applied to the foundry industry. In this regard, the coating
being investigated is a novel application for the sol-gel coating
technology. Owing to the intense developments in the field of sol-gel
technology the availability of affordable sol-gel silane precursors
present the technology as a suitable alternative/compliment to foundry
refractory coatings. A number of advantages are affiliated with applying
the technology. The inorganic = Si-O-Si = (siloxane) network that form
the foundation of silica based sol-gel coatings provides a strong glass
ceramic surface. By applying the coating to cores, cross binding of the
sand grains with the sol-gel coating would induce a strengthening of the
sand material resulting in a stronger protective barrier between the core
and liquid metal. This added strength would prove valuable to reduce
surface defects during casting. The inorganic nature of the sol-gel
coating also has added environmental benefits by reducing undesired
gaseous by-products from pyrolysis during casting. Finally, because a
large number of precursors are available for manufacturing sol-gel

* Corresponding author. Tel.: +45 45254737; fax: +45 45934570.
E-mail address: ugon@mek.dtu.dk (U.C. Nwaogu).

0257-8972/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
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coatings the technology presents the opportunity to chemically modify
the coating to meet specific foundry demands.

Refractory coatings help foundries to protect chemically-bonded
sand cores and moulds from producing castings with surface defects,
such as metal penetration, veining, erosion etc. Metal penetration and
veining defects are serious problems caused by the poor refractoriness
of the silica sand and non-linear thermal expansion of the bonded sand
core when in contact with the molten metal. The differential expansion
is linked to the a—P phase transition of quartz, which is the main
constituent of silica. The rapid expansion of silica sand up to 600 °C and
especially at 573 °C, where the a3 phase transformation occurs, is the
cause of thermal stresses in the core materials/binder structure. These
stresses cause crack formation and liquid metal flows into these cracks,
causing finning or veining defects. The removal of casting defects, called
fettling, requires a lot of extra work, energy, time and money [10,11].

The use of refractory coatings on cores is fundamental to obtaining
acceptable casting surface quality and is used on resin bonded cores in
iron production foundries. As the need for more complex, critical
castings and higher quality standards grows, the function of the core
and mould coatings utilized in the process becomes important [12].
However, the understanding of the coating/core material interaction
has been neglected for some decades. When applying a refractory
coating on cores or moulds, it is important that a uniform coating layer
free from surface imperfections such as runs, drips or cracks, is
obtained. Otherwise, these features will reflect on the surface of the
castings leading to defective castings.
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A literature survey reveals that surprisingly little research is
carried out on a topic that is of great importance for the surface quality
of castings. This has led to foundries loosing focus as to what
parameters are to be considered in order to control foundry coatings
applied on cores and sand moulds. In this study, it is our objective to
redirect research into foundry coatings by developing a new sol-gel
foundry coating for sand cores and investigating the performance in
improving casting surface quality. It is also the objective of this study
to analyze the coating/core material interaction and relate this to the
surface quality of the castings obtained.

2. Material and methods

The refractory filler used in the preparing sol-gel coating is filter
dust. The particle size and size distribution of the filter dust was
measured by Malvern Mastersizer 2000 using laser diffraction with
wet analysis.

All refractory sol-gel coatings were prepared from a sol-gel stock
solution obtained by acid (0.1 N HCI) catalyzed hydrolysis with water
of 3-glycidyloxypropyltrimethoxysilane (GLYMO, Degussa) and alu-
minium (III)-s-butoxide, 75% solution in s-butanol (AL, ABCR). After
stirring the sol for 30 min., propyltrimethoxysilane (PTMO, Evonik/
Degussa) was added and stirring continued for an additional 30 min.
The molar composition of the stock sol-gel solution was GLYMO:AL:
HCI:PTMO = 385:3:1:95. The stock solution was mixed with a 3%
bentonite suspension in demineralized water for 30 min. affording a
mixing ratio between sol-gel stock solution and bentonite suspension
of 1:6.67. Refractory filter dust of average particle size of 15 um (from
analysis) was added and the blend was stirred for approximately 2 h
until a homogeneous suspension was obtained. The coatings were
prepared with 40, 50 and 60% by mass of filter dust (coatings referred
to as P40, P50 and P60 respectively). Low percentages of the solid
content did not provide surface coverage from our preliminary
studies. The PUCB cores are produced from the Amine/phenol
Urethane Process and silica sand of American Fineness Number
(AFN) of 53 and mean grain size of 0.263 mm (information from the
supplier, Dansand A/S). The bond is based on the use of a two part
isocyanate, part one being a phenolic resin, and the second part an
isocyanate contained in a solvent. The result, promoted by a reaction
with triethylamine (TEA) or dimethylethylamine (DMEA) vapour is
the formation of a solid polyurethane resin holding the sand grains.
The cores are coated with the sol-gel based coating, and water-based
and alcohol-based coatings by dipping method for 1,3 and 5 s (D1, D3
and D5 respectively). These times were chosen because they cover the
range of dipping times used by the foundries.

The coating density was determined by weighing 200 ml of
coating in a suitable beaker. The density, p (g/cm?) was calculated
from the expression given in Eq. (1).

<|3

Where m = mass (g) and V=volume (cm?).

The coating viscosity was determined using the flow cup method.
The Ford Flow Cup with outlet orifice of 4 mm was filled with the
coating to the brim (100 ml). A stop watch was used to measure the
time it takes the coating to drain through the hole until the first drop
appears. This time, called the efflux time is the viscosity in seconds.
The Ford Flow Cup viscosity in seconds is converted into Stokes
viscosity by interpolation using the Ford Flow Cup Viscosity
Conversion Chart which plots centistokes viscosity values against
efflux time for different Ford Flow Cup numbers (for this experiment
Ford Cup #4 was used).

The core material moisture content test was performed on five
cores for each treatment time i.e. uncoated (0s), 1, 3 and 55 in an
oven at 140 °C until constant weight was achieved. The weight of each

core was measured before and after oven-drying. The percentage
average of the sum of the mass differences before and after oven
drying for each time is taken as the moisture content. The use of five
cores ensures the reliability of the data since variations might come
from the core making and coating processes.

The wet weight of coating on cores was obtained by measuring the
mass of five uncoated cores initially, then weighing the cores
immediately after coating with different coatings for 1, 3 and 5s.
The average mass differences before and after wet coating gives the
wet weight of the coating on cores. The dry weight is determined by
drying the coated cores in an oven at 140 °C for 1 h, and finding the
average mass differences between the dried coating and the uncoated
cores for the respective treatment times respectively.

The surface appearance of the coatings and the penetration depth
into the cores were examined with Zeiss Stemi DV4 Stereo Microscope
with LED Illumination. The measurements of proud layer thickness
(coating deposit on the surface of the core) and the sub-surface layer
(penetration depth) were made with image analysis software —
Image-Pro® Plus version 6.0. Five measurements were made following
the trace of the deposited and penetrated layers.

The casting process used was a sand casting process with the
casting layout and core geometry shown in Fig. 1. The chemical
composition of the grey iron melt is provided in Table 1. The charge
was melted in an Inductotherm induction furnace operated at a
frequency of 1000 Hz and a power of 125 kW. The casting was carried
out when the furnace temperature was 1465 °C, measured with a
thermocouple. The moulds contained uncoated PUCB cores and PUCB
cores coated with sol-gel coating and two commercial coatings
(alcohol-based and water-based coatings) with similar densities and
viscosities as the sol-gel coating. The surface quality of the castings
was elucidated by visual inspection, in which surface roughness and
melt penetration into the cores were examined. The surface finish/
quality can also be characterized quantitatively by average roughness
(Ra) parameter [13]. The surface profile roughness, Ra of the castings
was examined by using Alicona InfiniteFocus® G4 3D Optical
Measuring Device (Germany). The operating principle is based on

Fig. 1. 3D-CAD-Model of casting layout (a) the casting with Down sprue and runners
(b) the cores.
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Table 1

The melt composition.
Composition Carbon Silicon Manganese Phosphorus Iron
Weight (%) 35 2.6 0.2 0.02 Bal.

Focus-Variation. A total number of 12 measurements were made on
each surface of the castings. All measurements were made with
2.5 x objective, a cut off length, Lc of 800 um and an optical lateral
resolution of 5.6 um at a sampling distance of 3.52 um. The Ra results
were analysed by descriptive statistics, analysis of variance (ANOVA)
and comparison of the means, to establish the influence of the
coatings on the surface roughness of the castings. ANOVA was used to
evaluate whether there is any indication that the group means differ.
If the ANOVA results show that the group means differ, then multiple
comparison tests is used to determine which of the mean(s) is/are
different. The multiple comparison test used is Scheffe's Test. This test
compares the difference between each pair of means with suitable
adjustment for the multiple testing (in this study, 12 measurements
for each surface).

3. Results
3.1. Refractory filler material particle size

The results from the particle size and size distribution analysis are
presented in Fig. 2. It can be seen that the filler material has an average
particle size of 15 pm. It is also clear that the bulk volume of the
particles have sizes less than 100 um.

3.2. Coating density

The coating density increases with the percentage solid content as
shown in Fig. 3. This is attributed to the closure of the pore spaces in
the matrix of the core by filter dust particles thereby reducing the
pore-spaces. The result of this is shorter distances between filler
particles reducing the volume of voids in the core and coating.
Furthermore, this results in higher mass of particles per unit volume
of coating matrix with increase in the percentage solid content. This is
also expected to reflect in the viscosity of the coatings.

3.3. Coating viscosity

The coating viscosity as shown in Fig. 4 follows a similar trend with
the coating density. The viscosity data presented is an average of 3
measurements and the error bars show 95% confidence interval. The
viscosity increases with increase in the amount of solid content in the
coating. This is due to the same reason stated for coating density. The

Fig. 3. Variation of sol-gel coating density with percentage solid content.

Fig. 4. Variation of sol-gel coating viscosity with percentage solid content. The error
bars indicate a 95% confidence interval.

viscosity (s) from Ford Flow Cup measured for P40, P50 and P60 sol-
gel coatings are 29, 39 and 73 respectively. The equivalent Stokes
viscosity is 95, 155 and 285 centistokes respectively.

3.4. Mass of wet and dry coatings and moisture content

The results presented in this sub-section are for the respective
dipping times 1, 3 and 5 s as can be seen from Fig. 5. The mass of wet
coating on the cores after dipping increased with dipping time for all
the percentage solid content as can be seen from Fig. 5(a)-(c). There is
a deviation in the expected trend from the coating with 50% solid
content dip-coated for 3 and 5 s (Fig. 5(b) and (c)). This unexpected
behaviour of 50% solid content coating at these two dipping times is
attributed to the fact that the density and viscosity of the coating
could not allow further penetration of the coating into the core.

Fig. 2. Size distribution plot for the filter dust.
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Fig. 5. Variation of mass of wet coating, dry coating and moisture on the cores after dipping
and curing with dipping time and percentage solid content (a) 1 s dip coating (b) 3 s dip
coating and (c) 5 s dip coating. The error bars indicate 95% confidence interval.

Therefore, less amount of coating penetrated into the core leaving just
moderate amount of coating material adhering to the core unlike in
the case of less viscous coating (40% solid content) where more
penetration is likely to occur. In the case of 60% solid content coating,
which has the highest density and viscosity, the coating penetrated
less but significant amount of coating material is deposited on the
surface.

After curing of the coating, the mass of the dry coating material left
on the cores increases with dipping time as shown in Fig. 5(a)-(c).
Furthermore, the mass of dry coating on the cores also increases with
the percentage solid content for each dipping time. It seems that the
variation in wet and dry coating masses is particularly high in the 40%
coating, especially for longer dipping times. The wet coating mass
depends on the amount of liquid carrier penetrating into the core. This
is probably highly variable due to variable volume of pore spaces in
the core and coating matrices.

As shown in Fig. 5(a)-(c), the moisture content of the coating on
cores increases with the dipping time. However, at each dipping time,
the coating with 50% solid content has lower moisture content
relative to the other coatings. This means that less coating penetrated
the cores and moderate amount of coating material with lower
moisture relative to the other coatings deposited on the surface of the

cores. The reason for this could be that the density and viscosity level
of the coating controlled the penetration and also the amount of
coating material deposited on the surface of the core. When there is
high coating penetration depth and thick coating deposit on the
surface of the cores, these cores are bound to have high moisture
content as it is the case with 40 and 60% solid content respectively
unlike the 50% solid content coating with lower moisture content. This
lower moisture content is favourable to the permeability and strength
of the PUCB cores.

3.5. Coating coverage and surface appearance

The surface appearance of uncoated PUCB core is presented in Fig. 6.
The image shows that the sand grains are packed in a relatively open
structure with a significant amount of pore space between the grains.
The surface roughness is clearly determined by the sand grains. From
Fig. 7, it is clear that the sol-gel coating completely covered the sand
grains at all the percentage solid contents and dipping times as shown in
Fig. 7(a)-(i). However, cracks are visible on the surface of the coatings.
These cracks developed during the process of curing of the coating as the
moisture is driven off from the coating. Furthermore, the coating
contains bentonite as a suspension agent which swells on absorbing
moisture. On drying, it cracks as the moisture is released [14]. These
cracks increase in size with percentage solid content and dipping time.
The cracks can also be initiated by the thermal stress induced in the
coating system during the process of curing at a temperature of 140 °C
for 1 h. In addition, there are also pinholes present in the coating layer;
these are believed to have emanated from the escape of entrapped air
during the dip-coating. These cracks and holes will reflect on the surface
of the castings in contact with these cores, as the liquid metal will flow
into the cracks and holes, forming veinings and metal penetration
defects. Therefore, the cracks and holes are not favourable for the good
surface quality of the castings. The coating with 40% solid content has
cracks with negligible sizes on the surface of the cores while the 50 and
60% solid content coatings have cracks with relatively larger sizes. Since
the surface deposit is refractory, both the coating and cracks will
maintain their integrity during casting. Therefore, liquid metal will flow
into these cracks forming rough surfaces. Hence, better surface quality is
expected from casting made with cores coated with 40% solid content.

3.6. Influence of percentage solid content on coating penetration and
deposit

The results of the influence of percentage solid content on coating
penetration into the cores are presented in Fig. 8(a)-(c) for different
percentage solid contents at 5s dip-coating. The white horizontal
lines on the micrographs separate approximately the deposited layer
and the penetrated layer. The measurements show that 40% solid
content coating has an average proud layer thickness of 0.17 +
0.05 mm and penetrated an average of 1.18 +-0.08 mm into the core
(Figs. 8(a) and 9). The coating containing 50% solid content deposited

Fig. 6. Surface of uncoated PUCB core showing the sand grains.
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Fig. 7. Variation of coating coverage and surface appearance with dipping time and percentage solid content (a) P40D1 (b) P40D3 (c) P40D5 (d) P50D1 (e) P50D3 (f) P50D5
(g) P60D1 (h) P60D3 and (i) P60D5.
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Fig. 8. Influence of percentage solid content on coating penetration using at 5 s dipping
time for (a) 40% (b) 50% and (c) 60% solid content.

Fig. 9. Variation of deposit and penetration for various solid contents. The error bars
indicate 95% confidence interval.

an average thickness of 0.26 + 0.02 mm on the surface of the core and
penetrated an average depth of 0.9740.05 mm (Figs. 8(b) and 9)
while the coating with 60% solid content penetrated less into the core
with an average of 0.72 + 0.06 mm and deposited a thicker average
proud layer of 0.5840.05 mm as shown in Figs. 8(c) and 9. From
these results, it can be deduced that the more viscous the coating, the
less it penetrates into the core and the more it deposits on the cores
(e.g. a thicker layer). Therefore, it can be stated that increasing the
percentage solid content of the coatings, higher thickness will be
deposited on the surface of the cores and less will penetrate the cores.
This is clearly seen in Fig. 9, however, the sum of the penetrated depth
and the deposit for the various solid contents is not necessarily
constant. From the data available, we cannot establish whether the
sum should be constant or a reflection of natural variation in the pore
volumes in the sand core.

Fig. 10. Influence of dipping time on coating penetration using 60% solid content
coating for (a) 1s (b) 3 sand (c) 5s (the scale bar is 1 mm).
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3.7. Influence of dipping time on coating penetration and deposit

The same analyses performed in Section 3.6 was carried out for the
different dipping times for 60% solid content coating to determine the
influence of dipping time on the coating penetration and deposit on
the surface of the cores. The results are presented in Fig. 10(a)-(c)
(the white horizontal lines on the micrographs separate approxi-
mately the deposited layer and penetrated layer). The results showed
a similar trend with the influence of percentage solid content as
shown in Fig. 11. The 1 s dip-coating penetrated deepest into the core
with an average depth of 1.14+0.19 mm and deposited the lowest
average proud layer thickness of 0.28 +0.02 mm (Figs. 10(a) and 11).
The 3 s dip-coating penetrated an average of 0.83 +0.02 mm into the
core and left an average deposit of 0.39 £ 0.07 mm thickness on the
surface of the core (Figs. 10(b) and 11). Finally, the 5 s dip-coating
produced the highest average thickness of 0.68+0.10 mm in the
proud layer and lowest subsurface average penetration of 0.73 +
0.06 mm deep as shown in Figs. 10(c) and 11. Again in Fig. 11, the sum
of the the penetrated depth and the deposit for the various dipping
times is not constant for the same reason given in Section 3.6.

3.8. Casting surface quality

The casting surface referred to here is the surface of the casting
(liquid metal) in contact with uncoated and coated PUCB cores during
the casting process. The surface of the castings made with sol-gel
coated and uncoated PUCB cores are shown in Fig. 12(a)-b). The
presented casting surface was made with PUCB core dip-coated for 1 s
in 40% solid content coating. This procedure was chosen based on the
surface analysis, as this application procedure gave rise to smaller
cracks and it was believed that it will have less negative effect on the
surface quality of the castings produced unlike the cores with larger
cracks. The features of these larger cracks were reproduced on the
surface of the castings made with these cores. This is shown in Fig. 13
for a core dipped for 1 s in 50% solid content coating. This casting was
not analysed further as a result of obvious poor surface quality. The
surface quality of castings made with 60% solid content coating
showed worse surface quality than the one shown in Fig. 13. From
Fig. 12, it is clear that the sol-gel coated cores improved the surface
quality of the castings compared to the surface of the casting made
with the uncoated PUCB core. The surface of the castings from
uncoated PUCB core has significant metal penetration (Fig. 12(a)).
According to I. L. Svensson et. al [15], Draper and Gaindhar proposed a
general definition of metal penetration accepted by the foundry
industry, as the condition in which cast metal has entered into the
pore spaces of the core or mould beyond the mid-point of the surface
layer of sand grains. According to their definition, the expanding
metal exerts a considerable pressure on the cores or mould walls
causing metal penetration. This happens if the cores and mould walls
are rigid and if the metal cannot be pushed back in the risers or the
gates because they have solidified. It is quite evident that the cast

Fig. 11. Variation of deposit and penetration for various dipping times. The error bars
indicate 95% confidence interval.

Fig. 12. The surface appearance of castings made with (a) uncoated and (b) sol-gel
coated PUCB cores.

metal entered into the pore spaces of the core due to the exerted
pressure from the liquid metal in the case of the uncoated core. Such
features are not seen on the surface of the casting made with sol-gel
coated PUCB core (Fig. 12(b)) because the coating withstood the
pressure from the metal, consequently, inhibiting the metal penetra-
tion. To further elucidate the potential of sol-gel coating in foundry
application, the results of the casting surfaces made with uncoated
PUCB cores and PUCB cores coated with sol-gel, alcohol-based and
water-based coatings are presented in Fig. 14(a)-(d). Alcohol-based
and water-based coatings are commercial coatings used in the
foundry. This comparison is made to ascertain the performance of
sol-gel coating in improving the surface quality of castings relative to
the commercial coatings. By visual inspection, the presented results
show that the sol-gel coating has comparable performance in
improving the surface quality of castings with the commercial
coatings as can be seen in Fig. 14. It can also be seen that the castings
made with water-based coating showed veins (marked feature,
Fig. 14(c)), this is attributed to the higher viscosity of this coating

Fig. 13. The surface appearance of a casting made with 50% solid content.
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Fig. 14. The surface appearance of castings made with (a) uncoated (b) alcohol-based
(c) water-based and (d) sol-gel coated PUCB cores.

compared to the other coatings [16]. However, apart from the veining
defect, there was no penetration in the area in contact with coated
core.

The results from the descriptive statistics of the surface profile
measurements are presented in Fig. 15. The average surface roughness
of the surfaces is expressed in Ra values. The results show that the
castings made with coated cores have lower Ra values compared to

Fig. 15. The quantitative results of the surface roughness measurements from the
Alicona InfiniteFocus® G4 3D Optical Measuring Device. The error bars indicate 95%
confidence interval.

the Ra values of the casting made with uncoated core. From the
results, it is evident that the use of coatings on moulding materials is
important towards achieving a better surface finish. A One-Way
ANOVA at 95% confidence level was used to establish this fact. The
ANOVA result is shown in Table 2. From the ANOVA analysis, one or
more of the means was significantly different based on the F- and P-
values obtained (Table 2). So the larger the F value, the more
important the coatings are in influencing the surface roughness [17].
In order to identify the mean(s) which is/are significantly different
from the other means, a comparison of means using Scheffe's Test was
performed at 95% level of confidence. The comparison shows that the
mean of the casting from uncoated core was significantly different
from the other means. The details of this comparison are presented in
Table 3. The analogy drawn from the results show that the average
surface finish of the casting made with sol-gel coated core is
comparable to the average surface finish of the castings made with
the commercial coatings but differ from the surface finish of the
casting made with uncoated core.

4. Discussion

Refractory coatings have been used to aid casting surface finish
improvements, reduce thermal expansion defects such as veining

Table 2
Analysis of variance (ANOVA) for the surface roughness.

Source variation DoF Sum of squares Mean square F value P value F crit.

Between 3 1309.56 436.52 2357  299x10° 2.82
Groups
Within Groups 44 814.81 18.52

Table 3
Comparison of means for surface roughness using Scheffe” Tests.

Test Data set Mean Difference  Simultaneous Significant
between confidence at 0.05 level
means intervals

Lower  Upper

limit limit

Scheffe's ~ Uncoated 18.72

Alcohol-based ~ 8.88 9.83 4.73 1494  Yes
Water-based  6.07 12.65 7.54 17.76  Yes
Sol-gel 5.94 12.78 7.66 17.88  Yes
Alcohol-based ~ 8.88
Water-based  6.07 2.81 -2.29 7.92 No
Sol-gel 5.94 295 -2.17 805 No
Water-based  6.07
Sol-gel 5.94 0.13 -4.98 523 No
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(finning) and un-bonded sand defects such as erosion. For a refractory
coating to prevent metal penetration and veining defects, the
refractory filler material should be able to fill the pore spaces between
the sand grains and be able to protect the cores from local over-
heating while having suitable permeability for gas escape. When the
pore spaces are closed by the refractory filler materials a smooth,
refractory surface, that maintains its integrity and remains stable at
elevated temperatures such as the casting temperature of cast iron, is
provided. When casting in a sand mould or on sand core, the
interfacial temperature between the melt and the mould or core is
approximately equal to the liquidus temperature of the melt. Sand has
a poor thermal conductivity; therefore, the solidification process is
completely controlled by thermal conduction through the sand mould
or core [18]. This is clearly expressed in the equation for the amount of

heat that passes through the interface per unit area and unit time (a—ctl)
in the negative direction into the mould or core, given by Eq. (2):

Id
aﬂ — Kmouldpmould Cgmu (T-—T ) (2)
ot mt L

where

Kmoua  thermal conductivity of the mould

Pmourd  density of the mould

cprevld heat capacity of the mould at constant pressure

T; temperature between the melt and the mould

To temperature of the surrounding

t time

In order to stop the veining defects, the refractory material should
improve the thermal conductivity of the system to enhance the
extraction of heat from the melt and to avoid local overheating. This
will reduce the effect of directional heating of sand composites (mould
and core media) which generates anisotropic thermal gradients in the
system. When sand composites come in contact with molten metal, the
heat transferred causes thermo-chemical changes/reactions that result
in the distortion of the sand composite. In the case of silica sand
composite, which is the most commonly used sand in the foundry for
sand casting process; the non-uniform heating of the silica sand is
associated with the rapid expansion of silica when it reaches 573 °C. At
this temperature, quartz, the main constituent of silica, undergoes a
phase transformation from a-quartz to 3-quartz. The a-phase is stable
atlower temperature and has lower symmetry and smaller volume than
the higher temperature stable (-phase. Atomistically, this phase
transformation results in an increase in the dimensions in the a- and
c-axes of the B-quartz crystal. As the temperature of the melt/core
interface exceeds 600 °C, the surface of the core that has expanded starts
to contract while the inner part of the core is still expanding. The
thermal stresses induced as a result of this non uniform heating and
differential expansion cause the core material and coating to crack
before the first solidified skin of the melt is formed. Therefore, while the
metal is still liquid, it flows into these cracks forming the veining defects.
The depth of penetration is controlled by the freezing of the leading edge
of the advancing metal when it reaches the freezing isotherm in the sand
[19]. For this reason, the refractory coating material should be able to
control the heating of the core for it to be effective in stopping the
formation of the cracks and melt penetration. As a result, several coating
properties will contribute to this. However, it was also reported in [20],
that refractory coatings may also cause changes in thermo-mechanical
behaviour of the core due to its pyrolysis. The percentage solid content
of the coating increases the coating density and viscosity as illustrated in
Fig. 16; this has significant influence on core surface coverage, coating
permeability, the coating subsurface penetration and the proud layer
thickness. As can be seen from the results of the microstructure of the
surface of the coatings, the cores are completely covered by the sol-gel

Fig. 16. Variation of coating density and coating viscosity for various percentage solid
contents.

coating and had thicknesses that increased with percentage solid
content and dipping times. It would have been expected that the longer
the dipping time the more the coating penetrates into the core but from
the results (Section 3.7), this is not the case. This is attributed to the
thixotropic behaviour of the refractory coating during the dip coating
process [21-23]. During the dip coating process, thixotropic behaviour
was induced causing more coating to penetrate into the core in 1s
because there was only a very short time for recovery between the
down-up shear applications in this system during the dipping. However,
with increase in dipping time to 3 s, recovery of the coating increased
thereby reducing coating penetration into the core. The reduction of
coating penetration into the core increased with dipping time as
observed for 5s dip coating. Therefore, it can be suggested that the
thixotropic behaviour of the coating and capillary forces existing in the
porous core material favour coating penetration into the core. On
the other hand, increasing the dipping time enhances the recovery of the
coating due to the delay in-between the up-down shear applications
during the dip coating. As a result more coating deposits are observed on
the core surfaces (Figs. 8 and 9) making penetration into the cores
difficult with uniform and smaller particle sizes of the filler material
relative to that of the sand grains. The presence of big cracks on the
surface of 50 and 60% solid content coatings and the reflection of these
cracks on the surface of the casting made with these coatings reduced
the interest in these coatings. However, the 40% solid content coating for
PUCB cores dip-coated for 1 s proved significantly a suitable candidate
for this application. The thickness of the proud layer was not as much as
to induce big cracks and better surface quality was obtained.

It was also reported in [24,25] that coatings applied on cores
significantly reduced the surface permeability of the cores. This claim
was verified by the authors and the same results were obtained as
reported in [16]. This could reasonably be the case, since the refractory
material fills the pore spaces between the sand grains, thereby reducing
or blocking the capillary channels. Although coatings by themselves are
also porous and permeable materials due to their average particle sizes
(for the sol-gel coating — 15 pm), their permeability is far lower than
that of the sand material from which the cores were made since the sand
grain size is more than 10 times higher than the refractory material
particle size. This brings the pores in the dry coating one or two order of
magnitude smaller than the pores between the sand grains. The reduced
permeability could have been a problem with venting of the core during
casting but this was circumvented by not coating the cores completely
so the gas is forced to escape through uncoated core print to the sand
mould where pressure gradient forces the gases out of the mould.
Therefore, there was no sign of evolved gas defects on the surface of the
castings. Considering that a high amount of gas is produced in iron
casting, it is better to have a coating that prevents gas from penetrating
into the melt by forcing the gas in the mould out through an uncoated
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core print. This is achieved by using a lower solid content coating of
optimum amount to give a better surface finish and good permeability.

