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a b s t r a c t

In order to gain a better understanding of the WC-Co sintering process, the change in
P¼ 2 grain

boundaries was studied in two series of alloys with different carbon contents and increasing Co content
in the 10e50 vol% range. The samples were sintered at 1410 �C for 1 h and 5 h. The frequency of

P¼ 2
grain boundaries and the rotation angle distribution were determined using electron backscatter
diffraction (EBSD) in order to make a statistical analysis of the effect of composition and sintering time on
the special boundary characteristics. Complementary TEM observations were conducted for a more
thorough determination of the rotation aspects (angle/axis). The rotation angle is scattered in the WC
powder with a maximum peak close to 90�, as expected for

P¼ 2 grain boundaries. However, the
average rotation angle tends towards 88.7� in sintered alloys. This deviation is explained by a dislocation
array compensating for the misfit and angular deviation in the grain boundary. Its characteristics are
calculated using the 0-lattice approach and the associated elastic energy is evaluated from these data.
The observed angular deviation is consistent with a minimum elastic energy of the boundary. Particle
rearrangement, which can occur during liquid phase sintering, might explain the slight rotation of
adjacent crystals in the sintered materials, in order to find a lower energy configuration. A mechanism
involving stacking faults in successive prismatic planes is also proposed to explain the formation ofP¼ 2 boundaries and their high frequency in the powder.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

WC-Co cemented carbides are used for a large panel of appli-
cations such as cutting or drilling tools and their mechanical
properties are tailored by adjusting the WC grain size and Co
content. The material is prepared by the powder metallurgy route.
Liquid phase sintering occurs with a cobalt rich liquid acting as a
binder for the WC phase after solidification. The fraction of WC
grain boundaries diminishes as the binder content increases [1,2],
and specific boundary planes are identified [3e5]. The WC powder
used for the fabrication of WC-Co alloys is polycrystalline most of

the time [6], and special boundaries are found to be present both in
the WC powder and in the sintered material [7,8]. Among these
grain boundaries, so called

P¼ 2 grain boundaries and especiallyP¼ 2 twist boundaries are predominant. The presence of such
boundaries, first identified by TEM in the sintered alloys [9,10], was
further confirmed by EBSD studies [3,11]. The grain boundary
resistance upon cobalt infiltration during sintering was estimated
for several grain boundary orientations using ab-initio calculations
and it was deduced that

P¼ 2 grain boundaries present in the
powder were stable [12]. A large number of such grain boundaries
in the cemented carbide probably arise from the powder while
most other boundaries form during sintering due to impingement
of the WC grains. Small rotations of WC grains are also expected to
occur during sintering, in order to lower the overall grain boundary
energy [5].

A precise knowledge of the grain boundary population charac-
teristics in the WC powder and after sintering is necessary for a
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better knowledge of the sintering mechanisms and for a better
control of the material microstructure and properties. This work
focuses on

P¼ 2 boundaries found in the powder and in the sin-
tered carbide and especially on the change in the orientation
relationship as a function of cobalt content. A deviation from the
90� twist rotation angle of

P¼ 2 boundaries is noted in sintered
materials. The results are interpreted using the 0-lattice theory by
calculating the density and orientation of misfit dislocations lying
in the boundary plane as a function of the misorientation [13]. The
grain boundary elastic energy is evaluated for the calculated
dislocation array and equilibrium rotation angles are deduced and
compared to the experiments. The mechanisms of

P¼ 2 grain
boundary formation in the powder and their stability during sin-
tering are then reviewed from the results.

2. Experimental procedure

WC-Co alloys were sintered at 1410 �C for 1 and 5 h with 10, 15,
20, 30, 40 and 50 vol % Co. C-rich and W-rich compositions were
chosen in the two phase domain at the limit with the three phase
domains at 1000 �C. WC powder from HC Stark with a mean grain
size of 0.6 mmwas used. In order to analyze grain boundaries in the
WC powder, organic compounds and cobalt were removed from a
powder mixture after milling and WC powder was consolidated by
sintering with 40wt% Cu at 1120 �C for 15min under He/H2 at-
mosphere. Solubility in Cu is sufficiently low at this temperature to
consider that WC powder is unchanged by the preparation.

