Effects of Liquid-Phase Composition on Its Migration
during Liquid-Phase Sintering of Cemented Carbide
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Functionally graded composite materials (FGM composites) with a gradient of matrix phase
can oﬀer improved properties. Liquid-phase sintering is one of the approaches for making such
materials with a desired gradient of the matrix phase by controlling the redistribution of the
liquid phase during sintering. The present study on cemented carbide, WC-Co, demonstrates
that the composition of the liquid phase (cobalt phase) is one of the key factors controlling the
liquid redistribution. The dependence of the ﬁnal gradient of the cobalt phase after sintering on
its own chemical composition proﬁle is quantitatively established, enabling the design and
manufacture of WC-Co with a cobalt-phase-volume gradient via predesigned gradients of
carbon content in the system.
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I.

INTRODUCTION

FUNCTIONALLY graded composite materials
(FGM composites) denote the composite materials with
gradients of microstructural variables, such as the
volume fraction of the matrix phase, the size of
dispersive phase, etc. The gradients may spread from
surfaces to the interior or from one part of a component
to another. Compared to conventional homogeneous
composite materials, FGM composites oﬀer superior
combinations of wear resistance, fracture toughness,
high-temperature strength, thermal properties, and,
hence, engineering performance.[1]
Although the potential advantages of FGM composites are easily understood, the manufacturing of FGM
composites is often diﬃcult and challenging. For some
composite material systems, liquid-phase sintering is one
approach that can be used to create graded microstructures, by manipulating the distribution and migration of
the liquid phase during sintering. During such processes,
a volume gradient of the matrix phase can either be
maintained, if there is an initial gradient in the green
compact, or be created during the sintering process.
During liquid-phase sintering, liquid-phase migration
(LPM), also termed liquid-phase redistribution, is a
physical phenomenon driven by the spontaneous tendency of the system to reduce its total interfacial energy.
This phenomenon is similar to but diﬀerent from the
well-known capillary-driven ﬂow in porous media,
because LPM can occur in a solid-liquid two-phase
system in the absence of any pore space, while the classic
capillary-driven ﬂow, resulting from the interaction
among three phases (solid, liquid, and gas), relies on
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the existence of capillary pores.[2] In the initial stage of
liquid-phase sintering, when a large volume fraction of
pores exists, the liquid distribution that contributes to
the densiﬁcation is dependent on the capillary-driven
ﬂow, as explained by the pore-ﬁlling theory.[3] After
pores are closed and eliminated with the progression of
the sintering, further liquid redistribution will be controlled by the mechanism of LPM, which is, in turn,
controlled by the minimization of interfacial energies;
this is the subject of this study.
The driving force of LPM can be measured by liquid
migration pressure, Pm. If Pm is initially inhomogeneous
within a system, the liquid phase will ﬂow from a region
of low Pm to a region of high Pm. It is worth noting that
the liquid migration pressure acts as an imbibition
pressure or negative pressure, according to its physical
eﬀect. The liquid migration or redistribution does not
stop until Pm reaches homogeneity everywhere in the
system.[2,4] In other words, the liquid distribution
reaches equilibrium when, and only when, the liquid
migration pressure becomes homogeneous in the system.
Therefore, if a factor aﬀects the value of Pm, it will aﬀect
the equilibrium of the liquid distribution and vice versa.
In order to control the liquid redistribution, it is
necessary to ﬁrst identify the key factors that aﬀect the
Pm and then quantitatively establish the dependence of
the Pm as a function of these key factors.
Liquid-phase migration is an interfacial-energy-driven
phenomenon. Any factor that aﬀects the total interfacial
energy in a system will aﬀect both the liquid migration
pressure and the equilibrium liquid distribution. Based
on the analysis on the interfacial energy in a simpliﬁed
model system,[5] liquid migration pressure in a solid/
liquid mixture during sintering was proposed to be
dependent of the following ﬁve factors: (1) the volume
fraction of the liquid phase, u, (2) the grain size of solid
phase, d, (3) the interfacial energy between the solid and
the liquid phase, csl, (4) the interfacial energy between
grains of the solid phase, css, and (5) the coordination
number of the solid grains, nc. In many practical
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sintering systems, the coordination number nc is found
to depend on the other three factors (u, csl, and css).[6,7]
For a system with a given solid phase, the solid-solid
interfacial energy css is ﬁxed, while the solid-liquid
interfacial energy csl varies depending on the composition of the liquid phase. In such cases, therefore, there
will be only three key factors that determine the liquid
migration pressure: the volume fraction of the liquid (u),
the solid grain size (d), and the composition of the liquid
phase.
The eﬀects of the liquid volume fraction and solid
grain size on the liquid migration pressure and liquid
distribution equilibrium have been demonstrated by
many experimental studies;[4,8–11] furthermore, for a
composite system (WC-Co), an empirical equation
describing the quantitative dependence of the liquid
migration pressure as a function of the liquid volume
fraction and solid grain size has been established[4] that
enables the prediction of the liquid-phase distribution
equilibrium for any given design of the grain size
distribution. In general, liquid migrates from a region
with a higher liquid volume fraction and larger solid
grain size to another region with a lower liquid volume
fraction or smaller grain size.
Regarding the eﬀect of the composition of the liquid,
however, there is still no concrete experimental evidence
and there is a lack of comprehensive understanding.
Although many experimental studies showed that equilibrium liquid distributions were aﬀected by the total
composition of the composite, there is no direct demonstration of the eﬀect of the liquid-phase composition.
For example, during the manufacturing of a functionally graded cemented tungsten carbide composite
(WC-Co), the overall carbon content of the composite
is a critical factor aﬀecting the formation of the cobalt
gradient.[11–16] It is well recognized that, when the
overall carbon content is too high, there will be free
carbon in the microstructure, while when the overall
carbon content is too low, Co3W3C (i.e., the g phase or
eta phase) will form.[18] Although the graded structure
can be engineered even in the presence of the g phase, as
in the dual-property carbide process,[12,13] free carbon,
or both the g phase and free carbon,[11,14–16] the
involvement of Co3W3C or free graphite during the
process makes it diﬃcult to distinguish the eﬀects of
the volume fraction of the liquid or the composition of
the liquid. The net independent eﬀect of the liquidphase composition is still to be demonstrated. Yet, it is
technically valuable to understand and exploit the
eﬀects of the liquid composition for many applications, because the involvement of a third or more of
the phases in a composite is often undesired. For
example, the brittle Co3W3C and graphite phases are
usually considered detrimental to the performance of
WC-Co.
In the present study, the eﬀect of the liquid-phase
composition on the liquid migration pressure and
equilibrium liquid distribution was investigated, using
WC-Co as a model system. In this model system, WC is
the solid phase and cobalt (with carbon and tungsten
dissolved from WC grains) is the liquid phase at
liquid-phase sintering temperatures. In the study, the
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liquid-phase (i.e., cobalt phase) distributions in liquidphase-sintered samples were examined using layered
specimen conﬁgurations; each layer had a diﬀerent
controlled liquid-phase composition. The composition
in each layer was carefully designed to ensure that other
phases, except for WC and liquid cobalt, did not form
during sintering, such that the eﬀect of the liquid-phase
composition on the equilibrium liquid distribution can
be unambiguously determined. In this article, we will
ﬁrst present the experimental observations of the LPM
in the specimens with a controlled liquid-phase composition. The dependence of the LPM pressure on the
composition in the cobalt phase was then obtained from
the experimental results. The experimental results were
then used to determine the numerical factors in a model
that combines the eﬀects of the volume fraction of the
liquid phase, the solid particle size, and the liquid-phase
composition for WC-Co systems, enabling the prediction of the equilibrium liquid distribution and the design
of the microstructural gradients for the manufacture of
functionally graded WC-Co.

