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Summary

The wear of cemented carbide rock drill buttons is due to a complex mixture
of mechanisms. One important of such mechanism is the surface fatigue that
occurs due to the percussive conditions of rock drilling. To isolate the effects
of this mechanism, a mechanical pressure cycling test has been performed
on a cemented carbide with 11 % Co and 2 \xm WC grain size. The test was
ended after 60000 pressure cycles. No signs of fatigue crack nucleation
were found. The changes in hardness, fracture toughness, erosion
resistance, magnetical coercivity and thermal shock resistance were
measured. The microstructure of the sample was investigated with x-ray
diffraction, plus scanning and transmission electron microscopy.

The fracture toughness decreased 14 % due to the pressure cycling while
the hardness did not change. In addition, the thermal shock resistance and
the erosion resistance decreased. The magnetical coercivity increased 90 %
indicating significant phase transformations or high defect density in the Co
binder phase. The TEM revealed no deformation of the WC phase, but
important alterations of the Co phase. The Co phase was transformed from
fee into a new unidentified phase, characterized by atomic inter planar
distance present in fee and hep plus an unfamiliar distance of 2.35 A. This
phase is suggested to be due to a more complex stacking sequence of the
close-packed planes than in hep or fee.
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Introduction

WC/Co cemented carbides (or hard metals) are commonly used when the
conditions demand the combination of high hardness and high toughness
(1). The mixture of hard WC grains and the ductile binder phase of cobalt
results in a material well suited for applications like rock drilling, wear parts
or hot rolling of steel. Still, the material possesses some important
limitations. In products where it is exposed to repeated loadings, the limited
fatigue resistance sets the boundaries. One such fatigue related
phenomenon is the formation of reptile skin, which is a surface pattern of
plateaus and valleys. This pattern may lead to formation of catastrophic
cracks, if not inhibited by a re-shaping involving removal of the patterned
surface layer (2). The name reptile skin is of course derived from the visual
similarity with the back of a reptile. The forming mechanism of the reptile
skin is not clear, but is known to be related to surface fatigue processes. The
surface fatigue can be divided into two types: mechanical (e. g. from
percussive operations) or thermal (e. g. repeatedly cooled hot roll surfaces)
(3). In this paper, the mechanical fatigue process is investigated with respect
to the microstructual changes induced by repeated strains and the
corresponding changes of the mechanical bulk properties.

Below 418 °C, hep (epsilon phase) is normally the stable phase of Co.
However, when producing cemented carbides, the high temperature fee
phase (beta phase) is stabilized in sintering due to the presence of solved
tungsten and carbon. The deformation induced microstructural changes in
WC-Co have been investigated by e.g. Rettenmayr and Exner (4). Their
TEM investigations indicated that when plastically deformed, the Co binder
phase accumulates stacking faults up to the limit of complete transformation
from fee to hep. It was also established that the low stacking fault energy of
Co leads to a high deformability, and that the WC phase is hard, brittle and
shows low specific crack resistance.

Due to fewer slip systems (three instead of twelve), hep-Co is considered
more brittle than fcc-Co. The slip systems description in hep-Co is complex
compared with fcc-Co, but as a rule, a large number of slip systems are
considered to result in a low brittleness of the material (5), (6).

Also Manlang (7) has studied the Co fec-hep phase transformation in a
cemented carbide with 12 wt% Co. Manlang observed crack initiation
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already if less then 10% of Co is transformed into hep, and also that the
transformation from fcc-Co to hep-Co occurs at only 1% strain. He stated
that Co, and its different phases, plays an important role in the mechanical
properties of the cemented carbide.
Kindermann (8) investigated surface fatigue cracks in WC-Co induced by
cyclic loads at different temperatures. At 25° C he observed a distinct binder
phase transformation from fcc-Co to hep-Co in the vicinity of crack tips.
Consistent with Rettenmayr, Kindermann mentioned a stacking fault
mechanism achieved by appropriately gliding Shockley partials to describe
the phase transformation. At higher temperatures, the phase transformation
had less influence on the cracking mechanism due to the reduction of
stacking faults. The crack tips were rather embrittled by oxidation of Co. A
higher stacking fault energy (e.g. by alloying with Ni) leads to less
embrittlement at room temperature.

Another way to eliminate the fee to hep transformation of the Co binder is to
reduce the WC grain size to the nano meter level, and hence get at better
solubility of W in Co and stabilize the high temperature phase fcc-Co (9).

