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a b s t r a c t

WC–Co cemented carbides are metal–ceramic composites consisting of a ceramic phase, tungsten
carbide, and a cobalt binder. The key to the exceptional properties of cemented carbides is the optimal
combination of hardness and wear-resistance of WC grains, and toughness and ductility of the Co-based
matrix. However, only the minority of WC/WC GBs are completely wetted by Co melt during the liquid
phase sintering. We observed for the first time that other WC/WC GBs are not partially wetted and,
therefore, “dry”. They are pseudopartially wetted, namely they have the high contact angle with cobalt
binder and, nevertheless, contain the 2–3 nm thin uniform Co-rich layer.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

WC–Co cemented carbides are metal–ceramic composites consist-
ing of a ceramic phase, tungsten carbide, and a cobalt binder. They are
broadly used in various industrial applications and almost in each
household, for example, as masonry drill bits, due to their unique
combination of high hardness, wear-resistance, toughness and
strength. Since their discovery in Germany in the 1920s, WC–Co
cemented carbides did not dramatically change. The main improve-
ments were related to varying WC grain size, Co content and employ-
ing inhibitors of WC grain growth during liquid phase sintering [1,2].
The key to the exceptional properties of cemented carbides is the
optimal combination of hardness and wear-resistance of WC grains,
and toughness and ductility of the Co-based matrix. Also, the presence
of a carbide skeleton, or so to say “pseudo-skeleton” of WC grains in
the carbide microstructure appears to play a very important role with
respect to obtaining the unique combination of hardness and fracture
toughness of cemented carbides. The skeleton can be designated as
the “pseudo-skeleton”, based on the fact that almost all the WC–WC
grain boundaries are known to comprise very thin Co interlayers of
the order of from nearly one atomic monolayer to several nanometers

[3–5]. In this respect, the wetting of boundaries betweenWC grains by
the Co melt during liquid phase sintering is the key issue. It is because
pureWC/WC grain boundaries (GBs) not comprising the Co interlayers
should be quite brittle. It is well known that the wettability of WC by
liquid Co examined by the method of a lying droplet is complete and
the wetting angle of a droplet of liquid Co on the surface of WC is
equal to 0 at temperatures of 1400–1500 1C [6,7].

Nevertheless, the presence of the “pseudo-skeleton” of WC
grains in the cemented carbide microstructure clearly indicates
that WC–WC GBs are characterized by various contact angles with
the cobalt-based binder and only very few angles are equal to 0.
Therefore, there is a contradiction between the fact of complete
wetting of WC by the liquid Co droplet on the one hand, and the
contact angles between WC–WC GBs and the Co-based binder
different from 0 in the carbide microstructure on the other hand.
This contradiction was mentioned as early as in 1972 by Warren
and Waldron [8]. The goal of this paper is to investigate the nature
of the Co-based interlayers in the WC/WC GBs in cemented
carbides and explain the apparent contradiction mentioned above.

2. Experimental

Ultra-coarse WC–Co cemented carbides were produced accord-
ing to the procedure described in Refs. [9–12]. The WC powder
(MAS 3000-5000, H.C. Starck) was milled with 10 wt% Co in an
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attritor-mill for 1 h in hexane with 2 wt% paraffinwax down to the
particle size of 3-10 mm. Samples were pressed and liquid-phase
sintered at 1380 1C for 75 min (45 min vacuumþ30 min hot
isostatic pressing at 4 MPa in argon). After sintering, samples
were embedded in resin and then mechanically ground and
polished, using 1 mm diamond paste in the last polishing step, to
obtain metallurgical cross-sections for the metallographic study.
After etching in the Murakami reagent, the cross-sections were
investigated by means of optical microscopy and scanning electron
microscopy (SEM). For comparison the complete GB wetting in
Cu–4 wt% In alloy has been investigated as well (details see in Refs.
[13,14]). SEM investigations were carried out on a Tescan Vega
TS5130 MM microscope equipped with the LINK energy-dispersive
spectrometer produced by Oxford Instruments. Light microscopy
was performed using a Neophot-32 light microscope equipped
with a 10 Mpix Canon Digital Rebel XT camera. A quantitative
analysis of the wetting transition was performed adopting the
following criterion: every boundary between WC was considered
to be completely wetted by the Co-based phase only when a
macroscopic layer of the Co-based binder (of the order of least
1 mm) can be measured by SEM (Fig. 1c, arrow with letter A); if
such a layer appeared to be interrupted, the GB was regarded as
incompletely wetted (Fig. 1c, arrow with letter B). The contact
angles θ were measured simultaneously for all GBs. For the GBs
completely covered by a liquid phase the θ¼01 value was assigned.
At least 300 GBs were analyzed at each temperature. Typical
micrograph obtained by SEM is shown in Fig. 1. Transmission

electron microscopy (TEM, HRTEM, STEM, EDXS) studies were
carried out on the TECNAI microscope.