The surface of the castings made with the sol-gel coated cores has
proved that the sol-gel coating has a great tendency to improve the
surface quality of castings. This was achieved by the refractory filler
material being able to fill the pore spaces in between the sand grain
and creating a smooth non-wetting surface [26] to the liquid metal
and having high thermal stability. Non-wettability of the surface
reduces the tendency of metal penetration as convex meniscus is
created at the liquid metal/core interface. And due to low thermal
expansion coefficient of the filler material, the coating maintained its
integrity until the first solidified skin is formed at the liquid metal/
core interface. As this was not the case for uncoated PUCB cores, the
difference in the surface appearance is quite obvious.

The study has successfully applied the sol-gel technology in the
preparation of a novel foundry coating which has comparable
performance with the conventional commercial coatings. Moreover,
it has opened a new area of research in the foundry coating
technology. This process will save cost and energy in the casting
cleaning shop because the surface defects (metal penetration and
veining/finning) to be cleaned have been reduced or eliminated by the
use of sol-gel coating on the cores. The sol-gel coating is also
environmentally friendly being a water-based coating.

5. Conclusions

From the analyses carried out and presented here, it can be stated
that the sol-gel coating is a potential area for foundry application. The
sol-gel coating is environmentally friendly being water-based. The
percentage solid content determines the density and viscosity of the
coating. These properties in turn determine the sub-surface penetrated
layer and the proud layer on the cores. The coating penetrates in two
layers with the liquid carrier front advancing ahead follow by the
refractory filler front. If the coating layer becomes too thick, it will crack
on drying. Although this depends on the dipping time and the amount of
filler material added. Cracks on coatings have negative impact on the
surface quality of the castings made with coated cores. The sol-gel
coating with 40% solid content showed better performance than the 50
and 60% solid content coatings. The refractory material size in the
coating has a significant role to play to close the pore spaces on the cores
creating the required smooth surface. The filter dust refractory filler

material proved to have good thermal stability. The sol-gel coating has
comparable performance with the commercial coatings.
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Using sol-gel component as additive to
foundry coatings to improve casting quality

U. Nwaogu*?, T. Poulsen?, B. Gravesen® and N. Tiedje®

The improvement of foundry coatings to enhance performance is important. This paper
investigates the effect of using sol-gel component as an additive to foundry coatings applied
on chemically bonded sand cores. Three parameters at three levels each were investigated using
Taguchi experimental parameter design. The effects of the sol-gel component on viscosity,
density, “Baumé, core coverage and permeability are shown. Numerical simulations were used to
predict defect areas. The thermal profiles of the core materials during casting were determined,
and the surface quality of the castings was evaluated. The results show that the surface quality of
castings obtained by adding the sol-gel component to the coatings for cold box cores has no
significant difference from castings produced with coatings without sol-gel component. On the
other hand, the addition of the sol-gel component in coatings for furan cores showed significant
improvement on the surface quality of the castings compared to that obtained without sol-gel
component.

Keywords: Foundry coatings, Dip coating, Surface roughness, Cast surface defects, Taguchi parametric design, Cold box cores, Furan cores, Numerical

simulations

Introduction

The need for high surface quality castings is rising with
the high demand of cast components for various
applications, such as hydraulic applications, water and
oil valves, etc. The improvement of the surface quality of
castings has been made possible by fettling." This is
not an easy task for foundries; it delays production,
consumes much energy and time and constitutes noise
pollution. Furthermore, due to the intricate designs of
some complex castings, cleaning by fettling may not be
possible for example; it is not easy to use cleaning
machines in the internal channels of an autoengine
block. This limitation can be reduced using foundry
coatings of different types with different refractory
materials on the cores used to create the channels.’
Therefore, it is important to direct research towards
finding environmentally friendly ways of improving the
existing foundry coatings.

Foundry servicing companies are carrying out
research to improve their foundry coating products to
satisfy their customers. This adoption of lean manu-
facturing will help keep these companies competitive.
Foundries are really pushing coating manufacturing
companies to improve their refractory coating perfor-
mance in enhancing the surface quality of castings.
Most times, the same coatings are used for different
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castings with different sizes and sections, while the
coatings prove successful in some casting components;
in others, they produce very poor surface finish with
veining defects, scabs, sand burn-on, metal penetration
or rough surfaces.>® Therefore, research on how to
improve foundry coatings is important, more especially
in enhancing its thermal integrity to withstand the high
temperature of liquid metal much longer without
cracking or degrading. The ability of a coated core or
mould to produce defect free surface is dependent on
the thermal stability and integrity of the coating.’*
However, some coatings crack at elevated tempera-
tures, and this is not favourable for good surface
quality production.’ Stefanescu et al® classified the
casting skin of iron into two groups: surface and
subsurface. The surface feature is being described by
surface roughness. However, in the case of defective
castings, other features like metal penetration and sand
burn-on may be found along surface roughness on the
skin of castings. The subsurface features include
graphite degradation, graphite depletion, pearlitic rim
and ferritic rim.

This investigation will be limited to the study of the
effect of the sol-gel additive to the foundry coatings on
the surface features. The main surface feature of interest
to elucidate the surface quality of the castings is the
surface roughness parameter R, defined according to
ISO 4287/4288, as the arithmetic mean of the absolute
values of the ordinate z(x), within the sampling length
L.”® For discrete measurements, it is given by

1 N
Ri=2>_ 17| (1)

i=1
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where N is the number of measured points in the
sampling length.”

The R, value measured over one sampling length
is the average roughness. It is practically recommended
to measure R, values over a number of consecutive
sampling lengths and to determine the average value to
ensure that the R, value obtained is typical of the surface
investigated. R, values are usually measured perpendi-
cular to the lay of the surface.’

In this study, the sol-gel component is added in
different amounts to a foundry coating. The suspension
is characterised as it applies to the foundry industry.
Chemically bonded sand core materials are dip coated,
cured and characterised for casting purposes. Numerical
simulations are used to predict defect areas in the model.
Cast iron is produced by a sand casting process using
a robust pattern, which eliminates the influence of
differences in liquid metal, pouring temperature, pour-
ing time, etc. The thermal behaviour of the coated cores
will be measured using DASYLab Data Acquisition
System.

Detailed surface quality studies will be performed on
the surface of the castings to elucidate the influence of
the sol-gel component additive in improving the surface
quality of the castings.

Experimental

Coating formulation

A water based commercial coating (WCC) containing
aluminium silicate refractory material and commonly
used in the foundries was obtained from the manufac-
turer. The original density of the coating is 1-38 g cm .
The dilution was carried out as follows: to 400 g of the
original coating, 40 (10), 100 (25) and 200 g (50%) of sol-
gel components (SG) were added. For the sol-gel
component, the sol-gel stock is produced by a controlled
acid (HCI) catalysed hydrolysis with water of (3-glyci-
dyoxypropyl)trimethoxysilane (Degussa) and aluminium
(III)-s-butoxide, in 75% solution of s-butanol (ABCR) as
the mutual co-solvent to form silanol group (Si-OH). The
pH of this sol-gel solution is ~5. The hydroxide (=Si—
OH) from the hydrolysis is condensed with another silane,
propyltrimethoxysilane (Evonik/Degussa), in a process
called alkoxylation (condensation under release of alco-
hol) to form the siloxane bonds (=Si-O-Si=). The mo-
lar composition of the stock sol-gel solution is given
by (3-glycidyoxypropyl)trimethoxysilane/aluminium (III)-
s-butoxide/HCl/propyltrimethoxysilane as 385:3:1:95.
After the addition of the sol-gel component to the foun-
dry coating, the mixture is homogenised and diluted to
the viscosities used in the foundries.

Coating characterisation

The coating density was determined according to
method described by Nwaogu er al.’> The Ford flow
cup was used to determine the viscosity of the coatings
according to the ASTM D1200 standard. This is a
gravity device that measures the timed flow of a known
volume of coating passing through an orifice located at
the bottom of the cup. Under ideal conditions, the rate
of flow would be proportional to the kinematic viscosity
expressed in stokes or centistokes.!” The °Baumé
parameter was measured with a hydrometer. The
hydrometer is floated in the sol-gel coating slurry, and
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the “Baumé reading is taken directly from the hydro-
meter scale when it has stopped sinking.

Coated core properties

The coverage of the core by the coating is elucidated
using a stereomicroscope (Zeiss Stereo CL1500 ECO).
The dried coated core materials were sectioned, and the
coating penetrated areas of the core were carbon
sputtered to make it conductive. The prepared samples
were examined with a scanning electron microscope
(SEM), JOEL JSM-5900, with LaB6 filament to
investigate the interaction of the core materials and the
refractory materials. The permeability of the cores was
determined as an average of three measurements using a
permeter.

Design of casting experiments

Taguchi experimental design was adopted and applied
in this investigation to elucidate the effects of three
parameters at three levels on the target performance
response (surface roughness). The parameters/factors
and their respective levels are presented in Table 1.

A key component to Taguchi’s approach is the
reduction in variability of design parameters by devel-
oping and understanding their effects using a minimum
number of experiments. To analyse experimental data,
Taguchi recommends analysing the mean response for
each experimental run and also analysing the variation
using the appropriate signal/noise S/N ratio measured in
decibel. For the Taguchi method, there are three S/N
ratios depending on the expected target performance
response. These include ‘small is better’ (SB), ‘nominal is
best’ and ‘larger is better’. Since the target performance
response is surface roughness, a surface with the lowest
surface roughness value has better surface quality.
Therefore, for higher surface quality, the S/N ratio for
small is better (SB) is applied in this investigation, and it
is given by'!"”

N
SB=— 10/og GZ y,?) @
i=1

where N is the number of repeated observations in a run,
y; represents the observations (measure R, values) and
the subscript 7 represents the number 1, 2, 3, ..., N.

In conducting experiments with Taguchi experimental
design, orthogonal array (OA) is selected to organise the
parameters and their respective levels affecting the target
performance response.” Before selecting an OA, the
following points are considered:'?

(i) the number of parameters and interaction of

interest
(i) the number of levels for the parameters of
interest.
Table 1 Design parameters/factors and their levels
Level*
Variables or factors Units 1 2 3
Sol-gel component S % 10 25 50
Viscosity V S 11 13 15
Dipping time D* s S L 10

*S: short dipping time (1-2 s); L: long dipping time (3-5 s).

voL 25 NO 3
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In this study, each parameter has three levels; therefore,
each has 2 degrees of freedom df (i.e. number of
levels—1). The total degrees of freedom for three
parameters in each at three levels is 6=3 (number of
parameters) x 2 (number of level—1). A three-level OA
with nine experimental runs (Ly3%) is selected for this
investigation. The OA is the shortest possible matrix of
combinations in which all the parameters are varied at
the same time, and their effect and performance
interactions are investigated simultaneously.'* An array
name shows the number of rows and columns in it and
also the number of levels in each of the columns. In this
case, the array (Lo3°) has nine rows and three columns
of three levels. The array is based on the ‘theory of
orthogonality’. It states that ‘each and every level of
each and every parameter is in combination with each
and every level of every other parameter at least once’.'*
A well designed experiment can reduce significantly the
number of experimental runs required.'®> With the selec-
tion of (Ly3%) OA, the number of experiments required is
reduced to nine, which, in conventional full factorial
experimental design, would require 3 x 3 x 3=27 experi-
ments to study the parameters at three levels. The OA
for this investigation is given in Table 2. Analysis of
variance (ANOVA) at 95% confidence interval was
applied to the roughness data to determine how signi-
ficantly different the means are.

Materials and casting process

At Frese Metal og Stalsteberi A/S, Slagelse, Denmark,
the cores are made from silica sand with a chemical
composition of 98-61%Si0,~0:69%Al,03-0-51%K,0—
0-05%Fe,0-0-01%Ca0-0-07%Ti0,-0-05%Na,0, and two
different binder systems were used. The regenerated sand
cores are made from furan resin binders of phenol
formaldehyde/furfuryl alcohol (PF/FA) type. Phenol
formaldehyde/FA has FA contents in the regions of 30
and 70%. The cold box cores are made using the amine/
phenol urethane process. The bond is based on the use of
a two-part isocyanate: part one being a phenolic resin and
the second part being an isocyanate contained in a
solvent. The result, promoted by a reaction with triet-
hylamine or dimethylethylamine vapour, is the formation
of a solid polyurethane resin. Cylindrical cores of height
102 mm, middle section diameter of 50 mm and diameter
of both ends being 33 mm are coated for short (S) (1-2 s),
long (L) (3-5s) and for 10s (10) with the coating
containing sol-gel component additive blended at Danish

Table 2 Lo3° OA for three parameters at three levels
each

Variables or factors

Standard number  Sol-gel Dipping
of experiments component  Viscosity time
1 10 11 S

2 10 13 L

3 10 15 10

4 25 11 10

5 25 13 S

6 25 15 L

7 50 11 L

8 50 13 10

9 50 15 S
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1 Computer aided design model of casting layout for
simulation showing how cores sit within castings

Technological Institute, Aarhus, Denmark, by a dipping
method.

The melt composition is Fe-3-5%C-2-6%Si—0-2%
Mn-0-02%P. The charge was melted in an induction
furnace operated at a frequency of 1000 Hz and a power
of 125 kW. Casting was carried out when the tempera-
ture of the melt in the furnace was >1465°C to account
for the delay during pouring so that a pouring
temperature between 1400 and 1420°C is achieved.

The temperature profile of the cores when in contact
with the melt was measured by using tungsten inert gas
welded k-type thermocouples (J=0-2 mm) embedded in
the cores up to the midsection. These thermocouples
were connected to a PC with DASYLab data acquisition
system laboratory software, version 8.

Numerical simulations

Numerical simulations were performed to study the
temperature distributions in the cores and to predict
likely defect areas in the model. For the casting
simulations, MAGMAsoft version 5 software was used.
The simulation parameters for filling and solidification
were as follows: cast iron GJL 150 (Tiiquiqus=1173°C;
Tsotiqus=1160°C). The cores are cold box and furan
systems. Pouring temperature of 1400°C and heat
transfer coefficient of 1000 W m > K~ were specified.
The pouring time was 5 s. Thermocouples were placed
at the centre of each core for thermal profile measure-
ment. The coating thickness on the cores was modelled
by adding to the cores the proud layer thickness of the
coatings reported by Nwaogu et al® The numerical
simulation results will be compared with the experi-
mental results. The computer aided design model of the
casting layout showing how the cores sit with the
castings, for the numerical simulations, is shown in
Fig. 1.

Surface quality evaluation

Surface roughness of various castings was measured
using a three-dimensional (3D) Alicona Infinite Focus
Microscope G4. The measurements were analysed using
descriptive statistics [mean, standard deviation (SD) and
standard error (SE)] and ANOVA with the analysis of
the Taguchi experimental design parameters. With the
combination of the mean target performance response,
S/N ratio and descriptive statistics analyses, the optimal
combination of the studied parameters can be predicted.

NO 3



2 Wet characterisation of coating slurry immediately after
addition of sol-gel component to WCC

Results and discussion

Wet coating characterisation

Density test is a quick test that enables deduction to be
made about the total solid content and refractory
component in the coatings.'® The density or specific
gravity results presented here show the effect of sol-gel
component addition to the commercial coating on the
coating slurry density. From the result presented in
Fig. 2 and Table 3, the specific gravity decreases with
increasing sol-gel component addition, which invariably
means decreasing solid content. This is because the
pore spaces are being increased by adding the sol-gel
component to a fixed amount of solid material.

In the foundry, the coatings are usually diluted to the
required consistency before application. In using sol-gel
as an additive in a commercial foundry coating, the
density, viscosity and “Baumé parameter in the undi-
luted condition are shown in Fig. 2. In this figure, it can
be seen that the flow cup viscosity for the coating
containing 25% sol-gel additive is missing in the chart
(no blue column in the oval mark). This was due to the
fact that the coating could not flow pass the orifice of
the flow cup as a result of very high viscosity. However,
the authors are of the opinion that strong chemical
reaction(s) had taken place probably due to optimum or
near optimum amount of sol-gel component, enhancing
the polymerisation rate to form a high viscous gel with
flow difficulty. Before this inference was drawn, the
experiment was repeated for several times with fresh
coating, and the observations remained consistent.
Consequently, the °Baumé parameter was used to
elucidate the viscosity of the coating and the result
confirms the high viscosity of the coating with higher
°Baumé parameter (Fig. 2). This result confirms the
reason why the coating could not flow pass the orifice of
the flow cup which is attributed to the higher rate of
polymerisation taking place.

Nwaogu et al.

The coatings were diluted to 11, 13 and 15 s to reflect
the operating viscosities in the foundry. Table 3 reveals
that as the sol-gel component is increasing, the density is
decreasing at each viscosity, while for each sol-gel
additive, the density increases with increasing viscosity.
This implies that at each viscosity, the solid content is
fixed while the sol-gel component is added, thus creating
more voids in the coating matrix. This is also the case
with the °Baumé parameter, as shown in Table 3. The
°Baumé parameter is commonly used in the foundries to
control the coating consistency for various sizes of
foundry applications because it is quick and easy to use.
A higher “Baumé number indicates higher viscosity and
vice versa.!” Care should be taken to determine the
optimum viscosity of coatings required for different
casting sizes in order to avoid cracking of the coatings
during curing, gas defects and poor permeability for
high viscosity coatings. For low viscosity coatings, there
will be poor core surface coverage and deeper and non-
uniform penetration into the cores.” Both extremes
produce defective castings; as a result, optimum coating
viscosity for different castings becomes important.

Core—coating interaction

The coatings showed complete surface coverage, as
presented in Fig. 3. Adding sol-gel component showed
increasing glassy ceramic nature with increasing sol—gel
component amount, as can be seen in the figure. This
ceramic glassy nature may not be as porous as the
coating without sol-gel component; hence; it is likely
that these coated surfaces in Fig. 3 may have lower
permeability relative to the surfaces of cores coated with
coatings without sol-gel component. A cross-section of
the coated core is examined with SEM, and the image
is shown in Fig. 4. This micrograph reveals that the
refractory filler materials filled the pore spaces between
the sand grains and are deposited ~2 mm into the core
substrate. Evidently, this will have effect on the core
permeability.

Permeability

The permeability of the coated cores is significantly
reduced by the coating.>'®!° This is due to the filling of
intergranular pore spaces between the sand grains with
the refractory materials, which have particle sizes very
much smaller than the sand grains. In foundries, to vent
big cores, holes are drilled into the cores to enhance
venting, in order to avoid the tendency of formation of
gas porosities and other gas related defects in the
castings. For smaller cores, foundries rely on the core
print for venting of the cores. Therefore, for the sol-gel
coatings, this is not an exception. The permeability of
the cores is significantly reduced due to the combined
formation of a glass ceramic matrix and filling of the

Table 3 Wet characterisation of coatings after dilution with water to various viscosities (s) used in foundries

Dilution viscosities

11s 13s 15s
Coatings Density/g cm 3 °Baumé Density/g cm 3 °Baumé Density/g cm 2 °Baumé
WCC+ 10%SG 127 30 1-29 33 1-32 36
WCC +25%SG 1-23 27 1-26 31 1-27 33
WCC+50%SG 121 24 1-23 28 1-26 29
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a uncoated core; b coating with 10% sol-gel component; ¢ coating with 25% sol-gel component; d coating with 50%

sol-gel component
3 Core surface coverage by coating slurry

pore spaces with the refractory materials. This is evident
from the permeability results presented in Table 4 for
the uncoated and coated cores. The coating significantly
reduced the permeability of the cores. This reduction is
slightly enhanced with the coating containing sol-gel
components compared with the coating without sol-gel
component additive.

Simulation results

Temperature distribution in cores

In these simulations, thermal data for silica sand cold
box cores from the software database were used. Silica
sand has a critical phase transformation temperature
at 573°C, at which it expands rapidly because of the
transformation from «-quartz to f-quartz. Therefore, it
is expected that when the cores are heated up to this
temperature, they will expand rapidly, causing thermal

4 Image (SEM) showing core—coating refractory material
interaction
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stresses in the cores due to non-uniform expansion. The
core binder begins to degrade already at ~200°C.?° This
process continues up to 450°C. In combination, the two
processes lead to cracking of the cores or complete
degradation of the cores. The temperature distribution
in the cores from simulations is shown in Fig. 5.
Figure 5a shows the temperature distribution at com-
pletion of filling. It can be seen from the figure that the
maximum temperature reached at the surface of the
cores at the end of filling is between 300 and 400°C. This
temperature is not critical for the cores but more than
sufficient to, over some time, degrade the binder. How-
ever, as solidification progressed, the more heat diffused
into the bulk of the cores, raising the temperature, as
shown in Fig. 5b. From this simulation, it can be
inferred that if at all there will be crack formation in the
cores, it will occur at the end of filling and onwards
when the melt temperature is still above the liquidus
temperature and not during filling, which only took 5 s
for this model. Therefore, to avoid the defects formed as
a result of cracking of the core, the solidification should

Table 4 Permeability of uncoated and coated cores with
WCC containing 10, 25 and 50% sol-gel com-
ponent and WCC without sol-gel component

Permeability
Treatments O0s Short Long 10s
Uncoated 47547
WCC 108+4 95+7 92+3
WCC +10%SG 85+7 75+7 67+2
WCC+25%SG 68+4 73+1 61+2
WCC +50%SG 53+4 50+3 39+2

NO 3



a at end of filling; b during solidification
5 Simulated temperature distribution in cores

start along with filling and continues after filling in order
to form the first solidified metal skin (for some alloys)
before cracking occurs.

The temperature profiles in the cores with varying
thicknesses (modelled coating thickness) are shown in

Nwaogu et al. Using sol-gel component as additive to foundry coatings

Fig. 6. The effect of the thickness of each core is clearly
seen in these profiles. It takes longer time to reach the
thermocouple in the core with the highest thickness. This
trend continues until the lowest thickness, showing the
shortest time as shown by the enlargement of region A at

6 Simulated temperature profiles in cores showing silica sand transformation temperature zone (region A) and VTZ

(region B)
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a simulated porosity; b simulated sand burn-on; ¢ simulated hot spot; d experimental casting showing agreement with

simulated results
7 Defect locations

573°C (transformation temperature zone). The time
delay to reach this critical temperature is an advantage
because it will allow for the first solidified skin of
the casting to form before the critical temperature is
reached, thereby creating a solid barrier between the
cracks formed on cores at the critical temperature and
the liquid metal. The situation prevails in alloys that
form solid shell from the mould or core wall during
solidification. Hence, liquid metal cannot flow back into
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the crack, thereby eliminating the formation of veining
defects. At region B of the profile in Fig. 6, it can be seen
from the enlargement of that region that the larger the
thickness of the core, the larger the vapour transport
zone (VTZ). This suggests that the moisture content in
each of the cores increases with the thickness of the
coating as more intergranular pores are created with
higher coating thickness, giving more pore spaces for
moisture to occupy. The simulated temperature profiles

NO 3
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a uncoated cold box core; b uncoated furan core; ¢ cold box core coated with WCC without sol-gel component; d furan
core coated with WCC without sol-gel component; e cold box core coated with WCC+25% sol-gel component; f furan

core coated with WCC+25% sol-gel component

8 Casting surfaces from cores with different coating treatments

show that the maximum temperature reached by each
thermocouple is between 750 and 800°C under the
specified simulation conditions. These conditions were
replicated as much as possible in the casting experiments
to ascertain the agreement of the numerically simulated
results with the experimental results.

Prediction of defect areas

Defect prediction is one area of casting process
numerical simulations that is very important because it
provides information that will help in the optimisation
of the process to reduce or eliminate the defects
in castings. This saves money, time and energy for
foundries. From the simulated results presented in
Fig. 7, there is absence of porosities in the castings
(Fig. 7a). The porosities are limited only to the down-
sprue. However, the results showed sand burn-on
tendency and hot spot areas, which also enhance sand
burn-on, as shown in Fig. 76 and ¢. From the colour
scale, these are very low. Sand burn-on is caused by
localised overheating of the mould or core, causing
liquid metal at the mould/metal interface to penetrate
shallowly into the mould or core. When the metal at the
mould/metal interface stays hot enough to partially
decompose the binder or coating material, while still
remaining fluidy, burn-on will occur.?® Considering the
size of these castings, sand burn-on may not be a
problem since from prediction, it is more severe in the
downsprue and heavy section areas, as shown in
Fig. 7a—c, and agrees with the experimental result shown
in Fig. 7d.

International Journal of Cast Metals Research 2012

Surface quality evaluation
Cast surface appearance

The penetration and fusion of molten alloy to the mould
and core walls are considered to be two main factors
governing the surface roughness of castings. The degree
of penetration can be affected by the surface perme-
ability of mould/core walls, the surface tension of molten
alloy and the casting pressure to mould/core walls
(metallostatic pressure).”! In these experiments, metallo-
static pressure and surface tension are ignored as
possible factors to cause surface defects. This is because
the castings are small. In the case of surface tension,
since the casting time is too short (5 s) relative to the
solidification time, the surface tension of molten alloy
on contact with the mould/core walls was assumed to
be uniform to result in significant deviation in the
temperature and surface tension.?' This leaves perme-
ability of the mould/core walls as the likely factor to
affect metal penetration. The lower permeability of
moulding materials favours high quality casting surface
finish.>> The surfaces of the castings made from
uncoated and some of the coated cores are presented
in Fig. 8. For uncoated cores (Fig. 8¢ and b), the
surfaces show poor surface appearance and evident
metal penetration. Castings with these surfaces may not
be acceptable by customers who are interested in surface
aesthetics of their products and are not good for
machining either. However, the application of coatings
on the cores can circumvent this problem. By applying
coatings, it means that finer refractory materials are
deposited on the surface of the mould/core and may
even penetrate a few millimetres into the pore spaces in
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a full profile; b silica sand critical transformation zone;
c vapour transport zone in cold box (CB) and furan (F)
cores

9 Thermal profiles measured in cores during casting

process

the substrate. As shown in Table 4, this reduces the
permeability of the moulding material significantly.
However, in agreement with Parkes,” it is expected
that by applying coatings on the cores, the surface finish
of castings will be enhanced because the surface fine
details of the refractory materials will be reproduced on
the surface of the castings.

A closer look at the surfaces of castings produced
with coated cores shows an improved surface quality
(Fig. 8¢—f). The area of the cores that was not coated
(top part) also showed its effect on the surface of the
castings. The coatings on the cores enhanced the surface
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quality of the castings. However, no clear distinction is
observable from the effect of sol-gel component additive
in the presented results for castings produced with
coated cold box cores, as can be seen from Fig. 8¢ and e.
Therefore, addition of the sol-gel component to the
coating may not be necessary for cold box applications
as this means extra cost.

However, the addition of sol-gel component to the
coating enhanced the performance of the coating in
improving the surface quality of castings produced with
furan cores. This is clearly seen from the surfaces of
castings presented in Fig. 8d and f. The castings
presented in this figure were produced from the same
liquid metal, pouring temperature and pouring time
because they were in the same mould. Therefore, it is
evident that the variations that could have come from
differences in these parameters may have been elimi-
nated, giving room for level condition for the compar-
ison of the surface quality of the castings. Application of
WCC on furan cores may be questionable from these
results (Fig. 8d); however, with the addition of sol-gel
component to the coating, the performance and applic-
ability of the coating on furan cores have been
improved.

The results obtained from the experiments seem to
agree with the numerically simulated results because
there is no presence of surface defects like sand burn-on
and metal penetration on the surface of the castings
produced with the coated cores. The predicted results
placed these defects at a very low level, which agrees
with its absence on the surface of the castings. The areas
of the castings where the prediction of the defects are
significantly high, such as the downsprue, and heavy
section areas of the castings are also where the defects
occurred in the casting experiments, as shown in Fig. 7d.
From the figure, the presence of veining defects around
the heavy section and defects on the downsprue agrees
with the simulated results. The veining defects at the
heavy section areas occurred as a result of cracking of
the mould around these areas due to local overheating of
the moulding materials. This subjects the moulding
materials to heavy thermal shock, leading to their
premature failure. In the case of coated cores, the
surfaces are free from these defects.

