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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF
POROUS TITANIUM ALLOYS

Esen, Ziya
Ph.D., Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Sakir Bor

October 2007, 211 pages

In the present study, production of titanium and Ti6Al4V alloy foams has
been investigated using powder metallurgical “space holder technique” in which
magnesium powder were utilized to generate porosities in the range 30 to 90 vol. %.
Also, sintering of titanium and Ti-6Al-4V alloy powders in loose and compacted
condition at various temperatures (850-1250°C) and compaction pressures
(120-1125 MPa), respectively, were investigated to elucidate the structure and
mechanical properties of the porous cell walls present due to partial sintering of
powders in the specimens prepared by space holder technique. In addition,
microstructure and mechanical response of the porous alloys were compared with
the furnace cooled bulk samples of Ti-6Al-4V-ELI alloy subsequent to betatizing.

It has been observed that the magnesium also acts as a deoxidizer during
foaming experiments, and its content and removal temperature is critical in
determining the sample collapse.

Stress-strain curves of the foams exhibited a linear elastic region; a long

plateau stage; and a densification stage. Whereas, curves of loose powder sintered

v



samples were similar to that of bulk alloy. Shearing failure in foam samples
occurred as series of deformation bands formed in the direction normal to the
applied load and cell collapsing occured in discrete bands.

Average neck size of samples sintered in loose or compacted condition were
found to be different even when they had the same porosity, and the strength was
observed to change linearly with the square of neck size ratio.

The relation between mechanical properties of the foam and its relative
density, which is calculated considering the micro porous cell wall, was observed to
obey power law. The proportionality constant and the exponent reflect the structure

and properties of cell walls and edges and macro pore character.

Keywords: Powder metallurgy, Space Holder, Titanium and Ti6Al4V alloy Foam,

Mechanical Properties, Heat Treatment
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GOZENEKLI TITANYUM ALASIMLARININ
URETIMIi VE KARAKTERIZASYONU

Esen, Ziya
Doktora, Metalurji ve Malzeme Miihendisligi Bolimii

Tez Yoneticisi: Prof. Dr. Sakir Bor

Ekim 2007, 211 sayfa

Bu c¢alismada, bosluk yapict olarak magnezyum tozu kullanilan toz
metalurjisi yontemi ile % 30-90 arasinda gozenek igeren kopiiksii titanyum ve Ti-
6Al-4V alasiminin tretilebilirligi aragtirllmistir. Ayrica, bosluk yapici kullanilarak
tiretilmis kopiiklerin kismi sinterlenmis hiicre duvarlarinin yapisini ve mekanik
ozelliklerini belirlemek i¢in titanyum ve Ti-6Al-4V alasim tozlarinin gevsek
durumda degisik sicaklarda (850-1250°C) ve degisik presleme basinglarinda
(120-1125 MPa) sinterlenmesi arastirilmistir. Buna ek olarak, gézenekli alasimlarin
i¢ yapist ve mekanik davraniglart betalagtirma sonrasi yavas sogutulan hacimli
Ti-6Al-4V alagim numuneleri ile karsilastirilmstir.

Kopiik iiretiminde kullanilan magnezyumun titanyumun oksitlenmesini
engelledigi, magnezyum miktar1 ile uzaklastirma sicakliginin numunelerin ¢ékme
oranini belirleme yoniinden 6nemli oldugu goézlenmistir.

Uretilen kopiiklerin gerilim-gerinim egrileri dogrusal elastik, plato ve
yogunlagsma bolgelerinden olustugu, gevsek durumda sinterlenen numunelerin

egrilerinin ise hacimli numunelere benzerlik gosterdigi belirlenmistir. Kopiiklerde

vi



kesme kopmasi, uygulanan yiike dik yondeki deformasyon bantlarinin olusumu ile
meydana gelmis ve farkli bantlarda hiicrelerin ¢okmesi ile gergeklesmistir.

Ayn gozenek miktarina sahip gevsek ve preslenmis durumda sinterlenmis
numunelerde ortalama boyun bolge kalinliklarinin farkli oldugu ve bu
numunelerinin dayancalarinin boyun bolge kalinlik oraninin karesi ile dogru orantilt
olarak degistigi belirlenmistir.

Uretilen kopiiklerin mekanik o6zellikleri ile mikro gozenekli hiicre duvar
yapist dikkate alinarak hesaplanan goreceli yogunluk arasindaki iligkinin iissel
olarak degistigi goriilmiis, elde edilen empirik denklemlerdeki iis ve oran
katsayilarinin hiicre duvarlarinin yapist ile 6zelliklerini ve kopiiklerdeki makro

gozenek Ozelliklerini yansittigi sonucuna varilmstir.

Anahtar Kelimeler: Toz Metalurjisi, Bosluk Yapici, Titanyum and Ti6Al4V Kopiik,
Mekanik Ozellikler, Isil islem
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CHAPTER 1

INTRODUCTION

Cellular material or solid foam is defined as uniform dispersion of a gas
phase in a solid. Natural cellular structured materials such as wood, cork and plant
stem include prismatic, honeycomb-like cells. Man made cellular solid structures,
i.e. metallic, polymeric or ceramic structures, are mainly one of three types:
honeycomb, open or closed cellular structured foams. These materials possess
unique combination of properties such as air and water permeability, acoustic
properties, good electrical insulating properties, low thermal conductivity, impact
energy absorption capacity, high stiffness and very low specific weight.

Among the man made porous metals, titanium based foams have been used
as load-bearing sandwich cores in transportation industries and as heat exchanger
and catalyst substrate up to 400°C. In addition to these, porous titanium is used as an
electrode for producing chroline and sodium hydroxide by electrolysis of aqueous
sodium chloride. Due to its high corrosion resistance it is also used in chemical and
polymer industry as a filter, i.e. for a carrier gas inlet section of a gas
chromatography apparatus.

Pure titanium and some titanium-based alloys are nowadays the most
attractive metallic biomaterials for orthopedic and dental implants due to their
excellent mechanical properties, wonderful biocompatibility, and good corrosion
resistance. Use of porous titanium permits ingrowths of the new-bone tissues and the
transport of the body fluids. Most bulk metallic implants in use today suffer from
problem of stress-shielding, which results from biomechanical mismatch of elastic
moduli of implant and the bone, and leads to bone resorption. However, strength and

the Young’s modulus of the cellular materials can be adjusted through the



adjustments of the porosity content to match the strength and the Young’s modulus
of the natural bone.

Considerable progress has been made recently in the production of metallic
foams. The production methods utilized for the production of metallic foams divided
mainly into three: Liquid state and solid state processing, and coating techniques.
The vast majority of the melt processing research has focused on processing of
aluminum foams with open or closed cells because of its low melting point (660°C)
and low reactivity with atmospheric gases and mold materials. High melting point
(1668°C) and extreme chemical reactivity of titanium with oxygen and nitrogen
make liquid processing very difficult. Reactivity of liquid titanium with most of the
mold materials and requirement of high vacuum during casting are other limitations
appeared in liquid foaming techniques. However, it has been shown that by use of
powder metallurgy, highly porous titanium parts with controlled pore structures may
be manufactured at much lower temperatures and under less stringent chemical
reactivity constraints.

There are mainly two different powder metallurgy production methods that
yield different types of porosities in titanium. The first one utilizes the inherent
pores between powder particles loosely packed in a suitable crucible under a
protective atmosphere without any pressing, i.e. loose powder sintering. The second
method of forming porous titanium involves introducing isolated or interconnected
bubbles (macro pores), using spacers, inert gas or blowing agents. The resultant
structure can be idealized as porous solid built up by various stacking of polyhedra
cells with solid struts and walls and pore space inside.

The second group of powder metallurgy methods involves techniques such as
that based on expansion of pressurized argon gas or sintering of powders mixed with
a gaseous blowing agent (CO,-based) or foaming agent like TiH, In these processes
the size of the macro pores produced by gas expansion or fugitive particles can not
be controlled sensitively so that the foams manufactured are generally composed of
macro pores varying in size. Replication process utilizes a pattern, such as
polyurethane foams that can be removed by thermal treatment or water soluble
pattern made up of sodium chloride (NaCl) or NaF, which is immersed in titanium

slurry composed of Ti6Al4V powder, H,O and ammonia solution. On the other



hand, frequently used space holder method makes use of spacers, i.e. carbamide
(urea) powders, ammonium hydrogen carbonate and polymer granules, which can be
removed usually at low temperature without excessive contamination of titanium
powders. In some cases water soluble spacer particles such as potassium chloride,
potassium sorbate, or a mixture thereof are mixed with titanium and alloy powders.
Although it is possible to manufacture highly porous titanium samples with
homogenous pore size and structure, the spacer particles having low dissociation or
melting point may result in collapse of compact due to insufficient sintering of the
powders in the cell walls.

As it is known, fluid permeability, thermal and electrical conductivity,
dielectric constant, magnetic permeability, diffusion coefficient, acustic wave
velocities, elastic moduli, yield, rupture or ductile strength of materials are effected
by porosity. Various studies has been conducted to determine the influence of pore
size, shape and its content on mechanical properties of porous articles. Some of the
studies carried out on this subject made use of empirical relations obtained by best
fits to experimental data but the physical meaning of such relations were not clear.
Theories that have been postulated to define the porosity-property relations of
porous materials are divided mainly into three categories: Cross-sectional or
minimum solid area model, stress concentration model and effective flaw size
approach.

MSA models have been shown to be more accurately correlated with
properties than accepted stress concentration models since the interaction of pores is
thought to reduce their stress concentrations at non-dilute porosity levels. In the
cross-section area model the actual load bearing area or the minimum solid cross
sectional area is used to define the mechanical properties. For sintered powder
particles MSA is defined as the projection of the actual sintered area (neck diameter)
between the particles normal to the stress. For foam type structures, MSA is the
projection of the minimum web area between adjacent bubbles parallel to the stress.
Whereas, the stress concentration approach is based on the effect of pore shape and
the resulting maximum stress concentration. Stress concentrations from pores as
well as cracks and inclusions were seen as sources for crack propagation under

tensile and compressive loading. The last theory, called effective flaw size approach



is based on the existence of flaws before final failure in the vicinity of a pore or void

surface.

All of the theoretical models are normally applied to idealized regular arrays
of identical shape and oriented particles, pores, or both. However, foams
manufactured by powder metallurgical techniques contain macro pores formed upon
removal of spacer particles or gas expansion, and micro pores on cell walls and
struts due to partial sintering of powders. Therefore, the derived correlations
between properties and porosity cannot usually be extended directly to real materials
with pores of irregular shapes, non-uniform size and random distribution. Moreover,
in the models purposed, purely geometrical reasoning is used to predict the
properties and the microstructure that corresponds to the model predictions is not
exactly known. Post-processing phases, grain size and shape, and morphology and
distribution of the microstructure (o+f colonies) that determine the mechanical
properties and deformation characteristics of a+f3 alloys are not accounted for in the

models.

The aim of the present study can be summarized as:

1) Production of highly porous titanium and Ti-6Al1-4V alloy foams without
excessive collapse and contamination via powder metallurgical space
holder technique using magnesium spacer, which has very limited solid

solubility in titanium.

i) Optimization of the space holder process parameters, such as compaction
pressure, content of magnesium spacer and its removal temperature, cell
wall powder characteristics, i.e. size, shape and type, and sintering

temperature.

iil)  Manufacturing porous titanium and Ti-6Al-4V alloy samples simulating
the microstructure, neck size and pore structure of the cell walls present
in foams produced by space holder method so that the effect of variables

such as compaction pressure and sintering temperature on the final

4



porosity, neck size and mechanical properties of the cell wall can be

understood.

v) Investigation and comparison of the mechanical response of bulk, porous
and foam titanium and titanium alloy samples under compression loading
and to find out mechanical property (i.e. Young’s Modulus and yield
strength) porosity or relative density relations by use of empirical and

theoretical relations.

In this study, theoretical background about cellular structured materials and
titanium-based foams are given in Chapter Two, which consists of the production
tehniques employed such as liquid and solid state, destructive and non-destructive
characterization methods, the mechanical response of different types of foams, i.e.
ceramic, metallic, under compressive and tensile loading, theoretical and empirical
relations used to define mechanical property-porosity relations. The preliminary and
experimental studies are given in Chapter Three. Experimental results are evaluated
and discussed in Chapter Four. The concluding remarks are presented in Chapter

Five.



CHAPTER 2

THEORETICAL FRAMEWORK

2.1.Cellular Materials: Properties, Applications and Production Methods
2.1.1. General

Cellular solid is made up of an interconnected network of solid struts form
the edge and faces of cell. Table 2.1 lists all possible dispersions of one phase in a

second one (where each phase can be in one of the three states of matter). Foams are

uniform dispersions of a gaseous phase in either a liquid or a solid.

Table 2.1 Dispersions of one phase into second phase [1].

