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ABSTRACT

In this study, metal foams were fabricated using Al-Ni combined with dolomite(CaMg(CO5),) as
an alternative foaming agent via the powder metallurgy (PM) route. For first-time dolomite, a dual
carbonate (magnesium-calcium) was found to be a highly effective foaming and an excellent
stabilizing agent. It has a gradual decomposition and at different temperatures produces oxides,
improving foaming conditions and expansion performance. The experimental findings showed that
the addition of 7wt% of dolomite is the optimal amount for the development of well-formed pores
with uniform cell distribution, spherical shape, and thick cell walls. The addition of Ni to the
mixture increased the melting temperature and decreased the difference between the alloying
melting point and dolomite decomposition temperature. Specific AI-Ni compositions showed
appropriate viscosities for enclosing the gas as it was released. Al-10Ni and Al-15Ni were found
the optimum combinations to form intermetallics which further helped stabilize the foams.
Moreover, as a result of this investigation, a modification of the powder metallurgy technique was
proposed, by partial-sintering the precursors before the foaming process (i.e. raising the
temperature of the precursor for a period of time prior to foaming). This step allowed the formation
of particle sintering, enhancing foam expansion, leading to more homogeneous porosity, cell
morphology and microstructure.

The following thesis is based in one paper, which has been submitted to the journal, Advanced

Engineering Materials.
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1. INTRODUCTION

High-quality, low-density materials are becoming formidable players in multiple industrial
applications. Due to their unique properties, metal foams are attractive materials for structural
engineering and design applications. Overtime, several manufacturing processes have been
developed and classified [1, 2]. However, the main limitations with metal foams remain the same
for all materials selection criteria: the overall cost, the stability, and the process control. Certainly,

these limitations are found in each manufacturing process described.

Powder Metallurgy (PM) for instance, is an indirect technique, consisting of a mixture of metal
powders with a suitable foaming agent which is a challenging process to control and can be costly.
The systematic procedure for creating a metal foam by PM is mainly the mixing of different metals
powder with an agent capable of releasing gas (usually through decomposition). The combination
of diverse metals brings the ability to tailor and obtain valuable foam properties [3]. After a well-
distributed powder blend has been achieved, it is necessary to compress the blend until a dense
precursor is obtained. This foamable precursor goes through a heat treatment until the metal
becomes a viscous semi-liquid mass and the foaming agent undergoes decomposition, at this

point, a foam will have been formed [4].



Suitable closed cell foams have been produced by the PM route implementing TiH, and other
hydrides as foaming agents. The latter is expensive and dangerous to handle. Recent studies have
focused on the replacement of hydrides with new inexpensive agents such as carbonates.
Carbonates are naturally occurring minerals. Due to their composition, they are capable of
decomposing at high temperatures to form oxides. They are expected to be effective foaming
compounds with the ability of achieving similar product properties to hydrides and hence
satisfactory results. Dolomite (CaMg(CO5),), for instance, is a carbonate that has been attempted
previously as a foaming agent but with limited success. Upon decomposition, it releases carbon
dioxide gas (CO,). It offers significantly lower cost, a more precise stabilization temperature [5],
produces a finer cell structure and has several other advantages. The chemical composition of
dolomite, also produces oxides such CaO and MgO, which provide stability in the final stages of
foaming, avoiding the need for the addition of ceramic particles. However, in the literature, there
are just a few studies about dolomite used as a foaming agent, and despite its multiple advantages,
those studies have reported a low range of porosities and small pore size. As it currently stands,
dolomite has not shown itself to be a suitable replacement for titanium hydride (TiH,) as a foaming

agent.

Generally, the production of aluminum foams by the PM has proven challenging due to the
discrepancy of temperatures between the aluminum melting point and the decomposition of the
foaming agent. This discrepancy is considered a major factor for reduced foam expansion and
absence of pore structure uniformity [6]. In the present study, Ni was added to the Al matrix with
dolomite. Having an Al-Ni matrix reduces the mismatch of temperatures and produces a complete

system for the production of highly porous foams. The melting point of the metallic matrix is

2



increased to above 700°C and allows the formation of Al-Ni intermetallics. Additionally, a partial-
sintering step is suggested in order to reduce minimum values of residual porosity and to accelerate
the driving forces in the foaming stage. This final system Al-Ni + dolomite presents favorable
thermodynamic behavior to enhance foaming conditions and final microstructure. It can modify
the foam behavior by (1) improving foam expansion, (2) increasing pore connectivity and (3)

stabilizing the foam in terms of homogenizing pore size and pore distribution.



2. LITERATURE REVIEW

2.1 METAL FOAMS - CELLULAR MATERIALS

In the field of materials sciences and engineering, the meaning of the term FOAM is defined as a
material consisting of a well dispersed concentrated gas phase in a solid phase, even though the
primary concept describes a gaseous phase immersed in a liquid phase. Thus, words resembling
‘solid foams’ or ‘cellular materials’ would be more appropriate to describe the sequence of cells

arranged in an interconnected porous structure.

Nowadays excellent advanced materials with that porous structure are well-known to exhibit
important physical and mechanical properties, for instance, compressive strengths combine with
good energy absorption along with high thermal conductivity. These porous low-density cellular
materials are found both naturally and manufactured. In nature, foams are anisotropic cells like
bones, sponge, wood, corals and bee honeycombs [7,8]. Industrialized foams are extensively used
at the moment in the form of shaving cream, soaps, cleaning agents, ice cream, packaging, thermal

insulation and in many commercial mineral manufactured products.

To clarify the meaning of foam, it is principally any material with the ability to trap gas bubbles
from its liquid state. Solid metal foams are materials that can be composed of 40% to 90% volume
of gas. They are being developed and classified not only according to their processing techniques

but also according to their applications [7].



2.2 PRODUCTION METHODS OF CELLULAR METALS

There are different routes for manufacturing metal foams, principally, depending on the state in
which the metal is found to be treated. In general, the main groups of production processes can be
classified as vapor deposition processes, melt processes, powdered metal processes, and metal ion
deposition processes. Banhart has presented an entire study of several techniques [1], which are

summarized in Table 2.1.

Table 2.1: Summary of the several manufacturing processes for cellular metallic structures [1]

CELLULAR METALS
Metal Vapour Powdered Metal Liquid Metal r Metal lones
r r
* Di ; . . h1 * Sintering of hollow
* Vapour Irect foaming wit spheres * Electrochemical
depOSition gas * Gas entrapment depOSition

* Direct foaming with
blowing agents

* Slurry foaming

*Pressing around

* Gasars fillers
* Powder Metallurgy * Sintering of powders
* Casting or fibres

. * Extrusion of
*
STl el polymer/metal

A VR WV

2.2.1 Metal Vapour Foaming

Metal foams manufactured from gaseous metallic materials are open cell structures. For its

production, a cellular precursor in solid form is required to define the shape of the cellular material



to be formed, for example, a reticulated polymeric foams. In this approach, a metal vapor coats the
surface of the precursor up to a certain thickness, creating a negative copy of its structure. The
actual precursor is removed by thermal or chemical treatments [7]. Nickel foams are produced by
chemical vapour deposition using a reticulated polyurethane precursor as illustrated in the figure

below:
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2.2.2 Powdered Metal Foaming

Cellular structures can be produced from metals using powder precursors. Throughout the
manufacturing process, the powder remains in the solid state and only undergoes sintering.
Powdered metal foams have generally close pores morphology. The formation of quasi-spherical
pores is a notable characteristic of this foaming method. Principally, the approach is based on two
steps: compaction or moulding and sintering; however, it has been proven that slip reaction foam

sintering can be employed to produce metal foams at room temperature [10]. Furthermore, an
6



alternative manufacturing process involves capturing the gas in a powder compact utilizing space-

holding fillers or hollow spheres [§].

2 mm

Fig. 2.2: Magnified view of metal foam surface produced by powdered metal foaming [11]

2.2.3 Liquid Metal Foaming

Liquid metal foaming for producing cellular structures is an important approach that involves
melting the metal or alloy and injecting bubbles. This technique is often used on large scales in
industry due to its economical production. It is one of the most cost-effective and viable processes,
allowing the production of large amounts of high-quality metal foams. The manufacturing
procedure depends on the incorporation method of the blowing agent or gas. It can be done by
injecting a gas directly into the liquid metal, by creating a saturation of gas in the liquid by adding
blowing agents to the molten metal, or by precipitating the gas which is already dissolved in the

liquid [8].



Aluminium liquid metal foaming has three stages for the production of the foam, in the first stage,
the aluminum melt receives additions of ceramic particles such as silicon carbide to stabilize the
reaction and to enhance the viscosity of the melt (usually 5-15 vol.% is added) [12]. In the second
stage, the liquid metal foams by injecting the gas into the melt, typically argon, nitrogen, or air.

As it shows in Fig. 2.3:

Melt
drainage

Gas

Crucible

R

Stirring paddle
& gas injector ~

L 30000000808

"o 9 | m&i‘.lil-. EEXE

Heating gt

Fig. 2.3: Foaming of Aluminum by the melt gas injection method [13]

This gas is incorporated through rotating impellers generating fine bubbles and distributing them
constantly. In the third stage, the gas bubbles float out of the melt and the remaining liquid films
between the bubbles drain out. On one of the side of the melt, a carrying medium is located to pull

out the dry foam permitting it to cool down and solidify.

As an alternative to injection, a blowing agent can be added to the melt. High temperature causes

the blowing agent to decompose and then release the gas. Nevertheless, difficulties with uniform



distribution of the blowing agents as well as ceramic particles in the melt create challenges in the

production of foam by this process [7].

2.2.4 Metal Ionic State Foaming

The metal ionic technique for production of metal foams is based on electrochemical deposition
which is comparable to the vapor deposition technique. This method creates foams with open
porosity. An electrically conductive polymer precursor is placed inside an ionized electrolyte
which has been charged with negative bias. The metal ions are deposited on the surface of the
precursor until a desirable thickness has been achieved. The chemically conductive polymer is

removed afterwards by a thermal treatment [7].

) O

Template Molecule Metal Oxide Precursor Metal Nanoparticle
Co-assembly E %
— BB ®

[ ]
@
0.

Calcination

s

%

s
7

Fig. 1.4: Metal ionic state foaming process [14]



2.3 POWDER METALLURGY (PM)

Powder metallurgy is an indirect technique, consisting of a mixture of metal in powder form with
a suitable blowing agent. It was first developed at the Fraunhofer Institute in Bremen and

Bratislava University in partnership with the Karmann Society.

This technique is generally known for the production of aluminum foams, however, recent studies
have intensified in producing titanium-nickel and steel foams [13,15]. The powder metallurgy

technique is represented schematically in Fig. 2.5.