Vasel et al. have examined the binder deformation in a cemented carbide
(17 wt% Co) exposed to a fatigue test involving 500 000 cycles to 2.1 GPa
(10). They found that 45 vol% of the binder phase was transformed from fee
to hep, without formation of cracks. When the binder was alloyed with 30-
wt% Ni, only 12 vol% was transformed and dislocation motion and twinning
became the predominant deformation mechanisms.

Obrtlik stated that a plastic strain hardening of WC-Co is obtained in the
early stages of the fatigue test, already after 5 cycles of 1000. His push-pull
test (+/- 1 GPa) was performed on a cemented carbide with 9-wt% Co and
1.3 urn large WC grains. The direct influence from internal defects on the
fatigue life was also concluded (11).

The magnetical coercivity force He is commonly used to measure the mean
free path of the binder in WC-Co. It is a measure of the force necessary to
reduce the magnetic induction to zero and is thus only influenced by the
ferromagnetic Co (12). The He value is also a measure of the density of
dislocations, free atoms, solved atoms, packing order and grain boundaries
in the binder phase (13). No correlation between He and phase
transformation in Co has been well established.
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Experimental

A cylindrical cemented carbide specimen (diameter 7 mm and length 10 mm)
was inserted in a holder and exposed for 62500 pressure cycles at room
temperature. The test piece was prestressed to 0.69 % compression and
then pressure cycled with amplitude of 0.37 %. The pressure cycling did not
lead to fracture. The specimen was subsequently cut and examined. An
unloaded sample of the same grade was used as reference. The nominal
composition of the material is presented in table 1.

Table 1. Test sample data according to general specifications (TE=Thermal
Expansion for 20-800 °C).

WC grain
size \jm

2

Co
content

wt.%
11

MNmm~3'2

15.0

E
kNImm2

575

TE

5.7

HV30

1250

To facilitate conclusions and further work, the directions for the different
analysis are given in Fig. 1.

Pressure
direction

Test
sample

XRD
direction

TEM
foil

Figure 1. Direction of analysis related to the pressure direction
(Erosion, fracture toughness, thermal shock resistance and
hardness were measured in the same direction as the cross section
XRD.)

The micro hardness (HV500g) was determined as the average of eight
indents per sample. The Young's modulus and the nano hardness were
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measured in a Nanoindenter. In the Nanoindenter, 25 indents were made to
two fixed depths, 0.5 urn and 2 urn. The fracture toughness was determined
using the Palmqvist method (14) where the crack lengths from eight 50 kg
dents were measured in the scanning electron microscope (SEM). The
microstructures were also investigated in the SEM.
A thermal shock test comparing the original and the pressure cycled sample
was also performed. Following the Palmqvist fracture toughness indentation,
the samples were heated to a series of increasing temperatures, each
followed by cooling in water. The temperatures were 340, 380, 420, 460,
500, 540, 580, 620 and 660 °C. For temperatures above 480 °C, the
materials were highly oxidized, and therefore lightly polished to facilitate
measurements. However, at temperatures above 660 °C, it was impossible
to remove the thick oxide layer without ruining the surfaces including the
cracks formed. The total crack length originating from the four indent corners
was measured in a light optical microscope. This length is very sensitive to
the temperature (1) and constitutes a measure of the thermal shock
resistance.

Further, an erosion resistance test was performed in an centrifugal erosion
tester. Both a pressure cycled and an as-sintered samples were eroded by
500 urn Aip^ -particles at 70.3 m/s velocity and 90° impact angle. The test
was performed at room temperature and was long enough to represent
steady state conditions.

The pressure cycled sample was also examined in the transmission electron
microscope (TEM) after grinding, polishing and ion thinning. The normal
vector of the examined TEM foil was directed perpendicularly to the pressure
direction, as shown in Fig. 1. Phase composition and microstructure was
examined by X-ray diffraction and magnetical coercivity measurements. The
magnetical coercivity was measured according to the European standard EN
23 326. It should be noticed that the coercivity normally is measured on as-
produced material, and is considered a measure of the Co mean free path.
This correlation is not confirmed for materials that have been subjected to
cyclic high stress loading, as will be further discussed.
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Results

The cyclic loading test did not result in any microstructural changes
observable in the scanning electron microscope, as illustrated by the
examples in Fig. 2.
fc'jn*" • . . • • • - 1 * • " \ • . ' - i : • « * * . ' •

~-*.jL+'\
J-

*

a) b)
Figure 2. Microstructure of the tested cemented carbides (SEM).

a) As produced, b) After pressure cycling

However, several properties were modified by the cyclic loading, as
presented in table 2. Most notably, the magnetic coercivity was doubled, the
fracture toughness was reduced by 14 %, and the erosion resistance
decreased significantly, about 18%. The micro and nano hardness showed
no changes while the macro hardness did increase some 5 %. However, the
macro hardness indentation involved severe fracture of the material, which
makes it less relevant for determining the hardness.