Is dispersed in a gas Is dispersed in a liquid Is dispersed in a solid
When a gas Gas mixture foam Solid foam or Cellular solid
When a liquid fog emulsion gel
When a solid smoke Suspension slurry Embedded particles

In nature, cellular structured materials are widespread. For example, wood
and cork include prismatic, honeycomb-like cells Figure 2.1.(a), while those with
polyhedral cells include the inner core in plant stems and trabecular bone, Figure
2.1.(b). Cellular materials also appear as the cores in natural sandwich structures: in
long, narrow plant leaves, such as the iris, and in shell-like bones, such as the skull

Figure 2.1.(c). Natural tubular structures often have a honeycomb-like or foam-like



core supporting a denser outer cylindrical shell, increasing the resistance of the shell
to kinking or local buckling failure such as plant stems and animal quills,

Figure 2.1 (d).
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Figure 2.1 Examples of natural cellular materials, (a) balsa wood, (b) trabecular
bone, (c) skull, (d) plant stem [2].

Man made cellular solid structure are mainly three types; two dimensional
honeycombs, three dimensional foams with open cells and three dimensional foams
with closed cells [3]. Honeycombs, with their prismatic cells, are referred to as two-
dimensional cellular solids while foams, with their polyhedral cells, are three-
dimensional cellular solids, which are used for lightweight structural components.
More familiar man made foams are the polymeric foams used in everything from
disposable coffee cups to the crash padding of an aircraft cockpit. Some engineering

cellular solids are shown in Figure 2.2.

Figure 2.2 Examples of engineering cellular solids (a) aluminum honeycomb (b)
open-cell polyurethane foam (c) closed-cell polyethylene foam [2].



Among man-made cellular materials, polymeric foams are currently the most
important ones with widespread applications in nearly every sector of technology.
On the other hand, metals and alloys can be produced as cellular materials or foams
and their use is becoming widespread. ‘‘Metallic foams’’ generally means a solid
foam. The liquid metallic foam is merely a stage that occurs during the fabrication of
the material. Solid foams are a special case of what is more commonly called a

““cellular solid”’.

2.1.2. Properties and Applications of Metallic Foams

The properties of foams generally depend on the pore characteristics, i.e.
Type, shape, size, volume percentage, surface area and uniformity of pores,
interconnection, which may be quite different in various production techniques
[1, 4]. Metallic foams with high porosity ranging from 40 to 98 vol. % have been
developed and are growing in use as new engineering materials. These exceptionally
light-weight materials possess unique combination of properties such as impact
energy absorption capacity, air and water permeability, unusual acoustic properties,
low thermal conductivity, good electrical insulating properties and high stiffness in
conjunction with very low specific weight [1,3]. Figure 2.3 compares some
properties of bulk and foam materials. The enormous extension of properties creates
applications for foams, which cannot be easily filled by fully dense solids. However,
it is important to notice that the specific mechanical and physical properties of
cellular metals always compare badly with their bulk properties. This is true for the
elastic modulus, the strength and also the energy absorption ability. That is, the use
of cellular materials can only be efficient if the structural properties are explicitly

used.
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Figure 2.3 The range of properties of foams [3].

The most prominent property of foamed material is its low density. Because
of that cellular materials are finding an increasing range of applications. These
applications can be divided into three main categories namely; Structural
applications, functional applications and decorative applications. Table 2.2

summarizes the subgroups of such applications.



Table 2.2 Some selected applications of cellular materials.

Automotive industry, aerospace industry, ship building,
Structural Applications | railway industry, building industry, machine construction,
sporting equipment, biomedical industry

Filtration and separation, heat exchangers and cooling
machines, supports for catalysts, storage and transfer of
Functional Applications | liquids, fluid flow control, silencers, spargers, battery
electrodes, flame arresters, electrochemical applications,
water purification, acoustic control

Bresoretion emd ars Furniture, clocks, lamps

Many applications require that a medium, either liquid or gaseous, be able to
pass through the cellular material. In this case open porosity is required for high rate
of fluid flow. Figure 2.4 shows the requirements in the type of porosities in various

applications.

rF 9
structural load-bearing
components
bic-medical enargy
implants absorbers
catalyst
kind of supports
application

sound
absorbers
heat
exchangers

—»
open partially open closed

functional

type of porosity

Figure 2.4 Applications of cellular metals grouped according to the degree of
“‘openness’’ needed and whether the application is more functional or structural [1].

Some selected applications of metallic foams are shown in Figure 2.5:

10
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Figure 2.5 Some potential applications of aluminum foams (a) A concept design of
vehicle in which the firewall and trunk are made of three-dimensional aluminum
foam panels, (b) Foam metal components with integral skins, (c) Pressed porous
panel, (d) Aluminum foam used as the heat exchange medium for the space shuttle
atmospheric control system, (¢) Aluminum foam used as the structural core of a
lightweight composite mirror, (f) Aluminum foam used as the structural core, heat
exchanger and anti-slosh baffle in a lightweight conformal tank [5].

2.1.3. Production Methods of Cellular Metallic Materials

As the engineering applications of cellular metals grow, many methods for
their manufacture are being developed. They result in materials that can be classified
by the size of their cells, variability in cell size, the pore type and the relative density
of the structure [6]. None of the available manufacturing techniques can be applied
to any metal; each is appropriate for one or other base metal [7].

Porosities and pore structures in porous materials may be fully open, less
open or closed. The amount and character of the porosity is directly related to the
surrounding solid, which is determined by manufacturing method. Production
techniques utilized are given in Figure 2.6 and the resultant pore structure and

distribution of porosities in those manufacturing methods are presented in Table 2.3.
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Table 2.3 Some of porous material fabrication processes and pore structures and

their distribution in those methods.

Pore Structure

Distribution of pores

Production method

CLOSED

Random pore distribution

Cymat/Hydro (Al, Mg, Zn)

ALPORAS

Sintering hollow spheres

Alulight/Foaminal

Graded pore distribution

Plasma spraying

OPEN

Homogenous pore
distribution

Vapor deposition

Orderly oriented wire mesh

Ferromagnetic fiber arrays

Rapid Prototyping

Non-homogenous pore
distribution

Sintering of metal powders and
fibers

Gas entrapment technique

Space holder technique

Replication method

Combustion synthesis

Slurry foaming technique

Functionally graded pore
distribution

Electric field assisted powder
consolidation

Rapid prototyping
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The methods other than the powder metallurgical technique, liquid
processing and coating techniques, have difficulty in controlling the pore size and
process variables in the production of foams of high melting metals such as Cu, Fe,
Ti or Ni-based. However, in powder metallurgical process solid metal in powdered
form can be used for making cellular metallic structures using low temperatures
under less chemical affinity with atmospheric gases [8].

The powder remains solid during the entire process and merely goes through
a sintering treatment or other solid-state operations. This is crucial for the
morphology of the resulting cellular structure since only in the liquid state surface
tension does cause a tendency towards the formation of closed pores, whereas
sintered porous products show the typical open morphology of isolated, more or less

spherical particles connected by sinter necks.

2. 2. Powder Metallurgy

2.2.1. General

Powder metallurgy is processing of metal powders into useful engineering
components. Powder metallurgy involves firing or sintering of a shaped article from
finely divided powders in a furnace so as to develop satisfactory strength in the

component without losing the essential shape imparted during initial molding.

2.2.2. Pre-consolidation Powder Handling

The precompaction steps include classification, blending, mixing,

agglomeration, deagglomeration and lubrication [9].
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Blending and mixing are to combine powders into a homogenous mass prior

to pressing.

Agglomeration provides a coarser particle size, which flows easily in
automatic forming equipment. Attritioning and deagglomeration are useful in those
instances when a fine, discrete powder is needed. Finally, lubricant of a powder
using organic molecules provides for easier part ejection from compaction tooling
and longer die life. It is essential to reduce friction between the pressed compact and
the rigid tool components when compacting metal powders in steel or carbide
tooling. The lubricants are usually mixed with the metal powder as a final step
before pressing. For metal powders, stearates based on, Al, Zn, Li, Mg, or Ca, are in
common uses. Besides the stearates, other lubricants include waxes and cellulose

additives.

2.2.3. Powder consolidation

Compaction (consolidation) relies on an external source of pressure for
deforming the metal powders into a high-density mass, while providing shape and
dimensional control to the powder. For loose powder, there is an excess of void
space, no strength and a low coordination number. As pressure is applied, the first

response is rearrangement of the particles, giving a higher packing coordination [9].

Subsequently, the point contacts deform as the pressure increases [10].
Plastic flow is localized to particle contacts at low pressures, whereas it occurs
homogeneously throughout the compact as the pressure increases. Eventual
fragmentation causes densification and an increase in the compacts surface area, but

the strength of the compact shows little improvement.

In the compaction of metal powders when the pressure is transmitted from
bottom and top punches, the process is termed double action pressing alternative to
single action pressing. These type of pressure applications determines the density

gradients in the compact and hence its strength. As can be seen in Figure 2.7 in
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single ended pressing, the density is highest at the top of the compact and decreases
towards the bottom. However, in double-ended pressing the minimum density is
achieved at the center of the compact and the density distribution is more

homogeneous than that of the single ended pressing.

single double
action action
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Figure 2.7 Pressure distributions in single-ended and density distribution in
both type of pressing.

The height to diameter ratio of the compact also plays an important role in
the densification. With the increasing height to diameter ratio, density gradients in a
compact will increase and this causes a decrease in the overall compact density, as
shown in Figure 2.7. However, pressure transmissions can be improved by reducing
the frictional effects using suitable lubricants such as paraffin wax, stearic acid and

various stearates on die walls [11].
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2.2.4. Sintering

To produce a useful body, packed powders are bonded together when heated
to temperatures in excess of approximately half of the absolute melting temperature,

which is termed sintering [12].

In addition to causing particle bonding, sintering can also lead to the
following important effects: 1) chemical changes, 2) dimensional changes, 3) relief
of internal stress, 4) phase changes and 5) alloying. Figure 2.8 summarizes the

sintering processes.

Sintering Process

presureless pressure-assisted
] ]
solid-state liquid phase low stress high stress
|
mixed single transient  persistent creep viscous Lplastic
phase  phase liquid liquid flow flow flow

Figure 2.8 Sintering processes [13].

Most sintering is performed without an external pressure (pressureless
sintering). A major distinction among pressureless sintering techniques is between
solid-state and liquid phase processes. Among the solid-state processes, single phase
treatments are applicable to pure substances such as nickel, alumina, or copper. On

the other hand, mixed phase sintering occurs in an equilibrium two-phase field.
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Many sintering cycles generate liquid. It may be present momentarily or may persist
during much of the sintering cycle. The liquid improves mass transport rates. It also
exerts a capillary pull on the particles that is equivalent to a large external pressure.
There are two main forms of liquid phase sintering. Persistent liquid phase exist
throughout the high-temperature portion of the sintering cycle and can be formed by
use of prealloyed powder. Alternatively, transient liquid-phase sintering has a liquid
that disappears during the sintering cycle, due to dissolution into the solid or

formation of a new phase.

2.2.4.1. Solid State sintering

Various stages and mass transport mechanisms that contribute to

sintering have been proposed. These stages are summarized in Figure 2.9.

point initial intermediate final
contact stage stage stage

Figure 2.9 Solid state sintering stages [13].

In the intermediate stage, the pore structure becomes smooth, interconnected
and approximately cylindrical. The concomitant reduction in curvature and surface

area slows down sintering with time.
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When the porosity has shrunk to approximately 8 % somewhat cylindrical
pores collapse and pinch off into lenticular or spherical pores indicating the final

stage of sintering and slow densification.

Major transport mechanisms involved in sintering are shown in Figure 2.10.
These mechanisms are activated by the curvature dependent chemical potential, p,
and therefore solubility, C, reduction at the neck, which can be represented by the

relations, respectively,

Ap=2Y 2.1)
ac=tY ¢ (2.2)
R.T.p

where, Ap is the chemical potential difference, y is the surface tension, p is the
radius of curvature at the neck, V is the atomic volume, AC is the concentration
difference of vacancies or solute atoms and C, is the equilibrium concentration of

vacancies or solute atoms under a flat surface.
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Figure 2.10 Two classes of mass transport mechanisms during sintering applied to
the two-sphere model (E-C; Evaporation-Condensation, SD; Surface Diffusion, VD;
Volume Diffusion, PF; Plastic Flow, GB; Grain Boundary Diffusion) [13].

The solution of the flow problem for different transport mechanisms yields
the following relationships between the radius of the neck, x, radius of the sphere, r,

time, t, and temperature, T, [14-18]:

X A(T)t (2.3)

m

Where A (T) is a function of temperature only, and
n=2, m=1 for viscous and plastic flow
n= 3, m=1 for evaporation and condensation
n= 5, m=2 for volume diffusion

n= 7, m=3 for surface diffusion
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2.2.4.2. Liquid Phase Sintering

Liquid phase sintering has been widely used because liquid provides faster
atomic diffusion then the concomitant solid-state processes [19]. The classic liquid
phase sintering system densifies in three overlapping stages and densification in

each step is different as shown in Figure 2.11.

Mixed Powders
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Figure 2.11 Stages and their effects on densification behavior in liquid phase
sintering [12, 13].

In liquid formation, there is rapid initial densification due to capillary forces
exerted by the wetting liquid on solid particles. During the rearrangement, the
compact responds as a viscous solid to the capillary action. The elimination of
porosity increases the compact viscosity. Consequently, the densification rate

continuously decreases. Usually finer particles give better rearrangement.
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Generally, most successful persistent liquid phase sintering systems exhibit
eutectic behavior [20]. The formation of liquid film has the benefit of a surface
tension force acting to aid densification and pore elimination [9]. This criteria is met
when the liquid form a film surrounding the solid phase, thus wetting the solid. The
capillary force due to a wetting liquid promotes rapid densification without the

external pressure [20, 21].

