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Summary

In the composite materials of WC-Co alloys, the faceted WC grains as a hard
phase are dispersed in the ductile matrix of cobalt. Properties of WC-Co
alloys are affected by microstructural factors such as volume fraction of WC
phase, size of WC grains, and carbon content (kinds of constituent phases).
Although the properties of WC-Co alloys are inevitably affected by the shape
of WC grains, the shape of WC grains has not been thrown light on the
properties of WC-Co alloys yet, because it has been regarded to have a
uniform shape regardless of alloy compositions.
It is proved that the WC grains have various shapes varying reversibly with
carbon content in the sintered WC-Co compacts. This dependency of grain
shape on the carbon content is attributed to asymmetric atomic structure of
WC crystal. The {10i0} prismatic planes are distinguished into two groups
with different surface energy according to their atomic structures. The
prismatic planes of high surface energy tend to disappear in the compacts
with high carbon content. In addition, these high energy prismatic planes tend
to split into low energy surfaces in the large WC grains.
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1. Introduction

Cemented tungsten carbide with cobalt binder, so called WC-Co hard metals,
has been applied to wear-resistant materials. The WC-Co hard metals are
one of most typical composite materials in which faceted WC grains are being
dispersed in the cobalt matrix[13]. They are usually fabricated using liquid
phase sintering methods, because of great difference in melting temperature
between WC and Co ingredients. During liquid phase sintering, the WC
grains dispersed in the liquid matrix grow through Ostwald ripening and have
a faceted grain shape[4]. Until now the WC grains in the WC-Co alloys have
been generally regarded to have an equilibrium shape of truncated trigonal
prism, which means that the shape of WC grains does not vary with
surrounding conditions15"71.
Various phase fields in the WC-Co alloys are determined both by cobalt
content and by carbon content [8]. If the shape of WC crystals in the liquid
cobalt matrix depends on the thermodynamic conditions, especially on the
carbon content, it cannot be defined regardless of carbon content even in the
three-phase regions, because each chemical species in the three-phase
region does not have a fixed chemical potential. Considering high sensitivity
of WC-Co alloy to the carbon content, there is enough possibility for WC
crystal shape to be affected by carbon potential in the alloys[8"111.
In the present study, an effect of carbon content on the WC grain shape
during liquid phase sintering has been determined varying the carbon content
in the WC-Co alloys.

2. Experimental

The respective powders used in the present study are as follows: WC(1.24
urn, 99.99%) made by TaeguTec(formerly Korea Tungsten Mining Co.),
Co(2.4 jj,m, 99.9%) made by Hermann C. Stark, and C(lamp black carbon)
supplied by Fisher Scientific Company. Each powder was weighed separately
according to predetermined ratio and mixed mechanically. The powder
mixtures were milled for 72 h in the jar lined with pure WC-Co alloy with WC-
Co balls in order to avoid chemical contamination during milling. Milled
powders were dried in a vacuum oven and granuled passing through #40
mesh.
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Two compositions of WC-30%Co and WC-35%Co were chosen. All the
fractions are in weight percentage. In order to determine the effect of carbon
content on WC grain shape, various amount of carbon from 0.1% to 1.5%
was added to each WC-Co mixtures. The granuled powders were compacted
into the cylindrical disks with diameter of 10 mm under 25 MPa pressure. The
compacts were sintered, respectively, at 1450°C or 1500°C in a vacuum
furnace heated resistively by a graphite heater. Several sintered compacts
imbedded in the powder pack of carbon black were sintered again either to
prevent carbon loss from the compact or to add carbon into the interior of the
compact by diffusion.
Microstructures of the sintered compacts were observed along the specimen
preparation method for WC-Co materials. The microstructures of the polished
specimens were observed by optical microscope and SEM (scanning electron
microscopy) and analyzed with Image-Pro Plus V4.0. For stereographic
observation of WC grains, the WC grains in the sintered compacts were
extracted by removing the cobalt matrix with boiling 20% hydrochloric
solution. A cobalt residue was removed by dilute hydrogen peroxide solution
and the extracted WC grains were rinsed sequentially with distilled water and
acetone. The extracted WC grains were observed by SEM.

