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The grain boundary network of WC in WC-Co is important, as cracks often
travel intergranularly. This motivates the present work, where we experi-
mentally measure the fracture energy of X2 twist grain boundaries between
WC crystals using a double cantilever beam opened with a wedge under dis-
placement control in a WC-10wt%Co sample. The fracture energy of this
boundary type was compared with cleaving {1010} prismatic planes in a WC
single crystal. Fracture energies of 7.04 + 0.36 Jm 2 and 3.57 + 0.28 Jm 2

were measured for {1010} plane and X2 twist boundaries, respectively.

INTRODUCTION

Cemented carbide (WC-Co) cutting tools are
essential for modern manufacturing, as they are
used in drilling, mining, and cutting tool inserts.’
These WC-Co composites consist of tungsten carbide
and cobalt that act as hard particle and binder,
respectively.? WC-Co has a higher toughness rela-
tive to other hardmaterials, such as polycrystalline
diamond with K¢ in the range of 8-26 MPam'? .2
Yet, WC-Co tools are limited in performance and
lifetime owing to wear and fracture. Hence, crack
propagation and fracture in WC-Co has been exten-
sively studied.*®

In WC-Co, cracks can propagate near the WC/Co
interface, along WC/WC boundaries and transgran-
ular in the carbide.* Formation of a multiligament
zone during WC/Co failure is the main source of
toughening in WC-Co.” However, typically, a smal-
ler fraction of the crack path is along WC/Co phase
boundaries at lower binder fractions.*® Currently,
we lack detailed knowledge of WC/WC boundary
properties despite a large fraction of the fracture
path being along it. This motivates us to study WC/
WC boundary fracture, to provide an opportunity to
enhance understanding of the life span of hard-
metal-based machining parts.

(Received January 14, 2021; accepted March 17, 2021;
published online April 28, 2021)

TUNGSTEN CARBIDE CRYSTAL
STRUCTURE AND 22 BOUNDARIES

WC has a simple hexagonal crystal with one
carbon and a tungsten atom per primitive unit cell.
Its c/a ratio is close to unity as the lattice param-
eters, a and ¢, are 0.2906 nm and 0.2837 nm,
respectively.® Alternating layers of W and C planes
are present along the (1010) and (0001) of a WC
crystal. While WC grains adopt either an equilib-
rium triangular prism shape or a truncated trigonal
prism, as shown in Fig. 1a.?

The high toughness hardmetal microstructure is
formed during processing. The cobalt metal binder
melts and wets the carbide particles with a dihedral
angle of zero during liquid phase sintering.'®!!
Anisotropy in the WC/Co interface energy means
that the presence of cobalt during sintering pro-
motes the growth of three of the prismatic planes
compared to the other three in a WC grain, as
corresponding pairs of prismatic planes (e.g., (1010)
and (1010)) are not equivalent because the WC
crystal structure is non-centrosymmetric.'?

The two types of prismatic planes are illustrated
in Fig. 1b. The difference between the prismatic
plane types can be inferred from the number of
dangling bonds for a given atom at the terminating
layer. If each of the terminating W or C atoms have
4 dangling bonds, the prismatic plane is of type I.
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Fig. 1. (a) The hcp unit cell of WC as well as possible growth of the grains into either the equilibrium triangular prism or truncated trigonal prism
shapes. (b) Type | and type Il prismatic planes as seen from the [0001] direction. Potential ways of cleaving a prismatic plane are also shown in

the illustration by dashed lines.

Table 1. Surface energies of WC crystallographic planes as obtained from the literature from DFT
calculations for carbon-deficient and -rich conditions

Surface energy (Jm ?2)

C-deficient C-rich
Crystal plane Termination Refl4 Refl5 Refl6 Refl4 Refl5 Refl6
(0001) w 3.45 2.9941 - 3.77 3.5933 -
(0001) C 6.07 6.3984 - 5.75 5.7977 -
(1010)-Type I w 5.07 4.4712 5.0896 5.44 5.1841 5.3891
(1010)-Type I C 9.02 9.6008 8.7597 8.64 8.7277 8.4698
(1010)-Type II W 3.77 3.4971 3.7391 3.96 3.8528 3.8800
(1010)-Type II C 3.56 3.7503 3.5100 3.37 3.3946 3.3690

On the other hand, the prismatic plane is type II if
there are 2 dangling bonds per terminating surface
atom. The interplanar spacing is also different
between the two types of prismatic planes. Inter-
planar spacing between type I W and C planes is
0.084 nm in comparison to 0.168 nm for type II W
and C planes.'® Density functional theory (DFT)
studies have been conducted to determine {1010}
surface energies. A summary of such DFT data is
given in Table L.

