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Direct observation of liquid-phase sintering
in the system tungsten carbide-cobalt
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The hot-stage of a scanning electron microscope has been used to observe liquid-phase
sintering in the system tungsten carbide-cobalt. Densification behaviour and the mechan-
ism for the first, fast stage of sintering have been determined; the influence of particle
size and the amount of liquid phase has been investigated. In all samples the densification
kinetics is that of a rearrangement process; direct observation confirmed this result.

1. Introduction

Liquid-phase sintering is an important fabrication
process. It is necessary that the relation between
the properties of a system and the developing
density and microstructure be understood, The
availability of a hot stage for the scanning electron
microscope with the necessary temperature capa-
bility [1] allowed a new approach to the study of
densification in many systems.

WC~—Co is an interesting system for an examin-
ation of liquid-phase sintering from two different
points of view: it is a material of great practical
importance and it is theoretically interesting be-
cause it is one of the systems where complete
densification is reached in very short times. This is
due to the properties of the system that are essen-
tial for good sintering behaviour: complete wet-
ting, zero dihedral angle, and solubility of WC in
the liquid metal phase. For a discussion of the
proposed densification mechanisms in liquid-phase
sintering and of the possible influences of the
properties of the system on the densification, see
[2].

The fast densification (rearrangement) after the
first appearance of the liquid phase in this system
is an obstacle for a determination of sintering
kinetics. The very few shrinkage measurements for
the early stage, using direct optical observation of
the sample, by Kingery et al. [3], Cech [4], and
Exner [5] find a time-proportional shrinkage that
leads to nearly theoretical density within 2 min of
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sintering for samples with more than 7 wt % cobalt
and tungsten carbide particle sizes of less than
3 um. For lower amounts of liquid phase or for
coarser particles, a second, slower densification
region follows. Kingery [3] found for this part of
the densification curve a time exponent of 1/3.
These observed kinetics correspond with Kingery’s
model calculations [6] for rearrangement and
diffusion-controlled solution-precipitation. These
mechanisms have been accepted.

There are, however, problems in this interpret-
ation. Exner [5] also measured linear shrinkage
for WC—10wt% Co sintered below the eutectic
temperature. He found an activation energy for
densification in this stage of 60kcalmol ™', This
same activation energy was also determined above
the melting point. This seems to suggest that the
presence of the liquid phase has no influence on
sintering and so Exner doubts the validity of
Kingery’s model without proposing another mech-
anism.

For the second densification stage (solution-
precipitation), a slope of 1/3 in the AL/L, versus
In time plot is subject to question. Prill ef al. [7]
and Exuner [5] argue that a solution-precipitation
process starts only after the rearrangement has
ceased so that the time zero and initial density
have to be chosen at the end of stage I. A replot of
Kingery’s data under this assumption changes the
slope significantly. This replot seems to be very
sensitive to the choice of time zero, because the
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two authors get different results for the same
curve reported by Kingery (1.0 [5] and 0.5 [7]).

A third point is that Kingery’s method of
separating the densification curve into at least two
parts with constant time exponents does not seem
to be necessary. Shrinkage measurements for these
curves show a continuous change of slope [2, 5].

This work was undertaken to apply the new
technique of hot-stage scanning electron micro-
scopy in order to get a continuous determination
of shrinkage and a parallel observation of micro-
structure. The technique is relatively simple. For
powder compacts, where the powder particle size
is less than 2 um, aluminium oxide microspheres
were placed on the surface and a continuous
record was made of the marker positions by
filming the TV screen of the SEM during the sin-
tering run. Later the film was analysed and the
relative shrinkage on a statistical basis was cal-
culated for the entire run. Knowing the green or
final density, the density at any time could easily
be calculated from the shrinkage measurements.
By taking one photograph of the TV screen each
0.5sec even rapid changes in density can be cal-
culated. This should be especially helpful to obtain
new results for the first, fast part of the densifi-
cation.