II.

EXPERIMENTAL

The liquid-phase sintering of a tungsten carbide and
cobalt (WC-Co) system is used as a model material for
this study. In order to examine the eﬀect of the liquidphase composition on the equilibrium liquid distribution
in a WC-Co system, WC-Co samples of bilayered or
trilayered conﬁgurations, as shown by Figure 1, were
employed, with each layer having diﬀerent compositions. Figure 2 shows that the composition of each layer
was chosen within the WC/liquid Co two-phase region
at the sintering temperature. The compositions were so
chosen that neither Co3W3C nor graphite would form
during sintering. The composition points are labeled as
nCo(o), nCo(C+), nCo(C++), nCo(C), or nCo(C ), for
which the following is the case: (1) n denotes the Co
content in weight percent; (2) the subscript (o) stands for
C-stoichiometric (i.e., the molar ratio of C and W is
unit), the subscripts (C++) and (C+) for C-superstoichiometric or C-excess, respectively, and the subscripts

Fig. 1—Schematic of disk-shaped (a) trilayered and (b) bilayered
samples. After sintering, the diameter is approximately 15 mm; the
thickness of each layer in the trilayered samples is ~3 mm, while the
thickness of each layer in the bilayered samples is ~4 mm. Trilayered
and bilayered samples were used to qualitatively and quantitatively
evaluate the eﬀect of the liquid-phase composition on the liquid
distribution equilibrium.
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(C ) and (C) for C-substoichiometric or C-deﬁcient
respectively. The composite compositions with the same
subscript have the same liquid-phase composition. It is
worth pointing out that, although nCo(C++) and nCo(C )
are located at the boundary of the WC/liquid Co twophase region, the amount of the third phase (either
Co3W3C phase or graphite), if any, should be very small
in comparison with the majority WC phase, which,
hence, would have only a negligible eﬀect on the
equilibrium distribution of the liquid phase.
For stoichiometric compositions, powders of WC and
Co were mixed to prepare samples; for substoichiometric

Fig. 2—Compositions used for the present study, mapped in the
phase regions in the Co-W-C ternary system at the sintering temperature of 1400 C. Note that the original isothermal section of the
Co-W-C phase diagram was plotted in units of atomic percentage,[20]
while it is plotted here in weight percentage.