There are two ways to cleave prismatic planes as
shown in Fig. 1b. The crystal can be cleaved
between either a type I W and C terminated planes,
or a type II W and C terminated planes. The
cleavage energies (defined as twice the surface
energy) in these two scenarios have been deter-
mined to be 13.85-14.09 Jm 2 and 7.25-7.33 Jm 2,

respectively, in the literature.'* !¢ Four W—C bonds
are broken per unit surface in the former compared
to two in the latter. This explains the difference in
energy by a factor of 2. The anisotropic plane
energies explain the faceted morphology of WC
grains due to preferential growth of {0001} and type
II {1010} low-energy planes. Hence, WC-Co is likely
to contain straight WC/WC boundaries and, for a
(near) random crystallographic texture, some of
these will be perpendicular to the surface. This
makes WC/WC boundaries suitable for fracture
analysis using a DCB test.

WC’s c/a ratio being close to unity results in
several coincidence site lattice (CSL) boundaries.®
>2 boundaries with a misorientation of 90°/[1010]
are the most frequentlly encountered CSL WC/WC
boundaries in WC-Co.'” £2 twist in particular which
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has {1010}/{1010} boundary habit planes are most
often found owing to lower energy relative to the tilt
counterpart.'®2° It is important to study the most
frequent boundaries to understand the macroscopic
performance of the WC-Co tools. Our study can
inform grain boundary engineering (GBE)
approaches to control microstructure, and ulti-
mately lead to an increase in WC-Co tool
performance.

MICROMECHANICAL FRACTURE TESTING

Study of brittle fracture has advanced signifi-
cantly owing to Griffith’s work.?! Here, we return to
his premise that the energy required for fracture is
directly related to energy needed to create two new
surfaces. To provide a mechanistic understanding of
the toughness of ceramics at a microscopic scale,
micromechanical testing can be applied where indi-
vidual microstructural features are tested to reveal
physical properties, such as fracture energy.

Four microscale fracture testing techniques are
used for determining fracture properties: pillar
splitting,?? single cantilever bending,?*?* clamped
beam bending,*>?® and DCB compression.?” These
are prone to limitations in sample fabrication and
testing, with issues concerning ion implantation at
the crack tip®® and unstable crack growth, respec-
tively. These issues can lead to erroneous fracture
energy measurements.

To address these challenges, a new displacement-
controlled DCB geometry loaded by a wedge tig) was
introduced in the work of Sernicola et al.? The
wedge-loaded DCB geometry allows for a
stable crack growth. A stable crack growth in turn
facilitates the measurement of fracture energy
values further away from notch tip which are more
accurate. This technique was designed to use the
in situ SEM observation of the crack length as well
as physical measurement of each beam flexure to
measure the critical energy release rate while the
DCB cracks. This was inspired by the macroscopic
wedge-loaded DCB test fixture of Obreimoff’s in
mica.

Sernicola et al. fabricated a DCB vertically using
a focused ion beam (FIB), with a ‘slot’ to accept a
wedge indenter. The DCB is deformed using direct
displacement control, using a piezo-driven diamond
wedge indenter, inside a scanning electron micro-
scope (SEM). This geometry is stable, as the con-
tinued movement of the wedge downwards opens up
the crack, but more displacement is required for the
crack to progress further. Therefore, the strain
energy release rate of the crack grown within the
DCB can be measured.?’ Load cell information is
not used, and the energy is calculated from the
statics of the loaded double cantilever system.

In the present work, we apply the method of
Sernicola et al.? to determine the fracture proper-
ties of WC-Co, which include the fracture energy of

WC/WC X2 twist boundaries and the [1010]

prismatic plane. The grain boundaries were found
using electron backscatter diffraction (EBSD) and
analysis with MTEX 32

>2 twist boundary strength has been determined
in the literature using single cantilever bending
tests.>> However, the fracture energy of carbide
boundaries has never been experimentally reported.
Thus, we have used a wedge loaded DCB geometry
to measure the fracture energy of X2 twist bound-
aries. We have also measured the surface energy of
type II {1010} prismatic planes and compared it to
values obtained from the literature.