Furthermore, in the discussion on the agreement of
the numerically simulated results and the experimental
results, an examination of the thermal profiles (Fig. 9)
shows that the cores in the casting experiments were
heated up to 700-800°C as in the simulated results. It
took ~200s in both simulated results and experi-
ments to heat the cores up to the silica sand critical
transformation temperature (573°C). The thermal pro-
files in the simulated and experimental results showed
evidence of delayed heating and the presence of VTZ at
~100°C.

The modelled coating thickness showed delayed
heating of the cores, suggesting that the coating is
thermally insulating. The delay is according to coating
thickness with the highest thickness showing the largest
delay. This is clearly shown in the inset (region A) in
Fig. 6. In the experimental thermal profiles shown in
Fig. 9b, thermal delays are also obvious and also
according to coating thickness. The coating containing
25% sol-gel component additive showed the highest
viscosity and “Baumé parameter; this coating deposited
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the highest proud layer thickness on the core, thereby
providing sufficient thermal barrier to the diffusing heat.
This confirms the thermal insulating nature of the
coating and also following the thermal property of the
refractory material (aluminium silicate). The delay
provided by the coating materials to the core substrate
helps to protect the core from the heavy shock of the
heat from the liquid metal. At the same time, it allows
for the solidification of the skin before the critical
transformation temperature is reached.

The VTZs for both cold box and furan core materials
are presented in Fig. 9¢. Closer observation shows that
the furan cores have larger vapour transport zone than
the cold box cores. This observation has been consistent,
and it suggests that the furan cores have higher moisture
content than the cold box cores.'® This is attributed to
the higher porosity of furan cores than cold box cores
and the higher affinity of furan binder materials for
moisture compared to cold box binder materials.'®

Three-dimensional surface texture evaluation

The performance of the coatings in improving the
surface quality of castings will reflect on the surface
roughness of the castings. The lower the surface rough-
ness values, the better the performance of the coatings.
However, castings free from veining, scabs and metal
penetration defects are also indications of the coatings’
positive performance. From the Taguchi experimental
design, the performance response refers to the mean
surface roughness of the castings measured using the 3D
Alicona Infinite Focus Microscope G4. The average
(mean), SD and SE of five roughness measurements (R,
values) and their corresponding signal/noise (S/N) ratios
for all the experimental runs were calculated and
presented in Table 5. From this table, it can be seen
that experiment 7 gave the lowest mean surface rough-
ness (2:54 um) and the highest S/N ratio (—8-14 dB).
From this, one might be tempted to say that this experi-
mental run appears to have the set experimental con-
ditions with optimal parameters. However, by Taguchi
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method, this is not the fundamental way of selecting
optimal experimental conditions.

In Taguchi experimental design, the S/N ratio in units
of decibels is used to measure the quality characteristics
deviating from the desired value.’*** The S/N ratio is
a measure of the performance aimed at developing
products and processes insensitive to noise factors. A
high S/N ratio means that the signal is higher than the
random effect of the noise factors. The part or process
operation consistent with the highest S/ ratio normally
gives optimal quality characteristics with minimum
variance.”® In this study, the performance response is
the surface roughness, which should be minimised, so the
required S/N ratio is the one characteristic to smaller the
better.

The mean S/N ratio calculated from the effect of the
parameters and the interactions at specified levels is the
average of all S/N ratios of a set of parameters at a given
level.>* The mean S/N ratio, the difference in levels and
the contribution for the parameters are presented in
Table 6. The contribution of an experimental parameter
was calculated from the ratio of the maximum difference
in values between the mean S/N ratio at each level and
the sum of the maximum difference in values between
the mean S/N ratios for each of the parameters, ex-
pressed in percentage. From Table 6, the order of the
influence of the parameters in terms of the reduction of
surface roughness of castings is % sol-gel>viscosity>""
dipping time. However, from the level of contributions
of each parameter, they are quite important in reducing
the surface roughness of castings.

The main effects of the various parameters when they
change from lower to higher levels can be visualised
from Fig. 10. A larger S/N ratio indicates a greater
influence of the parameter at that level on the reduction
of surface roughness of the castings. The numerical
value of the maximum point in each graph indicates the
optimum range of the experimental conditions.?**’ It is
clear from the figure that the surface roughness was

Table 5 Orthogonal array for Lg with performance responses and S/N ratio

R, values/um

Using sol-gel component as additive to foundry coatings

Number of experiment 1 2 3 4 5 Mean SD SE S/N ratio
1 4-51 2:74 415 3:43 2:52 3:47 0-86 0-39 -11-02
2 3:43 2:78 3:56 3:25 3:29 3:26 0-30 0-13 -10-29
3 2:39 2:88 2:56 2:73 2:41 2-59 0-21 0-09 -8-30
4 2:83 3-57 3:26 2:60 2:11 2:87 0-57 0-25 —-9:30
5 2:92 2:42 3:02 2-59 2:77 2:74 0-24 011 -8-80
6 2:53 2:67 2:88 2:44 2:49 2:60 0-18 0:08 —-8:32
7 2:65 2:12 2:51 2-88 2-55 2:54 0-28 0-12 -814
8 2:67 318 3:42 3:26 3:91 3:29 0-45 0-20 —10-40
9 2:86 3:34 3-49 2:06 3:31 3:01 0-58 0-26 —-9-71
No sol-gel 3:79 5-10 3:00 2:47 2:74 3-42 1-06 0:47 —-11-00
Uncoated 2:39 11-08 6:00 7-37 5-46 6-46 3-16 1-41 —-16:97

Table 6 Mean S/N ratio at given level, difference between two levels and contribution of parameters

Levels mean S/N ratios Difference
Parameters 1 2 3 Lo 4 Ls 1 Ls o % Contribution
% sol-gel -9-87 —8-81 —-9:42 1.07 0-46 —-0-61 3507
Viscosity -949 -9-83 —-878 -0-34 0-71 1-06 3474
Dipping time —-9:84 —-8-92 -9:34 0-92 0-50 —-0-41 3019
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a per cent sol-gel component; b viscosity; ¢ dipping
time

10 Effects of parameter levels on performance response
R, and S/N ratio for cold box material

lowest at the second level for sol-gel component, third
level for viscosity and second level for dipping time.
These levels are circled in Fig. 10. Furthermore, the
analysis of S/N ratio showed that the S/N ratio is highest
for the same levels of parameters as the best level for
obtaining the lowest values of surface roughness of the
castings when using the sol-gel component as an addi-
tive to this coating.

The optimum value of the surface roughness can be
predicted at the selected levels of the parameters. Iden-
tifying these parameters and their levels for mathema-
tical purposes, let the sol-gel component at the second
level be X,, viscosity at the third level be Y3 and dipping
time at the second level be Z,.

The predicted mean of the performance response MP
can be computed as'?

MP=X,+Y;+2Z, — 2R 3)

11 Comparison of surface roughness of cold box and
furan cores with same treatment

where R is the overall mean of surface roughness
(2:93 um), X, is the average surface roughness at the
second level of the sol-gel component (2:74 pm), Y3 is
the average surface roughness of the third level of
viscosity (2:74 um) and Z, is the average surface
roughness of the second level of dipping time (2-80 pum).

Therefore, substituting the values of various terms

MP=(2-74+2-7442-8-2 x 2-93) pm=2-42 pm

The ANOVA results are presented in Table 7. From
the data presented in the table, it can be seen that the
calculated ratio F value is greater than F_;, and the
corresponding p value is very much lower than 0-05.
Therefore, at 95% confidence level, these parameters had
a significant effect on the reduction of the surface
roughness of the castings.

A comparison of the surface roughness of the same
treatments of cold box and furan cores is presented
in Fig. 11. The results are comparable in all cases.
However, this should not be the case with surfaces of
castings produced without sol-gel component additive
and uncoated cores when compared for both core
systems. This is because visual surface inspection reveals
that in the case of uncoated cores from both systems, the
casting produced from cold box core should show higher
roughness value than that of furan cores (Fig. 8a and ),
although the scatter observed in the case of cold box
cores is much higher than in furan (Fig. 11). Again, for
castings produced with cores coated with coating
without sol-gel component, it is expected from visual
inspection that the furan casting should show higher
roughness value. However, this is not the case. From
these observations, it could be proposed that R,, being a
two-dimensional (2D) profile measurement, may not
describe the surface roughness of castings accurately
being that the surface of castings are not patterned.
This is in line with the explanation by Leach’ and
Whitehouse?® that a 2D profile does not necessarily indi-
cate functional aspects of surfaces. This means possibly
that two different surfaces can have the same R, values
but very different features and consequently very di-
fferent functional properties. Leach further explained
that with profile measurement and characterisation, it is

Table 7 Analysis of variance results for surface roughness data

Source of variation Sum of squares df Mean square F value p value Ferit
Between groups 60-82 10 514 0-00006 2:05
Within groups 52:07 44
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difficult to determine the exact nature of topographic
features on surfaces. He suggested a more detailed
surface texture parameter measurement in 3D. This is
known as areal surface texture. This gives a more
realistic representation of the whole surface and has
more statistical significance.’

Conclusions

1. At 25% sol-gel content, a reaction led to the
thickening of the coating with significant increase in
°Baumé. This is attributed to increasing polymerisation
rate, causing rapid gelation in the coating.

2. A glassy surface layer was observed to gradually
build upon the cores with increasing sol-gel content.

3. The core permeability was reduced by the coatings
and decreasing with increasing sol-gel content.

4. The sol-gel component additive to WCC coating
applied on cold box cores showed no significant difference,
as the surface quality of the castings is comparable.

5. A significant enhancement effect was observed on
the surface of castings with the sol-gel component
additive to WCC coating applied on furan cores.

6. The optimum coating performance can be
obtained from 25%SG, 15 s DIN cup viscosity and 3—
5's dc for this case, and the expected mean surface
roughness is 2-42 pm.

7. All the parameters (sol-gel component, viscosity
and dipping time) contributed in the reduction of the
surface roughness of the castings.

8. There is a positive potential in adding sol-gel
component to foundry coatings; however, it requires
optimum viscosity consideration as it changes the
rheology of the coatings.

9. Finally, 2D surface texture characterisation may
not be enough to describe the surface quality of cast
components. A 3D areal surface texture measurement is
suggested.
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Design and production of a novel
sand materials strength testing machine
for foundry applications

In the foundry, existing strength testing machines are used to measure only the maximum
fracture strength of mould and core materials. With traditionally used methods, the loading
history to ascertain deformation of the material is not available. In this paper, a novel moulding
material strength testing machine was designed and built for both green sand and chemically-
bonded sand materials. This machine measures and presents the loading response as a force-
displacement profile from which the mechanical properties of the moulding materials can be
deduced. The system was interfaced to a computer with a commercial PC based-control and
data acquisition software. The testing conditions and operations are specified in the user inter-
face and the data acquisition is made according to specifications. The force and displacements
were calibrated to ensure consistency and reliability of the measurement data. The force was
calibrated using an Amsler Hydraulic Press while the displacements were calibrated with and
without loading using a displacement calibrator (Heidenhain Digitaler). The calibration results
showed that the data obtained are stable and reliable and the machine can be used for the
measurement of the strength of chemically-bonded sand materials.
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1 Introduction

The importance of knowing chemically-bonded moulding
material’s response to mechanical loading cannot be over-
looked [1]. In the foundries, the practice of strength mea-
surement on moulding materials is limited to greensand on-
ly. However, S. M. Strobl et al. [2] are of the opinion that
foundries do not even go beyond measuring green compres-
sion strength thereby loosing important information from
other strength parameters. This is due to the difficulty of ob-
taining reliable and repeatable tensile strength data. Mean-
while, the flexural strength (bending strength) is common-
ly used for brittle particulate materials. The stress at fracture
in bending is known as the modulus of rupture, flexural
strength, or transverse rupture stress [3]. It determines if the
moulding or core material will withstand the metallostatic
pressure from the incoming liquid metal without breaking
leading to the production of castings with defects. Howev-
er, research on the strengths of chemically-bonded sand core
materials has been neglected for decades. Ademoh et al. [4]
evaluated mechanical properties of local material-bonded
moulding sand. They only examined tensile and compres-
sive strengths which might be regarded as unreliable for
chemically-bonded sand core materials.
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For all the available measurements carried out so far, what
hasbeen determined is the maximum strength of the green-
sand moulding materials from either tensile or compression
test or both of them using the Fischer universal strength ma-
chine (Figure 1).

In this machine, it is difficult to obtain a uniform rate of
loading because the loading is operator dependent [5]. There-
fore, it becomes imperative to have a machine for chemical-
ly-bonded moulding materials that can have uniform
loading rate. This will enhance production of reliable and
reproducible strength results. The strength machine shown
in Figure 1 only shows the load at fracture neglecting the
moulding materials elastic response to loading. It is on this
note that the authors decided to design and build a new
strength testing machine (new STM) that will have a uni-
form rate of loading and also show the loading profile. This
machine was calibrated and used to make tensile and flex-
ural tests on uncoated chemically-bonded moulding sand
materials. It is run and controlled by a computer program
that has been created for the device in a commercial PC
based-control and data acquisition software. The program
allows the user to apply a load to a specimen with choice



specifications. Depending on the par-
ticular test desired, the adaptor for that
test can be fixed.

The machine generates the loading
profile (force-displacement curve) from
which the stress-strain curve is con-
structed. For many sand systems the
stress-strain curve is a straight line or
comparatively so, in that as the load is
increased by equal increments, the
sand system deforms by equal incre-
ments. In this article, a brief descrip-
tion of the theory of mechanical prop-
erties as it applies to moulding sand is
given. The tensile and flexural strengths
of chemically-bonded sand core mate-
rials were measured using the new STM.

2 Theory

The general theory of mechanical
properties as it applies to foundry core
materials will be discussed.

2.1 Tensile strength

The tensile test is the most common test
for determining such mechanical prop-
erties of materials as strength, ductili-
ty, toughness, elastic modulus etc. [3].
The specimen is mounted between two
jaws of a tension-testing machine and
isloaded in a controlled manner while
measuring the applied load and the
elongation of the specimen over some
distance. In the foundry, the maximum
load is the only measurable property us-
ing the machine shown in Figure 1. The
displacement cannot be determined
from that instrument. The specimen for
tensile measurement of moulding ma-
terials is shown in Figure 2. Typical re-
sults obtained by measuring the stress
and strain under uniaxial loading un-
til fracture occurs are presented in a
Stress-strain curve. This curve gives a
direct indication of the material prop-
erties. Typically, the specimen has an
original length, 1;, and a cross-section-
al area, A,.

The engineering stress (nominal
stress) is defined as the ratio of the ap-
plied load, F, to the original cross-sec-
tional area, A, of the specimen:

A, (1)

Io @)
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Figure 1: Fischer universal strength machine (+GF+, Switzerland)

Figure 2: The moulding material specimen for tensile strength measurement
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where | is the instantaneous length of the specimen. The
engineering strain determines if the moulding or core ma-
terial will withstand the metallostatic pressure from the in-
coming liquid metal.

In the case of brittle materials, the engineering stress and
engineering strain are proportional in the elastic region un-
til fracture, and there is no significant plastic deformation.

The initial portion of these curves for most materials used
in engineering is linear. This is where elastic deformation
takes place. The stress (o) is directly proportional to the strain
(¢). Therefore, for a specimen subjected to uniaxial loading,
for the linear elastic portion it can be written.

o=Ee 3

This relation is known as Hooke’s law. The slope of the
straight-line portion of the stress-strain diagram (E) is called
Modulus of Elasticity or Young’s Modulus. The modulus of
elasticity may also characterize the “stiffness” or the ability
of the material to resist deformation within the linear range.
For brittle materials, like sand mould systems, the UTS is
equal to the yield strength and their plastic deformation is
almost null, because their failure does not involve signifi-
cant deformation [3, 6].

2.2 Bending strength

A commonly used test method for brittle materials is the
bend or flexure test [3]. It usually involves a specimen with
a rectangular cross-section and is supported at its ends as
shown in Figure 3. The longitudinal stresses in these speci-
mens are tensile at their lower surface and compressive at
their upper surfaces. The Flexural test measures the force re-
quired to bend a beam under three or four point loading
conditions. The data obtained is often used to select mate-
rials for parts that will support loads without flexing. In the
case of moulding materials, the three point bending test is
used and it determines if the moulding or core material will
withstand the metallostatic pressure from the incoming lig-
uid metal without breaking. The stress at fracture in bend-
ing is known as the modulus of rupture, flexural strength,
or transverse rupture stress [3].

Flexural modulus is used as an indication of a material’s
stiffness in bending. The load applied on the specimen and
the displacements were measured until fracture occurred.
The three point bending stress can be calculated by using
the following equation [7, 8] (tension calculated positive).

_3LF
" OWT?

G,=0

©

Figure 3: Bending test set-up
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and the corresponding strain ¢ is calculated from equation
(5) [8] (extension calculated positive)

e —¢ 6TA
= = 5

1 max L0 ( )
where

L, distance between supports (mm)

F load (N)

w width of the specimen bar (mm)

T thickness of the specimen bar (mm)

A deflection at the loading point

€, = €, themaximum local strain

0, = Op, the maximum local stress

Equations are only valid for a load placed in the middle of
the support.

2.3 Compression strength

Compression is the reverse of tensile loading and involves
pressing the material together. The test in the foundries is
used to determine the bonding power of the binder systems.
And subsequently, it is used to indicate the sand’s shakeout
characteristics when the sand system is subjected to the mol-
ten metal heat. If the dry compressive strength is high, the
moulds and cores are stronger and difficult to shake out [9].
The compression test is usually carried out by subjecting a
cylindrical specimen between two flat dies (platens) to com-
pressive forces as shown in Figure 4 [3]. Because of the fric-
tion between the specimen and the platens, the specimen
being brittle will behave elastically to a certain load and then
fails suddenly by splitting or cracking instead of bulging (bar-
reling) [7]. A brittle material such as moulding sand is much
weaker and less ductile in tension and shear than in com-
pression [2, 3, 10].J. W. Patrick et al. [11] and J. L. Amor6s et
al. [12] used diametrical-compression test to determine the
tensile strength using the following equation:

2W
o= (6)
nDT
where
W load (N)

D diameter (mm) of disc specimen
T  thickness (mm) of disc specimen

Generally, failures in moulding materials under compression
are essentially shear failures on planes because friction pre-
vents the top and bottom of the specimen from expanding
freely [3]. It is reported in [2], that a shear or cone of failure
is typical of cylindrical moulding sand specimen when un-
der compressive loading. The angle of inclination of the cone
of failure is determined by the angle of friction which is typ-
ically 44-49 °. In the case of granular materials, the resistance
to failure under shear stresses is a function of both the adhe-
sion and the frictional resistance to the sliding of the rup-
tured surfaces. Therefore, it is expected that the compression
strength of the coated cylindrical moulding specimens will
be higher because both mechanisms apply than that of the
uncoated specimen where only frictional resistance apply.



Figure 4: Compression strength test specimen

2.4 Brittle fracture

This is the mode of fracture observed in sand materials, brick,
coal, concrete, gypsum, rocks and glass. The similarity in the
cracking behaviour of different materials leads to the con-
clusion that there must be a common fundamental cause of
fracture. Flaws, e. g. cracks, pores, voids and notches are pres-
ent already in materials even prior to load application [13].
Brittle fracture occurs with little or no yielding. It is always
sudden, extensive cleavage fracture with negligible distor-
tion and low energy dissipation, under tensile or flexural
stress usually at defects [10, 13]. In the early 1920s, Griffith
postulated that crack extension in brittle materials occurs
when there is sufficient elastic strain energy in the vicinity
of a growing crack to form two surfaces. However, in 1950s,
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Irwin based on Griffith’s work associated crack extension
with an “energy release rate”. This gave rise to a new param-
eter, K. - fracture toughness (MPaim), or resistance to crack
growth and is called the stress intensity factor [14]. The sub-
script I on the parameter K refers to mode I loading, i. e. the
opening mode. Modern fracture mechanics relates the ap-
plied fracture stress at fracture origin, o; (MPa), to a flaw size,
a (m) (=depth of surface crack, =%z depth of embedded crack):

o, =1 (7)
f Y\/;

where Y is a dimensionless, material-independent constant,
related to the flaw shape, location and stress configuration.
For cracks extending to the surface as it is the case for sand
materials, Y =Vyn=1.22. As no material is perfectly homoge-
neous, all contain some sort of discontinuities or flaws on
some scale. It can be seen from Equation (7) that the small-
est strengths are associated with the largest flaws. In brittle
materials, stress concentrations at specimen geometry
changes, cracks, surface irregularities, pores and other in-
trinsic flaws are not relieved [14].

Brittle fracture initiates when K, < Yoy/a. Brittle fracture
propagates at >1000 m/s if the driving force is present. K,
(propagation) < K. (initiation) [14].

3 Materials and experimental procedure

3.1 Strength testing machine design, description of
various parts and assemblage

The new Strength testing machine (new STM) with its iden-
tified parts is shown in Figure 5. The main functional parts
of the new strength testing machine comprise of the follow-
ing.

- servomotor (Motor) - JVL,

- linear axis - Bosch Rexroth,

- force transducer - Nordisk Transducer Teknik,

- mounting plates (base frame) - painted steel,

- tools (tensile and bending adaptors) - original machine.

Figure 5: The new strength testing machine (new STM) with the parts identified

The motor is connected to the lin-
ear axis with a tooth-belt, which is
tensioned to zero backlash. On the
linear drive a mobile frame con-
taining the force transducer is
mounted on a block on the linear
stage, and the counter part of the
tool is mounted on a solid mount
on the base-plate for the setup. Mo-
tor, gear, encoder and communica-
tion are done with an integrated
servo drive from JVL, MAC-140
with a backlash-free planetary gear
at36:1.

The position of the tool is mea-
sured by an angular encoder on the
motor, and then multiplied by the
gearing to get the linear position.
This gives room for a position error
if there is backlash in any parts or
connections, or if the stiffness of
the machine is too low. The load

International Foundry Research 64 (2012) No. 2 17



Quality assurance / testing machine

transducer does also deform a lit-
tle during load/unload. This defor-
mation can be corrected together
with errors from the stiffness in the
machine as long as the load is
known.

The load transducer in the STM
isa CM35 5000N, and has an accu-
racy of £0.25 %, with a repeatabil-
ity of £0.10 % and a non-linearity
of £0.20 %. Since the load cell is
calibrated against a known force in
the whole range, the non-lineari-
ty, and accuracy decreases, and the
maximum errors will be from lack
of repeatability at +0.10 %.

3.2 Calibration of the system

The force was calibrated using an
AMSLER Hydraulic Press (Germa-

Figure 6: The set-up for the calibration of the displacement

ny). The position/displacement
was calibrated with and without

loading using a displacement cal-
ibrator, HEIDENHAIN Digitaler
Messtaster MI 25 (+0.0005 mm)
(Germany). The set-up for the cal-
ibration without a load is shown
in Figure 6. Later calibration
curves with steel spring load are
produced, and all measurements
were subtracted, to remove the ma-
chines elastic response from the re-
sults.

Furthermore, the displacement
curve from the system is compared
with displacement curve from the
Heidenhain calibration instru-
ment. In same way, curves from
load cell and Amsler press were
compared.

3.3 Preparation of core mate-
rials for strength tests

Figure 7: Force calibration of the system with Amsler Hydraulic Press

The chemically-bonded sand core

specimens were made from silica sand with cold box and fu-
ran core making technologies. The dog bone specimens used
for tensile tests have dimensions of 76.2 mm x 44.45 mm x
25.4 mm with amiddle constriction length of 25.4 mm. The
bending test is carried out with a bar of dimensions 172 mm
x 22 mm x 22 mm.

3.4 Strength measurement

The tensile and bending tests were performed with the new
STM. The proper adaptor for the specimens was fixed for
each of the tests. The loading/measurement velocity was
setat 0.05 mm/s. In these measurements, the loading pro-
file was measured and presented as load-displacement
curve. Three specimens with the same treatments were test-
ed for both tensile and bending tests. Before, the process-
ing of the data obtained from the new machine, the elas-
tic behaviour of the system was taken into consideration
so that the data presented only reflects the behaviour of
the specimens.
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4 Results and discussion

4.1 The calibration of the system

The force calibration results are shown in Figure 7 while the
results from the calibration of displacements with and with-
out loading are presented in Figure 8 respectively. Depend-
ing on the adaptor fitted to the machine, the tensile or flex-
ural strength can be measured with a recorded profile. The
data are linearly fitted using Regression analysis. From the
figures, it can be seen that the data obtained from the sys-
tem are in agreement with the data obtained from the refer-
ences. From Figures 7 and 8, it can be seen that the coeffi-
cient of determination, R?, obtained from the vertical devi-
ations from the lines, is close to 1 and the slope of the lines
isunity for the reference and approximately the same for the
system. This means that the variability that will be observed
from the system can be explained by the straight line mod-
el equation. This means that the measurement data obtained
from the system will be reliable and can be used to charac-



terize the specimen material. The
details of the least square method
are explained elsewhere [16, 17].
When taking elasticity and other
linear measurement errors into ac-
count the system shows excellent
precision in measuring position
and force. The remaining measure-
ment errors are insignificant com-
pared to the grain size of the sand
used in the cores.

4.2 Mechanical properties

4.2.1 Tensile strength

A typical strength measurement
specimen subjected to uniaxial ten-
sile loading on the STM is shown
in Figure 9. The specimen is pulled
apart without any evident defor-
mation. The typical loading pro-
files obtained from the new STM
during tensile test are presented in
Figure 10 for uncoated specimens.
The screen dump of the Labview in-
terface during measurement is
shown in Figure 11.

From profiles presented in Fig-
ure 10, it can be seen that the load-
ing part of the profiles is not uni-
form (not a straight line). This is
due to the non uniformity of the
specimens’ density and also due to
the slight movement of the speci-
men as it settles in the holder dur-
ing loading. The difference in the
maximum strengths of the speci-
mens before fracture is due to the
variation in density and surface
quality (K,c) which is inherent in
granular materials. The reproduc-
ibility of the tensile strength of brit-
tle materials is very low [6].

4.2.2 Flexural strength

A typical strength measurement
specimen subjected to flexural
loading on the STM is shown in
Figure 12. The specimen is subject-
ed to three-point bending test on
the new STM. The setup is shown
in Figure 3. At the point of dynam-
icloading, the specimen experienc-
es compressive stresses while ten-
sile stresses are developed in the op-
posite side of the specimen. This
leads to phenomenon known as si-
multaneous dual-stress-effect. The
typical flexural loading profiles ob-
tained from the new STM are pre-
sented in Figure 13 for uncoated
specimens.
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Figure 8: Displacement calibration on the system: a) with loading; b) without
loading

Figure 9: Broken dog bone specimen subjected to uniaxial loading in new STM

effect is dependent on the porosity of the specimen around

The profiles obtained are similar to the tensile test pro-  theloading point. The fracture strengths are much lower in
files. There are kinks observed between 50 and 75 Non the  flexural test and are also closer to each other. Due to the ori-
profile in Figure 13, this is due to the slight compaction of  entation of the specimen and the direction of the loading
the sand grains at the point of loading. The presence of this  in bending test, the loading curves are more linear and re-
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producible relative to the tensile
test curves as can be seen in
Figure 13. This suggests that the re-
sults obtained from the flexural
tests may be more representative of
the strength behavior of brittle ma-
terials. Theis in agreement with the
claim made in [3] that flexural tests
are the most reliable test for the de-
termination of the strength of brit-
tles.

