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Abstract  The WC/WC grain boundary structure and intergranular segregation in WC- Co and WC-VC-Co cement-
ed carbides were investigated by high-resolution transmission electron micrescopy and energy dispersive X-ray spec-
troscopy in order to elucidate whether contiguous boundaries were present or not at the atomic level. Some grain
boundaries were separated by liquid phase, while others were contiguous at the atomic level. Cobalt was found to be
segregated to WC/WC grain boundaries in WC-Co. Cobalt and vanadium were co-segregated to grain boundaries in
WC-~VC-Co. The segregation width in both materials was about 6 nm. These results suggest that the vanadium pres-
ent in contiguous boundaries acts as an effective barrier to the migration of boundaries during sintering and annealing.

This could explain the grain growth inhibiting mechanism of VC added to WC-Co.
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1. Introduction

Cemented carbides consisting of tungsten carbide
and cobalt (WC-Co) are widely used in cutting tools
and wear resistant components. These cemented car-
bides are fabricated by a liquid phase sintering process
at high temperature around 1700K. WG grains tend to
be coarsened during the liquid phase sintering and the
grain size strongly affects the mechanical properties
and hence cutting performance of the cemented car-
bides. Therefore, control of the grain growth behavior is
important for producing high quality carbide tools. Pre-
vious studies have reported that the grain growth of
WC in WC-Co occurs predominately due to solution—
reprecipitation of WC grains in the Co-W-C liquid
phase, However, Exner”, Warren” and Suzuki et al.?
mentioned that the grain growth of WC in WC-Co can-
not be explained merely by an Ostwald ripening proc-
ess, because, WC grains are not completely surrounded

by Co-W -C liquid phase but are connected with other
WC grains to form contiguous boundaries. The relative
fraction of WC/WC grain boundaries can be expressed
by contiguity, defined as the relation G =2Ng/ (2Ng+
N.), where Ngs and Ny are the numbers of interceptions
of WC/WC and WC/Co boundaries, respectively, per
unit length of the test line. It has been suggested that
the contiguity plays an important role in the grain
growth of cemented carbides.”

In order to understand the sintering and grain
growth mechanism in WC-Co cemented carbides, de-
tailed microstructural examination of grain boundaries
is needed on the atomic scale. However, in spite of
many previous investigations, the structure of grain
boundaries in WC-Co has not been clarified, particular-
ly in regard to the presence of a liquid phase. Grain
boundaries in WC~Co composites have been studied by
Auger electron spectroscopy (AES), transmission elec-
tron microscopy (TEM), high-resolution transmission
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electron microscopy (HRTEM), scanning transmission
electron microscopy-energy dispersive X-ray spectros-
copy (STEM-EDS) and field ion microscopy (FIM).
An AES study showed that a cobalt monolayer is pres-
ent at WC/WC grain boundaries.” TEM and HRTEM
studies®™ ¥ confirmed the existence of contiguocus grain
boundaries without cobalt phase. Jayaram,” using lat-
tice imaging, reported that some grain boundaries were
contiguous at the atomic level and that the others were
separated by integranular cobalt films. In contrast, the
TEM study by Egami et al.'® reported that all WC
grains were surrounded by cobalt phase and there were
no contiguous grain boundaries. The STEM-EDS study
by Sharma et al.'"’ found that cobalt was present as a
thin 2nm layer between WC grains. Friederich’® also
detected cobalt at WC/WC grain boundaries using
STEM-EDS. FIM studies by Henjered et al."*'¥ showed
that cobalt does not exist as a phase, but segregates
with half a monolayer coverage. As shown above, there
has been a lot of argument about whether contiguous
boundaries are present or not at WC/WC grain bound-
aries.

It is also well known from experiment that the grain
growth of WC is inhibited by the addition of VC, CriC.
and TaC*»""™*”? However, some of the basic questions
about the location of the inhibiting phase and grain
growth inhibition mechanism are still not completely un-
derstood. The purpose of this study is to investigate the
structure and intergranular segregation of WC/WC
grain boundaries in WC-Co and WC-VC-Co by using
field emission type HRTEM and EDS in order to under-
stand the mechanism of grain growth in the presence of
liquid phase. Moreover, we pay special attention to the
location of VC additives in the WC-VC-Co microstruc-
ture.

2. Experimental Procedure

WC and VC powder with average particle sizes of 1.5
mm and Co powder with a particle size of 1.2tm were
used. VC was chosen as an additive because vanadium
is one of the most effective elements to inhibit WC
grain growth. WC-30vol%Co powders with VC (24
mol%) and without VC were mixed by ball-milling in
ethanol for 48hrs, and then uniaxially pressed. The
green compacts were sintered without applying pres-
sure at 1673K under vacuum for lhr. These samples
were mechanically ground and polished down to a thick-
ness of 0.0bmm and then subsequently ion beam
thinned to electron transparency with argon ions under
a bkV accelerating voltage.
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HRTEM was carried out using a HITACHI HF-2000
microscope (field emission gun type 200kV}. In order
to investigate grain boundary structure accurately by
HRTEM, grain boundary planes were set parallel to the
incident electron beam. Nano-probe EDS quantitative
analysis was performed in spot mode. The electron
probe was set to be Inm and was aligned parallel to the
WC/WC grain boundary.