2.2.4.3. Transient Liquid Phase Sintering

An interesting variant to traditional liquid phase sintering involves a transient
liquid, which solidifies by diffusional homogenization during sintering. Transient
liquid forms between mixed ingredients during heating to the sintering temperature.
The phase diagrams of two examples of systems, which could be processed using a
transient liquid, are given in Figure 2.12. Unlike the persistent liquid phase sintering,
the liquid has a high solubility in the solid and disappears with sintering time.
Transient liquid phase sintering is advantageous due to the easy compaction of
elemental powders as opposed to prealloyed powders and excellent sintering without
the coarsening difficulties associated with a persistent liquid. However, because the
liquid content depends on several processing parameters, transient liquid phase

sintering is sensitive to processing conditions [22, 23].

22



lstqrt with @ mixture of B and A powders
: i
]
: l:qgid liquid
N NOUDE- WU NS RSROUPION S05 S I S .
5 ————
o
g \sintering
£ temperature | temperature
2 1
i
|
inal composition ' final composition
! |
| 3
1 i
B composition A 8 composition A

B=base A=zadditive

Figure 2.12 Two binary phase diagrams in transient liquid phase sintering [12].

Transient liquid phase sintering is highly sensitive to processing conditions since
the liquid content depends on several processing parameters. The requirements for
transient liquid phase sintering include mutual intersolubility between the
components with the final composition existing within a single-phase region.
Furthermore, the liquid must wet the solid. Under these conditions rapid sintering is
anticipated when liquid forms. Generally, the observed steps are as follows [24, 25]:
1) Swelling by interdiffusion prior to melt formation (Kirkendall porosity), 2) Melt
formation, 3) Spreading of the melt and generation of pores at prior additive particle
sites, 4) Melt penetration along solid-solid contacts, 5) Rearrangement of the solid
grains, 6) Solution-reprecipitation induced densification, 7) Diffusional
homogenization, 8) Loss of melt, 9) Formation of a rigid solid structure. The actual
steps depend on the process variables, including particle sizes, amount of additive,

heating rate, and maximum temperature.
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2.2.5. Powder Metallurgy of Ti and Ti-Alloys

Titanium and titanium alloys are the design choice for many applications in
aerospace, medical and marine industry because they offer low density, excellent
corrosion resistance, and good mechanical properties at room and moderately
elevated temperatures. Titanium P/M fabrication offers the potential for true net
shape capability combined with mechanical properties that are equal to or exceed
cast and wrought products due to lack of texture and segregations and the fine,
uniform grain structure inherent to titanium P/M products. Regardless of variety of
all compositions, well over 90% of the powder metallurgy developmental efforts
have employed on Ti-6Al-4V [26-29].

Because of the high affinity of titanium for oxygen and other atmospheric
interstitials, all compaction of titanium alloy powders must be done in vacuum or in

an inert environment The available methods for Ti powder metallurgy are as follow;

1) Metal Injection Molding(MIM):

Metal Injection molding, also known as MIM, is an analog of plastic
injection molding. It is a high volume technology, where powdered metal is mixed
with a binder and injected into a mold, de-bonded, and sintered to produce small

complex parts at low cost.

2) Traditional Powder Metallurgy Methods:

Traditional powder metallurgy methods include press and sinter, elastomeric
bag cold isostatic pressing (CIP), and ceramic mold or metal can HIP. Firstly,
powder is consolidated at room temperature using pressures up to 410 MPa to
produce shapes with green densities 85-90 %. This is done using either of two
common powder metallurgy techniques; mechanical pressing or cold isostatic
pressing. In mechanical pressing, loose powder is pressed in a die using a relatively
simple mechanical hydraulic press. On the other hand, since the mold material is

elastomeric (as opposed to hard punch and die tooling) in CIP process, no lubricant
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is needed, eliminating a pre-sinter stage for lubricant removal and avoiding lubricant
contamination of titanium [30]. At the end of compaction process parts are sintered
in vacuum furnace or under protective atmosphere such as high purity Ar gas.
Generally, the use of cold walled vacuum furnaces is preferred. The furnace should
be equipped with a diffusion pump that has a sufficient capacity to accommodate
out-gassing during heatup and maintenance of high vacuum (133 mPa, or
1x10~ mmHg) at peak temperatures. Due to its reactivity, titanium adheres to most
metals. Molybdenum, which has very low solubility in titanium, can be used as
support material. At lower temperatures (1000-1080°C) high-density graphite,
coated with a wash of yttrium oxide, can be used. As a measure against
contamination of the parts being sintered, some loose titanium powder may be
included with each load to act as a getter for gases. In vacuum sintering the most
preferred temperature ranges from 1000 to 1300°C. Lower temperatures are usually
used for porous and commercially pure products, and high temperatures are used to
produce alloy products. Alternative to vacuum sintering use of purified argon
atmosphere is another technique. Argon gas can be prufied by passing over titanium
chips kept at 800-900°C. The use of temperature cycling through a-f transformation
(880°C) for unalloyed titanium can promote densification. The effect is the most

significant when heating from o to B which lasts about 2 minutes [31].

In addition to normal sintering hot isostatic pressing cycle can also be used to
improve density and mechanical properties. The most satisfactory container appears
to be carbon steel, which reacts minimally with the titanium, forming titanium
carbide, which then inhibits further reaction. In HIP process by simultaneously
applying temperature and pressure, full density in the part is attained. The shrinkage
depends on the packing density of the powder, which depends in turn on the shape
and size distribution of the particles. Since in this process applied pressure is
isostatic, the shrinkage is approximately uniform in small parts. The HIP operation
can be carried out either above or below the beta transus temperature. Above transus
consolidation requires shorter cycle time and lower pressure, but the resultant
microstructure consists of large prior beta grains and continuous grain boundary

alpha which reduces the fatigue strength of the alloy (Ti-6Al-4V). For alloys
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consolidation in alpha+ beta region is more commonly used. Although can method
give satisfactory results it appears that colt-crucible and Fluid die techniques are

better [32].

3) New P/M Research and Development:

Significant efforts in P/M research continue on numerous fronts such as spray
forming, rapid solidification, laser forming, mechanical alloying, and vapor
deposition. All of these research initiatives are aimed at exploiting the outstanding
characteristics of titanium and its alloys [33, 34].

As it is known titanium undergoes a phase transformation (hcp-a to bee-f) at
882°C. Titanium with other group IVB elements exhibits diffusion anomalies. It
shows anisotropy in the hcp phase. During sintering different transport mechanisms
may be operative, which result in activation energies of titanium self-diffusion to be
different. In the high temperature bcc range, it exhibits a curved Arrhenius plot with
Q (for self-diffusion) increasing with temperature. The reported activation energies
for self diffusion in a-Ti change between 169 and 192 kJ/mol. Studies to determine
the rate controlling mechanism of shrinkage have shown that lattice self-diffusion
and grain boundary diffusion are the dominant mechanism in low temperature
sintering [35, 36]. Table 2.4 lists the activation energies measured in a study carried

out on titanium powder sintering.
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Table 2.4 Activation energies for various processes in titanium sintering.

Material Process Q(kJ/mol)
Sintering 184.1£12
o Ti Grain growth 165.2+7
Lattice self-diffusion 123-303
Grain boundary self-diffusion 97.187
Sintering (900-1050°C) 158+11
1050-1250°C 92.5+8
B-Ti Grain growth 34.3+8
Lattice self diffusion 131-328
Grain boundary self diffusion 135

2. 3. Production of Metallic Foams via Powder Metallurgy

2.3.1. General

As mentioned, there are many ways to manufacture cellular materials.
Powder metallurgy processes has become increasingly popular since it is possible to
produce near net shape foam components with desired porosity content and
distribution, and graded porosity. As in the liquid state techniques, no stabilizing
particles have to be added and since the technique is carried out at solid state
(at relatively low temperatures) reactivity of powders are limited and no mold
material is needed for production. Moreover, powder processing makes composite

foam production and also production of foams with a metal skin possible.

In general, the production of porous structures consists of various steps:
powder fractioning and preparation, compaction or molding, binder and fugitive or

spacer material removal and sintering.

During foaming, the powder remains solid during the entire process and

merely goes through a sintering treatment or other solid-state operations. This is
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crucial for the morphology of the resulting cellular structure since only in the liquid
state surface tension does cause a tendency towards the formation of closed pores,
whereas sintered products show the typical open morphology of isolated, more or

less spherical particles connected by sinter necks.

Resultant pore structures and distribution, and its content depends on powder
metallurgical process variables and the type of the process utilized. Figure 2.13

shows the pore types obtained using some of the powder metallurgical processes,

sinter b v
— (po
NP

(d)

sinter
—

debind
+ sinter O O
—_—

O

Figure 2.13 Pore morphologies obtained by powder metallurgical processing
techniques, (a) sintering of powders, (b) sintering of hollow spheres, (c) space
holder technique, (d) sintering slurry saturated sponge or replication process, (€)
gas entrapment technique [8].

2.3.2 . Production Methods

In this section, some of the selected production techniques utilized for the

production of porous metals and metal foams are summarized.
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2.3.2.1. Loose Powder Sintering of Metal Powders

According to mechanisms of sintering, contacts between powder particles are
established and grow by the action of capillary or surface tension forces during the
time that the powder particles are being heated in contact with each other.
Application of pressure facilitates but is not essential for sintering. Therefore, the
metal powders of any shape can be filled into mould and then sintered. Axial die-
compaction, iso-static pressing or roll compaction of the powders prior to sintering
may be employed to increase the strength of the green part. By this method parts
with fine porosity can be produced. Loose powder sintering is most commonly used
to produce bronze filters, and porous nickel membranes used as electrodes for
alkaline storage batteries and fuel cells. A binder is often added with the particular
purpose of holding particles together. This ensures a greater area for mass transport
between the particles in the solid-state diffusion process. The fraction of porosity is
controlled by neck and particle size. The neck size or the size of inter-particle bond
region can be controlled by compaction prior to sintering, sintering temperature and
time. The limitation in loose powder or compaction& sintering technique is that the
pore size and shape are dictated by the powder size and shape. Generally, in
spherical powder sintering porosity is limited to 50 % and the shape of the pores is
highly non-spherical and the open porosity may be attained [37]. Making porous
metals from aluminum and aluminum alloy powders or granules is difficult because
aluminum is usually covered by a dense oxide layer, which prevents the particles
from sintering together. Usually this oxide layer is broken by pressing or sintering
aids are utilized such as copper, silicon or magnesium powders that form a low
eutectic alloy. Prior to loose powder sintering aluminum and those sintering aids are

generally ball-milled to induce alloying [1].
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2.3.2.2. Gas entrapment technique

In this method, usually elemental powders are compressed in a compact form in
a container and an inert gas allowed to be entrapped into compact during pressing.
Then, during heating, expansion occurs due to the internal pressure created by the
gas in the compact. So, this process requires high pressure and temperature
equipment and necessitates two separate heat treatment steps: during powder
compaction and for bubble expansion. Extensive studies on this subject have been
carried out for the production of highly porous titanium and titanium alloys
containing isolated highly spherical pores for use in aircraft industry [5, 8].

Schematic representation of the process is shown Figure 2.14.
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Figure 2.14 Schematic representation of gas entrapment technique [1].

2.3.2.3. Sintering Slurry Saturated Sponge (Replication Process)

For producing of metallic foams method utilizes a temporary support, which

may be a sponge-like organic material such as a natural or synthetic plastic sponge
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[4], polyurethane foams [37] and in some cases sintered structures of NaCl or NaF
[7]. Temporary support is initially soaked into slurry containing desired metal
powder, water and organic liquid and kept at that slurry until saturation is achieved.
Then, the saturated support is dried and heated to pyrolyse the organic support. After
sintering highly porous material with interconnected porosity is obtained. If the
NaCl or NaF is used as a support, they are removed in water after sintering process.
Use of salt patterns is limited due their low melting point so that only porous
structures of aluminum and lower melting point alloys can be manufactured. On the
other hand, NaF could potentially be used at temperatures greater than 900°C.
Mainly three types of pore structure are observed in foams produced by this
technique: primary pores on the surface of the hollow struts, secondary porosity at
the core of the hollow struts previously occupied by the temporary support, and open

tertiary porosity between struts.

2.3.2.4. Metallic Hollow Spheres

In this method, highly porous structures are obtained by bonding metal
hollow spheres together by sintering or transient liquid phase sintering with the help

of powdered additive, and hot isostatic pressing (HIP).

The hollow-sphere structures can be made from gas-atomized hollow
powders, coaxially sprayed slurries, coated Styrofoam spheres or by cementation

and sintering

Foams produced by sintering hollow spheres contain uniform size of porosity
so that the mechanical properties are more predictable than other foams containing
random pore size. Another advantage of that technique is that full range of materials

such as superalloys, titanium alloys and intermetallics can be foamed.
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2.3.2.5. Space Holder Technique

The space holder method is a fabrication process that can produce porous
metal samples of high porosities or relative densities lower than 0.4 [37].
The metal powder is filled into a dry bulk of fillers or a suitable solvent or even an
organic binder may be used to mix the space holders and the metal powders.
Ceramic particle or hollow spheres, polymeric grains or hollow polymer spheres,

salts or even metals can be used as space holders.

