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Compression and Sintering
of PowderMixtures: Experiments
andModelling

ByDidier Bouvard,*Claude Carry,
Jean Marc Chaix,Christophe M. Martin,
Jean Michel Missiaen, Laurent Perier-Camby,
Eric Serris, andGØrard Thomas

In numerous industrial fields, materials are manufactured

from powders. The most classical process consists in pouring

the powder into a die and pressing in between two punches.

The resulting component can be used in this state, as in the

pharmaceutical industry. But, most often, for example in

powder metallurgy or ceramic processing, it is submitted to a

thermal treatment, called sintering, during which the parti-

cles are welded together. These two stages, compaction and

sintering, have been extensively investigated in the last dec-

ades. The main physical mechanisms arising during both

stages have been identified and more or less sophisticated

models have been developed. However most of these studies

have concerned single-component powders whereas indus-

trial processes more frequently use mixtures of powders with

different physical and mechanical properties.[1,2] The interest

of using mixtures instead of single-component powders may

be to facilitate the compaction or the sintering or to create

alloys or composite materials with outstanding features.

Understanding and modelling the behavior of powder

mixtures require taking into account the mechanical and

chemical interactions between both phases. Concerning me-

chanical problems, in most cases, a simple law of mixture is

not appropriate. Classical models of multiphase materials

hardly give better results. Accounting for the granular nature

of the material is thus absolutely necessary. Relevant issues

are interparticle contacts, particle rearrangement, agglomera-

tion, phase percolation. The compressibility of bimodal mix-
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tures, for example, is mainly related with the ratio of the size

of particles of one phase to the size of particles of the other

phase.[2] Chemical phenomena involve more or less complex

phase transformations and chemical reactions. Such transfor-

mations or reactions usually occur during sintering but they

can also be generated when the material is still in the powder

state, for example during milling.[3]

Most research studies in the field of powder processing at

the Federation concern powder mixtures. Three examples are

presented in the following, illustrating recent research studies

on the behavior of powder mixtures during compression or

sintering.

Compaction of pharmaceutical powders. This method has been

developed to model compaction behavior of pharmaceutical

powders under uniaxial stress and furthermore to explain

compact properties. In pharmaceutical industry, the com-

pacts are usually cylindrical with possibly superior or inferior

spherical caps. Incomplete densification is favoured, so that

the tablet dissolution rate is fast, providing that the mechani-

cal strength is sufficient for industrial tablet handling.

Empirical models[4±7] have been developed to describe

tablet properties, such as porosity under pressure, relaxed

porosity, tensile strength. Last improvements are related with

the development of quasi-chemical (QC) models,[1,8,9] which

give a physical meaning to previous empirical descriptions

(for example laws[5] firstly used for metallic powders) and

allow textural characterisations of tablets with parameters

such as the specific surface area. Detailed QC models take

into account phenomena such as grain fracture and elasto-

plastic deformations.

A powder of grains ªAº exhibits porous spaces located be-

tween grains (inter-granular porosity) as well as inside grains

(internal porosity). In global quasi-chemical (GQC) models

these spaces are called vacancies, VG. During die pressing,

when the punch goes on, the vacancies coalesce and are anni-

hilated following the elementary reaction:

aAVG = 0 (1)

where aA is the reaction order (number of vacancies simulta-

neously annihilated). The evolution of the system is obtained

by writing at equilibrium the expression of the kinetic rate for

the two opposite QC reactions depending on pressure. So the

porosity±pressure n(P) relationship can be calculated as a

function of two parameters, the order aA and a constant KrA
(MPa±1 unit), called the compressibility factor. Examples of

the results obtained from such modelling for two pharmaceu-

ticals products, corn starch (CS) and aspirin, are given in

Figure 1.