ones, WC, Co, and W were mixed; and for superstoichiometric ones, WC, Co, and graphite were used. The
WC and Co powders were supplied by Kennametal, Inc.,
(Latrobe, PA) W by Osram Sylvania (Danvers, MA),
and graphite by Alfa Aesar (Ward Hill, MA). The
particle sizes were WC ~ 2 lm, Co ~ 1 lm, and W ~ 0.6
to 0.9 lm.
The experimental procedure was as follows. (1)
Powders were mixed together with 2 pct paraﬃn wax;
the powder mixture was then milled in heptane in a
Nalgene bottle (Nalgene Labware) containing WC balls
for 14 hours on a rolling mill. (2) After milling, the
powder mixture was dried in a rotary evaporator at
80 C and then compacted at 200 MPa into layered
disk-shaped samples. (3) The disk-shaped samples were
dewaxed at 300 C before liquid-phase sintering in a
Red Devil vacuum furnace (R.D. Webb Company, Inc.,
Natick, MA), with a graphite heating element. The
temperature control and variation is within ±3 C, and
the vacuum can be controlled at 102 mbar at room
temperature and 101 mbar at 1400 C. (4) Liquidphase sintering experiments were carried out in the same
vacuum furnace. The samples were heated at a rate of
10 C/min to 1400 C, held at that temperature for
5 minutes, and then cooled rapidly in the furnace by
switching oﬀ the power. The cooling rate was approximately 40 C/min when the temperature was above
1200 C. The liquid-phase-sintered samples were sectioned and then polished for measuring the Co content
across each layer of the sintered sample using energydispersive spectroscopy (EDS) techniques (EDAX,
Ametek, Inc., Paoli, PA) that are integrated with
scanning electron microscopy (SEM) (SM-300, Topcon
Positioning Systems, Inc., Livermore, CA). The SEM
images of the sintered samples, as shown in Figure 3,

Fig. 3—Micrographs of a bilayered sample after sintering, showing no porosity.
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indicated that the samples were fully densiﬁed. The WC
grain size, d, was also measured on the SEM images of
the samples, using the mean linear intercept length
method (ASTM E112).
During analysis of the cobalt distributions of all the
layered samples in this study, the eﬀect of the grain size
was assumed to be negligible, based on the fact that the
grain size in any sintered layer of various compositions
was 0.95 ± 0.2 lm, which was within the error range of
the measurement technique. This is in agreement with
the result of the reported study on the eﬀect of the total
carbon content on WC grain growth, showing very little
diﬀerence in the WC grain size of the sintered samples
with various C content levels when the isothermal
holding time at the liquid-phase-sintering temperature
was very short (Figure 6 in Reference 17).
It is also assumed that the composition of the liquid
cobalt in each layer is thermodynamically at equilibrium, because the diﬀusion distances between the WC
and Co are so small that the dissolution equilibrium is
quickly obtained.[19] The equilibrium composition of the
liquid phase can thus be determined based on the total
composition of each layer and the isothermal section of
the ternary Co-W-C phase diagram at 1400 C.[20]
In order to understand the eﬀects of the liquid phase,
it is necessary to know the molar volumes of the primary
phases. At the sintering temperature, the molar volume
of WC can be calculated based on its dependence on
temperature, as reported in Reference 21. The molar
volume of the liquid Co phase can be determined based
on the dependence of the molar volume of the liquid
Co-W-C alloy on both the composition and the temperature; this was also reported in Reference 21. The total
volume of liquid Co phase can then be calculated based
on the Co content and the molar volume of the liquid

Co. The total volume of WC was calculated based on
the WC content and the molar volume of WC; the
volume fraction of liquid Co phase was obtained from
the total volume of the liquid Co phase and of the WC.
III.

RESULTS AND DISCUSSION

A. Experimental Observations of the Effects of LiquidPhase Composition on Liquid Migration
In order to qualitatively clarify the eﬀect of the liquidphase composition on the equilibrium distribution of the
liquid phase, four trilayered samples, with each layer
having the same Co but diﬀerent C content levels before
sintering, were sintered using the experimental procedures mentioned in Section II. The four samples can be
denoted as 10Co(C++)/10Co(o)/10Co(C+), 10Co(C )/
10Co(o)/10Co(C), 16Co(C++)/16Co(o)/16Co(C+), and
16Co(C )/16Co(o)/16Co(C). For example, the trilayered sample of 10Co(C++)/10Co(o)/10Co(C+) has three
layers. All three layers have the same initial Co content
of 10 wt pct, but the left layer has the highest initial C
content, the middle layer is stoichiometric, and the right
layer has a carbon content between the other two layers.
After liquid-phase sintering, the Co content proﬁles
for the two trilayered samples (10Co(C )/10Co(o)/
10Co(C) and 16Co(C )/16Co(o)/16Co(C)), are shown
in Figure 4. Obviously, a signiﬁcant Co redistribution or
liquid Co migration occurred during the liquid-phase
sintering. The proﬁle suggests that the liquid Co phase
migrated from the stoichiometric layers toward the
substoichiometric or carbon-deﬁcient layers. This
migration of liquid Co resulted in a Co content such
that the stoichiometric layer decreased while the Co
content in the carbon-deﬁcient layers increased.

Fig. 4—The Co-content proﬁles after the liquid-phase sintering of the two trilayered samples, with the middle layer stoichiometric and the two
side layers substoichiometric or carbon deﬁcient.
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Fig. 5—The Co-content proﬁles after the liquid-phase sintering of the two trilayered samples, with the middle layer stoichiometric and the two
side layers superstoichiometric or carbon excess.

