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For conventional structural and tool materials, in particular WC–Co cemented carbides, hardness and wear-resistance can usu-
ally be increased only at the expense of toughness and strength. For the first time we have achieved a dramatically increased com-
bination of hardness, wear-resistance, fracture toughness and strength as a result of precipitation of extremely fine nanoparticles in
the cobalt binder of cemented carbides. These nanoparticles are �3 nm in size, coherent with the Co matrix and consist of a meta-
stable phase.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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WC–Co cemented carbides are metal–ceramic
composites consisting of a ceramic phase, tungsten car-
bide and a cobalt binder. They are widely used in vari-
ous industrial applications as well as domestically (e.g.
masonry drill bits) due to their high hardness, wear-
resistance, toughness and strength. Since their discovery
in Germany in the 1920s, WC–Co cemented carbides
have not dramatically changed. The main improvements
effected relate to varying WC grain size, Co content and
employing inhibitors of WC grain growth during liquid-
phase sintering [1,2]. However, attempts to strengthen
the Co matrix have not up to now been successful.
The state and hardness of binder interlayers play a deci-
sive role with respect to the wear-resistance of the
cemented carbides. The binder interlayers are found to
be worn out very rapidly during operation leaving
unsupported WC grains, which results in the low

wear-resistance and short tool lifetime of the conven-
tional cemented carbide as a whole [3]. Therefore, the
major challenge of research in the carbide field is to
improve the wear-resistance of cemented carbides signif-
icantly without sacrificing their strength and fracture
toughness. Recently we developed and patented a novel
approach to the fabrication of cemented carbides and
elaborated a new generation of cemented carbides on
the basis of this approach [4–8]. For the first time, we
managed to obtain a dramatically improved combina-
tion of hardness, wear-resistance, fracture toughness
and transverse rupture strength of WC–Co materials.
The aim of this investigation is to reveal the structural
reasons for this achievement.

Five cemented carbides were prepared, one according
to Refs. [17,19] and four according to the new technol-
ogy (see Table 1 for details). Metallographic sections
of the samples were examined on a Zeiss LEO 438VP
scanning electron microscope. Hardness (HV30) mea-
surements were carried out according to DIN ISO
3878 at a load of 300 N. The indentation fracture tough-
ness K1C was measured by the Palmqvist method at a
load of 1000 N after annealing of the cross-sectional
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samples in a vacuum at 800 �C for 60 min according to
ISO/DIS28079. The fracture toughness K1C(4) was deter-
mined under four-point bending using single edge
notched bend samples. Transverse rupture strength
(TRS) was examined according to ISO 3327. Wear-resis-
tance was examined according to ASTM B611-85 stan-
dard. Transmission electron microscopy (TEM,
HRTEM, STEM, EDXS) studies were carried out on
a TITAN 60-300 instrument. Tilting experiments were
carried out on JEM-100CX microscope. The electron
diffraction patterns were simulated using JEMS software
written by P. Stadelmann [9].

It is well known that one can vary hardness, wear-
resistance, strength and toughness of cemented carbides
over a wide range by conventional approaches based on
varying the Co content and WC mean grain size. How-
ever, their hardness and consequently wear-resistance
can be increased only at the expense of fracture tough-
ness [10,11]. The dependence of abrasion wear vs. frac-
ture toughness of conventional WC–Co cemented
carbides is represented by a relatively narrow hyperbolic
band shown by the black curve in Figure 1. It is very dif-
ficult to escape from this band via conventional
approaches, e.g. by employing WC nanopowders [12–
14], carbon or inorganic nanotubes [15] or precipitation
hardening of the Co binder [16–20].

Our newly developed technological procedure
allowed us to produce fundamentally novel WC–Co
cemented carbides containing ultra-coarse WC grains
(see inset in Figure 1) and enhanced Co-based binder.

The dependence of abrasion wear on the fracture tough-
ness for the novel cemented carbides shown by the red
curve in Figure 1 clearly indicates that we have been able
to break out from the the hyperbolic dependence, which
is inherent to conventional cemented carbides.

Table 2 lists the mechanical properties of the novel
cemented carbide in comparison to conventional WC–
Co with the same Co content and similar WC mean
grain size but comprising the nanograin-reinforced bin-
der. HV30 and TRS as well as the wear-resistance of the
novel cemented carbide significantly increase without
degradation of the fracture toughness, which can be
compared with mechanical properties of different grades
of conventional WC–Co cemented carbides [21–25].

The microstructure and morphology of WC grains of
the conventional ultra-coarse WC–Co grade are charac-
terized by faceted WC grains varying from nearly 2–
10 lm in size which are described in detail in Ref. [26].
The structure of the novel cemented carbide comprised
rounded WC grains varying from nearly 1–8 lm in size
[6,26]. It contains very thick binder interlayers of Co
among the WC grains (Fig. 2), which results in a very
high level of Palmquist fracture toughness of
>18 MPa m1/2. The structure and phase composition
of these Co binder interlayers are the object of the pres-
ent study.