Initially, metal powders and appropriate space holder material is mixed and
the mixture is compacted either uniaxially or isostatically to form a green compact to
give sufficient mechanical strength, Figure 2.15. Space holder is generally removed
by a thermal treatment, leaching or by use of an aqueous solvent. By choosing the
size, shape and quantity of the space holder used the mechanical properties of the

foam can be adjusted.
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Figure 2.15 Process steps in space holder foaming technique [1].

32



The general difficulty in this process is the removal of space holder material.
Since the quantity of spacer particles is generally high in the compact care should be
taken for slow removal of spacer to prevent collapsing and distortion of the powder
compact. In addition, in some cases to prevent high temperature contamination of
powders spacers having low dissociation/melting point should be chosen [37]. Good
results can be achieved with carbamide, (NH,),CO), (urea), which can be removed
below temperatures of 200°C. Porous structures from aluminum, stainless steel
316L, nickel based superalloys, and titanium has been made this way. However, in
some cases low decomposition temperatures leads to collapse of the porous metal
structure before strong bonding between the metal particles is formed at the sintering
temperature. It is also hard to control the cell shape because of the significant
shrinkage involved.

Space holder method utilizing carbamide particles of varying shape and size
was used by Jiang et al. [38, 39] for production of aluminum foams with tailored
porosity. Instead of thermal decomposition, they dissolved the carbamide particles in
water kept at 80°C prior to sintering. The remainder of the carbamide was removed
during the sintering stage. They obtained aluminum foams with 50-80 % porosity
and the samples were containing both open and closed type spherical and strip-
shaped pores formed as a result of removal of carbamide. Aluminum foams can also
be manufactured by a sintering dissolution process (SDP) by use of NaCl spacer
particles as carried out by Zhao and Sun [40]. In this process, NaCl spacers were
removed after the sintering of Al-NaCl compact. The main limitations of SDP are
that it is time consuming to eliminate NaCl completely and any residual NaCl can
lead to contamination or corrosion of the base metal.

In a study carried by Bakan [41] highly porous 316L stainless steel samples
with 70% porosity were manufactured by water leaching of carbamide at room
temperature and sintering the 0.5 % boron added powder by liquid phase sintering.
The use of water as a leaching agent eliminates the environmental drawbacks related
to the removal of organic space holders and does not involve the anisotropic thermal
expansion associated with typical organic substances.

As mentioned, spacer holder method is also utilized to yield highly porous

copper samples. In this case space holder material may be PMMA polymer [42] or
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K,CO; powder [43]. Both of these powders are thermally decomposed and removed,
and sintering is carried out at high temperatures, i.e. 950°C.

Ammonium tetrachloride can be used as space holder in the manufacture of
filters of iron, nickel or copper. For manufacture of nickel membranes

methyl-cellulose is preferred [4].

Studies, specific to production of titanium foams via space holder technique,

will be presented in the later chapters.

2.3.2.6. Reaction or Combustion Sintering

Due to different diffusion coefficients of multi-component systems porous
structures can be obtained in some systems such as Ti-Al, Fe-Al, Ni-Al, Ti-Si and
Ti-Ni. A compacted powder blend is heated to ignite the reaction between the
elemental powders, which results usually in the formation of intermetallics [44]. In
reaction sintering particle fusion is obtained by an extremely rapid exothermic
reaction due to large heat released. Initially elemental powders with predetermined
quantities were mixed together and cold compacted. Then, compact is ignited by a
laser beam, electrical heating, or by an electric discharge under a controlled
atmosphere. Upon heating of compact to sufficiently high temperature compacts
ignites and a strong exothermic reaction propagates as a combustion wave

throughout the entire mixture, without requiring additional energy.

Extensive studies have been carried out for the production of porous nitinol
(NiTi). Due to low exothermic characteristics (67 kJ/mol) prior to the ignition
powder mixture compact is heat to a temperature of 550°C using a tungsten coil
element. The general characteristic of the porous compacts is that the pore channels
in the compact formed along the propagation direction of the combustion wave.
Presence of transient liquid phase, volatilization of impurities and the escape of

adsorbed gases affect the final porosity of the compact [37].
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2.4. Production of Titanium and Titanium Alloy Foams by Powder Metallurgy

2.4.1. Titanium and Titanium Foams: Properties and Applications

Titanium and titanium alloys exhibit excellent mechanical properties, low
density, high chemical resistance and good biocompatibility.

Titanium based foams have potential engineering applications for
load-bearing sandwich cores in the aerospace, naval, and ground transportation
industries [45]. Titanium’s high melting point also allows for the use of titanium
foams at elevated temperatures (e.g. for sandwich core or as heat exchanger and
catalyst substrate), limited to ca. 400°C due to low oxidation resistance of titanium
[8].

Titanium based electrodes are exclusively used in modern electrolytic
equipment for producing chroline and sodium hydroxide by electrolysis of aqueous
sodium chloride [46]. Moreover, in partially sintered compact form titanium is used
as a filter in chemical and polymer industry due to its corrosion resistance (filters for
a carrier gas inlet section of a gas chromatography apparatus), a powder feeder in a
polymer electrolyte membrane type water electrolyzer, a current collector in a solid
polymer fuel cell and in addition a liquid dispersion plate, especially an ink
dispersion plate for an ink jet printer and like [47].

Titanium foams are also used as porous implants in biomedical industry as
they posses excellent biocompatibility and fatigue properties [45, 48-51].

Pure titanium foam is generally used for dental implants. On the other hand,
its alloys can be used in bone replacements. However, elastic modulus mismatch of
implant material and bone results in stress-shielding, which eventually leads to bone
resorption.

a-p titanium alloys used to reduce the extent of stress shielding have elastic
modulus approximately half of the stainless-steels or CoCr-based alloys. However,
the modulus of Ti-6Al-4V and related o/f alloys is still high (110 GPa) compared to
human bone’s (1-40 GPa). For minimizing the elastic moduli metastable -titanium

alloys such as Ti-13Nb-13Zr having elastic modulus ranging from 74 to 88 GPa
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have been presented. Among B-type alloys Ti-Nb-Zr-Ta has been used with moduli
of 20-25% lower than other available alloys [6, 50].

But, there is still a mismatch in mechanical properties of these materials and
natural bone. In addition to these, reliable bone/implant fixation is another problem.
One way to alleviate the stress shielding problem is to reduce Young’s modulus of
metallic materials by introducing pores, thereby minimizing damages to tissues
adjacent to the implant and eventually prolong device life time. In addition,
bone/implant fixation is achieved by inter-digitation between bone and porous
implant matrix [37, 51-53].

The morphology, pore size, porosity, purity, biocompatibility and the
mechanical properties are the basic influencing factors in determining the correct
porous material in biomedical applications. Studies on porous bone substitutes
showed that the optimum pore size for attachment and growth of osteoblasts and
vascularization is approximately in the range 100-500 um. The optimum porosity
content was between 30 % and 50 % with open cellular structure. Some studies have
shown that pore size down to 50 pum is useful for effective bone ingrowth into
porous coatings [54] and for the formation of an osteonal bone structure [55].

Moreover, the ideal bone substitute material should be osteoconductive in
order to allow as rapid as possible integration with host bone, biodegradable and
bioresorbable at a preferred rate in order to be replaced by newly formed natural
bone, and strong enough to fulfill required load-bearing functions during the
implantation period [56].

The porous bioactive ceramics and polymeric materials promote bone or
tissue ingrowth into pores of the implants, thereby allowing rapid return to the
physiologically acceptable state of function. However, because of their extremely
weak mechanical properties, the porous bioactive ceramics might fracture if a
sudden force is applied to them during healing stage. They are often not appropriate
for load bearing applications. However, metallic foams can exhibit mechanical
properties adjusted to be very close to those of human bone. Metallic foams can not
only overcome the mechanical weakness of the bioactive ceramics and polymeric
materials, but they can also eliminate problems of interfacial instability with host

tissues and biomechanical mismatch of the elastic moduli [57]. As porous metallic
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implant materials titanium and its alloys are mostly preferred due to their excellent

biocompatibility, fatigue properties and corrosion resistance.

2.4.2. Production

High melting point and extreme chemical affinity of titanium and its alloys to
atmospheric gases (i.e. oxygen and nitrogen), which dissolve rapidly above 400°C,
make liquid processing very difficult. In addition to these, liquid titanium is highly
reactive with respect to most mold materials and casting of bulk titanium objects
requires high vacuum, high temperature processing equipment. Powder metallurgy,
on the other hand, can produce porous titanium parts at much lower temperatures
and under less stringent chemical reactivity constraints. Moreover, it is also possible
to control the pore size and process variables more precisely through using powder
metallurgical techniques.

High porosity titanium parts can be manufactured either by use of
conventional loose powder sintering or by electric field assisted powder
consolidation techniques such as spark plasma sintering (SPS) [58, 59], electro-
discharge compaction (EDC) [60], environmental electro-discharge sintering
(EEDS) [61, 62] and plasma spraying [63, 64]. Porous surfaced compacts are
produced by the latter techniques [65]. Compaction and sintering is another method
that utilizes CIP, HIP or conventional pressing prior to or during sintering. For
methods, loose powder sintering and cold compaction & sintering, starting materials
may be titanium powders with varying shapes or titanium hollow spheres [66, 67].
The resultant pore size and shape are determined by the powder size and shape.

In the reaction sintering (combustion synthesis), which is extensively used
for the production of highly porous nickel titanium, particle fusion and pores are
obtained through an extremely rapid self-sustaining exothermic reaction driven by
the large heat released in the synthesis [37, 68-70]. Replication process utilizes a
removable pattern, such as polyurethane foams [37, 71-74] that can be removed by
thermal treatment or leachable pattern (water soluble) made up of sodium chloride
(NaCl) or NaF, which is immersed in titanium slurry (i.e. comprising Ti-6Al-4V

powder, H,O and ammonia solution. The slurry impregnated pattern is subsequently
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dried and the process is repeated until a homogenous coating obtained. Then, pattern
is removed by thermal evaporation or by leaching prior to sintering and binder
removal.

Other production technique involves the sintering of non-uniform powder
preforms made with a gaseous blowing agent (CO,-based) [75] or foaming agent
like TiH; [51] and low density polyethylene [76]. Large pores are produced by gas
expansion or addition of fugitive particles followed by sintering. In the processes
based on expansion of pressurized bubbles, i.e. argon gas, titanium foam is obtained
through the use of creep expansion process (argon expansion process, low-density
core process) or superplastic expansion process (thermal cycling around the
allotrophic transformation of Ti and Ti64) [77-82]. The space holder method is a
fabrication process that can produce porous metal samples of greater porosity. The
process begins by mixing the metal powders with a binder, CMC (carboxymethyl
cellulose), collodion or poly vinly alcohol, or water or organic solvents) and an
appropriate space holder material which can be removed usually at low temperature
without excessive contamination of titanium powders. The possible spacer holder
particles are carbamide (urea) powders, ammonium hydrogen carbonate, polymer
granules and magnesium powders. In some cases water soluble spacer particles
(Potassium chloride, potassium sorbate, or a mixture thereof) are mixed with
titanium and alloy powders and compacted. These leachable particles are removed in
water prior to sintering [8].

The detailed description of some of the manufacturing methods of titanium
foams by powder metallurgy and powder metallurgy methods of interest in the

present study can be summarized as follows;

2.4.2.1. Loose Powder sintering

As mentioned previously, solid state sintering consists of three stages initial,
intermediate (densification) and final (grain growth) stages. Generally, porous
titanium compacts are manufactured through the use of initial stage sintering only,

where there is no considerable particle size and shape change.
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In powder sintering, pore size and shape (spherical, angular) are determined
by titanium or alloy powder size and shape. For example, the shape of the pores is
non-spherical and porosity is limited to 50 % for monosized powders. Particle
contamination during sintering by oxidation or some other surface contaminant
would hinder particle bonding. As mentioned previously, loose powder sintering of
titanium powders is carried out under vacuum or inert gas atmosphere (Argon)
without application of pressure. The sintering temperature greatly affects the
sintering rate, neck size and the strength of the product and it is chosen with respect
to a-f transition temperature (at which hexagonal closed packed a-phase changes
into body centered B-phase). The transition temperature in titanium and titanium
alloy is greatly influenced by the oxygen content of the alloy and it is around 882°C
and 975°C for grade 4 titanium and Ti-6Al-4V-ELI alloy, respectively. Sintering is
enhanced above transition temperature since the self diffusion coefficient in beta
phase is orders of magnitude higher than that in alpha titanium (at 1000°C;
Do 1=10" mz/s, DB_TFIO']3 mz/s). Sintering may also be enhanced through the alloy
additions, i.e.silicon, to the titanium powder, thereby increasing the sintering rate by
formation of transient liquid phase. Another method aiming higher sintering rate
utilizes cyclic sintering (thermal cycling) around o-f transition temperature.
Densification in such sintering technique is attributed to the transformation-
mismatch plasticity, which is responsible for transformation superplasticity.

As a result, by controlling the process variables such as initial powder
particle size, distribution, shape, compaction pressure, sintering temperature and
time, alloy additions and cycles of sintering (if cyclic sintering is to be used) porous
titanium specimens with varying porosity contents and pore shape can be
manufactured.