3. Results and Discussion

(1) Changes of microstructures and WC grain shape with carbon content
When the WC-30%Co compacts with different carbon content were sintered
at 1450°C for 2 h, different microstructures were evoluted with carbon content
(Figure 1). Two kinds of WC grains were found in the compacts. A group of
large grains are homogeneously dispersed in the fine grain matrix. Large
grains in the compact are called hereafter 'large grains', whereas the fine
matrix grains are called 'matrix agrains'. A shape of large grains seems
similar to a truncated trigonal prism, a typical shape of WC crystal. The large
grains in the WC-30%Co-0.3%C compact are larger in size than those in the
WC-30%Co-0.1%C compact. The large grains in both compacts seem to
have a similar shape. With increase in carbon content up to 0.7%C in the
WC-30%Co compacts, the shape of large grains changed from relatively thick



S. Kim et al. HM 36 297
15'h International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AQ, Reutte (2001), Vol. 2

b

• 20m

Fig. 1. Microstructures of WC-30%Co compacts with different carbon content,
sintered at 1450°C for 2 h: (a) 0.1%C, (b) 0.3%C, (c) 0.7%C, (d) 1.0%C.

trigonal prism to thin trigonal prism. This means that an aspect ratio (a/c), a
ratio of a-axis length against c-axis length, increases with carbon content in
the compact. With further increase in the carbon content up to 1.0%C, the
(a/c) ratio continues to increase. Interestingly, above 0.3%C, the size of large
grains decreases along with carbon content in the WC-30%Co compacts. The
microstructures in Figure 1, respectively, correspond to near a three-phase
region of WC-|3-Co-n(0.1%C,(a)), two-phase region of WC-|3-Co(0.3%C,(b)),
near three-phase region of WC-|3-Co-free carbon(0.7%C,(c)), and three-
phase region of WC-p-Co-free carbon(1.0%C,(d)).
Figure 1 is an evidence showing that the shape of WC grains vary with
carbon content in the WC-Co compacts during sintering. However, the degree
of shape change cannot be evaluated from Figure 1.
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Fig. 2. Morphologies of WC grains extracted from WC-30%Co compact
sintered at 1450°C for 2 h with carbon content: (a) 0.1 %C, (b) 0.3%C, (c)
0.7%C, (d) 1.

Figure 2 shows the WC grains extracted from the same compacts in Figure 1
by removing cobalt matrix with boiling hydrochloric acid solution. The large
grains extracted from the WC-30%Co-0.1%C compact have a shape with
round comers and steps on the basal planes (Figure 2(a)). Above 0.3%C,
large grains with sharp corners were observed (Figure 2(b)). The size of large
grains decreases with carbon content, whereas their aspect ratio increases.
On the other hand, the shape of large grains tends to change from truncated
trigonal prism (Figure 2(a)) to relatively thin triangular prism (Figure 2(c)).
Figure 3 shows the extracted WC grains from the WC-30%Co compacts
sintered at 1450°C for 4 h. Pictures in Figure 3 have the same magnification
with those in Figure 2. Large grains grew to much large size in 4 h. As the
carbon content increases in the compacts from 0.1 %C to 1.0%C, large grains
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Fig. 3. Morphologies of WC grains extracted from WC-30%Co compact
sintered at 1450°C for 4 h with carbon content: (a) 0.1 %C, (b) 0.3%C, (c)
0.7%C,(d)1.0%C.

become relatively smaller in size, whereas the matrix grains become larger.
Therefore, size difference between large grains and matrix grains decreases
with carbon content. The large grains in Figure 3 exhibit the same change in
shape with carbon content shown in Figure 2. In addition, the small matrix
grains tend to have a shape near triangular prism in all the compacts
regardless of carbon content.
Figure 4 shows the WC grains extracted from the WC-30%Co compacts
sintered at 1450°C for 8 h. The shape change with carbon content is evident.
The large grains in the WC-30%Co-0.1%C compact have several faceted
steps on the basal planes. However, a shape change from truncated trigonal
prism to triangular prism seems to be less evident than those in Figures 2 and
3.
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Fig. 4. Morphologies of WC grains extracted from WC-30%Co compact
sintered at 1450°C for 8 h with carbon content: (a) 0.1%C, (b) 0.3%C, (c)
0.7%C, (d) 1.0%C.

Figure 5 shows a variation of (a/c) ratios of the large grains measured on the
cross-sections of the compacts sintered at 1450°C for 8 h. The WC-30%Co
compacts with 0.1 %C, 0.5%C, and 1.0%C, respectively, show maxima
around 1.8, 2.0, and 2.4 in the (a/c) values. As the carbon content in the
compact increases, the (a/c) value at peak moves from 1.8 to 2.4 as well as
the distribution of (a/c) ratio becomes wider. This means that the large grains
in the compacts with high carbon content become to preferentially grow along
the basal plane during sintering. In other words, relative surface energy of
{0001} basal plane to {10i0} prismatic plane reduces with carbon content.
The effect of carbon content on the shape of large grains seems to become
less significant with sintering time at 1450°C . This time effect can be simply
explained to result from carbon loss during sintering in vacuum.
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Fig. 5. Variation of {a/c) ratios of the large grains with carbon content,
measured on the cross-sections of WC-30%Co compact sintered at 1450°C
for 8 h.

Generally when the WC-Co compacts are being sintered in vacuum, their
carbon content decreases with sintering time. Each compact in the present
study experiences gradual carbon loss with sintering time and therefore, even
the WC-30%Co-1.0%C compact does not exhibit strong carbon effect in 8 h
at1450°C.