Figure 2 shows the structure of the binder in the
cemented carbide made according to Refs. [17,19] (see
Table 1). It has a very low carbon content and conse-
quently a high concentration of tungsten dissolved in
the binder. Ageing leads to the precipitation of nano-nee-
dles in the hexagonal close-packed (hcp) e-Co matrix.
These needles can be clearly seen in HRTEM and STEM
images. The nano-needles of nearly 10–40 nm in diame-
ter are densely distributed in the binder volume. They
grow parallel to each other, forming a so-called “nano-
brush”. The needles are normal (Fig. 2a–c) or parallel
to the plane of the picture (Fig. 2d–f). According to the
results of HRTEM (Fig. 2c and f) and EDXS analysis
(Fig. 2e) the needles have the same crystal structure
and composition as the hard but brittle hexagonal inter-
metallic compound Co3W (DO19 structure type). It can
be seen from the TEM images that eCo and Co3W phases
are well aligned to each other and have the following
orientation relationships: ½0001�eCok½0001�Co3W and
½11�2 0�eCoj½11�20�Co3W. We found that the precipitation
of the nano-needles leads to a hardness increase of
�10% in comparison to the initial state after sintering.
However, the transverse rupture strength and fracture
toughness of such cemented carbides significantly
decrease by �15% and �25%, respectively. In this case,
the binder is strongly embrittled and cannot effectively

Figure 1. Baseline indicating the abrasion wear vs. fracture toughness
for conventional WC–Co cemented carbides (black curves) [11] and the
corresponding curve for the novel cemented carbides with various
values of WC mean grain size and Co content (red curve). Insets:
microstructure of the novel cemented carbide with 6.5% Co containing
rounded WC grains with mean grain size of 4.8 lm and thick Co-based
binder matrix among them (top). Typical road-planing picks before
and after field testing (bottom).

Table 1. Preparation of cemented carbides.

Cemented carbide according
to the Refs. [17,19]

Novel cemented carbides

Carbon content
(converted values with respect to WC)

Very low, 5.75 wt.% C Medium–low, 6 wt.% C

Starting WC powder Grain size 1.4 lm, 6.12 wt.% C Grain size 2.0, 2.7, 4.9, 5.0 lm, 6.12 wt.% C
Ball milling with 10 wt.% Co, 5.7 wt.% W 6.0, 10, 6.5 and 9.5 wt.% Co, 2 wt.% W
Sintering 1450 �C, 75 min in vacuum 1450 �C, 45 min in vacuum + 30 min HIP in Ar at 4 MPa
Post-annealing 800 �C, 20 h in vacuum 600 �C, 10 h in vacuum
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prevent the propagation of cracks from WC grains dur-
ing operation under impact loads. As a result, conven-
tionally aged cemented carbides exhibit unacceptable
performance in most mining and construction operations
due to their low toughness and strength.

Due to our novel approach described in detail in Ref.
[6] we have manufactured WC–Co cemented carbides
with Co-based binder that are hardened and enhanced
by nanoparticles (Table 1). The binder structure in the
novel cemented carbide with 6.5 wt.% Co is shown in
Figure 3. It consists of face-centered cubic (fcc) a-Co
grains, which contain extremely fine nanoparticles with
a mean grain size of �3 nm. It can be seen from the fig-
ure that the reinforcing particles are densely and uni-
formly distributed in the binder volume and are
isolated from each other (Fig. 3a), so that there is no
binder embrittlement as in the case of the nano-needles
described above. This structural feature is the reason
why the material achieves significantly better combina-
tions of wear-resistance and fracture toughness (red
curve in Figure 1). The crystal lattice of nanoparticles
is coherent with that of the Co matrix and there is no
clear interface between them (Fig. 3c). In order to
determine the crystal structure of the phase, tilting
experiments were carried out. The electron diffraction

patterns from the binder with the nanoparticles with
aCo zone axes (114), (00 1) and (112) are shown in
Figure 3a, e and f, respectively. According to the
obtained data, the diffraction patterns from the precipi-
tates are consistent with a Cu3Au structure (L12 struc-
ture type). The simulated diffraction patterns of the
Cu3Au-type phase superimposed over the experimental
electron diffraction pattern are shown as colored
schemes in Figure 3e and f. The boundary between
the phase and the matrix is fully coherent and they
have the following orientation relationships:
½001�aCok½001�phase and ½110�aCok½11 0�phase. Unfortu-
nately it was not possible to determine the elemental
composition of the particle because the spatial resolu-
tion of the TEM analysis is limited to the sample thick-
ness (�50 nm), which is much larger than the particle
size. According to numerous publications on the stable
W–Co–C phase diagram [27], there is no stable phase
with the Cu3Au crystal lattice, so that the observed
phase is metastable. The result obtained is in a good
agreement with Ref. [18] where a metastable phase with
a Cu3Au structure was also found as a result of heat
treatments of WC–Co materials.

