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Abstract

Lead sheet is widely used in the construction industry for roofing and flash-
ing applications. The roots of this process can be tracked back to the Ro-
man times when sandcast lead sheets were used for a wide variety of ap-
plications. Sandcast lead sheets are characterised by their superior aesthetic
performance and mottled appearance. These days such sheets are used for
premium roofing and flashing applications in the heritage construction in-
dustry. Lead sheet is also manufactured using a type of continuous casting
process also called as the ‘Direct Method (DM)’. This thesis focuses on a
fundamental investigation of both these processes used for manufacture of
cast lead. Just like any casting process, sand casting of lead sheet suffers
from the presence of surface defects. In this study, a surface defect type,
hereby referred to as ‘grooves’, has been investigated. The focus has been
laid on the identification of the main factors affecting defect formation in this
process. Based on a set of screening experiments performed using Scanning
Electron Microscopy (SEM) as well as the existing literature, a number of
factors affecting the formation of such defects was identified and their corre-
sponding significance was estimated.

Two-dimensional Computational Fluid Dynamics (CFD) simulations have
been performed to simulate the melt flow and solidification stages of the lead
sandcasting process. The effects of process parameters such as pouring tem-
perature, screed velocity and clearance between the screed and the sandbed
on the final quality of the lead sheet are investigated. Sheet quality is quan-
tified by measuring the variance and the average of the final sheet thickness
over the sandbed length. The CFD model has been validated against ex-
perimental results by comparing the evolution of the lead-sandbed interface
temperature against data collected by thermocouples during the evolution of
the process.

The direct method of casting lead is a much more energy efficient com-
pared to the conventional rolling process which requires a casting process
before rolling to achieve the required thickness. This work also looks into
the energy consumption in different stages of the DM process and suggests
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pointers for improvement. An energy audit of the process is conducted, and
the consumption is analysed at different stages and compared with rolled
lead. A two-dimensional numerical model of the DM process was devel-
oped and different process parameters affecting the thickness of the final cast
sheet is studied. Effects of parameters like volume flow rate, heat trans-
fer coefficient, speed of rotation of the casting drum and its immersion are
investigated. The studies were conducted in collaboration with ML Opera-
tions, a cast lead sheet manufacturer based in Derbyshire and the findings of
the study were implemented successfully.
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Chapter 1

Introduction

1.1 Lead

Lead has been one of the earliest metals to be used among other metals including

gold, silver, copper, iron and tin and its use dates back to around 3000 BC [1], [2].

Lead coins were used by the Chinese around 2000 BC. Probably the most prominent

use of lead in history was during the Roman civilisation. The Romans used lead for

a wide variety of applications. The well-known Roman water pipes Figure 1.1 were

made by rolling sheet lead into tubes and welding them together at the joint using

molten lead [1]. They also used sheet lead for many other applications like roofing,

lining baths and manufacture of sarcophagi Figure 1.2 [1], [3]–[5].

The use of lead for construction purposes declined substantially with the decline

of the Roman Empire. In the UK, the York Minster Cathedral built in 650 AD was

one of the first buildings known to have had a lead roof [7]. The use of lead be-

came more common in the 11th and 12th century primarily for roofing applications

while the use was limited mostly to prestige buildings like churches, cathedrals and

some important houses, due to its high cost. Such sheets were mostly made at the

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: A roman water pipe made from sand cast lead sheet [6]

Figure 1.2: Remains of a Roman coffin made from sand cast lead sheet [6]

construction site using an open sand casting process [8]. The Industrial Revolution

resulted in creation of a lot of wealth and lead to construction of a number of build-

ings of civic importance in the UK. This combined with the Victorian love of the

Gothic style and considerable production of lead, resulted in its extensive use as a

roofing material during this time. Since then, the popularity of lead as a roofing ma-

terial has stayed to this day and newer methods of manufacture of sheet lead were

invented [8].
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1.1.1 Production and Uses

More than 100,000 tonnes of lead sheet is (11340 kgm−3) used every year worldwide

with a high demand from countries like Belgium, France, Spain, Germany, UK,

Ireland and Holland [9]. Lead based products are easy to identify and economical

to collect and recycle mainly due to its physical-chemical properties and product

design. Lead is recycled more than any other metal and has one of the highest end-

of-life recycling rates amongst commonly used metals [10].

The type of lead production has changed through the years. Previously lead was

mainly obtained though primary lead production where its ore, Galena is subjected

to a roasting process [1]. However, by 2011 the secondary sources accounted for

more than 77% of lead production in Europe. Scrap from lead roofing, flashings

and lead-acid batteries are re-melted and refined and are the main sources of raw

materials for secondary lead manufacturing [11]. These days almost 50% of the lead

that is produced worldwide is from secondary sources with high rates of production

in Europe and America while China has a high primary rate of production [12].

Lead is used mostly for batteries and with the increase in production of electronic

devices which are powered by battery, the demand for lead batteries is likely to

increase.

These days lead in its sheet form is widely used for radiation protection and in

the construction industry for roofing and flashing applications. The malleability and

ductility of lead combined with its high resistance to corrosion makes it appropriate

for roofing applications and architectural cladding. Around 85% of the demand for

lead sheet arises from the construction sector [10]. Lead is also very dense (11340

kgm−3) and possesses a high attenuation coefficient (5.549 cm2g−1 at 100 KeV )

especially for high energy X-rays which makes it an ideal material for radiation

protection [14]. Moreover lead sheets are fully recyclable, durable, long lasting,
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Figure 1.3: Global lead production and usage (Million tonnes). [13]

needs low maintenance and has a low environmental impact [15].

Lead sheet used for construction purposes is mostly produced from recycled lead

via three main techniques. The majority of sheet lead is produced by ‘rolling’, which

involves casting lead slabs and then rolling them in a mill until the desired thickness

has been obtained [16]. In another direct method, sheet of specific thickness is

continuously cast upon a rotating water-cooled drum in a bath of molten lead [17].

The most traditional method of manufacture of lead sheet employs the sand casting

technique [3]. Sandcast lead sheets are mainly used for roofing purposes in the

heritage industry, mostly for renovating old churches, cathedrals, state homes etc.,

due to their attractive sheen and superior appearance compared to rolled sheet.
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1.1.1.1 Continuously cast lead sheet or DM (Direct Method) sheet

The Direct Method of casting of lead sheet was initially invented in 1956 for the pro-

duction of lead sheet potentially based on a process invented by Sir Henry Bessemer

for the production of sheets of iron [18]. In this process, a rotating drum which is

water cooled, internally, is partly immersed into a pool of molten lead, resulting in

continuous casting of thin sheet over the drum as shown in the schematic in Figure

1.4.

Figure 1.4: Schematic diagram of single drum continuous casting process for
sheet lead manufacture

The process starts with scrap lead which consists mostly of old roofing sheets

and pipes (also called soft lead). Scrap lead is then melted in a furnace at around

450 ◦C using a natural gas burner. Impurities and dross that arise during the melting

process are collected using a mechanical skimmer. The dross collected is stored in

metal barrels which are sent for further recovery. Molten lead is then transferred to a

refining kettle where it is churned with an oxidising agent such as sodium nitrate for

several hours (Harris Process). The scrap lead mostly consists of Antimony, Arsenic

and tin as impurities. These elements are more reactive than lead and as a result can

be chemically removed by preferential oxidation [19]. The impurities are separated

from the lead and get suspended in the flux as sodium arsenate, antimonate and
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stannate (tin); any zinc is removed as zinc oxide. The flux and lead are separated,

and impurities may be further extracted from the flux. The major product, sodium

antimonate, is refined [12]. The refining process results in 99.9% pure lead which is

then transferred to a large casting tank. This is the stage where casting of the sheet

by direct method begins. The casting tank consists of heating elements that keeps

the melt at 400 ◦C. The depth of immersion of the drum in the lead bath is a major

factor that controls the thickness of the sheet cast. To stabilise the level of molten

lead and to eliminate the need to adjust the roll to a changing level, two tanks are

provided adjacent to one another but at different heights/levels. A small pump is

used to pump molten metal from the casting tank to the tray which is at a higher

level. The tray is constructed in such a way that one of its edges is set lower than

the other so that the excess melt can overflow through this edge and flow back into

the lower tank. With this arrangement of pump and tanks, regardless of the quantity

of lead withdrawn as sheet, the level of lead remains a constant in the casting tray

[18]. The cast sheet is wound on a spool which is subsequently unrolled and cut into

desired dimensions. Figure 1.5(B) shows a process flow diagram for the same.

1.1.1.2 Rolled Lead Sheet

Metal sheet rolling was invented in 1500 s. However, it was only recognized as an

alternative technique to traditional sand casting in the early 20th century. Rolled lead

sheet has a shiny appearance compared to continuously cast sheet which has a matte

finish on one side.

The process starts with melting lead scrap and then refining it. The refined lead

is cast in moulds usually made of cast iron. These slabs are then passed through

multiple rollers until the desired thickness is achieved [15]. The sheets are then cut

to the desired dimensions and packed for distribution as per the process flow diagram
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in Figure 1.5(A). The usual thickness of production is 1.32 mm (code 3) – 3.55 mm

(code 8) – thicker rolled lead sheets up to 9.00 mm are also produced. Metal in

rolling process elongates with the rolling direction, speeding up. This means that

the material moves faster on the exit side then on the entry.

Figure 1.5: Process flow diagrams for (A) Rolling process and (B) DM pro-
cess

1.1.1.3 Sandcast Lead Sheet

The lead sheet sandcasting process essentially consists of two main stages, namely:

(a) pouring molten lead on a sand bed and (b) smearing of the melt surface using

a strickle [20]. The process starts with preparing the rectangular sand mould, usu-

ally 3m - 7m long and 0.75 m- 1.3m wide. The sandbed surface is flattened using

a strickle guided by a screed as illustrated in figure 1.7 and smoothened using a

steel floater to avoid any surface undulations. Molten lead is then poured at around
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Figure 1.6: Process flow diagram for Sand casting process

350◦C using a hopper from the one end of the bed. After pouring, the strickle which

is guided by a screed rail is used to smear the flowing melt along the mould figure

1.7(b) and seconds later, the melt solidifies into a sheet.

1.2 Research Motivation and gaps

1.2.1 Sandcast lead sheet

Sand casting of lead sheet is a very traditional process and dates to 5000 BC. Over

time, newer processes like rolling and continuous casting have taken over lead sheet

manufacture. Despite being the oldest and most traditional method, very little re-

search has been conducted in this area while work has been done on rolled and

continuously cast lead sheet. There is no documented knowledge on the process

mechanism and physics of open sand casting of sheet lead with respect to effects

of process parameters, such as the pouring temperature and strickle velocity on the
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(a) Sand bed being levelled using a
strickle

(b) Setup for traditional sand casting of
sheet lead

Figure 1.7: (a)Sand bed being levelled using a strickle (b)Setup for tradi-
tional sand casting of sheet lead
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quality of the final cast product. In fact, till nowadays, the control of the process

parameters relies solely on the experience and intuition of foundry engineers and

operators.

Though numerous studies have been conducted in eliminating defects in cast

products, similar studies have not been conducted to identify and eliminate defects

in sand cast lead sheets. This also opens an opportunity to investigate the effect of

various parameters that affect the quality of sheets and optimise these parameters

for minimal defects. Similarly, mechanical and microstructural properties of sheet

lead manufactured using conventional methods such as rolling and direct method

have been studied previously. Understanding the microstructure and effects of im-

purities on properties of sand cast sheets would close this gap and would be vital for

manufacturers.

Nowadays, the evolution of computing power as well as modelling techniques

has made the numerical investigation of casting processes feasible. Many types of

sand-casting processes, with the exception of open sand casting of sheet metal have

been extensively studied by means of CFD simulations. Reliable numerical models

can contribute towards the effective selection of the optimum process parameters

without the need to conduct a large number of time consuming and energy intensive

experiments.

These days this product is in high demand in the construction industry to renovate

heritage buildings like churches and cathedrals that want to preserve the architectural

tradition. Hence, research in the areas of material properties, defect elimination and

understanding physics of the process are vital for manufacturers.
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1.2.2 Continuously cast lead sheet (or DM sheet)

Near Net shaped casting techniques for production of flat products are very im-

pactful for small scale manufacturers economically [21]. The Direct Method or the

method of continuous casting of lead sheet is a much more energy efficient pro-

cess compared to rolling as the latter process involves two stages of processing –

casting into slabs and subsequent rolling. Commercially viable continuous casting

processes can be very beneficial as they demand lesser energy, reduces lead time, al-

lows production in smaller batches and facilitates lower operating costs [21]. Work

has been done previously on comparison of mechanical properties and microstruc-

ture of DM sheet with rolled sheet. Some continuous casting processes, which are

similar to the DM (used for manufacture of sheet of other metals like Al) have also

been modelled. The DM method is a very competent method for manufacture of

sheets of metals with a low melting point like lead. Despite being a more energy

efficient, faster and simpler process, very little work has been done in understanding

the process and the parameters that affect the quality of the product, probably due to

the obscure nature of the process when compared to rolling and also due to the niche

market for application of sheet lead. Understanding energy consumption and sus-

tainability aspects of the process would be very helpful to the industry. Modelling

the process would give us data on process parameters that affect the final thickness

of the sheet and methods for process control. The results of the study can also be

used for developing and automating the process further.
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1.3 Aim and Objectives

After extensive literature review (elaborated in chapter 3) and discussions with foundry

engineers on sand casting and continuous casting of lead sheet, the following aim

and objectives were established. The focus was to tackle vital issues in the industry

pertaining to these processes.

Aim : Improve cast lead sheet manufacture through defect elimination and nu-

merical simulation.

Objectives

1. Understand through literature review and experimentation, sand casting and

continuous casting of lead sheet

2. Identify defects in sand cast lead sheet and remedies for them through charac-

terisation and design of experiments; optimise parameters to minimise defects

3. Develop knowledge base of microstructure and mechanical properties of sand

cast lead sheet and their comparison with DM sheet.

4. Establish a thermo-physical database and develop a CFD model for both the

processes.

5. Identify process parameters that affect thickness of cast sheet and study inter-

relationships that restrain formation of defects.

1.4 Thesis structure

The main aim of the thesis is to improve casting techniques for manufacture of

sheet lead via sandcasting and continuous casting processes by understanding pro-

cess physics, numerical modelling and defect elimination. In the following chapters

previous work done in similar areas, methodologies used and various aspects of the
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aforementioned processes would be discussed. The thesis is divided into 8 chapters.

Chapter 2 is an extensive literature review on previous work, different methodolo-

gies and techniques used. Chapters 3 and 4 look specifically into sandcast lead sheet,

microstructure and mechanical properties, defect formation and elimination and un-

derstanding effects of different process parameters that cause defect formation.

In chapter 5, two-dimensional Computational Fluid Dynamics (CFD) simula-

tions have been performed to simulate the melt flow and solidification stages of the

lead sandcasting process. The effects of process parameters such as pouring temper-

ature, screed velocity and clearance between the screed and the sandbed on the final

quality of the lead sheet are investigated. Sheet quality is quantified by measuring

the variance and the average of the final sheet thickness over the sandbed length.

Chapters 6 looks into a comparative study between continuous casting and rolling

process understanding the process from an energy perspective. An energy audit of

the process was conducted, and the consumption is analysed at different stages and

compared with rolled lead.

In Chapter 7 a two-dimensional numerical model of the DM process was devel-

oped and different process parameters affecting the thickness of the final cast sheet is

studied. Effects of parameters like volume flow rate, heat transfer coefficient, speed

of rotation of the casting drum and its immersion are investigated.

Finally, Chapter 8 summarises the main conclusions of the study and directions

for future work in the area.
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Chapter 2

Literature

A brief literature review and general concepts relevant to this study is described in

this chapter.

2.1 Lead

Lead has been used by mankind since thousands of years. It is one of the most

easily reducible metals and it is believed that the first production of lead by man

could have been achieved by a woodfire on a lead bearing outcrop [5]. The use of

lead in the past has been validated by references to writings of Greeks and Roman

authors from about 500BC, an example would be the well-known book by Healy

on the mining and metallurgy [22]. The Greeks and Romans used lead sheet made

by casting on flat stones for several practical purposes like roofing, lining of pipes,

protective sheathing for ship hulls etc. It was the romans who developed the prac-

tical application of lead, in fact the word plumbing is derived from the Latin word

‘Plumbum’ for lead [5].

15
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2.1.1 Properties

Lead has a bright silvery and shiny appearance when it is freshly cast. The surface

soon becomes grey or dull due to formation of surface oxides, basic carbonates and

sulphate films which protect the material from further oxidation. Lead is inert to a

range of acids and salts over a wide range of concentrations however the corrosion

resistance is owing to the fact that most of its salts and crystals have a low solubility

over a wide range of pH values in aqueous solutions, with noteworthy exceptions

being the acetate, chlorate and nitrate [5]. It is hence widely used for the storage

of acids like sulphuric, phosphoric and chromic acids. The low solubility of lead

salts and crystals when compared to other metals makes it a relatively indestructible

making it an ideal material to be recycled [5], [10].

Compared to other metals, Lead has a high density (11340 kgm−3 ), due to its

high atomic mass of 207 and Face Centre Cubic structure. Lead is also very dense

and possesses a high attenuation coefficient (5.549 cm2g−1 at 100 KeV ) especially

for high energy X-rays which makes it an ideal material for radiation protection [14].