2. Experimental procedure

The starting powders were commercial tungsten
carbide and cobalt, sieved into different size
fractions. The WC particle size fractions were
<10 um (Fischer SSS 2.2 um), 10 to 30 um, the
cobalt was always in the same size range. Mixtures
of the two powders with 2, 4, 6, and 10wt%
cobalt were prepared by mixing in alcohol for

24h. Samples 3/16in. diameter were cold-pressed
to green densities of about 60% theoretical den-
sity. In addition, commercial samples with the
same Co contents have been used. The WC-10
wt % Co was provided by Plansee Werke, Austria;
the particle size of the WC before 120 h of milling
was reported as 2.5 um. The samples with 2,4 and
6wt % Co were provided by Friedr. Krupp GmbH,
Germany; the WC particle size of this material was
0.8 um.

To remove oxide films from the surfaces, all
samples were prefired for 1 h at 800° C in helium—
4% hydrogen. The sintering was carried out in the
hot-stage of a scanning microscope; the details
have been described previously [1]. For controlled
heating experiments, the samples were heated to
1150°C in about Smin, held isothermally for
another 5min and then heated to 1380°C at a
constant rate. In an experiment to determine iso-
thermal sintering, the samples were heated from
1000° C to about 1380°C in about 0.8 min and
held at this temperature.

3. Results and discussion
3.1. Influence of liquid-phase volume on
shrinkage

To find the influence of different parameters
(content of liquid phase, particle size, tempera-
ture). a series of experiments was performed.
Figs. 1 and 2 show densification curves for the
commercial samples WC—Co 2 to WC—Co 10 for a
heating rate of 4°Cmin™' and the very fast
heating.

From the experiments with controlled heating
rate (Fig. 1) it is observed that below the eutectic
temperature of about 1320° C the shrinkage is not
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Figure 1 Densification of commercial WC—Co mixtures as a function of temperature and time at 1380° C when heated

at 4° Cmin™ to 1380° C.
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Figure 2 Densification of commercial WC—Co mixtures as
a fonction of time when rapidly heated from 1000 to
1350° C in approximately 0.8 min. Time zero is taken at
the start of rapid heating.

very sensitive to the amount of cobalt. Assuming
that for the low densities in this region during the
heating the densification rate is independent of
density, we can calculate the densification rate
d{AL/Ly)/d¢ and plot its logarithm as a function
of 1/T. Below the eutectic temperature this plot
results in a linear function with an activation
energy of about 80kcalmol™. This result is in
reasonable agreement with Exner’s result of 60
kealmol™, but the absolute value of the densifi-
cation rate was much higher in Exner’s exper-
iments.

At the eutectic temperature the different sam-
ples show different behaviour. The specimens with
10% Co (i.e. about 22vol% liquid phase at
1350° C) show a marked increase in densification
rate and reach nearly theoretical density within
minutes. This change in densification rate at the
melting point is different to Exner’s result of a
constant activation eneigy above and below the
eutectic temperature. The plot log (densification
rate) versus 1/T results in a marked increase in the
densification rate compared to the solid state sin-
tering. The curve cannot be represented by a
straight line ahd an activation energy cannot be
determined. The specimens with 2% cobalt (roughty
5v0l% liquid phase) show hardly any influence of
the formation of liquid phase.

Fig. 2 shows the densification for the fast
heating experiments. Starting at time zero the
sample cup was heated from 1000°C to about
1380°C within 0.8min; the shrinkage results
suggest that the samples reach the melting point
with a delay of about 0.1 to 0.2min. After
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melting, all specimens show fast shrinkage. The
relative volume change in this stage is nearly pro-
portional to the amount of liquid phase.