Metal Powder Mixing Two-stage of Compacting Heat treatment Foam
+
Foaming Agent Cold Hot

Fig. 2.5: Powder metallurgical process chain [16]

The process begins with a metal powder mixture with a blowing agent (alloys powders bring
different properties to the mixture). The presence of the blowing agent embedded in the blend is a
crucial step in the foaming process. The well-distributed powder-blend is compressed until a green
compact is obtained. To ensure minimum voids or porosity levels inside the compact, the
compaction has to reach values close to the theoretical density [17] (the most common compacting
technique is cold pressing). The compression is followed by a heat-treatment at temperatures
below the melting point of the matrix leading to the metal powder sintering. At this point, the

foaming process begins. Finally, a continuous increase of the precursor temperature is necessary
10



for the metal to become a viscous semi-liquid mass and the foaming agent to undergo
decomposition [1]. The gas generated from the decomposition becomes trapped and expands,

producing pores and creating the foam.

Powder metallurgy has an incredible advantage over the other techniques; it allows foaming inside
of a mould of different shapes. Having the possibility of creating a net-shaped product in mould

of desirable geometries reduces the requirement of extra procedures such as machining.

Hot Pressing |, Foamable ji=
Tablets

Direct Powder
Consolidation =
Net
Foaming — Foamable — e

e Raolling — — . Foam Sheet
Agent ‘—, Sheets
sosta Net Sha
Al L I — Cold1 tic - udll'—' Foamable LR L, pe
Powder Pressing Rods Foam Body

Various
Additives
Boncing Foamable | | Lo Net Shape
Sandwiches AR

with Al or
Fig. 2.6: Powder metallurgy foaming process [18]

Steel Sheets

2.3.1 Influence of Powder Compaction

Cold pressing, hot pressing, powder rolling or extrusion are methods for achieving good compact

density with the powder metallurgy technique. Precise pressures for compaction are directly

11



related to the quality of the final product. This step has to ensure the minimum level of residual
porosity present inside the compact. For this reason, some metals or alloys require additional hot
pressing. This can be also employed as an initiation of the sintering stage prior to foaming [1, 18]

ensuring good powder-particle bonding.

The desirable result from compaction achieves close to theoretical density. As reported by
Kennedy [19] and Asavavisithchai [20] favorable compaction levels of at least 94% of the
theoretical density are necessary for obtaining good foams. This eliminates internal porosity,
avoids premature gas escape through the pores of the compact. Moreover, satisfactory compaction

prevents frequent defects such as crack formation along powder boundaries.

2.3.2 Heat Treatment

Heat treatment is the last stage of producing metal foams by powder metallurgy route. This process
takes place at a temperature close to the melting point of the alloy. The exposure to temperature
decomposes the blowing agent which is embedded in the molten or semi-molten metal matrix. The
gas generated from that decomposition forces the compact precursor to expand, therefore multiple
pore structures nucleate and emerge creating the foam [1]. The main objective is to achieve
sufficient liquid from partial melting of the matrix, while the gas evolves gradually; causing a
progressive expansion by the formation of pores [21]. During expansion, rupture of cell walls of
the foam occurs at the moment when the thicknesses of the walls in the metallic matrix are below
a critical thickness [22]. The level of expansion has three variables that influence directly the result

of the foam; temperature, size of the precursor and holding time (varies from some seconds to

12



more than a few minutes) [1]. In terms of the maximum expansion that a foam can achieve depends

on the amount of blowing agent added in the precursor, the temperature, and, heating rate.[23]

2.3.3 Sintering

One of the most effective methods of producing porous metallic foams is the sintering of powdered
metals. Sintering is a subsequent heat treatment of compacted powdered metals and is done at a
temperature below the melting point to fuse the particle. Sintering usually takes 1 to 2 hours and
is often done in an inert atmosphere or in a vacuum to eliminate the possibility of surface oxidation.
The production of good foam is associated with the density of the sintered metal. Experiments
have shown that theoretical density at least of 94% is desirable for low residual porosity and

encapsulation of more blowing gas [20][19].

Stage I: Before Sintering Stage II: Formation of necks Stage III: Pore network

%
network of
pOTEs

open pore

Fig. 2.7: Sintering Stages [25]

Making metal foams from aluminum alloy powders can be a big challenge due to the formation of

surface oxide impeding the process of sintering between particles. But this obstacle can be solved
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by deforming the particles by a continuous compression until the oxide films are ruptured and

metallic bonding occurs.

2.4 FOAM STABILITY

To analyze the stability of a foam, it is essential to recognize that foams by nature are
thermodynamically unstable structures due to their high surface free energy [6]. Therefore, the
concept of foam stability only indicates to kinetic stabilization resulting from retarded foam
collapse. Mechanisms that come into play during this degradation process are as follow: a)
drainage which is caused by gravity and pressure differences, which forces the metal to collect as
a pore-free liquid at the bottom of the mold; b) coalescence occurs when a cell wall disappears due
to instability; and c) subsequent coarsening which forces the diffusion of gases to increase the size
of cells [24]. Many forces have been found to be the culprits causing foam instability such as gas
pressure, gravity, surface tension, and viscosity. Gravity causes the drainage phenomenon while
surface tension and the capillary force causes thinning of the cell walls. Interaction of all these
forces creates bubble instability, consequently an equilibrium of these interacting forces is

important for foam stability [2].

In addition, it is impossible to foam pure aluminum because it has an insufficient bubble stability
and they rupture instantaneously upon arrival at the surface [8, 26]. Several solutions have been
proposed to inhibit the above phenomenon like enhancing the viscosity of the melt and addition of

particles that act as the stabilizers for stable foam generation [27].
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2.4.1 Aqueous Foams and Surfactants

Liquid or aqueous foam is a two-phase system in which gas bubbles are enclosed in liquid and
able to maintain both of these phases into one integral system, to this end some chemical agents
are required. These are organic molecules and are called surfactants because of their concentration
and activeness on surfaces and liquid films. Due to their amphiphilic nature, they lower the surface
tension or increase the viscosity at the liquid-gas interface by arranging themselves in a
monomolecular arrangement. This arrangement serves several purposes; it not only increases the
elasticity of the films thus retarding the rupturing effect but also causes the interfaces to repel each

other thereby thickening the cell walls and decreasing the chances of liquid drainage [28].

Increased concentration of surfactants has been found to increase the stability of foams up to a
certain limit. As long as there is room for surfactants to create monolayers on the liquid-gas

interface, stability of foam is increased by increasing their concentration.

Liquid

GAS GAS

Repulsive forces

Fig. 2.8: Scheme of an aqueous surfactant at the interface between two cells [28]
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2.4.2 Particle Stabilized Foams

There is an alternative approach to inhibit some of the major phenomena causing foam instability
other than the use of surfactants for use at high temperatures in metals and alloys. Researchers
have found that the addition of particles like SiC, Al203 or TiB2 can stop the drainage process of
liquid metal by their accumulation at the gas/liquid interface, increasing viscosity and by creating
a disjoining pressure similar to surfactants [29]. It has been found that the addition of these
particles can stabilize the metal foams only if the following parameters are controlled:
concentration (3 vol % to 10 vol % ), proper wetting, contact angle (20° to 90°) and particle size

(up to 3um) [30].

2.4.3 Role of Blowing Gas or Foaming Agent on Foam Stability

In addition to the inclusion of surfactants and ceramic particles, blowing an oxidizing gas can also
enhance foam stability. Some combination of gases, such as air and other gas mixtures can increase
the elasticity of the films. Their monomolecular arrangement at the liquid-gas interface decreases
the surface energy of the film and delays film rupture. Some gases are found to be undesirable for
this purpose for example nitrogen, hydrogen, and argon because they contain very low levels of
oxygen and form only a very thin oxide film leading to film rupture and, as a consequence, more
drainage. Oxygen has proved itself to be a strong candidate for this purpose because it forms thick
oxide layers of up to 30nm which in turn also increases the bubble stability as well as the cell wall

stability [31].
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Different cell structures are obtained by using diverse foaming agents such as hydrides and
carbonates. These structures are determined by two factors: decomposition temperature and type
of gas released. Because of having higher decomposition temperatures than hydrides and due to
the slow release of CO2 gas upon decomposition, carbonates and, especially dolomite among
carbonates, stabilizes, forms oxides in the cell walls and is more effective than hydrides. The
presence of and homogeneous dispersion of solid particles in Al precursor also add to the
advantage of carbonates being better foaming agents causing increased overall stability of metallic

foams.

For instance, dolomite compared with hydrides forms smaller cell sizes which lead to a nearly
insignificant melt drainage. The absence of a melt flow and high surface viscosity cause the cell
faces to remain narrow, hence stabilizing them. Dolomite particles are wettable in aluminum due
to the presence of interfacial compatibility with the Al matrix [32]. All these factors lead to more

stable cell walls in the foam structure.

2.5 BLOWING AGENTS

For successful metal foaming, a crucial step is to introduce and embed a blowing agent into the
cross section of compacted metal precursor because this is the material that is responsible for the
creation of the foam structure by decomposing and releasing gas upon the application of heat.
Concerning the achievement of a good quality of metal foams, it is very important to find the right
match of temperatures between the melting point of the metal and decomposition of foaming agent
otherwise, it might be detrimental to the foam metallic matrix which is undesirable [33, 34].
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So far, chemicals such as metal hydrides, carbonates, organic polymers and other effervescence
compounds are commonly used blowing agents but some of them are difficult to handle and
expensive. Some researchers have been able to find promising materials such as dolomite

CaMg(CO3)2 that releases CO», producing less expensive foams than hydrides [35, 4].

2.5.1 Hydrides as Blowing Agents

Hydrides such as TiH2, ZrH2 and MgH2 are commonly used blowing agents for the production of
suitable closed cell foams. Upon decomposition, they produce an excess amount of hydrogen at
low temperatures which react with the precursor metal [37]. Although H> based foaming agents
impart better mechanical properties due to the spherical shape of pores, but there are also a few
problems posed by the hydrides during the foaming process: they are expensive, and their
decomposition temperature is not well-defined which depends upon several factors like the size of
hydride particles, heating rate and amount of surface oxidation [38]. In addition, hydrogen gas is

not favoured because it causes frequent cell wall ruptures resulting in draining of the liquid metal.

2.5.2 Carbonates as a Blowing Agents

Carbonates are minerals that contain polyatomic ions (CO3%-). When carbonates combine with
metals, they form insoluble compounds and upon decomposition, give off CO2 which acts as a
blowing gas during the metal foaming process. Among many carbonates, MgCO3, CaCO3, and

dolomites CaMg(CO3)2 are considered to be the most suitable foaming agents for aluminum alloy
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precursors because of the large generation of CO2 accompanied by residual solid particles (such
as CaO, and/or MgO), which not only help the stabilization of the foam suspension, but also

enhance the melt viscosity [5].