Lead is also very soft and can be easily manipulated to different shapes due to its

high ductility and malleability. It can also be easily recast into different shapes due

to its low melting point (327 ◦C) [23]. All these properties of lead make it a very

suitable material for a wide variety of applications like roofing, flashing, radiation

protection and in ballasts. A lot of research has been conducted on properties of

lead and its alloys in the past especially related to creep studies [24]–[26]]. The low

melting temperature of lead results in poor creep plastic deformation under constant

low temperature and stress. Creep occurs in Pure Lead (99.99%) at stresses as low

as 0.7 <Pa with elongation of 0.06% after 500 days at 30◦C [5]. Studies on lead

under stress has been used to predict behaviour of other metals at high temperatures

as many metals behave similar to lead at temperatures below their melting point [5].
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Lead is normally used in temperatures close to its melting point. As a result, it is

subject to recrystallisation at low stresses. Mechanical tests like hardness, elasticity

modulus etc are hence affected by the rate of application of stress. Usual Brinell

hardness is around 3-4 and hence very malleable and soft. The hardness is only

minorly affected by presence of common Group 2 impurities like tin, antimony and

bismuth up to 0.1% [5]. However beyond 0.1% the hardness and tensile strength

increases progressively with addition of antimony [5].

Susan Whillock [27] extensively studied the relationship between mechanical

properties like tensile, creep and thermal fatigue behaviour between conventionally

rolled and continuously cast lead sheet containing <0.06 wt% copper. It was ob-

served that continuously cast sheets exhibited an increase in UTS with an increase

in copper content. It was also observed that the maximum UTS for rolled lead sheets

were observed at 0.02-0.03 w% copper. Continuously cast lead sheet was also ob-

served to exhibit good creep resistance which increased with an increase in copper

content. This is believed to be due to the large grain size and stable grain boundaries.

Rolled lead sheet was found to be less creep resistant and the maximum creep resis-

tance was observed at 0.3 wt% copper. It was also concluded that the thermal fatigue

resistance of DM sheet with 0.02-0.05% copper and rolled sheets with 0.03-0.05%

copper behave similarly in situations of thermal fatigue. The study also made ref-

erences to effect of presence of bismuth in DM sheets aggravating the formation of

small surface cracks and potentially weakening the sheet at handling temperatures.

It was also suggested that the bismuth content should be closely controlled. The

study was successful in drawing a comparison between lead sheet manufactured us-

ing both methods and has been instrumental in understanding material properties of

continuously cast lead sheet which is relatively an obscure product when compared

to rolled lead sheet. It was inferred that the continuous casting could be a much bet-
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Alloying Element Acceptable Range of
Composition(Weight Percentage)

Copper 0.030 – 0.060
Bismuth Max. 0.100

Tin 0.050
Silver 0.005

Antimony 0.005
Zinc 0.001

Table 2.1: BS EN 12588:2006 Acceptable range of alloying element compo-
sition in lead used for building purposes [28] ANOVA table

ter method for manufacturing sheet lead for construction applications as it is much

more economical.

The British Standards specify the alloying composition for the production of lead

sheet for the construction industry, table 2.1 [28].

2.2 Rolling

Rolling is a widely used process and more than 95% of ferrous and non ferrous

metals are processed using this method [29]. For the manufacture of sheet lead

there are three main methods: Rolling (also called milling), continuous casting (also

referred to as the Direct Method or DM) and sand casting [17], [20], [24]. Majority

of the lead sheet used for construction purposes is produced from recycled lead via

rolling, and the process involves casting lead slabs and then rolling them in a mill

until the desired thickness has been obtained [24]. Figure 2.1 shows a schematic of

a basic rolling process.

In Britain, rolled lead started being produced in early 18th century [16] but the

process became competitive to the traditional sand cast lead sheet only by early 19th

century.
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Figure 2.1: Schematic of a basic rolling process[29]

Table 2.2: Standard codes of sheet lead and their corresponding thicknesses

Code 1 2 3 4 5 6 7 8
Thickness
(mm) 0.44 0.88 1.32 1.8 2.25 2.65 3.15 3.55

In rolling process for manufacture of sheet lead a billet of approximately 2 tonnes

(with 0.03-0.04% copper by wt) is cast in a water cooled mould. The high ductility

lead is exploited to reduce the thickness to a code 3 or code 4 (Table 2.2) sheet by

passing it through rollers a number of times. The final product is much smoother

and shinier than DM sheet as the appearance of the sheet is very much dependant on

the surface finish [27]. Lead rolling is also very much preferred as a test material for

laboratory modelling of hot steel rolling [30].

2.3 Sandcast lead sheet

Casting, one of the oldest manufacturing processes essentially involves pouring of

molten metal in a mould until solidification and dates back to 3600 BC [31]. Green

sand casting is one of the most commonly used and preferred methods for manu-

facturing near net shape parts due to the easy availability of raw materials, its low
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cost and recyclability [32]. Sand casting remains to be one of the most widely used

casting process. Sand is very resistant to high temperature and this property of sand

makes it one of the best materials for casting. Sand is also a relatively cheap mate-

rial, easily available and can be reused. Sand casting can be very economical due

to low cost of moulding materials and ease of preparation of sand mix and mould

[33], however can be time consuming at times. Usually the lead used in sand cast

sheet contains higher level of impurities whereas the lead used in DM sheets are

99.8-99.9% pure [34].

2.3.1 Casting defects

Formation of defects during casting is very common in foundries. Defects in cast-

ings often appear unexpectedly and it can be difficult to identify their source as they

can be brought about by a large number of randomly changing production parame-

ters and also due to interactions between alloying elements [35]. At times, defects

are caused due to combination effect of more than one parameter [36]. The chances

of occurrence of casting defects are high even in extremely controlled processes and

hence it is often called as a process of uncertainty [36]. Elimination of defects in

castings involves identifying the root cause of the defect and taking necessary steps

to reduce the defects.

One of the most common problems encountered in metal casting is the emer-

gence of defects during filling/pouring or solidification. As reported by Campbell

[37] the majority of casting defects arise due to poorly designed running and filling

systems or improper selection of casting process parameters. Entrainment defects

mainly arise due to the presence of turbulence during filling; oxide films submerge

into the melt by folding and form oxide bi-films, which often entrap bubbles, sand

particles and other inclusions. The presence of turbulence leads to a wide spectrum
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of casting defects in the final cast product including bubble trails, gas micro-porosity,

hot tears and cold cracks [38]. Besides surface turbulence, there are additional fac-

tors leading to defective castings such as hydrogen gas bubbles generated upon so-

lidification due to the lower solubility of hydrogen in the solid phase [36].

Mostly, casting defects are associated with casting parameters. In a study con-

ducted by Jadayil et al., the pouring rate of Aluminium in a green sand mould was

observed to affect the formation of surface defects. Increase in pouring rate was

observed to increase surface defects and reduced internal defects [39].

Casting defects are of different types. Chaudhari et al. has reviewed causes

and potential remedies of different types of casting defects like shrinkage, pouring

metal defect, moulding material defects, metallurgical defects and gas defects [40].

Shrinkage defects are caused due to shrinkage of the solidifying metal. They result

from the interaction of phenomena such as fluid flow, heat transfer during solidifi-

cation, feeding flow, deformation of the solidified layers etc [40], [41]. Moulding

material defects arise as a result of expansion of the moulding sand when it comes

in contact with the molten metal [42]. Typical examples of these kinds of defects

are cuts, washes, metal penetration, inclusion etc. Cuts and washes appear as rough

regions and areas of excess metal. They arise due to the erosion of moulding sand

due to flow of liquid metal. The root cause of this is the low green strength of the

moulding sand and high velocity of flow of the metal.

Several defects can be attributed to moulding and the sand mixture. This is be-

cause green sand mixture usually consists of several components like sand, clay,

water and at times other additives. Defects can arise when one of these constituents

are out of balance as each of these constituents serve to reduce or control occurrence

of defects. Proportion of bentonite and water affects the bonding strength of sand

mould [43].
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Elimination of defects in casting is a tedious task considering the number of pa-

rameters associated and shortage of skilled workers. Often, casting is considered as

a process of uncertainty and even in completely controlled processes, some quality

defects are difficult to explain [44].

2.3.2 Defect analysis

There are several approaches to defect analysis like historical data analysis, cause

effect diagrams, if-then rules, Design of Experiments (DoE) and trial and error [45].

Dabade et al. proposed a method combining DoE and computer simulations to ob-

tain optimal settings for process parameters for a cast iron component [46]. Guharaja

et al. worked on optimising settings of green sand parameters like green strength,

mould hardness, moisture content and permeability, using Taguchis optimisation ap-

proach to minimise defects in spheroidal graphite cast iron rigid coupling castings

[47]. In design of experiments, the most significant process parameters are selected,

and different levels are assigned.

Kumar et al. analysed different process parameters of pressure die casting of alu-

minium alloys to reduce defects to a minimum using Taguchi’s method [48]. Design

of Experiments and Taguchi’s methods are an effective tool in reducing foundry de-

fects by optimising various parameters that affect occurrence of defects [32], [33],

[35], [36].

Although previous studies have been focused on various topics related to the

manufacturing [49], mechanical properties [24], [25] of lead sheet as well as the

numerical modelling of the corresponding sand casting process [50], there is still

limited documented knowledge on the relationship between the process parameters

and defect formation.
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2.4 Design of experiments

The DoE method is an effective tool for reducing foundry defects by optimising

various process parameters and can be used to establish a relationship between var-

ious input variables (factors) and an output variable (response). It is a systematic

method used to understand the relationships between different factors that affect an

outcome. Implementation of DoE involves certain steps like selecting factors, their

levels, response variable, experimental design, conducting the experiment and anal-

ysis of results [51].

Dabade et al. [46] proposed a method combining DoE and numerical simula-

tions to obtain the optimal process parameters for a cast iron component in order

to reduce defects. Guharaja et al. [47] optimised the process parameters of a green

sand-casting process (green strength, mould hardness, moisture content and perme-

ability) using the Taguchi’s optimisation method to minimise defects in spheroidal

graphite cast iron rigid coupling castings. In a similar study, Kumar et al. [52]

analysed different process parameters of pressure die casting of aluminium alloys

to reduce defects to a minimum using Taguchi’s method. Five different parameters

(solidification time, molten metal temperature, injection pressure, filling time and

velocity) were selected while three different levels were chosen for each of these pa-

rameters. Experiments were subsequently conducted using different combinations

of the process parameters as per the Taguchi’s orthogonal array and the parame-

ters were optimised for minimal casting defects. Besides DoE, Artificial Neural

Networks (ANNs) have also been used for detecting the root cause of defects in

castings. Perzyk et al. [35] trained an ANN using the simulated annealing algorithm

in order to efficiently detect the root cause of gas porosity defects in steel castings.
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2.4.1 Analysis of Variance (ANOVA)

Analysis of Variance (ANOVA) is a set of statistical techniques used in both triv-

ial and complicated experimental designs. ANOVA is often employed in order to

find out how the average value of a dependent variable varies across a set of condi-

tions tested within the same experiment. The various conditions being compared are

called independent variables or factors [53]. ANOVA is very useful in DoE where

a number of factors may affect a dependent variable, since there is no limit to the

number of discrete effects that ANOVA can predict. It can also be used to predict

the optimum set of factor values to maximise or minimise the output or dependent

variable [54]. The general layout of an ANOVA table is presented in Table 2.3. SSE

and SSTrt are the error and treatment sum of squares respectively. The degrees of

freedom for the aforementioned sum of squares are g− 1 and N− g, respectively,

where g is the number of treatments and N the total number of observations. The

mean sum of squares (MS) is given by the sum of squares divided by the degrees

of freedom. The F-statistic (or F-ratio) is equal to the ratio of mean squares of the

treatments to that of the error. This quantity is used to test the null hypothesis, i.e.,

that the means of all the treatments are the same versus the alternative that some of

the treatment means differ [53].

Source DF SS MS F
Treatments g-1 SSTrt SSTrt/(g−1)
Error N-g SSE SSE/(N−g)

MSTrt/MSEE

Table 2.3: General layout of the ANOVA table

The implementation of the DoE method consists of the following 5 steps, namely:

(a) selection of factors and corresponding levels, (b) identification of the response

variable, (c) selection of experimental design (d) conducting the experiment and (e)

analysis of data.
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ANOVA can be of different types viz one-way, two-way or three-way ANOVA

depending on the number of factors or independent variables. For example, a three-

way ANOVA has three factors and one dependent variable, and each factor can be

split into different levels. Three-way ANOVA also uses the same equations for cal-

culation of sum of squares (SS) as that of two-way ANOVA, however these calcu-

lations can get complicated and often software like Minitab are used for simplicity.

Calculating a two-way ANOVA uses four SS and a three-way ANOVA uses eight

SS (SSA, SSB, SSC, SSC, SSAB, SSBC, SSCA and SSABC) where A, B and C

represents the independent variables [55].

2.4.1.1 F and P values

In ANOVA, the F value is calculated to understand the effect of variables. In fac-

torial ANOVAs, multiple F values are calculated: one for each effect and one for

every combination of effects. To understand the effects or interactions that have a

significant effect on the independent variable, the p value is also calculated along

with the F statistic. The p value is used to understand the smallest level of signifi-

cance at which the null hypothesis is being rejected. A smaller p value means that

there is stronger evidence in favour of rejecting the null hypothesis [53].

2.4.1.2 R square statistic or Coefficient of Determination

The R2 statistic or the coefficient of determination is useful for interpreting the re-

sults of ANOVA. It represents the percentage of variation in a response variable that

is explained by its relationship with one or more predictor variables [56]. R2 val-

ues can vary between 0 and1 and are usually specified as percentages from 0% to

100%. Commonly R-square values are considered in regression models. Consider-

ing R-square in ANOVA for process improvement problems can be beneficial and



26 CHAPTER 2. LITERATURE

often used by lean practitioners as ignoring R-square can potentially overvalue in-

put parameters, which may not result in significant improvements in the dependent

variable [57]. The coefficient of determination can be calculated using the following

formula

R2 = 1− SSE
SST

Where SSE is the Sum of Squares of Errors and SST is the Sum of Squares of

Treatments. R-squared increases as more independent variables are added to the

model and this can be disadvantageous as the increase could be artificial without

truly improving the models fit. Hence R-squared adjusted is often used. Adjusted R

square is an adjusted version of R-squared that has been adjusted for the addition of

variables in the model. The adjusted R square value is given by

R2ad justed = 1− (1−R2)(N−1)
(N− p−1)

Where R2 is the sample R-square, p is the number of predictors or independent vari-

ables and N is the total sample size. Adjusted R-squared will decrease as variables

are added if the increase in model fit does not make up for the reduction in degrees

of freedom. Similarly, it will increase as variables are added only if they enhance

the model meaningfully [58].

2.5 Continuous Casting

Near Net shaped casting techniques for production of flat products are very im-

pactful for small scale manufacturers economically [59]. One such process is the

continuous casting process and is used widely in the manufacture of sheet metal as

slabs or strips in a variety of industries like steel, aluminium, copper, zinc, magne-
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sium and lead [60]–[62]. Conventional sheet metal production utilises the rolling

process where molten metal is cast into thick slabs and passed through a number

of rollers to attain the desired thickness. Commercially viable continuous casting

processes can be very beneficial as they demand lesser energy, reduces lead time, al-

lows production in smaller batches and facilitates lower operating costs [63]. There

are various continuous techniques like single roll (melt drag), twin-roll, single belt

(mould-through train), Hazlet etc that are used for production of flat products in dif-

ferent industries depending on the type of metal being cast and the application [64]–

[68]. The continuous casting of steel into slabs and billets first appeared in the 1950s

and gained popularity over ingot casting. These techniques were further developed

and currently a high percentage of the worlds steel and aluminium production is

obtained through continuous casting [59].

Figure 2.2: Schematic for continuous casting of steel [60].

Continuous casting processes for the manufacture of flat products can be broadly

classified into two categories: (A) Casting of ingots and slabs and (B) Casting of

thin strips [63]. Slab casters for the manufacture of steel are of different types and

they may have either vertical or horizontal configuration. Figure 2.2 shows a ba-

sic schematic for the manufacture of steel using a curved mould continuous casting



28 CHAPTER 2. LITERATURE

machine with straightening. The process essentially involves transferring molten

steel to the tundish which controls the flow of steel into the mould. The metal con-

tinuously solidifies in the mould and is then cooled using secondary water-cooling

systems.

Casting of thin slabs or strips is similar to the above-mentioned process but dif-

fers with respect to the overall configuration of the caster. The direct strip casting

(DSC) process has been commercially used to manufacture strips. The suitability of

this process for manufacture of thin strips depends on factors like melting point of

the alloy, freezing range, oxidation, heat transfer behaviour etc [59]. The thickness

and quality of the final cast sheet are affected by a number of process parameters

like surface condition of the rolls, cooling conditions and diameter of the roll as

well [68]. Direct strip casting process can be broadly classified into three groups as

proposed by Hendricks [61]. Figure 2.6 shows a schematic of different mechanisms

categorised into three groups.

Figure 2.3: Schematic of a typical Hazelett twin belt caster showing config-
uration of caster and melt feeding

• Group 1-Processes in this category make use of travelling conveyor belts with

metal either being cast onto the belt or sprayed. A very interesting process in
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this group is the Hazelett process in which the melt is introduced between two

belts. Figure 2.3 shows a schematic of the Hazelett twin belt caster. Gerber

et al [62] conducted a study investigating the influence of process parameters

like belt heat transfer, steel superheat, casting speed, and nozzle diameter on

the growth of the solidification front within the caster. The results of the nu-

merical model compared well with results available in the literature. The belt

heat-transfer and casting speed were the process parameters that influence the

development of the solidification front mostly.

The Hazelett caster was initially developed for the manufacture of aluminium

but these days also used for steel, copper, zinc and lead industry. There are

many advantages to this process like high production rates, lower costs, re-

duced maintenance etc however the moving mould requires special attention

in terms of cooling and surface coatings of belts [59]. The process is capable

of manufacturing slabs of 15 to 25mm continuously [64].

• Group 2-This group consists of techniques used for manufacture of thin gauge

strips/sheet using a single roll. There are several mechanisms for melt feeding

as shown in Figure 2.6b. In single roll processes the metal is dragged by the

cooling drum/roller. The thickness of the cast sheets is controlled by control-

ling the speed of rotation of the cooling roll and controlling the contact length

between roller and the melt. The Direct Method of manufacture of lead sheet

falls under this category where the roller is immersed in a pool of molten metal

dragging the metal continuously upon solidification.