Figure 5 shows the Co content proﬁles for the two
trilayered samples (10Co(C++)/10Co(o)/10Co(C+) and
16Co(C++)/16Co(o)/16Co(C+)); in these samples, the
middle layer has a stoichiometric carbon content while
the two side layers are superstoichiometric (i.e., carbon
excess). After sintering, the Co content increased in the
stoichiometric layer but decreased in the carbon-excess
layer. The result suggests once again that the liquid Co
phase migrated from the carbon-rich layers toward the
stoichiometric layers.
The observed direction of LPM in these two cases,
i.e., migrating from the C-stoichiometric layer to
C-deﬁcient layers (Figure 4) or from C-excess layers to
the C-stoichiometric (Figure 5) demonstrates clearly that
the liquid Co phase tends to migrate from locations with a
higher C content in the liquid Co phase toward the
location with a lower C content in the liquid Co phase.
The next step is to explain the fundamental reasons that
dictate the direction of the migration process.
Earlier in this article, the redistribution of the liquid Co
phase was described in terms of the change in the weight
percent of Co in each layer. However, liquid-phase
redistribution should be determined by the volume
fraction of the liquid phase rather than by the weight
percent, so the liquid Co phase distributions were
replotted in terms of the volume fraction of the liquid
Co phase, as shown in Figure 6 for the selected two
examples, 10Co(C )/10Co(o)/10Co(C) and 10Co(C++)/
10Co(o)/10Co(C+). Note that the volume fraction of the
liquid Co phase depends not only on the Co content but
also on the composition of the liquid Co phase that aﬀects
the density or molar volume of the liquid Co phase. The
method for calculating the volume fraction of the liquid
Co phase has been described in Section II.
As seen in Figure 6, if each layer maintained its initial
Co content by weight percent during sintering, there
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would still be a diﬀerence between the layers with
respect to the volume fraction of the liquid. If the liquidphase composition had had no inﬂuence on the equilibrium of the liquid-phase distribution, the diﬀerence in
the liquid volume fraction of the diﬀerent layers should
have decreased during sintering. To the contrary, the
experimental results showed that the diﬀerences in the
liquid volume fraction between the diﬀerent layers
increased during sintering, clearly demonstrating that
the composition of the liquid phase is a critical factor
aﬀecting liquid-phase distribution or liquid migration.
The fundamental hypothesis on the eﬀect of the liquidphase composition is that the speciﬁc interfacial energy
between the solid WC grains and the liquid phase cWC-Co
increases as the carbon content in the liquid Co phase
decreases. Thus, a layer with a lower C content in the
liquid phase will have a higher total interfacial energy
than a layer with a higher C content in the liquid phase,
provided the two layers initially have the same amount of
liquid phase. In other words, the liquid migration
pressure in the layer with a lower C content in the liquid
Co phase is higher. The diﬀerence in the total interfacial
energy or liquid migration pressure between the two
layers drives the liquid phase to ﬂow from the layer with
the higher C content to the layer with the lower C content.
The experimental results of this study also reconﬁrm
that eﬀects of the three key factors, the volume fraction
of the liquid Co phase, the grain size of WC, and the C
content in the liquid Co phase, on the liquid migration
during the sintering of the WC-Co system are as follows.
The liquid Co phase tends to migrate from a region with
a higher liquid volume fraction, larger WC grains, and a
higher C content in the liquid Co phase toward another
region with a lower liquid volume fraction, smaller WC
grain, and lower C content in the liquid Co phase, as
illustrated in Figure 7.
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Fig. 6—Liquid volume fraction proﬁles after the liquid-phase sintering of the two trilayered samples.

analyzed. Before the measured results of the Co distribution in the bilayered samples can be used for the
quantitative evaluation of the eﬀects of liquid-phase
composition, the following two issues have to be
addressed. (1) The liquid distribution between the two
layers must be at equilibrium and (2) the composition of
liquid phase must be determined.

Fig. 7—Direction of Co migration, dependent on the gradients of
the WC grain size, liquid Co volume, and C content in the liquid Co
phase.

In Section III–B, the analysis will establish a
quantitative correlation between the liquid-phase composition and the equilibrium distribution of the liquid
phase.
B. Quantitative Evaluation of the Effects of Liquid-Phase
Composition on Liquid Migration
In order to quantitatively evaluate the eﬀect of liquidphase composition on the liquid distribution equilibrium, a series of bilayered samples were sintered and
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1. Rates of liquid migration and carbon diffusion
and their effects on achieving equilibrium liquid
distribution
To analyze the entire evolution of the microstructure,
two separate processes must be considered: the diﬀusion
of carbon and the migration of liquid. The kinetics of
the two processes are critical to obtaining equilibrium
liquid distribution. When there is an insuﬃcient time of
sintering, liquid distribution may not be equilibrated
between diﬀerent layers; if there is an excessively long
time of sintering, the original diﬀerence in the liquidphase composition may be completely eliminated due to
diﬀusion. If the composition of the liquid phase is
homogenized across the specimens, the liquid-phase
distribution will then also be homogenized. If the
homogenization process of the liquid-phase composition
(i.e., diﬀusion in the liquid) were faster than the liquid
migration process, it would be diﬃcult to examine the
composition eﬀect on the redistribution of the liquid,
because the predesigned composition diﬀerence would
disappear before the liquid distribution reaches equilibrium. The actual situation during the sintering of the
WC-Co system, however, appears to be the opposite,
i.e., the liquid migration is faster than that of carbon
diﬀusion. Otherwise, the signiﬁcant redistribution of the
liquid Co phase due to the original composition
diﬀerence observed in the trilayered samples, as
described in Section III–A, would not have occurred.
METALLURGICAL AND MATERIALS TRANSACTIONS A

