CrystEngComm

Accepted Manuscript

N s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

wrse orglerystengeomm

CrystEngComm [~

7 {

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes
¢ to the text and/or graphics, which may alter content. The journal's

: standard Terms & Conditions and the Ethical guidelines still
&O:mm apply. In no event shall the Royal Society of Chemistry be held
> responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCIETY
OF CHEMISTRY WwWw.rsc.org/crystengcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 19

CrystEngComm

Distribution of CSL grain boundaries in oriented cemented carbides

Xilong Wang, Xiaoyan Song*, Haibin Wang, Xuemei Liu, Xingwei Liu, Guangsheng Guo

College of Materials Science and Engineering, Key Laboratory of Advanced
Functional Materials, Education Ministry of China, Beijing university of Technology,

Beijing 100124, China
*E-mail: xysong@bjut.edu.cn

Abstract: The WC-Co cemented carbide bulk materials with anisotropic distribution
of specific WC planes were prepared by spark plasma sintering (SPS) using different
pre-sintering temperatures as 850°C, 900°C and 1000°C at a constant pressure of 60
MPa. The coincident site lattice (CSL) grain boundaries were characterized and the
anisotropic distribution of CSL boundaries was demonstrated. The combined effects
of the composite powder and SPS parameters on the formation of the anisotropic CSL
boundaries distribution were analyzed. The mechanisms were proposed that the CSL
grain boundaries distribution can be tailored by adjusting the composition of the
composite powder and SPS processing such as pre-sintering temperature, sintering
pressure and its working stage. The findings facilitate to obtain a beneficial CSL grain
boundaries distribution that enhances mechanical properties in certain directions of

the cemented carbide.
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distribution; sparking plasma sintering

1 Introduction

WC-Co cemented carbides are important engineering materials widely used in
mining, machining, cutting, drilling and wear-resistant parts due to their good
combined performance of hardness and toughness [1, 2]. In the microstructure, the

interface (including grain boundaries and phase boundaries) characteristics play a
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critical role in the mechanical properties of the cemented carbide [3-7]. Particularly,
the coincident site lattice (CSL) grain boundaries, which have fairly low energy, have
attracted increasing attention of researchers due to their special effect on improvement
of the material properties [8]. As reported in the literature, the CSL grain boundaries
in the WC-Co cemented carbides are mainly £13, which can be described as rotation
of 27.796° around the [0001] axis (abbreviated as 27.796°[0001]), and X2, which is
considered as a 90° rotation of two prismatic planes along the [10-10] direction
[9-12].

The amount and distribution of CSL grain boundaries in the cemented carbides are
influenced by many factors such as WC grain size [9], Co volume fraction and
distribution on the WC matrix [13, 14]. In the previous work, the CSL grain
boundaries were generally studied in the isotropic cemented carbides. The distribution
characteristics, as well as the influencing factors, of the CSL grain boundaries in the
cemented carbides with oriented WC grains have been rarely investigated so far.
Moreover, how to increase the fraction of the low energy CSL grain boundaries in the
cemented carbides and correlate with the mechanical properties are still big

challenges in the questions of cemented carbides preparation.

In this work, the WC-12wt. %Co cemented carbides with highly orientated WC
grains and distinctly different fraction and distribution characteristics of CSL grain
boundaries were fabricated. The microstructure textures were characterized and the
formation mechanisms were analyzed. The results of the present study facilitate the
design and preparation of the cemented carbides with tailored amount of CSL grain

boundaries, which is favorable to enhance the orientational mechanical properties.