4.3 Confirmation of higher
precision of the new strength
testing machine (new STM)
over the old strength testing
machine (old STM)

The controlling software is made
to acquire and present data as Force
(N) vs. Time (s) during measure-
ment. It automatically converts
the data as Force (N) vs. Displace-
ment (mm) during data saving.
The measurements with new
strength testing machine (new
STM) was done at a constant load-
ing rate of 0.5 mms-, which is
one of the advantages of the new
STM. This is very clearly shown in

Figure 10: Tensile test - typical strength profiles from three uncoated dog bone
specimens after fracture in new STM

Figure 11: The screen dump of the data acquisition interface during measurement
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Figure 14 with the smoothness of
the curves. In the measurements
with the old STM, the controlling
software still assumes uniform
loading rate in the data acquisition
during measurement, even at this
situation, it is clearly seen that the
loading is not uniform because it is
manually loaded, which is a limi-
tation of the old STM. Further-
more, the old STM does not mea-
sure displacement, which is anoth-
er limitation (the displacements  Figure 12: Broken bar specimen subjected to bending test in new STM
seen here for old STM is as a result
of the conversion of time to dis-
placement by the system during da-
ta saving).

In the measurements presented
in Figure 14, three measurements
were made for both machines and
the reproducibility of the new STM
is obvious against the non repro-
ducibility of the old STM. This con-
firms the higher precision and re-
liability of the new STM over the
old STM.

5 Conclusions

Anew moulding materials strength
testing machine (new STM) was de-
signed and built. The new STM was
interfaced with a PC based-control
and data acquisition software. The
machine is designed to the stan-
dard that is normally used in labo-
ratories to make tensile, compres-
sion and three-point-bend tests.
The force and displacement of the
new STM were calibrated to ensure
reliability of the measurements.
When taking elasticity and other
linear measurement errors into ac-
count the system shows excellent A
precision in measuring position 1200+
and force. The remaining measure-
ment errors are insignificant com- 1000
pared to the grain size of the sand
used in the cores. The tensile and

Figure 13: Three point bending test - typical strength profiles from three uncoat-
ed bar specimens after fracture in new STM

bending strengths of chemically- Z 8009
bonded sand cores materials were g
successfully measured using the Q600
new STM and robust results were — new STM1
obtained. 400 4 —— new STM2

In tensile tests, the profiles show new STM3
the pulling tool and its point of — STM1L
contact with the specimens affect- 200 —— ST™M2
ed the linearity of the profile. Al- . STM3
though, this depends on the posi- o+——¥——Fr—Fr—"1T7T"—7T—71——7
tion of the grip and the strength of 010 015 020 025 030 035 040 045 050 0.55 0.60 0.65
the material at that point. In the Displacement, mm
bending test, the profiles are more
reproducible and may be more re- Figure 14: Force (N) vs. displacement - comparison between new strength test-
liable in the determination of the ing machine (new STM) and old strength testing machine (old STM)

strength of brittle materials.
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Mechanical properties of chemically bonded
sand core materials dipped in sol-gel coating
impregnated with filter dust: novel approach
to improve casting quality

U. Nwaogu* and N. S. Tiedje

A novel sol-gel coating impregnated with filter dust was applied on chemically bonded sand core
materials by dipping. After curing, the strengths of the core materials were measured under
uniaxial loading using a new strength testing machine (STM). The STM presents the loading
history as a force—displacement curve from which the mechanical properties of the materials are
deduced. The fracture surfaces were examined using a stereomicroscope and a scanning
electron microscope. From the results, the strengths of the core materials were slightly reduced
by the coating in tensile and flexural modes, while the strengths were increased under
compression. The mode of fracture of the chemically bonded sand core materials was observed
to be intergranular through the binder. The stiffness of the chemically bonded sand core materials
was determined. For better understanding of the mechanical properties of the chemically bonded
sand core materials, a combination of flexural and compression tests is suggested for improving

the casting quality.

Keywords: Mechanical properties, Brittle fracture, ANOVA, Weibull statistics, Microscopy, Cold box, Furan, Linear regression analysis

Introduction

Knowledge of the strength of chemically bonded
moulding materials cannot be overlooked.! Although,
new technologies in core making, such as cold box,
furan, hot box processes, etc., make presumably strong
cores. However, there is a strong need to quantify the
strength of moulding materials produced from these
chemical systems, because some of them are coated with
mould or core washes to enhance the surface finish of
the castings produced from them.>® Foundry experts
believe that the application of refractory coatings on
moulding materials reducess the strength, but to what
extent is not known. This situation is worse with water
based coatings compared to alcohol based coatings. It is
well known that water degrades the strength of
moulding materials made with sodium silicate/CO,
process,”® making the application of water based
coating to sodium silicate cores difficult.

Above all these, in the foundries, the performance of
strength measurement on moulding materials is limited to
greensand materials. However, Strobl and Schuster’ are
of the opinion that foundries do not even go beyond
measuring green compression strength. This leads to loss
of important information from other strength parameters
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like flexural and tensile strengths. This is due to the
difficulty in obtaining reliable and repeatable tensile
strength data. Meanwhile, flexural strength (bending
strength) is commonly used for brittle particulate
materials.'® The stress at fracture in bending is known
as the modulus of rupture, flexural strength or transverse
rupture stress.” It determines if the moulding or core
material will withstand the metallostatic pressure from
the incoming liquid metal without breaking and thus
prevents the production of castings with defects.
However, research on the strengths of chemically bonded
sand core materials has been neglected for decades.
Ademoh and Abdullahi'' evaluated the mechanical
properties of expendable sand cores bonded with gum
Arabic (acacia species) grade 4. They only examined
tensile and compressive strengths, which may be regarded
as unreliable for chemically bonded sand core materials.

In this study, the tensile and flexural strengths of
chemically bonded sand core materials were measured
using a new strength testing machine (STM). The
compression strength was measured with an Amsler
hydraulic press. Descriptive statistics, analysis of var-
iance (ANOVA) and Weibull statistical distribution
were applied in the evaluation of data, and reliable
deductions were made. The fracture surfaces were
examined in detail, and deductions were made. The
modulus of elasticity (stiffness) of the chemically bonded
sand materials was also approximately quantified from
the stress—strain curves.
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1 Strength testing machine used in this study

Experimental

Sol-gel coating formulation

The sol-gel coatings were formulated from a sol-gel
stock solution prepared by acid (0-1N HCI) catalysed
hydrolysis with water of (3-glycidyoxypropyl)trimethox-
ysilane (Degussa) and aluminium (III)-s-butoxide, 75%
solution in s-butanol (AL, ABCR). After stirring the sol
for 30 min, propyltrimethoxysilane (Evonik/Degussa)
was added. Stirring continued for another 30 min. The
molar composition of the sol-gel stock solution was
385:3:1:95 (3-glycidyoxypropyl)trimethoxysilane/alumi-
nium  (I11)-s-butoxide/HCl/propyltrimethoxysilane). The
sol-gel stock solution was mixed with 3% bentonite
suspension in demineralised water, in the ratio of 6:7:1,
for 30 min. The refractory filter dust was added, and the
blend was stirred for ~2 h until a homogeneous sus-
pension was obtained. The coatings were prepared with
40, 50 and 60 wt-% filter dust.

Preparation of core materials for strength tests

The chemically bonded sand core specimens were made
from silica sand with cold box and furan core making
technologies. The cold box cores were made from 100%
new sand, while the furan cores were made from 80%
regenerated sand with 20% new sand. The briquette or
dog bone specimens used for tensile tests had a length
of 76-2 mm, a rectangular reduced gauge section of
25-4 x 25-4 mm and enlarged shoulders at both ends of
diameter 44-5 mm. The bending tests were carried out
on a rectangular cross-section bar of dimension 172 x
22 x22 mm and the compression tests on cylindrical
specimens of height 67 mm and diameter 50 mm.'?
These specimens were dip coated with sol-gel coatings
containing 40, 50 and 60% solid content for 1, 3 and
5's. Three replicates were tested for each treatment
condition.

Strength measurement

Tensile, bending and compression tests were performed
in this study. Tensile and bending tests were performed
with the custom built STM shown in Fig. 1. This
machine was carefully calibrated. The loading/measure-
ment velocity was set at 0-05 mm s~ '. Three uncoated
specimens were tested for each of the three strength
modes, whereas all the other specimens tested were
coated. Three specimens at each level for each of the
tests were dip coated in 40, 50 or 60% solid content
solutions for 1, 3 or 5s. Before processing the data
obtained from the new machine, the elastic behaviour of
the system (steel metal) was taken into consideration so
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that the data presented reflect only the actual behaviour
of the specimens.

From the load-displacement curves obtained, the
curves were converted to stress—strain curves accord-
ingly. The tensile and bending strengths at fracture were
determined. The curves obtained were linearly fitted to
determine the elastic modulus (stiffness) of the moulding
materials as the slope of the linear portion of the
profiles.

The compression test was performed with an Amsler
Hydraulic Press. In the Amsler Hydraulic Press, since
only the lower punch moves, single end pressing was
carried out. Moreover, the stress state in the sample was
assumed to be homogeneous with the symmetry axis of
the specimen.

Statistical evaluation

Descriptive statistical analysis was applied to the data
from each set of three specimens to determine the means
and standard deviations. Analysis of variance was
applied to all the data in each test to determine the
significance of the means. All statistical analyses were
performed at a 95% confidence interval. A Weibull
analysis'>'® was performed on the data from the
flexural strengths of the chemically bonded sand core
materials.

Characterisation of the fracture surface

A stereomicroscope (Zeiss Stereo CL1500 ECO) was
used to examine the fracture surface to elucidate the
penetration depth of the coating into the substrates in
order to evaluate the effect of the coating penetration on
the mechanical properties of the core materials. Image-
Pro Plus Version 6.2, an image analysis software, was
used to measure the penetration depths from the
stereomicrographs. Stereomicrographs with a calibra-
tion bar identifying a length of 0-5 mm were uploaded
into Image-Pro Plus software, one at a time. The
calibration bar was used to specify the length of
0-5 mm to the software using spatial calibration. After
calibration of the image, a length measuring tool was
used to measure the depth of the coating penetration
into the cores, as identified by colour variations on the
image from the coating penetrated area and the coating
free area. For each stereomicrograph, five different
measurements of the penetration depths were made. The
averages and standard deviations of the data are
presented.

The sand specimens are non-conducting; conse-
quently, they were sputtered with carbon. After which,
the fracture surfaces of the sand materials were
examined using a scanning electron microscope (SEM)
(JOEL JSM-5900 with LaB6) filament equipped with a
INCA X Oxford Instruments EDS.

Results and discussion

Mechanical properties
Tensile strength

A typical briquet/dog bone specimen subjected to
uniaxial tensile loading on the STM is shown in
Fig. 2a. The specimen is pulled apart without any
evident deformation. The typical loading profiles
obtained from the STM during tensile test on three
specimens are presented in Fig. 2b. It can be seen from
Fig. 2b that two of the tensile strength profiles have
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a broken dog bone specimen subjected to uniaxial load-
ing on STM; b typical strength profiles from three dog
bone specimens

2 Specimen and profiles obtained from tensile test

kinks of ~50 N loading; this is due to the adjustment of
the specimens on the pulling fixtures of the STM. As can
be seen from the profiles, after the adjustment, the
profiles seem reasonably linear when firm grip is
established until fracture.

From Fig. 2b, it is possible to determine the load at a
corresponding displacement from the start of the
loading until failure. The maximum strength at failure
can also be determined, and as can be seen from the
profiles, there is a scatter in the maximum strength
values that is typical of brittle materials. This is
attributable to the fact that granular materials have
inherent pores, cracks, voids and fissures that are of
different volumes and sizes in the various specimens.
This means that it is difficult to assign a specific strength
value to represent their mechanical behaviour.'® Instead,
the strength of chemically bonded sand core materials
will be presented as an average with a 95% confidence
interval to compensate for the variations.

From Fig. 3, it can be seen that the coating on the
cores slightly reduced the strength of the core materials
compared to the uncoated cores. This is attributed to the
fact that the coating is aqueous in nature and as such
may weaken the bonds formed by the binder with the
sand grains, which suggests that the strength of the core
materials may be determined by the bonding bridges
between the sand grains. It can also be seen from Fig. 3
that the effect of the percentage solid content and the
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3 Tensile strengths of a cold box and b furan chemically
bonded sand specimens

dipping time cannot be established due to the hetero-
geneity of the sand materials as a composite.

A comparison of the strengths of cold box (Fig. 3a)
and furan (Fig. 3b) core materials shows that the cold
box material has higher strength than the furan material
in the tensile mode. This is expected because cold box
binders, due to their chemistry, generally are stronger
than furan binders. Since the cold box binder is used
with fresh sand and the furan binder is used with partly
regenerated sand, we should expect to see a difference in
the mechanical properties of the two systems. Further
analysis of Fig. 3 shows that the effect of the aqueous
nature of the coating in strength reduction is less
pronounced in the furan core material compared to
the cold box core material. However, the scatter in the
value of the strength in the furan core material is larger
than in the cold box core material. This may be
attributed to different influences such as the difference
in the sand materials used (cold box, 100% new sand;
and furan, 20% new sand and 80% regenerated sand),
the chemicals and, most importantly, the core produc-
tion process. The cold box core materials are made
automatically, while the furan core materials are made
manually. Therefore, in furan core materials, there may
be inconsistencies in compaction, density, permeability,
etc., which may vary from specimen to specimen. All
these will affect the flaws that in turn will affect the
strength values.

Flexural strength

A typical bar specimen subjected to bending/flexural
loading on the STM is shown in Fig. 4a. The specimen is
subjected to a three-point bending test according to
ASTM standard D5934.%° At the point of dynamic
loading, the specimen experiences compressive stresses,
while tensile stresses are developed in the opposite side
of the specimen. This leads to a phenomenon known as
simultaneous dual stress effect. The stress o, strain ¢ and
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a bar specimen subjected to bending loading on STM; b
typical strength profiles from three bar specimens
4 Specimen and profiles obtained from bending test

modulus of elasticity £ can be calculated from the

following flexural strength equations?!-*?
- % )
and
o= 3)
Thus
3
2= ()

where P is the loading force, /is the cross-section length,
b is the cross-section breadth, L, is the support span and
d is the specimen displacement. The stresses presented in
this study are calculated from equation (2).

The typical flexural loading profiles obtained from the
STM are presented in Fig. 4b for three bar specimens. A
closer look on the profiles reveals some kinks during
loading; this time, it is as a result of cracking of the
coating or compaction of the coating or sand (uncoated)
at the loading point. It indicates that the force from the
test fixture breaks the surface of the cores at a specific
pressure.

The flexural strength is significant to assess the
strength in the core print areas since the loading effect
here during casting is bending. The loading effect can
also be compression and bending, depending on the
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5 Flexural strengths with standard deviation of a cold
box and b furan chemically bonded sand specimens
subjected to different coating times

geometry of the castings, the locations of the core prints
and the ingates.

The profiles obtained are similar to the tensile profiles.
The same deductions made from the tensile profiles are
also applicable for the flexural profiles. For the uncoated
bars, the profiles look consistent, and the maximum
strength for the three specimens are quite close, as can
be seen in Fig. 4b. However, with application of the
coating to the core materials (Fig. 5), the results showed
the influence of the coating on the strength. This is due
to the coating weakening effect on the binder bonding
bridge between the sand grains.

From Fig. 5, the absence of a trend with the
percentage solid content and dipping time is also
evident. The effect of the coating on strength reduction
is also more obvious in the cold box core material
(Fig. 5a) compared to the furan material (Fig. 5b). The
furan materials also showed larger scatter in the
measured values for the same reasons given above for
the tensile test profiles.

Compression strength

Owing to the limited capacity of the load cell used for
the STM as a result of the strength of the main frame,
the compressive strength measurements were made with
an Amsler hydraulic press. A specimen subjected to
compressive testing is shown in Fig. 6. It is very clear to
see the inclined fracture nature. This is referred to as
conical, pyramidal or wedge shaped failure mode, which
is frequently observed in uniaxial compression tests, as
the normal type of fracture mode of granular materials.
An inclination angle of 44-49° of the cone of failure, as
suggested by Strobl and Schuster,’ is evident. This
happens due to the lateral confining effect of the loading
platens of the test machine. Friction restricts lateral
expansion of the specimen near both ends.'**
Consequently, under usual testing conditions, the stress
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6 Broken cylinder specimen subjected to compression
test on Amsler Press

distribution in the specimen is neither uniform nor
uniaxial.>*

From Fig. 7, a similar trend to tensile and flexural test
results is also observed, with no justifiable trend on the
influence of percentage solid content and dipping time
on the strengths. However, it is obvious that the coated
core materials in both systems demonstrated higher
strength in compression than the uncoated specimens.
Generally, brittle materials are stronger in compression
than in tensile mode. From the results presented in
Fig. 7, it can be seen that the coating enhanced the
compression strength of the core material. This is
attributable to the presence of the filler materials
deposited into the pore spaces near and on the surface
of the core material. These filler materials enhanced the
resistance of the core material to compress by impeding
the movement of the sand grains around the surface
of the cores, hence the higher strength observed relative
to the uncoated specimens. Larger scatters in the
measurement values were also observed for the coated
furan cores than in the cold box cores. The compression
test results obtained from the Amsler hydraulic press
showed a similar behaviour with the tensile and flexural
strengths results obtained from the new STM. There is
no observable trend on the effects of percentage solid
content and dipping time. However, it is suggested that
the compression test result can be used to determine the
load carrying power of chemically bonded sand core
materials." This will show to a reasonable extent the
amount of metallostatic weight the sand material can
withstand for sound casting production.

Statistical analysis

The results of the descriptive statistics have been
presented in the form of charts in Figs. 3, 5 and 7,
showing the means and corresponding standard devia-
tions. From the results presented in these figures, the
influence of the percentage solid content and dipping

7 Compression strengths with standard deviation of a
cold box and b furan chemically bonded sand speci-
mens subjected to different coating times

times could not be established. The significance of the
means was determined using ANOVA. The ANOVA
results presented in Tables 1 and 2 for the two core
systems show that the means are not significantly
different for the tensile and flexural strengths at 95%
confidence interval. This is clearly seen from the P values
(P values >0-05), and the F values are less than the
Fcrit. values, as shown in the tables.

On the other hand, for the compression strength of
cold box and furan systems, ANOVA results show that
the means are significantly different (P values <0-095),
and the F values for both core systems are greater than
the Fcrit. values, as shown in Table 3.

Kalpakjian and Schmid'® stated that the flexural
strength is the most reliable for brittle materials.
Therefore, based on the ANOVA results for flexural
strength, it can be stated that the average means of all
the data for cold box and furan are not significantly
different. Hence, to better understand the measured
properties, Weibull statistical distribution is applied to
model the mechanical properties of the cold box and
furan core materials using flexural strength data. Since
all the means are not significantly different, all the
measurements of both coated and uncoated samples for
each of the cold box and furan core materials were
considered simultaneously. This gives a total of 30
measurements for each system. The results from the
Weibull statistics are presented in Fig. 8. It is clear that

Table 1 Analysis of variance results of tensile strength of cold box and furan core materials
Source of variation DoF Sum squares Mean square F value P value Fcrit.
Cold box Between group 9 1:9x 10" 211x10'° 0-846 0585 2:393
Within group 20 498 x 10" 2:49%x10'°
Furan Between group 9 474 x 10" 527 x 10'° 0-465 0-881 2:393
Within group 20 227 x 10" 1-13x 10"
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Table 2 Analysis of variance results of flexural strength of cold box and furan core materials

Source of variation DoF Sum squares Mean square F value P value Fcrit.
Cold box Between group 9 2:725 0-303 1-306 0-294 2:393
Within group 20 4-637 0-232
Furan Between group 9 3:816 0-424 1-597 0-183 2:393
Within group 20 5310 0-265

the experimental data fit with the predicted model for
both cold box and furan core systems. The fitting
showed a coefficient of determination R*=0-98 and 0-95
for the cold box and furan systems respectively.

The Weibull modulus (f) and characteristic strength
() for the two core systems were determined from the
Weibull statistical distribution and presented in Table 4.
The Weibull modulus or shape parameter describes the
variation in the distribution of the strength values from
different materials and also establishes a direct relation-
ship with the size and distribution of the defects pre-
sent in a specific volume of a material. In this sense,
high Weibull modulus indicates a smaller error range
(narrow strength distribution) and potentially higher
reliability.>** Furthermore, the Weibull modulus (/)
indicates whether the failure rate is increasing, constant
or decreasing. A <1 indicates that the materials have a
decreasing failure rate, a f=1 indicates a constant
failure rate and a f>1 indicates an increasing failure
rate.”” In both systems, the Weibull moduli are very
much higher than unity, which indicates an increasing
failure rate with increasing stress. With f=7-68 and 6-14
for cold box and furan respectively, it means that these
materials tends to fracture with higher probability for
every unit increase in applied stress. From these values,
cold box has a higher probability of fracturing than the
furan core material. It can be seen from Fig. 8 that the
Weibull moduli or the slopes are similar more or less.
The similar slopes suggest that the same flaw types are
operational in the core systems and are the cause of
failure.”® This suggestion will be verified by fracto-
graphic analysis. As a measure of the variability of
strength in a material and its dependence on crack size
distribution, a higher modulus is usually desirable, as
materials with high Weibull moduli are more predictable
and less likely to break at a stress much lower than the
mean value.***

The characteristic strength or scale parameter repre-
sents the value of stress at which 63-2% of the material is
expected to fail.?*** The reported Weibull characteristic
strength values (Py=63-2%, P; is the probability of
failure) are slightly greater than the mean strength
values (P;=50%).* From the results presented in
Table 4, it is clear that cold box has a higher
characteristic strength than furan. This places cold box
at an advantage over furan as core materials for cores
with limited sizes in the foundry. Unknowingly to
foundry men, the reason for the wide application of

cold box core technology for smaller cores in the
foundry can be justified by these analyses, which are
rarely performed in the foundry routine tests.

The reliability analysis was performed for the two
core systems using the data obtained from the Weibull
analyses. The results are presented in Fig. 9. The term
reliability is used for the probability of functional
performance of a part under current service conditions
and in a definite time period. This means that a material
can be used without failure.'” The reliability curve in
Fig. 9 shows that between 1 and 2 MPa, the core
materials show the highest reliability. However, for
more certain assessment, between 2 and 4 MPa, the cold
box core materials show higher reliability than the furan
core material. The reliability decreases with increasing
stress. Furthermore, at any of the reliability levels, the
cold box core material has higher fracture strength than
the furan core material. This is in consonance with the
higher Weibull modulus and higher strength at which
62-3% of the data is expected to fail for the cold box core
material, as presented in Table 4.

Fracture surface
Coating penetration depth on fracture surface

The coating penetration depths were examined with a
stereomicroscope, and the penetration depths were
measured with an Image-Pro Plus software. The
stereofractographs showing the effects of solid contents
on the coating penetration are shown in Fig. 10, while
the coating penetration depths at 5s dipping for
different solid contents and at 60% solid content for
different dipping times are presented in Fig. 11. From
Figs. 10 and 11, it is clearly evident that the coating
penetration depth into the cores decreases with increas-
ing solid content and dipping time. The variation of
surface layer deposition and penetration into the core
material with solid content and dipping time was
extensively investigated and discussed by Nwaogu
et al.? From Figs. 3, 5 and 7, it is seen that the coating
solid contents and dipping times have no obvious
distinguishable effect on the strength of the core
materials. This is attributed to the brittle nature of the
refractory material of the coating. Both sand grains and
refractory material are brittle in nature; however, the
only difference is that the particle size of the refractory
material is several orders of magnitude lower than the
sand grains. As the cores are made with a binder before
the application of the coating, the binder has already

Table 3 Analysis of variance results of compression strength of cold box and furan core materials

Source of variation DoF Sum squares Mean square F value P value Fcrit.

Cold box Between group 9 1-26x 10" 1:4x10°1° 3748 0-007 2:393
Within group 20 747 x10'° 3.73x10°

Furan Between group 9 1-89x 102 21x10" 2:647 0-033 2:393
Within group 20 1:59% 102 7:94x 10"
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8 Regression analysis of flexural strength of a cold box
and b furan core materials

cured. By so doing, the sand grains are covered by the
binder material. The slight reduction of the strength of
the core material observed in tensile and flexural
strengths is attributable to the aqueous reaction between
the binder material and the moisture in the coating that
weakens the bonding bridges formed by the binder
system with the sand grains. If the core materials are
dried immediately after coating, this effect may be
reduced. When the coating on the core material is dried,
the refractory materials are deposited in the pores or
voids in the penetrated area. These deposited refractory
materials are just sitting in the voids without any strong
connection with the binder and therefore have no
contribution to the bonding power. This is shown in
Fig. 12a and d. However, in the case of compression, a
different observation is made. Although the refractory
material does not contribute to the bonding power, it
enhances friction, which impedes the movement of the
sand grains around the penetrated area. This means that
the load on the coated surface is carried not only by the
binder but also by the coating refractory grain. In this
situation, the refractory material enhances the compres-
sion strength. This is in line with the ANOVA results for
compression strength for both core systems, where the
means are significantly different from the mean of the
uncoated material.

It is worth noting that although the refractory ma-
terials in the coatings do not contribute to the strength of
the moulding materials, they have a significant effect on
permeability. Indeed, they may reduce the permeability of
the moulding materials™ to the extent that venting of the
core gases is through the core prints. Binder constituents

Table 4 Estimated Weibull parameters for two core systems

9 Weibull reliability curve for core materials

pyrolyse during casting, but diffusion of the gases pro-
duced into the melt is hindered by the sealing by the
coating of the pores between sand grains, and the gas is
redirected towards the core prints for venting. This helps
to prevent gas related defects in the castings. Further-
more, the gas pressure built up in the cores may prevent
metal penetration. In industrial practice, the cores are
often not coated completely to provide a more rapid
escape route for the generated gases. A fruitful subject
for further studies may be to investigate the influence
of foundry coatings on the formation of gases during
casting. This will require improved understanding of
coatings and binder chemistry, with good experimental
design to study the effects of different factors.

Fracture surface examination

The SEM was used to study the fracture surface of the
chemically bonded sand core materials in more detail in
order to establish the cause of failure, and the SEM
fractographs are presented in Figs. 12-14. From these
micrographs presented, it could be suggested that the
flaws present include pores or voids, cracks, micro-
notches and heterogeneities (caused by the filter dust)
(Fig. 12a). Naturally, the moulding materials are por-
ous. Therefore, the most important causes for failure
among these flaws are pores or voids and micronotches.
The sand grains are held together by the bonding bridges
formed by the binder, as shown in Fig. 12b. The
bonding bridges are only formed where the sand grains
touch one another. These are at selected points, and
voids are present in between bonding bridges. This is
because the sand grains are not perfectly packed due to
the variation in shapes and sizes (Fig. 12¢). Some of the
points of contact of the sand grains with one another are
marked with arrows in Fig. 12¢, and these are the failure
points. To elucidate the fact that the refractory material
does not contribute to the bonding power of the system,
a closer look at Fig. 12d reveals that the powdery
refractory filler material is only sitting on the sand grains
without any evidence of bonding. From these analyses
and as can be seen from the fractographs presented
in Figs. 13 and 14, it is suggested that the fracture mode
is intergranular through the binder. Therefore, the
strength of the chemically bonded sand core materials

Identity No. of specimens Weibull moduli Characteristic stress «/MPa
Cold box 30 7-68 359
Furan 30 614 3:41
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a 40% on cold box; b 40% on furan; ¢ 50% on cold box; d 50% on furan; e 60% on cold box; f 60% on furan
10 Stereofractographs showing effects of solid content on penetration of cold box and furan at 5 s dip coating

is determined by the strength of the binder itself. This
depends on the chemical composition as well as the
number of bridges and their shapes.

Furthermore, the smoothness of the areas around the
fracture points in Figs. 13 and 14 suggests the presence
of voids between binder coated sand grains and directly
confirms that one of the major reasons for the brittle
nature of these sand systems is the presence of these
voids. This has a weakening effect on the strength of the
core materials.