3. Results and discussion

Fig. 1a shows microstructure of the Cu–4 wt% In alloy character-
ized by the complete GB wetting. It can be seen that as a result of
grain growth by the dissolution-precipitation mechanism the large
Cu grains (appear black) grow in such a way that they adjust with
each other leaving relatively thick In-rich interlayers (appear white)
among them. These interlayers have a thickness of about several
microns. In contrast to that, in the microstructure of the conventional
WC–Co grade shown in Fig. 1b the growing WC grains do not adjust
with each other resulting in the formation of the “pseudo-skeleton”
mentioned above. The microstructure of the carbide sample exam-
ined in the present work is shown in Fig. 1c. Fig. 2. shows the
hystogram indicating the share of WC/WC grain boundaries having a
certain contact angle with the Co-based binder. There are very few
contact angles equal to 0 (θ¼01) corresponding to the complete GB
wetting. Fig. 3a shows the Z-contrast image obtained by HAADF
STEM in the contact area between two WC grains (bright) and the
grain of Co-based binder (dark, removed during the preparation of
TEM sample). The EDS profile of Co concentration across WC/WC GB
shown in Fig. 3b demonstrates that this grain boundary comprises a
thin Co-based layer of nearly 5–7 nm (white line in Fig. 3a). The
position of respective line profile is shown in Fig. 3a.

Fig. 1. SEM micrographs of microstructures of (a) Cu–4 wt% In annealed at 990 1C (complete GB wetting) (b) conventional industrial ultra-coarse WC–Co cemented carbide
(very few WC/WC-binder contact angles are equal to 01), and (c) cemented carbide examined in the present work after liquid-phase sintering at 1380 1C. (A) WC/WC GB
completely wetted by the Co-rich melt, zero contact angle. (B) WC/WC GB incompletely wetted by the melt, non-zero contact angle.
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In order to understand the special features of the cemented
carbide microstructure, let us consider the droplet of a liquid
phase between two solid grains in a partially melted two- or

multicomponent polycrystal. If a liquid droplet partially wets (PW)
the boundary between two solid grains, then σgb¼2σslcos θ,
where σgb is the free energy of a grain boundary, σsl is the free
energy of solid/liquid interface, and θ is the contact angle. The GB
which is not covered by the liquid droplets remains dry and
contains only the adsorbed atoms with coverage below one
monolayer. In this case the GB can exist in the equilibrium contact
with the liquid phase (GBs marked with a letter A in Fig. 1a). In the
case of complete wetting σgb42σsl, the contact angle is zero, and
liquid spreads over the free surface or between grains. In this case
the GB separating the grains is completely substituted by the
liquid phase which has macroscopic (arbitrary) thickness of at
least several hundreds of nanometers (GBs marked with a letter B
in Fig. 1a). If the condition of complete GB wetting is fulfilled, the
thick layer of Co-based binder separates the neighbouring WC
grains even if they are strongly faceted (see for example GBs
marked by arrow with a letter A in Fig. 1c). The transition from
incomplete to complete GB wetting proceeds at a certain Tw if the
energy of two solid–liquid interfaces 2σSL becomes lower than the
GB energy σGB42σSL. Cahn [15] and Ebner and Saam [16] first
showed that the (reversible) transition from incomplete to com-
plete wetting can proceed with increasing temperature, and that it
is a true surface phase transformation. The GB wetting tempera-
tures Tw, depend both on GB energy and solid–liquid interfacial
energy which, in turn, depend on the crystallography of these
interfaces [17–21].

In the case of complete wetting (CW) σgb42σsl, the contact angle
is zero, and liquid spreads between grains, which is clearly seen in
the microstructure of the Cu–4 wt% In alloy shown in Fig. 1a. What
happens, if the amount of liquid is small and GB area is large? In this
case the liquid spreads until both solid grains or solid and gas begin
to interact with each other through the liquid layer. The liquid forms
a “pancake” with a thickness es about 2–5 nm [22,23] es¼(A/4πS)1/2,
where S¼σgb�2σsl is the spreading coefficient on a strictly “dry” GB
and A is the Hamaker constant [16]. In case of complete wetting A40
and S40 [23]. Such “pancake” between the grains is formed by the
deficit of a wetting phase, i.e. in the αþL two-phase area of a phase
diagram, but very close to the solidus line. The thin “pancake” is very
similar to the observed in our cemented carbide sample and
presented in Fig. 3. However, in our case the amount of Co-binder
is high and one cannot speak about deficit of liquid phase. The share
of completely wetted WC/WC GBs with zero contact angle is also
quite low (Fig. 2), although the contact angle θ between WC/WC GB
covered by the thin Co layer is about 901 (Fig. 3), i.e. far away from
zero. What is the reason for the coexistence of thin Co-rich GB layer
between WC grains and high contact angle θ?