To further verify the relative kinetic eﬀects of carbon
diﬀusion and liquid migration in a WC-Co system, a
preliminary sintering test using a bilayered sample was
conducted, to determine an optimum length of time for
capturing the state of equilibrium liquid distribution.
The two layers, one with 6Co(o) and another with
16Co(o), had the same liquid-phase composition and
WC grain size but diﬀerent initial Co contents. After
sintering, the diﬀerence in the Co content between the
two layers was found to have disappeared completely,
indicating that the liquid migration was indeed a fast
process and a 5-minute holding at 1400 C was suﬃcient
for the Co distribution to reach equilibrium within the
sample of the selected geometry. This result veriﬁes that
the selected sintering procedure (i.e., heating at a rate of
10 C/min to 1400 C, holding at that temperature for
5 minutes, and then quickly cooling down in the
furnace) for making samples is suﬃcient for the liquid
distribution to reach equilibrium. The next issue is the
rate of carbon diﬀusion and the carbon content distribution proﬁle after 5 minutes of sintering.
2. Determining composition of the liquid phase
As has been pointed out, due to diﬀusion, the liquid
composition (more speciﬁcally, the C content) diﬀerence between the two layers will decrease during
sintering. Therefore, it is necessary to determine the
liquid-phase composition that corresponds to the
observed equilibrium distribution of the liquid phase
after sintering.
For the WC-Co system, it is diﬃcult to determine the
composition change in the liquid phase at the sintering
temperature. First, the measured composition of the
solidiﬁed Co phase is signiﬁcantly diﬀerent from that of
the liquid Co phase at the liquid-phase-sintering temperature, because of the precipitation of WC during
cooling. Second, because the amount of the Co phase is
quite small, a signiﬁcant composition change within the
liquid Co phase can consequently only result in a very
small corresponding change in the total composition.
Thus, the measured values of the total Co content and
the total W content oﬀer little information for quantitatively estimating the compositions in the liquid Co
phase. Therefore, to determine the composition change
vs sintering time, a numerical simulation is used to
estimate the changes in the composition by solving the
kinetic diﬀusion equation of carbon in liquid cobalt. It
should be noted, however, that, although both carbon
diﬀusion and liquid migration aﬀect the composition of
the liquid phase, only carbon diﬀusion was included in
the numerical simulations that compute the liquid
compositions, the justiﬁcation for which is also given
in the simulation that follows.
During the sintering of WC-Co with graded compositions, because the real process involves diﬀusion and
liquid migration, a comprehensive and precise simulation of the composition changes needs to take into
account the contributions from both the diﬀusion and
liquid migration, which will be mathematically too
complicated to solve and impractical for achieving the
objective of this study. However, it will be shown by the
following discussion that useful information can be
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 8—Schematic of the proﬁles of the carbon content [C] and
liquid volume fraction u in a bilayered sample, the C-transfer ﬂux
due to C diﬀusion (JC,diﬀ), and the C-transfer ﬂux due to the liquid
migration induced by the C diﬀusion (JC,migr).

obtained by dealing with the diﬀusion problem only,
without taking into account the eﬀects of liquid migration; this signiﬁcantly simpliﬁes the process and still
achieves the goal of this study.
Referring to Figure 8, consider a bilayered sample
with one layer on the left having a lower C content and
the other on the right having a higher C content.
Assuming that, at time t0, corresponding to the
C-content proﬁle of the lower solid line [C]0, the
equilibrium liquid distribution across the bilayered
sample is given by the proﬁle of the volume fraction of
the liquid Co phase as the upper solid line u0.
As the time increases, the C content in the left layer
will increase at the expense of the C content in the right
layer due to a leftward carbon diﬀusion ﬂux (JC,diﬀ). The
increased C content in the left layer and the decreased C
content in the right layer break the balance of the liquid
distribution established based on the previous C content
proﬁle in the two layers, leading to a rightward liquid
migration and, consequently, a rightward carbon ﬂux
(JC,migr) due to this migration, indicating that C diﬀusion will induce a liquid migration in the opposite
direction of the diﬀusion. Diﬀusion contributes positively to the composition homogenization, while the
liquid migration in the opposite direction contributes
negatively to the composition homogenization. The
total carbon ﬂux, JC,total (=JC,diﬀ  JC,migr), is smaller
than the ﬂux that is solely due to diﬀusion. Therefore,
composition homogenization in the real process is
slower than that in a simpliﬁed simulated process that
takes into account only diﬀusion but not liquid migration. In other words, the upper limit of the extent of the
composition homogenization in the real process can be
predicted from the simulation that takes into account
only diﬀusion. The simpliﬁed simulation procedures are
described as follows.
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At any given temperature, the W and C contents in
the liquid Co phase are interdependent with each other
due to the solution equilibration of WC in the liquid Co
phase, [W](in Co) + [C](in Co) = WC(s). Therefore, the
change in the liquid-phase composition can be examined
in terms of either the W or the C content. In this study,
the change in the C content was examined.
The governing equation for the diﬀusion process is
Fick’s second law, which is
@½C
@ 2 ½C
¼ Deff 2
@t
@ x