Carbonates act as better foaming agents for several reasons. They have a higher decomposition
temperature than hydrides, eliminating pre-processing or pre-treating in order to encapsulate the
gas from the decomposition and to avoid its premature escape. The temperature of decomposition
of some carbonates is closer to the melting temperature of pure aluminum which is also desirable.
Upon reacting with Al, carbonates tend to form a small solid reaction layer during the first stages
of the foaming process, [40] which is also responsible for cell stabilization. In addition, the natural
oxidation process inside the material and of external surfaces also helps to stabilize the cell walls
inside foams so that they do not tend to collapse immediately after the completion of the foaming

process [41].

2.5.3 Dolomite as a Foaming Agent

Dolomite (CaMg(CO3),) as a natural mineral is a dual carbonate between calcium and magnesium.
Its chemical decomposition is more gradual than hydrides and more suitable for metals with higher
melting temperatures. The thermal decomposition of dolomite is a 2-stage process that follows this

behavior:

First stage: CaMg(CQO3)2 — CaCOs3 + MgO + CO2

Second Stage: CaCO3 —» CaO + CO2
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In the first stage, dolomite decomposes into calcium carbonate, magnesium oxide, and carbon
dioxide. In the second stage, there is a further decomposition, and the calcium carbonate
decomposes into calcium oxide and carbon dioxide. The decomposition behavior of dolomite is
also different from other carbonates, it leads to the formation of thin oxide films due to the reaction
of CO2 with aluminum melt which not only increases the mechanical stability of the cell but also
the overall expansion of the foam [32]. Some other notable advantages of using dolomites are: low

cost, precise stabilization temperature, and its effectiveness [42].

Some studies have reported the use of dolomite as a foaming agent for the production of aluminum
foam, employing powder metallurgy and melt processing. However, the foams obtained from these
studies have shown common characteristics: small pore size, heterogeneous cell structure, and
medium porosity levels. Such results have not yet made them competitive with foams produced

with TiHo.

Table 2.2: Summary of the results of studies of aluminum foams using dolomite as a foaming agent

Dolomite Average | Average
Metals . .
Process used content Porosity | Pore Size | Reference Image
(Wt%) (%) (mm)
Ref [43]
Melting Al 0.15-3 71.4 1.3 Ref [35]
Ref [39]
pMand | asica | ooss | N 08| Ref[4q)
& p Ref [45]
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PM and . Ref [38]
melting AISiC 3-12 69.4 1.3 Ref [47]

2.6 EFFECT OF ALLOYING ELEMENTS IN ALUMINUM

Homogeneity of metal foams and their ability to contain more gas can be enhanced by adding
certain alloying elements to the parent metal Al. These additions lead, not only to the creation of
a eutectic and intermetallic formation but also extend the solid solubility limit of the metal and
create a wider freezing range. These intermetallic phases are also considered to be essential for
foam stabilization [48]. Alloying elements affect the foaming behavior in such a way that they
form stable intermetallic phases during the foaming process which increase viscosity and rigidity
of cell walls. Furthermore, they not only change the melting behavior of the Al matrix, but also

modify the surface tension of the alloy influencing the stability of the cell wall.

Alloying elements like Mg, Ni, Si, Zn, Fe and Cu also impart some other properties such as
increased strength, hardness, and corrosion resistance [48]. A careful mixing of Mn and Ni in a
correct ratio, results in the formation of intermetallics such as AleMn and AlsNi which aid in
refining the cast grain size and enable better control of recrystallization [49]. All these inclusions
have an impact on foam stability in terms of their structure, distribution in the melt and their
wetting behavior. Furthermore, particle size and their concentration in the melt also influence foam
stability by raising the viscosity of the melt.
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2.6.1 AIl-Ni Intermetallics

Intermetallic compounds contain attractive properties (physical and mechanical) for multiple
applications [50]. In general, intermetallic compounds show interesting features such as high
melting points and good toughness due to their metallic bonding. In the case of Al-Ni intermetallic,
their predominant characteristics are high thermal conductivity, low density, as well as high
corrosion and oxidation resistance at elevated temperatures [51, 52]. Comparing these compounds
with pure aluminum, Al-Ni intermetallics tend to have higher yield strength and compressive
strength. Based on phase diagrams, six intermetallic compounds have been identified in the AI-Ni
system compound: AlsNi, AlsNi2, AlsNi3, AINi, Al3Nis, and AINi3 [53] and their formation is

determined by different parameters such as composition, temperature, time, and process.
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Fig. 2.9: Binary Ni—Al equilibrium phase diagram [54]
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Normally, the first phase to form is always Al3Ni, due to the large difference in interdiffusion
coefficients, Ni tends to diffuse quickly into the Al instead of Al into Ni [55]. In fact, this
occurrence can be clearly explained by the interfacial synergy among two thin metallic layers
propose in Bené’s rule. It describes that the first phase to nucleate is the phase that is closest to the
low-temperature eutectic in a binary phase diagram [55]. This being the reason why Al3Ni always

forms first.

2.7 PROPERTIES OF ALUMINUM FOAMS

Aluminum foams like other metallic foams, have gained popularity due to their remarkable
combination of properties, for instance: good energy absorption and acoustic damping, closed
porosity, high specific stiffness, low specific weight and reasonable machinability [56]. These
properties depend on their structure like size, shape, distribution of cells and especially their
relative density that is determined by the ratio of foam density to the density of the solid metal

[17].

2.7.1 Mechanical Properties

Metal foams have different properties compared to the solid alloys from which they are made.
Mechanical properties of aluminum foams like Young’s modulus, compressive strength, and
flexural strength are dependent on the foam density [57]. The second defining parameter deciding
the mechanical properties is the microstructure of the metallic matrix. The most important
microstructural feature is the “relative density” which is the volume fraction of solid, that ranges

from .03 to 0.3 [58].
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2.7.1.1 Compression Behavior

The main deformation mechanisms observed in aluminum foams in relation to compression are
bending and buckling of the cell walls of the foam and they are usually concentrated where density
is low [59]. As compared to other metallic foams, aluminum foams when crushed, require a
minimum quantity of distributed cells for its properties to fall within the bulk regime [60]. Fig.

2.10 shows a stress-strain curve for a closed cell foam subjected to an uniaxial compressive load.
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Fig. 2.10: Stress-Strain curve obtained from a uniaxial compressive load [61].

Normally the way of defining metallic foams’ mechanical properties is to characterize their stress-
strain performance. In terms of linear elastic behaviors, for these types of materials, it is necessary
to have at least three properties: Young’s modulus, E, Poisson’s ratio v and shear modulus, G.
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Some foams are anisotropic (different configurations) for those more than two properties are

required to establish their linear elastic behavior.

2.7.1.2 Energy Absorption

Another prominent feature of metallic foams is their ability to absorb an adequate amount of
energy upon impact, without transferring the deformation pattern to the adjacent structures due to
the fact that they crush upon themselves upon impact. Foams produce with metals can experience
up to 70% strain at constant stress levels without reaching damaging stress values [58]. The
deformation behavior can be influenced by several aspects such as foam density, cell size, cell wall
thickness and alloy composition. These aspects decide whether cell walls will bend plastically,
buckle or fracture [26]. The amount of energy loss in foams is about 10 times more than that of
the solid metals which is the reason why they are considered attractive material choices in the

automobile sector these days [17].

2.7.1.3 Three-point bending test

Several tests have been proposed for analyzing and characterizing the process of sintering in
powdered metals, of which the three-point bending test is the most preferred.

For this test, porous Al samples are summited to a constant load which is applied at midspan and
two ends of the specimen on a universal mechanical tester and values of width and thickness of
the specimen are measured. Yield strength, elastic modulus, and flexural strength are then
calculated. The following formula is typically used to calculate flexural strength which is then

used to describe failure under bending.
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3FL
g =
2bd?2 Flexure Strength

Where G is the flexural strength, F the maximum applied force, L the length of the span, b the

width and d the depth of the sample [62].

There are several reasons for using three-point-bending for material characterization: simplicity of
test procedure, suitability for cyclic and fatigue loading, the availability of simple formulas for
analyzing materials, cost, convenience for fracture toughness studies and provision of subjecting

the sample to tension, compression, and shear at the same time [63].

2.8 APPLICATIONS

Aluminum foams, as a result of their light weight, high stiffness to weight ratio and their excellent
compression and energy absorbing behavior, have a number of applications in different industries.
Their suitability for a particular application is determined by conditions such as porosity type,
internal surface area, metallurgy, cost, open or closed cell, and possibility of shaping the foam.
Industries like the automotive, building, biomedical, aerospace are presently focusing more and
more on using these materials. Lightweight structures of Al foam have made them useful in
automotive industry and in the construction of elevators [60]. Their energy absorbing quality and
temperature resistance has been found useful in making fillers of crash box structures, structural

parts in automobiles, parts for tail booms of helicopters and energy absorbers such as safety

26



equipment [64]. Some of the functional applications include heat exchangers, filtering, acoustic

control, and electrochemical applications.

There are numerous other applications and uses where these porous metallic foams can be put to
good use such as sandwich cores with good shear and fracture strength, packaging with high-
temperature capability, flame arresters and heat shields for thermal management, electrical

screeners, and biocompatible inserts.

Fig. 2.11: DUACEL aluminum foam used for energy absorbers and thermal energy absorbers for
medical laser applications [46]
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3. OBJECTIVES

Assess the effectiveness of dolomite as a foaming agent for the production of aluminum

foams by the powder metallurgy route.

Select a potential aluminum alloy that modifies the foaming properties of the metal

matrix in the following manner:

* Increases the matrix melting point in order to eliminate the gap of temperatures

with the gas release from the foaming agent.

* Generates a transient semi-solid phase(s) that could assist the pore formation and
minimize gas loss at early stages of foaming. Promoting also the uniform

nucleation of spherical pores.

Evaluate the compressive strength of the optimal aluminum foams produced with

dolomite and compare them with values currently found in the literature.
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4. EXPERIMENTAL PROCEDURE

4.1 MATERIAL SELECTION AND PREPARATION

The atomized aluminum base powder used during this study was from Alfa Aesar, with a particle
size of 325 mesh and a level of purity of 99.5%. The atomized nickel powder used in the production
of foams was also obtained from Alfa Aesar with a particle size of 325 mesh and a purity level of
99.7%. Dolomite, the foaming agent, was purchased in lump form from Fisher Scientific.

In order to obtain dolomite powder, a grinding procedure was performed in the laboratory. The
dolomite rock was placed in a planetary ball mill (PM 200 Retsch) at 450 rev/min until an average
particle size of 25 um was achieved. The technical information about the powders is summarized

below in Table 4.1.

Table 4.1: Summary of the powders used according to supplier, mesh size, level of purity and oxygen

content
Element Supplier Size (mesh) Purity (%) Oxygen Content (Wt%)
Aluminum Alfa Aesar 325 99.5 0.3783
Nickel Alfa Aesar -325 99.7 0.366
Dolomite  Fisher Scientific +25 99.5 N/A
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Particle size analysis was performed using a Laser Scattering Particle Size Analyzer (HORIBA
LA-950) on each specific powder and the information is summarized below in Table 4.2. This step

ensures that all the powder is of the desired size and distribution.