• Group 3-This group involves twin roll casters in different arrangements. Twin

roll casters employ two cooling rolls of equal different diameters. Depend-

ing on the alloy being cast, the arrangement could be vertical or horizontal as

shown in Figure 2.6c. In the past the process has been studied extensively. Yun
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et al [65] studied in detail the different types of defects formed in the final cast

products. Several numerical models have also been developed which helped

in understanding the complex solidification and rolling process in detail [66],

[69], [70].

Figure 2.4: Schematic of single roll and twin roll casters for developing clad
sheets

Some variations of single roll casting process process has also been developed

by Haga et al [71] where one strip is coated on another during casting. A single roll

caster and two types of twin roll casters as shown in the figure 2.4 were developed.

The mechanism was able to cast thin strips (2mm thick) at a speed of 20m/min. The

study concluded that speed of cooling roll, cooling distance of the base strip, and the

temperatures of the melt for the overlay strip were to be prominent factors in final

product quality. Twin roll process is slightly more advantageous where the surface

finish of the product is important as the process generates sound surfaces due to

contact with both rollers [59].

Many studies have been conducted on continuous casting of ferrous and nonfer-

rous alloys. Birat et al [72] experimentally investigated interrelationships between

shell thickness and contact time for a number of continuous casting process for man-

ufacture of tin. Sengupta et al [73] studied the effect of water cooling in continuous
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Figure 2.5: Schematic of casting cum rolling apparatus

casting of steel and direct chill casting of steel and aluminium alloys. The water-

cooling mechanisms affect product quality by controlling heat removal rate and gen-

erating stresses in the final product cast. Zhang et al [74] developed an approach to

manufacture metal strips by a casting cum rolling process by using a forming belt

and two pinch rolls. Tin, aluminium and magnesium alloys were tested on the appa-

ratus and the results showed that it was possible to produce crack free cast strips of

thickness 0.3mm to 1.17mm. However, the authors observed cracks in magnesium

possibly due to slow solidification rate and non-uniform temperature and melt dis-

tribution. The study also showed that the texture of cast strips was less affected by

process parameters and primarily depended on the surface condition of the rolls. It

was also observed that the final thickness of the cast strips depended on the temper-

ature of the melt and the speed of rotation of the roll. Figure 2.5 shows a schematic

of the process.
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Figure 2.6: Possible strip casting mechanisms classified into different
groups-Group1: (i) Single belt caster, (ii)Single belt spray caster, (iii)
twin belt inclined caster, (iv)twin belt vertical caster; Group II- Single roll
caster showing different melt feeding mechanisms; Group III- (i) vertical,
(ii)horizontal, (iii)horizontal, (iv) inclined (iv) twin roll asymmetric arrange-
ments [61]

2.5.1 Direct Method (DM)

The direct method or the single drum continuous casting process for the manufacture

of lead sheet has been used since 1951. The process was further developed by broken

hill associated smelters company in Australia. Liquid lead does not readily wet

most materials or their surface oxides and hence production of lead sheet using this

technique is very convenient. Also, the high malleability of lead makes it easy to

take-off the cast sheet from the casting drum using relatively simple mechanisms

[75]. The process is not very popular as this mechanism of direct strip casting is

primarily used only in lead sheets, however, is an efficient and more economical

method for production of thin sheets of lead.
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Work has been done previously where processes similar to the direct method have

been studied and modelled. Shamsi et al [76] developed a two dimensional heat and

fluid flow model of the single roll continuous strip casting of steel. The process is

very similar to the DM however the melt is fed horizontally from the side as shown

in Figure 2.7. The authors examined the effect of processing parameters like the

speed of the casting drum, caster drum material, cooling conditions and temperature

of the melt. It was observed that the metal head in the tundish had a prominent

impact on the thickness of the sheet cast since the level in the melt pool is affected

by the head in the tundish.

Guowei et al [68] developed a transient thermal model of the same process. The

model predicted the temperature in the solidifying strip coupled with the heat trans-

fer in the rotating drum using explicit finite difference procedure. The cast strip-

cooling drum interface was investigated in particular and an empirical function of

heat transfer coefficient as a function of contact time, liquid pool depth, superheat,

coatings on the drum surface, thickness of the casting drum and material of the drum

was developed. It was observed that the heat transfer coefficient decreased with con-

tact time and that the melt superheat affected the strip thickness only marginally.

Laurie et al [67] of Cominco Ltd. published an article in the sixties reporting the

fundamentals of the DM process. As per the study the casting process depended on

extraction of heat from the melt by the water-cooled drum. The thickness of the sheet

produced is controlled by the way heat extraction is altered. For example, slowing

the rotation speed, increasing the depth of immersion or using a larger diameter

drum results in production of thicker sheets. Likewise, a slower speed of rotation

of the drum, shallower immersion or smaller diameter of the drum would result in

thinner sheets. Practically, sheets of different thicknesses are obtained by changing

parameters like immersion depth and speed of rotation of the drum.
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Figure 2.7: Schematic diagram of the single roll strip caster [76]

2.5.1.1 Cooling conditions

The contact time of the hot sheet on the cooling drum before being detached from

the drum is another parameter that affects the cooling condition. Usually, the de-

tachment point is kept constant so that the speed of the drum is the only parameter

that controls the contact time of the hot sheet with the drum. Similarly, the thermal

gradient between the molten lead, drum wall and coolant inside the drum affects

the cooling conditions. However, these parameters are not changed during a casting

process with a set speed and immersion.

2.5.1.2 Design variables (or Drum)

The conductivity of the drum material and its thickness are important design vari-

ables. Higher the conductivity, higher the thickness of the sheet cast. Cooling drums

are usually made of Steel, Aluminium and in some cases copper.
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2.5.1.3 Cooling rate and water flow

The cooling rate can be controlled by controlling the volume of cooling water. As

per a previous study by Cominco Ltd, there is only a marginal effect on sheet thick-

ness up to volume flow rates of 70 gallons/min. It was also found that uneven cool-

ing occurs when velocities are too low. A volume flow rate of 50 gallons/min was

considered to be suitable for the process [67].

2.5.1.4 Melt flow rate

The casting tray is continuously fed with molten metal through two feed pipes on

both ends. In order to keep the level of metal constant in the tray, the melt is allowed

to overflow over a weir. The rate of melt fed through the feed pipes is higher than

the rate of solidification of metal on the casting drum in order to keep the level of

melt constant. Changes in flow rate can be used to control the thickness of the sheet

however this technique is not generally used. A small value of flow rate can result in

freeze-ups whereas an excessively high rate can cause variation in sheet thickness.

Laurie et al. suggested that the best flow rate is approximately 1-1/3 to 2 times the

weight of the metal removed as cast sheet.

2.5.1.5 Melt temperature

An increase in the melt temperature was observed to produce thinner sheets. Hence it

is very imperative that the melt in the casting tray is kept at a constant temperature.

It also needs to be noted that, variations in temperature of the melt along the tray

would result in variation in thickness of the sheet cast. Hence a perfect balance

between temperature control of casting try and melt feeding needs to be obtained

since feeding of new metal can result in changing the temperature of the melt already

present in the casting tray.
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Figure 2.8: Effect of temperature of melt on thickness of cast sheet [1]

2.5.1.6 Quality of cast sheet

The quality of the cast sheet depends on a number of factors apart from the above-

mentioned process parameters. Techniques used for creating uniform temperature

profiles, vibration of the setup, dross formation and cleanliness of the drum affects

the quality of the sheet formed. Vibrations result in ripple formation in the casting

tank. Hence isolation of the casting tray is critical. The motor drive of the casting

drum should be maintained under smooth working conditions. Localised thickness

variations can also be caused due to unclean casting drum and scuffs and scratches

on the surface.

2.5.1.7 Production

Some continuous casters make use of pressure rollers to flatten the cast sheet. Sheet

is then passed through a series of rollers to keep it in tension and eventually wound

on spools. Speed of rotation of spools are kept at the same speed as that of the

casting drum and care is taken to avoid telescoping.
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2.5.1.8 Surface roughness of cooling drum/roll

The surface of the drum affects the quality of the sheets manufactured and the ability

of the drum to manufacture sheets. If the surface contains irregularities like pits or

grooves, nucleation is affected appreciably. During DSC, the surface topology of

the moving mould is exploited to control solidification microstructure [59].

However, this parameter cannot be changed once the drum is installed. A sand

blasted surface was reported to be most suitable for this process and most foundries

resort to this method. A finer texture was observed to facilitate casting of thin sheet

[67]. Chopra et al[75] studied the effect of surface roughness of the drum and the

alloy composition on the heat transfer and hence the thickness of the cast sheet. It

is essential to have a rough drum surface to provide certain mechanical bonding be-

tween the drum surface and the solidified metal to start up the process. The study ex-

perimentally measured temperature transients on an aluminium rod with controlled

surface roughness to study the effect of surface roughness on heat transfer. The

surface of an aluminium rod was treated with 46 (coarse) and 120 (fine) grit alu-

mina. The study reported that from practical experience, it was observed that with

decreasing surface roughness, the thickness of the sheet produced is increased. For

a given surface roughness and given alloy composition, the heat transfer coefficient

was found to increase with time. It was also observed that the heat transfer coef-

ficient of coarse surface is half of that of fine surface with the exception of Pb-Ca

alloy. Also, for fine surface it was observed that, the alloy composition does not have

much effect on the heat transfer coefficient for the time range of the casting process.

For fine surface this value was between 250-400 cal/hrsqcmC for the time range of

practical sheet casting. It was also observed that for coarse surface, the heat transfer

coefficient strongly depended on alloy composition. Hence for practical purposes it

would be ideal to have the surface of the drum/roll blasted with a fine grit in order to
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avoid variability in heat transfer coefficient due to variations in alloy composition.

Bouchard et al [77] studied the effects of surface morphology on the heat transfer

and morphology of solidifying shells of a copper alloy. It was observed that rough

and grooved surface provided greater heat transfer than polished ones. It was also

observed that the solidified shells on rough and grooved surfaces had significant

localised variations in thickness, indicating that heat transfer at the substrate- metal

interface was not uniform.

Direct strip casting of sheet metal is a very efficient method of producing strips

of 1-5mm and substantially reduces the need for hot rolling. Hence, the quality

of the as cast surface needs to be at least equal to that of hot-rolled products since

surface conditioning may jeopardise the economic viability of the process. The work

investigated the effect of surface condition of rolls on the heat transfer and surface

quality of as cast strips manufactured using a twin roll caster. It needs to be noted

that the heat flux and surface conditions of the solidified alloys depend on a number

of factors like chemical composition of the alloy, superheat, wetting characteristics

of the alloy with the roll surface, fluid flow etc.

2.6 Metallography

Metallography is the study of microstructures of materials [78]. Microstructure in-

spection is necessary to study grain size and distribution of trace alloying elements

like Cu, Zn, Sn, Sb in solidified lead sheets. Microstructure variations can be corre-

lated to variations in mechanical properties of samples of varying alloy content and

sheets produced by different processing routes. In order to inspect the microstruc-

ture, preparation of surfaces is required.

Surface preparation metallographic inspection generally involves various opera-

tions like mounting, cutting, grinding, polishing, etching etc. Lead is very soft in
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nature and this property makes it difficult to polish samples to a suitable finish for

metallography. Chances of the abrasive material getting transferred to the sample

and also the sample getting smeared are high in case of lead. Care needs to be

taken as any process that leads to heat generation can alter the microstructure as

lead recrystallises even at room temperature [79]. It is very important to ensure that

mechanical damage and deformation is avoided during cutting operation. If the sam-

ple is cut using a saw, then the operation must be carried out slowly or in a solvent

like ethyl alcohol to avoid undue heat. Care must also be taken as lead is prone to

oxidation upon contact with air especially during storage of samples.

Ednie [80] worked on various methods of polishing lead alloys used in batteries

and found that lead alloy samples were difficult for surface preparation because of

their tendency to pick up and embed abrasive particles. Whillock [27] initially at-

tempted electropolishing sections of lead sheet samples and found the method to be

unsuccessful and observed that using Silicon Carbide for grinding resulted in par-

ticles getting embedded on the sample. Chemical polishing is the technique that

is suggested by Whillock as it does not create mechanical damage to samples and

microstructure alterations. Scott [34] studied the microstructure of ancient lead that

consisted of 1-2% impurities and observed that conventional methods were not con-

venient or practical to obtain satisfactory etched and polished samples.

2.7 Casting Modelling

Simulations help in understanding effect of different process parameters on pro-

cess outcomes without the need of conducting expensive experiments and hindering

production. The data obtained also helps in improving the process for defect elimi-

nation, yield, quality improvement and potential automation of the process.

Nowadays, the evolution of the computing power as well as the modelling tech-
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niques has made the numerical investigation of casting processes feasible [81]. The

sand-casting process in particular has been extensively studied by means of CFD

simulations. Among various topics, defect prediction in sand casting is one of the

well-researched areas. A critical review of the existing modelling techniques for the

prediction of defects due to air entrainment and oxide formation as well as their ben-

efits and limitations has been provided by Reilly et al. [82]. The authors suggested

that, although significant progress has been made with regard to modelling casting

defects, simulation engineers should closely collaborate with experimentalists in the

future in order to develop computational models for the realistic representation of

the mechanisms of defect nucleation and growth. Reis et al. [41] developed their

own core code based on the Finite Volume Method (FVM) to predict the forma-

tion of shrinkage defects and validated their numerical results against experiments.

Their model was proven to be capable of predicting various types of shrinkage de-

fects such as porosity by surface initiation, external and internal porosity. Sulaiman

et al. [83] performed a thermal analysis of the molten metal during the filling of

a sand mould and compared their results with experimental data. Thermocouples

were inserted at different points in the mould and some differences were observed

between the experimental and model temperature data. These deviations were at-

tributed to the presence of air in between sand particles that were not accounted in

the model. CFD simulations have also been performed for proposing modifications

in sand moulds in order to ensure uniform filling and defect-free cast components.

In this context, Kermanpur et al. [84] modelled the metal flow and solidification

of cast iron in complex multicavity automotive components while their model was

validated against experimental observations. More specifically, the authors observed

the filling flow patterns obtained from their simulations, identified the areas with in-

creased probability of air entrainment and proposed design modifications which led
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to more uniform filling. In more recent investigations, optimisation schemes were

coupled with CFD solvers to optimise one or multiple parameters of sand casting

processes [85], [86]. Krimpenis et al. [87] focused on the optimisation of the High

Pressure Die Casting (HPDC) process with respect to the solidification/filling times

and the defects of the final cast product. However, instead of employing implement-

ing optimisation algorithms, they performed Design of Experiments (DoE) to build

a database which was subsequently used for training a feedforward Artificial Neu-

ral Network (ANN). The trained ANN was capable of fairly predicting the output

variables of their model with a mean relative error less than 10%. Their adopted

approach is considered to be time efficient as successfully trained ANNs can elimi-

nate the need for performing a large number of simulation runs. Although lead sheet

sand casting falls into the category of sand casting processes, the nature of the pro-

cess is quite different from traditional sand casting as liquid lead solidifies on top

of a sandbed instead of inside a mold cavity and it also involves smearing the liquid

lead on the sandbed with a strickle. Moreover, the final cast component (sheet) is

very thin compared to traditional sandcast components. As a result, CFD modelling

of such a process involves a number of challenges related to the mesh generation,

free surface flow and turbulence modelling.

2.7.1 Flow 3D

In this section the main theoretical concepts involved in this investigation will be

discussed. The commercial CFD software Flow-3D [88] was used to run simulations

in this work. Flow-3D employs either finite difference or finite volume approaches

to numerically solve the equations of fluid motion and heat transfer. Flow-3D is

based on the Fractional-Area-Volume-Obstacle-Representation (FAVOR) method to

describe the fluid motion and heat transfer in the vicinity of fluid/obstacle interfaces
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and the Volume-of-Fluid (VOF) method to track sharp interfaces [89]. The FAVOR

equations for an incompressible and viscous fluid are summarised as follows:

∇• (Au) = 0 (2.1)

∂u
∂ t

+
1
V
(Au•∇)u =− 1

ρ
∇p+

1
ρV

(∇A)• (µ∇)u+g (2.2)

∂H
∂ t

+
1
V
(Au•∇)H =
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where:
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∂

∂ z
Az

)

and,

H =
∫

C(T )dT +(1− fs)•L

In Equations 2.1, 2.2, 2.3, Ai is the fraction of the open area in the ith direction,

ui the velocity component in the ith direction, T the fluid temperature, µ the fluid

viscosity, V the open volume fraction, H the fluid enthalpy, ρ the fluid density and

pi the pressure component in the ith direction. The symbols L, C and fs refer to the

latent heat, specific heat and solid fraction respectively. The temperature of the mold
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is given by:

∂Tm

∂ t
=

1
ρCmVc

(Ac)• (km∇Tm) (2.4)

where the subscripts m and c refer to the mold and complementary quantities

respectively. The heat flux at the metal mold interface is calculated according to:

q = h(T −Tm) (2.5)

where h is the heat transfer coefficient at the interface.

The Volume-of-Fluid (VOF) method employed in this study is widely used for

tracking free surfaces at the interface between liquid metal and surrounding air. Ac-

cording to this algorithm the free surface can be tracked based on 3 main principles:

1. The fluid fraction is a function of the position and the time (F = F(t,r)). Its

value is equal to 1 at the fluid region, 0 at the void region while 0<F<1 at the

free surface region.

2. The donor-acceptor advection method is employed for the reconstruction of

the free surface [90]. According to this method the free surface is constructed

based on the values of F (Equation 2.6) in the computational cell and the sur-

rounding ones.
∂F
∂ t

+
1
V

∇• (AuF) = 0 (2.6)

3. The boundary conditions at the free surface are zero normal and tangential

stresses.