½1

where [C] is the carbon content in the liquid Co phase
(mol/m3), t is the time (seconds), x is the distance (m),
and Deﬀ is the eﬀective diﬀusivity (m2/s). It should be
noted that, in a composite material in which the binder
phase occupies only a small portion of the total volume,
the eﬀective diﬀusivity Deﬀ is much smaller than the
diﬀusivity D in the binder phase; in addition, there is an
empirical relation between them:[26]Deff ¼ u2 D; where u
is the volume fraction of the binder phase.
Because reliable data on the diﬀusivity of C in the
liquid Co phase are not available in the literature, more
reliable data of the diﬀusivity of C in the liquid Fe phase
were used in this study as an approximation. The
diﬀusivity at 1400 C was therefore estimated to be
1.3 9 108 m2/s, based on the diﬀusivity of C in the
liquid Fe phase at 1550 C[27] and the activation energy
of the diﬀusivity of C in the liquid Fe phase.[28]
As an example, the change in the liquid-phase composition in a bilayered sample, 10Co(o)/10Co(C++), was
simulated with the calculated proﬁles of the C content
plotted in Figure 9. Because diﬀusion in solids is much
slower than in liquid, the C content change in each layer
should be considered solely based on the diﬀusion when
the binder phase was at liquid state. According to the
sintering procedures used in the present study, the time
period during which the binder phase was in the liquid
state was estimated to be 15 minutes. Therefore, the
C-content proﬁle at 15 minutes was plotted. It can be

Fig. 9—Estimation of the liquid-phase composition (molar fraction
of carbon) after sintering (i.e., at t = 15 min), via simulation of the
C-diﬀusion process in the bilayered sample, where the left side is
10Co(o) and the right side 10Co(C++).
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seen from the plot that the change in the C content in the
middle, in an approximately 2-mm-thick zone of each 4mm-thick layer, is quite small. In contrast, the change in
the C content in the region neighboring the interlayer
boundary is more signiﬁcant.
Bearing in mind that the extent of the composition
homogenization in the real process should be smaller
than that predicted by the simulations discussed earlier,
in which only diﬀusion was taken into account. The
change in the liquid-phase composition in the middle
zone of each layer during sintering should be negligibly
small and thus the C content in the middle zone of each
layer maintains the initial C content of each layer.
Therefore, in this study, the initial liquid-phase compositions in each layer can be used for evaluating the eﬀect
of the composition of the liquid phase on the migration
and the ﬁnal equilibrium distribution of the liquid
phase.
The simulation results indicate that the change in the
liquid Co phase in the 2-mm-thick middle zone of each
layer during sintering is negligibly small; thus, the liquid
phase in the middle zone of each layer maintains its
initial composition. Therefore, the initial compositions
of the liquid phase in each layer were used to evaluate
the eﬀect of the composition on the liquid distribution.
To correlate the carbon content distribution with the
liquid redistribution, bilayered samples were sintered.
The bilayered samples were designed to have a diﬀerent
initial carbon content. After sintering, the Co content
was measured across the two layers of each bilayered
sample. It was found, as shown in Figure 10, that the Co
content in one layer was signiﬁcantly diﬀerent from that
in the other layer, demonstrating the eﬀect of the C
content on the liquid distribution. It was also noted that
the Co contents near the interlayer boundary were
diﬀerent from that in the middle zone of each layer and
that the Co contents near the two ends of the sample
were usually lower. The former phenomenon may be
attributed to the C-content change near the interlayer
boundary due to the C diﬀusion, while the latter may
have resulted from the carburization of the sample

Fig. 10—Cobalt content proﬁles after liquid-phase sintering of the
two bilayered samples.
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Table I.

Measured Co Distribution in Sintered Bilayered Samples and Other Relevant Data Necessary for Quantitative Evaluation
of Liquid-Phase Composition Eﬀect
Layer 1

Label
10Co(o)
10Co(o)
10Co(o)
10Co(o)
10Co(o)
16Co(o)
16Co(o)
16Co(o)
6Co(o)
6Co(o)
6Co(o)

Layer 2

Co (Wt Pct)

u

WC (lm)

Dx[C]

Label

Co (Wt Pct)

u

WC (lm)

Dx[C]

9.43
8.44
11.26
10.68
9.96
15.89
14.90
13.76
8.05
7.24
6.49

0.2203
0.1991
0.2584
0.2465
0.2315
0.3491
0.3304
0.3084
0.1906
0.1728
0.1561

0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95

0
0
0
0
0
0
0
0
0
0
0

8Co(C++)
6Co(C++)
16Co(C )
14Co(C )
12Co(C )
14Co(C++)
12Co(C++)
10Co(C++)
12Co(C )
10Co(C )
8Co(C )