Table 4.2: Powders size analysis

Powder Mean Size Media Size Std Dev D90 D50 D10
(nm) (nm) (um)
Aluminium 16.08 16.15 99.5 21.74 16.15 10.23
Nickel 66.48 61.54 99.7 106.12 61.53 26.63
Dolomite 2591 12.16 34.80 54.1 20.60 4.18
4.2 POWDER MIXING

In the interest of obtaining the required the mixtures for the production of foams, the following
powders were mixed in different compositions and concentrations as it is shown in Table 4.3. Pure
aluminum, Al-Ni alloy and the foaming agent, dolomite were added to a cylindrical plastic
container with alumina balls (3:1 ball to powder ratio). The container was placed on a conventional

tumbler mixer for 1 hour. Finally, powders were separated from the alumina balls using a metal

grid.
Table 4.3: Mixture composition and concentration matrix
Dolomite (Wt%) Pure Aluminum Al-5Ni Al-10Ni Al-15Ni
3% X X X X
5% X X X X
7% X X X X
10% X X X X
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4.3 COMPACTION (Preparation of precursors)

The compaction process starts after obtaining a well-blended mixture. A required amount of the
mixture was placed in a 30 mm diameter steel die previously lubricated with lithium stearate. The
amount of mixture (size of the compact) was determined by applying the rule of mixtures. With
this equation, it is possible to identify the necessary weight of the powder mixture that must be

compressed in order to achieve a desirable volume.

_ XaPa | XpPp | XcPc

Rule of mixtures
vV + V + 74

Pm

where p,, is the theoretical density of the mixture, p,, pp and p,, are the densities and x,, x; and
x. are the weight fraction of the different powders.

The compaction of the powder consisted of a hydraulic uniaxial cold pressing of 556 MPa for 15
min., followed by a hot compaction of 851 MPa at 350°C for 60 min until a green dense precursor
was obtained. Specifications of optimum pressures, times and temperatures are summarized in

Table 4.4, classified according to chemical composition.

Table 4.4: Powder Pressing Parameters

Cold Cold Hot Hot .
Sample . . . . Theoretical
Mixture thickness PT¢SSINS  PresSIIg - pressing - pressing density
(mm) pressure tm.le pressure tln.le (%)
(MPa) (min) (MPa) (min)
Pure Al + Dolomite 15 152 15 377 45 98
Al-5-Ni + Dolomite 14.3 527 15 808 45 98
AI-10Ni + Dolomite 14 556 15 851 60 98
Al-15Ni + Dolomite 13.8 556 15 866 60 98
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4.4 PRECURSORS PARTIAL-SINTERING

Prior to foaming, each precursor was subjected to a heat-treatment step in a Lindberg/Blue M box
furnace for 15 and 20 min. at 450°C. This step had been added to the normal powder metallurgy

procedure in order to lower the residual porosity and to obtain a partially-sintered compact.

4.5 FOAMING PROCESS

The foaming process was performed using a vertical tube furnace (expandometer) that permits the
in-situ determination of the foam expansion behavior. The hot compact was inserted in a pre-
heated 35 mm diameter stainless steel crucible. The interior of the crucible was previously
lubricated with boron nitride. The specimen was heated between 750°C and 800°C for 19 min. The
expandometer was designed with exclusive features for reading displacements of constrained
foams. A lightweight piston was set on the top of the precursor, which was connected to a laser

sensor that recorded the change of height caused by vertical expansion [1].
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Fig. 4.1: 3D schematic of the Laser Expandometer [6]
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4.6 CHARACTERIZATION OF THE FOAMS

Diverse characterization techniques were employed to study and evaluate macro and
microstructure of final foams and the starting materials. SEM, ICP, and XRD were used to
characterize the morphology, composition, and phases of the powders, respectively. DSC-TGA
was used to determine the decomposition, weight loss and behavior of dolomite. Pore size
distribution, morphology wall thickness, and other features of the foams were analyzed by 3D
optical microscope. Detail description of the characterization techniques and specific settings at

which they were operated can be found below.

4.6.1 Scanning Electron Microscopy (SEM)

Microstructural analysis and characterization of foamable precursors and foams were observed
using scanning electron microscope (SEM-Hitachi, S-3400N). SEM was also helpful for the
analysis of mixture of powders. For examination by SEM, the foaming agents in powder form
were scattered onto sample holders which were coated with conductive tape on both sides. For
final foam structures, samples were prepared just like those used for the optical microscopy.
Elements with different atomic numbers were easily identified by SEM so no etching was required.
Energy Dispersive Spectrometer (EDS--Hitachi, S-3400N) analysis was also carried out to identify

the phases present in the metallic matrix of the foams.
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4.6.2 X-Ray Diffraction (XRD)

To study powder composition and identify crystalline phases present, X-ray diffraction was
employed using a PANanalytical Xpert Pro powder X-ray diffractometer with a CuKa radiation at
45kV and 40mA. The x-ray diffraction patterns were obtained within an angle interval from 20 to
120° 26 with a 0.02° step size. In this technique, X-rays are scattered by the atomic planes of the
crystal to form X-ray spectra which give us information about crystalline nature of the material.
For this purpose, crushed fine powders of foam specimens were formed and maintained in a dry
environment to preserve any hygroscopic phases. X-ray diffraction study of the samples was
carried out using X'Pert HighScore Plus Rietveld analysis software. Pearson’s crystal database
[36] was used to export the crystallographic entry to check the known phases in the Al-Ni +

dolomite system.

4.6.3 Differential Scanning Calorimetry (DSC) and Thermogravimetric
Analysis (TGA)

To study and characterize the decomposition of the powder mixtures and to evaluate the particle
size, differential scanning calorimetry and thermogravimetric analysis (DSC & TGA- Setaram
Evolution 25) were used. The scanning rate and sample mass were kept constant at 10 °C/min and
20mg, respectively. In these techniques, modifications in properties of materials (physical and
chemical) are measured as a function of temperature using different DSC and DTA curves. Metal
powders were placed in an alumina crucible, in the presence of a carrier gas and were subjected to

various heat treatments. A microbalance was used to measure changes in mass. DSC curves were
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obtained and studied with the objective of evaluating the formation of phases according to endo

and exothermic reactions as it is described below.

4.6.4 3D-Optical Microscopy

For optical image analysis and to examine the morphology and microstructure of foams, a 3D
optical microscope was used (Keyence-VHX-2000). This optical microscope uses visible light and
a system of lenses to magnify the surface images of small samples, with a range of magnification
between 0.1x to 5,000x and an observation of 360 degrees. The microscope has a motorized XYZ

control, providing a depth composition function for full-focus images.

4.7 MECHANICAL TESTING

4.7.1 Compression Testing

To analyze the mechanical properties of foams, mechanical (compression) testing was performed.
Cylindrical samples of the foam with parallel faces were prepared and uniaxially compressed with
hydraulic compression testing rig fitted with parallel compression plates. The density of the
specimen was determined by weighing the sample and measuring its external dimensions.
Compression load was applied at a strain rate 1.5 and 5 mm/min and measured by using a 100 kN
load cell (MTS Landmark® Testing Solutions). Strain in the foam specimen was measured by
using a separate linear variable displacement transducer (LVDT). Stress-strain curves were

obtained from the measured data to determine mechanical properties of Al foam.
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Fig. 4.2: Schematic of MTS compression machine [6]

4.7.2 Three-point bending flexural test

In order to determine the effect of the level of inter-particle bonding achieved in the precursors,
three-point bending testing was used. Green dense compacts were cut and prepared in three
identical pieces with dimensions of 30 mm length x 4mm thick and height of 15 mm. The
specimens were placed in a three-point bending machine arranged with a span length of 25 mm
between two parallel supporting pins. The tests were performed with a constant uniaxially load in
an MTS (Landmark Testing Solutions) employing 100kN load and a cross head speed of
0.5mm/min. The set-up of the test can be observed in Fig 4.3.

The method provides twofold information on the degree of sintering: first, the transverse rupture
strength values (TRS) give a fair indication of the level of inter-particle bonding, or partial
sintering and thereafter the fracture surface examination of the specimens reveals neck formation

(if any) between particles.
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Fig. 4.3: 3-point bending test set-up for foam specimen
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The following work is a journal paper being summited to Advanced Engineering Materials and includes all
the usual elements of a stand-alone article. Extended versions of the literature review and experimental

procedure were described in the previous sections. The mechanical characterization of the AI-Ni foams

forms a separate Chapter (6).
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5. PRODUCTION OF HIGHLY POROUS AL-NI FOAMS WITH DOLOMITE AS

FOAMING AGENT VIA THE POWDER METALLURGY TECHNIQUE

5.1 ABSTRACT

In this work, we successfully produced highly porous and low-cost aluminum foams via powder
metallurgy route using dolomite (3-10wt %) as blowing agent. To this end, nickel additions (5-
15wt %) were explored in order to reduce the temperature gap between dolomite decomposition
and the melting range of the metallic matrix. We found that specific Al-Ni compositions can
provide appropriate viscosities for enclosing the gas released from the decomposition of dolomite.
A partial-sintering step was introduced prior to the foaming process of the compacted precursors,
which resulted in high porosity levels (~85%) and volume expansion (~250%) in the final product.
The partial-sintering technique was a determining key factor in obtaining highly porous cellular

structures with homogeneous pore distribution.

5.2 INTRODUCTION

The ever-increasing demand for lower fuel consumption triggered in recent years the exponential
research and development of light-weight materials such as aluminum foams. The metallic foams,
also known as cellular or porous metals, are usually characterized by a large volume fraction of

porosity sometimes reaching levels of 75 to 80%. In order to fulfill the mechanical strength, the
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usually desired physical properties for such materials are large, uniform, rounded pores separated
by thin continuous cell walls. The excellent deformability and strength of aluminum foams in
conjunction with the high energy absorption and the ability to reduce vibration levels sometimes
up to 60% make these materials outstanding candidates for crash elements in the automobile
industry. Although currently aluminum foams are commercially produced on a small scale in
several countries, including Canada, the elevated production costs hinder dramatically their mass

production.