METHODS
Materials

The WC single crystal used in the study was
provided by the National Physical Laboratory
(NPL). It was grown in a furnace at Sandvik Hard
Materials (Coventry, UK).

The multigrain sample used for X2 boundary
analysis was prepared using conventional powder
metallurgy routes. Pure WC and Co powders were
mixed by milling in ethanol-10%H50, using extra-
coarse WC from Wolfram Bergbau FSSS (Fisher
Sub Sive grainsize) of 15 um, cobalt from Freeport
and Polyethylengylcol as a pressing agent to make a
WC-10wt%Co sample. To achieve as large WC
grains as possible, the samples were only milled
for 4 h in a WC-lined 0.25L rotating mill. There-
after, the powder was pan dried at 40°C in gaseous
Ny and finally uniaxially pressed into rectilinear
(SNUN) geometry. Followed by de-binding in gas-
eous Hy to 450°C and sintered at 1500°C in con-
trolled vacuum. The cemented carbide sample was
cut into a 15 x 5 x 5 mm piece using an IsoMet
1000 precision cutter equipped with a diamond cut-
off wheel.

The single-crystal and the cemented carbide
samples were mounted on a disc grinder and a
resin mount, respectively, for grinding, and then
they were polished with polycrystalline diamond
suspensions with particle sizes of 3 ym, 1 ym, and
0.25 um. Finally, the cemented carbide sample was
broad argon ion beam-polished in a PECS II system
at 6 kV for 6 h with the ion beam glancing over the
sample surface at an incidence angle of 0°.

Micromechanical Testing Theory

A DCB as illustrated in Fig. 2 is essentially two
cantilever arms clamped at one of the ends, the
crack tip. As a wedge is driven into the central
trough of a DCB, the cantilever arms are point
loaded at the arm-—wedge contact. Elastic strain
energy stored in the cantilever arms is then
released and wused for crack initiation and
propagation.

The elastic strain energy, Uy (Jm™ 1), stored in
each of the arms is given by the Euler—Bernoulli
beam theory (EBT) in Eq. 1.>* The elastic strain
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Fig. 2. Schematic of a DCB geometry loaded via a wedge. /, d, t, and
a are DCB length, cantilever arm width, thickness, and crack length,
respectively.

energy release rate, G (Jm 2), in accordance with
the Griffith criterion for this case is as in Eq. 2.

Ed35*
Un =545~ 1)
dUy 3Ed35?
C="da " 8t ®)

where E, d, 0, and a are the elastic modulus,
cantilever arm width, arm lateral displacement, and
crack length, respectively. G will give values of
surface energy provided that the energy expended
in bending the arms is the same as the energy
stored in them. During initial crack growth, the
EBT assumption of a << d is not valid. Hence, the
Timoshenko beam theory (TBT) model for analyzin
the behavior of short thick beams must be used.®
TBT accounts for the effects of transverse shear
deformation during loading. G for each beam during
early crack propagation is given as:

Giuliani

dU 3Ed3s® d\?
G:—%:W<1+(1+v)(5)> (3)

where v is the Poisson’s ratio. Equation 3 reduces
to Eq. 2 as the crack evolves and a >> d. Rotation
at the crack tip (clamped end) is corrected for by the
solution developed by Williams.?® This involves
replacing a in Eqgs. 2 or 3 with a + yh. Factors y
and I' in turn are given in Eqgs. 4 and 5, respectively.

1
2

2(1+v) r \?
r=\ T 32 <1+—r> (4)
I =2.36(1+v) (5)

The value of y was approximated to be 0.67 by
Williams, with the assumption of the arm being
isotropic, as is necessary for applying any beam
theory. y was also shown to be insensitive to v. The
validity of the correction was verified in the work of
Aldegaither et al.?’

EBSD Data Collection and Analysis

EBSD data were acquired using a Bruker e-
FlashHD EBSD detector in a FEI Quanta 650 FEG-
ESEM. The mapping area for acquisition was
marked with four fiducial crosses to form a square
grid of 400 x 400 um area. Data were recorded with
a step size of 0.4 um. Once acquired, it was loaded
into MTEX 5.1.1 in MATLAB. A custom script in
MATLAB was then used for data analysis to
identify X2 twist boundaries for mechanical testing,
i.e., those with grain boundary planes perpendicular
to the cut sample surface.