The FAVOR method allows use of fully structured computational grids that are

much easier to generate than the usual deformed grids used by most other CFD pro-
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grams. The method was developed in order to define obstacles of general shape

inside grids comprising of rectangular elements [91]. In this method, for each rect-

angular brick element, the fractional areas of each of the faces of the element that

are open to flow and the open volume of the block, is defined. These volumes are

then included in the finite volume equations of mass, momentum and energy [89].

Rectangular grids are easier to generate, and indices for neighbouring elements are

known. It also makes it easier to compute the fractional areas and volumes. This

method is advantageous due to the flexibility it offers in modelling. For example for

heat transfers between solids and liquids, the method offers high accuracy of solu-

tions by enabling a good approximation to the areas of the fluid-obstacle interface

inside each rectangular brick element [89].

When compared to body fitted mesh approaches or deformed grids, the deforma-

tion is used to fit a bounding solid surface by moving the nodes of elements closer

to the surface Fig 2.9. In FAVOR method, an element is allowed to cut through

the block and its location is recorded in terms of the fractional area and volume of

the element that are not a part of the solid and this technique has the same effect in

terms of numerical approximation as the traditional body fitted approach. In FAVOR

method, these areas are stored as a fraction of the original area of the face element,

however in body fitted approach, these areas are computed using the coordinates

of the nodes defining the faces. FAVOR method is also more advantageous when

compared to body fitted approach as the later kind of grids are more difficult to con-

struct and takes significant amount of time to establish a well behaved grid whereas

FAVOR grids are easier to construct and the fractional areas and volumes are easier

to compute and automate the computation. FAVOR method also is advantageous in

problems involving porous media [92].
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Figure 2.9: FAVOR (Left) and Body Fitted Cell (Right). Shaded area repre-
sents solid region[8]

Surface Tension

The surface tension forces inside a cell are calculated based on the curvature of the

free surface, and the magnitude of the normal component is divided by the area of

the free surface to give the additional pressure. The additional pressure given by

the surface tension model is basically added on to the cells that have a free surface.

The surface tension forces combined with the gas pressure and viscous normal force

must be equal to the continuous stress across the free surface of the molten metal. It

can be expressed as

p f s = pg +σK +2µ
δun

δn
(2.7)

where p f s is the interface fluid pressure, pg the gas pressure, σ the coefficient of

surface tension, K the curvature of the free surface, µ the dynamic viscosity, n the

normal to the free surface unit vector and un = u.n





Chapter 3

Characterisation Of Sand

Cast Lead Sheet

3.1 Introduction

The sheet produced using the sand-casting method looks very different from rolled

and machine cast sheet in appearance. The upper side, or the side that is exposed

to the atmosphere, has a shiny mottled appearance with presence of numerous white

patches (Figure 3.1- A). On the other hand, the sand side (surface that is in contact

with the sand bed) as shown in Figure 3.1- B retains the texture of the sand bed and

has a dull appearance similar to the case of DM sheets where one of the surfaces

retains the texture of the casting drum [27].

Usually the lead used in sand cast sheet contains higher level of impurities whereas

the lead used in DM sheets are 99.8-99.9% pure [34]. Use of pure lead (refined) in

sand casting is observed to result in formation of interference colours on the top sur-

face and the mottled appearance (as in Figure 3.1– C) is not observed to be promi-

47
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Figure 3.1: (A)-Top surface of sand cast lead sheet (50cm x 90cm) ; (B)-Sand
side of sand cast lead sheet (50cm x 90cm); (C)- Sand side of sand cast lead
sheet (50cm x 90cm)

Figure 3.2: Surface of sandcast lead sheet (90cm x 50cm) when pure lead is
used (99.97%)

nent. The interference colours are due to oxidation are related to the thickness of the

oxide film [93]. The pattern (as observed in Figure 3.1-A) is observed to form when

the melt consists of a mix of refined lead and scrap lead. Since unrefined scrap is

mixed with pure lead, every cast has a different chemical composition.

Lead sheet used for roofing purposes should not only be visually attractive, but

also should possess good mechanical properties. Understanding the microstructure

and is therefore very important. Previously published work on continuously cast lead

sheet and milled sheet [5] has contained extensive research on the microstructure and

mechanical properties of continuous cast lead sheet and rolled lead sheet. Whillock
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investigated relationships between mechanical properties such as tensile, creep and

thermal fatigue behaviours, and microstructure for rolled and continuous cast lead

sheet at different concentrations of copper [27]. However, not a lot of research has

been conducted in understanding properties and metallography of sand cast lead

sheet. Sand cast lead sheet contains more impurities when compared to DM or

rolled sheet and Lead is highly sensitive to changes in properties with the presence

of even trace amounts of alloying elements. Variations in grain size and hardness

values of lead have been reported when only traces of other elements present [34].

For example, the addition of Sb is found to increase the tensile strength and hardness

of lead progressively [5].

3.2 Materials and Methods

3.2.1 Experimental Design

Three different ratios of pure lead to unrefined scrap were used to manufacture sand

cast sheet (Table 3.1) on a sand bed that is 7m X 1.3m. A 6cm thick layer of silica

sand was used. 99.98% lead ingots and secondary lead scrap which consists mainly

of lead from batteries, building and construction industry were used for sand cast-

ing. Temperature of melt was fixed at 350◦C for all casts. 99.98% pure DM sheet

of 1.8mm thickness (Code 4) manufactured using direct method was also used to

compare hardness values in this study.

As described in Table 3.1, samples A1 to A4 were manufactured using sand cast-

ing and A5 was manufactured using direct method. Material mix for A4 is unknown

since it is sourced from the market and is used for comparison purposes only.
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Sample Name Material mix Method of
manufacture

A1 Lead ingots Sand Casting
A2 50:50 Lead ingots: Scrap Sand Casting
A3 75:25 Lead ingot: Scrap Sand Casting

A4
Similar material available

in the market Sand Casting

A5 Refined lead Direct method

Table 3.1: Sample names, composition and manufacturing method

3.2.2 Metallographic preparation of samples

Pb alloys are difficult to polish to a finish suitable for metallographic inspection due

to its softness [94]. Grinding of samples smears the metal and deposits abrasive

grit from the grinding paper onto the surface of the specimen. Care needs to be

taken as any process that leads to heat generation can alter the microstructure as

lead recrystallises even at room temperature [79]. Care must also be taken as lead is

prone to oxidation upon contact with air. There are different methods available in the

literature [17], [27], [94] for metallographic preparation of lead samples, however

most of the techniques proved to be practically difficult when tried to reproduce.

Samples were grinded using 600 and 1200 grit silicon Carbide (Sic) paper. Cut-

ting oil was used to lubricate the grinding process. This also helped prevent lead

from sticking on to the paper and forming a glaze that could drag and distort the

surface of the sample. After 1200 grit paper, 6 microns and 1-micron diamond paste

were used on a chemically resistant cloth to reduce mechanical damage and exces-

sive smearing of the sample. Polishing was performed using 0.04-micron colloidal

silica and soap. Finally, samples were chemically polished for 2-3 seconds with a

mixture of 70ml hydrogen peroxide and 30 ml oxalic acid and immediately rinsed

with water. Etching was performed using a solution of 9g ammonium molybdate,

15g citric acid and 80 ml distilled water. Samples were cleaned in an ultrasound
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bath in between steps.

3.2.3 Characterisation

The samples in the study were studied using a Nikon Opti phot image acquisition

system equipped with Leica Application suite for optical imaging and a Phillips

XL30ESEM environmental scanning electron microscope (ESEM) equipped with an

energy dispersive spectroscope (EDX). The optical imaging was carried out under

10x magnification. Elemental analysis of samples was conducted using Petromax

DCM2752 mass spectrometer. Analysis was conducted at ten different points on

each sample and the average was taken. To measure hardness values of samples, a

Zwick Roel hardness tester was used.

3.3 Results

3.3.1 Elemental analysis

As mentioned previously, a combination of pure and unrefined scrap lead is used

to manufacture sand cast lead sheet in order to achieve the patterned surface. As

a result, the impurity content on each cast sheet varies. An elemental analysis of

the scrap used for the cast showed presence of mainly copper (Cu), zinc (Zn), tin

(Sn), antimony (Sb), bismuth (Bi) and silver (Ag) whose concentrations vary with

the scrap supplied. Table 3.2 shows the average percentage and standard deviation

(SD) of each of these elements out of 80 different scrap batches.

Figure 3.3 shows elemental analysis and different impurity contents in each of the

samples used for this study. Analysis was conducted at ten different points on each

sample and the average taken. Presence of copper improves creep resistance prop-

erties of DM sheets [27]. Hence DM sheet are manufactured with small amounts of
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copper as it is evident from Figure 3.3- E. The sample manufactured using 75% pure

ingots and 25% scrap have almost similar impurity content as pure ingots. Yet, there

are differences in the appearance of the final cast product. As mentioned before, use

of pure ingots is observed to result in the formation of a colourful patina on the top

surface.

(a) Sample A1 (b) Sample A2

(c) Sample A3 (d) Sample A4

(e) Sample A5

Figure 3.3: Elemental composition of different samples
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Cu (%) Zn (%) Sn (%) Sb (%) Bi (%) Ag (%)
Mean 0.0283 0.0029 0.086 0.0315 0.0179 0.0041

SD 0.0255 0.0101 0.0011 0.079 0.0030 0.0184

Table 3.2: Mean and standard deviation (SD) values of common impurities
obtained from elemental analysis of 80 different scrap melt batches

3.3.2 Microstructure

Figure 3.4: Micrographs of a cross-section of sand cast lead sheet (S2); (A)
Grains at the edge corresponding to sand side (B) Long branched grains ori-
ented towards the top side

Figure 3.5: Micrograph of a cross- section of sample A4 showing long and
large grains oriented towards the top side of the sheet
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Sand cast lead sheet samples were grinded, polished, etched and observed under a

microscope. The grains were observed to be small and circular in shape near to the

sand side of the sheet (Figure 3.4– A) which branched into large long grains oriented

towards the top surface of the sheet (Figure 3.4- B). This indicates the presence of

temperature gradient during solidification and is partly in line with the observations

of Rocca et al. who investigated ancient gallon-roman lead sarcophagus which po-

tentially could have been manufactured via sand-casting technique [3]. Some areas

near the top surface of the sheet were observed to have small circular grains. Sample

A4 also possessed a similar grain structure but the grains were observed to be larger

in size as shown in Figure 3.5.

3.3.3 SEM analysis

Top surface of sand cast lead sheet was observed under SEM to understand the

differences in morphology of the dull and shiny texture that appear during solidif-

cation. And elemental analysis in the area showed presence of mainly lead, carbon

and oxygen in the region. As it can be observed from Figure 3.6- A and Figure 3.7,

the dull area has a branched rounded structure compared to the smooth surface of

the shiny/grey area.
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Figure 3.6: SEM images of dull and shiny patches on top side of sand cast
lead sheet; (A) Dull/Whitish areas (B) Shiny/Grey area

SEM images of A4 revealed a patch like appearance on the surface. The sample

consisted of mainly copper and tin as impurity. Elemental mapping was performed

in the region and it showed presence of copper rich areas as shown in Figure 3.8.

Figure 3.7: Secondary Electron image of the dull area showing dendrites
with oxide concentrated at boundaries.
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Figure 3.8: SEM Images of S3 and elemental maps showing copper rich
areas

3.3.4 Hardness

The samples were cut and grinded using a 1200 grit Sic paper in water to prepare a

flat surface for hardness testing. 25g load was used for 15 seconds along the cross

section of samples. 10 tests were conducted for each sample and the average value

was taken. Table 3.3 shows the hardness values of different samples.

Sample number Vickers Hardness Number Percentage of lead
A1 4.9 99.97
A2 4.1 99.83
A3 4.7 99.95
A4 4.8 99.70
A5 5.1 99.95

Table 3.3: Hardness values of samples

3.4 Discussion

Lead is one of the most recycled materials and as a result scrap consists of mostly

lead from batteries, building and construction industries. This is often clean though

refining may be required [12]. The melt used in sand cast lead sheet is often a mix-

ture of pure (refined) lead and scrap lead to attain the pattern on the surface. The
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addition of scrap results in formation of the patterned surface which appear as white

and dark (or dull and shiny) patches on the top surface. From SEM observations,

white (or dull) areas are observed to appear so, due to rounded and branched den-

drites with oxides and carbonates concentrated in those areas, potentially due to an

increased surface area. The region on the top surface of the melt which is smeared

by the screed is flat and solidification occurs due to contact with the screed which

could potentially be the reason of occurrence of rounded grains in some areas on the

top edge of the cross-section as observed.

From literature, it was found that addition of even trace amounts of impurities

to lead alters its properties [1]. Addition of 1.25% antimony increases its tensile

strength from 17Mpa to 29MPa [95]. However, such prominent differences were

not observed in hardness values of the collected samples probably due to the effect

getting neutralised by other impurities.

Dilute alloys sometimes have unstable growth conditions [27]. The rough sand

surface results in a number of nucleation sites for solidification [96]. Solute particles

that have low solubility in lead are rejected to the regions ahead of the sand inter-

face. A low concentration of solute close to the sand surface results in formation

of circular grains, potentially due to moderate undercooling. The impurities of the

melt used in the study contains copper in the range of 0.03% by weight. As per

the lead copper phase diagram, the lead -rich eutectic occurs at around 0.06% by

weight of copper. At 326◦C. Though the eutectic composition has been confirmed at

0.06% Cu (by weight), previous studies suggest that a fully eutectic structure is not

usually observed at this composition [27]. Phase diagrams are generally valid only

for equilibrium conditions and solidification in real life is often not slow enough for

equilibrium to attain especially in a process like sand casting of lead sheet. While ob-

serving microstructures of DM lead sheet with 0.06% copper (by wt) Whillock [24]
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explained a kinetic barrier with respect to the formation of a eutectic microstructure

and this barrier was associated with the formation of copper particles since nucle-

ation of solid lead was observed to occur readily. A high nucleation rate of lead was

argued to be the reason for the difficulty in nucleating copper particles.

Cellular, sometimes dendritic structure is a feature of dilute alloys due to unstable

growth conditions as a result of constitutional supercooling [97]. With the progress

of the solidification interface, pure lead freezes and solute is rejected into the liquid

ahead of the interface. In copper lead systems, rejection of copper is primarily due

to the difference in atomic sizes of copper and lead atoms as the incorporation of

solid copper atoms into the solid lead is energetically unfavourable resulting in low

solid solubility. Where there is moderate undercooling, a smooth interface advances

through the liquid as can be observed with respect to the initial columnar growth

[27]. As the concentration gradient of the solute builds up ahead of the interface,

and solute concentration increases, the freezing point of the liquid is depressed, and

the interface becomes unstable as the degree of undercooling increases.

Since the concentration of solute particles increases with distance from the sand

interface (due to solute particles being pushed away from the sand interface), it is

believed that dendritic solidification is forced to happen due to severe undercooling.

This is in line with microstructure observations in the previous section. Whillock

had observed similar results during solidification studies of continuously cast lead

sheet with varying amounts of copper as impurity [24].

The hardness values of all samples were almost similar to that of continuously

cast sheet. There are slight variations in hardness values which could be due to the

presence of impurities. Further study needs to be conducted to understand effect of

these trace impurities on other properties like tensile and thermal fatigue.



Chapter 4

Defects in Sandcast Lead

Sheet

4.1 Introduction

One of the most common problems encountered in metal casting is the emergence

of defects during filling/pouring or solidification. As reported by Campbell [37] the

majority of casting defects arise due to poorly designed running and filling systems

or improper selection of casting process parameters. Entrainment defects mainly

arise due to the presence of turbulence during filling; oxide films submerge into the

melt by folding and form oxide bifilms which often entrap bubbles, sand particles

and other inclusions. The presence of turbulence leads to a wide spectrum of casting

defects in the final cast product including bubble trails, gas microporosity, hot tears

and cold cracks [98]. Besides surface turbulence, there are additional factors leading

to defective castings such as hydrogen gas bubbles generated upon solidification due

to the lower solubility of hydrogen in the solid phase [99]. Moreover, the presence

59
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of sand casting defects are also dependent on the moulding and sand mixture [43].

This is because green sand mixture usually consists of several components such as

sand, clay, water while the proportion of the aforementioned constituents affects the

bonding strength of the sand mould. Defects on the product surface may arise when

one of these constituents are out of balance due to sand expansion.

Figure 4.1: Sand side of cast sheet with grooves (60cmX100cm)

Just like any other cast product, sand cast lead sheets are also found to have de-

fects. Defects in castings often appear unexpectedly and it can be difficult to identify

their source as they can be brought about by a large number of randomly changing

production parameters and also due to interactions between alloying elements [35].

At times, defects are caused due to combination effect of more than one parameter

[52]. Elimination of defects in casting is a tedious task considering the number of

parameters associated and shortage of skilled workers. Often, casting is considered

as a process of uncertainty and even in completely controlled processes, some qual-
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ity defects are difficult to explain [44]. This chapter focusses on a specific surface

defect type occurring at the sand side of the sand cast sheet. The defect type under

investigation has a groove like appearance (Figure 4.1) and appears along the cast

sheet (in the direction of flow of the metal) and can range from 2 cm to 30 cm in

length and will be addressed as ‘grooves’ throughout this thesis. The objective of

the current investigation in this chapter is to identify the main process parameters

affecting the formation of grooves and propose remedies leading to the reduction

or elimination of the aforementioned defect type. Since these sheets are used for

roofing applications, which involves bending and manipulation of the sheet, cracks

are often initiated at these locations. It also gives a perception of poor quality and

leads to rejection.