To model the compaction of a mixture of two powders,

referred to as A and B, respectively, two methods have been

developed. The simplest method is based on the hypothesis

of the ideal mixture. The packing density (complementary to

unit of the porosity) of the mixture under a given pressure is

expressed as:

Cm
±1 = vACA

±1 + (1 ± vA)CB
±1 (2)

where vA is the volume fraction of phase A and CA (respec-

tively CB) is the packing density of powder A (respectively B)

under the same pressure. The relation CA(P) has been deter-

mined from experiments and modelled with coefficients ai
and Kri for each powder. However, deviations from this law

are observed, above all when particles of each powder have

very different sizes. These deviations may be explained by

two phenomena, insertion of small grains A in the porous net-

work of large grains B or substitution of clusters of small parti-

cles by a large grain. Both phenomena lead to a higher density

of the mixture. Models have been established for powder mix-

tures[10] and recently extended to the case of tablets.[1]

The main interest of QC treatments consists in predicting

the mixture behavior by calculation with very few experi-

mental data when the formulation is changed. The number of

experiments is greaterÐand the quality of predictions is bet-

terÐfor grain insertion/substitution models applied to sys-

tems under moderate pressure and high porosity (n about

0.25) than for ideal mixture models. Nevertheless ideal mix-

ture models are quite satisfactory for higher pressure, at

which insertion/substitution phenomena cannot occur any-

more (n about 0.1). In Figure 2 the compressibility curve of a

Fig. 1. Evolution of porosity versus pressure during die compaction under quasi-static
conditions for CS with particle size 20 ± 5 lm and sieved aspirin (AC180T) with parti-
cle size 180 ± 30 lm. Plain lines: experimental curves. Dotted lines: model curves (aCS
= aAT = 2, KrCS = 0.041 MPa±1, KrAC = 0.30 MPa±1). Experimental and model curves
for CS are perfectly superposed.

Fig. 2. Porosity vs. pressure for a mixture of CS with 40% volume fraction of AC180T
aspirin. Narrow line: experimental points. Dotted line: prediction by the ideal mixture
model. Bold line: GQC model (Krm = 0.21 MPa±1, am = 2).
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mixture of CS and 40% volume fraction of aspirin is com-

pared with theoretical predictions.

Mechanical behavior of compacted powder mixtures under devia-

toric stress. Consolidation of powder mixtures is a typical pro-

cess route to obtain metal±ceramic composites with high vol-

ume fractions of hard ceramic phase. Generally, a secondary

step is carried out in order to reduce porosity and/or to give

its final shape to the part. This may involve extrusion, rolling

or forging. Numerous authors have studied the densification

behavior of powder mixtures under isotropic or quasi-isotro-

pic pressure,[2,11,12] whereas the effect of deviatoric and tensile

stresses arising during shaping operations is poorly known.

This question has recently been investigated with powder

compacts containing a soft matrix powder of pure aluminum

with W2C hard particles.[13] Diametral compression[14] and

simple compression tests have been carried out with different

volume fractions of hard particles (0 to 60%), porosity con-

tents (0 to 0.25) and temperatures (room temperature and

450 �C).

In simple compression, the effect of the hard particles is

noticeable both on the measured stress and on the bulk defor-

mation of the compact.[13] A pronounced dilatant behavior is

observed. For example, the compact with the lowest relative

density (0.85) and the highest fraction of inclusions (60%)

exhibits a volumetric expansion rate twice as high as the com-

pressive strain rate in the direction of compression (Fig. 3).

Even compacts with low porosity and low fraction of hard

particles show significant dilatancy. This behavior is ex-

plained by the rearrangement of hard particle skeleton that

generates tensile strains responsible for the rupture of con-

tacts between soft particles. When the compacts are sub-

mitted to a significant tensile strain component, as during

diametral compression test, the measured strength is solely a

function of the relative density and does not depend on the

hard phase volume fraction (for the studied mixture, which is

constituted of small soft particles and large hard particles), as

shown in Figure 4. An interpretation of this observation is

given in terms of the total contact area formed plastically

between the soft particles during the compaction stage.[15] A

simple model has been proposed relating the tensile strength

to the total contact area formed plastically between soft parti-

cles during the compaction stage.[13] The total area is calcu-

lated as a function of the fraction number, particle co-ordina-

tion number and average contact area of soft particles. It has

been shown that this area is a strong function of the size ratio

between the soft and hard particles.