Table 2. Comparison of mechanical properties between original and
pressure cycled sample.

Original
sample
Cycled
sample

Macro
hardness

HV
(50 kg)

1046

1110

Micro
hardness

HV
(500 g)

1286

1288

Nano
hardness*)

HV

1690/
1810

1670/
1810

Fracture
toughness

MNmm-il2

15.4

13.3

Erosion
rate

mg/g

0.56

0.66

Young's
modulus*)

E
kN/mm2

760 / 624

797 / 626

Magnetic
coercive
force, He

kA/m

9.2

17.2

*) As measured by nanoindentation to 2 pm depth and 0.5 pm respectively. As a rule of
thumb, the hardness value is considered to be influenced from the material down to 10
times the indentation depth
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Figure 3. Thermal shock behaviour. Crack length (/jm) after heating to
specified temperature followed by water-cooling to room
temperature. Total crack length from all four corners.

The lengths of the cracks formed in the macro hardness indentation were
used to calculate the fracture toughness. No obvious difference between the
crack lengths from the four corners of the indents could be noticed,
indicating a uniform plane stress. The test showed a lower thermal shock
resistance for the pressure cycled sample at almost all temperatures, see
Fig. 3. At 660 °C the pressured cycled sample showed significantly
increased-crack growth.

XRD
The X-ray diffraction analysis did not reveal any changes of the tungsten
carbide phase. However, the Co phase was significantly modified, as
indicated in table 3. The XRD spectra achieved did not allow precise
quantification of the phase compositions, but gave clear indications of the
general trends, as indicated in the table.
For the sample exposed to pressure cycling, the intensity from the inter-
planar spacing typical of fcc-Co (d=1.78 A) was reduced while the two peaks
typical of hep-Co (d=1.92 A and 2.17 A) was increased. The 2.06 A peak
could originate from both fcc-Co and hep-Co. These results give an
indication that fcc-Co partly has transformed into hep-Co.
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Table 3. Schematic X-ray diffraction intensity comparison between fee Co
and
hep Co peaks from the original and the pressure cycled samples.

Atomic interplanar spacing
Associated phase
Original sample
Pressure cycled sample

d=1.78A
fee Co
medium
low

d=1.92A
hep Co _,
medium
high

D=2.06A
fee (or hep) Co
high
medium

d=2.17A
hep Co
low
medium

TEM
No deformation of WC-grains could be observed in TEM, neither in image
nor in diffraction mode. Therefore, the analysis was concentrated to the Co
phase and several areas were analyzed as exemplified in Figs. 4 and 5. Due
to the relatively low resolution achieved, it was hard to analyse the Co phase
deformation from the bright field images. The high residual stresses
rendered the thinning process very difficult, which resulted in the limited
resolution.

Figure 4. Bright field image and corresponding diffraction pattern of the
Co binder phase in the pressure cycled sample. This area
includes a number of crystals (TEM).
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Figure 5. Bright field image and corresponding diffraction pattern of
another part of Co binder phase in the pressure cycled sample
(TEM).

However, the corresponding diffraction patterns revealed a very interesting
crystal structure. The investigated parts of the binder were neither fee nor
hep, but included interplanar spacings present in these structures. The
diffractogram in Fig. 5 is dominated by a single crystal, and gives the
clearest indication of the new phase. The diffractogram shows three planes
with a 60 ° angle relative rotation, similar to an fee or hep cell, with
interplanar distances of about 2.2, 2.0 and 2.4 A, respectively. The first
distance is present in hep Co (10-10), the second in both hep and fee (0002,
111). The 2.4 A distance, however, is not present in either.

This new interplanar distance is present also in the area investigated in Fig.
4, and in all other investigated areas of the binder. Further, it consistently
exhibits the same orientation relative to the loading direction.

The image in Fig. 5 shows sharp bands of sheared material across the Co
phase. These bands have the same orientation as the 2.2 A planes (-2.17
A, see table 3).

