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ABSTRACT

The fracture behavior of ultrafine WC-Co cemented carbide was demonstrated by in situ tensile
tests in a transmission electron microscope. Using two kinds of cemented carbide samples with and
without previously introduced microcracks, the process from deformation till fracture was studied.
Particularly, the development and interaction of dislocations within Co and WG, as well as the alter-
nation of dislocation motion between the two phases, was demonstrated, and the features of crack
propagation in cemented carbide were disclosed. The finding of the dislocation characteristics and
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its correlation with the fracture behavior proposed the mechanisms of the ultrahigh fracture strength

of the cemented carbide.

IMPACT STATEMENT

Final stage

The fracture behavior of ultrafine WC-Co cemented carbide was for the first time directly observed
by in situ TEM tensile tests. The correlation of dislocation motion and fracture mechanisms was

proposed.

WC-Co cemented carbides have been widely used in
industries, such as cutting tools and wear-resistant parts,
due to their high hardness, excellent wear resistance
and good fracture strength. To obtain a long life-
time and high machining precision of the end mill,
printed circuit board drill and cutting blade made of
cemented carbide, understanding of the fracture mech-
anism of the cemented carbide materials is of prime
importance.[1-3] Some researchers have attempted to
investigate the fracture behavior of the WC-Co cemented
carbide materials.[4-6] However, as a typical ceramic
material, the WC-Co cemented carbides usually exhibit
brittle characteristic in the fracture behavior, which is
very difficult to investigate the details of failure and
demonstrate the fracture mechanism.[7]

To disclose unambiguously the fracture characteris-
tics of the cemented carbides, recently, we carried out

in situ tensile tests in the transmission electron micro-
scope (TEM) for the cemented carbide material, which
was prepared by sinter-HIP densification of the WC-Co
composite powder synthesized by in situ reactions.[8]
The mechanical properties of the prepared WC-12Co
bulk material were firstly measured. The hardness was
obtained by the Vickers hardness tester with a load of
30kg. The fracture toughness (Kic) was determined by
measuring the crack length then calculating with the
equation Kic = 0.0028(HP/L)'/2, where H is the inden-
tation hardness, P is the indentation load and L is the total
crack length.[9] The transverse rupture strength (TRS)
was measured by the three-point bending method with
the dimensions of the specimen as 20 X 6.5 X 5.25 mm
according to the standard of ISO3327:2009. At least five
specimens were prepared for the measurements of each
property. The measured mechanical properties of the
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Table 1. Mechanical properties of the prepared WC-12Co bulk
sample.

Hardness (HV3q)
1520 £ 25

Toughness (MPm'/2)
13.80 +0.20

TRS (MPa)
5160+ 120

Grain size (um)
0.60£0.15

WC-12Co bulk material are given in Table 1, which
shows that the cemented carbide sample has excellent
combined mechanical properties, especially the frac-
ture toughness and strength. The high fracture strength
makes the sample available to carry out the in situ ten-
sile tests to study the fracture behavior of the cemented
carbide material.

The thin film of the cemented carbide material used
for the in situ tensile tests was sampled by the focused
ion beam (HELIOS NANOLAB 600i) with a voltage of

30kV. Then, the film was repaired under a voltage of
2-5kV to ensure the damage layer less than 5nm at the
surface of the film. The axial tensile tests were performed
on two kinds of cemented carbide films, with and with-
out previously introduced microcracks. As described in
the literature,[10] the pulling force is provided by the
bimetallic plates, which were arranged to bend slowly in
opposite directions under heating (from room temper-
ature to < 100°C), actuating the uniaxial pulling of the
sample at an estimated strain rate of about 10~*s~!. The
in situ observation was made using JEOL 2010 TEM, and
the details were analyzed by the high-resolution TEM
(HRTEM, JEM-2100F) operated at 200 kV.

Figure 1(a) shows the TEM microstructure of the
cemented carbide film without introducing microcrack
before the tensile test. It can be seen in Figure 1(b) that

Figure 1. Insitu TEM observations of fracture behavior of WC—Co cemented carbide: (a)—(i) follows the time sequence of the tensile test.
Dislocations in Co and WC are indicated by red and yellow arrows, respectively.



there are some dislocations in the WC grain, as indi-
cated by the arrows, which may be generated by the
thermal stress or milling of the WC-Co powder before
sintering.[11,12] These dislocations are mainly pinned
with each other and hard to be triggered.

At the beginning of the tensile process, the stress was
prone to be generated and concentrated at the regions
near the grain triple junctions, as indicated by the arrows
in Figure 1(c). Then, some dislocations were observed to
move from the center of Co to the boundary. The dis-
locations within the Co binder phase are relatively more
active, leading to a higher density, as marked by the thick
green arrow in Figure 1(d). With loading and increase
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in the piled up dislocations, the Co binder was gradu-
ally strengthened by work hardening. As a result, further
motion of dislocations is hindered in the Co binder, and
stress concentration may occur at the WC/Co bound-
ary. Subsequently, some dislocations were triggered in
the neighboring WC grain. In the literature, the slip sys-
tems containing the basal and prismatic planes of the
WC crystal were confirmed,[13,14] which contribute to
the plastic deformation of WC grains. Moreover, the
pyramidal planes {2-1-12} are possible to contain dislo-
cations with Burger’s vector as b = 1/3[—2113], which
may further lead to stacking faults by cross-slipping to
{10-10} prismand {1211}/{10-11} pyramidal planes.[11]