Figure 3. Structure of the binder in the novel cemented carbide: (a)
dark-field TEM with the appropriate electron diffraction pattern
(inset). The satellite reflection corresponding to the image in (a) arises
from the nanoparticles and is marked by blue. (b,c) HRTEM images of
nanoparticles embedded in the aCo matrix and the corresponding FFT
pattern (inset in (b)), where the reflections from the nanoparticles are
marked by blue and those from the aCo matrix are marked by red; two
nanoparticles in (c) are marked by red circles. (d) The same as in (b)
but after FFT filtering using the reflections from the nanoparticles to
enhance their contrast. (e,f) Electron diffraction patterns from the aCo
matrix containing the nanoparticles obtained by tilting towards two
different crystal zones, i.e. (001) and (112), confirming that the
nanoparticles have the cubic Cu3Au lattice type. The red and blue
circles indicate the location of the reflections in the simulated
diffraction patterns from aCo and from the phase with the cubic
Cu3Au (L12) lattice type correspondingly. Red dashed lines in (c)
indicate the phase particle locations.

Figure 2. Structure of the binder in cemented carbide with low carbon
content after conventional ageing: (a) STEM image of nano-needles,
which are perpendicular to the plane of the picture; (b) HR STEM
image of the nano-needle in (a). Two insets in (b) show an enlarged
part of the needle and projection of the Co3W cell along the (0001)
axis, where the red and green spheres denote the positions of Co and W
atoms, correspondingly. The position of the bright spots precisely
coincides with that of the W atoms in the structure projection. (c)
HRTEM image and corresponding fast Fourier transformation (FFT)
patterns from the nano-needle of hexagonal (DO19) Co3W surrounded
by the eCo matrix (c2). (d) STEM image of the nano-needle parallel to
the picture plane. (e) EDXS line-scan along the red line in (d) showing
the variation of Co and W concentrations. (f) HRTEM image of the
nano-needle as (d) and the corresponding FFTs from the eCo matrix
(f1) and the hcp Co3W nano-needle (f2). Red lines in (c) and (f)
indicate the boundary between the Co3W and the Co matrix.

Table 2. Comparison of mechanical properties of the novel cemented carbide and conventional grade with the same Co content of 6.5 wt.% and
similar WC grain size.

HV30, GPa TRS, MPa Wear-resistance,
cm3 rev�1

K1C, MPa m1/2 K1C(4),
MPa m1/2

Mean tool
lifetime, %

Mean
breakage
number, %

Conventional cemented carbide 11.0 2010 2.1 � 10�4 17.7 16.6 100 100
Novel cemented carbide 11.3 2330 1.1 � 10�4 18.2 16.1 190 80
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The strengthening of solid solutions by natural and
artificial ageing leading to the formation of coherent
and semicoherent particles of metastable phases is
widely used for the Al-based alloys [28]. This idea goes
back to the invention of duralumin by Wilm [29], and
explained later by Guinier [30] and Preston [31]. Never-
theless, the hardening method based on the precipitation
of coherent nanoparticles of a metastable phase in a
metallic binder has never previously been employed for
metal–ceramic composites.

The novel nanostructured cemented carbides can be
applied in construction, particularly in road building.
For example, the machines used to remove worn and
defective surface layers of asphalt or concrete from
roads use a system comprising of �200 picks with
cemented carbide tips. The wear-resistance is increased
and consequently tool lifetime is prolonged by a factor
of �2–3 when using the novel cemented carbide instead
of the conventional material (Table 1). This is accompa-
nied by a noticeable decrease in the number of pick
breakages. Typical picks before and after field testing
on asphalt-cutting are shown in the inset in Figure 1,
and provide clear evidence that wear is dramatically
reduced as a result of the enhancement of the cemented
carbide binder. It was established that the grain size,
morphology and crystal structures of the nanoparticles
enhancing the binder phase remained unchanged during
operation at elevated temperatures and high-impact
loads during road-planing operations. These novel
cemented carbides with nano-enhanced binder are cur-
rently manufactured on a large scale: more than one mil-
lion road-planing picks with tips of the novel cemented
carbide are produced annually.

We conclude that for conventional cemented car-
bides, the hardness and wear-resistance can be increased
only at the expense of toughness and strength. In this
work a dramatically increased combination of hardness,
wear-resistance, fracture toughness and strength has
been achieved. This is a result of the precipitation of
extremely fine nanoparticles in the Co binder of cemen-
ted carbides. These nanoparticles are �3 nm in size,
coherent with the Co matrix and consist of a metastable
phase. These novel cemented carbides belong to a new
class of hard materials and are the only industrial nano-
structured cemented carbides currently being fabricated
anywhere in the world.
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