Discussion

Usually, fatigue testing of cemented carbides has been focused on
describing the microstructurai changes while this investigation has focused
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on property modifications induced by the cyclic loading. These modifications
will be discussed below.

Fracture toughness
An embrittlement of the cyclic loaded material was manifested by the
fracture toughness decrease of about 14 %. The accuracy of this figure
could perhaps be questioned. However, the Palmqvist formula applied is not
very sensitive to small variations of the crack lengths measure, since the
total crack length appears as an square root in the denominator, and the
crack lengths could be accurately measured in SEM. Since the fracture
toughness was used for direct comparison between of two materials, the
choice of Palmqvist method is not crucial.

Erosion resistance
The embrittlement of the binder was also manifested by the reduced erosion
resistance. The erosion parameters were chosen to yield a good measure of
the binder properties, involving particles too soft to plastically deform the WC
grains and large enough (500um) to deform relatively large volumes of the
cemented carbide in each hit. The exposure to repeated hits from large
particles, leads to a removal mechanism dominated by fatigue and fracture
of the binder phase. No difference in erosion mechanism could be observed
in the SEM.

Thermal shock resistance
The loaded sample showed reduced thermal shock resistance at almost all
temperatures. At 660 °C temperature, the difference is substantial. This
degradation either may be due to an increased defect density in the binder,
or to better properties of the original fcc-Co, than the phase transformed Co,
in the cycled sample.

Hardness
The hardness was found not to change due to the pressure cycling. This
could be understood from the microstructures in Fig. 1; the WC-grain size
and the mean free path both are constant. In this case, current hardness
models (1), (15), predict a constant hardness, unless the hardness of the
binder is modified. The hardness of the binder has not been measured in
this investigation.
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Co phase alterations
The phase of the binder in the cycled specimen has not been identified.
From the X-ray diffraction, it was obvious that the initially pure fcc-Co, after
pressure cycling also exhibited planar distances typical of hep-Co. In
electron diffraction, the binder displays planar distances typical of both fee
and hep Co plus a distance not present in either of these phases.

This is a new phase that probably represents some transition form between
fee and hep, which is stable under the specific conditions of this test. The
phase is probably formed by a more complex stacking sequence of the close
packed atomic planes than the ABAB sequence of hep or the ABCABC
sequence of fee. During the TEM sample preparation, very high residual
stresses were observed. These stresses may be an important factor in the
transformation process.

Manlang (7) reported overlapping diffraction patterns from fcc-Co and hep-
Co, but no interplanar spacing values were mentioned.

The 2.35 A distance was not present in the XRD-spectra. Since the XRD
spectroscopy was made on a plane with perpendicular normal direction as
the TEM sample plane (see Figure 1), this could be indicative of a preferred
orientation of the crystal lattice relative to the loading direction. In XRD, the
intensity from several crystals (i.e. several millimeters) in the loading
direction is collected, while TEM only yield diffraction from a single or a few
crystals. The TEM sample showed the same crystal orientation in all Co
grains investigated.

Magnetical coercive force, He
The pressure cycling resulted in a doubling of the magnetic coercive force.
However, it is not clear if it is due only to the increasing density of defects or
if the phase transformation from fee to hep is contributing.

Conclusions

This investigation illuminates the important role of the binder in the
degradation of cemented carbides. It is interesting to notice that
modifications of the binder phase can change the tribological behaviour,
without modifying the hardness. In applications involving repeated loading,
transformations of the binder phase and its properties have been shown
likely to occur and being important for the mechanical properties. However,
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more investigations of the new phase are required. It would for example, be
interesting to know if it is formed in an early stage of the pressure cycling
and then become stable, or if it is a transition form that will change with the
number of loadings.

To summarise, the cyclic compressive loading (62500 cycles from 0.32 % to
1.1 % compression) of the 11%Co-cemented carbide resulted in the
following changes of the material structure:

• Insignificant deformation or phase transformation of the WC grains.
• Deformation and phase transformation of the Co binder.
• Transformation of a new, unidentified Co binder phase characterised

by an undocumented planar distance of 2.35A.
• Distinctly increased magnetic coercivity force, due to increased defect

density or phase transformations of the binder.

These changes resulted in the following modifications of the mechanical
properties:

• Reduced fracture toughness.
• Reduced erosion resistance.
• Reduced thermal shock resistance.
• Insignificant modification of the hardness.
• Insignificant modification of Young's modulus.
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