Solid state sintering of hard metals and heavy alloys. Hard met-

als (e.g., WC±Co) and heavy alloys (e.g., W±Cu or W±Ni±Fe)

are composite materials consisting in a ªhardº refractory

phase (WC or W) embedded in a ªsoftº metallic phase. These

materials are usually processed by liquid phase sintering.

However, a significant amount of densification can occur in

the solid state, during heating up to the sintering tempera-

ture.[16,17] The amount of densification in the solid state

increases when the particle size decreases and nearly full

densification can be achieved in the solid state for nanostruc-

tured powder mixtures.[18,19] This is a practical motivation for

more detailed studies of the mechanisms of solid state sinter-

ing of these materials. Recent studies have focussed on the

possible mechanisms of spreading of the binder phase

through the porous microstructure and on associated densifi-

cation.[20,21]

Fig. 3. Evolution of dilatation slope d (defined as the ratio of volumetric strain rate to
axial compressive strain rate) with relative density for different volume fractions of
hard particles. Every mark represents a test measurement. During the deformation of
the compact, the relative density is evolving. Hence the segments attached to each mark
represent the evaluated evolution of d during the test as the deformation proceeds.

Fig. 4. Tensile stress at failure for 0% to 60% W2C composites at room temperature.
The arrow indicates compacts for very different hard particle contents (0% and 60%
W2C) that exhibit very close tensile strengths for a given relative density.
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Analysing together the densification kinetics and the mi-

crostructural evolution can give a quantitative argument for

the possible mechanisms.[22,23] An important question is how

the spreading of the binder phase can induce rearrangement

of hard particles and consequently densification of the mate-

rial. This point can be discussed from the evolution of the

intercept length distributions in the binder phase and in the

porosity (Fig. 5). These distributions represent the volume

fractions of these phases having a given length in the direc-

tion of analysis. In order to compare the transferred volumes,

volume fractions are normalised by the total solid phase vol-

ume, which does not vary during sintering. In W±Cu materi-

als sintered at 1050 �C, the binder phase, which migrates into

the finest porous channels, leaves large pores of about the

same volume at its original place. In WC±Co materials sin-

tered at 1200 �C, the binder phase also migrates into the fine

porosity, but large pore creation is much more limited, while

the volume of small pores is significantly reduced, indicating

that spreading is accompanied by rearrangement and then

shrinkage of the hard particles skeleton. At lower tempera-

tures (1000±1100 �C), WC±Co materials behave like W±Cu

materials. The reason why spreading of the binder phase in-

duces or not rearrangement is not yet clear. It may be related

to the solubility of the refractory phase in the binder, which is

much smaller in W±Cu system than in WC±Co system, except

at low temperature. It may also depend on the amount of

grain boundaries of the hard phase, which controls the rigid-

ity of the hard particle skeleton. Work is in progress to give

an interpretation of the efficiency of spreading for re-

arrangement and densification in these systems, in relation

with parameters of the initial mixture (binder volume frac-

tion, grain shapes, grain size distribution, mixing process...).

The behavior of powder mixtures under thermal or me-

chanical conditions is mainly related with their granular

nature. Meaningful phenomena that have been evidenced

above are insertion/substitution of particles of one phase by

particles of the other phase, tensile strength of interparticle

contacts, rearrangement of particles due to external or inter-

nal forces. Although main phenomena have likely been iden-

tified, much remains to do for a precise quantification of rele-

vant material parameters (size, morphology, volume fraction

of each powder) on densification behavior and mechanical

properties. It should be emphasised the importance of taking

into account particle rearrangement in the analysis of the de-

Fig. 5. Evolution of the volume-weighted intercept
length distributions with sintering time: a) W±Cu
mixtures at 1050 �C (35 vol.-% Cu; 4 lm W; 10 lm
Cu), b) WC±Co at 1200 �C (14 vol.-% Co; 2 lm
WC; 1 lm Co).
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formation of most powder systems, even when this mecha-

nism is not the predominant one.[24] While rather simple ana-

lytical models showed some predictive capabilities for classi-

cal densification mechanisms such as plastic deformation and

diffusion, describing particle rearrangement indeed requires

numerical models simulating the behavior of a large number

of randomly packed particles.[25]
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