Determination of Young’s modulus or modulus
of elasticity of chemically bonded sand core
material

In the foundry, the primary interest is for the core
materials to withstand metallostatic pressure from the
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incoming melt and still be easily shaken out after
casting; otherwise, defective castings will be produced,
thereby increasing the scrapping rate. This is not what
the foundries want. The sand core material should have
limited movement or deformation to insure that the
molten metal will solidify in a solid mass with the right
dimensions and free from internal porosity or shrinkage
around it. Therefore, it becomes important to quantify
the stiffness and load carrying power of the core
materials. The maximum load that the sand core
material will carry at a point of collapse is called the
ultimate strength. At this point is also found the
ultimate deformation, which is often used in defining
the elasticity of a sand material. A value that has greatly
helped engineers in evaluating the load carrying power
of metals is the modulus of elasticity. For sand
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11 Coating penetration depth in core materials at a 5s
dipping time for different solid contents and b 60%
solid content at different dipping times

materials, it is proposed to use a similar factor." The
modulus of elasticity of sand materials is a measure of
the rigidity of the sand and may be used to express the
load carrying power of sand materials in that it is the

ratio of stress/strain at any load below the yield point.
This increases as the sand material becomes more rigid.
The more rigid a sand material is, the steeper or greater
the angle of the stress-—strain curve. As the angle
increases, the deformation will be lower for a given
load.’

As the bending or flexural test is commonly used to
test brittle materials,'” the modulus of elasticity or
stiffness of the chemically bonded sand materials
investigated in this study is determined using the
bending test data. The elastic (linear) portion of the
load—displacement curves is converted to stress—strain
curves. Typical stress—strain curves obtained from this
study are presented in Fig. 15. For sand materials, this
region is known as the proportional range. A long
proportional range is a good attribute in that the sand
material will resist movement, breakage or enlargement
over a wide loading." The curves in the figure were
linearly fitted, and the slope of the linear portion was
taken to represent the stiffness of the specimens.?' The
deduced stiffness of all the specimens studied and the
corresponding determination coefficients (regression
coefficients) are presented in Table 5. From the results
presented in the table, it can be inferred that the coating,
the dipping time and the percentage solid content have
negligible effect on the stiffness of the chemically bonded
sand core materials. It is also observed that the coating
has no effect on the stiffness obtained from the
comparison of the results from the coated and uncoated
chemically bonded core materials. This means that the
sol-gel filter dust coating has no significant effect on the
stiffness of the moulding materials. This could probably

12 Fractographs of cold box cores from SEM showing a coated and uncoated area, b interparticle bonding bridge, ¢
fracture point in uncoated area and d coated area containing filler particles
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13 Fractographs showing fracture points at failure during
test of cold box cores: a sand grain covered by bin-
der and b sand grain covered by refractory materials

be attributed to the fact that the filler materials in the
coating are brittle like the sand system itself and do not
contribute to the bonding power. This invariably
confirms the fact that the refractory materials are
loosely sitting in the voids. It could also be as a result
of insignificant coating penetration depth, which is
evident in Fig. 10. From the profiles in Fig. 154 and b
for the uncoated and coated core materials, there is little
or no plastic deformation shown during the period
under stress. This is typical of the brittle material due to
large number of various flaws in the materials.

Conclusions

The tensile and bending strengths of chemically bonded
sand core materials were measured using a new STM, and
the compression strength of the same materials was
measured with an Amsler hydraulic press. From the detailed
studies and analyses, the following conclusions are drawn.

1. The novel sol-gel filter dust refractory coating has
no significant effect on the strength and stiffness of the
chemically bonded sand core materials.

2. Chemically bonded sand core materials have no
specific strength but a range of strengths at ambient
temperature. However, from Weibull statistical distribu-
tion, 63-2% of the materials tested are expected to fail in
a three-point bending test at 3-59 and 3-41 MPa for cold
box and furan core respectively.

3. The Weibull modulus for cold box is larger than
that of furan, making cold box a stronger core material
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14 Fractographs showing fracture points at failure during
test of furan cores: a spalling of sand grain at a
bonding bridge and b breakage of bonding bridges at
grain contacts

15 Typical stress—strain curves: three a uncoated and b
coated chemically bonded sand core materials showing
curve fitting details
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Table 5 Deduced stiffness and corresponding determination coefficient for cold box and furan core material

Cold box Furan

Dip coating ID Stiffness/MPa R? Stiffness/MPa R?

Os Uncoated 1386 (+17) 0-998 1339 (+438) 0-9855

1s 40% 1540 (+190) 0-995 1302 (+226) 0-9665
50% 1427 (+364) 0-998 1198 (+325) 09758
60% 1220 (+285) 0994 1071 (+421) 0-9579

3s 40% 1404 (+59) 0-995 1095 (+356) 0-9641
50% 1335 (+141) 0-981 1440 (+78) 09679
60% 1142 (+231) 0-987 1274 (£194) 0-9699

5s 40% 1289 (+29) 0-989 1572 (£132) 0-9972
50% 1373 (+221) 0-9927 1218 (+126) 09919
60% 1051 (+291) 09798 1278(+261) 0:9266

in tensile and flexural modes. Furan is a stronger
material than cold box under compression.

4. The reduction in strength of the materials with
coating under tensile and flexural loading may be caused
by the chemical reaction between the moisture in the
coating and the chemicals of the binder. This reaction may
be reduced by drying the core immediately after coating.

5. The extent of strength reduction by the coating
can be considered negligible as suggested by the
ANOVA results for tensile and flexural strengths.
However, for compression, the coating refractory
material enhanced the strength of the materials.

6. A combination of the flexural and compressive
tests will give a better understanding of the strength
condition of chemically bonded sand core materials for
effective foundry applications.

7. The mode of fracture for the chemically bonded
sand core materials is established to be intergranular
through the binder. Therefore, the binder determines the
strength of the core materials.

8. The moduli of elasticity of the chemically bonded
sand core materials were determined in the range of
1000-1500 MPa for cold box and 1000-1600 MPa for
the furan core material at ambient temperature. The
binder remains the determinant.

9. The deduced modulus of elasticity for the chemi-
cally bonded sand core materials may find application in
expressing the rigidity of the materials. This can also be
extended to the moulding materials.

10. The compression test can be termed the ‘load
carrying test’, which measures the movement of the sand
system under a selected load at various time intervals.
This will offer foundries a new tool to enhance the
production sound castings.
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ABSTRACT

The importance of foundry coating in improving the surface quality of castings cannot be over emphasized. The appli-
cation of mould and core washes creates a high thermal integrity barrier between the metal and the mould resulting in
the reduction of the thermal shock experienced by the sand system. These thermal shock leads to series of surface de-
fects such as veining/finning, metal penetration, burn-on/in, scab, rat tail, erosion etc. The use of coatings reduces the
tendency of occurrence of these defects. However, the understanding of the coating, its components, characteristics and
mechanism of action is important. In this review, a detailed description of these topics and examples are provided
where necessary. A potential area of research in foundry coating development, using sol-gel process is suggested. The

application of sol-gel technology in the development of foundry coatings is a novel approach.

Keywords: Coating, Refractory Materials, Application Methods, Characterization, Sol-Gel Technology

1. Introduction

Research in coatings for various applications such as
aesthetics, corrosion protection, wear resistance, thermal
barrier, self-cleaning, antifouling etc. have been very
wide spread but not much is going on in the area of
foundry coatings in recent times. The use of foundry
coatings for moulds and cores during casting is very
necessary as a means of achieving high quality surface
finish of castings more especially in complex internal
channels created by use of cores. This is despite the con-
siderable advances that have taken place over the recent
years in binder and sand technology giving the foundries
greater opportunity to choose and control these basic
foundry raw materials. Since casting surface finish de-
pends largely on sand particle grading, it might be sup-
posed that a proper selection of a particular grade of sand
would be the only requirement to achieve the desired
casting surface quality. However, there are other factors
to be considered, such as the ability to vent off the gases
produced during casting, economic use of a binder, non
availability of sand with required grading, etc., these
make the use of coatings the more practicable approach
[1].

In filling a mould with liquid metal its surface is sub-
jected to thermal, mechanical and physicochemical ac-
tions. The oxidation products of the metal, reacting with
the mould material, form low-melting materials such as
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silicates, which lubricate the grains of the quartz sand
well. This promotes penetration of the metal into the in-
ter-granular spaces and the formation of mechanical
pick-up which is difficult to remove from the casting
surface. Considering that the sand moulds and cores are
highly porous, the production of castings in these materi-
als without pick-up and other surface defects is possible
only with protection of the surfaces of moulds and cores
with refractory coatings. The fundamental requirements
for the refractory coatings are minimum porosity, high
refractoriness and reduction of the physicochemical reac-
tion at the metal-coating interface (lubrication, solution,
penetration) [2]. These refractory coatings are used to
make better castings and to reduce costs. Castings sur-
face quality is improved because the coating produces
smoother metal surfaces, either by filling the spaces be-
tween the sand grains or by providing, to the metal, a
surface smoother than the mould surface itself. Further
improvement from the coatings is due to the cleaner and
better peel of sand at shakeout and elimination of certain
defects such as metal penetration, veining, erosion, sand
burn-in etc [3,4].

Controlling casting quality and increasing productivity
are top priorities for foundries to become more competi-
tive in a global casting market and coatings can help to
provide the required remedy. Addressing the issue of
mould/core moisture can lead to improvements in pro-
ductivity and help keep foundries competitive. ldentify-
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ing problems like poor mould/core density and moisture
in the both core and mould is challenging, but advance-
ment in coating technology enhances the engineering of
refractory coatings as a quality-control tool to help iden-
tify these issues. The presence of moisture can lead to a
scrapped casting, but coatings that indicate when drying
is complete can address this issue. Coating technologies
that change colour offer visual confirmation that the
coating is dry. This confirmation may also indicate poor
sand compaction in a core or mould, as these areas will
absorb more moisture from the coating and take longer
time to dry. Therefore, a visually obvious colour change
based on moisture content permits these new refractory
coatings to act not only as a barrier between the metal
and the mould or core but also as a quality diagnostic [5].

The objective of this paper is to collate as much as
possible the significant works and results on foundry
coatings in the past and to give insight to a novel tech-
nology for the production of foundry coatings with
greater potential towards improving the surface quality of
castings from readily available raw materials at a cheaper
cost. This paper provides a detailed understanding of the
constitution of foundry coatings while providing alterna-
tives to the foundry coating components depending on
the metal to be cast and their properties and compatibility
with sand properties such as grain size and grain size
distribution and binder properties.

2. Groups of Foundry Coatings

Foundry coatings may be divided into two groups, those
applied dry and those applied wet.

2.1. Coatings for Dry Application

For dry application, the most widely used is Plumbago.
Other dry coatings used to a lesser extent include mica,
white talc and wheat flour. These materials are either
shaken or blown onto mould or core surfaces from
open-mesh cloth bags. Plumbago is a finely ground blend
of graphite containing 80% to 90% of particles that will
pass through a 200-mesh (75 micron). The graphite may
be amorphous (no definite crystal structure) or crystalline
(having definite particle shape or flaky). Graphite will
not melt at the highest foundry temperatures but its car-
bon is driven off by oxidation at these temperatures de-
pending on the air (containing oxygen) available at the
metal-mould interface. Amorphous graphite oxidizes
easier than does crystalline graphite. Plumbago is applied
dry only on green sand moulds [3].

2.2. Coatings for Wet Application

Mould and core coatings for wet application are of two
types, carbon-base and carbon-free coatings. Both types
are sold in either powder or paste form. The adherence of
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the coating on the mould or core surface depends on the
moisture in the sand. Carbon-based coatings may contain
several types of graphite, coke, anthracite or any of the
numerous combinations that can be made from these
materials. Carbon-free coatings may contain silica, mica,
zircon flour, magnesite, olivine, clays, talc or a combina-
tion of these materials. Many coatings formulations con-
tain both carbonaceous and non-carbonaceous raw mate-
rials to take the advantage of the synergistic characteris-
tics of both types [3]. Foundry coatings for wet applica-
tion are also classified into two, based on their carrier
systems. Those employing an aqueous carrier and those
in which organic solvent carriers are used. The former
must be dried after application while the later are
self-drying or can be ignited and dried by their own
combustion. Both classes of coating make use of the re-
fractory materials [6].

3. Components of a Coating (Coating
Materials)

A refractory coating on the mould or core should have
the following characteristics:

o Sufficient refractory properties to cope with the metal
being poured

Good adhesion to the substrate to prevent spalling

Be permeable to minimize air entrapment

Be fast in drying

No tendency to blistering, cracking or scaling on dry-
ing

Good suspension and remixing properties

Minimize core strength degradation

Provide adequate protection against metal penetration
Good stability in storage

Good covering power

Good application properties by the method chosen
Leveling well and minimizing runs and tear drops
For a coating to achieve these characteristics, the
coating will consists of

Refractory filler

Liquid carrier

Suspension agents (Rheology control system)

Binder agents
Additives as shown in Figure 1.

3.1. Refractory Filler (Filler Materials)

Refractory materials are substances or minerals that have
high melting points and are difficult to fuse except at
very high temperatures. They are processed at high tem-
perature and/or intended for high temperature applica-
tions [7,8]. Refractoriness has been defined by Commit-
tee C-8 of the American Society for Testing and Materi-
als (ASTM) as “...the capability of maintaining the de-
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Figure 1. Coating components.

sired degree of chemical and physical identity at high
temperatures and in the environment and conditions of
use.” The melting temperature of refractory materials is
an important characteristic showing the maximum tem-
perature of use and represents fundamental point in phase
diagrams used in high temperature chemistry, metallurgy,
ceramics etc [9].

In coatings, refractory materials are dispersed in the
binder and constitute the skeleton of the coating film.
They increase the density, viscosity and hardness of the
coating film and reduce the permeability.

There are characteristics other than resistance to high
temperatures that refractory materials should exhibit.
These include:

e Suitable particle shape, particle size (PS) and particle
size distribution (PSD),

e Chemically inert with molten metal,

o Not be readily wetted by molten metal,

e Not contain volatile elements that produce gas on
heating,

e Have consistent cleanliness and pH

o Be compatible with new chemical binders as they are
developed

The significance of particle shape, PS and PSD are
elaborated below in the following paragraphs. The other
factors are readily understood.

At a given refractory material loading, particle shape
determines the mechanical properties of the coating ma-
trix. The particle shape is usually described by a dimen-
sionless parameter, the aspect ratio—this is the ratio be-
tween the average diameter and average thickness of the
particle. The higher the aspect ratio of the particle of re-
fractory material, the higher the reinforcing effect on the
coating matrix will be.

The particle size distribution (PSD) of a refractory
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material is usually given as a cumulative curve, indicat-
ing the amount per volume or weight of particles (%),
which are smaller than a given size. PSD can be adjusted
by grinding and classification. The coarsest particles act
as points of highest stress concentration, where crack or
fractures occur under loading. Impact strength is signifi-
cantly improved by using finer particles [10].

It is generally assumed that a sieve analysis sharply
defines between the different sizes of particles compris-
ing aggregate materials. According to [3], such is not the
case. On any particular sieve one finds particles ranging
from those just able to pass through the preceding sieve
to those just unable to pass through to the following sieve.
As a result of this lack of sharp differentiation between
the particle sizes on adjacent sieves, it is difficult to sim-
ply screen aggregate material and secure particles of
uniform size on each of two successive sieves (Figure
2).

From a practical aspect, the refractory material should
be available in large quantities at reasonable prices [8].
In foundry coatings, refractory materials determine the
efficiency of the coating. The refractory filler may be
either a single material or a blend of materials selected
for specific applications. They make up 50% to 70% of
the coating. Fillers are chosen for their particle size and
shape, density, sintering point, melting point, thermal
conductivity, thermal expansion and reactivity towards
the metal being cast and the mould or core material on
which it is applied [11]. These refractory materials in-
clude Plumbago, silica, graphite, coke, anthracite, zircon
flour, magnesite, Chalmette, olivine, clays, talc, chromite,
alumina, mica [3,12,13]. The material of which sand
moulds and cores are made generally exert influence
upon the surface quality of the castings formed from
these moulds and cores. This is because they have a high
degree of porosity to the extent that the pores tend to be
filled with molten metal causing high surface roughness
on the castings.

Therefore, with the application of refractory coatings
on the surface of the moulds and cores that will be in
contact with the molten metal, the refractory particles
tend to fill these pores on drying, thereby creating a
smooth inert surface on the moulds and cores. These re-
fractory materials have different properties and are se-
lected depending on the metal to be cast. The more
common refractory materials are discussed below.

Silica flour is a commonly used refractory filler, par-
ticularly in steel foundries. The silica flour should con-
tain minimum 98% silica and not more than 1% moisture
[11]. The fusion point of silica flour is 1734° [9]. At ap-
proximately 650°C (1100°F), silica refractory filler has
an expansion of 1.6%. Silica fillers are well known for
use as pigments, reinforcing agents and the like.
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Figure 2. Schematic portrayal of range in sizes of sand aggregate retained on No 70 sieve to demonstrate non-uniformity on

any sieve [3].

Commercially available silica and other metals oxides
are often derived from burning volatile metal halides
with various fuels and oxidants. Silica filler has been
produced by direct combustion of silicon powder as re-
ported in [14]. Silica flour does not excessively increase
viscosity [15]. However, it is reported in [16] that as the
content of silica filler increased the coefficient of thermal
expansion of the composite decreased while the viscosity
increased.

Zircon flour is a highly refractory material and is
primarily used for coatings in steel foundries. Good qual-
ity zircon flour suitable for foundry work should contain
minimum 64% zircon oxide (ZrO,), 30 to 35.5% silica
and maximum of 0.5% TiO, + Fe,03. Refractory uses of
zircon require low interstitial water content. This trans-
lates into low loss on ignition. Excessive internal radia-
tion damage to zircon crystals (metamict zircon) can
cause an increase in the loss on ignition of a zircon
product. The desire of the refractory market for a low
loss on ignition implies that a low picocurie/gram re-
quirement is placed on zircon products [8].

It has a specific gravity of about 4.5 and a pH value of
the water-based coating of not more than 9 [11].The
melting temperature is 2727 + 10°C [9]. The high heat
conductivity, about double that of silica, promotes quick
formation of a solidified metal layer and helps in pro-
ducing castings with a fine grained structure. Its higher
density than that of silica prevents metal penetration [17].

Graphite refractory materials are most commonly
used for coatings in iron foundries and for non-ferrous
castings. Molten metal does not wet graphite and sand
grains coated with graphite coatings resist metal penetra-
tion. This is the reason why graphite, Plumbago and car-
bon are usually used in mould and core coatings except
those for steel [6]. Mould and core coatings containing
carbonaceous ingredients are not used for steel, particu-
larly low-carbon steels. The reason for this is because
steel is sensitive to the carbon content and if there is

carbon pick-up, the properties of the steel will change [3].

The graphite used is naturally flaky type, silvery white in
appearance, of a fine powder form and free from gritty
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particles. Good quality graphite for foundry use should
have ash content of about 12 to 15% maximum; volatile
matter 3% maximum; and moisture content 1% maxi-
mum [11]. Graphite inclusion in mould and core coatings
also improves stripping during shakeout. A highly useful,
desirable, substantially non-porous, smooth, non-spalling
mould surface can be produced on porous moulds by
subjecting them to a treatment with a controlled amount
of colloidal graphite suspended in a volatile carrier or
vehicle followed by a drying after the treatment and fi-
nally baking at a relatively high temperature. The mould
surfaces prepared in this manner possess substantially no
pores, at least those of a size which can be penetrated by
molten metal. With the presence of pores which cannot
be penetrated by molten metal it is considered to be sub-
stantially non-porous. The treatment, it is believed, in-
troduces colloidal graphite particles into the mould pores
and the subsequent baking fixes or anchors them in such
a way as to prevent removal unless the mould surface
itself is worn or cut away [18].

Olivine is orthosilicate of magnesium and iron
(MgFe)0.Si0, and it°’Ccurs as forsterite and fayalite. Its
density, conductivity and refractoriness are higher than
those of silica. Its fusion point is high—about 1800°C-
and as such it is favoured for heavy sections of alloy steel
casting. Its resistance to slag reaction makes it suitable
for the casting of high manganese steels. Olivine refrac-
tory material can also be used for the casting of non fer-
rous castings of intricate nature [17]. Olivine is used in
preference to silica sand to overcome the silicosis hazard
[19] (Silicosis is a form of respiratory disease caused by
inhalation of silica dust, and is marked by inflammation
in the upper lobes of the lungs).

Talc is a hydrous magnesium silicate mineral with the
chemical formula (MgsSizO4.(OH);) and the softest
mineral on Mohr’s scale of hardness. Talc is widely used
as a filler material [20]. Talc Mohr’s hardness is 1 and
density of 2.6 - 2.8 glcm®. It is used in many industries
because of its characteristics—low hardness, adhesion
capability (surface coating), high melting temperature,
chemical inertness, hydrophobic, organophilic, platy, low
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electrical and high thermal conductivity [20,21]. The
inert and lamellar platy natures of talc improve its crack-
ing resistance, adhesion and barrier properties. Talc is
practically insoluble in water and weak acids and alkalis.
Above 900°C, talc progressively loses its hydroxyl groups
and above 1050°C, it recrystallizes into different forms of
enstatite (anhydrous magnesium silicate). Talc’s melting
point is at 1500°C [22].

Mica is a plate-like crystalline aluminosilicate and has
been widely used as reinforcing filler in polymer matrix
due to its excellent mechanical, electrical and thermal
properties as well as lower cost than carbon or glass fi-
bres [23]. Chemically they contain complex silicate of
aluminium and alkalis with hydroxyl. They crystallize in
monoclinic system. Some varieties may contain iron,
magnesium, lithium. There are seven important mica
minerals: Muscovite or potassium mica, H,KAI3(SiOy)s;
Paragonite or sodium mica, H,NaAlz(SiOy)s; Lepidolite
or lithium mica, K Li AI(OH, F),Al(SiOg4)3; Phlogopite or
magnesium mica , H,KMgsAl(SiO,)s; Biotite or magne-
sium iron mica , (H,K)(Mg, Fe)sAl(SiO,)s; Zinnwaldite
or lithium iron mica, Li,K,Fe,Al4SizOy; and Lepidome-
lane or iron mica , (H, K),(Fe, Al)4(SiO4)s. Muscovite is
the commonest of all and whenever the word mica is
used it is understood to mean muscovite. No other natu-
ral substance has been found to possess the properties
equal to those of mica. Of all the known varieties of mica
only muscovite and phlogopite are of commercial im-
portance. Muscovite finds the largest use while
phlogopite has a limited application. On the other hand
phlogopite is superior to muscovite in heat resistance.
Muscovite can withstand temperatures up to 700°C, and
phlogopite up to about 1000°C. Phlogopite is, therefore,
preferred where a high temperature is required [24]. Mica
can be used as refractory filler in foundry core and mould
coatings to eliminate or reduce finning defect in castings
because of its lamellar plate-like nature [8].

Clays used for the manufacture of refractory fillers are
the kaolinites. In the kaolinites there are equal numbers
of silica and alumina sheets and equal numbers of silicon
and aluminium atoms. The basic composition is
Al,03.25i0,.2H,0 [25]. Kaolinite crystals are normally
hexagonal disks which are built up by laying double
sheets of alumina’Ctahedral and silica tetrahedral on top
of one another [26]. Kaolin clay is the most extensively
used particulate mineral in the filling of coating of paper
[27,28]. Since kaolin clay is fine and refractory and has
found application in coating for papers, it also has poten-
tial application in foundry coating technology.

Other filler materials and their properties are provided
in Table 1.

Different filler materials and their functions in the ma-
trix depending on their various particles sizes are pre-
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sented in Figure 3.
3.2. Liquid Carrier

The liquid career is the medium containing the coating
constituents and also serves as the vehicle to transport the
filler materials onto the sand substrate [11]. Therefore,
the coatings are typically suspensions of high melting
point refractories in a liquid carrier. Liquid carrier con-
stitutes about 20 to 40% of the coating. After application,
it is necessary to dry the coating to prevent gas formation
when the hot metal is poured into the mould. The forma-
tion of gases may cause casting defects. After the liquid
carrier is removed by evaporation or combustion, a pro-
tective refractory layer is deposited on the surface of the
mould or core [29,30]. This layer prevents or minimizes
the penetration of molten metal into the sand, reduces or
prevents "burn-on" and erosion of the sand, and generally
improves the quality of a casting surface. However, there
are many factors to consider with carrier selection, in-
cluding: compatibility of carrier with sand binder and/or
refractory, method of drying, flammability and “burning”
characteristics; toxicity and odour; application; labour
and floor space. The most commonly used carrier are
water-based (aqueous) and spirit-based (organic solvent)
[29].

Table 1. Other filler materials and their respective proper-
ties [17].

Data Chamotte ~ Chromite ~ Magnesite Chrome_:—
Magnesite
Auvailability abundant Good Good Good
Refractoriness'C 1780 1850 1850 1850
(approx.)
Thermal expansion
(x1000 mm/m) 0.0052 0.007 0.014 0.012
Thermal conductivity 6-95 9-15 20-30 13-20

(WK™m™)
Wettability with molten

metal No wetting No wetting No wetting  No wetting

Particle anhydrous Silica

I 10" srererereres ., W — I ] P --
hydrated Silica

Size
(nm) Carbon blacks

Figure 3. Classification of fillers according to average parti-
cle size [31].
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3.2.1. Aqueous-Based Carrier

In this class, water is used as the carrier. Water is cheap
and readily available but drying in an oven is usually
necessary to remove it before casting [11,12,29]. Water
is non flammable and non toxic. It has no flash point.
Water is the safest of the carriers. From environmental
view point, the use of water-based coatings is highly
recommended. However, apart from requiring heat to dry
water-coatings, complete drying of deep pockets in a
reasonable time can be difficult. It has greater tendency
for tears or runs compared to organic-based coatings. It
reduces the tensile strength of urethane no-bakes, cold
box and silicate sands. It increases the potential for core
breakage. There is also possible degradation during core
storage. Moreover, aqueous-based coatings can freeze
[29].

3.2.2. Organic Solvent-Based Carrier

Organic solvent-based or spirit-based coating usually
contains isopropanol (isopropyl alcohol) as liquid carrier
for coating constituents, and the coating is dried by ig-
niting and burning off the isopropanol [12]. This is typi-
cal of organic solvent-based carriers which also include
methanol, ethanol, hydrocarbons and chlorinated hydro-
carbons. They dry very fast. Isopropanol is recommended
for use on large moulds and cores [11]. Isopropanol has
good combustion characteristics with slow burning front
and a moderate hot flame. This reduces the chance of
over-heating the sand surface and subsequent problems
of sand friability. Isopropanol is also technically accept-
able because it is compatible with a wide range of sus-
pension agents and resin binders also used in the formu-
lation of these coatings. Most of the organic sol-
vent-based carriers are referred to as air-drying carrier.
These include carbon tetrachloride, methylenechloride,
chloroethene and chloroform. They rely for efficiency on
a rapid rate of evaporation which places them in a more
hazardous category than isopropanol. They are also not
versatile as isopropanol in the formation of foundry
coatings. In many cases, they call for specialized forms
of gelling media and resin binders [6]. The use of organic
solvent-based coatings is threatened by environmental
issues because they are toxic and flammable [30].

3.3. Suspension Agents (The Rheology Control
System)

There is no difficulty in keeping solid particles in per-
manent suspension in a liquid if both have the same spe-
cific gravity. This is not the case with foundry sand
coatings. The maintenance of solid particles in suspen-
sion is achieved by addition of suspension agents. These
agents provide the suspension system that prevents the
filler particles from agglomerating and separating out
during storage of the coating over extended periods. It
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ensures that the coating is homogeneous and ready for
application with the minimum of agitation. It also con-
trols the flow properties of the coating and is designed to
suit the application method that is used [11,12]. The sus-
pension agent makes up 1 to 5% of the coating.

When water is used as the carrier liquid, bentonite clay
is used as a suspension agent. Bentonite swells and forms
a gel when mixed with water. Time must be allowed for
gelling to proceed to completion. Two kinds of bentonite
are in common use, one linked with calcium and the other
with sodium ions. As a suspension agent bentonites ini-
tially of the sodium type are preferred. Calcium bentonite
is converted to sodium bentonite by treatment with so-
dium carbonate. This treatment affects the swelling power
of the clay and makes control of the viscosity of the coat-
ing unpredictable. Apart from the difficulties with quality
control of the bentonite, it has the disadvantage of tending
to induce shrinkage cracks in the coating when dried. In
view of the drawbacks associated with bentonite, substi-
tutes are found in polysaccharide and certain forms of
carboxymethyl cellulose. Polysaccharides require special
mixers, which few foundries possess, to obtain optimum
suspension [6]. The cellulose type does not require this
special mixers and do not induce shrinkage cracks as does
dried bentonite as shown in Figure 4 below.