8.67
7.56
14.05
12.68
11.51
14.03
12.96
12.39
9.54
8.43
7.39

0.1977
0.1744
0.3380
0.3087
0.2832
0.3030
0.2828
0.2719
0.2390
0.2134
0.1889

0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95

0.02484
0.02484
0.01850
0.01850
0.01850
0.02484
0.02484
0.02484
0.01850
0.01850
0.01850

surface during sintering, noting that a higher C content
induces a lower Co content. In order to minimize error
in the evaluation of the composition eﬀect, only the Co
contents measured in the 2-mm-thick middle zone of
each layer were used to calculate the average Co content
in each layer. In total, 11 bilayered samples were
sintered for the quantitative evaluation of the composition eﬀect on liquid distribution. The results are listed
in Table I.

3. Modeling the dependence of liquid migration
pressure on carbon content
As described in Section I, the eﬀects of the key factors
on the equilibrium liquid distribution are manifested on
the liquid migration pressure. To obtain a quantitative
understanding of those eﬀects, the dependence of the
liquid migration pressure on the key factors must be
established.
Based on the experimental studies by Lisovsky[8,22–24]
on the dependence of the liquid migration pressure on
the liquid volume fraction and the study by the present
authors[4] on the dependence of the liquid migration
pressure on the WC grain size, the following empirical
equation is available:
Pm ¼ 2048½ð1=u  1Þ1=3  1:41u=d0:4

½2

where Pm is the liquid migration pressure (Pa), u is the
liquid Co volume fraction, and d is the WC particle size
(linear intercept length) (m).
Equation [2] is satisfactory when applied to WC-Co
systems with a stoichiometric carbon content. In order
to describe the eﬀect of the carbon content when
WC-Co is not at stoichiometry, however, the equation
has to be modiﬁed to include additional terms. Therefore, the following equation is proposed in this study:
Pm ¼2048ð1 þ b1 Dx½C þ b2 Dx2½C Þ
 ½ð1=u  1Þ1=3  1:41u=d0:4

½3

where Dx½C is the diﬀerence in the molar fraction of
C in the liquid Co phase with respect to stoichiometry and b1 and b2 are empirical coeﬃcients to be
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determined from the experimental results. As noted
earlier, bilayered samples were used in this study to
determine the numerical coeﬃcients.As shown in Table I,
the bilayered samples were designed such that the C
content in layer 1 was stoichiometric, i.e., ðDx½C Þ1 ¼ 0;
while the C content in layer 2 was nonstoichiometric,
i.e., ðDx½C Þ2 6¼ 0: The WC particle sizes in the two
layers were the same, i.e., d1 = d2. Subscripts 1 and 2
denote layers 1 and 2, respectively. As explained in
Section I, when the equilibrium liquid distribution was
reached in the WC-Co bilayered sample, the liquid
migration pressures in the two layers would equalize,
i.e., ðPm Þ1 ¼ ðPm Þ2 ; which results in the following
equation based on Eq. [3]:
½ð1=u1  1Þ1=3  1:41u1 
¼ ½1 þ b1 ðDx½C Þ2 þ b2 ðDx½C Þ22 ½ð1=u2  1Þ1=3  1:41u2 
½4
Rearranging this equation leads to
f¼

ð1=u1  1Þ1=3  1:41u1
ð1=u2  1Þ1=3  1:41u2

¼ 1 þ b1 ðDx½C Þ2 þ b2 ðDx½C Þ22
½5

Using Eq. [5], b1 and b2 were obtained by linear
regression based on the data of the liquid Co volume
fraction (u) and the molar fraction diﬀerence of the C in
the liquid Co phase with respect to stoichiometry
ðDx½C Þ; as listed in Table I. The results were b1 = 9
and b2 = 155.
The dependence of Pm as a function of u, d, and Dx[C]
is thus expressed as
Pm ¼2048ð1  9Dx½C þ 155Dx2½C Þ
 ½ð1=u  1Þ1=3  1:41u=d0:4

½6

where Pm is the liquid migration pressure (Pa); u is the
liquid Co volume fraction; Dx½C is the diﬀerence in the
molar fraction of C in the liquid Co phase with respect
to stoichiometry; and d is the WC particle size (linear
intercept length) (m).
VOLUME 40A, AUGUST 2009—2003

Fig. 12—Iso-Pm contour lines as a function of the Co and C
contents at the ﬁxed WC grain sizes of (a) 1 and (b) 2 lm.

there is neither eta phase nor graphite at the temperature, and (3) the WC grain size after sintering is from 0.6
to 7.5 lm.
C. Application of Model to Design of Co Gradient by
Controlling C Content and WC Particle Size

Fig. 11—Comparison of measured liquid distribution equilibrium
(straight thin lines connecting two squared or diamond marks) with
the iso-Pm contours (thick solid lines) predicted by the model
(Eq. [6]) (a) as a function of Co and C contents at a ﬁxed WC grain
size of 0.95 lm and (b) as a function of the Co content and WC
grain size at a ﬁxed C content in the liquid Co phase corresponding
to the stoichiometric composition. The experimental data in (a) were
from the present study, while those in (b) were from Ref. 4
(diamond points) and Ref. 25 (squared points).