4.2 Materials and Methods

4.2.1 Materials

For the purpose of this experiment, silica sand of two different grain sizes (AFS 50

(approx. 280 micorns) and 70 (approx. 195 microns) sourced from Tarmac UK)

and bentonite clay were used. The sand moulds were prepared by mixing silica

sand (95-98%) with water (2%) and bentonite clay (0-3%) depending on the case

under examination. Moreover, two types of melt were used: (a) pure lead and (b)

a 50:50 mix of scrap with pure lead. Scrap lead primarily consisted of old roofing

sheets, flashings and lead pipes. A SPECTROMAXx stationary metal analyser (with

a resolution of 0.0001%) was used to determine the elemental composition of the

scrap lead as shown in Table 4.1. Pure lead (99.9%) was obtained by melting scrap

lead and then refining it using Sodium Nitrate and Caustic soda. Lead was melted in

120-ton steel kettles and mixed in a smaller 5-ton kettle prior to casting.
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Cu (%) Zn (%) Sn (%) Sb (%) Bi (%) Ag (%)

Mean 0.0283 0.0029 0.086 0.0315 0.0179 0.0041

SD 0.0255 0.0101 0.0011 0.079 0.0030 0.0184

Table 4.1: Mean and standard deviation (SD) values of common impurities
obtained from elemental analysis of 80 different scrap melt batches.

4.2.2 Defect Analysis

This investigation is focused on a surface defect type, hereby This investigation is

focused on a surface defect type, hereby addressed as ‘grooves’, appearing on the

sand side of sand cast lead sheets as shown in Figure 4.1. As it can be observed, the

nature of this defect type is different from surface roughness which can be effectively

controlled by AFS grain fineness number of the sand. These defects are formed

along the direction of the flow and may range between 2cm and 30cm in length while

their root cause has not been identified in the literature yet. Since lead sheets are

used for roofing applications, which involve bending and manipulation of the sheet,

cracks are often initiated at these locations. Moreover, grooves give the perception

of poor quality and lead to rejection by customers.

There are several factors which could potentially influence the quality of cast lead

sheets and promote the formation of grooves. Hence, based on process observation,

literature review [43], [52], [100] and the experience of foundry engineers, all the

possible factors affecting the quality of sheets were categorised based on a 5M model

(Man, Material (Melt), Machine (Mould), Method, Measurement) and environment

[51] (see Table 4.2).

Initially a qualitative approach (visual examination) was followed; a set of screen-

ing experiments was conducted to check the influence of different process parame-
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No Process parameters Classification as
per 5M

1 Temperature of Melt Material
2 Melt Composition Material
3 Sand Machine
4 Water content Machine
5 Velocity of screed Method
6 Angle of inclination of sand bed Machine
7 Use of screed Method
8 Ambient temperature Environment
9 Bed preparation Man

Table 4.2: Factors potentially affecting the quality of cast sheets

ters on the formation of grooves and narrow down the factors affecting defect for-

mation. The formation of grooves was hardly affected by altering the pouring tem-

perature of the molten metal. Increased moisture content resulted in the formation

of new defects such as blow holes. To investigate the effect of the stress induced

by the screed rail on the metal during the process on the formation of defects, trials

were conducted by casting sheets without the use of a screed rail. Trials were also

conducted by altering the inclination of the sandbed as well. It was inferred that

the screed rail and inclination of sandbed did not have much of an influence on the

formation of grooves when other operating conditions were set. Experiments were

also performed using 99.9% pure lead and unrefined scrap. According to naked-

eye observations the use of scrap melt led to additional defects due to the presence

of impurities, as expected. With regard to the concentration of grooves per unit

area, which was the observable in this investigation, slightly higher values were ob-

served in the case of unrefined scrap melt. Finally, it was observed that coarser

sand resulted in poor surface finish, as expected. The initial screening experiments

performed were used for the final selection of 3 factors affecting the formation of

grooves which were subsequently used in the DoE analysis, as it will be discussed
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in Section 4.2.3.

(a)
5

(b)

Figure 4.2: SEM images of (a) the groove defect at 350x magnification and
(b) a sand inclusion at 26x magnification.

(a) (b)

Figure 4.3: (a) SEM Image of sand inclusion at magnification 150x and (b)
Spectral analysis of the corresponding regions (1-4)

In order to thoroughly investigate groove formation, microscopic analysis of the

defects was carried out. 20mm x 20mm square samples were cut out from the central

part of defective sheets. Since defects were observed to be uniformly distributed over

the surface of the sheet, the aforementioned sample was considered to be indicative

of the properties of the whole sheet. The samples were cleaned with ethyl alcohol

(ethanol) at concentration 70% and the sand side of the samples was observed under
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a Scanning Electron Microscope (SEM) with an Electro Dispersive Spectrometer

(EDX). A Phillips XL30ESEM environmental scanning electron microscope was

used for this purpose. The results from the EDX confirmed the inclusion of sand

particles in the vicinity of grooves as illustrated in Figure 4.2 and Figure 4.3. Based

on this observation, it was assumed that the composition of the mould material may

have an effect on defect formation.

4.2.3 Design of Experiments

The implementation of the DoE method consists of the following 5 steps, namely:

(a) selection of factors and corresponding levels, (b) identification of the response

variable, (c) selection of experimental design (d) conducting the experiment and

(e) analysis of data. In this study, the experimental factors were selected based on

literature review, process observation and operator interviews. As discussed in the

previous section, according to SEM observations and screening experiments, it was

concluded that defects were caused as a result of poor mould properties. Green sand

mould consists of sand, water and a binder (usually clay) to bond the sand particles

together. A good casting is produced when there is a good balance between the

components of a green sand mixture. Hence, the effect of these parameters on the

formation of defects on the surface was investigated. Moreover, the use of pure

lead does not result in the mottled appearance on the top sheet surface which is one

of the most characteristic and desired properties of cast lead sheet [20]; thus, most

foundries use a mix of pure (refined) and scrap lead. This factor was also included

in the study as defects could also be caused due to the melt quality or interaction

between the melt and the mould. Table 4.3 summarises the experimental parameters

and their corresponding levels that have been used in this study. The factors used for

the DoE analysis were ‘sand’ (based on their AFS fineness number) (A), ‘bentonite
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percentage’ (B) and ‘type of melt’ (C). Each factor was set to two levels equivalent

to the high and low values of the corresponding experimental variables.

Factors Type Low level High level
A: Sand AFS

(Dimensionless) Numeric 50 70

B: Clay (%) Numeric 0 3

C: Melt Categoric Pure
50:50 Mix of

refined and scrap lead

Table 4.3: Factors and their levels

After identifying the various factors and their levels, a suitable experimental de-

sign was established. Considering the relatively small number of factors, a full fac-

torial design was preferred. In full factorial designs all possible combinations of

factors are tested in order to identify the statistically significant ones. Full factorial

designs are very effective especially when the number of factors is relatively low

due to the small number of experiments needed to be conducted. The design lay-

out was formed as per the parameters defined in Table 4.3 while the run order was

randomised in order to minimise systematic errors. All trials were replicated twice

and a total of sixteen experiments was conducted. The experimental design is shown

in Table 4.4. A square sample (0.5m x 0.5m) was cut out from the middle section

of the cast sheet and the total length of defects per unit area was measured using

a digital calliper or a ruler depending or their length; as mentioned in the previous

subsection, their length can exceed 30cm. The total length of defects per unit area

was considered as the response variable (Y) of the DoE analysis.
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Minitab 18 was used for the analysis of the collected results. As mentioned in

the Literature section, the main objective of using a full factorial DoE is to estimate

the main and interaction effects with a significant influence on the response variable.

In this study a 95% confidence interval was assumed while the factor effects were

considered to be statistically significant for P≤ 0.05.

4.3 Results and Discussion

Experiments were conducted on a 7m long casting bench under identical conditions

at a foundry based in Derby, UK. Each mould mixture was prepared in a rotating

sand mixer while the melt was prepared in a furnace next to the casting bed at 450◦C.

The melt was then transferred to a hopper where any dross formed was removed. A

k-type thermocouple with a temperature range of -200 ◦C to 1250 ◦C sourced from

Omega Engineering Ltd was dipped in the melt in order to constantly monitor the

temperature before pouring at 345 ◦C. The pouring temperature was held constant

for all trials. As illustrated in Table 4.5, the factors and interactions whose P-values

are less than 0.005 have a significant effect on the response variable Y. Moreover,

the sand-melt interaction and the three-way interaction between sand, clay and melt

were considered to be insignificant and were hence neglected since their P values

were greater than 0.005. The R-squared (R2) statistic is indicative of the variation

of the response variable due to the variation of the input variables; larger values

of R2 adjusted indicate models of greater predictive ability [101]. Predicted and

adjusted R2 values were found to be equal to 99.92% and 99.85% respectively and

in agreement with each other. Thus, the values obtained in the experiments are

considered satisfactory for the validation of ANOVA.

ANOVA can also be validated through the normal probability plot of residuals

(or error) which is a graphical technique for assessing whether a data set is ap-
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Source DF Adj SS Adj MS F-Value P-Value
Model 7 1119746 159964 1412.48 0.000
Linear 3 1111617 370539 3271.87 0.000
Sand 1 14042 14042 123.99 0.000
Clay 1 1092025 1092025 9642.60 0.000
Melt 1 5550 5550 49.01 0.000

2-Way Interactions 3 7552 2517 22.23 0.000
Sand*Clay 1 5776 5776 51.00 0.000
Sand*Melt 1 12 12 0.11 0.751
Clay*Melt 1 1764 1764 15.58 0.004

3-Way Interactions 1 576 576 5.09 0.054
Sand*Clay*Melt 1 576 576 5.09 0.054

Error 8 906 113
Total 15 1120652

Table 4.5: ANOVA table

proximately normally distributed. If the data points of a normal probability plot lie

on the vicinity of a straight line, it can be assumed that the residuals are normally

distributed. In Figure 4.4 the plotted data points fall on a straight-line indicating

compliance to the normality assumption.

A Normal Probability Plot is a plot of the theoretical percentiles of the normal

distribution plotted against observed sample percentiles. The theoretical pth per-

centile of a distribution is a value such that p% of the measurements fall below the

value. If the data is normally distributed, then the theoretical percentiles of the nor-

mal distribution versus the observed sample percentiles should be a straight line.

Observed sample percentiles are expressed as a Z score (or normal score). Z score

is calculated as

z =
x−µ

σ
(4.1)

Where x is the raw score, µ is the mean of the population, and σ is the standard
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deviation of the distribution. Since we are interested in the normality of residuals,

a normal probability plot of the residuals is created. To plot the normal probability

plot, the residual values are ordered from minimum to maximum and a rank order

number (i) is assigned. The cumulative probability is calculated as

z =
pi−0.5

n
(4.2)

Where n is the number of data points. For each value of probability, the corre-

sponding z values are obtained and plotted.

The normal probability plot of the effects shows the standardized effects with

respect to a distribution fit line for the case when all the effects are zero. The stan-

dardized effects are basically t-statistics that test the null hypothesis that the effect

is zero. The plot also helps us in understanding the direction of the effect.

Pareto Chart depicts the absolute values of the standardised effects in a decreas-

ing order of the magnitude of the effect. The chart also plots a reference line to show

statistically significant effects depending on the significance level (α)[102].

Figure 4.4: Normal probability plot of residuals
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Significant effects can be identified from the normal plot of the effects as shown

in Figure 4.4. All the effects lying in the proximity of the straight line are insignif-

icant while the ones lying far from it are statistically significant. The response vari-

able is increased when the positive effects change from low level to high level while

negative effects have the inverse effect on the response variable. Those effects fur-

ther from x = 0 are more significant [103]. A Pareto plot was also generated to

evaluate the significance of the main and interaction effects as shown in Figure 4.5.

The vertical red line at 2.3 is called reference line; any effects with bars reaching

beyond this value are considered significant. From the Pareto and normal prob-

ability plots of the effects, it is evident that the most significant effect is B (clay

content in the moulding mixture). Other significant effects influencing defect for-

mation are A (sand type), C (melt composition), AB (sand-clay interaction) and

BC (clay-melt interaction). It can also be observed that AC (sand-melt interaction)

and ABC (three-way interaction between sand, clay and melt) are insignificant and

consequently have negligible influence on the formation of defects.

Figure 4.5: Normal probability plot of the effects
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The main effects of the three factors considered on the formation of defects on

the cast sheet have been plotted in Figure 4.6. As it can be observed, the clay content

of the moulding mixture is the most significant among the 3 factors examined while

defects have been found to reduce significantly with an increase in bentonite content.

This is because a good casting is produced when there is a good balance between

the components of the green sand mixture. Lead is a metal with a high density

and has a high value of 3.22% for contraction on solidification [37]. Expansion

defects are very common in castings and they originate in part due to expansion of

the sand grains which get heated by the molten metal [100]. Silica sand expands to

a greater extent when compared with other sand like zircon, olivine and chromite

[104]. Apart from expansion, these defects are also reliant on moisture. When the

molten metal flows over the sand bed, the moisture in the mould is converted to

steam and this steam permeates through the sand grains in the mould. At the point

when the steam reaches a temperature lower than 100◦C, it condenses, and a wet

layer is formed. This wet layer is weaker than the green sand or the hot dry sand.

However, when the hot sand expands due to the heat absorbed from the molten

metal, this wet layer shears to allow expansion and ridges of sand spread into the

mould cavity and thereby grooves are formed on the cast sheet. This phenomenon

is intensified due to the contraction of the solidifying metal and erosion of sand.

Addition of a binder holds the sand particles together thereby reducing this effect

and explains the reduction in formation of these defects.

Grooves were also found to reduce with an increase in the AFS grain fineness

number. Fine grained sand helps to attain a better surface finish owing to lower

metal penetration into the mould but needs more binder content. However, a low

permeability might result in formation of gas defects. Coarse grains provide higher

permeability but may allow metal penetration. As a result, there should be a balance
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between these parameters to attain the best results [105].

Figure 4.6: Pareto chart of Standardised effects

Figure 4.7: Effect of process parameters on defect formation

Finally, the use of 50:50 mix of refined to unrefined lead increases the formation

of defects as expected. This is because of the already existing inclusions in the 50:50



74 CHAPTER 4. DEFECTS IN SANDCAST LEAD SHEET

mix which contribute to the formation of additional defects. The optimum settings

for minimal defects are obtained for a combination of 70 AFM sand, 3% Bentonite

and pure melt.

4.4 Conclusions

Sand casting of lead sheet is a traditional method for manufacturing premium lead

sheet for roofing applications in heritage buildings. Similarly, to all casting pro-

cesses lead sheet casting suffers from the presence of defects. In this investigation

the focus has been laid on a surface defect type, hereby addressed as ‘grooves’, ap-

pearing on the sand side of cast lead sheets. The main conclusions drawn from this

investigation are summarised below:

• The majority of the defects produced in lead sheet casting industry can be

attributed to mould properties and moulding materials. This paper substantiates

the fact that green sand casting provides better surface quality and finish as

compared to traditional sand mixtures used in sand casting of lead sheet.

• The trials conducted with the green sand mixture showed an improved sur-

face finish and substantial reduction in the grooves produced on the sand side.

Addition of bentonite in the sand mixture results in a substantial reduction of

groove defects in sand cast lead sheet.

• Grooves are reduced for higher AFS grain fineness numbers. Fine grained

sand contributes to superior surface finish owing due to the decreased lead

penetration into the sand.

• The quality of the melt also affects the formation of the grooves. Pure lead

should be favoured over a mix of refined and scrap lead.
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• Groove defects in sand cast lead sheet can be minimised by 90% for a combi-

nation of 70 AFS sand, 3% bentonite and pure melt.





Chapter 5

Numerical Modelling of

Sandcasting Process

5.1 Introduction

Nowadays, the evolution of computing power as well as modelling techniques have

made numerical investigation of casting processes feasible [81]. The sand casting

process in particular has been extensively studied by means of CFD simulations.

Among various topics, defect prediction in sand casting is one of the well-researched

areas. Although lead sheet sand casting falls into the category of sand casting pro-

cesses, the nature of the process is quite different from traditional sand casting as

liquid lead solidifies on top of a sandbed instead of inside a mold cavity and it also

involves smearing the liquid lead on the sandbed with a strickle. Moreover, the final

cast component (sheet) is very thin compared to traditional sandcast components. As

a result, CFD modelling of such a process involves a number of challenges related

to the mesh generation, free surface flow and turbulence modelling

77
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Despite the extensive application of CFD in metal casting, the lead sheet casting

process has not yet been numerically investigated according to the authors’ best

knowledge. This investigation aims to shed light on the effects of three main process

parameters (pouring temperature, strickle-sandbed clearance and strickle velocity)

on the final quality of sandcast lead using a two-dimensional CFD model. This is the

first attempt to investigate the lead sheet casting technique via numerical simulation.

A CFD model was developed to simulate the filling and solidification stages of the

process. The final quality of the sheets was quantified by measuring their roughness

and average thickness. The developed CFD model was validated using temperature

data at the fluid-sandbed interface collected from real-time experiments.

5.2 Methodology

5.2.1 Simulation Setup

As stated in the introduction, the lead sheet casting process consists of two main sub-

processes: (a) pouring the molten metal onto a sand bed and (b) smearing of the melt

surface using a strickle. As illustrated in the flow chart of Figure 5.1, the process

starts with melting a mixture of scrap lead and refined lead in a furnace at 450◦C.

Molten metal is then poured into a hopper where the dross is removed. Meanwhile,

the casting bench is filled with a green sand mixture which is subsequently levelled

and smoothened to attain a flat surface. The temperature of the metal is being con-

stantly measured using a thermocouple and pouring starts when the lead temperature

has reached 345◦C. Temperatures lower than this value might lead to premature so-

lidification (liquid lead might not reach the end of the bed), while higher temperature

might lead to sheets with increased surface irregularities and thickness lower than

the desired value, as it will be shown in the results section. In this investigation the
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focus is laid explicitly on the pouring and solidification stages of the process.