(b)
Figure 4. Surfaces of coated cores (a) cracking of coating
induced by bentonite and (b) cracking eliminated by using
carboxymethyl cellulose [6]

MSA



Foundry Coating Technology: A Review 1149

With organic solvent-based carrier systems, different
suspension agents are used. Modified bentonite known
also as organic bentonite or bentone will gel and increase
the viscosity of organic liquids such as alcohols and sol-
vents. Bentones result from a base exchange of the inor-
ganic Ca and Na cation for an organic one which is qua-
ternary ammonium. Examples of suitable suspension
agent for organic solvent-based carrier are hydrogenated
castor oil and quaternary alkyl ammonium montmorillo-
nite gels [12].

3.4. Binding Agents

Binding agents are various materials which act to hold
the particles of refractories together and attach them to
the sand surface. The quantity of binder required for this
purpose increases a little as the particle size of the re-
fractory decreases, thereby increasing the surface area for
a given ratio in the coating. However, it makes up to 1 to
5% of the coating. It is important to determine the mini-
mum quantity of the binding agent, because too little
results in poor adhesion but, excess produces brittle
coating which may crack on drying and spall off during
casting. Furthermore, resins and similar organic binders
evolve gas on heating. Thus, any undispersed binder col-
lected in partially dried areas of moulds or cores will
cause local concentration of gas generation. In this way,
defects such as porosity and lapping can result. It is also
worthy to note that most organic binders and many sus-
pension agents used in water suspensions are subject to
biological degradation. For longer storage of the coating,
precautions must be taken to suppress these reactions.
Such reactions do not occur with spirit-based coatings.

Binders used for water suspensions include sulphite
lye, various clays (bentonite and kaolin), dextrin, molas-
ses, sugars, silica ester and resins (furan and phenol)
soluble or miscible with water. For spirit-based suspen-
sions, natural or synthetic resins are required. These in-
clude furan, phenol, urea formaldehyde, phenol formal-
dehyde, novolac and natural wood resins.

4. Coating Application Methods

Several variables dictate the choice of application method.
Part geometry and size, appearance of the coating finish,
and production rate, allinfluence the type of application
method. Facility constraints will also determine the choice
of application method. The configuration of the applica-
tion equipment is dependent on space or climate. Systems
can be manually or automatically controlled. Other sys-
tems may require extra equipment, such as holding tanks
or outside air supply to operate properly.

Similar application systems may operate at widely
varying parameters. The viscosity of the coating material,
the desired thickness of the final coating, and the com-

Copyright © 2011 SciRes.

plexity of the part will determine the best operating-
parameters for the application method. Thus, part tem-
peratures, dip times or number of coats are put into con-
sideration.

One factor that is important to all application methods
is the transfer efficiency of coating material onto the part.
Transfer efficiency is the percentage of solid coating
material used that actually deposited on the surface of the
part. The amount of solvent in the coating material
is irrelevant. The higher the transfer efficiency, the better,
as more coating material adheres to the part and less is
wasted. Transfer efficiency ranges from 25% to 40% for
conventional spray systems to almost 100% for dip and
powder coating methods. Much of the pollution and waste
created from organic finishing operations can be mini-
mized or eliminated by improving the transfer efficiency
of the application system. If the transfer efficiency cannot
be improved, pollution control technology and waste
handling measures must be employed [32]. The following
are different methods of applying foundry coating on
cores or moulds.

1) Brushing and swabbing

2) Spraying

3) Dip coating

4) Flow coating

4.1. Brushing and Swabbing

Brushing and swabbing methods of applying coatings are
used in many foundries. The effort imparted by brushing
helps to force the refractory particles into the pores of the
sand surface, which is a desirable feature. The swab is a
most useful aid in coating interior of difficult pockets and
re-entrant angles. Both methods give uneven thickness
and strives from brush motion is visible on casting. They
also depend on the skills of the operator. There is also the
risk of sand-coating mixture due to frothing and this ini-
tiates metal penetration [6].

4.2. Spraying

Spraying is a much faster means of application widely
used in foundries of all types. It is important to pay greater
attention to the coating composition because less me-
chanical effort is available to force the particles into the
pores between the sand grains. Selection of the solid
constituents and the overall viscosity is more critical for
sprayed coating than for brushing and swabbing. Spray
methods use specially designed guns to atomize the
coating into a fine spray. This method along with brushing
suffers the disability of not being able to coat deep re-
cesses thoroughly. One reason for this is the back pressure
of air which prevents refractory deposition in the cavity.
The system of airless spraying provides a means of
overcoming this disadvantage. Airless Spray has higher
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transfer efficiency and lower chance of blowback. Again,
it is more efficient when a flat surface is involved which is
also placed vertically during spraying [6,33].

The above discussion refers to liquid coating mixtures;
however, a group of researchers from Austria developed a
new method of spraying dry coating on substrates over-
coming the inherent disadvantages of the use of wet
coating. The process is called electrostatic or tribostatic
powder spraying method, also designated as EPS method.
In this process, the surfaces of the substrate is first made
conductive (if it is not a conducting material) by spraying
electrically conducting polymer solutions on them. Then
the powder coatings can be applied. According to the
developers, this novel coating process has been tested on
all popular binder systems—from cold box, through hot
box and furan to inorganic types [34].

4.3. Dip Coating

Dip coating techniques can be described as a process
where the substrate to be coated is immersed in the liquid
or coating and then withdrawn with a controlled speed
under controlled temperature and atmospheric conditions.
Coating thickness increases with a faster withdrawal
speed. The deposited thickness is determined by the bal-
ance of forces at the stagnation point on the coating sus-
pension surface as shown in Figure 5. The faster the
withdrawal speed the more coating suspension is pulled
up onto the substrate surface because there is no time for
the suspension to flow back down to the coating pool.
During sol-gel dip coating, the coating suspension is
rapidly concentrated on the surface of the substrate by
gravitational draining with associated evaporation and
condensation reactions. Dip coating is usually used for
cores and is well suited for automatic applications. Dip
coating enhances a high production rate and high transfer
efficiency (almost 100%) and relatively little labour is
required. The effectiveness of dip coating depends greatly
on the viscosity of the coating, which thickens with ex-
posure to air unless it is carefully managed. The viscosity
of the coating must remain practically constant if the
deposited film quality is to remain high and the same. To
maintain viscosity, solvent must be routinely added as
makeup. This results in high volatile organic compounds
(VOC). Dip coating is not suitable for objects with hol-
lows or cavities [33]. Other factors that determine the
effectiveness of dip coating include coating density and
surface tension. Better surface penetration is obtained than
with spraying because of the head pressure of the coating
in the dip tank. Even thickness of surface is necessary so
as to maintain dimensional accuracy and true reproduction
of contour. Uneven coating is at its worst when it runs
down as tears. This defect can be encouraged by the nature
of the surface to be coated but is mainly due to the kind of
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Figure 5. A schematic diagram of dip-costing process [35].

the suspension agent used in the coating. Tears and similar
coating faults are sources of high gas evolution and cast-
ing defects may result [6]. The coating can be cured by a
number of methods such as conventional thermal, UV, or
IR techniques depending on the coating formulation [35].

4.4. Flow Coating

Flow coating is a method of applying a refractory coating
that can be described as wetting the moulds or heavy cores
with a garden hose at low pressure. With flow coating the
mould or core is maneuvered so it is at an angle (20 to 40°
to the vertical) in front of the operator [35] and coating
applied through a hose as seen in Figure 6, starting at the
top and in lateral movements progressively working down
to the bottom. Flow coating is usually used for large or
oddly shaped parts that are difficult or impossible to dip
coat. Coatings applied by flow coating have only a poor to
fair appearance unless the parts are rotated during drip-
page. Flow coating is fast and easy, requires little space,
involves relatively low installation cost, requires low
maintenance, and has a low labour requirement. Required
operator skill is also low. Flow coating achieves a high
coating transfer efficiency, often 90% and higher. Prin-
cipal control of dry-film thickness depends on the coating
viscosity [33]. Flow coating can eliminate all the various
problems associated with the other coating techniques
such as spraying, dipping or brushing. For flow coating to

Figure 6. Flow coating method, it is seen that the mould is
inclined at an angle.
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be effective, it must create a surface and sub-surface
coating. Surface coating provides a barrier to the metal
and improves surface finish. The sub-surface coating
penetrates the surface of a mould or core to fill the voids
between the sand grains. This reduces the possibility of
metal penetration and veining [36].

5. Drying of Coating

After coating application, each coating must be “dried’,
which means that the suspension agent (water, alcohol or
volatile agents) must be completely removed. These sub-
stances do penetrate the mould or core material and do
not have any protective effect for the mould or core. On
the contrary, it can cause severe problems of gas forma-
tion, blows, slag entrapment, porosity, blistering, and
penetration and drastically reduce the strength of the
mould or core. The methods of removal are different
depending on the type of coating [30,37-39].

5.1. Drying Organic Solvent-Based Coatings

In the past, foundries typically used solvent-based carri-
ers because they dry quickly without external heating (air
drying). They are also referred to as self-drying coatings.
This takes a lot of time [30,37,38]. Consequently, flame
torching became the accepted means of drying coated
cores and moulds. However, workplace environmental,
health and safety concerns, as well as economic consid-
erations emanating from the rapidly increasing cost of
petrochemicals based solvent, continue to enhance the
development and use of water-based coating technolo-
gies [39].

5.2. Drying water-based coatings

The trend today is towards water-based coatings. But
they require longer drying times using air drying and
conventional ovens compared to organic solvent-based
coatings. The drying temperature must exceed 100°C, but
lower than the temperature at which the binder system is
destroyed (mostly 250°C) [37]. Different drying tech-
niques such as high intensity lights, microwave, drying
tunnels and infrared ovens can be applied to water-based
coatings. It was reported in [40] that the high intensity
lights and drying tunnels did not dry fast enough as ex-
pected to prevent coatings from dripping and losing
thickness uniformity. Microwave drying used non-selec-
tive heat that penetrated the sand cores and caused them
to disintegrate. Infrared ovens, however, dry the coated
cores or moulds quickly without damaging the sand bod-
ies. Application of infrared heating for mould and core
coating can reduce drying time by 85%. The energy sav-
ing comes from the controllability of the infrared unit,
which brings the mould surface to the desired tempera-

ture and then cycles off in a predetermined time sequence.
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Less heat is dissipated to the surroundings. The infrared
elements direct the heat more effectively at the mould
and can dry deep cavities and mould pockets — thus con-
tributing to better casting quality. The sub-surface of the
mould is not affected. An additional advantage of using
infrared heating is that only 25% of the floor space occu-
pied by the resistance oven was required [41]. A signifi-
cant development in water-based coatings is the feature
in which there is a distinctive colour change as the coat-
ing dries and transitions from the wet to the dry state as
shown in Figure 7. This change in colour offers visual
confirmation that the coating is dry. Not only that this
shows when drying is complete, it can also serve as a
quality control tool. When drying takes longer time than
necessary it will mean that the moisture content is high
and can be adjusted. This feature saves energy used in
drying thereby saving cost [39].

6. Characterization of Coatings

In order to understand the behaviour of coatings contain-
ing refractory materials, there is need for characterization
of the coatings. The parameters that characterize foundry
coatings are discussed below.

6.1. Specific Gravity

Specific gravity is the unit weight per unit volume. Spe-
cific gravity is a quick test that allows inferences to be
drawn about the total solids and refractory components
present in the coating [42]. The knowledge of the spe-
cific gravity of the suspension agent and that of the re-
fractory material is critical. There would be no difficulty
in keeping the refractory material in permanent suspen-
sion in the suspension agent if they have similar specific
gravity [6]. The specific gravity also gives a fair idea of
the refractory material content of the coating. Water has
a lower specific gravity of 1. When it used to dilute a

Figure 7. Colour changing Zircon Foundry Coatings
changes colour from Yellow to Pink, Pink to Yellow on
drying or ignition. Available both in Water and Solvent
based [43].
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coating with relatively higher specific gravity component;
the specific gravity of the coating is reduced.

6.2. Viscosity

Viscosity, a measurement of material flow properties, is
the best test for evaluating coatings because of its high
correlation with the dried deposit on the core. There are
several different methods of measuring viscosity. The
most commonly applied in foundries is the flow cup
method as shown in Figure 8. The flow cup measure of
viscosity requires the use of a cup with a specific size of
hole in the bottom to match the material being used. A
stopwatch is used as the cup is lowered into the coating
and then taken from the surface of the coating after it has
filled. The time it takes the coating to drain through the
hole is the viscosity in number of seconds [44].

6.3. Baume” Parameter

The Baume” test is the most common test used in foun-
dries to control coating because it is quick and easy. The
test is performed with a hydrometer. It usually consists of
a thin glass tube closed at both ends, with one end
enlarged into a bulb that contains fine lead shot or mer-
cury. The glass tubular end contains a calibrated scale in
degrees Baume. The Baume scale of numbers relates to
the specific gravity and body of a coating. After mixing
the coating sample thoroughly, the hydrometer is imme-
diately floated in the coating slurry. When it stops sink-
ing, the degrees Baume is read directly from the hy-
drometer scale [44]. Baume is a simple test to help
measure dilution consistency. However, there is a poten-
tial for operator variability, and test parameters must be
carefully controlled. Operator consistency in placing the
hydrometer into the coating and length of test time are
critical. When Baume test is used in combination with
the specific Gravity measured by Gravimetric method,
the combined results can be a more useful diagnostic tool.
Many metal casting facilities also include viscosity test
in their refractory coating control test procedures [42]. L.

Winardi et al. [46], reported that coating viscosity is
typically reported in degree Baume. Higher Baume’
number indicates higher viscosity.

It was also reported in [47] that Baume when per-
formed in a controlled laboratory environment tracks
well certain coating properties, but fails to identify the
coating property that must be controlled during applica-
tion. They suggested that it must therefore be used with
one or more additional tests, such as, Hercules surface
tension and % solid content. Measurement of Baume” is
shown in Figure 9.

6.4. Solid content

The solids in the coating must be measured because they
are the refractory materials that provide protection to the
core or mould. The higher the percent solids, the more
protection the coating offers. The solid content of a coat-
ing determines some other important parameters of the
coating such as the density, viscosity, thickness, cover-
age etc [48]. Therefore, the knowledge of the amount of
solid in the coating is very important for reproducibility
of these properties. The percent solid content can be de-
termined by dividing the weight of the dried coating by
the original weight and multiplying by 100.

6.5. Colloidal Stability

Colloidal stability is describing the formation of uniform
suspension of the particles in the coating matrix. The
stability of particles is determined by their resistance to
aggregation.

The formation of uniform suspensions of particles can
be understood by calculation of the sedimentation rates
assuming that the particles are spherical so that Stokes’s
Law may be applied. Equating gravitational and fric-
tional forces:

: . dx |(4zr*), .
Sedlmentatlonrate,az{[ 3 j(p —p)g}/&rrn
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Figure 8. Measurement of viscosity with a Flow cup [45].
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Figure 9. Measurement of °Baume” [45].

Figure 10. Measuring the wet thick layer of a coating [45].

where

n = viscosity of coating

p = density of coating

p~ = density of refractory particle material

r = radius of the refractory particle (assuming a
spherical particle)

g = acceleration due to gravity

The stability of small particles is surprising, since sur-
face tension leads to very high pressure differences
across surfaces with small radii of curvature. For a parti-
cle of radius r, density p, and relative molar mass M,
with surface tension v, the pressure difference across the
curved surface, p;, compared to that across a flat surface,
Po, is given by the Kelvin equation.

RTIn [&]zﬁm @)
P, ) pr

Thus small particles should tend to dissolve while lar-
ger particles should grow as observed in Oswald ripening
of precipitates [49].

6.6. Coating Thickness

Coating thickness is usually measured using a destructive
test. To date no reliable non-destructive test is being ap-
plied by the foundry industry to measure the consistency
of the coating layer thickness applied on the cores or
moulds. In some tests, the cores are sectioned and the
measurements were taken using a microscope [47,48].
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In some other methods, the coating is removed from a
flat surface on a core and the difference in the cored sur-
face and the coated surface is measured.

The amount of surface deposit can be used as a refer-
ence for future comparisons and making decisions about
coating allowance in casting design. There is a strong
correlation between the viscosity of the coating and the
coating thickness [44,48]. However, coating dry thick-
ness has proved difficult to measure, so what is generally
done is to measure the wet coating layer thickness using
the elcometer wet film “comb” as shown in Figure 10.
The elcometer wet film combs can be used in accordance
with following standards; ISO 2808-7B, ASTM D
4414-A, BS 3900-C5-7B and NF T30-125. The film
combs have various lengths on their sides. These stan-
dards specify that wet film comb be perpendicular to the
substrate and the thickness of the coating lies between
the biggest value wet tooth and the smallest value dry
tooth values [50]. The wet coating layer thickness will be
correlated to the dry coating thickness, if the volume to
solids ratio of the coating is known [37,50]. As a rule of
thumb dry coating thickness is 50% of the wet coating
thickness [50].

In dip coating, the coating thickness is mainly defined
by the withdrawal speed, the solid content (density), the
surface tension and the viscosity of the liquid. The coat-
ing thickness can be calculated from landau-Levich
equation [35]. This equation gives the wet coating layer

MSA



1154 Foundry Coating Technology: A Review

thickness on a vertically withdrawn flat plate.

1 1
2 6
h, —0.944 {ﬂjz (ﬂj @)
P9 Vv

Where h,, = Wet coating thickness

v = withdrawal speed

p = density

yLv = Liquid-vapour surface tension

g = acceleration due to gravity

To calculate the dry film thickness these equations
need to be modified. It was reported in [51], that Yan et
al. derived Eq. (4) for dry film thickness, hy.

hy =Q§[%] [ﬁ] (4)

here Q is called a dimensionless flux and is given b
Q-T (1-1#) (5)
3
T is absolute temperature. ¢ is defined as:

P,
£=2 (6)
P

where psis the solvent density and pjis the particle den-
sity. 7, is obtained from the viscosity of the solution as a
function of the matrix concentration C,,, and according to

Eq. (7)
n=n,+1,.C, @)
In Eq. (7), n is the viscosity of the particle solution
with concentration Cy, and the viscosity of the solvent is

s
6.7. Coating Penetration Depth

The distance the coating penetrates the core is an impor-
tant feature to a coating’s success. A coating that lies
entirely on the surface of the cores is not anchored well
and will most likely spall away. A coating that penetrates
too much will over degrade the core. Coating penetration
is also a function of core density. A core that is blown
too tightly resists coating penetration, while one blown
softly acts like a sponge and absorbs much water. There-
fore, any evaluation of coating penetration should be
done on a core that is of normal production quality. It is
also note worthy that core release agents may waterproof
the core and affect coating penetration. Coating penetra-
tion is evaluated by cutting a coated dried core and ob-
serving how far the coating penetrates the core. The
usual reference is sand grain penetration. A normal level
of penetration is 2 — 4 sand grains [44]. It was reported in
[47], that this is not the most precise methodology be-
cause sand grain sizes differ from one foundry to the
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other. Moreover, a batch of foundry sand has a known
distribution of a variety of grain sizes within it, which
also makes using sand grain count as a measuring system
inadequate. Lower surface tension increases the depth of
coating penetration. As coating penetration increases, the
thickness of the proud layer decreases while the reverse
is the case if the proud layer increases [48]. Thermal ex-
pansion increases with the thickness of the proud coating
layer (the layer on the surface of the substrate) [47].
Therefore, an optimum proud layer thickness is needed to
reduce the expansion defects on the casting made with
these cores. This requires that the coating penetration
depth is controlled.

6.8. Coating permeability

Coating permeability is the amount of gas that can pass
through the coating. The level of permeability is detected
by both the type and amount refractory materials that are
used in the coating formulation and the dry film thick-
ness deposit on the core. The permeability of the coating
on the core is measured using a laboratory permmeter. A
coating with low permeability is desirable when directing
evolved gases to vent through specific areas of the core.
A high permeability coating is best when the goal is the
evacuation of core gases through the coating. The per-
meability of the coating at the coating-metal interface
may be different than that measured on the core. Some
constituents of the coating may quickly thermally de-
compose leaving voids that result in higher permeability.
Some may soften and flux resulting in lower permeabil-
ity [44]. High permeability coating will reduce the time
required for removing the degradation products and will
increase the metal fill velocity, often leading to blister
and fold defects. Low permeability coating will slow
down the metal velocity, which causes the molten metal
to lose the adequate thermal energy required for com-
plete pyrolysis, traps the degradation products and leads
to misrun or partial fill. It has been reported in [51] that
mould filling times decreased with permeability of the
coatings. A standard approach to characterize the per-
meability of porous materials is to use Darcy’s law (Eq.
8), which relates volumetric flow and pressure gradients
with the properties of the fluid and porous materials.

_ HQL
K_A(AP)

®)

where

K = permeability value in units of Darcys;

1 = viscosity of the fluid in centipoises;

Q = volumetric flow rate measured in cm®/sec;

L = length of specimen in cm in the flow direction;

A = cross-sectional area of the specimen perpendicular
the direction of gas flow in cm?,
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AP = (P, — P;) = pressure drop over the specimen
length

P, = pressure at outlet side of the specimen in atmos-
pheres

P, = pressure at inlet side of specimen in atmospheres

Eqg. (8) is valid when KA/uL is a constant in the lami-
nar flow region (slow viscous flow) [52,53][ i.e. for very
small Reynolds number (Re) [54]. The upper limit is at a
value of Re between 1 and 10. At a high Reynolds num-
ber, the deviation from Darcy’s law will be observed.
The Darcian permeability coefficient K indicates the ca-
pability of the porous medium to transmit fluids. Theo-
retically, the permeability coefficient only depends on
the porous medium’s properties. At high pressures, the
turbulent and inertia flow become more dominant so that
Darcy’s law is no longer valid. The transition from the
linear (Darcy’s law) to the nonlinear regime®Ccurs
gradually as the Reynolds number increases. Therefore,
the classical approach to macroscopically characterize
the effect of inertia and turbulence on flow through real
porous media is to use Forchheimer’s equation (Eq. 9),
which includes parabolic parts in the equation consider-
ing the influence of inertia and turbulence [51,54].

AP u 2
== VAV ©)

where V = fluid velocity averaged over the total
cross-section of the porous specimen (Q/A)

p = inertial parameter

p = density of the fluid

This equation macroscopically  quantifies the
non-linear effect [55]. Research [51] has shown that the
deviation from Darcy’s law (which occurs at Re = 1 — 10)
cannot be attributed to turbulence, and inertia forces are
more appropriate to explain the deviation. The role of
inertial effects over such a transition at high Re from
linear to nonlinear flow in the pore space was success-
fully simulated in the laminar regime without including
turbulence effects [55]. However, the random aspect of
the pore distribution induces a highly heterogeneous lo-
cal flow which becomes turbulent at high Reynolds’ re-
gimes [56].

6.9. Core Degradation

Core degradation varies from coating to coating. The
longer a core stays wet, the more core degradation will
take place. So, it is the best practice to put cores into an
oven heat zone as quickly as possible after the core is
coated. Most coatings use surfactants as wetting agents to
allow the coating to penetrate the proper depth. These
surfactants change the surface tension of the water, mak-
ing it worse for core degradation. To evaluate the effect
refractory coating on core strength, dip one set of cores
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and leave the other set undipped. Place both sets in the
drying oven until dry and allow them to cool to ambient
temperature approximately one hour. Then, when cool,
evaluate both sets of cores for strength. The comparative
loss in strength of coated cores will most likely be sub-
stantial [44]. It was reported in [37] that the strength of
core and mould material will decrease about 30% with
alcohol based coatings and 50% for water based coatings.
This is in agreement with the authors’ findings in the
investigation of the strength of core materials. The pub-
lication of these results is on the way.

6.10. Wettability and Surface Tension

The deposition of a coating on a solid substrate generates
new interface between dissimilar materials and involves
considerations of wettability, spreading, interface evolu-
tion and adhesion. The wettability of a solid by a liquid is
characterized in terms of the angle of contact that the
liquid makes on the solid [57]. The basic law governing
the equilibrium of a liquid drop on a surface was formu-
lated by Thomas Young o.

The drop is shaped by the resultant forces pulling at
the three-phase contact line of the drop, where the
solid/liquid, liquid/gas and solid/gas interfaces meet, in
the plane of the solid as shown in Figure 11. The forces
(per unit length) acting at this line are the surface ten-
sions and their balance yields the famous Young’s equa-
tion.

Ogs =0g +0,5C0S6, (10)

where osc , o5 and o are solid/gas, solid/liquid and
liquid/gas surface tensions, respectively [57,58].
According to Taylor’s depiction of liquid droplet
shape on solid surface, the droplet height, h = 2asin
(6*/2), where a is the capillary length (a = (a/pg)*?, o, the
liquid surface tension and p, its density, a = 2.7 mm for
water). It shows that gravity g can affect drop shape be-
sides the three phase forces. Only if the drop is small
enough that the effect of gravity is negligible, which
typically is the case for drops of millimetre size down to
micrometres, the drop will have the shape of a spherical
cap and the liquid/gas interface meets the solid surface at
an angle &, which is called the contact angle of a flat

Figure 11. Shape of droplet on a smooth surface [57].
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surface [58]. The condition # < 90° indicates that the
solid is wetted by the liquid, such a surface is referred to
as a hydrophilic surface and 6 > 90° indicates nonwetting,
and the surface is called a hydrophobic surface. Wet-
tability of a solid surface is governed by the chemical
properties and the microstructure of the surface. Wet-
tability is mainly determined by its interfacial free energy
(0sc). The greater, the free surface energy, the easier, the
liquid can spread upon and vice versa.

Young’s equation applies to ideal surfaces that are
perfectly smooth and devoid of all chemical and struc-
tural inhomogeneities. The contact angle measured on a
rough surface (called the Wenzel angle, 6,) does not
obey Young’s equation; it is related to the equilibrium
(Young’s) angle 6, [59], by Eq. 11

Cosd, =rcosd, (11)
where r is the ratio of true wetted area to the apparent
area. Equation 11 is called the Wenzel equation.

Wenzel's equation applies to equilibrium angles on
rough surfaces and not to advancing and receding angles
of a droplet on a rough solid surface that give rise to
contact-angle hysteresis. Hysteresis, H, is defined as the
difference of the advancing and receding angles (i.e., H =
0, - 6,) and arises because the liquid-vapour interface does
not retrace its original path when it recedes on the solid, so
that spreading is thermodynamically irreversible. Because
roughness hinders the contact line motion by creating
energy barriers, the system can reside in any of the po-
tential wells accessible to it that are commensurate with
the vibrational (or thermal) energy of the droplet [58].

In many industrial processes like that found in foun-
dries, the substrate (core in foundries) is immersed in a
liquid coating material, and then withdrawn to leave a
liquid film on the substrate. The film (coating) thickness
depends upon the surface tension, withdrawal speed,
substrate geometry, roughness, and viscosity. The dis-
persion of fine, granular solids in a liquid vehicle is a basic
step in preparing paints and other coating materials and
involves particle transfer across a gas-liquid interface. The
transfer of non-wettable solids into liquids requires the
solid to overcome a surface energy barrier at the lig-
uid-gas interface, and energy must be expended to assist
the transfer of non-wettable solids. Once the solid enters
the liquid, the capillary (attractive) forces and gas bridges
between solids control such phenomena as agglomeration,
dispersion, and air entrapment. The inter-particle forces
between dispersed solids are due to liquid surface tension
and pressure difference across the curved liquid-vapour
boundary between contacting solids. The maximum in-
ter-particle force, F, due to capillary forces between two
touching spheres is

1
= Cosé
F=2(2)%0, = 12)

Copyright © 2011 SciRes.

where R is the radius of the sphere. The force increases
with increasing liquid surface tension and decreasing
contact angle and particle radius. These forces affect the
viscosity, density, and sedimentation behaviour of the
suspension and the properties of the coating deposited
using the suspension [58].