As found in the literature, the aluminum foams can be manufactured via different processes [1,76],
however traditionally they are produced from aluminum melt precursors (i.e. “direct foaming of
melts”) foamed by a gas or a blowing agent and stabilised by the addition of non-metallic particles
such as ceramics (oxides, carbides, nitrides), intermetallic, fibers or fly ash. Generally, the process
can be categorized according to the stabilizing particles and blowing agent. The most common
blowing agents are metallic hydrides such as ZrH>, MgH> and the most widely used - titanium
hydride. Although titanium hydride is the most common blowing agent due to its low
decomposition temperature (450-650°C), its high price and handling hazard increase the overall
manufacturing cost of Al-foams. In a sustained effort to reduce the fabrication costs of these
materials, development of less expensive blowing agents constitutes the focus of the research
community. Moreover, single step processes in which the blowing agents and stabilizing particles
could be added simultaneously to the metallic matrix are potential candidates to further reduce
production costs. In this context, the powder metallurgy (PM) route of metallic foam fabrication,

alternately known as the “powder line” [77] promises these advantages.
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In the specific case of aluminum foams, the powder metallurgy route (PM) has been extensively
explored in our laboratory. Several studies were conducted in PM Al foam production using
titanium hydride as a blowing agent [4,5] and explicit understanding of the process has been
reported. In the present study, we explored the use of alternate materials such as dolomite
((CaMg(CO3),) as a low-cost foaming material. In addition to its attractive low price, another big
advantage in using dolomite as a foaming agent is the simultaneous supply of stabilizing media.
Its theoretical composition is 30.41 % CaO, 21.86% MgO and 47.73% CO> by mass. During the
dolomite decomposition which onsets slowly and subtly (~1wt%) at approximately 500°C
followed by a rapid (1.77%/min) and substantial release (~46%) between 590°C to 785°C porous
oxides are formed. These oxides constitute thereafter the scaffold for foam stabilization impeding
drainage of the molten metal. After a survey of the literature very limited studies have been
reported on the fabrication of Al-foams using this additive [32,44,45]. The main reason could be
related to the fact that while dolomite is a widely available, inexpensive mineral, the mismatch
between its decomposition temperature and aluminum melting point (~660°C) limits its
applicability. This mismatch is considered to be the major factor responsible for reduced foam
expansion and lack of pore uniformity. One possible solution to decrease the temperature
mismatch between the two components is the addition of an alloying element able to shift the
melting point of the metallic matrix to the decomposition temperature of the dolomite. Such
potential candidate is nickel. According to the Al-Ni phase diagram [54], nickel addition to the
aluminum matrix in the range of 5 to 15wt% will trigger melting temperatures closer to the
temperature range of dolomite substantial CO; release. The traditional PM technique of aluminum

foam fabrication entails the hot (~350°C), uniaxial pressing of the powder- blowing agent mixture
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into high-density compacts (>90%) [4,5] followed by heating of the compacts to the blowing agent
decomposition temperature. There are several reports [79] stating that the hot pressing of the
powders is rather insufficient in achieving a uniform cellular structure in the final product and they
suggest additional treatments, such as extrusion, prior to the foaming step. It is said that such
treatments break the tenacious oxide films encasing the metallic powders and hence good inter-
particle bonding is achieved. This extra preparation step allegedly increases the final product
quality. In the present study rather than using extrusion we adopted an additional step therein after
referred to as the “partial-sintering” step, which is in essence an increase in the compaction
temperature up to 450°C for different dwell times, and was selected to promote inter-particle

bonding and hence to potentially increase the quality of the cellular structures.

The aim of the present research is to explore dolomite as a suitable foaming agent in producing
low cost, highly porous aluminum foams via the powder metallurgy route. Additions of nickel as
alloying elements are undertaken as a potential candidate to diminish the temperature gap between
dolomite decomposition and the melting range of the metallic matrix. Finally, the effect of the

partial-sintering step, in terms of volume expansion, pore structure, and foam quality is discussed.

5.3 EXPERIMENTAL

5.3.1 Precursors fabrication

Air atomized aluminum powder (99.5%, -325mesh) and nickel powder (99.7%, 325mesh); both

obtained from Alfa Aesar were selected to produce the foam precursors. Four different
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compositions containing 0%, 5%, 10% and 15% weight percent of Ni were prepared. Dolomite,
with an average particle size of 25 um, purchased from Fisher Scientific, was used as the foaming

agent. The weight percentage of dolomite added to the Al-Ni mixtures were 3wt%, 5 wt%, 7 wt%,

and 10 wt%. The morphology of the starting materials is shown in Fig. 5.1.

Fig. 5.1: Scanning electron microscopy (SEM) images of the starting materials: a) Aluminum, b)
Nickel and ¢) Dolomite

The appropriate quantities of starting materials were homogenized in plastic containers with

alumina balls (3:1 ball to powder ratio) on a conventional tumbler mixer for 1-hour blending time.

The homogenized powders were thereafter separated from the mixing media and compacted in 30
mm diameter steel dies previously lubricated with lithium stearate, and cold uniaxial pressed at
556MPa for 15min. This was then followed by warm compaction at 350°C for 60 min with an
applied pressure of 851 MPa until 98% of theoretical density was obtained for each sample. The
specimens were thereafter subjected to an additional partial-sintering step. The partial-sintering
procedure entailed sample pre-heating at 450°C for 15 min in a Lindberg box furnace. This
approach resulted in an increase in samples density close to the theoretical range. In order to

evaluate the influence of the partial-sintering step on foam evolution, some of the specimens were
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retained in the “as-compacted” condition with no additional partial-sintering. These samples were
thereafter foamed in similar conditions as the partially-sintered specimens and the obtained results

were compared.

5.3.2 Foaming procedure

The ‘“‘as-compacted” and “partially-sintered” specimens were placed in a pre-heated 35mm
diameter steel crucible previously lubricated with boron nitride. The crucible-precursor assembly
was thereafter suspended inside a vertical tube furnace (expandometer) at 750°C - 800°C for 16
min. The expandometer was designed with the exclusive feature, which enabled in-situ laser
measurement of the expanding foam. Additional details of the equipment are provided elsewhere

[65].

5.3.3 Characterisation techniques

Several characterization techniques were employed to analyze and evaluate the micro and
macrostructural features of the starting materials, precursors and the obtained foams (metallic
foams). A scanning electron microscope (SEM, Hitachi — S4300N) equipped with Energy-
dispersive X-ray spectroscopy (EDS) was used to characterize the morphology of starting
materials and cell structures of the foams. Phase determination was performed with X-ray powder
diffraction (XRD; X Pert Pro-PANalytical) and confirmed thereafter via EDS. Thermogravimetric
analysis (TGA) and Differential Scanning Calorimetry (DSC; Setaram Evolution-24) was used to
determine the decomposition behavior of dolomite. Foams cross-sections and pore size distribution
were analyzed via 3D optical microscopy (Keyence-VHX-2000). Three-point bending was

employed to evaluate the degree of partial-sintering of the precursors. The test was performed with
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an (MTS Landmark® Testing Solutions). The resulting fractures surfaces of the partially-sintered

precursors were analyzed via SEM and EDS.

5.4 RESULTS

5.4.1 Optimum concentration of additives

All the results depicted in this section were obtained with partially-sintered specimens as
previously described in the experimental section. One of the goals of the present research was to
determine the optimum combination of dolomite and nickel additions to aluminum base metal in
order to obtain the best possible combination of volume expansion, porosity and homogeneous
pore structure in the final product. To this end, a design of experiments matrix in which both the
nickel content and dolomite percentage were varied was undertaken. The results obtained in terms
of porosity values and volume expansion of the foams are presented in Fig. 5.2 a) and b),
respectively. As observed in Fig. 5.2, an increase in dolomite content from 3wt% to 7wt%
generated, as expected, an increase in both porosity and volume expansion of the foams for all the
compositions studied. It appears, however, that a further increase in dolomite content to 10wt%
results in a decrease of these values for all compositions studied. It should also be noted that the
highest contribution to foam porosity and volume expansion is triggered by the increase of nickel
content that appears to saturate at around 10wt%. Based on these findings, the ideal combination
of additives which results in the highest porosity levels (~ 86%) and volume expansion (~244%)

of the foams is 10wt % Ni (Al-10N1) with 7wt% dolomite as a foaming agent.
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Another aspect of utmost importance in metallic foams is the homogeneity of the pore structure.
The cross-sectional features of the above-described foams are shown in Fig. 5.3. Due to the
similarities between pure Al and Al-5Ni samples, these were omitted. As clearly observed in Fig.
5.3, the highest porosity levels are recorded by the 7wt% dolomite containing precursors with

elevated Ni contents (10 and 15wt%) further confirming the results shown in Fig. 5.2 a).

120% A —Pure Al 300% A — Pure Al
a) e AI5N b) e AIS N
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’ = Al15Ni 250% I = Al15Ni
80% - 77[ 200% - T T T
c 1
> T 2 L 1
‘S 60% A c  150% A
o ©
5 g
(-9 w
e 40% < 100% -
>
20% A X 50% -
| . . N
3% 5% 7% 10% 3% 5% 7% 10%
Dolomite wt.% Dolomite wt.%

Fig. 5.2: Porosity levels (a) and volume expansion (b) of cellular specimens produced from
precursors containing 0wt% Ni (pure Al), Swt% Ni (Al-5Ni), 10wt% Ni (Al-10Ni) and 15wt% Ni
(AIl-15Ni) with increasing dolomite content of 3, 5, 7 and 10wt%

Although both samples (10 and 15wt% Ni) present a homogeneous pore structure the sample
containing 15Ni % (Al-15Ni — 7wt% dolomite) shows a rather poor foaming at the base of the
specimens. According to these results, it can therefore be stated that among all the systems studied

here, the cellular material obtained from a precursor containing 10wt% Ni (Al-10Ni) and 7wt%
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dolomite exhibits the optimum combination of foam porosity, volume expansion, and

homogeneous cell structure.

3wt 5wt 7wt 10wt%

>
Increasing Dolomite Content

Fig. 5.3: Macrostructure of the resulting foams obtained from partially-sintered precursors of
various dolomite and nickel contents

5.4.2 Foaming behavior of the partially-sintered precursors

In order to establish the influence of the partial-sintering step on the foaming process, two sets of

precursors in “as-compacted” and “partially-sintered” state were evaluated. The typical foaming
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behavior of the compacts in terms of volume expansion as well as the temperature evolution as a
function of the foaming time is presented in Fig. 5.4. As it can be easily observed, the “as-
compacted” precursors containing 15wt%Ni (Al-15Ni) with 7wt% dolomite, exhibit a limited
volume expansion of approximately 20% whereas high levels of expansion of approximately 160%
(i.e. 8 times greater) are recorded for the “partially-sintered” precursors of identical composition.
Moreover, the “partially-sintered” precursors showed two distinct expansion steps following
intimately the dolomite two-stage decomposition as determined from DSC analysis (appendix A)

and that is generally agreed upon [80,91].
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Fig. 5.4: Comparison of foaming evolution of Al-15Ni with 7wt% dolomite precursor in the “as-

compacted” vs partially-sintered state
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5.5 DISCUSSION

5.5.1 Foaming mechanism

The foaming process which employs Al-Ni high-density compacts with dolomite as foaming agent
experiences three main evolution stages. Initially, with the temperature increased, the particles
mobility also increases and neck growth begins to develop. The pore nucleation starts to form (in
the shape of cracks) at the first phase of decomposition of dolomite (MgCO3) (at around 600°C-
650°C) while the partially-sintered precursor is still solid (state 1). In the second stage, the
partially-sintered precursor reaches higher temperature (650-700°C) melting commences and
becomes a two-phase region (L+Al3Ni) while MgCOs continues decomposing (stage 2). When the
pore channels have sufficiently developed, controlled pore growth occurs. Finally, after a
significant period of time, with the continuous increase in temperature, more CO; evolved during
the second phase of dolomite decomposition (CaCOs3), and results in further pore growth. At
temperatures above 700°C CaCOs releases CO; and the pores become more spherical until a highly
porous, expanded structure is formed (stage3). Fig. 5.5 schematically illustrates this foaming

process and evolution for a partially- sintered Al-10Ni precursor.