Figure 5.1: Process flow chart of the lead sheet casting process

As illustrated in Figure 5.2(a), a typical sand-casting setup for sheet lead man-

ufacture consists of 3 components: (a) a sandbed, (b) a wooden strickle and (c) an

inclined plane made of steel. The dimensions of each component are depicted in

Figure 5.2(b). For the simulation setup a 3m long sandbed was considered. This

value was selected because it is large enough to provide an accurate estimate of the

lead sheet quality while maintaining the computational cost within acceptable lim-

its. Moreover, as it will be presented in the following sections both the flow and

temperature fields are stabilised after the first 1 m of the horizontal section of the

sandbed. The CFD model was limited to two directions in favour of computational

efficiency since the flow and temperature fields are not expected to change in the

transverse direction (y-direction). Moreover, the effects of the sandbed walls with

respect to heat transfer and shear stress are not dominant across the transverse di-

rection considering that the contact area of liquid lead with the walls is very small

compared to the corresponding one with the sandbed.
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Component Material
Sandbed Silica Sand

Inclined Plane Stainless steel
Strickle Wood

Table 5.1: Component materials

Density* (kg/m3) 10,600
Viscosity* (Pa.s) 0.0027

Specific Heat* (J/(kg.K)) 143
Thermal conductivity (W/(m.K)) 33

Heat transfer coefficient (lead/void) (W/(m2.K)) 30
Heat transfer coefficient (lead/sandbed) (W/(m2.K)) 1000
Heat transfer coefficient (lead/strickle) [W/(m2.K)] 1000

Heat transfer coefficient (lead/inclined plane) (W/(m2.K)) 8000
Melting point (◦C) 327.5

Table 5.2: Lead (Pb) properties [106]

The material properties corresponding to each component were taken from the

Matweb online materials database [106] while the heat transfer coefficients at the in-

terfaces of the molten metal and each component were set according to [107]. Based

on the measurements taken during the experiments conducted, the initial tempera-

ture for each component was set equal to 15◦C, as well as the room temperature.

Metal pouring was simulated using a rectangular metal source placed on top of the

inclined plane while the velocity normal to the metal source area was selected to be

constant during the first 2.5 seconds of the simulation and equal to 1.14m/s. The

value of the velocity was calculated according to equation (7) and selected so as to

satisfy a mass flow rate (ṁ) equal to 392kg/sec as suggested by the experimental

setup.

u =
ṁ

ρA
(5.1)
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Temperature
(K)

Specific heat capacity
(J/kgK)

298.15 129
400.15 132
500.15 137
600.55 142
600.55 148
700.15 147
800.15 145
900.15 143

1000.15 140
1100.15 139

Table 5.3: Lead Temperature v/s Density

Subsequently, the source was removed and the strickle was displaced vertically

up to the point of the desired clearance between the strickle and the sand bed. Then

the strickle was assigned a constant velocity ranging from 1-1.6m/s, depending on

the case under examination, parallel to the sand bed (x-direction). The lead proper-

ties used for the simulation setup are listed in Table 5.2. The values of the properties

denoted with a star (*) refer to the melting point of lead and have been considered to

be dependent on the lead temperature during the simulation [108]. The dependencies

have been shown in the table 5.3 and 5.4.

A rectangular mesh was utilised in order to solve the mass, momentum, energy

and heat transfer equations. Due to the enhanced resolution required at the interface

between the sandbed and the liquid lead (boundary layer), an increasingly finer mesh

was introduced at the vicinity of the aforementioned area as illustrated in Figure 5.3.

In order to achieve high accuracy, the cell size across the direction normal to the

sandbed was set equal to 0.5mm in order to have at least 4 fluid cells along the

minimum cross section of the setup; this corresponds to the clearance between the

sandbed and the strickle, which ranges between 2.5 and 4mm. In order to maintain
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Temperature
(K)

Specific heat capacity
(J/kgK)

298.15 11350
473.15 11150
573.15 11000
598.15 10700
673.15 10600
873.15 10370

1073.15 10220

Table 5.4: Lead Temperature v/s Specific heat capacity

an aspect ratio equal to 3 across the simulation domain, the maximum dimension of

the cells was consequently set equal to 1.5mm. The final constructed mesh consisted

of 237,168 cells in total. The mesh was confined to the solid components of the

simulation domain (inclined plane, sandbed and strickle) with an overlap length

equal to 5cm. Symmetry boundary conditions were applied across all the mesh

boundaries, except of zmax where a pressure boundary condition was applied and

xmax which was defined as an outflow boundary. Finally, a no slip condition was

applied at the mold/lead and strickle/lead interfaces.

The developed model accounted for surface tension which was considered to be

equal to γ = 0.439kg/s2 while a full flow shrinkage model was used in favour of

computational accuracy [109]. Moreover, the Renormalized Group (RNG) model

was employed for modelling turbulence [110]. For each simulation performed the

fluid momentum and continuity equations were solved, while a first-order method

was used for the approximation of the momentum advection.
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(a)

(b)

Figure 5.2: (a) Schematic illustration and (b) sketch of the simulation setup

5.3 Model verification

Experiments were conducted on a 7m long sand bed at a foundry based in Derby

UK, with a 99.9% pure recycled lead charge. When conducting experiments, it was

essential that the liquid melt was smeared using the strickle before it completely

solidified to attain a flat top surface; any delays would result in premature solidi-

fication and consequently sheets with higher thickness than the desired value. On

the other hand, the strickle motion should not commence very early as this would

result in additional melt solidifying on top of the flat surface already created by the

strickle motion. During the process, shims were used in between the strickle and the

screed rail to adjust the clearance between the sand bed and the bottom surface of

the strickle.

The verification of the CFD model was based on the comparison of the cooling

curves of liquid lead obtained from experimental and numerical results respectively.

This strategy has been also been used in past investigations for validating numerical
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Figure 5.3: Mesh resolution

models against experimental ones [111], [112]. Similar cooling curves between the

experimental and numerical results would be indicative of the appropriate selection

of heat transfer coefficients, material properties and solidification models employed.

To obtain the experimental temperature measurements, one K-type thermocouple

was inserted from beneath the sand bed and placed at the sandbed/lead interface at

a distance equal to 1 m from the end of the inclined plane (Figure 5.2(b)). An 8-

channel thermocouple data acquisition module (Pico TC-08) coupled with the soft-

ware PicoLog 6 was used to collect temperature data at equally spaced time intervals

of 1 second. In order to meaningfully compare the experimental results with the nu-

merical ones, the simulation parameters (pouring temperature, clearance, strickle

motion onset time and speed) were set so as to accurately replicate the experimental

conditions.

In Figure 5.4, the collected temperature data are plotted as a function of time

along with the temperature of a probe of the simulation domain with the identical

position, located at the interface between the sandbed and the lead. Moreover, it

has to be noted that t=0 corresponds to the time when the strickle starts moving
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while both the experimental and simulation results correspond to a lead sheet with

thickness equal to 4mm. It is evident the numerical results are in very good agree-

ment with the experimental ones; thus, the model is considered to be adequate and

accurate enough to describe the particular manufacturing process.

Figure 5.4: Lead interface temperature vs time (numerical vs. experimental
results)

5.4 Results

5.4.1 Introduction

The most significant challenge of the lead sheet sand casting process is controlling

the thickness of the lead sheet. We performed sand casting experiments to manu-

facture 3 different codes (standardisation of thickness) of lead sheet. The pouring

temperature values were selected based on the interviews with the craftsmen and

foundry engineers of Midland Lead. The obtained thickness readings at 5 equally
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spaced (by 20cm) along the longitudinal (x-) axis points located at the centre of the

bed are listed in Table 5.5. It can be observed that although the mean thickness

values are close to the desired one, there are fluctuations around the mean value.

Table 5.5: Experimental thickness readings for various thickness codes

Code 6 7 8
Thickness (mm) 2.65 3.15 3.55

Pouring temperature( ◦C) 355 347 342
Reading 1 2.37 2.94 3.44
Reading 2 2.45 2.91 3.58
Reading 3 2.28 3.21 3.68
Reading 4 2.77 3.11 3.37
Reading 5 2.81 3.18 3.49
Average 2.54 3.07 3.51

Variance (mm2) 0.046 0.015 0.012

It is therefore crucial to identify the effects of each process parameter on the

final quality of the lead sheet in order to minimise thickness fluctuations on the final

product. This section aims to demonstrate how common casting parameters affect

quality, which is quantified on the basis of average sheet thickness and its standard

deviation, by means of numerical modelling. The effect of clearance between the

strickle and sand bed, melt temperature and speed of motion of strickle is presented

in this section.
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(a) (b)

(c) (d)

(e)

Figure 5.5: Velocity profiles at (a) t=1.2 s, (b) t=2.4 s, (c) t=3.6 s, (d) t=4.8 s
and (e) t=6 s

The velocity profiles of the liquid lead are demonstrated in Figure 5.5 for evenly

spaced time intervals. It can be observed that the maximum velocity is located at

the metal front which reaches the end of the bed within the first 2.4s. The x-velocity

is zero at the liquid-solid interface due to the no-slip boundary condition imposed,

while it gradually increases towards its maximum value located at the free surface.

The strickle starts moving along the x-axis at t = 3s and smears the melt. When the

strickle exits the simulation domain, the fluid is stationary and has a uniform thick-

ness along the sandbed with the exception of the first 0.75 meters of the sandbed.

This is because of the additional non-solidified metal flowing over the inclined plane

after the strickle starts moving. This observation is in agreement with experimental

results and will be further discussed in the following sections.
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5.4.2 Clearance

As mentioned in the introduction section, craftsmen control the lead sheet thickness

by adjusting the clearance between the sandbed and the strickle. The thickness pro-

files for 4 different values of the clearance c are illustrated in Figure 5.6. It has to

be mentioned that the lower limit of the axis corresponds to the end of the inclined

plane (x = 0.5m), while the strickle velocity was set to 1m/s.

Figure 5.6: Thickness profiles for various values of clearance

It is evident that the sheet thickness gradually increases along the sandbed until

it obtains a constant value for all cases examined. This region is characterised by the

presence of hills and valleys and this behaviour is attributed to the fact that it lies in

the proximity of the metal source which hinders immediate solidification due to the

continuous flow of metal over the inclined plane. As we move away from this region

the temperature of the liquid lead drops and a solid substrate is formed as illustrated

in Figure 5.7.

Despite the fact that higher clearance may lead to higher sheet thickness variance,
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Figure 5.7: Solidification profile

the average sheet thickness, which has been calculated similarly to the variance, can

be effectively controlled by the clearance as illustrated in Figure 5.9.

Figure 5.9: Average thickness vs clearance



90CHAPTER 5. NUMERICAL MODELLING OF SANDCASTING PROCESS

Figure 5.8: Thickness variance vs clearance

As depicted in Figure 5.6, it is clear that more uniform sheet thickness can be

achieved for lower values of the sheet thickness. This is because at the sandbed/lead

interface the temperature is lower compared to the free surface. Consequently, the

fluid viscosity decreases as we move away from the sandbed/lead interface and the

sheet thickness becomes increasingly irregular. This in agreement with [113] in

which an increase of the wrinkle (small amplitude surface wave) height is docu-

mented for lower values of the fluid viscosity. In Figure 5.8 the variance of the sheet

thickness is plotted as a function of clearance. The variance for each case has been

calculated over the cells that belong to the region where the thickness profile has

been stabilised (1.25m <x <3m). As expected, variance increases with clearance

as the distance of the free surface from the interface increases due to the increased

height wrinkles. This observation suggests that for higher sheet thickness the strickle

should start moving at a later stage in time so as to ensure that the solid substrate

has been further extended along the y-direction and thus the viscosity has reached a

higher value.
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5.4.3 Strickle velocity

Figure 5.10: Thickness variance vs strickle velocity

In this section, the effects of the strickle velocity on the quality of the lead sheet

will be discussed. 4 values of the velocity have been examined: (a) vs = 1m/s, (b)

vs = 1.2m/s, (c) vs = 1.4m/s, and (d) vs = 1.6m/s, while the clearance was set to

3mm. The corresponding thickness profiles are illustrated in Figure 5.12. As it can

be observed, the x-coordinate for which the sheet thickness obtains an approximately

uniform thickness is larger for higher values of the strickle velocity. This is because

the lead surface being in contact with the strickle acquires the same velocity with

the strickle due to the no-slip boundary condition imposed. As a result, for higher

strickle velocities, additional time is required for the liquid lead to be decelerated

under the effect of the shear forces; consequently, the sheet thickness becomes con-

stant for a larger value of the x-coordinate. Moreover, it is apparent that the sheet

thickness is more uniform for lower values of the strickle velocity as verified in Fig-

ure 5.10. This is because surface wrinkles with higher amplitude are generated for
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Figure 5.11: Average thickness vs strickle velocity

higher values of the shear velocity, similarly to the observations reported in [114]. If

the aforementioned surface wrinkles have not come to equilibrium by the time solid-

ification occurs, additional thickness fluctuations and consequently higher thickness

variation appear in the final cast sheet.

By observing the thickness profiles of Figure 5.12 someone cannot distinguish

any distinct effects of the strickle velocity on the average sheet thickness. In order to

extract safer conclusions, the average sheet thickness (1.25m<x <3.5m) was calcu-

lated and plotted against the strickle velocity as shown in Figure 5.11 . It appears that

the average sheet thickness is increasing linearly with the strickle velocity although

it is not significantly affected by its value. This is because of the fact that the shear

stress is higher for higher values of the strickle velocity and consequently a larger

portion of the liquid metal follows the motion of the strickle. As a consequence,

additional material is layered on top of the smeared surface. The displacement of

the thickness peak towards the end of the bed as well as the increase of its amplitude

for higher values of the strickle velocity, as illustrated in Figure 5.12, are attributed
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(a) (b)

(c) (d)

Figure 5.12: Thickness profiles for (a) vs=1 m/s, (b) vs =1.2 m/s, (c) vs =1.4
m/s, and (d) vs =1.6 m/s

to the same reason.

By comparing Figure 5.8 and Figure 5.10 it can be concluded that the strickle ve-

locity has a more significant effect on the thickness variance compared to clearance.

It is therefore very significant that the craftsmen walk with a constant and relatively

low speed alongside the bed. It is also highly likely that any strickle velocity fluctu-

ations will also lead to variations in the sheet thickness.
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5.4.4 Pouring temperature

In this section, the effects of the lead charge pouring temperature (TP) on the quality

of the lead sheet thickness will be discussed. In the previous section, it has been

pointed out that higher temperature of the melt should be associated with increased

irregularity of the final lead surface due to the lower viscosity. For the same reason

a similar trend is observed in Figure 5.13 which demonstrates the thickness profiles

obtained for 4 different values of the pouring temperature: (a) TP = 345◦C, (b) TP =

350◦C, (c) TP = 355◦C and (d) TP = 360◦C.

(a) (b)

(c) (d)

Figure 5.13: Thickness profiles for(a) TP = 345◦C, (b) TP = 350◦C, (c) TP =
355◦C and (d) TP =◦ C.
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It is evident that the average sheet thickness decreases with higher pouring tem-

perature. However, in the case of TP = 360◦C the sheet thickness is much lower than

the desired value (3mm). This is because of the increased fluidity due to the lower

viscosity of the molten lead. Due to the higher temperature and the consequent de-

layed solidification phase the liquid is decelerated at a later stage in time. This leads

to lower average sheet thickness compared to lower pouring temperatures (Figure

5.14). This result is in agreement with the conducted experiments which report that

the average sheet thickness reduces with the pouring temperature and that it is im-

possible to obtain the desired thickness profiles for pouring temperatures higher than

355◦C.

Figure 5.14: Average sheet thickness vs pouring temperature

By observing Figure 5.13(a), (b) and (c), it can be seen that increased pouring

temperature leads to more irregular lead sheet thickness profiles. This is because

increased fluidity induces additional surface wrinkles. However, in Figure 5.13(d) it

appears that the surface irregularities are decreased compared to Figure 5.13(c). This

is attributed to the delayed solidification phase which allows the fluid to equilibrate
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Figure 5.15: Thickness variance vs pouring temperature

under the effects of surface tension and gravity and obtain a smoother thickness

profile (Figure 5.15).

By comparing the variance profiles (Figure 5.8, Figure 5.10 and Figure 5.15

for the 3 process parameters under investigation (clearance, strickle velocity and

temperature respectively) it can be concluded that temperature can potentially have

the most detrimental effect on the quality of the final product. The value of the

pouring temperature should be therefore carefully selected as very low temperature

will lead to premature solidification but on the other hand very high temperature

will lead to either additional surface irregularities or a mean thickness lower than

the desired value.

5.5 Conclusions

This investigation is the first effort to bridge the traditional lead sheet sand cast-

ing process with numerical simulations. A 2-dimensional CFD model was devel-
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oped to simulate the melt flow and solidification of lead during the sand casting

process.Simulation results are in good agreement with experimental observations.

More specifically, it is observed that the clearance between the sandbed and the

strickle can be effectively used to control the sheet thickness for a specific range

of pouring temperature values. The average sheet thickness increases with higher

values of the strickle velocity and decreases with pouring temperature. However,

an increase in any of the above-mentioned parameters leads to an increase in the

thickness variance. Moreover, the variation is relatively low for thinner lead sheets.

This behaviour is attributed to the lower viscosity of lead in the areas far from the

sandbed/lead interface. This issue can potentially be solved by delaying the com-

mencement of the strickle movement in order to allow a thicker solid substrate to

be formed along the normal direction. Finally, it is observed that the initial 0.5 -

0.75m of the cast sheet has in general lower thickness compared to the rest, high

variation and consequently cannot be used for practical applications. This result is

in agreement with experimental observations.





Chapter 6

Direct Method- Energy

Studies

6.1 Introduction

Sustainability aspects in material processing industries are widely discussed these

days. Metal processing is highly energy consuming and contributes significantly

to carbon dioxide emissions. This sector is being examined these days as emis-

sion reduction is a key driver for finding more energy efficient solutions. Foundries

are one of the most energy intensive industries. The average energy burden for the

foundry sector in UK is 55GJ/tonne which is more than double the target burden

of 25.7GJ/tonne as per the climate change agreement published by the UK govern-

ment [115]. Metallurgical processes like melting, refining and casting have a crucial

impact on environment and as a result assessing and controlling the emissions and

energy consumptions are of supreme interest for continuous improvement initiatives.