In the majority of cases the direct transition occurs from partial
into complete wetting, for example by increasing temperature
[21,24,25] or decreasing pressure [26]. However, in some cases the
state of pseudopartial wetting (PPW) occurs between partial and
complete wetting. In this case the contact angle θ40, the liquid
droplet does not spread over the substrate, but a thin (few nm)
precursor film forms around the droplet and separates the sub-
strate and gas or two abutting grains. Such a precursor film is very
similar for the liquid “pancake” in case of complete wetting and
deficit of the liquid phase. This case is designated as “pseudopar-
tial wetting” and becomes possible when Ao0 and S40 [23]. In
case of pseudopartial wetting the precursor film exists together
with liquid droplets, and in case of complete wetting the droplets
disappear forming the “pancake”.

The sequence of discontinuous PW2PPW and continuous
PPW2CW transitions was observed for the first time in the
alcanes/water mixture [27]. The first direct measurement of the
contact angle in the intermediate wetting state (PPW) was
performed in the sequential-wetting scenario of hexane on salt
brine [28]. Later on the formation of Pb, Bi and binary Pb–Bi

Fig. 3. (a) STEM HAADF image showing the contact area between two WC grains
(bright) and the grain of Co-based binder (dark, removed by the preparation of TEM
sample). WC/WC grain boundary contains the 5–7 nm thin layer of Co-rich phase
(white). (b) EDS profile of Co concentration across WC/WC GB. The position of
respective line profile is shown in a.

Fig. 2. Hystogram showing the the portion of WC/WC grain boundaries having a
certain contact angle with the Co-based binder.
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precursors surrounding liquid or solidified droplets was observed
on the surface of solid copper [29]. The pseudopartial wetting was
observed also for other GBs, for example [30].

To our minds, just the phenomenon of PPW can explain the
special features of the cemented carbide microstructure and
apparent contradiction between the fact of complete wetting of
WC by a liquid Co droplet and the contact angles between the WC–
WC GBs and Co-based binder different from 0. During the experi-
ments on spreading of the liquid Co droplet over WC there are
three boundaries: liquid–gas, solid–gas and liquid–solid. In this
case the interface energy in the systems WC/gas and (liquid Co)/
gas is presumably significantly higher than that between solid WC
and liquid Co. As a result, the liquid Co droplet spreads over the
surface of WC resulting in the fact that the wetting angle of liquid
Co on the surface of WC is equal to 0, thus indicating the complete
surface wetting. In the initial stage of sintering of carbide green
bodies when the liquid phase just forms, there are also three
boundaries: liquid–gas, solid–gas and liquid–solid. In this case, the
wetting of WC by liquid Co is complete and the carbide densifica-
tion to the full density occurs very fast resulting in the elimination
of the liquid–gas and solid–gas interfaces. When only the solid–
liquid interface remains in the sintered carbide body after the
completion of the initial sintering stage, the solid–liquid interface
is presumably characterized by pseudopartial wetting. Large WC
grains growing at the expense of dissolving fine WC grains do not
arrange with each other leaving a think binder layers among them,
as it would be in the case of complete wetting. Instead of that, they
grow together forming the “pseudo-skeleton” comprising very
thin precursor films of a Co-based alloy of several nanometers in
thickness. It can be expected that the composition of the precursor
films is significantly different from that of the binder phase in the
macroscopic interlayers among WC grains. Particularly, it is well
known that the Co-based alloy of the thin Co interlayers located at
WC–WC interfaces cannot be leached off from the fully sintered
carbide body [31]. Also, almost all the WC grain growth inhibitors
except for Ta are known to segregate at the WC–WC interfaces
being dissolved in the Co-based precursor films [5].

4. Conclusions

The key to the exceptional properties of cemented carbides is the
optimal combination of hardness and wear-resistance of WC grains,
and toughness and ductility of the Co-based matrix. We observed
that only the minority of WC/WC GBs are completely wetted by thick
Co layers. However, we observed for the first time that other WC/WC
GBs are not partially wetted and, therefore, “dry”. They are pseudo-
partially wetted, namely they have the high contact angle with cobalt
binder and, nevertheless, contain the 2–3 nm thin uniform Co-
rich layer.
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