7. Potential Area of Exploitation in Foundry
Coating Development: the Sol-Gel
Technology

7.1. Introduction

Sol-gel technology is discovered in the late 1800s and
extensively studied since the early 1930s. Various steps
in the sol-gel process to control the morphology of the
final product for particular properties meant for specific
applications are shown in Figure 12. Coating production
is one of the techniques for controlling the morphology
of the product. Sol-gel coating technology has been ap-
plied to various areas of coating production for corrosion
protection [60,61], wear resistance [62], thermal barrier
[63][, anti-soiling [64], anti reflective [65,66] etc but has
not been applied to the foundry industry. A literature
survey reveals that surprisingly little research [67-69] is
carried out on a topic that is of great importance for the
surface quality of castings. The application of sol-gel
technology in the production of foundry coatings is a
novel research area undertaken by our research group.

The technology gained much of its popularity in the
glass and ceramics production. Sol-gel technology is an
area of materials science. It denotes a process by which
largely inorganic polymers are synthesized through the
formation of a colloidal suspension (sol) and gelation of
the sol to form a network in a continuous liquid phase
(gel). A “sol” is a dispersion of colloidal particles. A
“gel” is an interconnected polymeric network formed by
assembly of the sol. The gelation proceeds through stages
by which the product’s rigidity is increased. The final
material produced in a room temperature synthesis is a
porous glasslike solid, which is termed a xerogel [70].
This xerogel is the sol-gel component of the coating be-
ing produced and tested for foundry application. The
precursors for synthesizing the colloids consist of a metal
or metalloid element surrounded by various reactive
ligands. Metal alkoxides are the most popular because
they react readily with water.

The most widely used metal alkoxides are the alkox-
ysilanes, such as tetramethoxysilane (TMOS) and tetra-
ethoxysilane (TEOS). The sol-gel process offers many
advantages over other methods of producing coatings and
films. For example, the low processing temperature; the
possibility of changing the sol composition, thereby pro-
ducing a change in film and coating microstructure and

MSA



Foundry Coating Technology: A Review 1157

Figure 12. VVarious steps in the sol-gel process to control the final morphology of the product [71].

low processing cost compared to some other competitive
process such as ceramic (powder) method, chemical
deposition process etc [72].

7.2. Sol-Gel Reactions

The characteristics and properties of a particular sol-gel
inorganic network are related to a number of factors that
affect the rate of hydrolysis and condensation reactions,
such as, pH, temperature and time of reaction, reagent
concentrations, catalyst nature and concentration, H,O/Si
molar ratio (R), aging (structure modifications with time
depending on time and temperature, solvent and pH con-
ditions) temperature and time, and drying. Of the factors
listed above, pH, nature and concentration of catalyst,
H,O/Si molar ratio (R), and temperature have been iden-
tified as the most important. Thus controlling these fac-
tors, it is possible to vary the structure and properties of
the sol-gel derived inorganic network over wide ranges.
At the functional group level, three reactions are used to
describe the sol-gel process: hydrolysis, water condensa-
tion and alcohol condensation.

Generally speaking, the hydrolysis reaction, through
the addition of water, replaces alkoxides groups (-OR)
with hydroxyl groups (OH). Subsequent condensation
reactions involving the silanol groups (Si-OH), which are
hydroxylated species, produce siloxane bonds (Si-O-Si)
under release of water (oxolation), whereas the reaction
between a hydroxide and an alkoxide leads to siloxane
bonds (Si-O-Si) under release of an alcohol (alkoxola-
tion).

=Si- OR + H,0 ——» =Si - OH + ROH This
process is called hydrolysis

=Si-OH+HO-Si= —» =Si-0-Si=+H;0
This condensation process is called oxolation

=Si-OR+HO-Si= ——» =Si-0-Si

+

Copyright © 2011 SciRes.

ROH This condensation process is called alkoxolation

Under most conditions, condensation starts before hy-
drolysis is complete. However, conditions such as, pH,
H,0O/Si molar ratio (R), and catalyst can force completion
of hydrolysis before condensation begins. Additionally,
because water and alkoxides are immiscible, a mutual
solvent such as an alcohol is utilized. With the presence
of this homogenizing agent, alcohol, hydrolysis is facili-
tated due to the miscibility of the alkoxides and water. As
the number of the siloxane bonds increases, the individ-
ual molecules are bridged and jointly aggregate in the sol.
When the sol particles aggregate, or inter-knit into a
network, a gel is formed. Upon drying, trapped volatiles
(water, alcohol, etc.) are driven off and the network
shrinks as further condensation can occur.

The first step of the hydrolysis of the Silicon alkoxides
can occur by acid-catalysed or base-catalysed processes.
Mineral acids (HCI) and ammonia are most generally
used; however, other catalysts are acetic acid, KOH,
amines, KF and HF. It can generally be said that sol-gel
derived silicon oxide networks, under acid catalysed
conditions, yield primarily linear or randomly branched
polymers which entangle and form additional branches
resulting in gelation. On the other hand, silicon oxides
networks derived under base-catalysed conditions yield
more highly branched clusters which do not interpene-
trate prior to gelation and thus behave as discrete clusters
having larger sol particles and large pores between the
interconnected particles. Hence the choice of acid or base
catalysis has a substantial influence on the nature of the
gel which is formed [49,73].

7.3. Application of Sol-Gel Process in Foundry
Coating Formulation

The application of sol-gel coating process in foundry
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coating production is a novel area of research undertaken
by the authors at Technical University of Denmark, DTU
and the coating producers at Danish Technological Insti-
tute, DTI along with the expertise of the industrial part-
ners [48,74]. Chemically bonded sand cores are dip
coated with the sol-gel coatings containing different filler
materials. The core-coating interactions are investigated
using advanced microscopy and spectroscopy. During
casting, the thermal behaviour of the coated cores is
monitored using a data acquisition soft ware. The mod-
eled results for commercial casting modeling and simu-
lating soft ware are correlated to experimental results
accordingly. After casting, the surface and subsurface
quality of the castings are examined with a 3 D optical
surface roughness measuring microscope and a scanning
electron microscope respectively. The results so far ob-
tained show a significant potential in the sol-gel process
towards, improvement of the surface quality of casting.

8. Conclusions

This is a review about foundry coating technology. It
includes but not limited to the coating components,
methods of application and characterization parameters.
New area of innovation for further development and im-
provement of foundry coating technology was also in-
troduced. Following the ongoing discussions, this review
has thrown more light in the foundry coating technology.
The information in this report will help foundries to
identify the right parameters to enhance the performance
of their coatings to produce castings with excellent sur-
face finish. On the other hand foundry coating manufac-
turers will find this report highly resourceful for the im-
provement of their various existing products.
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1 Introduction

Surface characterization, the nature of surfaces, and the measurement of surfaces
cannot be separated from each other. A deeper understanding of the surface
geometry produced by better instrumentation often produces a new approach to
characterization. Surface characterization means the breakdown of the surface
geometry into basic components based usually on some functional requirements.
These components have various shapes, sizes, distribution in space, and can be
constrained by a multiplicity of boundaries in height and position [1]. Surface
roughness is that part of the irregularities left on the surface after manufacture.
In the study of roughness, the word lay is used to describe the direction of the
predominant surface pattern. Surface roughness is generally examined in plane
i.e., areal view with the aid of optical and electron microscopes, in cross-sections
normal to the surface with stylus instruments and, in oblique cross-section, by
optical interference methods [1].

The surface topography or roughness is the most important parameter describing
surface integrity of a component. It has great importance in specifying the func-
tion of a surface, as a significant proportion of component failure, starts at the
surface due to either discontinuity or deterioration of the surface quality. In the
manufacturing industry, the surface must be within a certain limit of roughness.
Consequently, measuring surface roughness is important for quality control. Sur-
face finish has also important role in aesthetics and corrosion resistance and may
translate to improved performance and reduced life cycle cost [2].

The surface roughness of castings is influenced by the manufacturing process (ex-
pendable mould process, permanent mould process, etc.), the moulding materials
used (sand, binder, coatings, etc.), the equipment available, and the alloy cast, etc.
[3, 4, 5]. Figure 1 shows a detailed list of all the factors influencing the surface
roughness of cast components. The controlling parameters are so many that the
problem becomes a complex situation. To control the surface roughness of cast-
ings, these factors must be selected in a proper way most suitable. However, in
measuring the cast surface roughness, the following issues are considered [6]:

1. Compliance with standards

2. Suitability for random pattern

3. Repeatability (or reproducibility)

4. Latitude to accommodate rough and smooth surface and a variety of shapes
5. Easy operation

6. Dependence on human judgement

In the foundries the measurement of surface roughness of castings have been neg-
lected for decades, due to the inability of the mechanical surface roughness testing
instruments such as stylus instruments, to reproduce the exact surface texture of
casting surfaces. Probably, the single factor causing the most difficulty in devising
a means of measuring surface roughness is that the surface characteristic has three
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Fig. 1. Fish-bone cause-effect diagram with the factors that affect surface rough-
ness of cast components in expendable moulds.

dimensions. Therefore, it becomes necessary to average a multitude of readings for
the third dimension to be included. Another important factor is that the roughness
definition was established to accommodate machined surfaces. Machined surfaces
have a definite, regular, repetitive, directional pattern. Defining a cross-section
of a machined surface defines the surface. In contrast, the cast surfaces have an
irregular, random pattern, and there can be a wide latitude in the mathematical
value within an area [6]. It is also reported in [3] that since cast surfaces do not
exhibit the same cyclic character as machined surfaces, it is difficult to evalu-
ate their roughness using conventional mechanical, optical, or pneumatic devices.
Consequently, visual tactile standards are used, to describe the surface of castings.
Purchasers of castings can specify and assess surface quality and surface texture
more accurately and definitively using tactile comparators developed by Casting
Technology International (CTI) [7]. These provide a practical and functional al-
ternative to photographic representation of casting surfaces in standards such as
MSS SP-55-2001. Two set of comparators are in widespread use:

e SCRATA comparators for the definition of surface quality of steel and cast
iron castings, from Casting Technology International, Sheffield, UK.

e BNIF 359 Recommendation technique du Bureau de Normalisation des In-
dustries de la Fonderie, Sevres, France.

Typical SCRATA tactile surface comparators from CTI are shown in Figure 2.
These comparators are among the five A series comparators used to describe the
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surface texture of castings. The A series comparators form the part of a larger
set of comparators defining different surface defects of castings and apply to ISO
11971:2008 Steel and Iron Castings-Visual examination of surface quality; BS EN
1370:1997 Founding - Surface roughness inspection by visual tactile comparators;
BN EN 12454:1998 Founding - Visual examination of surface discontinuities [3].
Figure 3 shows another standard from Swecast, Sweden, which describes the sur-
face of castings after shot blasting. All these standards are tactile and do not have
high reproducibility as their interpretation depends on the operator. Therefore,
there are lots of variations from different individuals.

On this note, this paper presents a detailed approach to surface roughness char-
acterisation of cast components and its application in the foundry industry. This
novel method applies a non-contact technique using a 3D optical system to meas-
ure the surface roughness of sand cast components. A Scanning Probe Image
Processor (SPIP) was used to process and evaluate the data for the surface rough-
ness. Two different standard surface roughness tactile comparators used in the
foundry industry were also evaluated for the foundries to know the level of rough-
ness of those comparators in numbers. These values will serve as the reference for
the cast components and for order specifications in the foundry industry. Profile
and areal parametric analyses were performed on the roughness data of the stand-
ards to establish the relationship between various parameters and their variations.
From the results, it is intended to determine which of profile and areal parameters
are more informative for sand cast components since sand cast components have
no surface structural pattern like machined surfaces. The results from selected
castings were compared with the roughness values of the standards.

2 Surface Characterization

Surface characterization involves [§]:

e Defining the parameters to quantify the geometrical features of surfaces,
e selecting the parameters relating to functional properties of the surface,

e Generating a surface profile for given parameters.

2.1 Types of Surfaces
Surface:

A surface is a boundary that separates a solid object from another object or sub-
stance [9].

Nominal Surface:

A nominal surface is the intended surface. The shape and extent of a nominal
surface are usually shown and dimensioned on a drawing. The nominal surface
does not include intended surface roughness.
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(c) A3 (d) A4

(e) A5

Fig. 22 SCRATA comparators for casting surface roughness (UK).

Fig. 3: Tactile comparators for casting surface roughness after shot blasting
(Sweden).
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Real Surface:

A real surface is the actual boundary of an object. It deviates from the nominal
surface as a result of the process that created the surface. The deviation also
depends on the properties, composition, and structure of the material the object
is made of [1, 9, 10, 11].

Measured Surface:

A measured surface is a representation of the real surface obtained with some
measuring instruments. This distinction is made because no measurement will
give the exact real surface.

Form:

Form refers to the intentional shape of a surface which differs from a flat line
9, 11].

2.2 Surface Texture

Surface texture is the combination of fairly short wavelength deviations of a surface
from the nominal surface. Texture includes roughness, waviness, and lay, that is,
all of the deviations that are shorter in wavelength than form error deviations.

Roughness:

Roughness includes the finest (shortest wavelength) irregularities of a surface.
Roughness generally results from a particular production process or material con-
dition.

Waviness:

Waviness includes the more widely spaced (longer wavelength) deviations of a
surface from its nominal shape. Waviness errors are intermediate in wavelength
between roughness and form error. The distinction between waviness and form
error is not always made in practice, and it is not always clear how to make it.
New standards are emerging that define this distinction more rigorously.

Lay:

Lay refers to the predominant direction of the surface texture. Ordinarily lay is
determined by the particular production method and geometry used. Turning,
milling, drilling, grinding, and other cutting tool machining processes usually pro-
duce a surface that has lay: striations or peaks and valleys in the direction that
the tool was drawn across the surface. Other processes produce surfaces with no
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characteristic direction: sand casting, spark erosion and grit blasting. Sometimes
these surfaces are said to have a non-directional, particulate, or protuberant lay.
Several different types of lay are possible depending on the manufacturing and
machining processes [1, 9, 11, 10, 12].

2.3 Filtering
Filter:

A filter (for purposes of surface finish measurement) is an electronic, mechan-
ical, optical, or mathematical transformation of a profile to attenuate (remove)
wavelength components of the surface outside the range of interest for a measure-
ment. Filters select (or reject) the structure according to its scale in the x-axis,
that is in terms of wavelengths or spatial frequencies. A filter that rejects short
wavelength while retaining longer ones is called a low-pass filter since it preserves
(or lets pass) the low frequencies. A high-pass preserves the shorter wave-length
features while rejecting longer ones [9, 11].

Waviness Profile:

The waviness profile includes medium wavelength deviations of the measured pro-
file from the nominal profile. The waviness is the modified profile obtained by
filtering a measured profile to attenuate the longest and shortest wavelength com-
ponents of the measured profile (i.e. the filter removes form error and roughness).

Texture Profile:

The texture profile is the sum of the waviness profile and the roughness profile, i.e.
the remaining medium and short wavelength deviations of the measured profile
from the nominal profile after form error has been subtracted from the primary
profile. Measurement of texture is the primary domain of traditional surface finish
analysis.

Roughness Profile:

The roughness profile includes only the shortest wavelength deviations of the meas-
ured profile from the nominal profile. The roughness profile is the modified profile
obtained by filtering a measured profile to attenuate the longer wavelengths asso-
ciated with waviness and form error. Optionally, the roughness may also exclude
(by filtering) the very shortest wavelengths of the measured profile which are con-
sidered noise or features smaller than those of interest. Roughness is of significant
interest in manufacturing because it is the roughness of a surface (given reason-
able waviness and form error) that determines its friction in contact with another
surface. The roughness of a surface defines how that surface feels, how it looks,
how it behaves in a contact with another surface, and how it behaves for coating
or sealing. For moving parts the roughness determines how the surface will wear,
how well it will retain lubricant, and how well it will hold a load [9, 10, 11].
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3 Optical Systems

Optical systems apply the light reflection method in measuring surface roughness
and this involves illuminating the surface and the relative amounts of reflected light
are observed [6]. This is a non contact and non destructive method. Generally,
roughness measurement is done using stylus instruments. The major disadvant-
age of using stylus profilometry is that it requires direct physical contact, which
limits the speed of the measurement. In addition, the instrument measurements
are based on a limited number of line samplings, which may not represent the
real characteristics of the surface. Due to these drawbacks, contact-type instru-
ments are not suitable for high high-speed automated inspection [13]. Furthermore,
contact-type instruments are not applicable on sand cast surfaces because of high
surface roughness encountered. For non-contact surface roughness measurement,
white light interferometry, interference microscopy, phase-shifting interferometry,
coherence scanning microscopy, and Fourier transform method (FTM) are used to
measure the surface roughness [13]. These principles are applied in Areal optical
techniques. There are many different types of optical instruments applying these
principles, for measuring surface topography [11]. These include atomic force mi-
croscope (AFM), scanning electron microscope (SEM), total integrated scattering
(TIS), interferometric methods and specular reflection methods [14, 15, 16, 17].

New breakthroughs by the instrumentations have been made in the recent years,
to establish high-tech instruments which can acquire a 3D surface structure of
components [18]. Danzl et al. [19] presented a method to measure the three-
dimensional structure of complex objects using an optical principle called focus-
variation technology. This technology has been recently added to a new ISO
standard [20].

3.1 Focus-Variation

The optical technology Focus-Variation, developed by Alicona and added in the
latest draft of the upcoming ISO standard 25178, provides high resolution 3D
surface metrology even at complex topographies [21]. The technique of Focus-
Variation combines the small depth of focus of an optical system with vertical
scanning to provide topographical and colour information from the variation of
focus [11, 22]. The main characteristics of the system are that it delivers high
resolution measurements of even complex surfaces, that it is able to measure sur-
faces with steep flanks up to 80°, with strongly varying reflection properties and
greatly varying roughness. In addition to 3D and colour information, a repeatabil-
ity measure is analytically estimated for each measurement point. Focus-Variation
is used to perform high resolution 3D surface measurement for industrial quality
assurance as well as research and development activities [22]. Figure 4 shows a
schematic diagram of a focus-variation instrument.

The main component of the system is a precision optic containing various lens
systems that can be equipped with different objectives, allowing measurements
with different resolution. With a beam splitting mirror, light emerging from a
white light source is inserted into the optical path of the system and focused onto
the specimen via the objective. Depending on the topography of the specimen,
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the light is reflected into several directions as soon as it hits the specimen via
the objective. If the topography shows diffuse reflective properties, the light is
reflected equally strong into each direction. In case of specular reflections, the
light is scattered mainly into one direction. All rays emerging from the specimen
and hitting the objective lens are bundled in the optics and gathered by a light
sensitive sensor behind the beam splitting mirror. Due to the small depth of field
of the optics only small regions of the object are sharply imaged. To perform a
complete detection of the surface with full depth of field, the precision optic is
moved vertically along the optical axis while continuously capturing data from the
surface. This means that each region of the object is sharply focused. Algorithms
convert the acquired sensor data into 3D information and a true colour image with
full depth of field. This is achieved by analysing the variation of focus along the
vertical axis [11, 22].

Using the 3D measurement device Alicona InfiniteFocus (Figure 5) based on the op-
erating principle of Focus-Variation, the following technical specifications emerge:
The vertical resolution depends on the chosen objective and can be as low as 10
nm. The vertical scan range depends on the working distance of the objective and
ranges from 3.2 to 22 mm. The XY range is determined by the used objective and
typically ranges from 0.14 x 0.1 mm to 5 x 4 mm for a single measurement. By
using special algorithms and a motorized XY stage the XY range can be exceeded
up to 100 x 100 mm.

In contrast to other optical techniques that are limited to coaxial illumination,
the maximum measurable slope angle is dependent on the numerical aperture of
the objective. Focus-Variation can be used with a large range of different illu-
mination sources (such as a ring light) which allows the measurement of slope
angles exceeding 80°. Basically, Focus-Variation is applicable to surfaces with a
large range of different optical reflectance values. As the optical technique is very
flexible in terms of using light, typical limitations such as measuring surfaces with
strongly varying reflection properties even within the same field of view can be
avoided. Specimen can vary from shiny to diffuse reflecting, from homogeneous to
compound material and from smooth to rough surface properties. Focus-Variation
overcomes the aspect of limited measurement capabilities in terms of reflectance
by a combination of modulated illumination, controlling the sensor parameters
and integrated polarization. Modulated illumination means that the illumination
intensity is not constant, but varying. The complex variation of the intensity can
be generated by a signal generator. Through the constantly changing intensity far
more information is gathered from the specimens” surface.
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Fig. 4: Schematic of focus-variation instrument [11].

Fig. 5: IFM G4 laboratory system.
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4 Definition of Parameters for Roughness Characterisation

4.1 Profile Parameters

Table 1 gives the definitions of the 2D height parameters. The centre line average
parameter (Ra) is the most common of all the parameters. It is defined in ISO 4287
as the arithmetic mean deviation of the assessed profile [12, 23, 24]. There will be
normally five Ra values (Ral to Ra5) over an evaluation length. The root-mean-
square (RMS) parameter (Rq) is another sample length average parameter. It is
defined in ISO 4287 as the root square deviation of the assessed profile. There will
normally be five Rq values: Rql to Rq5. There are also other parameters as shown
in Table 1, but the two most widely used parameters are Ra and Rq [11, 12, 25].
Average parameters suffer several disadvantages, they do not distinguish between
a peak and a valley, they do not respond to a redistribution of material above
and below the mean line, they are unrelated to wavelength and do not describe
the form or shape of the unit event. Their advantage is that they can monitor
averages and drifts from the average [12]. There are inherent limitations with
2D surface measurement and characterization. A fundamental problem is that a
2D profile does not necessarily indicate functional aspects of the surface. With
profile measurement and characterization it is also often difficult to determine the
exact nature of a topographic feature [11, 28]. With respect to the parameters
that measure extremes rather than averages, the Rt parameter is the real extreme
parameter in that it measures the vertical distance from the highest peak to the
lowest valley within the evaluation length.

Tab. 1: Profile amplitude parameters [12].

Parameter Description
Ra Centre line average SL Ra = legjl |'Y; |
Rq RMS Roughness SL Rq = % é Y2
Rp Maximum peak height SL Rp = Zas
Rv Maximum valley depth SL Rv = Z,in
Rt || Maximum peak to valley height || EL || Rt = Zax — Zimin
Rz || Maximum peak to valley height || SL || Rz = Zue — Zmin
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4.2 Surface Parameters

In many instances, the parameters determined from a single 2D trace are unable
to define a surface satisfactorily because surfaces interact in three-dimensions and
not two [12, 26]. All 3D parameters are defined in one sampling area, which is con-
trary to most 2D parameters which are defined in one evaluation length consisting
of several sampling lengths [26]. 3D height parameters and their mathematical
description are presented in Table 2. The average parameter Sa is the arithmetic
mean of the absolute value of the height within a sampling area. The Sa para-
meter is the closest relative of the Ra parameter. The Sq parameter is defined
as the root-mean-square value of the surface departures within the sampling area
[12, 11, 26, 27]. The equation for Sq is the double summation of heights in the
two horizontal directions, as shown in Table 2. An extreme parameter, Sz, the
ten-point height, is a 3D equivalent of 2D Rz. It is the difference between the
average of the five highest peaks and the five lowest valleys, within the sampling
area as shown in Table 2. 3D measurements allow improved functional correlation
in the calculation of volume for fluid retention, amount of wear on a surface, num-
ber and percentage of particle distribution in a surface, and many more surface
finish characteristics. ISO 4288 provides a standard procedure for dealing with
this problem [20]. This specification states that it is acceptable for 16% of the fin-
ish measurements to be beyond the specified finish tolerance and still consider the
part to meet the specification. During early development of the three-dimensional
measurement process, it was anticipated that finish data developed utilizing three-
dimensional surface characteristics would provide improved consistency of readings
[28]. Comparison of the number of readings required to keep the parameter value
within +10% at the 95% confidence level utilizing 2D and 3D surface measuring
techniques is shown in Figure 6.

Tab. 2: Surface amplitude parameters [9].

Parameter Description
M—1N—-1
Sa Average roughness Sa =55 > ¥ | z(@i,y;) — i
i=1 j=1
| M=IN-1 )
Sq RMS roughness Sq = \|3iw = X 2 (@i, y5) — p
i=1 j=1
Sp Maximum peak height Sp = Zax
Sv Maximum valley height Sv = Zin
St || Maximum peak to valley height St = Zmaz — Lmin
5 5
3 Gopim )+ 3 (i)
Sz Ten point height Sz == ==
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Fig. 6: Number of measurements needed to keep parameter value within +10%
using T-Distribution with 95% Confidence Level [28].

Figure 6 shows although the use of three dimensional finish measurement tech-
niques can reduce the number of readings by some amount as compared with
two-dimensional data, multiple readings are still required if statistical confidence
is to be developed with respect to the finish parameter being measured [28].

4.3 Bearing Area Ratio Curve

This is the ratio of the total contacting area, obtained by truncating the surface
summits by a plane parallel to the mean plane at a given truncation level, over the
sampling area. The material ratio curve formally called surface bearing area ratio
curve, or surface Abbot-Firestone curve, is a function of truncation level. The
vertical axis of the material ratio curve is normalised in accordance with the RMS
deviation i.e. Rq or Sq for profile and areal respectively. The origin is placed at
the mean plane. A material plane which is above the mean plane is scaled in the
positive axis, whereas a material plane which is below the mean plane is scaled in
the negative axis [11, 26, 29]. A topographical model that captures the essential
characteristics of the bearing area curve using a very limited set of parameters
is the linearised five-parameter models that are shown in Figure 7 for profile and
areal measurements.

Surface bearing area ratio curve provides information about the height distribution
and material volume and void volume of surface topography, hence it is useful for
defining functional parameters [26]. The material volume is defined as the material
portion enclosed in a truncation plane parallel to the mean plane and the interfacial
surface above the plane. A void volume is a complementary function of the material
volume. It is the air volume enclosed between a truncation plane at a given level
parallel to the mean plane and the interfacial surface beneath the plane. Figure
8 shows a section of the material volume, Vm(h), and the void volume Vv(h).
The volumes are functions of the truncation depth, h. At the highest point, i.e.
h = A4 the material volume is 0 and the void volume is the maximum. Whilst
at the lowest point, i.e. A = h,,;,, the material volume is maximum and the void
volume is 0 [26].
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(a) Isometric plot of the profile (R) and surface (S)

(b) Bearing area curve

Fig. 7: Profile and surface bearing area curve characterized by five profile and
corresponding surface parameters: Rk, Sk, Rpk, Spk, Rvk, Svk, Rmrl,

Smrl and Rmr2, Smr2 [29].
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Fig. 8: Schematic diagram of the material volume and the void volume from iso-
metric plot of the surface [26].

European instrument manufacturers devised height distribution parameters such
as Rpk, Rk, Rvk, Rmrl and Rmr2 for profile parameters as shown in Figure 7.
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These are ISO parameters. The parameters Rpk, Rk and Rvk are expressed in
microns, whereas Rmrl and Rmr2 are expressed in percentages. The parameter
Rpk is the reduced peak height and is defined in ISO 13565-2 (1996) as the mean
height of the peaks above the roughness core profile. It represents the top portion of
the surface that is easily worn out. The parameter Rk is the core roughness depth
and is defined in ISO 13565-2 (1996) as the height of the roughness core profile.
It characterizes the long-term running surface that will influence the performance
and life of the part. The parameter Rvk is the reduced valley depth and is defined
in ISO 13565-2 (1996) as the mean depth of the profile valleys below roughness
core profile. It characterizes the oil-retaining capacity of the surface provided by
the deep valleys. The parameters Rmrl and Rmr2 are material portions. They
are defined in ISO 13565-2 (1996) as the material portion determined for the
intersection line which separates the profile peaks from the roughness core profile
and the materials portion determined for the intersection line which separates
the deep valleys from the roughness core profile respectively [26, 31]. All these
parameters have their 3D counterparts as Spk, Sk, Svk, Smrl and Smr2 [1, 11, 29
as shown in Figure 7. These 3D or areal parameters are included in ISO 25178-2
20].