There are several studies carried out for manufacturing of porous titanium
and titanium alloys using loose powder sintering. A patent [47] invented by
Sumitomo Corporation workers for porous titanium to be used especially as filter
makes use of sintering of angular and spherical titanium and titanium alloy powders
or titanium sponge powders in loose condition. Powders were filled into cylindrical
alumina vessels by vibration screening. Porosities in samples sintered between

temperatures of 650 and 1200°C argon atmosphere changed between 35-55 %.
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Powders with different particle diameters were used to control the porosity content
and to produce material graded porosity. Similarly, in a patent [83] invented by
Tetjukhin V.V. and Bashkirov A.M. titanium powders were filled in a die by gravity
and sintered at temperatures between 1300 and 1500°C for a period between 0.5 and
2.5 hrs.

Oh et al. [52] produced porous pure titanium compacts pressing the powders
before and during sintering to be used in human cortical bone replacement. They
used spherical titanium powders with three different sizes: 65, 189 and 374 um, and
pressed the powders at room temperature between graphite punches at around
70 MPa prior to sintering. Some of the powders were also pressed at 5-10 MPa
during sintering stage. Sintering was conducted in vacuum of 10~ Pa at temperatures
of 1173, 1223, 1373 and 1573 K, above the a-f transition, for two hrs. The resultant
specimens contained porosities between 5-37 % and had comparable mechanical
properties to human cortical bone. In another study, Oh et al. [84] applied the same
technique to titanium powders with particle sizes in the range 300-500 um and
achieved porosities between 19 and 35 %.

Similarly, Nomura et al. [85] used powder sintering technique to achieve
desired porosities in B-type Ti alloy. Ti-15Mo-5Zr-3Al alloy powders were placed in
BN lubricated graphite punches and powders were hot pressed under applied
uniaxial pressure of 1 to 30 MPa at 1223 K for 2 hrs in a vacuum of 10” Pa. Porosity
up to 33% was achieved and the pores were irregular and interconnected
morphology.

As a biomedical application, dental implants with graded porosity are
preferred to satisfy both mechanical and biocompatible property requirements
[86-88]. Thieme et al. [86] tried to produce porous titanium samples to be used for
orthopaedic implants and used five fractions of unalloyed titanium powder within
the range of 180-1000 um to get desired graded pore size distribution. Initially,
powders were pressed and initial sintering was carried out 1150°C under vacuum.
Subsequently, silicon powder (1.5 wt. %) was added by infiltration of ethanolic
suspensions. In this study silicon had been chosen as an additive for the sintering of
coarse titanium powders based on eutectic at 1330°C, 8.4 wt. % Si, which could be

utilized for liquid phase sintering. The volume fraction and pore size varied from 22
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% and 48 um for the finer powder layer to 45 % and 200 um for the coarser powder
layer.

In some cases, for biomedical applications, hydroxyapatite (HAP), principle
component of bones and teeth, is mixed with titanium powder and packed into the
mold to obtain a gradient in concentration. The specimens are compressed using CIP
and sintered at around 1300°C by high frequency induction heating in argon gas.
[87, 88].

Powder sintering may also be utilized for porous coating of surgical implants
for their fixation by bone ingrowth into a three dimensional matrix. Amigo et al.
[89], firstly, attached the titanium beads with an average size of 307 um on
Ti-6Al-4V femoral stem hip implants by use of binder. Then, sintering was carried
out at about 1400°C under vacuum to obtain porosities between 35-40 %. In this
study, post sintering cooling rate was adjusted to control the final substrate
microstructure, which determines the fatigue properties.

Similar sintering studies was also conducted on Ti-6Al-4V alloy powders by
Cirincione et al. [90] in which alloy powders were sintered at 1000°C above
transition temperature for times between 0.5 and 24 hrs and resultant porosities were

between 41 and 55 %.

2.4.2.2. Space Holder Technique

The space holder method can produce titanium and titanium alloy foams
using an appropriate space holder material, usually removed at low temperature
without excessive contamination of titanium. The use of space holders allows
control over the pore properties, including pore density, size, distribution and shape.
The pore properties in the final article are determined primarily by the properties of
spacer particle and, thereby, are tailored by the selection of the extractable
particulate. When choosing a suitable space holder to be used in titanium foam
production following criteria should be considered: The spacer should not leave
undesired residue in the final part, it should not react with matrix material, and it

should have adequate strength so as not to be deformed during processing, such as
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compaction. It also preferred to have low melting or dissociation point compared to
titanium and titanium alloys.

Ceramic particles or hollow spheres, polymer grains or hollow polymer
spheres, salts or even metals can be used as space holders. The possible space holder
particles that have been utilized are carbamide (urea) powders, ammonium hydrogen
carbonate, polymer granules and magnesium powders, which are removed by
thermal treatment. In some cases, binders such as carboxymethyl cellulose and
polyvinyl alcohol that can be removed thermally may be used for manufacturing of
porous titanium samples. Water soluble spacers such as sodium chloride, potassium
chloride, potassium sorbate, or a mixture thereof have also been utilized to yield
porous titanium samples. Hydroxypropylmethyl cellulose powder may be used to
produce porous titanium in metal injection molding process [91].

The process starts by mixing of titanium powder/ space holder and solvent or
even and organic binder using V-blending, jar mill or hand blending. Homogenizing
aids are generally used to get homogenous mixture of spacers and titanium powders
and include polyethylene glycol (PEG), which reduces segregation and is removable
in a water bath prior to thermal processing, and higher alcohols or isoparaffinic
solvents, as well as organic liquids such as acetone, which can easily be removed by
evaporation prior to or after compaction. Binders such as PEG4000, methycellulose
or CMC (carboxymethyl cellulose), polyolefins such as polyethylene or
polypropylene, ethylene vinyl acetate, styrene group resins, cellulose derivatives,
various types of wax, collodion or polyvinyl alcohol, or water or an organic solvent
are used for homogenous covering of spacer particles with titanium powder and also
they are used for efficient powder packing during compaction by reducing the
friction between powders and between powder/die surfaces. Powder mixture
obtained is then pressed at room temperature or, if the space holders are heat
resistant, pressed at elevated temperatures to improve compaction and to start
sintering process. Removal of space holder material can be achieved by thermal
treatment, leaching in water or in a solution, or by use of an aqueous solvent. When
using water to dissolve the spacer particle, the water bath should be deoxygenated to
reduce or eliminate the potential for oxidation of the metal powder in water. This

can be done by bubbling nitrogen through the water, or other known deoxygenating
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means. Finally, sintering is carried under argon atmosphere or in vacuum furnace at
high temperatures, i.e. 1200-1400°C, for further densification.

Various studies can be found in literature about the production of titanium
foams by space holder technique. Bram et al. [92] used spherical and angular
carbamide particles as spacers in varying amounts of 60, 70 and 80 %. After
pressing the carbamide/titanium powder mixtures at 166 MPa the space holder
material was removed using a thermal treatment below 200°C. Then, spacer
removed samples were sintered between the temperatures of 1200 and 1400°C for
one and two hrs under vacuum (10~ Pa). Porosities between 60-80 % were achieved
and depending on the shape and size distribution of the space-holder particles,
angular and spherical pores, in the range of 0.1-2.5 mm with a homogenous
distribution, were produced, Figure 2.16.

In the coating step of the carbamide particles with titanium powder
carbamide spacers may be moistened with petrolether to obtain homogenous

distribution of titanium powders on carbamide particles.

Figure 2.16 Structure of titanium foams produced using (a) spherical carbamide,
(b) angular carbamide [92].

Wen et al. used carbamide, ammonium hydrogen carbonate [57, 93] and both
together [56] in the production of titanium foams to be used as an implant with
mechanical properties similar to human. In a study carried by these authors [56] both

ammonium hydrogen carbonate and carbamide (urea) powders having a size in the
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range 200-600 um were used to mix with titanium powders (<45um) in an agate
mortar. In the experiments, spacers from samples compacted at 100 MPa were
removed by keeping the samples for 2 hrs at 200°C. Finally, they manufactured
titanium foams having porosity around 78 % with an interconnected morphology.
There existed two types of pores: Macro pores left by removal of spacer and micro
pores on cell walls due to partial sintering of titanium powders. Most of the macro
pores were in the range 200-500 um.

Later, these authors [57, 93] produced titanium foams using ammonium
hydrogen carbonate with a wide range of strength and stiffness showing a good
match to human bone. Titanium foams had an open cellular morphology and
contained porosities between 35 and 80 % and pores with size in the range
200-500 pm. Similarly, ammonium hydrogen carbonate powders were also used by
Imwinkelried [94] for production of open-pore titanium foams. Ammonium
hydrogen carbonate powders (425-710 pm) in the range 50-80 % were mixed with
titanium powders in a proprietary process using tumbling glass bottles. Then, green
bodies were pressed using cold-isostatic and uniaxial pressing. The space holder
material was removed from the compact at a lower temperature, 95°C during 12 hrs
in a convection furnace. Then, the parts were sintered under argon atmosphere at
1300°C for 3 hrs. By this way, titanium foams having pore size in the range
100-500 um and porosities between 50 and 80 % were manufactured.

In another study, Wen et al. [95] utilized the same technique to produce
Ti-Zr alloy foams to be used in biomedical applications. Initially, elemental powders
of titanium and Zirconium were subjected to mechanical alloying (MA) using
planetary ball mill to synthesize Ti-Zr alloy under argon atmosphere with the
addition of stearic acid. Then, Ti-Zr/amonium hydrogen carbonate powder
(200-500 pm) mixtures were compacted at 200 MPa and heat treated in a vacuum
furnace. Spacer was removed keeping the samples for 5 hrs at 200°C and following
the removal step sintering was carried out at 1300°C for 2 hrs. The Ti-Zr alloy foams
displayed an interconnected porous structure resembling bone and the pore size

ranged from 200 to 500 pum.
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Similarly, Li and Zhu [96] manufactured titanium foams with controlled
porosity and pore size using carbamide (urea) as spacer particles by heating the
titanium-urea powder compacts at 200°C (2 hrs) and sintering at 1200°C for 4 hrs
under argon atmosphere.

Polymeric spacer particles may also be used in porous titanium
manufacturing, however, their use is limited mainly due to contamination of
titanium by side products that form during decomposition and removal step. Rausch
and Banhart [7] utilized polymer granules as spacer particles. Polymer granules in
titanium-polymer mixture compact were removed by a chemical process at
temperatures around 130°C. After removal of spacer, samples were sintered in
vacuum at temperatures of 110-1250°C to yield porosities 55-80 %. Average macro
pore diameter was in the range 200-3000 um. They concluded that micro porosity on
the cell walls might be reduced by changing the sintering parameters and/or partially
replacing titanium powder by titanium hydride.

Metallic space holder is first used by Wheeler et al. [97] to produce titanium
and Ti-6Al-4V alloy foams. Limited solid solubility of magnesium in titanium,

Figure 2.17, made it possible to use magnesium as spacer particle.
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Figure 2.17 Ti-Mg Binary Phase Diagram [98].
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Firstly, magnesium-titanium powder mixtures were hot pressed well below
melting point of magnesium. Then, magnesium was removed at 1000°C, which is
below the evaporation point (1090°C) and samples were sintered at 1400°C to yield
porosities in the range 25-82 %. Magnesium was also used as spacer particle in the
manufacturing of porous titanium coatings for surgical implants [46]. Mixture of
titanium or titanium alloy and magnesium in an amount 5-75 % and of particle size
100-200 um and a binder, i.e. polyvinyl alcohol was prepared and the resultant paste
was applied to the surface of the substrate. Then, the coated articles were heated to
temperatures between 650 and 800°C in vacuum or under an inert gas so as to form a
sinter of the Ti/Mg, which firmly adheres to substrate. Removal of magnesium was
achieved by heating the article up to 1000°C or by immersion in an acid solution.

Tuchinskiy and Loutfy [99] recently used a different variation of space
holder method. Firstly, they extruded the rods consisting of a fugitive core and shell
made of titanium powder and polymer binder. After compaction, the core material
and binder were removed at low temperature and the powder vacuum-sintered at
1200-1300°C, resulting in a titanium foam containing elongated secondary pores.

As thermally removed spacer particles may cause degradation of titanium
compacts it is advantageous in some cases to use water soluble spacers. Potassium
sorbate and potassium chloride are some of the water soluble spacer particles that
can be used in manufacturing of titanium foams [91]. These spacer particles with
different size and shape are used in the production of titanium foam. Initially,
powder mixtures are pressed using a cold isostatic press and then, the spacer
particles, potassium chloride or potassium sorbate, are removed in a water bath kept
between 30 and 60°C. Water is replaced several times to remove any traces of the
extractable particulate. After removal from the water bath the compact is dried in air

at a temperature between 40 and 50°C. Then, the article is sintered around 1300°C.

2.5. Characterization of Metallic Foams

Cellular metals and alloys are characterized by different methods to obtain

the mechanical or physical properties or to evaluate the technological applicability.
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Various production methods result in characteristic structures, densities and also
imperfections. The most important parameters to characterize a cellular structure are
the morphology of the cell (cell geometry, open or closed cell), the topology, the
relative density, the mean cell size, its distribution, the properties of the cell wall
material mechanical properties (yield and tensile strength, Young’s Modulus), and
corrosion behavior of the metal foams, Table 2.5. On the other hand, imperfections

can be wavy distortions of cell walls, variations in cell wall thickness or non-

uniform cell shape, etc. [100].