To find the time-exponents of the densification,
the logarithm of linear shrinkage for the fast
heated samples has been plotted versus log time
(Fig. 3). For time zero the time of the sharp
increase in density from Fig. 2 has been chosen.
The curve for WC—Co 10 is nearly identical with
the results of Exner for a similar material. The
first part of the densification curves can be well
represented by a time-exponent of 1in agreement
with the linear shrinkage reported in the literature
and with Kingery’s model for rearrangement. The
linear densification rate (AL/Ly/min) depends
slightly on the amount of liquid phase {0.23/min
for WC—Co 2, 0.35/min for WC—Co 6). The slower
densification for WC—Co 10 is due to the larger
particle size.
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Figure 3 Log of linear shrinkage versus log time for the
data given in Fig. 2 for commercial WC—Co mixtures.

The second part of the densification curves has
a slope of about 0.2. Replotting the data after sub-
tracting the contribution of the first part changes
this slope to 0.5 in good agreement with the results
of Prill [7].

3.2. Influence of particle size on shrinkage
In Figs. 4 to 6 the density for WC—Co 10 with
different particle sizes has been plotted for two
different heating rates and the fast heating exper-
iments. The fastest densification has always been
recorded in the commercial samples (with a par-
ticle size of 2.5 um before 120h of milling), the
densification decreases with increasing particle
size.

The samples with the larger particles show
hardly any densification in the solid state. At the
eutectic point, in all samples a region of fast densi-
fication is found. The kinetics in this region can be
represented by a linear relation between shrinkage
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e ! and time. The densification rate decreases slighily
with increasing particle size. but it is very difficult
to establish a function for this parameter from the

05 available data. To find an actual particle size de-

' pendence of the densification rate, a series of ex-
periments with narrow size fractions of particles
would be necessary.

. The important result of these experiments is
=7 that for a constant amount of liquid phase the
[~ . . . . .
3 shrinkage during this linear stage is very dependent
2 on particle size. Densification curves for WC—-Co 4
® o7 | and WC—Co 10 of two particle sizes (Fig. 7) show
Q that this particle size influence is very strong and
that the fine material with about 9% liquid phase
WC-co 10 densifies faster than a coarse material with 22%
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Figure 6 Densification of WC—-10 wt% Co compacts as a
function of time when rapidly heated from 1000 to
0'50 . fa_ 3 1350° C in approximately 0.8 min. Time zero is taken at
min

the start of rapid heating.
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tative relationship from the available data, but it
can be proposed from these results that for
WC—Co 10 the exponent in a relation AL/Ly
= k.d™" for stage I is between 0.5 and 1.

3.3. Densification mechanism

The shrinkage measurements lead to the con-
clusion that the mechanism for the first densifi-
after melting is a rearrangement process. For this
mechanism the determined kinetics are in agree-
ment with Kingery’s model calculations. The influ-
ence of the amount of liquid phase and the particle
size on the densification rate and overall densifi-
cation can be qualitatively rationalized.

It is known from earlier investigations that the
densification kinetics do not necessarily allow one
to make conclusions on the actual mechanism. In
the system Fe—Cu it has been shown that in spite
of a time-proportional shrinkage densification does
not occur by a rearrangement process [2].

In the system WC—Co, however, direct obser-
vation of the melting process and the subsequent
sintering confirms the presence of a rearrangement
stage. The available magnification of the SEM with
the hot stage did not allow the resolution of the
small particle sizes, but the rearrangement process
can be observed in the samples with 10 to 20 um
particles. It is reasonable to assume that the
process is even more probable for smaller particles.

Figs. 8 and 9 show samples WC—Co 10 and
WC—Co 15 (10 to 20um) during sintering. In
Fig. 8 CRT pictures from the SEM are displayed;
the pictures of Fig. 9 are single frames from a
continuous movie film taken from the TV screen
of the SEM with a framing speed of 2 frames/sec.
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1380° C then held isothermally.
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It can be seen in these figures, and even better in a
continuous film, that for a short time at and after
melting, a strong movement of the particles rela-
tive to their neighbours occurs. This movement
leads to a more effective packing and thus to an
overall densification. The degree of rearrangement
on a quantitative basis has not been made, but it
can be observed that this rearrangement process is
responsible for the densification during the period
immediately after melting.