However, during the current study, “as-compacted” precursors despite the high level of theoretical
density achieved in the green state did not manifest this behavior. The released gases caused the
“as-compacted” precursors to initially expand slightly but after a short period of time, no additional

dimensional change was recorded as depicted in Fig. 5.4.
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Fig. 5.5: Schematic representation of the foaming process and evolution of Al-10Ni foam.
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5.5.2 Influence of the Partial-Sintering step on foam evolution

In the current investigation, it was observed that the partial-sintering step plays an important role
in the foaming process, as clearly illustrated in Fig.5.4. Foams exhibiting 8 to 12 times greater
volume expansion were obtained when the precursors underwent partial-sintering step of the
despite the high density (>97% of the theoretical density) of both “as-compacted” and “partially-

sintered” specimens.

The mechanism that governs this behavior is believed to be related to the level of inter-particle
bonding developed in the precursors. In order to determine the influence of this parameter, three-
point bending testing was used. The method provides twofold information on the degree of
sintering: first, the transverse rupture strength values (TRS) give a fair indication of the level of
inter-particle bonding, or partial sintering and thereafter the fracture surface examination of the
specimens reveals neck formation (if any) between particles. The bend test specimens were
prepared from “partially-sintered” precursors at 450°C for two different dwell times of 15 and 20
min respectively. Test bars originating from “as-compacted” samples were also produced. Details
revealing the testing conditions, TRS values as well as the resulting volume expansion and porosity
level of the final foams containing 10wt%Ni and 7wt% dolomite are presented in Table 5.1.

Fracture surfaces resulting from the test bars are presented in Fig. 5.6.

As observed from Table 5.1 the “as-compacted” specimens showed TRS values of 58MPa whereas
partially-sintered specimens treated at 450°C for 15 and 20 min showed greater than double values

of 123MPa and 157MPa, respectively.
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Table 5.1: TRS data of Al-10Ni with 7wt% dolomite precursor in the “as-compacted” and partially-

sintered state

PARTIAL-SINTERING CONDITIONS

AI-10Ni + 7Wt%  Temperature Time TRS Av\f;?ge '::for:ﬁs
Dolomi 4 Mi h (MP ’
olomite (°C) (Min) Strength (MPa) Expansion (%) (%)
““as-compacted”” N/A 58 30 6
Partially-sintered | 450 15 123 244 77
Partially-sintered Il 450 20 157 243 70

This indicates that the partial-sintering treatment has promoted inter-particle bonding to develop
through partial sintering via both volume diffusion and grain boundary diffusion [82]. In fact, by
examining the fracture surfaces of the resulting test bars (Fig. 5.6) it can be clearly seen that
distinctive failure modes can be identified in the three specimens tested. As seen in Fig. 5.6 a) and
at higher magnification shown in Fig. 5.6 b), the “as-compacted” specimens present a high degree
of particle packing which is consistent with their high green density but the material remains
confined to the original, individual particles which present non-existent sintering or

interconnectivity.

Alternately, for the partially-sintered specimens after both dwell times shown in Fig. 5.6 ¢) to f),
the inter-particle bonds are evident on each particle, resulting in the increase in strength when
compared with the as compacted specimens. The partially-sintered specimens show a mixed
ductile-brittle fracture mode, intrinsic to their chemical composition; the fracture is a combination
of ductile dimples and intergranular brittle zones clearly illustrating the well-developed inter-
particle partial sintering. This well-developed particle connectivity in turn influences the volume

expansion and porosity of the resulting foams.
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10.0um

Fig. 5.6: Fracture Surfaces of A110Ni with 7wt% compacts with 98% of the theoretical density:
“as-compacted” (a and b-higher magnification); Partially-sintered I at 450°C, 15 min (c and d —
higher magnification) Partially-sintered II at 450°C, 20 min (e and f — higher magnification)
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By examining the results shown in Table 5.1, it appears that for the present system there is an ideal
level of particles interconnectivity in the precursor which triggers an optimum foam expansion.
For instance, the partially-sintered specimens heat-treated for longer times i.e. 20 min (Partially-
sintered II) show the highest TRS values. However, the resulting foams from both precursors were
comparable in terms of volume expansion and porosity (Table 5.1). By examining in detail the
fracture surfaces of the test bars it can be noted that while both specimens presented relatively
similar characteristics, in the Partially-sintered I samples (Fig. 5.6 d)) the existence of ductility
dimples is easily observed whereas in Partially-sintered II specimens (Fig. 5.6 f)) the brittle mode
showing intergranular fracture is more obvious. EDS analysis (appendix B) revealed that the
ductility dimples were aluminum rich areas whereas the cluster of particles exhibiting intergranular
fracture were in essence Al-Ni rich corresponding to initial Al3Ni formation. It is therefore
believed that the formation of dimples was mostly caused by aluminum neck growth and diffusion
of grain boundaries between aluminum particles. Whereas the brittle zones were the result of the
incipient formation of Al3Ni intermetallic during partial-sintering. Longer exposure times (i.e. 20
min) at high temperature would trigger an increase in intermetallic formation with a corresponding
decrease of the ductility dimples. This in turn appears to influence the amount of CO» retention
and, although a stronger inter-particle connectivity is obtained due to embrittlement no subsequent
improvement in foaming characteristics was achieved. Therefore, for the current study, using the
present experimental conditions the optimum partial-sintering treatment was 450°C for 15 min

(Partially-sintered I).
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5.5.3 Influence of Nickel and Dolomite additions on the foaming process

5.5.3.1 Influence of Nickel additions

Another important parameter influencing the foaming behavior of the aluminum matrix with
dolomite as a blowing agent was the addition of nickel. According to the literature [83] higher
porosity levels can be achieved in Al foams by alloying or by incorporating reinforcement
particles. Based on this principle, Ni additions of 5, 10 and 15wt% were examined. As previously
seen in Fig. 5.2 a) and b) and explicitly in Fig. 5.3, foams obtained from compositions containing
Swt%Ni (Al-5Ni) showed the lowest porosity and volume expansion. The reason behind this
behavior is related to the fact that according to the Al-Ni phase diagram [78], Al-5Ni is a eutectic
composition which melts at 640°C. Therefore, at the temperature at which CO: is released, the
metallic matrix is fully liquid and, hence, for the present composition any gas retention imposed
by the partial-sintering step ends once the eutectic temperature is reached. As a consequence, the
bubbles produced from dolomite decomposition are free to outflow and escape to the surface. A
similar scenario is also observed for foams produced from pure Al. Akin to the eutectic Al-5Ni,
pure Al also melts a unique temperature, which albeit higher and closer to the first COz release, 1s
unable to retain the foaming gas. These results clearly illustrate that in order for metallic foams to
be successfully produced via the PM method, an increase in melt viscosity is necessary. This is
usually achieved by the incorporation of at least one solid phase in the melt [84]. As such, higher
Ni containing compositions, i.e. Al-10Ni and Al-15Ni exactly meet this requirement. For both
these compositions, melting begins at the eutectic temperature and occurs over a range of

temperatures, i.e. between 640°C and 710°C for Al-10Ni and between 640°C and 780°C for Al-
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I5Ni. Above the eutectic temperature, within their respective melting ranges, both these
compositions present two phases: liquid and Al3Ni crystals (L+AI3Ni). With an increase in
temperature to 650°C (i.e. the first dolomite decomposition peak), the mass fraction of solid in Al-
10Ni is approximately 0.1. Consequently, a reasonably high viscosity liquid phase exists in the
melt (mushy zone) which limited CO> release during the initial decomposition of dolomite (stage
2). At the second CO> release which commences at around 710°C, the system approaches the
liquidus line, only a little solid AI3Ni remains, but is sufficient to maintain, along with the oxide

particles formed after dolomite decomposition, a higher viscosity for prolonged bubble retention.

For compositions containing 15wt % of Ni (Al-15Ni1) the mass fraction of the solid in the melt at
650°C is approximately 0.25, i.e. 2.5 times higher than Al-10Ni and at 710°C is about 0.15. This
high amount of solid in the melt hinders the uniform distribution and dispersion of the blowing gas
which eventually agglomerates heterogeneously into bigger clusters, preferentially at the top of
the foams and therefore less homogenous porosity and consequently reduced volume expansion is
observed in these foams (Fig. 5.4). For instance, for compositions containing 7wt% dolomite the
15wt% Ni additions resulted in foams exhibiting 1.5 times lower volume expansion than foams
obtained from 10wt% Ni additions. It can, therefore be observed that the best composition to render
the maximum volume expansion and uniform distribution of pores is Al-10Ni, which is ultimately

related to achieving an adequate viscosity in the melt.

5.5.3.2 Influence of Dolomite Content

In order to determine the optimum foaming agent content which will result in a maximum volume

expansion and uniform distribution of pores, precursors containing 3, 5, 7 and 10wt% dolomite
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were prepared, as previously explained. The results indicate, as depicted in Fig.5.2, that an
increase in the dolomite content triggers an increase in both porosity levels and volume expansion
up to a concentration of 7wt% dolomite for all compositions studied. A further increase of blowing
agent content to 10wt% results, however, with a slight decrease of expansion. Theoretically, the
amount of gas released is higher when 10wt% dolomite is used, 2.9 x 10?moles of CO> compare
to the 2.0 x 10?moles resulted from 7wt% dolomite. Whereas, there is a decrease in porosity from
80% to 60% and a corresponding decrease in volume expansion from 250 to 170%. This fact is
not surprising considering that for a given melt viscosity the amount of gas that could be efficiently
retained and properly dispersed during the foaming process is usually the same. Conversely, the
more gas released, the higher probability that the gas bubbles will coalesce and hence a less
uniform porous structure would be achieved; a fact clearly observed in Fig. 5.3, foams Al-10Ni
with 10wt% dolomite. This finding is in agreement with the study conducted by Barnhart et al.
[83,29] which demonstrated that there is a precise content of foaming agent above which the
maximum expansion obtained becomes independent. In the present study, the optimum dolomite
content was found to be 7wt% above which a further increase triggered a slight decline in foams

expansion and growth.

5.5.3.3 Pore Morphology, Microstructure and Phase analysis

Fig. 5.7 shows the pore cell structures of foams obtained from “partially-sintered” precursors

containing the optimal dolomite content (7wt %) but different nickel additions.