Characteristic analysis of surface bearing area ratio curve

Three parameters were extracted from the bearing area ratio curve. The peak
roughness was defined as the range of heights embracing 2-25% of the bearing
length, the medial or core roughness covers the range 25-75% while the valley
roughness was defined to cover 75-98% of the bearing length. The topography
feature from typical electric discharge machining (EDM) or sand blast surfaces
show a height distribution that approximates to a Gaussian. A typical example
of such surface is shown in Figure 10. From figure 10b, two horizontal lines were
drawn in the surface of the bearing ratio curve. one intersects with the 5% bearing
area denoted by hg s, the other intersects with the 80% bearing area denoted by
hog. Then the curves are classified into three zones similar to that of DIN 4776,
i.e. peak zone, core zone and valley zone [26, 31]. The material volume per
unit sampling area of each zone is actually the area enclosed beneath the surface
Abbott-Firestone curve and the horizontal line of this zone. The void volume per
unit sampling area of each zone is the area enclosed beneath the top horizontal
line of this zone and above the surface Abbott-Firestone curve [26]. A comparative
analysis of 2D and 3D Bearing area curves made by Cellery et al. [31], shows a very
poor agreement. they are of the opinion with other researchers that more useful
information about the surface properties can be achieved by using 3D analysis.
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(a) Isometric plot of the surface (b) Surface bearing ratio

Fig. 9: Bearing area ratio and the height distribution of an EDM surface [26].

5 Approach used for the Measurements

Alicona InfiniteFocus microscope (IFM) G4 (Figure 5) was used to acquire the sur-
face topography information on all the surfaces of standard comparators and the
castings. The objective used is 5x giving a vertical resolution of 410 nm. For this
objective the XY range is 2.8392 mm x 2.1538 mm and a spot diameter of 6 mm.
After the data acquisition with Alicona InfiniteFocus Microscope, the image was
analysed with Scanning Probe Image Processor (SPIP) software. Plane correction
was performed on the entire image to level the surface and to remove primary pro-
file. The surfaces were filtered to separate roughness and waviness using Gaussian
filter according to ISO 11562. These sequence of operations was followed consist-
ently for all the measurements. Typical example of processed surfaces are shown
in Figure 10.

(a) Original surface (b) Filtering-waviness (c) Filtering-roughness

Fig. 10: Surface processing in Scanning Probe Image Processor (SPIP).

The reason for filtering the surfaces is to remove the dominance of waviness over
the surface roughness. This reason is shown in Figure 11. As can be seen, the
actual surface roughness is obvious in Figure 11d. A typical 3D surface texture of
an analyzed surface is presented in Figure 12.



6 Results from Standard Roughness Comparators 16

(a) Waviness (b) Roughness

(c) Waviness profile (d) Roughness profile

Fig. 11: The difference between waviness and roughness. The reason for filtering.

Fig. 12: A typical 3D surface texture of a processed casting surface for roughness
measurement in SPIP.

For the tactile standard comparators from CTI, A1 and A2, 20 scans were made
on each surface while 6 scans were made on each of the 6 standards (S25, S40,
S63, S100, S160, and S250) from Swecast.

6 Results from Standard Roughness Comparators

The roughness characterization of two standard comparators (Al and A2) from
the CTI series (Figure 2) and the Swecast standards (Figure 3) was performed.



6 Results from Standard Roughness Comparators 17

(a) Al (b) A2

Fig. 13: Surface structure of A1 and A2 comparators from measuring system.

Figure 13 shows the typical microstructure of the surfaces of A1 and A2 of the CTI
standard comparators. It is from typical surfaces like these that the profile and
surface parameters are determined. The surfaces of A1 and A2 proved measurable
unlike the other three surfaces (A3, A4 and A5, Figure 2) whose surface texture
were way out of the right objective of the measuring system. From measurement
observations on these three surfaces, the surfaces show smoother texture than those
of A1 and A2, which is not suppose to be the case. This means that the system
measures smoothness on a rough surface, implying that the surface topography is
out of the capacity of the system. This was observed with objective higher than
5x, increasing the objective reduces the spot size which means reduced field of
view. Therefore, the right surface texture evaluation is not obtained from these
surfaces. Consequently, the measurements were limited to A1 and A2 which gave
reasonable data in the micron range instead of data in the nano-range (not real).
This abnormality in the measurements is attributable to wrong surface features
on the surfaces and also on the type of material (polymer) of the surface.

The profiles of different single point measurements and their statistical descriptions
are presented in Figure 14. From the figure, it can be seen that the amplitude
profile parameters (peak to valley): Rt, Rz, R10z, Rv, and Rp; show the highest
inconsistency in the measurements. This is evident in the scatter in each of the
profiles in Figure 14a and in the large standard deviations shown in Figure 14b.
The amplitude parameters (average of ordinates): Ra and Rq and the bearing
area curve parameters: Rpk, Rk, and Rvk show more consistent measurement
data with little scatter in the profiles and smaller standard deviations as can be
seen from Figure 14.

Based on these observations, most of the analyses will be made on the amplitude
and bearing area curve parameters. However, all the parameters were also analysed
on the surface measurement data obtained. The single point measurement profiles
and their corresponding statistical distribution are shown in Figure 15. It can be
seen that there is presence of scatter in the profiles and large standard deviations
for the amplitude surface parameters (St, Sz, S10z, Sv and Sp) like in the profile
parameters. However, it can be obviously observed from Figure 15, that the scatter
in the profile and the deviations are not as large as it is in the profile measurements.
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(a) Single point plot
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Fig. 14: Profile roughness of A1 comparator showing various parameters.

The surface average amplitude (Sa and Sq) and the bearing area curve (Spk, Sk
and Svk) parameters also showed little scatter in the profile and lower standard
deviations than their profile counterparts. This points to the fact that the sur-
face (areal) measurements may be more consistent and reliable than the profile
measurements which are sectional. The emergence of commercial 3D measure-
ment systems has emphasized the importance of 3D surface topography in science
and engineering applications, and an advent of measurement and characterization
of surface topography in three dimensions. It is recognised that 3D surface topo-
graphy greatly affects not only the mechanical and physical properties of contacting
parts, but also the optical and coating properties of some non-contacting compon-
ents. The amplitude and spatial characteristics of 3D surface topography dominate
the functional applications in fields like wear, friction, lubrication, fatigue, sealing,
jointing, reflectance, painting, bearing, etc. [26]. However, problems still exist in
establishing the relationship between functional properties of engineering surfaces
and the characterization of surface topography [32].
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(a) Single point plot
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Fig. 15: Surface (Areal) roughness of Al comparator showing various parameters.

The statistical description of the selected parameters from the amplitude average
and bearing area curve parameters for profile and areal measurements on A2 series
standard comparator is presented in Figure 16. From the figure, it also evident
that the standard deviations are higher in the profile measurements than in the
surface measurement data. These observations support the question raised by
W. P. Dong et al. [33], on how effective are the parameters calculated from a
profile, at representing the surface character?. Although, Thomas and Charlton
[34] are of the opinion that variation of 50% are not uncommon on machined
surfaces. If this is the case with machined surfaces, then sand casting surfaces are
bound to have higher variations based on their higher surface roughness. In this
regard, the parameter that minimizes these variations will be more applicable and
reliable in the characterization of the surface quality of castings. Both profile and
areal roughness data with their corresponding standard deviations are presented
in Tables 3 and 4 respectively. These show the average roughness of the standards
in various parameters and the observed variations in these parameters.
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Fig. 16: Roughness of A2 comparator with selected parameters.

Tab. 3: Profile parameters for A1 and A2 standards of A series comparators.

Profile parameters (pm)
Standards | g Ry~ | Rpk | Rk | Rvk
Al | 16.943.7 || 25.946.9 | 30.5+12.7 || 41.3£7.8 [ 36.94+31.6 |
A2 || 21471 | 34.9+14.7 || 74.9£72.7 || 44.9410.1 || 41.0+39.6

Tab. 4: Surface parameters for A1 and A2 standards of A series comparators.

Surface parameters (pm)
Standards |—e 5, spk | Sk || Svk
Al | 16.542.5 || 25.545.5 || 30.947.6 | 46.3£5.3 || 46.7£25.9 |

A2 ][ 20.5+4.5 [ 35.2£10.4 || 56.2+35.4 || 48.545.3 || 61.5+49.2 |
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Similar detailed analyses were also performed on the data obtained from one of the
Swecast standard comparators, S250, which has the highest roughness, in order to
track data variations of all the parameters. Typical microstructures showing the
surface texture of all the S series standard comparators (S25, S40, S63, S100, S160
and S250) are shown in Figure 17. The growth of the texture of the surface is
obvious and is expected to reflect on the measured surface roughness accordingly.

(a) S25 (b) S40
(c) S63 (d) S100
(e) S160 (f) $250

Fig. 17: Surface texture of S25-S250 from the measuring system.

Similar observations are made on S series standard comparators like in the case of
the A series standard comparators discussed above. From Figures 18 and 19, there
are also the presence of scatter in the profiles and larger standard deviations for
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the amplitude data of both profile and surface measurements as can be seen from
Figures 18 and 19. Although the scatter and standard deviations are larger for
profile measurement data relative to surface measurement data. The amplitude
average parameters showed lower scatter and lower standard deviations. These
observations are consistent with the earlier observations for A series standard com-
parators. Therefore, applying amplitude average parameters in the description of
the surface texture of casting is reasonable as more reproducible results will be
obtained. However, this still requires a couple of measurements (but less than
that required by profile measurements) [28] in order to apply some statistics to
the measurement data, to determine the central tendency.

(a) Single point plot
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Fig. 18: Profile roughness of S250 comparator showing various parameters.
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(a) Single point plot
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Fig. 19: Surface (Areal) roughness of S250 comparator showing various parameters.

The roughness results of all the measurements made on the surface of the S series
standard comparators for profile and surface data with higher reproducibility are
presented in Tables 5 and 6 respectively. From the tables, it can be seen that the
standard deviations of the parameters are larger with the profile parameters. In
line with the previous arguments, the surface parameters seem to produce data
with less scatter.

Comparing Ra and Sa values from the A (Tables 3 and 4) and S (Tables 5 and 6)
series standard comparators, it can be seen that their respective values are com-
parable in each case. Both Ra and Sa reflect the arithmetic mean of the absolute
values of the surface point departures from the mean plane within the sampling
area. This implies that with profile evaluation, larger number of measurements are
required to make the data reproducible. This invariably places Sa measurements
at advantage over Ra measurements because more time is required for the higher
number of Ra measurements needed. Sa, being an areal measurement covers a
larger field thereby becoming more representative. Furthermore, Sa showed lower
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deviation from the mean than the Ra from all the tables. Therefore, as a generaliz-
ation, Sa parameter can be adopted as a parameter for the characterization of the
surface of castings. Furthermore, Sk from the surface bearing area curve showed
lower variation than its counterpart, Rk from the profile bearing area curve. This
will further be discussed in the bearing area curve section.

Tab. 5: Profile parameters for all the S series standards.

Standards Profile parameters (jum)
Ra Rq Rpk Rk Rvk
525 7.4+1.7 9.8£2.2 8.6£1.7 19.4+5.6 13.2+4.1
S40 8.2+1.3 || 10.6£1.1 | 13.6+£3.3 || 24.0+4.2 8.2£2.2
S63 11.24+1.6 || 13.84£2.4 || 158479 || 31.2+£7.8 7.8+3.7
S100 15.0+2.4 || 18.6£2.3 || 21.2+4.4 || 42.4+9.9 | 11.845.6
S160 20.2+4.1 || 24.0+4.2 || 20.4+6.2 || 59.4+16.8 || 17.2+8.3
5250 25.6£4.2 || 31.84+4.4 || 38.2£15.1 || 57.84+9.9 || 24.84£22.7
Tab. 6: Surface parameters for all the S series.
Standards Surface parameters (pm)
Sa Sq Spk Sk Svk
525 7.6+0.6 || 10.0£1.0 || 15.0£4.1 || 22.842.3 || 13.8£1.3
S40 8.24+1.1 || 10.6x1.3 || 16.6£2.3 || 27.0+1.9 || 10.0£2.4
S63 11.04+0.7 || 13.4£1.1 || 18.6%+2.8 || 34.4+£2.1 || 12.0£1.0
S100 14.4+£0.6 || 18.240.8 || 23.8£2.3 || 44.6+2.7 || 15.4£1.8
5160 18.6£2.9 || 23.844.0 || 34.6£9.6 || 57.44+6.2 || 18.4£2.3
5250 27.242.6 || 33.8£2.9 || 43.44+7.3 || 81.8£8.1 || 26.24+5.9

Having reasonably established the reliability of the surface measurements over
profile measurements and the reproducibility of the Sa data over Ra data, a com-
parison of the surface roughness of the A series and of the S series standard compar-
ators using the Sa values and their various deviations are shown in Figure 20. This
is done to avoid “parameter rash”, [26, 34| therefore just one reliable parameter
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suffices to characterize the surface of castings. As can be seen from the figure,
the measurement results on various standards followed the expected trend which
is observable from visual inspection from Figures 2 and 3. This indicates that the
measuring system is applicable to casting surfaces. Following these discussions, to
a reasonable level, these standards have been quantified and these values can be
used to specify the roughness level of castings. It must be emphasized that, before
these values are quoted any where, the measuring system, the cut-off length, and
the objective used, must be specified in order to ensure reproducibility. The res-
ults presented in this figure will be compared with the results obtained from real
casting surfaces after shot blasting.
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Fig. 20: Comparison of the roughness (Sa) of A and S series standard comparators.

7 Roughness Description by Bearing Area Ratio Curve
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Fig. 21: Typical bearing area ratio curves from the same surface.

The three most commonly used parameters to describe roughness of a surface from
the bearing area curve are the Rk, Rpk and Rvk for profile measurements and Sk,
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Spk and Svk for surface measurements. Typical bearing area curves are shown in
Figure 21. The roughness parameters are shown in each curve and the variations
in the parameters are obvious in both cases. The details of bearing area curve
have been provided in the subsection 4.3 with definition of the various parameters
encountered in the bearing area curve. In bearing curve, the core roughness for
profile and surface is described by the Rk and Sk values respectively. However,
for all the standard measured, the three parameters for profile and surface were
also quantified and presented in Tables 3, 4, 5 and 6. As can be seen from the
tables, the parameters that describe the surface of the standards according to
the roughness level are the Rk and Sk values which showed consistent rise with
increasing roughness. These parameters quantifies the surface roughness while
the other two parameters describe the effect of peaks and valleys on the surface.
A large Spk implies a surface cokmposed of high peaks providing small initial
contact area and thus high areas of contact stresses (force/area) when the surface
is contacted. Svk is a measure of the valley depths below the core roughness and
may be related to the lubricant retention and debris entrapment [35]. Due to the
associated variations in these parameters, they alone cannot be used to describe
the surface quality of castings. However, a wear model was proposed [28] based
on these parameters for contacting surfaces as given by the following equation:

Wear = (Sk + Spk)beforetest - (Sk + Spk)aftertest
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Fig. 22: Profile reduced peak height and valley depth to core roughness ratio.

Furthermore, they can be used to determine the symmetry of the surface texture
of the surface i.e is the surface dominated by peak or by valleys?. For the right
standards it is expected that the surface texture will be symmetrical around the
mean. By applying this dimension of the analyses, it can be deduced which of the
standards have symmetrical surface texture. This may be relevant to the intended
function of the surface [2]. From the bearing area curve analysis, the ratios of
Rpk/Rk and Spk/Sk indicate the peak heights above the core texture normalized
by the magnitude of the core texture height [36]. Therefore, larger Rpk/Rk and
Spk/Sk values indicate surfaces that tend too be dominated by peaked structures
than surface with lower Rpk/Rk and Spk/Sk values. As demonstrated in Figures
22 and 23 for profile bearing area curve and surface bearing area curve respectively,
it can be seen that there is strong variation in the values of the ratios from the A
series comparators unlike their S series counterparts.



7 Roughness Description by Bearing Area Ratio Curve 28

(a) Spk/Sk

2.5

1.38
1.5

Svk/Sk

0.38

05 | 0.37 0.35 0.35 0.32 0.32

0 . " Iil III III III III Iill
525 540 s63

Al A2 s100 §160 §250

Standards

(b) Svk/Sk

Fig. 23: Surface reduced peak height and valley depth to core roughness ratio.

The ratios Rvk/Rk and Svk/Sk, also derived from the bearing area curve analysis
illustrated in Figures 22 and 23 for profile bearing area curve and surface bearing
area curve respectively, are measures of the dominant valley depths below the core
texture relative to the core texture height forming the surface. Higher Rvk/Rk
and Svk/Sk values may be characteristic of more plateau-like structures suggestive
of a higher real area of contact with other surfaces. Higher Rvk/Rk and Svk/Sk
values may also be indicative of crevice-like structures related to potential fatigue
wear sites [2]. Again, from the figures it can be seen that the A series standard
comparators showed larger variations compared to the S series comparators with
symmetrical surface features. Areal data of the S series comparators are more
consistent with the expected symmetry to the core texture as shown in Figure
23. This also confirms the reliability of the surface measurements. From these
analyses, it can be proposed that the S series standard comparators have more
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homogeneously distributed and symmetrical surface features than the A series
standard comparators. Hence, show a better description of the surfaces.

8 Results from Castings

A description of the casting geometry is provided in Figure 24 for the vertically-
parted moulds. Prints 2 and 4 were spray-coated while prints 1 and 3 are left
uncoated. This pattern also helps in the investigation of the influence of metal-
lostatic pressure on the surface finish of the vice castings. For each of the prints
in a mould, the top and down of the front face (Figure 24c) and top and down
of the reverse face (Figure 24d) were scanned for roughness measurement. Six
measurements were made on each face and then averaged.

The castings are vice casting made by spraying foundry coatings containing sol-gel
component as an additive. The castings examined are castings identified with the
mould numbers as 10, 11, 14, 20, and 22. The description of the treatments given
to the prints in the mould is as follows:

e Mould no.10: Print 14+3: No coating, Print 24+4: W230, dilution of W230:
30% addition of water.

e Mould no. 11: Print 1+3: No coating, Print 2-+4: W230 + 4% Sol-Gel,
dilution of W230: 25% addition of water.

e Mould no. 14: Print 1+3: No coating, Print 24+4: W230 + 20% Sol-Gel,
dilution of W230: 25% addition of water with Multilayer application. Moulds
poured after 1 hour extra waiting time

e Mould no. 20: Print 1+3: No coating, Print 2-+4: W226 + 4% Sol-Gel,
dilution of W226: 30% addition of water.

e Mould no. 22: Print 1+3: No coating, Print 2+4: W226, dilution of W226:
30% addition of water with Multilayer application
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(a) Casting layout-SP showing the prints (b) Vice - side view

(c) Vice-front face (d) Vice-reverse face

Fig. 24: Casting layout and descriptions.

In the investigation of real casting surfaces, measurements were carried out with
the same measuring system and with the same conditions used for the standards.
This will provide the level ground for comparison of the results. Although, the
results that will be compared with the standards are those obtained from the best
coating conditions for the moulds which are expected to give the best casting sur-
face quality. The main stay of this investigation is verify the applicability of the
measuring system in the characterization of the surface quality of castings. The
measuring system is a new break through in the area of optical surface metrology.
Meanwhile, the system has been applied successfully to machined surfaces [18, 22].
Therefore, the authors thought it is worthwhile to apply the system to castings
surfaces after shot blasting. The success of this study on sand cast surfaces will
definitely confirm its applicability on castings made on permanent moulds and
other casting with better surface quality than those of sand castings. The surface
roughness of the castings described by Sa values measured with the new measuring
system, Alicona InfiniteFocus optical microscope and the corresponding standard
deviations are presented in Table 7. The results show that it is possible to use
the new optical microscope to measure the surface texture of cast components.
However, considering the surface roughness of the sand castings, higher objectives
should not be used in order to have a field of view representative of the surface.
From Table 7, the coating prints (2 and 4) in Moulds 10, 11 and 14 showed reduc-
tion in surface roughness relative to prints (3 and 4) without coatings for W230
coating unlike for moulds 20 and 22 for W226 coating. The best surface quality
from the lowest roughness value is observed from the coated prints of Mould 14,
which had multilayer application. This indicates the sensitivity of the measuring
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system on the changes of the surface features.

Tab. 7: Surface roughness results of the castings.

Front face (pm)

Reverse face (nm)

Mould no. || Prints
Top Down Top Down
10 1 14.3£1.0 || 15.941.7 || 15.0£3.8 || 16.0£1.2
2 9.841.1 || 13.24+1.8 || 13.2+1.3 || 9.8£1.1
3 17.3£1.1 || 18.643.1 || 17.1+1.1 || 20.4+4.3
4 11.6£2.3 || 15.14+1.4 || 14.7£2.1 || 9.7£1.6
11 1 13.2£1.6 || 15.3+1.3 || 11.2+1.7 || 13.3£0.8
2 9.6+2.3 || 14.0£2.5 || 9.9£3.2 || 13.9£1.0
3 18.3+3.1 || 18.842.0 || 17.3+1.7 || 18.7+0.6
4 15.2+4.3 || 17.44+1.6 || 13.3£2.4 || 9.6%2.7
14 1 13.5£1.6 || 12.14+1.9 || 12.1+1.0 || 15.3£1.4
2 7.5£0.9 || 12.9£1.3 || 5.6%0.9 5.6£0.3
3 13.8+1.3 || 17.64+1.4 || 17.1£2.5 || 19.2+2.1
4 8.4£1.8 || 7.5+0.8 || 5.8£0.2 7.7£2.2
20 1 16.1£1.9 || 16.3£1.5 || 15.4+0.6 || 16.4£0.9
2 11.9£1.5 || 16.3+1.0 || 15.2+1.4 || 17.8£1.2
3 15.942.0 || 20.042.2 || 17.8+1.0 || 19.7£2.4
4 17.0£2.9 || 20.8£1.8 || 12.4+0.6 || 11.7£0.5
22 1 11.1£1.1 || 16.7£1.3 || 11.8%1.7 || 15.3£0.8
2 11.4£1.2 || 13.841.8 || 12.5+1.0 || 16.2£2.1
3 14.6+£2.1 || 16.54+2.1 || 14.5+1.0 || 17.8£1.6
4 16.4£1.6 || 19.84£1.9 || 16.6£1.4 || 17.2£1.2

In the analysis of the single measurement points and their variations from one an-

other, Figure 25 shows the profiles and their variations with one another for prints
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1 and 2 (Figure 25a) and prints 3 and 4 (Figure 25b) for Mould 14 with multilayer
coating application of W230 coating. The lower roughness of the castings in Prints
2 and 4 is obvious by the clear separation of of their profiles from those of Prints 1
and 3. This points to the sensitivity of the measuring system to the changes with
the features on the surface being measured. This simply means that the system is
able to track effectively changes on the surfaces. Therefore, it can be used for the
characterization of castings produced by different production processes. Basically,
parameter variation is the product inherent surface topography features emanat-
ing from manufacturing methods. Take for instance, the surface of sand castings
after shot blasting is difficult to measure with stylus instrument, because of non-
homogeneity of the surface features and material pick-up. These, were observed
from previous trials with stylus profilometry. Consequently, foundries resorted to
tactile comparators.

(a) Prints 1 & 2

(b) Prints 3 & 4

Fig. 25: Single point roughness of casting made with W230 + 20% sol-additive
with multilayer application.
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(a) Prints 1 & 2

(b) Prints 3 & 4

Fig. 26: Single point roughness of casting made with W226 with multilayer applic-
ation.

In furtherance of the discussion of the sensitivity of the system with changes in
surface features measured, Figure 26 shows profiles and their variations with one
another for prints 1 and 2 (Figure 26a) and prints 3 and 4 (Figure 26b) for Mould
22 with multilayer coating application of W226 coating. As can be seen from the
figure, it is clear that due the poor surface quality of the castings, the machine
measured the features on the surface accordingly. By hand feeling and visual
inspection of the castings, they felt sharp to touch and look rough visually. There
was no difference from the surface of castings made in coated moulds and those
made in uncoated moulds. This means that the coating on the moulds did not
improve the surface quality of the castings. This is evident from the high roughness
values obtained from the surface of these castings.

In another context, the surface roughness of selected castings were compared with
those of the standards and the results are shown in Figures 27 and 28. Figure 27
shows the comparison of the surface roughness of castings made in Mould 10 with
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Prints 2 and 4 mould cavity coated with W230 coating and those of the standard
comparators. A closer examination of the figure shows that for the castings, both
the front face (Figure 27a) and reverse face (Figure 27b) are lower than the surface
roughness of Al standard comparator while falling between S40 and S160 for the
S series standard comparators.
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(b) No. 10 Reverse face

Fig. 27: Comparison of roughness of castings made with W230 and roughness of
standards.

The comparison of the surface roughness of the castings made in Mould 14 with
multilayer application of W230 coating on the mould cavity for Prints 2 and 4
with the roughness values of the standard comparators is shown in Figure 28.
The results shows that the surface roughness of both the front face (Figure 28a)
and reverse face (Figure 28b) are lower that the roughness level of Al standard
comparator while the surface roughness of the front face of the casting falls between
525 and S100 and that of the reverse face of the casting falls between 525 and S63
of the S series standard comparators. From the level of reduction of the surface
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roughness in the two moulds with different treatments, it can be deduced that
the mould with multilayer application of the coating improved the surface quality
of the castings more than the one with single layer coating application. The
multilayer coating application is more effective in closing the pore spaces on the
surface of the mould walls with the coating refractory materials. Furthermore, it
is also observed that the reverse face of most of the casting had better surface
finish based on their lower surface roughness. The is attributed to the effective
of of the mould wall at the reverse face since this particular part of the mould is
only 3 mm into the mould unlike the front face which is 22 mm into the mould as
shown in Figure 24b. Due to the depth of the mould cavity in the front face, back
pressure will resist effective deposition of the coating refractory materials in those
areas [37).
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Fig. 28: Comparison of roughness of castings made with W230 + 20% sol-gel ad-
ditive + multilayer application and roughness of standards.
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9 Conclusions

The surface texture characterization of cast components is an area of surface met-
rology in manufacturing that has been neglected for ages due to the inability of
the existing mechanical and optical roughness measuring systems to measure the
surface roughness of castings. This is due to the peculiar nature of the surface
of castings with its associated higher roughness level, especially with sand cast
components.

In this study, considering the new breakthroughs by instrumentations in the recent
times, to establish high-tech instruments which can acquire 3D surface structure
of surfaces in Manufacturing Engineering, the authors thought it is time to try
these new technologies in the characterization of surface texture of castings. One
of the new technologies adopted for this investigation is the InfiniteFocus optical
metrology device produced by Alicona, which is based on Focus-Variation techno-
logy. In this study, the authors have been able to make the following findings and
assertions:

e The surface texture of castings can be characterized by using the new Infin-
iteFocus Optical Metrology Microscope.

e The roughness of tactile standard surface comparators was evaluated.

e S series comparators described the surface texture of castings better than
the A series comparators

e The measuring system is non-destructive.

e Higher objectives should be avoided, working with 5x is suggested for sand
castings but lower objective, 2.5x can still be used.

e Parameter rash should be avoided in the foundries to avoid complications in
data interpretation.

e 3D surface parameters give more precise reflection of the surface and more
precision than their 2D counterparts.

e Ra and Sa have close values. However, larger number of measurements are
required for Ra, to get this closeness. Therefore, the measurement of Sa
parameter save time and energy.

e The surface average amplitude parameters, Sa and Sq and the bearing area
curve parameter, Sk can be used to characterize the surface texture of cast-
ings. However, Sa suffices for the evaluation of casting surface texture.

e The variation in extreme parameters (Peak-Valley height) is larger than the
variation in the average parameters. As a result, average parameters are
more sensitive to the changes in surface topography features.

e The variations observed in the parameters is mainly due to the nature of the
surface feature resulting from the manufacturing processes.
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e To understand the symmetry of the surface texture of standards and surfaces
as a whole, the normalized surface bearing area curve parameters can be used

i.e. Spk/Sk and Svk/Sk.
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