Table 2.5 Characterization methods for metallic foams [1].

Type

Testing Method

Aim

Non-Destructive

Density Measurement (Archimedes’)

Overall density

Dye penetration measurement

Surface defect determination

X-Ray radiography and radioscopy

2-D imaging of pore distribution

X-Ray computed tomography

3-D imaging of foam

Eddy-current sensoring

Relative density, pore size

Acoustic measurements

Porosity level and type

Vibrational analysis

Young modulus

Porosimetry and permeametry
(Mercury porosimetry, gas absorption
technique, permeametry, bubble point
method)

Pore size and distribution, surface area,
internal structure

Elect. & Conductivity measurement

Electrical resist. & thermal cond.

X-ray and neutron small angle scattering

Pore size distribution

Ultrasonic imaging

Internal structure imaging

Destructive

Optical image analysis

Morphology, microstructure, size and

distribution of pores

Mechanical Testing

Fatigue life, elastic modulus, yield and
tensile strength

Corrosion testing

Corrosion behavior

Mechanical testing of cellular metals is the prerequisite for any applications.
The characterization methods are, in principle, the same as for other non-cellular

materials. However, sometimes some modifications of the test procedures are
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necessary to account for the specific nature of cellular materials. One such specialty
concerns statistics: if metal foam of a given alloy were tested, the resulting
mechanical properties of a number of samples with the same overall density would
show a much larger scatter than usually found in testing conventional materials. The
reason can be different mass distribution or heterogeneous microstructure, which
distinguish various samples of the same density from each other. Therefore, a large
number of samples may be necessary for comparison. Moreover, as in cellular
materials the length of macroscopic heterogeneities is sometimes in the range of
millimeters, the sample dimensions in mechanical tests might have to be enlarged
compared to existing standards.

In the mechanical testing of metal foams following factors should be
considered:

Type of applied stress: Uniaxial, biaxial, multiaxial or hyrostatic. Uniaxial

test is the most common test type.

Mode of ILoading: Compression, tension, shear, bending, torsion.

Compression tests are the ones most frequently carried out.

Time Dependence of Load: Consant, slowly increasing (quasi-static),

dynamic, cyclic. Most of the work found in literature was obtained under quasi-

static conditions (& ~ 107 s™).

2.6. Mechanical Behavior of Metallic Foams

2.6.1. Stress-Strain Curves

The stress/strain responses (Figure 2.18) exhibited by low relative density
cellular metals establish two aspects of their engineering utility: Firstly, their
relatively high stiffness and yield strength achievable at low density creates an
opportunity for ultra-light structures, with integrally bonded dense face sheets.

Secondly, large compressive strains achievable at nominally constant stress impart a
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high-energy absorption capacity at force levels relevant to crash and blast

amelioration systems [101].
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Figure 2.18 Ideal and actual compression stress-strain curves for a closed cell Al
alloy.

Initial structural analysis for the mechanical response of cellular solids
employed unit cells such as a hexagon in two dimensions or a dodecahedron or
tetrakaidecahedron in three dimensions. The simple geometry of the unit cell makes
the analysis tractable but may not give an exact representation of the real material,
i.e. foams. For example, Gibson and Ashby used a simple strut model, which use a
cubic cell to illustrate the argument [2, 3, 101]. An even simpler approach is to use
dimensional analysis to model the mechanisms of deformation and failure observed
in the cellular material without specifying the exact cell geometry. This approach
assumes that the cell geometry is similar in foams of different relative densities. It
can represent the dependence of the properties, on foam parameters in terms of some
empirical constants, but requires experimental determination of the constants related
to the cell geometry. A third approach is to use finite element analysis of either

regular or random cellular structures.
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Based on deformation behavior metallic foams can be divided into three
main groups; elastomeric, elastic-plastic, elastic-brittle, Figure 2.19, each of which

posses different mechanical responses under compressive and tensile loading.

2.6.1.1. Compressive Response

All types of foams, including honeycomb structures, show three different
deformation regions: linear elasticity at low stresses; long collapse plateau region;
densification in which the stress raises steeply, Figure 2.19. Depending on the
structure of the foams (open, closed or partially open) different deformation stages

are controlled by different mechanisms.
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Figure 2.19 Schematic compressive stress-strain curves for foams [3].
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In these structures, linear elasticity is controlled by cell wall bending or by
cell face stretching if the cells are closed. When loading is compressive the plateau
is associated with collapse of the cells; by elastic buckling in elastomeric foams
(rubbers, for example), by the formation of plastic hinges in a foam which yields
(such as a metal); and by brittle crushing in a brittle foam (such as a ceramic). When
the cells have almost completely collapsed, opposing cell walls touch each other and
further strain compresses the solid itself, giving the final region of increasing stress
(density of the material increases). Increasing the relative density of the foam
increases Young’s modulus, raises the plateau stress and reduces the strain at which

densification starts.

2.6.1.1.1. Elastic Region
The mechanism of linear elasticity of metal foams depends on whether the

cells are open or closed. At low relative densities, open cell foams deform primarily

by cell edge/wall bending, Figure 2.20.

j CELL EDGE

Ao F

N S

Figure 2.20 Cell Edge bending during linear-elastic deformation [3].

As the relative density (p'/p > 0.1) of the foams increased the contribution of

simple extension or compression of the cell walls becomes more significant. In
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closed-cell foams the cell edges both bend and extend or contract, while the
membranes which form the cell faces stretch, increasing the contribution of the axial
cell-wall stiffness to the elastic modulus.

Linear elasticity is limited to small strains, typically 5 % or less. In
compression tests, the stress-strain curve shows an extensive plateau at a stress,
elastic collapse stress. This kind of deformation is seen in elastomeric foams,
Figure 2.19 (a). The elastic buckling of the cell walls causes elastic collapse in
foams. The elastic collapse stress and the post-collapse behavior depend on whether
the foam has open or closed cells. Open cell foams such as polyurethanes, collapse
at almost constant load, giving a long flat plateau. In closed-cell foams
(polyethylene) the compression of the gas within the cells, together with the
membrane stresses, which appear in the cell faces, give a stress-strain curve, which

rises with strain.

2.6.1.1.2. Plastic Collapse and Densification

Foams made from materials, which have a plastic yield point (rigid polymers
or metals, for instance) collapse plastically when loaded beyond the linear-elastic
regime. This kind of behavior is seen in elastic-plastic type of foams, Figure 2.19
(b). Plastic collapse gives a long horizontal plateau to the stress-strain curve. Like
elastic buckling, the failure is localized in a band transverse to the loading direction,
which propagates throughout the foam with increasing strain. Plastic collapse in
open-cell foam occurs when the moment exerted on the cell walls exceeds the fully
plastic moment creating plastic hinges. Closed cell foams are more complicated
since the plastic-collapse load may be affected by the stretching as well as the

bending of the cell walls.
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2.6.1.2. Tensile Response

Tensile responses of different foams are shown in Figure 2.21. The initial
linear elasticity is caused by cell wall bending, plus stretching if the cells are closed.
In elastomeric foam larger strains rotate the cell edges towards the tensile axis,

increasing the stiffness of the structure.
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Figure 2.21 Schematic tensile stress-strain diagrams of foams [3].

In the plastic foams, rotation towards the tensile axis, gives a yield point
followed by a rising stress-strain curve, which is ultimately truncated by fracture. In
the brittle foam a crack nucleates at a weak cell wall or pre-existing flaw and
propagates catastrophically, giving fast brittle fracture. Some of the foams (rigid

polymer foams are examples) are plastic in compression but brittle in tension. This
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is because stress-concentrating effect of crack, which can cause cell wall failure and

fast fracture when loaded in tension, but which is less damaging in compression.

2.6.1.2.1. Elastic Region

The small elastic modulus of foam in tension is the same as that in
compression. The moduli of open-cell foams are determined by cell-edge bending;
those of closed-cell foams by edge bending and face stretching. The buckling, which
gives non-linear elasticity in compression is not possible in tension. Cell-edges,
which lie at an angle to the tensile axis, rotate towards this axis, and the bending

moment acting on them decreases, Figure 2.22.
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Figure 2.22 Alignment of the cell edges during tensile loading [3].

Initially elastic response is dominated by cell-edge bending but as the cell
walls rotate the stiffness rises. Experiments on real foams suggest that as the edges

become aligned, stretching, rather than bending, dominates the deformation.
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2.6.1.2.2. Plastic Collapse

A plastic foam yields in tension by the same mechanism as in compression.
But, the post yield behavior is rather different. In tension, rotation of the cells
reduces the bending moment so that after a strain of 1/3 the cell walls are
substantially aligned with the tensile axis; then further strain requires the plastic

extension of the cell walls themselves.

2.6.1.2.3. Brittle Fracture

Brittle fracture in tension is quite different from that in compression. In
compression, the foam crushes progressively; in tension, it fails by the propagation

of a single crack.

2.6.1.3. Determination of the Mechanical Properties

In general, the form of the stress-strain curves and the corresponding
mechanical properties of manufactured foams are related to their densities or
porosity contents, pore type, i.e. open, closed or partially open, and structure of the
cell walls. Determination of accurate strength or elastic moduli values has been
fundamental issue in correlating the mechanical properties of foams to their densities
or porosities. Therefore, various procedures have been used to define the strength of
the foams due to uncertainty in the compression strength values. In some cases,
upper or lower yield points are used for determination of strength or their average is
taken. When no such upper and lower yield points are observed and the plateau
region is rather smooth extrapolation of the plateau region to zero strain level gives
compression strength. It is also possible to define the strength at a certain
deformation level [102]. To determine the strength levels 0.2 % offset-method yield
strength values are also used in defining mechanical property-relative density

relation.
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The Young’s Modulus of a foam sample is not a material constant and
depends on the architecture of the foam. For porous materials it can be measured
using static and dynamic tests such as using direct measurement of strain as a
function of stress, by external LVDT’s placed between the loading platens, or by an
extensometer mounted directly on the specimens [5]. Measurement of the resonance
frequency of the material, ultrasonic methods and dynamic mechanical analysis can
also be used to get information about elastic properties [103]. Use of direct
measurement of strain as a function of stress may lead to measure the elastic moduli
lower than the expected value. Because, in metal foams three types of imperfections
degrade the stiffness and strength: cell edge curvature, material concentrated at cell
nodes rather than cell edges, and non-uniform foam density. Although all the
deformation is considered to be totally elastic in the linear section, presence of stress
concentrations in some locations results in early yielding of some cell walls and

edges in the elastic region.

2.6.1.4. Densification strain

The sharp increase in the compressive stress vs. strain curve at a nominal
strain is termed as densification strain [3]. Densification strain of foams depends on
cell topology. In some cases, it is defined as the strain at which the slope of the
tangent is equal to that of the elastic regime. On the other hand, some authors
[104, 105] defined this strain as the intersections of the tangents to the stress plateau
regime and densification regime. Since the deformation mechanisms in open and
closed cells are different, dissimilar densification strains are expected. Chan and Xie

[104] defined the densification strain, (&,) for metal foams with open and closed

cells considering tetrakaidecahedron cell geometry by the equations 2.4 and 2.5,

respectively;

g, =1-a % (2.4)
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€y :1_a0(ij2 (2.5)

where, p° / p is the initial relative density and the o, and o are the constants

that depends on the foam structure and the cell wall material.

2.6.2. Mechanical Models
2.6.2.1. Porosity and Pore Character

Porosity in materials affects physical properties such as fluid permeability,
thermal and electrical conductivity, dielectric constant, magnetic permeability,
diffusion coefficient and acoustic wave velocities as well as the mechanical
properties such as elastic moduli, yield, rupture or ductile strength [106].

As mentioned previously, it is possible to achieve various types of porosities
using different powder metallurgical production techniques and the amount, type
and distribution of porosity throughout the sample strongly influence the mechanical
properties. Many of the models proposed to predict the mechanical behavior make
use of various ideal stacking of powder particles or pores. Accordingly, it would be
appropriate to give the pore types prior to discussing the mechanical models based
on different type of pore morphologies.

As explained, there are mainly two different basic production methods that
yield different types of porosities. The first one utilizes the inherent pores between
packed particles, within various degrees of bonding, i.e. loose powder sintering.
Here, the amount of porosity and pore character are related to both the size and the
packing of the particles and their degree of bonding. The structure can be idealized
as stacking of spherical particles with various degrees of sintering bonds within the
confines of imagined space-filling polyhedral cells with the particles in the center of

the cells (Figure 2.23). The second method of forming porous solids involve
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introducing isolated or interconnected bubbles, using space holders removed during
subsequent sintering or other rigidization of the structure. The structure can be
idealized as building up porous solids by various stacking of polyhedra cells with
solid struts and walls and pore space inside, Figure 2.24.

Porosities and pore structures obtained may be fully open, less open or
closed. The amount and character of the porosity is directly related to the
surrounding solid. Porous materials can be characterized considering the size, shape
and coordination number (C,,) of the pores and the solid particles or ligaments that
define them, whether the porosity is open or closed, inter- or intragranular, single or
multi-modal, and its size and shape distributions and the overlap (or bond) area of
the pores (or surrounding particles). Table 2.6 lists some of the packing types of
solid spherical particles and resultant maximum porosities and also shape of the final

article subsequent to sintering.