(2) Effect of carbon content on WC grain shape
The WC-35%Co-1.5%C compacts were sintered at 1500°C for 1 h and 3 h,
respectively. Figure 6 shows a shape change of WC grains at 1500°C with
sintering time. The compact sintered for 1 h shows large grains with triangular
prism (Figure 6(a)), whereas the large grains extracted from the compact
sintered for 3 h are truncated trigonal prism in shape. Generally, the rate of
carbon loss increases with sintering temperature and a carbon content in the
compact changes more rapidly at 1500°C than that does below 1500°C.
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Therefore, the shape change from triangular prism to truncated trigonal prism
in Figure 6 can be attributed to carbon loss during sintering.
Figure 7 shows the result of model experiment. Figure 7(a) shows the large
grains extracted from WC-35%Co-0.7%C compact sintered 1500°C for 2 h.
This condition corresponds to a three-phase field of WC-p-Co-r). The large

Fig. 6. Morphologies of WC grains extracted from WC-35%Co-1.5%C
compacts sintered at 1500°C for: (a) 1h and (b) 3h.
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Fig. 7. Morphologies of WC grains extracted from the specimens: (a) WC-
35%Co-0.7%C (1500°C, 2h) and (b) WC-35%Co-0.7%C (1500°C, 5h) (re-
sintered with carbon imbedding).

grains have truncated trigonal prisms in shape with steps on the basal planes.
When the compact in Figure 7(a) was imbedded in the carbon powder pack
and sintered again at the same temperature for 5 h, the large grains result in
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triangular prisms in shape (Figure 7(b)). Figure 7 means that the WC grain
shape in the WC-Co alloys is reversibly affected by carbon content and an
equilibrium shape of WC grains in the carbon-sufficient condition is regarded
to be a triangular prism. Other type of WC grains belongs to a growth shapes
determined by carbon content in the WC-Co compacts.

(3) Analysis of WC crystal shape
Before considering WC crystal shape in the WC-Co alloy systems, it is
necessary to remind two experimental results explained above. One is that an
equilibrium shape of WC grains in the carbon-sufficient WC-Co alloys is a
triangular prism and the other is that there exists another type of low energy
faces in addition to {0001} basal planes and {1010} prismatic planes.
The change of WC grain shape from truncated trigonal prism to triangular
prism means that the {1010} prismatic planes in WC crystals have two kinds
of characteristics. A relative contribution of these two kinds of prismatic
planes on the WC grain shape seems to be determined by carbon content in
the WC-Co compacts. In addition, it was observed that a kind of prismatic
planes with relatively high surface energy split into two faces with low surface
energy. The split of (1010) planes seems to be closely related to the shape
change of WC grains, because among the {1010} planes, only the planes of
high surface energy with small area disappear or split in the compacts with
high carbon content.
Both change of WC crystal shape with carbon content and split of {10i0}
planes can be explained in terms of crystal structure of WC. WC crystal has
Pjm2 symmetry'12"131, of which atomic structure is shown in Figure 8. Sites of
W and C atoms are (000) and (1/3, 2/3, 1/2), respectively. The carbon atoms
are positioned asymmetrically in the unit cell. Therefore, two kinds of {1010}
planes are distinguished atomically. One kind of {1010} planes has W atoms
without broken W-C bonds, whereas the other kind of {1010} planes has W-C
bonds. The {10i0} planes with broken bonds have higher surface energy than
those without broken bonds. Generally a high energy surface plane tends to
either disappear or split into low surface energy planes along with crystal
growth. The (1 OlO), (1100), and (0110) planes with high surface energy will
be shrunken simultaneously with expanding the (10i0), (i100), and (0110)
planes and the prismatic planes with high surface energy split into the low
surface energy planes, for instance, (10i0) -> (1 Oi 1) + (0111).
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Fig. 8. Three-dimensional atom array in the WC crystal.

4. Conclusions

The WC grains in the sintered WC-Co compacts proved to have various
shapes which were determined by carbon content. A truncated trigonal prism,
generally known as a shape of WC crystals, belongs to growth shape
determined in the medium carbon content. An equilibrium shape of WC grains
called a triangular prism is defined only in the compacts with saturated carbon
content. The WC grains exhibit a change in shape reversibly with carbon
content. Truncated trigonal prism of WC grains turns to triangular prism with
carbon content and vice versa. In the WC-p-Co-T| region, the prismatic planes
split into the low energy surfaces in a step-wise pattern. Additionally a group
of {10i0} prismatic planes in the large WC grains split into the low energy
planes. Both dependency of WC grain shape on carbon content and split of
some of {1010} planes are attributed to the asymmetric structure of WC
crystal. The {1010} planes are grouped into two kinds with different surface
energy.
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