Figure 2. In situ TEM observations of crack propagation in the WC—Co cemented carbide sample containing microcracks: (a)—(i) follows

the time sequence of the tensile test.
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As shown in Figure 1(e,f), the dislocations in the WC
grain are active, and the motion direction of the dislo-
cation marked as ‘1’ is from inside the WC grain to the
WC/Co phase boundary (PB), and then the dislocation
crosses the interface and slip in the binder phase. The
dislocation ‘1’ combined with dislocation 2°, which was
generated in the Co binder, and then merged into disloca-
tion ‘3’. Generally, there are several orientation relation-
ship with coherent or semi-coherent interfaces between
WC and Co phases, for example, (0001)wc//{111}co,
(0001)wc//{100}co and (0001)we//{10-10}co,[8,15,16]
which is favorable to obtain high toughness and high
fracture strength of the cemented carbides. In the slip
systems of WC and Co phases, there are also some cor-
responding atomic planes with small angle orientation
difference (less than 10°) at certain coherent WC/Co
interfaces, such as (10-11)wc and (001)¢, planes at the
(0001)wc//(111)¢, interface. In these planes, the resolv-
ing shear stress is high enough to activate the dislocations
in the slip system of Co, and thus penetration of the
dislocation at specific interfaces is possible. The above
all contribute to inhibit the nucleation of cracks in the

cemented carbide. At the final fracture stage, as shown
in Figure 1(g-i), the crack nucleated at the WC and Co
grain boundaries (GB), and then propagated along the
GB, partial WC/Co PB and region of stress concentra-
tion in Co, as indicated by the arrows in Figure 1(h,i).
At the same time, large deformation occurred in the
microstructure.

For the whole tensile process, the mechanical behav-
ior of the sample can be described as the following
procedures. At the early stage, in an elastic process
the microstructure has little change. Then with load-
ing, the dislocations existing in the Co phase are trig-
gered to coordinate local stress concentration. With the
increase in loading when the work hardening occurs in
the Co phase, the dislocations in WC grains are gradually
involved in the slipping. Apparent plastic deformation
occurs in the Co phase before crack nucleation. The crack
propagates in the order of preference as: in the Co binder,
then along the WC/WC GB and WC/Co PB (see movie
in supplementary material).

To make clear how the dislocations influence the crack
propagation, we performed the in situ TEM observation

Figure 3. Plastic deformation of the Co binder phase in the WC—Co cemented carbide: (a—c) follows the time sequence of the tensile

test, (d) is the HRTEM analysis of the deformed Co phase.



of the tensile test of the cemented carbide film sample
containing cracks. As shown in Figure 2(a,b), there are
two small cracks in the sample. Generally, for a brittle
material, the crack grows very fast under the external
load.[17,18] However, for the present cemented car-
bide sample with high toughness and fracture strength,
the characteristics of ductile fracture are observed. In
Figure 2(c), at the early stage of the tensile test, it was
found that the crack propagation is impeded by the dis-
locations that are very active in the Co binder (marked
by thick arrows) and also the dislocations in the WC
grain (marked by thin arrow), which are close to the tip
of the crack. It suggests that the slip system in the WC
grain is activated by the stress concentration near the
crack tip, and hence the crack growth rate is decreased
due to the reduction of the driving force.[19] The crack
propagates little with the width of the tip maintaining
as about 20 nm, which can be attributed to the initia-
tion of dislocations in the WC grains (Figure 2(d-f)).
Consequently, the crack propagation along the WC/Co
boundary and within WC grains can be weakened. How-
ever, once the work hardening occurs in the Co binder
and motion of dislocations in WC is stagnated, cracks
may nucleate at some position due to the stress accu-
mulation, as marked by the thick arrow in Figure 2(g).
It is also found that the dislocations piled up in the WC
grain, which led to crack propagation. The path of crack
propagation is observed along the WC GB, partial PB
and in the Co phase (Figure 2(h,i)). From comparison
of Figure 2(h,i), as indicated by the angles, the crack
tip opens before propagation, which is a typical char-
acteristic of the toughness property of the material. It
can be seen that the dislocations motion, wherever it
occurs in Co or WC grains, can coordinate effectively
the local stress concentration and hence hinder the crack
nucleation and propagation. Therefore, a high toughness
against rapid fracture can be achieved in the cemented
carbide in spite of its ceramic intrinsic property.

For the cemented carbide material with the submicron-
scale microstructure, the plastic deformation of the Co
binder still plays a significant role in impeding cleav-
age fracture of the sample. As shown in Figure 3(a-c),
obvious plastic deformation occurs in the Co binder.
The deformation stacking faults and piled-up disloca-
tions in the Co phases are potential positions of frac-
ture, as seen in Figure 3(d). Due to slip of {111}c,, as
caused by continuous loading, the work hardening in Co-
fcc is often induced by the stacking faults, which may
lead to a martensitic phase transformation from Co-fcc
to Co-hcp,[20] which decrease the toughness of the Co
binder.

In summary, the fracture behavior of the WC-Co
cemented carbide with submicron microstructure was
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investigated by in situ tensile tests in TEM. The
microstructure evolution during loading is revealed, and
the fracture mechanisms are proposed. At the early ten-
sile stage, the cemented carbide is at an elastic state. With
the increase in stress, the slip system of dislocations ini-
tiates at first in the Co binder, and then the dislocation
motion starts. With the increase in dislocation density,
the work hardening occurs in the Co binder. Alterna-
tively, the dislocations are activated in the WC grains.
The alternative motion of dislocations hinders the nucle-
ation and propagation of cracks in the cemented carbide.
Therefore, the cooperation of the Co binder and WC
grains facilitates to release local stress hence increase
the fracture strength of the cemented carbide. For the
cemented carbide containing microcracks, coordination
of dislocations in WC and Co closed to the crack tip is
effective to inhibit crack propagation. Particularly, the Co
binder plays a significant role in the coordination of stress
concentration through local plastic deformation, thus the
cemented carbide is protected from cleavage fracture.
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