Table 2.6 Coordination number, grain shape and resultant maximum porosities of
various powder-packing types [107].

: Coordination | Resultant dense grain | Porosity (%

Stacking No, G, shape (Maxim{ng) )
Simple cubic 6 Cube 47.6
Orthorhombic 8 Hexagonal Prism 39.5
Tetragonal 10 30.0
Rhombohedral 12 Rhombic dodecahedron 26.0
8 32.0
BCC 14 Tetrakaidecahedron 6.0
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Figure 2.23 Idealized stacking of uniform solid spheres (or pores) in, (a) cubic, (b)
orthorhombic, (c) rthombic arrays and the resultant grain shape at full density for
sintered sphere [108].

Figure 2.24 Idealized stackings of uniform foam cells, (a) cubic, (b) orthorhombic,
(c) rhombic [108].

2.6.2.2. Proposed Models

To describe the dependence of mechanical properties of materials to their
porosities, numerous empirical and theoretical relations have been proposed. The
empirical relations attempt to best-fit the experimental data, but the physical
meaning of the relations is unclear. Some of these equations relate the constants with
pore geometry. However, this has not significantly aided predictability. There are
two reasons why many of these previous curve-fitting studies have not been
successful. Firstly, the data they used were often variable in quality. The second and
most fundamental reason is the use of fixed character of porosity (e.g. all bubbles, or
all pores between particles of fixed shapes and stackings). However, most porous
bodies manufactured using powder metallurgical techniques contain more than one

type of porosity, e.g. partially sintered bodies of various particle sizes and packings
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result in varying porosity character. Moreover, pore character in materials is not
uniform and changes with the amount of porosity, e.g. as sintering occurs, the co-
ordination number of the particles increases from around 6-8 in the starting materials
to 12-14 at high densities. Thus, models based on single, fixed type porosity will
commonly deviate from actual data, due to neglecting the actual geometry and
distribution of porosity, or its change with porosity content [108]. However, the
theoretical models are based on some idealized microstructures, e.g. uniform
spherical, cylindrical or cubic pores are arranged in a cubic array.

Theories that have been postulated to characterize the mechanical properties

of porous materials can be classified into three categories;

1) Cross-sectional area models
2) Stress concentration models

3) Effective flaw size approach

In the cross-sectional area model, the actual load bearing area or the
minimum solid cross sectional area is used as the critical parameter. Whereas, the
stress concentration approach is based on the effect of pore shape on the resulting
maximum stress concentration. Stress concentrations from pores as well as cracks
and inclusions were seen as sources for crack propagation under tensile and
compressive loading. It was observed that under compressive loading the crack
propagation from pores would be greatly inhibited until much higher stresses are
reached, allowing pores to act as stress concentrators to active slip and twinning.

The compressive failure of brittle materials was said to be the result of
cumulative damage from a number of crack generation-linkage-propagation events.
In some studies stress concentrations from pores as well as cracks and inclusions
were seen as sources for crack propagation under tensile and compressive loading.

The last theoretical approach, called effective flaw size approach is based on

the existence of flaws before final failure in the vicinity of a pore or void surface

[109].
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2.6.2.2.1. Minimum Solid Area (MSA) Models

MSA models have been shown to be more accurately correlated with
properties than an accepted stress concentration model because interaction of pores
reduces their stress concentrations, leaving the minimum solid areas as the main
carrier of stress.

In MSA models the fraction of the zero porosity property values as a
function of the volume fraction porosity is equated to either the average or, more
commonly, the minimum, fraction of solid area of the total body area normal to the
reference (stress) axis. For sintered particles, MSA is the projection of the actual
sintered area (neck diameter) between the particles normal to the stress or flux,
Figure 2.25 (a). For foam type structures, it is the projection of the minimum web

area between adjacent bubbles parallel to the stress or flux, Figure 2.25 (b).
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Figure 2.25 Schematic illustration of minimum solid area (MSA) in, (a) partially
sintered powders, (b) foam samples.

According to purposed model, physical properties such as mechanical
properties (elastic properties, tensile and compressive strength, and hardness) and
electrical and thermal conductivity, i.e. properties determined by the local flux or
fields in the material, changes with minimum solid area. These properties depend on
both volume fraction and type of porosity. MSA normal to the stress (or conductive

flux) should dominate the transmission of stress (i.e. strain, fracture toughness or

61



energy, or strength) or conductive (thermal and electrical) fluxes through a body.
Properties not predictable with such models are those mainly determined by mass (
e.g. heat capacity) in which case a simple rule of mixtures of the property values for
the solid and pore (e.g. air or vacuum) volume fractions should be appropriate. In
the MSA models, the minimum, rather than the average, fractional solid area is more
logically the controlling factor and has been most commonly used. However, in a
few special cases, the average and minimal solid cross-sectional areas are equal, e.g.
for any type of long, parallel cylindrical or prismatic pores with the stress or flux
parallel to pore axis.

MSA models were developed for idealized structures containing uniform
spherical pores, cubical pores (stressed, normal to various orientations), solid
spherical particles (simple cubic, orthorhombic, and rhombic stacking), and aligned
cylindrical pores. Proposed models for foams assume mechanical properties are
determined by the properties and dimensions of the struts or webs between the pores
rather than the thicker cross-sections, i.e. the junction of two or more webs or struts,
which also neglects stress concentrations at such junctions [96, 108, 110, 111].

Minimum solid area fraction for cubic, orthorhombic and rhombohedral
packing of solid particles was calculated first by Knudsen [112]. An idealized
specimen was assumed to be composed of systematic arrangement of equal-sized
spheres. At some stage in the fabrication of the specimen they are presumed to
coalesce in the following manner: 1) The spheres draw together on their centers
without changing their relative angular orientation with respect to one another.
2) Each sphere flattens at the bond areas of contact with its neighbors. 3) Each
deforming sphere maintains its original volume, the displaced material redistributing
itself evenly over the residual curved surfaces. 4) As the porosity of the specimen
decreases, the size of the flattened areas of contact increases, until the original
spheres eventually become polyhedrons at zero specimen porosity. In the theoretical
specimen models, the contact areas are represented as flat junctions between perfect
truncated spheres. In idealized specimen models, the curved surfaces of adjacent
grains meet to form a sharp angle at the grain junction. In the actual coalescence of
most grains this sharp angle is filled by forces akin to surface tension and the

junction of the curved surface is meniscus shaped instead of angular. This

62



phenomenon increases the size of the contact area and, as can be seen in Figure 2.26,
the proportionate increase is greatest in the initial stages of sintering. This concept is

the basis for the hypothetical dashed curves in Figure 2.27.
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Figure 2.26 Schematic coalescence of (a) grains idealized geometry, (b) lens shaped
contact [112].
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Figure 2.27 Relation between porosity and contact area between two adjacent
spheres within different packing arrangement of coalescing spheres [112].
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Euder [113] used MSA concept to determine relative property-porosity
relations considering a simple cubic arrays of porous spheres in solid matrix. It was
assumed that the repeat distance of the lattice is 2h and the sphere radius is r as

shown in Figure 2.28 (a).
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Figure 2.28 Schematic drawings of the load-bearing area model for bulk samples
with, (a) spherical pores in cubic arrangement, (b) cylindrical pores parallel to the
tensile direction, (c) cylindrical pores perpendicular to the tensile direction.

Minimum load carrying area is defined as (2h)2 — nir” and the total bulk (non-

porous) area is (Zh)z. Then, based on MSA models relative property of interest,

M/M,, is equal to fraction of minimum load carrying area, which is given below;

M, (2h) 4

M (Zh)2 —7r? n(6
o

2/3
—) p?? =1-121p*"° (2.6)

3
where P is the porosity fraction and defined asén(%j . The form of the equation

changes when r>h (or p > n/6 = 0.524) as the spheres begin to coalescence. Above
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this porosity level transition from isolated and closed to open and interconnected
porous structures occurs.

Similar calculations can be done for cylindrical pores arranged parallel or
perpendicular to the testing direction. In the case of cylindrical pores arranged

parallel to the loading direction the porosity, (p), can be calculated as;

r 2
p= E(Wj 2.7)

The minimum load-bearing area is W> —zr”>. Then using MSA concept in
which relative property is approximated to the fraction of load-bearing area one can

obtain following relation;

— =1-p (2.8)

In a similar way, the relative property can be predicted for materials with
cylindrical pores with simple stacking arranged perpendicular to the testing
direction, Figure 2.28 (c) and cylindrical pores with hexagonal stacking arranged

perpendicular to the testing direction, respectively [114];

M
— =1-1.13p"? 2.9
M p (2.9

o

M
— =1-1.05p" 2.10
M, p (2.10)

Figure 2.29 shows calculated ratios of minimum bond area per cell to the cell
cross-section for different solid and pore stacking. As shown in Figure 2.29, each
curve of MSA model has three characteristics: beyond the initial, approximately
linear decrease of the minimum solid area (and hence the property value of interest)

on a semi-logarithmic plot versus porosity, the property of interest starts decreasing
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more rapidly, then, going to zero at a critical porosity, P, the percolation limit, is
where the bond area (or web area) between particles (or pores) goes to zero. For
pores in a matrix, it is the point at which the minimum web areas between particles

g0 to zero.

1_0 = T T T T T ¥ 3 1.0
: o 3

= 1.4 Cylindrical 3 I
(@] 0.5 ‘l:vore.in B 0.5 =
- . S
O =
b - w
£ £
< 01 0.1
w c &)
E 0.05 r \ 005 Z

B T
9 B l‘ Solid cubic g
-l - res in spheres kin
O rh?r:;oe:edrm l in cubic \ secne 5
L 0.01 | secking |Fcking | 0.01
% 0.005 ? ! 50550 0.005 é
g + ?5|_"25 combination 5
= I e ofz i3 =
= i l ﬁ

0.001 MBI PO Y AN NN AU N P ST A B % 1o

0 0102030405 060.708 0910
VOLUME FRACTION PORQSITY (P)

Figure 2.29 Models from the literature showing calculated ratios of minimum bond

area per cell to the cell cross-section for various solid sphere and pore stackings
[108].

If there is heterogeneous porosity in the material, combined effects can be

calculated in three different ways, Figure 2.29;

1) Rule of mixture (upper (Voight) limit);

M=p M, +p,M, (2.11)

where,

M : property of interest
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pi,p2  : volume fractions of different porosities
M, M, : Materials properties for different type and amount of porosities.

2) Lower (Reuss) bound;

M:& (2.12)
pM, +p,M,

3) Use of combination of upper and lower bonds

In some MSA models relative solid area (A/A,) and hence the property of a

material (M/M) has also been derived using an empirical exponential function in

the form of e [96, 106-120];

M
A M w (2.13)
Ao MS

A, A,: Solid areas of porous and pore free material, respectively
b : constant that depends on geometry of pores

p : fraction of porosity

The constant “’b’’ in Equation 2.13 is used to account for the porosity
dependence of mechanical properties in the low porosity range as shown in Figure
2.29 and corresponds to the slope of the initial approximately linearly decreasing
MSA, or property, with porosity on a semi-log plot corresponding to a given particle
stacking, and hence pore structure. This exponential relation was first proposed by
Duckworth [121] considering strength. Spriggs [122] used this exponential function
to define the relationship between porosity and relative Young’s Modulus.

The disadvantage of Equation 2.13 is that it can be used for only low values
of porosity (p < 0.30) since the boundary condition that property should be equal to

zero when porosity fraction is equal to 1 is not satisfied. Moreover, it is not zero
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when p — p, (critical porosity that corresponds to the percolation limit of the solid

phase). According to ‘Percolation Theory’ two critical porosity levels may exist in
the material. When the porosity reaches first critical value (p;) transition from
closed porosity to interconnected porosity with complex shape occurs. Finally, the
effective strength or elastic modulus vanishes when the porosity reaches the second
critical value (p;) or percolation threshold. For powder materials, p. is the tap
porosity before sintering. The value of the percolation threshold is a function of
powder size, shape, their distribution and the preparation method [123, 124].
Knudsen [112] obtained the theoretical p. values for solid spherical particles
arranged in cubic, orthorhombic and rhombohedral arrays as 0.476, 0.397 and 0.26,
respectively.

Use of Equation 2.13 may have three basic advantages. First, it is a
reasonable approximation for the actual case. Second, there are extensive data for
which the ‘b’ values have already been determined. Third, it provides a single
parameter, b, which can be correlated with pore character and can be readily adapted
for pore combinations via a weighted average of the b values. Some of the calculated
‘b’ values for different stackings are presented in Table 2.7. As shown in Figure
2.29 there is approximately linear decrease region of the minimum solid area (and
hence the property value of interest) on a semi-log plot versus porosity. Rice [107,
108, 110] has reported that in the low porosity range by use of this exponential
function it becomes possible to define the pore type and the mechanical behavior of
the manufactured porous samples. Use of exponential function is represented in

Figure 2.29 by linear lines having different ‘b’ values.