3. Results

3-1. WC-Co

Figure 1 shows a typical bright field image of WC-
Co. WG grains show well-defined crystallographic fac-
ets formed by liquid phase sintering, and the dislocation
density in WC grains is relatively low. The WC grains
seem to connected to each other to make contiguous

boundaries. However, such a low magnification bright
field image does not reveal clearly the details of WC/
W grain boundaries,

Figure 2 is a high-resolution micrograph of a WG/

Fig. . TEM image of WC-30vol%Ce, sintered at 1673K for 1hr.

Fig. 2. A high-resolution electron micrograph of a WC/WC
grain boundary in WC-30vol%Co. Arrows indicate pockets of
Co.
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Fig. 3. EDS spectra of the grain boundary in Fig. 2. (a} point on
the grain boundary, (b} a point 2nm from the grain boundary.

Fig. 4, A high-resolution electron micrograph of a grain bound-
ary in WC-30vol%Co.

WC grain boundary in WC-Co, which contains an
intergranular phase of cobalt. Intergranular cobalt
pockets (indicated by arrows in Fig. 2) are observed
along the boundary. Figure 3 shows the EDS spectra
obtained from the intergranular phase and from a point
2nm away from the grain boundary. Figures 2 and 3
show that each WC grain is separated by a cobalt phase
in this grain boundary. In the micrograph image,
microfaceting of the grain boundary is also visible.
Figure 4 shows a high-resolution micrograph of a dif-
ferent type of grain boundary in WC-Co. No continu-
ous grain boundary phase is observed. From CSL {Coin-
cidence Site Lattice) theory'®, this grain boundary does
not have a low 3} value and is defined as a general
grawmn boundary. In this lattice image, an intergranular
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Fig. 5. EDS spectra of the grain boundary in Fig. 4. {a) a point
on the grain boundary, (b) a point 2nm from the grain bounda-
ry.

cobalt phase cannot be observed at the grain boundary
and the WC grains come into direct contact. However,
cobalt is detected at the grain boundary by EDS analy-
sis when the 1 nm diameter probe, which is the incident
electron beam of the TEM, is fixed in position over the
grain boundary (Fig. 5). At a point 2nm from the grain
boundary, no cobalt is detected. Figures 4 and 5 thus
confirm that Co atoms are segregated to the grain
boundary. These observations indicate that some WC
grains are contiguous at the atomic level while others
are separated by intergranular phase. The present
results are in accordance with several previous stud-
ies 58

3-2. WC-VC-Co

Figure 6 shows a typical bright field image of WC-
VC-Co. In WC-VC-Co, the crystal habit plane of the
WC crystals and the WC grain shape are not clear, and
the crystals have a high density of dislocations. These
dislocations may originate from strain during the mili-
ing process or pre-existing dislocations in the raw W
powders before carbonization.'®

Figure 7 shows the lattice fringe image of a WC/WC
grain boundary that is defined as a general boundary
by CSL theory. In this image, an intergranular cobalt
phase was not observed at the grain boundary and the
lattice of WC grains was continuous. Figure 8 shows
the EDS profile across this WC grain boundary in
which strong segregation of Co and V was detected.



Fig. 6. TEM image of WC-VC-30vo1%Co, sintered at 1673K for
1hr,

Fig. 7. A high-resolution electron micrograph of a grain bound-
ary in WC-VC-Co.
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Fig. 8. EDS profiles of Co and V distributions around the WC/
WC grain boundary in Fig. 7.

The segregation width was about 6num.

Figure 9 shows the lattice fringe image of a different
WC/WC grain boundary in WC-V(C-Co that is identi-
fied as a 212 coincidence boundary by CSL theory. In
this image, no cobalt phase was observed at the grain
boundary. But as shown in Fig. 10, EDS analysis of this
grain boundary reveals the presence of cobalt and

Fig. 9. A high-resolution electron micrograph of a 212 grain
boundary in WC-VC-Co,
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Fig. 10, EDS profiles of Co and V distributions around the WC/
WC 22 grain boundary shown in Fig. 9.

vanadium at the grain boundary. These results indicate
that both Co and V atoms co-segregate to the grain
boundary and the WC grains are contiguous at the
atomic level.

4. Discussion

4-1. WC/WC boundary characterization

WC/WC grain boundaries can be classified into three
possible types as shown schematically in Fig. 11. The
first type of grain boundary has a small amount of seg-
regation, as typified by the grain boundaries shown in
Figs. 4, 7 and 9. The second type of grain boundary is
free from the segregation of cobalt and vanadium. The
third possible type is the grain boundary with an
intergranular Co phase or film, which corresponds to
the grain boundary shown in Fig, 2.

Some of the WC/WC grain boundaries in the present
work were found to be contiguous (Type I) and oth-
ers separated by intergranular cobalt phase (Type ).
The second type of grain boundary was not observed in
the present study.
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Fig. 11. Schematic of grain boundary structures in WC-based cemented carbides.

