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Contact angles of WC/WC grain boundaries (GBs) with the Co-based binder were measured by use of spe-
cial model alloys with 10 wt% Co, ultra-coarse grained microstructure and either a low or a high carbon
content. The low-carbon sample contained significantly more low-angle WC/WC contacts with binder
than the high-carbon sample. Therefore, the wettability of WC/WC GBs by the liquid Co-based binder
is noticeably worse in the high-carbon sample than that in the low-carbon sample. The established worse
wettability of WC/WC GBs by binders at high carbon content sheds light on the mechanism of the binder
drift during sintering of functionally graded cemented carbides containing high-carbon surface layers.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

In recent years there was a great interest to the fabrication of
functionally graded cemented carbides due to their potentially
usual and high mechanical and performance properties. The major-
ity of technologies employed for the fabrication of functionally
graded WC-Co cemented carbides are based on creating significant
Co drifts from a surface region of carbide article with high carbon
content into an interior region with a low carbon content [1–6].
Nevertheless, the mechanism of this phenomenon is presently
not fully understood. The goal of this work is to clarify the possible
influence of different states of WC/WC grain boundaries (GBs)
completely or incompletely wetted by the liquid Co-based binder
in the WC-Co cemented carbides with different carbon content
on the cobalt drifts. In the present work we suggest a new mecha-
nism explaining the phenomenon of Co drifts from a part having a
high carbon content into a part having a low carbon of cemented
carbide articles during liquid-phase sintering.
2. Experimental

Special model samples with 10 wt% Co, ultra-coarse microstruc-
ture and either low or high carbon contents were made by milling,
pressing and sintering of ultra-coarse WC powders with additions
of either tungsten metal or carbon black. The WC powder (MAS
3000-5000, H.C. Starck) was milled with 10 wt% Co in an attritor-
mill for 1 h in hexane with 2 wt% paraffin wax and sintered at
1380 �C for 75 min (45 min vacuum + 30 min HIP). Their magnetic
properties and microstructure were examined by standard proce-
dures of the cemented carbide industry. After sectioning, grinding,
polishing and etching, samples were investigated by means of the
scanning electron microscopy (SEM). SEM investigations have been
carried out in a Tescan Vega TS5130 MM microscope equipped
with the LINK energy-dispersive spectrometer produced by Oxford
Instruments. A quantitative analysis of the wetting state of WC/WC
GBs was performed adopting the following criterion: everyWC/WC
GB was considered to be completely wetted only when a layer of
Co-binder had covered the whole GB (e.g. WC/WC GBs marked in
the micrograph in Fig. 1 by symbol ‘‘C”). If such a layer appeared
to be interrupted, the GB was regarded as a partially wetted
(WC/WC GBs marked in the micrograph in Fig. 1 by symbol ‘‘P”).
The contact angle between Co-binder and WC/WC GBs was also
measured. At least 500 GBs were analyzed in each sample.
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Fig. 1. SEM micrograph of the ultra-coarse cemented carbide after liquid-phase
sintering at 1380 �C. WC appears bright and Co/binder appears dark. Letters
indicate C: WC/WC grain boundaries completely wetted by the Co-based melt with
zero contact angle; and P: WC/WC grain boundaries partially (incompletely) wetted
by the melt, non-zero contact angle.
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3. Results and discussion

The general viewpoint on the wettability of WC by liquid Co is
that it is complete and independent on the carbon content, see e.g.
Refs. [7,8]. Complete wetting means that the contact angle formed
by the liquid Co-based binder on the WC surface or with the WC/
WC GB is zero (like GBs in Fig. 1 marked by symbol ‘‘C”) [9,10]. Spe-
cial model samples with 10 wt% Co, ultra-coarse microstructure
and either low or high carbon content were made in order to prove
the abovementioned viewpoint on the independence of the wetta-
bility of WC by liquid binders on the carbon content. Fig. 2 shows
the microstructure of these samples. The coercivity of the sample
with low carbon content was 9.7 10�3 T and its specific magnetic
saturation was 73%, so that the sample composition was close to
the border line with the g-phase formation according to W–Co–
C phase diagram. The coercivity of the sample with high carbon
contents was 6.1 10�3 T and its specific magnetic saturation was
93%, so that the sample composition was close to the border line
Fig. 2. SEM micrographs of the functionally graded cemented carbide with the original
region.
with the free carbon formation according to W–Co–C phase
diagram.

Fig. 1 shows the microstructure of the cemented carbide sample
with the high carbon content with letters ‘‘C” and ‘‘P” indicating
different contact angles of WC/WC grain boundaries with the Co-
based binder. As it can be seen in Fig. 1, some contact angles with
WC/WC GBs in the microstructure are equal to 0� indicating com-
plete wetting (marked with letter ‘‘C”). Nevertheless, Fig. 1 clearly
indicates that there are some contact angles with WC/WC GBs in
the microstructure that are different from 0� (marked with letter
‘‘P”). In other words, the wettability of WC/WC GBs by the Co-
based liquid binder is good but still incomplete (or partial).

Fig. 3 shows the results of the contact angles’ measurements
indicating that the low-carbon sample contains significantly more
low-angle WC/WC contacts with binder than the high-carbon sam-
ple. Therefore, the wettability of WC by the liquid Co-based binder
in the low-carbon sample is noticeably better than that in the high-
carbon sample. The mentioned above results on measuring WC/
WC contact angles with the binder in cemented carbides with var-
ious carbon contents indicating different wetting rate of WC by Co-
based binders with various carbon content were confirmed by
recently published work [11].

Thus, the phenomenon of Co drifts from WC-Co regions having
high carbon contents into regions having low carbon contents dur-
ing liquid-phase sintering can be explained by the different wetta-
bility of WC by Co-based binders at various carbon contents. The
topology (and resulting properties) of binder network are con-
trolled by the complete and incomplete wetting of W/W grain
boundaries (GBs) and GB triple junctions. The regions with the
low carbon contents attract the liquid binder due to the better wet-
tability of WC by the melted binder in comparison with those with
the high carbon contents.
4. Conclusions

The contact angles of WC/WC GBs with the Co-based binder
were measured by use of special model samples with either low
or high carbon content. The low-carbon sample contains signifi-
cantly more low-angle WC/WC contacts with the binder than the
high-carbon sample. It means that the wettability of WC/WC GBs
by the liquid Co-based binder in this sample is noticeably worse
than that in the low-carbon sample. Different wetting values of
WC/WC GBs at various carbon contents is presumably the driving
force for the binder drift between WC-Co regions with various car-
bon contents allowing one to fabricate functionally graded cemen-
ted carbides.
Co content in the WC-Co graded powder of 10 wt%: (a) surface region and (b) core



Fig. 3. Curves indicating the distribution of dihedral (contact) angles of WC/WC GBs
with the Co-based binder in the cemented carbides with various carbon contents.
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