The foundry industry is one of the most energy consuming sectors. The type of

99



100 CHAPTER 6. DIRECT METHOD- ENERGY STUDIES

material is also a crucial factor that influences the amount of energy used. Secondary

lead production requires much less energy than primary lead production with the

former taking up 5-10GJ per tonne of lead, and the latter 7-20GJ per tonne [12].

A modern casting process consists of different stages like melting, refining, mould-

ing, pouring, etc. The cost of a process increases with increase in energy intensive-

ness [116]. In most foundries, melting, holding and refining consume majority of

energy (around70%). Melting and holding incurs a lot of energy loss which depends

on a number of factors like, type and design of the furnace, insulation, frequency of

metal charging, etc [116]. Most furnaces are not very efficient, in fact there are very

few furnaces with efficiencies more than 50% [117].

There are several factors that affect energy consumption. The current study com-

pares energy consumption of the DM process with that of the rolling process. The

energy data for the DM has been sourced from a foundry based in the UK. However,

the values for rolling process have been theoretically calculated. It is assumed that

the melting and refining values are the same for both process, since these activities

stay unchanged irrespective of the process. The same rule accounts for cutting and

transporting the spools, hence this data is omitted.

6.2 DM Process

Data analysis and theoretical calculations were made based on thermodynamic prop-

erties of lead as well as from literature. The theoretical quantity of energy required

to rise 1 tonne of pure lead from room temperature (22◦C) to its melting point, melt

it and raise to the temperature of 440◦C can be calculated as 0.077GJ as per the

equation below.

E = Hm +[(Tm−Ts)∗Cps]+ [(Tp−Tm)∗Cpl] (6.1)
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Property Value
Heat of melting (Hm) 22.4kJ/kg

Specific heat of solid lead(Cps) 0.126kJ/kg/◦C
Melting point (Tm) 327.5◦C

Specific heat of liquid lead(Cpl) 0.14kJ/kg/◦C
Thermal Conductivity 35W/(m.K)

Table 6.1: Properties of lead

Figure 6.1 below presents utilization of the machines in the direct machine cast-

ing process as per data received from a foundry in the UK. The refiner and scrapper

are the most energy consuming segments of the process.

Figure 6.1: Energy usage by different entities in DM

The main parts of the DM process are the scrapper, refiner, casting tank and the

tray. Table 6.2 shows the consumption at each stage of the process sourced from a

Midland Lead in a calendar month. The company produced 316 spools of cast lead



102 CHAPTER 6. DIRECT METHOD- ENERGY STUDIES

weighing 2010 tonnes.

Figure 6.2 below presents utilization of the machines in the direct machine cast-

ing process as per data received from a foundry in the UK. The refiner and scrapper

are the most energy consuming segments of the process.

The main parts of the DM process are the scrapper, refiner, casting tank and the

tray. Table 6.2 shows the consumption at each stage of the process sourced from a

Midland Lead in a calendar month. The company produced 316 spools of cast lead

weighing 2010 tonnes.

Table 6.2: Energy data for DM process collected from a foundry based in
UK for a calendar month

Element Stage Energy usage (GJ) Energy usage per tonne (GJ/t)
Scrapper Melting 529.57 0.263508
Refiner Refining 452 0.224915

Casting tank Holding 91.19 0.045375
Casting tray Casting 12.13 0.006037

Total 1084.91 0.539836

6.3 Rolling Process

Metal in rolling process elongates with the rolling direction, speeding up. This

means that the material moves faster on the exit side then on the entry. The rolling

calculations have been conducted based on equations for roll force and torque in

flat-rolling [118]. The needed data are initial thickness of the billet (ho), desired

thickness (h f ), width of the material (w), number of revolutions per second of the

rolls (N) and roll radius (R). At first roll-billet contact is given by the formula:

L =
√

R(ho−h f ) (6.2)
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The roll force is calculated by the formula:

F = LwYavg (6.3)

Where Yavg is the average true stress. The total power is estimated by the equa-

tion:

P =
2nFLN
1000

∗106KW (6.4)

Where N is the number of rotations per second. Since billets are not milled to

the required thickness in one pass, multiple rolling approach has been applied. It

assumes that with each pass the billet reduces its thickness by a percentage of its

original thickness. The sheets are assumed to be constrained from the sides which

means there is no change in the width of the sheets. The only parameters that change

during the rolling process are length and thickness. This method produces multiple

energy values which sum up to total energy of the process. The following assump-

tions are made to theoretically calculate the energy consumed.

Data Value
Initial thickness 50mm

Pass reduction level 25%
Length 6m
Width 1.4m

Roll velocity 0.3m/s
Roll radius 0.519m

Average true stress (Yavg) 16MPa

Table 6.3: Assumed data for theoretically calculating the energy consumed
in rolling process

Changing the length can be captured by comparison to the volume of the ma-

terial, which stays the same though the whole process. Information regarding the
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velocity of the rolls enables calculating the time needed to roll given length. Next,

multiplying the power by time gives the energy value presented in kJ. Density and

volume provide the information about the mass of the material and the energy per

tonne can be determined.

Figure 6.2: Length of rolled sheet (l) Vs total time taken (T)

The maximum reduction in thickness (d) that can be attained is related to the

coefficient of friction (and radius of the roll (R) as per the following equation:

d = µ
2R (6.5)

Higher the value of µ , higher the reduction in thickness that can be attained.

However, a higher coefficient of friction would result in higher consumption of en-

ergy.
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6.4 Cost analysis of DM method

As per Table 6.2, the overall energy consumed in the DM process is 539836kJ/t.

The energy consumed by the DM machine consisting of the main tank and the tray

is 51412kJ/t. The total energy consumed in reducing thickness from 0.05 m to

0.000376m is theoretically calculated to be 239142.4kJ. The energy required per

tonne for the rolling process can be calculated as 50210.46kJ/t. This value is almost

similar to the actual consumption of the DM process as per the energy audit from the

foundry. The actual energy consumed in the rolling process would be much higher

than the theoretically calculated values due to wastage through friction and loss of

energy. Hence the Direct Method of casting can be considered to be a more energy

efficient process than rolling process.

Gas used

(kWh)

Gas rate

(£)

Electricity

(kWh)

Electricity

rate (£)
Total cost (£)

Scrapper 147103.16 0.017202 2530.47

Refiner 125558.96 0.017202 2159.87

DM tank 25330.86 0.075811265 1920.37

DM Tray 3370.20 0.075811265 255.50

6866.20

Table 6.5: Actual cost analysis of DM

There is a large difference between theoretical and actual energy consumption

values in case of the DM. Though the theoretical value can never be achieved, this

difference can be considered an opportunity for improvement. Table 6.5 and Table

6.6 show a cost analysis of DM. The scrapper and refiner are gas kettles and consume

energy at a cost rate of £0.017202 per kWh. Direct casting machine is powered by
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electricity. The electricity rate is variable throughout the day but for simplicity the

average cost has been taken.

Based on the actual cost data for the process, calculations can be made for the

theoretical value of energy needed to melt and produce the same amount of lead that

was manufactured via DM in a calendar month and this is calculated to be 155.23GJ

This enables approximating energy values for each of the machines and possible

cost. Mentioned calculations are shown in Table 6.6

The huge difference between actual cost of energy of the DM and the cost esti-

mated according to theoretical energy consumption shows that there is a potential

for large amount of savings. Though reducing the energy consumption to attain the

theoretical value of 0.077GJ is impossible,
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6.5 Energy improvement techniques for DM

There are several techniques for saving energy in foundries. Techniques like insulat-

ing furnaces, preheating scrap, reducing losses through convection, etc. are widely

used. The following are two important areas of improvement in the DM method of

lead casting:

6.5.1 Reducing wastage

Operational material efficiency (OME) is the ratio between the good casting shipped

to customer and the total metal melted [119]. Improving the true yield is possibly

the simplest way in which foundries can save energy, as this method focuses on

increasing good casting production and reducing the total metal melted [120].

Figure 6.3: Accumulation of edge deformation resulting in formation of
lumps on DM spools

Casting in general results in formation of waste which are removed by machin-

ing. In many casting systems, wastage can be over 50% which are machined [120].

The DM process on the other hand is a distinct casting process in which the metal

solidifies over the rotating drum layer by layer and wastage is substantially less com-

pared to other casting processes. However, at times deformations can occur at the
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edges of the spool as shown in Figure 6.3. This accumulation results in formation of

a bulge or lump which is machined off and is re-melted, refined and recast to utilise

materials resourcefully. However, this results in increased energy costs, labour and

emissions. A reduction in the amount of material that needs to be machined can

be considered as an opportunity to improve OME thereby making the process more

energy efficient.

Mass of spool (kg) Mass of lump (kg) Energy required to recast (GJ)
6136 1603 3.312434
6302 1144 3.402046
6098 1421 3.29192
6072 2091 3.277884
6152 1271 3.321071
6225 1551 3.360479

Table 6.7: Analysis of lumps on a batch of 6 spools

An analysis of the amount of wastage per spool in a day is shown in Table 6.7.

Therefore, if the true yield of the casting can be improved, less metal will be required

to produce the casting and the energy consumption for recasting could be reduced.

Techniques to reduce these defects to the minimum would result in large energy

savings and a higher OME can be attained.

6.5.2 Heat recovery and preheating of scrap

Pre-heating of scrap can be very effective. It is very advantageous as it could remove

any moisture and organic materials in the scrap, thereby preventing explosions in the

furnace and reduce energy required for melting. Techniques like using flue gases

from the melting furnace are being used by foundries these days [120]. In the DM

process, the dross formed during melting is filled in metal barrels and is sent to a

rotating recovery furnace. The metal barrels are loaded into the furnace which is
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heated to a temperature of over 420 ◦C and rotated. Recovery rates up to 65% are

obtained. The barrels are taken out and then allowed to cool. Selvaraj et al. con-

ducted studies on an innovative approach to preheat the scrap by using heat released

by castings when they cool. The study reported 2.83% energy savings using this

approach in which heat from the cast metals is recovered during cooling and used

to preheat scrap [121]. A similar approach can be applied to use the heat from the

recovery furnace and can be used to preheat scrap lead





Chapter 7

Numerical Simulation of

DM process

7.1 Introduction

With the advancement of computing technologies, these days, it has been possible to

develop numerical models that are very powerful in analysing various physical phe-

nomena that occur during casting processes. Numerical solutions give an in depth

understanding of fluid flow, solidification and heat transfer that occur during casting.

Such simulations help researchers improve the process by conducting experiments

and optimising casting parameters without hindering the real process thereby saving

huge amounts of energy, raw materials and labour.

As mentioned in the introduction section, the Direct Method for manufacture

of sheet lead involves a water-cooled drum which is immersed partly into a tray

containing molten lead. The temperature difference between the surface of the drum

and the melt pool results in solidification of a thin sheet. Molten lead is continuously

113
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fed to the tray at about 360◦C from a reservoir of molten metal as shown in the

schematic Figure 7.1. In order to maintain the level of the melt in the tray, the melt

is made to overflow over a weir on one side of the tray while the drum continuously

casts the sheet out. The tray consists of a baffle plate which blocks any dross formed

during the filling process from floating to the top of the tray.

Figure 7.1: Schematic of the DM process

This chapter focuses on effects of three main process parameters (temperature of

melt, speed of rotation of the casting drum and immersion of the casting drum within

the melt etc.) on the thickness of the cast sheet. This is the first attempt to investigate

the direct method for manufacture of cast lead sheet via numerical simulations. A

numerical model was developed in order to simulate the process. Special emphasis

was placed on effects of melt flow rate into the casting tray, heat transfer coefficients,

melt temperature, speed of rotation and immersion of casting drum on the average

sheet thickness. The developed CFD model was validated using thickness data of

cast sheets measured during experiments.
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7.2 Simulation Setup

As illustrated in Figure 7.1, a typical set up of the DM process consists of (a) cooling

drum and (b) the holding tray. Sheets of different thicknesses are manufactured

primarily by adjusting the speed of rotation of the drum and the immersion of the

drum. Essentially, the contact time of the cooling drum and the melt is controlled

by adjusting these parameters. In order to make adjustments to the immersion of the

drum in the melt, the tray is rotated about a pivot using a screw mechanism while the

position of the drum is maintained constant. Figure 7.2 shows different immersions

of the drum within the melt at different tilt positions of the tray when the meniscus

of the melt is at the same level as the weir on the side of the tray.

Figure 7.2: Schematic of the simulation setup at different immersion levels
of (a) 3cm, (b) 4cm and (c) 5cm obtained by altering the angle of tilt of
casting tray

For the simulation setup a cooling drum of 0.32m diameter made of stainless

steel was selected. The CFD model was limited to two directions in favour of com-

putational efficiency and the flow and temperature fields are assumed to not change

in the transverse (x) direction. The material properties corresponding to each com-

ponent were taken from the Matweb online materials database [108] while the heat

transfer coefficients were set according to literature and experimental results [75]

and the temperature of the cooling drum was set to 400K to simulate uniform cool-
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Figure 7.3: Schematic of the DM simulation setup

ing. Melt feed into the tray was simulated by placing a metal source rate placed

at the bottom of the tray. Simulations were tried with three different mesh sizes of

0.5mm, 1mm and 2mm. The exit thickness is the output variable and was measured

for all three mesh sizes dynamically over the same period of time (10 seconds).

Even though there was substantial difference in output thickness between 1mm and

2mm when compared to experimental results, there was negligible variation ob-

served over the thickness between 1mm and 0.5 mm and the experimental values.

To reduce computational time and cost, mesh size of 1mm was used as it was able

to replicate the observations of experimental values closely as a trade-off between

accuracy and efficiency. In all cases the models were observed to converge and cap-

ture the trend obtained in variation in thickness observed as per the real process.
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Since our goal is to understand the trend in the change in thickness with respect

to various other process parameters, and the focus was not on accuracy of the out-

put thickness, this approximation was adopted. A rectangular mesh was utilised in

order to solve mass, momentum, energy and heat transfer equations. A mesh size

of 1mm was utilised and the final constructed mesh consisted of 379620 cells. In

order to reduce the computational costs, a domain removing element was added to

the setup as shown in Figure 7.3. Symmetry boundary conditions were applied at

mesh boundaries along the x axis while pressure boundary conditions were used at

the remaining mesh boundaries except Ymin where an outflow boundary condition

was used. The developed model accounted for surface tension which was considered

to be equal to γ = 0.439kg/s2 [122]. For each simulation performed the fluid mo-

mentum and continuity equations were solved, while a first-order method was used

for the approximation of the momentum advection. The commercial computational

fluid dynamics (CFD) software Flow-3D [88] was used to simulate the process. A

flat plate of 0.01m thickness was used to facilitate the motion of the solidified sheet

out of the domain as shown in Figure 7.3. Simulations were run for 10 seconds as

the process gets stabilised within the first 3-5 seconds as it will be presented in the

following sections. The results obtained were in accordance with experimental data

obtained from the casting machine at ML Operations.

7.3 Results

7.3.1 Effect of Volume flow rate

This section investigates the effect of volume flow rate into the melt pool on the

thickness of the cast sheets. High values of volume flow rate were selected to un-

derstand the potential impact and simulations were run at simulations were run at
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flow rates of (a) V1 = 0.0008m3/s and (b) V2 = 0.001m3/s at 60 RPM while the

immersion depth of the casting drum was set at d = 4cm. Looking at the thickness

profiles as shown in Figure 7.4, it was observed that the thickness only marginally

varied at high volume flow rates. This can be explained based on the outflow of the

excess melt over the weir on the side of the casting tray as it will be explained in this

section.

(a) 0.0008m3/s (b) 0.001m3/s

Figure 7.4: Thickness plots at volume flow rates

To understand the impact of depth of immersion at high volume flow rates, sim-

ulations were run at immersion levels of (a) d1 = 3cm, and d2 = 4cm at 35 RPM

while the volume flow rate was set at V = 0.001m3/s. It was observed that con-

trolling the thickness of the sheet at really high-volume flow rates was difficult. As

it can be seen from thickness profiles in 7.5., immersion was observed to not suffi-

ciently affect the thickness of the cast sheet at V = 0.001m3/s. Ideally, an increase

in immersion should increase the contact surface area with the liquid melt. However

as observed from the plots, the effect of immersion was not very prominent.

When the flow rate of the melt into the tray is high, the height of the overflowing

molten metal from the edge of the tray increases. This results in an increased immer-

sion effect. As shown in Figure 7.6 for a setting of the tray (tilt position) to obtain

an immersion of 3cm, during casting the effective immersion is around 5.8cm due to
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(a) 3cm (b) 4cm

Figure 7.5: Thickness profiles at high volume flow rate of 0.001, 35RPM and
immersions

the additional height of the overflowing liquid metal. Different immersion levels are

obtained by different tilt positions of the tray, and the volume flow rate is kept con-

stant (and not generally controlled in most foundries). Also, the height of the liquid

over the weir does not increase beyond a certain height due to an increase in velocity

at higher flow rates. As a result, the area of the contact surface of the drum within

the liquid metal at different immersions is not altered much. This results in lack of

thickness control by varying the immersion levels when the flow rate of melt is high.

Hence it is very important to control the flow rate of the melt into the casting tray. It

can also be concluded that, the melt flow rate could create a combination effect with

immersion of the drum if the flow rate is not controlled and could potentially nullify

the effect of immersion depth of the casting drum into the melt. A high-volume

flow rate could also result in high velocities profiles creating disturbances around

the surface of the liquid causing unwanted variation in thickness profiles. Laurie et

al. [67] suggested that, volume flow rate be set to approximately twice the amount

of the removal rate of solidified sheet for best results in practical cases
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Figure 7.6: (a) Tilt position of tray with 3cm immersion (b) Actual immer-
sion of 6cm due to high melt flow rate

7.3.2 Effect of immersion of casting drum

In this section, the effects of immersion levels of the casting drum in the molten

metal pool will be discussed. Three values of immersions have been examined: (a)

d1 = 3cm, (b) d2 = 4cm and (c) d3 = 5cm while the speed of rotation of the drum

was set to 60 RPM. Simulations were run at a low volume flow rate of 0.0005m3/s.