>2 boundaries were identified in MTEX based on
the following criteria: grains sharing a ¥2 boundary
will have {1010} 1{1010} and {0001} ! | {1120} rela-
tionships. In polycrystalline WC, the X2 twist and
tilt boundary types have a different habit plane. The
twist has two {1010} planes terminating the crystals
at the interface. The tilt has {0001} and a {1120}
terminating each crystal. In this work, only the X2
twist boundary is of interest.

To find the boundaries of interest, the two habit
planes were transformed from the crystal frame of
reference into the sample frame, using the trans-
formation in equations 6 and 7.

ga x {1010} =6 x v, (6)

g x {1010} =6 x vy (7)

where g is the rotation matrix for each grain, while
a and b are adjacent grains sharing a boundary. Six
vectors are produced for each grain as there are six
prismatic planes. The parallel planes are deter-
mined using a dot product test of the (unit) plane
normal vector. For the planes pairing that is
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parallel, a second dot product test is used to
compare this vector with the surface normal, i.e.,
if the shared plane is perpendicular to the surface
normal. This identifies a subset of boundaries
within the region of interest in which DCBs can be
cut.

DCB Manufacture

The micromechanical test specimens were
machined from specific sites using a FEI Helios
NanoLab 600 DualBeam SEM. A custom script
written in the Nano-Builder software was used for
automated fabrication of DCBs following the
method outlined by Sernicola et al.??

Micromechanical Testing Procedure

Single-crystal DCB fracture tests were performed
on a [0001] oriented grain, cleaving {1010} prismatic
planes apart. DCB tests were also conducted on the
WC-10wt%Co sample to measure the fracture
energy of the X2 twist boundary.

Micromechanical testing was conducted in situ
within a FEI Quanta 650 FEG-ESEM microscope.
This afforded continuous high spatial resolution
imaging of the test process. Thus, alignment of the
DCB with the indenter tip and tracking crack
propagation was possible. Images were captured
using an Everhart-Thornley detector in secondary
electron mode at 5 kV and a working distance of ~10
mm.

An Alemnis nanoindenter was used for DCB
testing. DCBs were loaded with a 50° cone angle
and 10-um-long, diamond wedge tip (Synton) in
direct displacement control. Images were acquired
at ~500-ms intervals during testing. Lateral arm
displacement, arm width, and crack length were
extracted from these images with the aid of custom
MATLAB scripts. Linearly-fitted lateral displace-
ment of the beams and linearly-fitted crack length
data were utilized for fracture energy determina-
tion. This was done with the intention of reducing
noise/scatter in the measurements. Further details

regarding the test procedure can be found in the
work by Sernicola et al.?*

Results

Figure 3a shows one of the regions selected for
EBSD analysis marked with FIB-milled fiducial
crosses. The locations of the fiducial crosses had FIB
damage and were not indexed during EBSD acqui-
sition, as seen in Fig. 3b. A large pore located at the
top region of interest (ROI) is also seen in the image.
The microstructure of the sample shows WC grains
and Co binder ligaments as relatively bright and
dark areas, respectively, in Fig. 3a. Figure 3b shows
a schematic of grain boundaries with £2 boundaries
indicated in red. The twist and tilt variants were not
distinguished at this point. Employing the method
detailed in the section, EBSD data analysis, X2
twist boundaries were identified.

EBSD analysis of a X2 twist boundary site from
the ROI is shown in Fig. 4. Both the image quality
map and forescattered electron micrograph from
Fig. 4b and c¢ around one such site indicate the
presence of a boundary at the expected location. The
habit planes at this boundary being prismatic (1010)
and perpendicular to the surface are conveyed via
EBSD IPF map overlaid with equilibrium WC
crystal shapes in Fig. 4c.

First, the WC single crystal was split, and micro-
graphs from a representative in situ test are shown
in Fig. 5a. The single crystal was oriented with
[0001] plane normal along the displacement direc-
tion of the wedge indenter and that {1010} plane
was cleaved. Then, DCB tests were performed at X2
twist boundaries sites. Fig. 5b shows a successful
DCB test at a X2 twist boundary.