To demonstrate the reliability of this model, iso-Pm
contour lines calculated from Eq. [6] were plotted in
Figure 11. The measured equilibrium liquid distribution
for various bilayered samples in this study and in other
reported studies[4,25] were included for comparison. The
equilibrium liquid distribution should, in theory, follow
the iso-Pm contour lines. The line that connects each
pair of layers in a sintered bilayered sample is an
observed equilibrium of liquid distribution. Figure 11
shows a good agreement between the measured connecting lines and the iso-Pm contour lines, indicating
that the model predicts the equilibrium with reasonable
accuracy under the following given conditions: (1)
1400 C, (2) the compositions of WC-Co are such that
2004—VOLUME 40A, AUGUST 2009

The establishment of the dependence of the liquid
migration pressure as a function of the volume fraction
of the liquid Co phase, C content, and WC particle size
serves as a tool for the custom designing and manufacturing of WC-Co FGM composites. As mentioned in
Section I, the equilibrium liquid distribution is reached
when the liquid migration pressure is uniform throughout the composite material. For any given value of the
liquid migration pressure, the volume fraction of the
liquid Co phase varies with the C content and WC
particle size. A desired Co gradient can be acquired by
predesigning a suitable gradient of the C content and
WC particle size. This approach can be readily used to
design various bilayered, multilayered, or continuously
graded structures of WC-Co.
To illustrate the utility of Eq. [6], contour plots of Pm
as a function of the Co and C content at constant WC
particle sizes of 1 and 2 lm are computed using Eq. [6]
and plotted in Figure 12. Any two points on the same
contour line have the same liquid migration pressure
and thus can represent the ﬁnal or equilibrium Co and C
contents in a bilayered WC-Co structure. Therefore,
these contour line plots can be used to custom design a
WC-Co composite with a Co gradient by varying the C
gradient.
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½1 þ b1 ðDx½C Þ1 þ b2 ðDx½C Þ21 ½ð1=u1  1Þ1=3  1:41u1 =d0:4
1
¼ ½1 þ b1 ðDx½C Þ2 þ b2 ðDx½C Þ22 
 ½ð1=u2  1Þ1=3  1:41u2 =d0:4
2

½7

Solving Eq. [7] with the available values of u1 and u2 can
lead to a series of solutions of (ðDx½C Þ1 ; d1; ðDx½C Þ2 ; d2).
Based on practical considerations, one can select one
solution among multiple solutions for use in designing
the desired graded WC-Co.

IV.

Fig. 13—Iso-Pm contour lines as a function of the Co and WC grain
size at ﬁxed liquid-phase compositions of (a) stoichiometry (Co(o)),
(b) superstoichiometry (Co(C++)), and (c) substoichiometry
(Co(C )).

Similarly, contour plots of Pm as a function of the Co
content and WC particle size at stoichiometric, superstoichiometric, and substoichiometric C compositions
are also computed using Eq. [6] and plotted in
Figure 13. These contour line plots can be used to
design and fabricate WC-Co composites with a Co
gradient by varying the WC particle size gradient.
It is possible to design and fabricate WC-Co with a
Co gradient by varying both the C content and WC
particle sizes. For this purpose, the contour surfaces
(rather than the contour lines) of Pm as a function of the
Co content, C content, and WC particle size must be
computed and plotted. However, an alternative to using
contour surfaces is to numerically solve Eq. [6]. Suppose
that a WC-Co bilayered structure with the liquid Co
volume fractions of u1 and u2 needs to be fabricated by
varying both the C content and WC particle size in each
layer. According to ðPm Þ1 ¼ ðPm Þ2 and Eq. [6], it is
necessary to have
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SUMMARY

In the present study, the eﬀect of the liquid-phase
composition on the liquid migration and equilibrium
liquid distribution during the liquid-phase sintering of
composite materials was investigated. The investigation
was carried out by examining the liquid distribution in
the liquid-phase-sintered specimens with layered conﬁgurations. Each layer of the specimen was designed to
have diﬀerent liquid-phase compositions. The experimental results clearly demonstrated that the liquidphase composition is one of the key factors controlling
the LPM and liquid equilibrium distribution. The eﬀect
of the liquid-phase composition on the liquid distribution equilibrium was attributed to the change in the
interfacial energy at the solid-liquid interface.
A composite material, WC-Co, was used as a model
system in this study. It was found that the liquid phase
migrated from the region with the higher C content in
the liquid phase toward that with the lower C content.
The dependence of the liquid migration pressure (the
driving force of the liquid redistribution) on the composition of the liquid phase was obtained based on the
experimental results. In combination with a previously
reported study on the eﬀects of the liquid volume
fraction and solid grain sizes, the dependence of the
LPM as a function of all three key factors (the liquid
volume fraction, solid grain size, and liquid-phase
composition) was quantitatively established for this
material system, enabling quantitative predictions of
the equilibrium liquid distribution and the design of the
desired functionally graded WC-Co.
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