The volume flow rate was selected to ensure that the molten metal just overflows

over the weir at the same time ensuring that the immersion levels are not higher than

anticipated.

By observing the thickness profiles of Figure 7.7, one cannot distinguish the ef-

fects of immersion on average sheet thickness. In order to extract safer conclusions,

average thickness values after stabilisation was calculated and plotted against im-

mersion values as shown in Figure 7.8. It can be observed that the average thickness

values increase with an increase in immersion depths. A higher immersion results
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(a) 3cm (b) 4cm

(c) 5cm

Figure 7.7: Thickness plots at 60RPM at immersions

in a higher contact time of the drum surface with the melt resulting in additional

material solidifying on the surface of the drum.

7.3.3 Effect of heat transfer coefficient between drum and

melt

Simulations were run for high volume flow rate at different values of heat trans-

fer coefficients. Figure 7.9 shows the average thickness of the sheet obtained after

stabilisation (at around 5s) at different heat transfer coefficients for an immersion

of 4cm and 60 RPM. As expected, the thickness was observed to increase with an

increase in value of heat transfer coefficient.

Simulations were also run at 80 RPM at two different heat transfer coefficients of
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Figure 7.8: Average thickness of cast sheet at different immersion levels

Figure 7.9: Thickness vs Heat transfer coefficient at 4cm immersion and
60RPM

5000 and 8000 respectively. As shown in the thickness profiles obtained in Figure

7.10, it can be observed that the thickness almost doubles when the heat transfer

coefficient increases to 8000. This large increase is due to the high value of heat

transfer coefficient, combined with an increased immersion effect caused due to the

high volume flow rate.

Heat transfer coefficient is an important parameter in Direct Method for casting

lead sheets. As per a study conducted by Chopra et al. [75], by measuring tem-

perature transients in a cooling substrate dipped in molten lead, it was observed that

there is no unique value of heat transfer coefficient for a given surface roughness and

alloy composition. Heat transfer coefficient was observed to increases with contact
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(a) 5000wm−2K−1 (b) 8000wm−2K−1

Figure 7.10: Thickness variation at 80 rpm at heat transfer coefficient

time of the substrate and melt. In practical applications, the drum is surface treated

by sand or shot blasting in order to facilitate nucleation. The rough surface also

provides the necessary friction to drag the solidified material and helps in starting

up the process. Most foundries use manual sand blasting to prepare the surface of

the drum. This can result in uneven roughness across the width of the drum and can

cause variations in thickness of the cast sheet across the drum. Hence special care

must be taken while preparing the drum surface to ensure uniform roughness. Care

must also be taken to ensure that the melt used is clean and devoid of any impurities

as presence of small amounts of impurities can also affect heat transfer coefficient

and result in variations in thickness between batches.

7.3.4 Effect of melt temperature

In this section, the effect of melt temperature on the sheet thickness is investigated.

In the real process the temperature in the casting tray is usually kept constant at

around 640K by the help of heating elements. Simulations were run at three different

temperature values of (a) T 1 = 630K, (b) T 2 = 640K and (c) T 3 = 645K and (d)

T 4 = 650K at 60RPM and a heat transfer coefficient of h = 5000wm−2K−1 while

immersion was kept constant at d = 4cm. Figure 7.11 shows the thickness profiles
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obtained at these settings respectively.

(a) 630K (b) 640K

(c) 645K

Figure 7.11: Thickness profiles at temperatures

As it can be observed from Figure 7.11 (a) at a lower temperature of 630K, the

thickness profile obtained is highly unstable. This is due to high solidification rates

due to the low temperature of the melt resulting in a decrease in the level of melt.

The drum drags a high volume of solidified material creating a reduction in level

which is then supplemented by the mass flow source which continues like a cycle.

Figure 7.12 shows snapshots of the solid fraction at time intervals t1= 6s and t2= 7s

corresponding to the troughs and crests observed in the thickness profile shown in

Figure 7.10(a).
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Figure 7.12: Snapshots of solid fraction at time (a) t1 = 6s and (b) t2 = 7s

An increase in temperature from 640K to 645K resulted in a drop in average

thickness of the cast sheet from 2.69mm to 2.22mm as shown in Figure 7.11 (b) and

(c). Increasing the temperature further resulted in the drum being unable to cast the

sheet over it probably due to the inability of the drum to pick up the lead. This is in

line with observations from experiments conducted at higher melt temperatures. As

mentioned previously, the drum is sand blasted to ensure uniform roughness in order

to facilitate solidification of thin sheets and provide the necessary friction to pull the

sheet out. The present model does not take surface roughness into consideration

and thereby it was not possible to cast sheets when temperature was set higher than

650K.
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7.3.5 Effect of speed of rotation

Figure 7.13: Average thicknesses of sheet produced at various casting speeds

The effect of speed of casting drum is investigated in this section. Simulations were

performed at three different speed of rotation of the casting drum: (a) 30RPM, (b)

45 RPM and (c) 60 RPM at 4cm immersion. The average value of the thicknesses

obtain after stabilisation are plotted against the RPM values as shown in Figure 7.13.

As expected, the thickness is observed to reduce with an increase in speed of rotation

of the drum due to a decrease in contact time of the cooling drum with the melt. This

is in line with observations from experiment and data available from literature [67].

Also, it can be observed that the speed of rotation of the drum can be very effective

in controlling the thickness of the cast sheet substantially.

7.3.6 Conclusions

A 2- dimensional numerical model was developed for the single drum continuous

casting process for manufacture of sheet lead. The study is a first effort to model

the process and investigate the effects of different process parameters. Simulation
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results were observed to be in accordance with experimental results. The following

conclusions were drawn from the investigation

• Volume flow rate of the melt into the casting pool plays a crucial role in the

ability to control the thickness of the cast sheet. A high volume flow rate

resulted in a higher contact area between the melt and the casting drum causing

an increased immersion effect than anticipated. Hence it is very important to

control the volume flow rate of the melt into the casting pool.

• Heat transfer coefficient has a significant effect on the thickness of the cast

sheet and hence process parameters that affect heat transfer coefficient (like

surface roughness of the casting drum) should be controlled in order to avoid

variation in thickness across the width of the drum.

• The thickness of the cast sheet can be effectively controlled by adjusting im-

mersion and RPM

• The temperature of the molten metal needs to be monitored continuously as

good quality castings can only be obtained in between a certain temperature

range. Lower melt temperature can result in highly variable thickness profiles

while a higher temperature can result in the drum being unable to cast the sheet.





Chapter 8

Discussion

The research project was funded by ML Operations, a sheet lead manufacturer based

in Derbyshire along with Innovate UK and Cranfield University. The company fo-

cusses on Continuously Cast lead sheet and sandcast sheet and has about 25% mar-

ket share in UK. The current research project was launched as a strategic decision

to improve the processes within the company. The thesis essentially looks into as-

pects of two processes viz Sand casting of lead sheet and the single drum continuous

casting process. The focus has been on understanding what process parameters af-

fect the quality of the sheet especially thickness. Both these processes are relatively

traditional and very little research has been conducted in this space.

Sandcast lead sheet is primarily used in the construction industry for renovation

of heritage buildings, churches, state homes etc. Though there are other types of

lead sheets like continuously cast and rolled sheet, which are superior in quality and

also cheaper, architects prefer using sandcast sheet to preserve the heritage of these

buildings. The distinct appearance of sandcast lead sheet, where one surface has

a mottled appearance and the other a rough sand finish is a very important quality

aspect to the end consumer as sandcast sheet is considered to be a premium product

129
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and is distinguished from other types of lead sheets based on its appearance and the

way it is manufactured. It is hence important to understand the parameters that affect

the formation of the mottled appearance and to understand how it is reproducible.

Lead being one of the most recycled materials, scrap used for manufacture of

sheet lead primarily consists of lead from buildings and construction industries. This

scrap often contains many impurities and often refining is required. Elemental analy-

sis of different batches of scrap used for manufacture of sandcast lead sheet revealed

it to be relatively clean with trace amounts of impurities. The overall impurity con-

tent in melt batches used in manufacture of sand cast lead sheet was found to be very

low even after being mixed with scrap lead since scrap lead consists of mostly sec-

ondary lead. It was observed that these trace amounts of impurities had an effect on

the appearance of the pattern on the surface of the sheet. Different mixtures of scrap

and pure lead were experimented with, and it was observed that good reproducible

results were obtained when a mixture of pure to scrap lead was used. The addition

of scrap results in formation of the patterned surface due to concentration of oxides

and carbonates which appear as white and dark (or dull and shiny) patches on the

top surface. It was also observed that hardness values of sandcast lead were similar

to that of continuously cast sheets hence proving that presence of small amounts of

impurities do not substantially affect the mechanical properties of the sheet. How-

ever higher amounts of these impurities could result in drastic changes in properties

of the cast sheet.

Just like any other casting process, sandcast lead sheet also suffers from the pres-

ence of defects. In this investigation the focus has been laid on a surface defect

type, addressed as ‘grooves’, appearing on the sand side of cast lead sheets. These

grooves are categorised as a quality defect in the industry and hence it is important

to understand the formation of this defect and way to eliminate/minimise them. The
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presence of groove-type defects in the final cast sheet was quantified by estimat-

ing the ratio of their total length to the sample unit area. There are several factors

potentially affecting the formation of this type of defects. Based on process observa-

tion, literature review and foundry experience, all possible factors affecting quality

of sheets were listed. The initial set of factors selected was narrowed down based

on a set of screening experiments, literature review and the experience of foundry

engineers. Analysis of Variance (ANOVA) was implemented in order to identify

the process parameters or factors which had the most significant contribution to the

formation of grooves while an optimal set of process parameters was proposed in

order to minimise defects in the final product. The majority of the defects produced

in lead sheet casting industry can be attributed to mould properties and moulding

materials. The trials conducted with the green sand mixture showed an improved

surface finish and substantial reduction in the grooves produced on the sand side.

Addition of bentonite in the sand mixture resulted in substantial reduction of groove

defects in sand cast lead sheet. The quality of the melt was also observed to have a

noticeable effect on the formation of the grooves.

As mentioned previously, very little scientific research has been conducted in this

area. As a result, there is very limited knowledge on the effect of different process

parameters involved in the process. Most of the skillsets are transferred from expe-

rienced operators. To understand the effect of different parameters, a 2-dimensional

CFD model was developed to simulate the melt flow and solidification of lead during

the sandcasting process. The objective of the study was to investigate the effects of

process parameters such as the pouring temperature, strickle velocity and clearance

between the sandbed on the strickle on the quality of the lead sheet. Simulation re-

sults were observed to be in good agreement with experimental observations. From

the results obtained, it was concluded that the clearance between the sandbed and
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the strickle can be effectively used to control the sheet thickness for a specific range

of pouring temperature values. The findings of these studies were very useful to

the company and helped in formulating improved standard operating procedures for

the casting of lead sheet and in quality control. The present study can also be used

as a steppingstone for further numerical investigation of the sandcasting method for

producing lead sheets. The investigation of the effects of additional process char-

acteristics such as the inclination of the sandbed and the strickle geometry on the

quality of the cast sheet should be further investigated. Moreover, the current model

can be used as the basis of an optimisation case study aiming at selecting the opti-

mum process parameters for superior lead sheet quality.

The Direct Method or the single drum continuous casting process is a very ef-

ficient and cost-effective method for manufacture of sheet lead since the process

directly converts liquid lead to sheet form. As a part of this thesis, an investiga-

tion into the energy consumption of the process and its comparison with compet-

ing rolling process was conducted. The study investigated energy consumption and

costs associated at various stages of the DM process. It was observed that the actual

energy consumption of the DM process is substantially lower than the theoretically

calculated figures for conventional rolling technique. The process is also very quick,

allows manufacture in smaller batches and requires minimum human intervention. It

can be reasonably concluded that the process can be used as a very good alternative

to the conventional rolling method. Methods for further improving the energy effi-

ciency of the DM process like melt pre-heating and improving Operational Material

Efficiency were suggested to the company. Further study needs to be conducted in

this area especially investigating the formation of lumps on cast spools potentially

due to formation of residual stresses as this can result in further improvement of

yield of the process.
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Similar to the sandcasting process, due to the obsolete nature of the process, very

limited research specific to the DM process has been conducted before. In order

to understand the effect of different parameters another 2-dimensional numerical

model was developed to simulate the DM process. Different process parameters like

effect of heat transfer coefficient, volume flow rate, melt temperature, immersion

of the casting drum into the melt and speed of rotation of the casting drum were

investigated. It was observed that, controlling volume flow rate of liquid metal into

the casting tray is vital in order to control the thickness of the cast sheet. The effect

of volume flow rate becomes more prominent while trying to cast very thin codes

(for example code 1 and 2) because even slight variations in immersion levels can

affect the thickness of the cast sheet at such low thicknesses. Traditionally, volume

flow rate is not controlled in the process and this was suggested to the company as

an area for improvement. The heat transfer coefficient was also observed to affect

the thickness of the cast sheet. Heat transfer coefficient also depends on surface

roughness of the casting drum and utmost care needs to be taken to ensure that the

roughness of the casting drum is uniform throughout in order to avoid variation in

thickness across the width of the drum. This resulted in the company investing in

developing a new drum with improved helical cooling system and uniform surface

roughness. It was observed that the sheet cast using the new drum was substantially

improved and the variation in thickness observed across the sheet was minimal. This

helped the company to manufacture sheets close to the nominal value. As per the

industry practise, the price per kilogram of lead sheet is calculated based on the

nominal thickness of the cast sheets. A tolerance of +/- 5% is allowed on this normal

value. Ability to cast sheet closer to the nominal value or in the negative region of

the tolerance value results in huge economic benefits considering the huge volume

of sheets manufactured annually. It was also observed that temperature of melt is
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a prominent factor and needs to be controlled. Higher temperature could result in

the drum being unable to solidify the melt over it. Hence it is important to keep the

temperature at a suitable range by using improved heating elements to keep the melt

temperature uniform across the casting tray. The study can be further developed,

and optimum values of different process parameters could be identified to obtain

good castings. Being able to further control the variation in thicknesses of cast sheet

products can potentially result in huge savings for the industry. The DM process is

a much better alternative to rolling process considering the low cost of investment

required.



Appendix A

Defect Elimination in

Sandcasting of lead sheet

Additional Experiments

A set of additional experiments were conducted to understand the root cause of

the groove defects. Various parameters associated with the casting processes were

altered to observe any trend in the formation of the grooves as a part of initial root

cause analysis.

The formation of the defects was not affected by altering the temperature of pour

of the molten metal. An increase in the moisture content resulted in formation of

new defects like blow holes on the castings. The use of a coarser sand resulted in

poor surface finish without any changes in the formation of the grooves.

The grooves are formed along the direction of flow which is same as the direction

of motion of the screed rail which is used to level the sheets to wipe of excess metal

and to obtain the desired thickness. To check the effect of the stress induced by
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Experiment Observation

Increase temperature of melt to 360◦C
Presence of grooves more pronounced
towards the bottom of the bed

Reduce temperature of melt to 340◦C
Presence of grooves, melt solidified
before mold filling

Increase moisture content by 100%
Presence of grooves with other
gas defects

Change of sand mix to Mansil 45+
Red foundry sand (3:1 Ratio)

Presence of grooves, Rougher surface
finish

Casting without the use of screed rail to
wipe off the excess metal Presence of grooves

Inclination of bed with horizontal made
to 0 degrees Presence of grooves

Increased angle of inclination of bed to
-5 degrees with horizontal Presence of grooves

Table A.1: Preliminary Experimentation

the screed rail on the metal during the process in formation of defects, trials were

conducted by casting sheets without the use of the screed rail. Trials were also

conducted by altering the inclination of the sand bed to confirm if the flow rate of

the metal has any impact on the formation of defects as described in Table A.1.

The experiments were conducted using 5 different molding mixtures. The mix-

ture was prepared at John Winter & Co and they were stored in sealed containers

in order to preserve the moisture. Each trial was repeated 3 times to ensure re-

peatability. Table A.2 shows the details of the molding mixture used and the results

obtained.

All the green sand mixtures supplied by John Winter & Co. provided improved

results. Trials were carried out using green sand mixture with a sand conditioner.

Even though there was substantial reduction in the grooves, it was difficult to prepare

the bed after the first cast for subsequent runs since the sandbed became very hard.

The sand had to be re-prepared using a muller and this was not favourable in a
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Sand mixture Experiment Observation

S1
Silica Sand 60 AFM - 96%
Clay - 2.5 %
Water -1.5%

Improved sand surface.
Results not satisfactory.

S2

Silica sand 80 AFM-93.5%
Clay - 6%
Water - 1.5 %
SC#2 green sand conditioner-
0.5%

Good results, the groves
reduced in number
substantially.
Difficulty in reworking the sand
after casting.

S3

Silica Sand 60 AFM-93.5%
Clay 6%
SC#2 green sand conditioner
0.5%
Water 1.5 % of total weight of
mixture

Good results, the groves
reduced in number substantially
Sand Surface of sheet rougher
in appearance
Difficulty in preparing the bed

S4
Silica sand 80 AFM-94%
Clay 6%
Water 1.5 %

Relatively easy to Prepare bed
Relatively easy to rework
Good surface on sand side

S5

Silica sand 70.05%
Red Pulverised sand 23.45%
foundry sand 3:1 mix
Clay 6%
Water 1.5%
SC#2 green sand conditioner
0.5%

Poor Results
Sand side finish very rough

Table A.2: Experiments with different green sand mixtures
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production environment due to the time taken. Trials were conducted with sand

S4 (without the conditioner). The cast produced was free of any grooves and the

sandbed was relatively easier to prepare for the next casting. It was observed that

the amount of binder affected the workability of the sand after a cast
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