Table 2.7 Calculated ‘b’ values in Equation 2.13 for different stackings of
solid spheres and pores

Value of ‘b’ in . .
Equation 2.13 Stacking type of solid spheres or pores
9 solid spheres in rhombohedral packing
5 solid spheres in cubic packing
3 cylindrical pores in cubic stacking normal to stress
direction
14 cylindrical pores in cubic stacking parallel to stress
) direction
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This exponential form has also potential for being combined with the
similarly derived expression pertinent only for higher porosity levels, which has the

form,;
1—e®0P (2.14)

Variations in pore character, so the ‘b’ value, is related to powder used and
processing. Die pressing of powder results in random stackings of particles. Such
random stacking is similar in density to simple cubic stacking of uniform spheres
(b~5). If very high compaction pressure were used, lamination becomes increasingly
common. Such laminar porosities have b values similar to cylindrical pores of
similar orientation. Significantly lower b values are obtained for much larger
spherical or (approximately oriented) cylindrical voids obtained introducing bubbles
or fugitive particles or due to particle bridging. Moreover, use of particles with a
tendency to form chains is commonly obtained in dealing with sols such that these
leave significant interstices between the entangled chains. Another factor for low b
value is the use of extrusion which can lead aligned cylindrical porosity due to
possible alignment of some particle bridges, and especially the stringing out of
larger pores or binder material. Use of higher and uniform pressure result in denser
packing of particles. Extrusion at high pressure reduces particle bridging and the
extent of binder stringers. Samples formed by deposition of particles such as slip,
tape or pressure casting have higher densities. Similarly, hot pressing or HIP
(hot isostatic pressing) results in higher densities.

Using Knudsen’s assumptions, Wang [125, 126] calculated the minimum
solid area for simple cubic array of solid spherical particles to define elastic
modulus-porosity relation. He found a similar expression to that of Duckworth’s
[121] and Spriggs’s [122] relation, which uses an exponential equation. However,
his model is valid over a wider range of porosity. Proposed approximate solution in

terms of coefficients a and b, and with a quadratic exponent is as follows;
E=E,.eltre)] (2.15)
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It was found that additional higher order terms, i.e.dp’, can be included for

the region where the density is very close to packing density.

There are also several other studies that utilizes porosity to define
mechanical properties of porous materials. In an approach called Generalized
Mixture Rule (GMR) used for mechanical characterization, porous material is taken
as a class of two-phase composite composed of pore and solid material [106].
According to theory, any specific property of a material (M) can be expressed using

the formula given below;
N
M; => (VM) (2.16)
i=1

Where;
M: specific property
i:i" phase
J : Scaling fractal parameter controlled by shape, size and distribution of the

phases. (0<J<1)

Taking My as zero, Equation 2.16 turns into;

<

13
SRVl :(ch —(1-p)" (2.17)
p

S

<

S

M_.: Specific property of composite

Ms . Specific property of solid material

p :porosity fraction

Vs : volume fraction of solid material

p. : density of the composite (in this case porous material)

ps : density of solid material
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The exponent °’J’ in Equation 2.17 depends on the geometrical shape,
spatial arrangement, orientation and size distribution of pores and in turn on the
materials and the fabrication method, (i.e. cold pressing, sintering or HIP), e.g., J=1
for porous materials with long cylindrical hexagonal pores aligned parallel to the
stress direction. Generally scaling parameter, J, for intergranular, continuous and
channel pores cavities is smaller than the parameter used for intragranular, isolated
and rounded pores.

One of the most popular power law empirical equation similar to GMR

models was defined first by Balshin [127];

<

<= (1-p)" (2.18)

=

Constant ‘m’, equivalent to 1/J of Equation 2.17, is defined as adjustable
parameter and M in Equation 2.18 may represent any mechanical property
[115-117, 128].

When the material has porosities in the range pci-p. of the “’Percolation
Theory’” mentioned previously, mechanical properties of materials cannot be
represented by Equation 2.18 [106]. Thus, p in equation 2.18 for this intermediate
porosity region may be replaced reasonably by the effective porosity (p/p.) due to
interconnection of pores. The relation containing critical value of porosity, p., to

explain property-porosity relation was proposed first by Phani [117, 129];

M, :[1—£J (2.19)

Where, m is defined as a parameter dependent on grain morphology and pore
geometry.
Such normalization compresses the MSA model curves into a single

universal MSA property-porosity curve as indicated by dashed region in

Figure 2.30. There is very limited of normalization for tubular pores aligned with the
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stress axis and somewhat more for spherical pores, then more for tubular pores
aligned normal to the stress axis, and still progressively, more for pores between
particles of various packings sintered to various degrees. The consolidation to a
single curve suggests that there is a basic microstructural character to porous
structures that underlies the diversity of porosity dependence of various structures.
Above equations fit the porosity trends near the percolation limits well, but
this couldn’t always be reliably done over a wide range. One of the basic problems

with these equations is that the parameters all interact in one term.
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Figure 2.30 Minimum solid area curves with and without porosity normalization
[130].

Some models currently used for various foam structures are essentially
specialized minimum solid area models since they assume mechanical properties are
determined by the properties and dimensions of the struts or webs between the pores
rather than the thicker cross-sections, i.e. at the junctions of two or more webs or

struts, which also neglects stress concentrations at such junctions [110].

72



Models of Gibson and Ashby for elastic properties, toughness and strength of
very porous, cellular materials (porosities higher than 70 %) are basically
load-bearing models and neglect stress-concentrations [131].

Considering the linear-elastic deflection of open-cell foams, Gibson and
Ashby [2, 3] proposed a simple relation for the Young’s modulus of the cellular

materials resembling to Balshin’s equation and GMR model;

E, — C[p_] =C(1-p)" (2.20)

where;

E.: Young’s modulus of porous material
Es: Young’s modulus of pore free material
p : density of the porous material

ps : density of solid material

They found n=2 by fitting the available experimental data. For a porous
material with honeycomb structure parallel to the direction of pores they showed
that n value is equal to 1 and it is 3 when the direction is perpendicular. The detailed
explanation about Gibson and Ashby study will be given in the following sections.

There are also some studies on MSA models, which made use of direct
measurement of contact area between sintered powders. Danninger [132] used load
bearing cross-sections to characterize the Young’s moduli, yield strength, fracture
strength and fatigue limit of sintered iron at different temperatures and soaking
times. Load bearing cross-sections were measured on surfaces fractured using liquid
nitrogen. It has been found that there is linear relationship between yield strength,
cyclic properties and cross-section. For the fatigue limit, it was observed that one of

the decisive parameter was crack initiation. The crack initiation occured at the

73



largest clusters containing interconnected pores. The probability of the occurrence of
clusters increased with decreasing load bearing area.

A similar study was carried out by Yeheskel et al. [133] on sintered
prealloyed y-TiAl powder. They used BET measurements to determine the contact
area between the powders instead of optical or scanning electron microscopy. Plot of
elastic moduli versus the specific surface area showed a smooth and monotonic
increase with the increase of the contact area. They also found that there may be
shift in the properties for the same porosity levels for different production
techniques (CIP+sintering or HIP). This suggests that factors other than the contact
area, such as the nature of the inter-particle contact might contribute in determining
the properties.

MSA model assumes that different properties (E, G, B) have the same
dependence on porosity, it predicts a similar evolution of the MSA and the
considered property. However, in some studies [111] a deviation and fluctuation
have been shown for toughness and fracture energy. Rice [110] explained the
deviation from MSA models by crack branching and crack bridging mechanisms,
which appear for large cracks due to pore interactions. On the other hand, Reynaud
[111] attributed this behavior to the variation of grain size with porosity. As the
grain size gets smaller fracture mode became more transgranular.

The basic data quality problem in applying MSA models is the issue of the
homogeneity of the porosity. All properties dependent on MSA will be affected by
porosity heterogeneities. Test of the homogeneity of the samples is to compare
different directions of measurement (e.g. of elastic or conductivity properties) or
comparison of inter-related properties. Thus, comparison of Young’s Modulus with
shear or bulk or both is very useful. In particular, calculation of the Poisson’s ratio
and its dependence on porosity can be of considerable value, since it is fairly
sensitive indicator of differences, e.g. between E and G.

Moreover, MSA models do not consider the effect of anisotropy or other
non-uniformities. Knudsen [112] calculated bond areas for three different sphere
stackings, but only for one direction, essentially <100>, for each of these stackings.

In general, bond areas normal to the reference (e.g. stress, flux, etc.) direction play a
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major role in supporting load, heat conduction, etc. Areas at intermediate angles play
an intermediate role and areas parallel to such direction play even a lesser role.

In the MSA models, purely geometrical reasoning is used to predict the properties
on the weakest points within the structure. The microstructure that corresponds to

the MSA predictions is not exactly known [119].

2.6.2.2.2. Special MSA Models

There are some special MSA models studies used to determine the
mechanical property-neck size relation of partially sintered powders, which have
irregular porosities between them. They are based on the dimension of bonded cross
section (neck area) between powder particles that carry load.

During sintering atomic diffusion leads to formation of interparticle bonding
and shrinkage. Sinter bonding is the result of multiple transport mechanisms. For
example, in high temperature sintering bulk transport mechanisms are active and
induce densification. Strength of such compacts comes from further neck growth,
densification (removal of pores), and a higher coordination number for each particle.

So, in sintered compacts bonds between particles or grains determine the
strength [134, 135]. Nice and Shafer [136] derived a relation between strength and

neck size ratio of the interparticle bond;
2
9 _ A(EJ 2.21)

Where;

o, :wrought material strength

o]
A :empirical constant
X/D : neck size ratio (average interparticle neck diameter divided by average

particle diameter)
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This empirical relation is then, developed by studies of German [137, 138] and
Xu et.al. [134, 139]. Consider the geometry shown in Figure 2.31 with monosized
spherical particles with diameter D, interparticle neck diameter X and the angle a

between interparticle bond and the horizontal compression planes.

I
N

Figure 2.31 Schematic representation of clustered monosized spherical particles

In mechanical testing, initially, an effective bond area perpendicular to

compression axis was defined as;

2
A_; =Bond AreaxCoso = A = n(%) .Cosa (2.22)

There are several interparticle bonds per particle. However, not all of those
contribute to the strength. So, effective number of bonds that contribute the strength
was defined as;

NC,eff == (2.23)

a | Z

where,

Nc : average particle packing coordination number and it is defined as;
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N, =14-10.3(1- V)™ (2.24)
Vs: fractional density

Then, total effective bond area per particle is;
N
A o = XzCOSa(TCj (2.25)

The ratio (R) of total effective bond area to the projected particle area (Load bearing

area fraction) is;

N
A XZCOSO{:j NV XY
R = reffoul _ - [ C ](—j Cosa, (2.26)

A particle D ?
n N
2

Where, Aparicle 1S the projected area of a particle on horizontal plane.

There are many particles having various orientations relative to compression

axis. The ratio R can be computed as;

nf(&j(i} Cosaos :(&j(zj (2.27)
oL T AD n A\D

Due to load bearing area, the nominal strength can be approximated asc Vy,
where o is the strength of wrought material and Vs is the fractional density.

The presence of shoulders, threads and holes results in a localized high stress
known as stress concentration. In sintered compacts, failure at lower loads then

expected is associated with the stress concentrations at the inter-particle necks. The
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stress concentration factor is defined as the ratio of the peak stress in the neck region

to the nominal stress. Then the strength of porous material can be approximated as;

N 2
c=0,V, _C(Ej (2.28)
Kn\ D

Stress concentration effects are generally significant in brittle materials such
as ceramics and glasses failing from pores, i.e., when isolated (large) pores act as the
fracture origin [140].

The stress concentrations decrease when going from homogeneous uniaxial
tension, to tension, from bending to homogeneous uniaxial compression. Thus, upon
loading of a porous material in compression stress concentration may have very little
effect on yield and ultimate strength of the material. In fact, there is no concentration
of the compressive stress for spherical pores, only the occurrence of a localized
tensile stress whose maximum equals the value of the applied compressive stress
[141].

Average neck size ratio, (X/D), between the powder particles may be
determined by direct measurement of bonded area and average particle size in
fracture surfaces of powder samples by use of optical or scanning electron
microscopes or can be estimated by the formula given (for neck size ratio smaller

than 0.5) below;

2 1/3
(lj 4o (ﬁj (2.29)
D v

Similarly, Krasulin et al. [142] also studied the neck size (load bearing
cross-section) effect on the mechanical properties of sintered stabilized zirconia
microspheres. They derived the following formula for the strength of these partially

sintered samples;
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oo 3(1-P)(1-P)* (5) (2.30)
K R

o

Where;

K, :stress concentration factor, K _ = Kth(Lj
p+2y

p :density

Pc . critical porosity level
P : porosity fraction

X :neck size

R : powder particle diameter

As can be seen from studies of both Xu et al. [139] and Krasulin et al. [142]
studies a linear relation is expected between strength and square of neck size ratio,
(X/R)%.

In a recent study, Mizusaki et al. [143] used a model in which electrical
conductivity is described in terms of densification during sintering of porous
ceramic green ware. In another work, Mukhopadhyay and Phani [144] used the same
model for developing a relationship between the normalized minimum contact area
fraction of solid and Young’s modulus of porous ceramics. Then, they [145] tried to
find out a relation between normalized ultrasonic velocity (v/v,) and the volume
fraction of pores of some ceramic systems based on minimum solid area of contact
model.

These models predict the change in the relative density, p/p,, with the

progressive sintering. The thickening of the neck area is formulated using two si