The properties of this system make rearrange-
ment possible. In a completely wetting system,
only interfaces solid—solid, solid—liquid, and liquid
vapour should be present; the energy of the
liquid—vapour interface (the surfaces of the pores)
is the driving force for sintering. The capillary
pressure of the pores acts like a hydrostatic
pressure on the whole system. This pressure leads
a viscous flow and to shrinkage, if one of two
conditions are fulfilled: either the diffusion in the
solid phase is so low that no necks between
adjacent solid particles are formed during the
heating, or the dihedral angle is zero and after
melting, the liquid phase penetrates into the necks
and solid—solid interfaces are eliminated. It is
reasonable to assume that in addition to the zero-
dihedral angle some solubility of the solid in the
liquid phase is necessary in order to dissolve the
material at the points of contact. Either of these
conditions helps to avoid the formation of a rigid
skeleton of the solid particles that is not able to
rearrange.

WC—Co fulfills all of these requirements. The
melting point of WC is relatively high (7, (WC)
=0.6), so that below the melting point little dif-



Figure 8 Photographs of a WC—~10 Co compact taken at
the indicated temperatures while heating at a constant
rate to 1415°C. The WC particles are between 10 to
20 pm in size. (a) 9.0 min, 1105° C; (b) 20.5 min, 1225° C;
(c) 28.7min, 1325°C; (d) 38.0min, 1415° C; (e) 42.5
min, 1415° C.

fusion is possible, the dihedral angle is probably
0° (see discussion in [8]) and there is solubility of
WC in the liquid phase.

The densification results described in Sections
3.1 and 3.2 can be understood by a rearrangement
process. As described, the system behaves as if it is
under hydrostatic compression due to the capillary
pressures of pores. The influence of different par-
smeters should be similar to the results found for
the behaviour of suspensions under stress. Unfor-
tunately, there are no exact theories for suspen-
sions with high amounts of solid phase. The
presence of pores is another complication, but a
qualitative explanation for many phenomena can
be found.

The viscosity of a suspension increases with the
amount of solid phase [9]. This means for our
system the densification rate for a constant driving
force (i.e. constant pore size) decreases with
decreasing amount of liquid phase.
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Figure 9 Photographs taken from the SEM television monitor during continuous filmiug of the liquid-phase formation
in a WC~Co 15 compact. The liquid phase formed between the top left and top right photographs. The WC particles are

10 to 20 um in diameter.

The decreasing amount of densification with
decreasing amounts of liquid phase has been pre-
dicted by Kingery, he assumed a lirfear relation-
ship. The described model would explain this
result as follows: the viscosity increases not only
with increasing amounts of solid phase, but also
with decreasing porosity. Therefore, the defor-
mability of the system decreases with increasing
density. There is a point where the nearly constant
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compression force does not result in a measurable
viscous flow; the rearrangement stops. Because the
compressive force depends only slightly on the
amount of liquid phase, the samples with low
amounts of liquid, i.e. higher viscosity, reach this
point at lower density.

The effect of particle size can be explained by
a change in driving force. The pore size in the
composite is roughly equal to the particle size;



the pore size increases and because of the capillary
force of a pore being proportional 1/r, the com-
pressive pressure on the system decreases. This
decrease in driving force is apparently stronger
than the increasing deformability with increasing
particle size found for suspensions [10].

4. Conclusions

Direct observation of liquid-phase sintering in the
hot stage of a scanning electron microscope could
prove that the first, fast densification observed in
WC—Co at the melting point of the eutectic phase
is connected with a rearrangement process. This
confirms that this mechanism postulated earlier is
actually occurring. The microstructural parameters
(liquid volume and solid particle size) effect on
densification rate and shrinkage in this stage agree
with the rearrangement process.
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