The multiple defects of Al-5Ni showed in both the macrostructure (Fig. 5.7 a) and b)) and pore

surface microstructures (Fig. 5.7 c¢) insufficient pore formation and variability in the cell structure
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of this eutectic composition are attributed to the gravity-driven drainage in the liquid phase of

reduced viscosity, as previously explained.

On the other hand, foams obtained from high Ni compositions (Al-15Ni — Fig. 5.7 g) to 1)) which
contain a relatively high fraction of solid material throughout the foaming process, present large
pores of different sizes and shapes heterogeneously distributed within the sample. Moreover, an
inconsistent variance in the wall thickness and wall rupture as clearly seen in Fig. 5.7 g) and h). It
is believed that the high viscosity of the liquid phase prevents a uniform dispersion of the evolving
gas which creates an inconsistency in pore formation caused by coarsening bubbles. Classic pore
coalescence occurred by an exchange of gas between bubbles through the thin walls creating a
constant rupture of cell walls. The high pressure on the cell surface as illustrated by the roughness

of the internal surface of the pores (Fig. 5.7 1)).

Foams with a moderate Ni content (Al-10Ni — Fig. 5.7 d) to f)), which resulted from precursors
containing optimum viscosity levels in the liquid during the foaming process, exhibited well
developed homogeneous pores distributed with relatively spherical shape and consistent cell walls
thickness as predominant characteristics. The average pore size was 3 mm in diameter, which is
almost three times larger than the size of pores reported in the literature and obtained with the same
foaming agent [35,38,39,41,43,47,]. The wall thickness was approximately 0.23 mm. It appears
that for this particular composition, the optimal viscosity in the liquid was achieved during stage
2 of expansion (Fig. 5.5). Magnesium carbonate further decomposes during stage 2 and small cells

grew following nucleation (stage 1) while the alloy remains as two-phases (L+ Al3Ni).

58



Increasing Nickel Addition

2mm x20 5E

Dolomite 7wt.%

v

&

Fig. 5.7: Pore morphology for foams obtained from precursors containing Swt%Ni (Al-5Ni);
10wt%Ni (Al-10Ni) and 15wt% Ni (Al-15Ni) with 7wt% dolomite

During stage 3 when a higher temperature is reached and only a small amount of solid phase
existed in the melt, calcium carbonate started to decompose and larger cells grew [39,47]. A
constant rate of gas release enhanced steady growth of pores avoiding coalescence and coarsening
of bubbles due to the higher viscosity of the alloy matrix which also contained oxide particles. The
matrix allows the development of well-formed pores which are defined by their roundness, smooth

surface, absence of defects (Fig. 5.7 f)) and well-defined plateau borders.
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Another factor that contributes to the morphology of the pores is the presence of Al3Ni particles
in these foams. It is considered as an additional driving force that contributes to the geometry and
distribution of the cells. AI3Ni particles reduce the free energy in the melt by creating a solid-solid
interface during the sintering process [66]. The presence of the intermetallic phase Al3Ni in the

final cellular material (Al-10Ni1) was investigated via EDS and XRD analyses (Appendix D).

TMG 15.0kV 57.1mm x10 BSECOMP

TMG 15.0kV 10.0rr

Fig. 5.8: Microstructure of Al-10Ni Foam with 7wt% (a) Pore morphology, (b) Plateau Border
zones and (c) Internal cell surface

SEM images of the foam plateau border and the internal cell surface are shown in Fig. 5.8. As

observed in Fig. 5.8 b) the cell walls are generally curved with a thickness ranging between 0.15
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and 0.26 mm. It can be observed that the precipitation of Al3Ni is arbitrarily spread within the
cellular material and it was found in both the cell wall cross-section (Fig. 5.8 b)) as well as on the
internal cell surface (Fig. 5.8 c)). A higher magnification of the pores revealed a smooth internal
cell surface and, as identified by EDS analyses, it was discovered the presence of oxides. The
existence of these solid particles is not detrimental to the foaming process, considering that solid
particles obtained during decomposition of dolomite such as MgO and CaO and even incompletely
dissociated carbonates, provide melt stabilisation by reducing the surface tension in the cell walls

[43] and still contributing to the melt viscosity once all the AI3Ni has dissolved.

5.6 CONCLUSIONS

To the best knowledge of the authors, the fabrication of foams with dolomite as foaming agent and
nickel as additive was undertaken and successfully demonstrated here for the first time. This study
reveals that dolomite can be an effective, alternative foaming agent to the currently used hydrides
providing that its two decomposition stages are matched by a sufficiently viscous liquid phase
during the foaming step. The partial-sintering step introduced here prior to foaming offered a
strong inter-particle bonding in the precursors and hence a longer CO; retention which in turn
resulted in elevated volume expansions and highly porous structures that followed intimately the
dolomite decomposition stages. The most efficientive partial-sintering treatment was found to be

at 450°C for 15 min (Partially-sintered I).

The optimum combination of additives was found to be 7wt% dolomite and 10wt% Ni. This

resulted in specimens exhibiting approximately 250% volume expansion and 86% porosity. The
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cellular foam obtained showed well-developed pores, homogeneously distributed and with
relatively spherical shape and consistent cell walls thickness. The average pore size was 3 mm in
diameter, which is almost three times larger than the size of pores reported in the literature obtained

with this foaming agent.

Furthermore, within the foaming process intermetallics (Al3Ni) resulting from Ni additions and

oxides such as MgO and CaO were formed which are known to be beneficial to foam stabilization.

As demonstrated, the highly porous structures obtained in the present study were the result of: (i)
a partial-sintering protocol; (i1) a selection of the appropriate mass of foaming agent which released
the optimum amount of CO; and (iii) an adequate nickel addition that renders optimum viscosity
in the liquid (mushy zone) to efficiently encapsulate, control and distribute the blowing gas

throughout the foaming stage.
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6. MECHANICAL CHARACTERIZATION OF AL-NI FOAMS

6.1 Compression Test

To analyze the mechanical properties of Al-Ni foam, compression testing was performed.
Cylindrical samples of the foam with parallel faces were prepared and uniaxially compressed using
a hydraulic compression testing rig fitted with parallel compression plates. The density of the
specimen was determined by weighing the sample and measuring its external dimensions.
Compression load was applied at a strain rate 1.5 mm/min and measured with a 100 kN load cell.
Strain in the foam specimen was measured by using a separate linear variable displacement
transducer (LVDT). Stress-strain curves were obtained by measured data processing which was

then used to obtain the compression properties of AI-Ni foam.

In order to determine the stress-strain behavior of Al-Ni foams and compare the results with the
previous studies of aluminum foams using dolomite, specimens prepared with the optimum
conditions discussed in the previous sections were produced and machined. The objective of

machining was to obtain uniform cylinders without a thick external skin, as it is shown in Fig. 6.1.

63



30 mm

Fig. 6.1: Machined specimens at the maximum level of expansion of Al-10Ni 7 wt.% Dolomite

The final dimensions of the foams were 40 mm in height and 30 mm in diameter. To perform a
conventional compression test on the foams, a size of ratio of d/h=0.5 in the specimens was chosen
to counterbalance buckling and barreling effects during the test. The uniaxial force at 1.5 mm/min
was recorded versus the change of dimension of the foam. Fig. 2.10 in Chapter 2 illustrates typical
ductile behavior as expected from a metallic foam or a porous energy absorber. The compressive
deformation that the samples experienced generated smooth stress-strain curves. The initial stage
of this compressive deformation is a linear elastic response to the edge bending and face stretching
[82]. While the stress in the foam increases, the internal cells experience progressive damage
caused by three factors: elastic buckling, yielding and fracture, this stage is called “plateau” [58].
After this stage, an exponential increase in slope of the curve occurs, which is attributed to damage

and crushing of the cells. This stage is known as densification.
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Fig. 6.1 shows the typical test sample prepared for compressive testing and the stress-strain

behaviour of foams for AI-10Ni and Al-15Ni compositions prepared with 7 and 10wt% dolomite.

The obtained results are shown in Table 6.1.

30 S
Foams Composition Density
2.75 1 1 Al15Ni — 10wt.%Dol | 0.517 gr/cm?® (4)
25 2 Al15Ni — 07wt%Dol | 0.484 gr/cm3
225 3 AI10Ni — 10wt.%Dol | 0.467 gr/cm? 3)
= 4 Al10Ni — 07wt%Dol | 0.436 gr/cm?
20 (2)
® 17.5-
2 5/ (1
3
O 125
7]
10 -
7.5 1
5 4
2.5 -
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain (%)

Fig. 6.2: Stress-Strain Curves of AI10Ni and Al15Ni with dolomite (7 and 10wt%)

The stress-strain curves (Fig. 6.2) present a typical behaviour exhibited by the metallic foams
comprising of a maximum stress value, known as compressive strength (in this case ranging from
4.06 to 5.09 MPa — Table 6.1) beyond which the foams begin to collapse, followed by a stress

“plateau” region in which successive internal cells slowly begin to deform and there after by a
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steep increase in stress marked by an inflection in the stress-strain curve in which the cellular
material begins to densify and cell rupture occurs. It is evident from Table 6.1 that the foams
studied presented different densities attributable to variations in the samples selected in terms of
composition and foams characteristics. However, the relative densities should represent only the
physical characteristics of the obtained foams. It should be pointed out that density values are
much lower than the ones found in the literature (~0.292) for studies carried out with the same
foaming agent [32]. From Fig. 6.2 it can be seen that the foam with the largest density (Al-15Ni-
10wt%Dol) was the first to experience the onset of densification p and the foam with the smallest
density (Al-10Ni-7wt%Dol) was the last. Even though the curves show only small dissimilarities,
the compressive behavior of the foams are comparable. Using the peak method, the resultant
plateau stress of 5.09 +£0.08 MPa was obtained the start of densification strain of 0.61 +£0.02. Al-
10Ni with 7wt% dolomite provided ideal results that were four times more effective compared

with any other dolomite foams published in the literature [32,43].

Table 6.1: Density, relative density and compressive properties of the tested samples

Energy
Density Relative = Plateau Stress = Onset Densification
Foam Matrix Absorption
(gr/cm?) Density (MPa) Strain
(MJ/m?)
Al15Ni + 10wt% Dol 0.51£0.06 0.18+0.02 3.760.13 0.50+0.08 0.47+0.31
Al15Ni + 07wt% Dol 0.48+0.02 0.15+0.01 4.69+0.11 0.56+0.07 0.754+0.18
Al10Ni + 10wt% Dol 0.46+0.01 0.1340.01 4.79+0.06 0.59+0.03 0.83+1.85
Al10Ni + 07wt% Dol 0.43+0.03 0.11+0.01 5.09+0.08 0.61+0.02 0.94+1.82
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This type of foams showed higher compression strength accompanied by smaller plateau regimes.
The stress-strain behavior of foams from other studies experienced lower yield points and constant
fluctuations in the energy absorption. These singularities were related to the local failure of cell
walls [85]. Certainly, the use of dolomite to produce aluminum foams delivers a variety of cell
shapes from ellipsoidal to spherical, but the Al-10Ni with 7wt% of dolomite, consistently exhibits
uniformly spherical pores distributed throughout the foam. Multiple studies have shown that the
mechanical behavior of foams is directly related to its equiaxed cell shape and thickness of its cell
walls [ 86, 87, 88]. Nevertheless, in terms of cell size distribution, this has not been found to be

such an influential factor being mostly dependant on cell morphology [87].