Fractures energies presented in Fig. 6a were
evaluated with cantilever arm displacement, arm
width, and crack length as measured from test
images and the elastic modulus determined using
elastic constants taken from Landolt-Bornstein®® in
accordance with Hearmon’s work.?® In the case of
the [0001]-oriented single crystal, an elastic modu-
lus of 825.6 GPa was used. For the X2 twist

Fig. 3. (a) SEM image of a region selected for EBSD analysis from a WC-10wt%Co sample in SE mode. The image was captured while the
sample had been tilted by 70°. (b) Schematic of grain boundaries plotted for the same region. All possible X2 boundaries have been highlighted in

red.
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Fig. 4. (a) SEM image in SE mode, (b) image quality map, (c) forescattered electron micrograph, and (d) EBSD IPF map with WC crystal shapes
overlaid for the selected X2 twist boundary site. WC crystal shapes are depicted as equilibrium triangular prism shapes.

I

i 1
' 0s 125s

[0001]

=

0s

[0001] [1210]

Fig. 5. SEM images of the frames from a successful (a) single-crystal DCB test (SC1) at0s, 12.5s,25s, 37.5 s, and 50 s, and (b) a 2 boundary

DCB testat0s, 25 s, 50 s, and 75 s in SE mode.

boundaries, elastic moduli were calculated depend-
ing on grain orientation. Orientation and elastic
moduli of X2 boundary grains is provided in
Table II.

DISCUSSION

DCB tests have been performed on a WC single
crystal cleaving {1010} planes and compared with
tests that measure the X2 twist boundary. There,
the fracture energy of the {1010} plane was mea-
sured as 7.04 + 0.36 Jm 2, agreeing with the DFT
data (~7.33 Jm~2) if it is assumed that the low-
energy plane is fractured.

Fracture energy determined from DCB wedge
testing of 2 twist boundaries was 3.57 + 0.28 Jm 2.
This lower fracture energy is lower than for the
{1010} planes, suggesting that the twist boundaries
are more susceptible for crack propagation than the
carbide grains, as expected. A comparison of the
fracture energies from each of the DCB test are
given in Fig. 6b.

Fracture energies of boundaries X2B1 and X2B3
increase near the end of their respective crack
paths. The increase in energy is a consequence of
that the cracks are deviating from a straight path
and onto the sides of the DCBs. Bending of a crack
results in the thickness of the cantilever arms
(which is assumed to be constant) not being well
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defined, and the equation for calculating fracture milling DCBs with the boundary sitting at the exact
energy is thus no longer valid. In the case of the middle of a DCB geometry is challenging. Thus, a
DCBs at the grain boundaries, it must be noted that DCB notch is unlikely to be at the exact location of a
boundary. Hence, it is likely that the crack initiates
away from the boundary locale. However, it will

(a) 10 eventually jump onto the low energy fracture path-,
+ sc sc2 i.e., the boundary.
o - In contrast, cracks do not have a clear preferred
8 1 path for propagation in a WC single crystal. This is
1 e, "‘.w"m“"' because surface energies of some of the WC planes
of + ¢

are similar. For example, type II {1010} and {0001}
plane energies are similar. Thus, a crack will
eventually deviate from the intended straight path
4t : (along type II {1010}) in a WC single crystal.

SRS Consequently, straight cracks in WC single-crystal
DCBs are shorter compared to the boundary DCBs.

Fracture energy, G (J*m'z)
[,

27 1 There is also variability in the fracture energy for
1} ] any given DCB test, as illustrated in Fig. 6a. This is
5 . . ‘ ‘ potentially the result of the crack not propagating
1 15 2 25 3 35 4 exactly straight.
Crack length (xm)
(b) 1o CONCLUSION

DCB wedging tests have been performed on a WC

° single-crystal sample cleaving {1010} planes. Mea-
8t 1 sured fracture energy values (7.04 + 0.36 Jm?) are
.l i E | similar to the cleavage energy values in the litera-
] ture, determined from DFT calculations. We have

6r 1 devised a method to identify CSL boundaries within

a microstructure, perpendicular to the surface from
EBSD data analysis. X2 twist boundaries were
4t 1 identified via this process on a WC-10wt%Co sam-

E . ple. Fracture tests were conducted on such bound-
ary features, producing precise measurements of X2

Fracture energy, G (J*m'z)

2t ] twist boundary energy (3.57 + 0.28 Jm2). This
1 ‘ . ‘ ‘ , information is wuseful when controlling WC-Co
SC1  sC2  SC3 3281 32B2  32B3 microstructure via GBE.
Fig 6. (a) Fracture energy plotted as a function of crack length for ACKNOWLEDGEMENTS
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Grain orientations are given as Euler angles in the Bunge convention as well as Miller indices of the direction out of sample. Miller indices
have been rounded off to integer values
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