Tungsten carbide and vanadium carbide are known
to be soluble in Co at normal sintering temperatures. Co
-W-C and Co-W-V-C solid solutions may be squeezed
out of the intergranular region or retained as a continu-
ous film or second phase between the WC grains. In the
former case, only a small amount of Co and V can re-
main in the WC/WC grain boundaries (Type I).In the
latter case, non-contiguous WC/WC boundaries are
formed with Co and V atoms predominantly in the
intergranular Co-W -V phase (Type II).

From the present results, the width of segregated re-
gion of Type I boundaries is estimated to be less than 6
nm. The grain boundary segregation of Co in WC-Co
was previously observed to be about several tens of
nanometers wide along the boundaries.® However, the
probe size in the previous work was too large to investi-
gate the element distribution in the vicinity of grain
boundaries on the nanometer scale. In this study, Co
and V intergranular segregation at WC/WC bound-
aries was confirmed on the nanometer scale. In another
previous study, Co and V were detected at WC/WC
grain boundaries in WC-VC-Co®, but the authors
didn't examine the grain boundary structure in detail.
Henjered et al. reported that Cr segregates to WC/WC
grain boundaries in WC-Cr{,-Co cemented carbide.'”
The present results therefore are in good agreement
previous results.* 2%

4-2. Intergranular segregation

The degree of segregation to grain boundaries gener-
ally depends upon the boundary structure, and there-
fore will vary from boundary tc boundary.® Low-
angle and CSL boundaries usually exhibit smaller a-
mounts of segregation than general high-angle bound-
aries. This behavior has been confirmed by experiments
and caleulations reported in the literature.® * The

present results show good correspondence to these pre-
vious experimental and calculated results.

As shown in Fig. 8 and Fig. 10, the amount of segre-
gation at the general high-angle boundary is greater
than that at the 222 grain boundary. The low segrega-
tion level at the 332 grain boundary can be attributed
to the fact that the lattice planes of the two grains have
a high atomic density. Vicense et al. deduced from their
observations that the amount of cobalt intergranular
segregation depends on the geometry of the grain
boundary and the configuration of intergranular dislo-
cations in WC-Co.” But, in the present study, the rela-
tion between the amount of segregation and the config-
uration of grain boundary dislocations is not clear.

According to the equilibrium segregation theory of
McLean™:

E=24aK8rir:(r;-11) %/ (3Kr,+481.) (1

where B is the strain energy due to solute misfit, K
the bulk modulus of the solute, S the shear modulus of
the solvent, r, the solvent radius, and r; the solute radi-
us. From equation (1), the strain energy is estimated to
be about 4.9 kJ/mol when Co dissolves into the WC lat-
tice. When V is dissolved into the WC lattice, the ener-
gy is about 3.7 kJ/mol. These values suggest that even
though V is more easily dissolved in the WC lattice, the
strain energy for both atoms is sufficiently high that
both Co and V can only penetrate into the low density
grain boundary regions, where the strain energy can be
accommedated,

4-3. The etiect of V segregation on grain growth

Exner et al. remarked that WC grain growth during
sintering occurs by both grain boundary migration and
deposition of tungsten and carbon on té WC grains."*
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In the present study, the existence of contiguous bound-
aries was confirmed at the atomic level. Moreover, the
grain growth inhibitor VC was observed to be segregat-
ed even at the contiguous grain boundaries. In our re-
cent paper, we have proposed that the existence of con-
tiguous boundaries affects the migration of the solid/liq-
uid interface during coarsening through the liquid
phase.**"* The lower mass transport rate at the con-
tiguous boundaries compared to that at the solid/liguid
interfaces should act as the rate controlling step for
grain growth, so that the carbide grains will grow at a
much slower rate than that expected from solute diffu-
sion in the liquid phase alone. It is likely that the V
atoms decrease the grain boundary mobility and grain
boundary energy. The grain boundary segregation of V
atoms, therefore plays a particularly important role in
inhibiting the grain growth. It is likely that it decreases
the grain boundary mobility and grain boundary ener-
gy. It was confirmed that V atoms segregated at the
grain boundaries, however, it was not proved in this
paper that segregation of V atoms to grain boundaries
can act as an effective barrier to the migration of WC/
WC grain boundaries during sintering. This explains
why VC has a strong grain growth inhihiting effect
when added to WC-Co.

5. Condusions

WC/WC grain boundaries in WC-Co and WC-VC-
Co were investigated by HRTEM and EDS to determine
whether contiguous boundaries are present or not at
the atomic level. The following results were obtained:

1) Some WC/WC grain boundaries were not contigu-
ous but were separated by cobalt solution phase. Other
boundaries were contiguous at the atomic level. Cobalt
was found to be segregated at WC/WC grain bound-
aries in WC-Co. Cobalt and vanadium co-segregated
to the contiguous boundaries in WC-VG-Co.

2) In WC-VC-Co, the vanadium present at contigu-
ous boundaries acts as an effective barrier to the migra-
tion of the boundaries during sintering and annealing.
This can explain the grain growth inhibiting effect of
VC added to WC-Co.
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