The energy absorption was calculated and is also summarize in Table 6.1. It is evident that the
foam resulting from Al-10Ni-7wt%Dol absorbs higher energy than the other compositions. It is
believed that this is related to the pore structure being uniformly distributed within the cellular
material. Moreover, the energy absorption values obtained in this study are comparable or higher

than values reported for most aluminum based foams elsewhere in the literature [32,43].
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7. CONCLUSIONS

The central idea of this thesis has been to better understand and control the factors that
influence dolomite (CaMg(CQO3)2) as a foaming agent and to put forward a system that could
improve foaming conditions for the production of aluminum foams. The use of a suitable
metallic matrix for balancing temperatures and the modification of the conventional powder

metallurgy route were the methods employed to obtain a highly porous structure.

e From this study, it was possible to conclude that, Al-Ni combinations deliver favorable
semi-solid regions or formation of transient liquid phase which decreases the amount of
gas loss during the foaming process. These alloys presented better viscosities than pure
aluminum or other aluminum alloys for enclosing the carbon dioxide released from the

decomposition of dolomite.

e It was shown that Al-10Ni and Al-15Ni are the most suitable alloys for the production of
stable aluminum foams using a foaming agent with a high decomposition temperature such
a dolomite. AI-10Ni provided the greatest results and is attributed to having enough

viscosity in the melt for viable pore formation.
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An additional feature that Al-Ni alloys provide was an increase in the stability of the foam,
attributed to the precipitation of the AI3Ni intermetallic. The presence of a two phases
(L+AI3Ni) while bubbles develop during foaming, reduces the surface tension providing

greater stability and resistance to bubble collapse.

From the experimental results is was found that by controlling the dolomite content the
volume expansion can influence porosity levels and cell structure of the foam. A 7wt%
concentration of dolomite exhibited the best results, releasing 0.02 moles of CO2 during

the foaming process.

To produce aluminum foams using dolomite brings about a more gradual foaming process.
The moderately slow decomposition kinetics of dolomite, compare to titanium hydride,
develops stability and control over the level of porosity which can be achieved. Its low
rate of thermal decomposition at high temperatures eliminates any prerequisite of
processing or pretreating the foaming agent in order to postpone the beginning of thermal
decomposition. For these reasons, dolomite is considered a cost-effective alternative as a

foaming agent.

Pore size analysis of the Al-10Ni with 7wt% of dolomite showed optimal results with high
levels of porosity (~ 86%), elevated volume expansion (~ 244%) and semi-spherical pore

morphology (~3 mm of diameter). They also exhibited high levels of pore nucleation and
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low levels of pore coarsening and coalescence, all important factors for producing larger

complex shapes.

Integrating a partial-sintering step to the manufacturing process ensures minimum values
of residual porosity in foamable precursors. This prior heat treatment allows rapid
coalescence of metallic particles in the solid state. It causes an acceleration of particle
bondings, an increase in the strength of the precursor, and promotes encapsulation of

foaming gas.

Subjecting a foamable precursor to partial-sintering not only allows pore growth according
to the evolution of the two stages of dolomite decomposition but also to produce a level of

expansion ten times higher than a precursor without heat treatment.

In-situ observations of pre-heated precursors revealed that in order to obtain maximum
values of theoretical density (99%) and to accelerate the sintering process, it only requires
a holding time 15 minutes at 450°C. Although, holding times longer than 20 minutes
increased the strength of the partially-sintered compact, they did not reach a greater volume

of expansion or level of porosity.

It was shown that Al-10Ni with 7wt% dolomite foams exhibited favorable characteristics
for compressive strength and energy abortion. Values of the resultant plateau stress (5.09

+0.08 MPa) and the amount of energy absorbed per volume (0.94+1.82 MJ/m?) were found
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four times higher and effective compared with any other dolomite foams published in the

literature
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8. FUTURE WORK

To explore further the mechanical properties of the Al-Ni foams using dolomite as a foaming

agent, especially acoustic properties, and energy absorption.

To discover and study different combination of metals as alloy matrices with even high melting
temperatures, in order to develop other suitable systems for the production of foams with
dolomite and minimize the gap of the decomposition temperature and the melting point of the

metallic matrix. For example: Al-Mn, Al-Si.

The reproducibility of the foams should be further investigated in order to minimize defects of
foaming and optimize foam uniformity to obtain comparable results in terms of compressive

strengths.

The addition of lubricants to the original mixture with the objective of eliminating hot
compaction to reduce cost reduction, in order to emphasize and further explore the partial-

sintering step.

To investigate the viability of using the AI-Ni foam with dolomite as the foaming agent via

PM for the fabrication of a heat exchanger and other applications.
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APPENDIX A

DOLOMITE
WEIGHT LOSS AND DECOMPOSITION ANALYSIS
DOLOMITE DSC
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APPENDIX B

PARTICLE SIZE ANALYSIS (PSA) OF DOLOMITE

Median Size

12.16308(tm)

Mean Size 25.91740(um)
Variance 1211.7(um2)
Std.Dev. 34.8092(um)
Mode Size 9.3480(um)

Geo.Mean Size

15.0293(um)

Geo.Variance

1.5692(um2)

Skewness

3.6488

Kurtosis

19.1453

Diameter on Cumulative %

(2)10.00 (%) - 4.1869(pm)
(4)30.00 (%) - 8.2505(1m)
(6)60.00 (%) - 20.6029(pm)
(9)90.00 (%) - 54.1992(pm)
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COMPACTS-FRACTURE SURFACE

BENDING TEST

Set up of the three-point bending test and the dimensions of the all the samples (30x4x15). After

completing the test it was analyzed and evaluated the data which are summarized in the following

table.
Three Point Bending Results
Minimum Stress
Number Density Treatment Load Average

™) (MPa)

Sample a) - b) 98% No 749 58.47
Sample ¢) - d) 98% Yes (15min-400C) 1580 123.47
Sample e) - f) 98% Yes (20min-400C) 2018 157.63
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Sample a) - b)

Bending Test
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SURFACE FRACTURE ANALYSIS

Sample a) - b)

4
v
-l L
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'20.0um
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a

TMG 15.0kV 13.6mm x5.00k SE
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Sample ¢) - d)

5.0kV 10.7mm x3.50k SE

/

L
10.0um
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Sample e) - f)

TMG 15.0kV 10.0mm x3.00k SE

P 4

L
1 1 1 l “ 1 ] 1 l
TMG 15.0kV 10.0mm x5.00k SE TMG 15.0kV 10.1mm x5.00k SE 10.0um
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POINT AND LINE SCAN OF THE SURFACE FRACTURES

Identification of materials- chemical composition

Sample a) - b)

Spectrum

Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4

Max.
Min.

10pm Electron Image 1

Spectrum

Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4

Max.
Min.

10pm N Electran Image 1
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C

18.6

18.7

18.7
18.6

(0] Mg
581 104
5.7 1.25
3.2

559 115
581 115
329 | 1.25

Al

2.36
21.8
95.4
1.48

95.4
1.48

All results in atomic%

Spectrum

Spectrum 1
Spectrum 2

Spectrum 3
Spectrum 4

Max.
Min.

C

252
11.2
25.7
21.8

25.7
11.2

C

33.84
20.93

20.93

33.84
20.93

(0]

10.51
2.96

2.01
2.01

10.51
2.01

Ca
10.1
0.58

12.6

12.6
0.58

Al

87.45
9.58

76.51
76.51

87.45
9.58

All results in atomic%

(0) Mg Al Ca
1.23 56.0

2.11 85.5

46.6  6.68 142 | 6.46
4.90 56.6  0.13
46.6  6.68 855  6.46
123 | 6.68 142 | 0.13

All results in atomic%

Ni

0.31
70.5
1.29
0.38

70.5
0.31

Ni
2.03
53.61
0.54

0.54

53.61
0.54

Ni

17.5
1.11
0.24
16.5

17.5
0.24



Spectrum C (0] Al Ni
Spectrum1 | 21.31 1.62 55.84 21.23

Spectrum 2 4.33 94.46 1.21
Max. 21.31 433 9446 @ 21.23
Min. 21.31 1.62 5584 1.21

All results in atomic%

10um Electron Image 1

Sample e) - f)

Spectrum C (0] Mg @ Al Ca Ni
Spectrum1 155 339 115 182 199 0.77

Spectrum 2 663 11.8 105 107 0.62

Spectrum 3 5.39 91.5 3.09

Spectrum4 | 204 | 1.66 58.5 19.3

Spectrum5 | 202 488 026 737 026 0.66

Max. 204 663 11.8 915 199 193
1 0

Min. 155 1.66 026 105 026 0.62

All results in atomic%

30pm Electron Image 1

Spectrum C (0} Mg Al Ca Ni

Spectrum1 179 1.64 58.6 21.7
Spectrum?2  18.7  4.66 753 022 1.07
Spectrum3 | 16.5 4.50 78.3 0.61
Spectrum4 228 246 652 336 102 2.5
Spectrum5 | 293 | 6.25 633 021 0.79
Max. 293 246 652 783 102 21.7
Min. 16.5 1.64 6.52 336 021 0.61

All results in atomic%

o 1
10pm Electran Image 1
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APPENDIX D

MORPHOLOGY-FOAMS

Additional XRD and EDS analyses shown above provide additional information regarding
different phases obtained in the Al-10Ni composition from the “as-compacted” (a) specimen to the

“partially-sintered” (b) and finally to the cellular material obtained (c).

As it can be observed the “as-compacted” sample showed only a combination of the metals in the
elemental state and dolomite whereas upon partial-sintering the appearance of the intermetallic
phase Al3Ni is to be noted. Finally, in the obtained foam the intermetallic phase is further
confirmed as it appears at the expense of Ni, in addition to MgO and CaO both resulted from

dolomite decomposition.
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EDS analysis

Tmm = Electran Image 1

e +
Spectrum 4 Spectrum 3

g c
Spectrum &

100um

Electron Image 1
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Spectrum Mg
Spectrum 1
Spectrum 2
Spectrum 3 = 7.31

Spectrum 4

Spectrum
Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4

Spectrum 5

C
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9.55
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All results in atomic%
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APPENDIX E

Foaming Process of Al-Ni matrix vs pure Al matrix

Al-Ni + Dolomite foaming process
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Pure Al + Dolomite foaming Process
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