All samples were mechanically polished down to 1/10 mm, then
Ar-milled using a Gatan Precision Ion Polishing System for 2 h with
a 2� incident angle and a 2 kV accelerating voltage for EBSD char-
acterization. EBSD experiments were carried out using a Zeiss Su-
pra 55 VP microscope with a field ion gun, equipped with the EBSD
HKL NordlysMax detector and the data were processed using
Channel 5 Suite AZtec software. Five 30� 30 mm maps were
collected for each sample with a step size of 40 nm and an accel-
erating voltage of 20 kV. The hexagonalWC, cubic and hexagonal Co
phases were identified from the patterns. Most non-indexed points
are located at phase boundaries or in Co. A cleaning operation using
the Channel 5 suite software was performed. Grain mapping was
obtained using a minimum misorientation for grain boundaries of
2� and a minimum grain size of six pixels (0.1 mm), much smaller
than the mean grain size of WC grains after sintering (1e2 mm). The
Aphelion™ image analysis software was used to extract orientation
information from the EBSD maps. WC boundary misorientations
were determined by a dedicated Matlab™ program [5,14].

Among the twelve equivalent descriptions for a hexagonal
structure, the angle/axis pair associated with the smallest angle
was chosen. According to experimental conditions, the angular
resolution on the misorientation angle at a grain boundary in EBSD
is considered to be close to 0.5� [15]. Moreover, a tolerance angle of
5� on the orientation of the rotation axis was used to analyse the
boundary population in the alloys. Complementary transmission
electron microscopy (TEM) observations were conducted using a
JEOL 3010 microscope running at 300 kV. TEM thin foils were
prepared by mechanical polishing and ion beam milling.

3. Results

The most frequent rotation axis is ½1010� [5], representing about
25% of the boundary surface in the powder and 10%e20% in sin-
tered materials as the Co fraction increases from 10 to 50 vol.%
(Fig. 1a). The value for 50 vol.% Co is close to the powder value. The
distribution of rotation angles around the ½1010� axis was deter-
mined for the powder and for the sintered materials (Fig. 1b). The

angle distribution shows a sharp peak around 90� for all alloys and
for the powder, compared with a random distribution for a hex-
agonal material [16]. This peak corresponds to grain boundaries
labelled

P¼ 2 using the coincident site lattice framework (CSL)
and approximating the c/a lattice parametric ratio ofWC (¼0.97) by
1 [9]. In this approach, the

P¼ 2 boundary is described by a
rotation of 90� around the ½1010� axis (Fig. 2).

3.1. Rotation angle distribution of
P¼ 2 grain boundaries

EBSD data provide some indications on the rotation angle ofP¼ 2 boundaries in the powder and in the sintered materials.
Between 100 and 400 grain boundaries were found with a rotation
axis of ½1010� and an angle in the [85�e90�] range for each sample.
No influence of the carbon content or sintering time on the rotation
angle distribution is detected. A wider distribution of rotation an-
gles is observed in the powder compared to the sintered alloys
(Fig. 3). The maximum peak value is close to 88.7� in the sintered
alloys.

Accurate measurements of orientation relationships for
P¼ 2

boundaries were also conducted by TEM in a sintered alloy using a
method based on the Kikuchi line position [17]. For all the grain
boundaries studied, the boundary plane was found to be parallel to
the ð1010Þ plane perpendicular to the ½1010� rotation axis. Theh
1210

i
direction of one grain was positioned parallel to the elec-

tron beam. For a misorientation angle of 90�, this direction should
be exactly parallel to the [0001] direction of the second grain
(Fig. 2c). Any twist deviation causes a shift in the Kikuchi lines
parallel to the boundary plane while a tilt deviation causes a shift
perpendicular to the boundary plane (Fig. 4). The shift vector be-

tween the
h
1210

i
and [0001] zone axes was determined for several

Fig. 1. (a) Fraction of boundaries corresponding to the ½1010� rotation axis in C-rich
and W-rich alloys sintered for 1 h and 5 h, and for the powder. (b) Distribution of
rotation angles measured for the ½1010� rotation axis in sintered alloys and in the
powder. The random distribution of rotation angles for a hexagonal material is also
drawn [16].
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