2 Experimental

The tungsten oxide (WO,), cobalt oxide (Co304) and carbon black powders were
used as raw materials. The raw powders were mixed by high energy ball milling, and
the as-milled powder mixture was put in a vacuum furnace for the in situ reduction

and carbonization reactions to synthesize the WC-Co composite powder [15].
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Subsequently, the composite powder was consolidated by spark plasma sintering (SPS)
[16, 17]. Two sets of SPS parameters were used, one group parameters are heating to
and pre-sintering at 900°C for 30min then sintering at 1250°C for 10min; another
group parameters are heating to and pre-sintering at 1000°C for 30min then sintering
at 1250°C for 10min. The constituent phases of the sintered bulk materials were
examined by X-ray diffraction (XRD) with Cu K, radiation. The orientation analysis
of the microstructures was performed by the electron back scattering diffraction
(EBSD) using a high speed Hikiari camera incorporated in the field emission
environmental scanning electron microscope. Based on the EBSD technique, the grain
boundary characteristics distribution was studied in a reliable statistical volume range

[18].

3 Results

3.1 Distribution characteristics of specific grain boundaries

The phase constitutions on the cross-sections vertical (VD) and parallel (PD) to
the sintering pressure direction of the prepared bulk material are shown in Fig. 1(a-d),
respectively. From the comparison of the XRD results, it can be seen that on the VD
cross-section the relative density of the basal plane (0001) with respect to the prism
planes of (10-10) and (10-11) in the 1000°C pre-sintered bulk sample is smaller than
that in the 900°C pre-sintered bulk sample. To quantify the fraction of certain WC
planes, the XRD patterns were integrated to calculate the areas of WC planes to
estimate the corresponding area fraction of the plane. The area fractions of WC planes
on the VD and PD cross-sections are shown in Fig. 1(e) and (f), respectively. On the
VD cross-section of the 900°C and 1000°C pre-sintered samples, the area fractions of
the (0001) basal planes are 31.7% and 21.1%, respectively. However, on the PD
cross-section of the 900°C and 1000°C pre-sintered samples, the area fractions of the
(0001) basal planes are 40.8% and 29.5%, respectively. The values indicate clearly
that the distribution of the basal plane is anisotropic in different directions. Moreover,
even in the same orientation, the distribution of the basal plane depends strongly on

the processing of the material preparation.
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Fig. 1 XRD patterns and WC plane area fractions on different cross-sections of the
prepared bulk sample: (a) XRD patterns on the VD cross-section of the 900°C
pre-sintered sample; (b) XRD patterns on the VD cross-section of the 1000°C
pre-sintered sample; (c) XRD patterns on the PD cross-section of the 900°C
pre-sintered sample; (d) XRD patterns on the PD cross-section of the 1000°C
pre-sintered sample; (e) area fractions of WC planes on VD cross-section; (f) area

fractions of WC planes on PD cross-section.

The microstructures on the VD and PD cross-sections of the prepared bulk
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material are shown by IPF maps in Fig. 2(a), (b), (e) and (f), respectively. In a IPF
map, the color of a grain specifies its orientation according to the color distribution as
indicated in the orientation legend, thus the carbide grains are observed with preferred
crystallographic orientations. On the VD cross-section, the grains with red color and
colors close to red are dominant, and the grains are mainly equiaxed, as shown in Fig.
2(a) and (b). The orientation texture degree of the WC grains in the 900°C and
1000°C pre-sintered samples are characterized by the inverse pole figures (IPF), as
shown in Fig. 2(c) and (d), with the unit of the contours in multiples of random
distribution (MRD). Both the IPF charts exhibit strong {0001} orientation texture of
the WC grains. From the comparison of Fig. 2(c) and (d), the {0001} orientation
texture in the 900°C pre-sintered sample is obviously stronger (with an increase of
about 31%) than that in the 1000°C pre-sintered sample.

Fig. 2(e) and (f) show the IPF maps on the PD cross-section of the two kinds of
bulk samples, with the characterization of the orientation texture of the WC grains
shown in Fig. 2(g) and (h). It is observed that the orientation texture of the prism
planes is stronger in the 900°C pre-sintered sample than that in the 1000°C
pre-sintered sample, but the difference (with an increase of about 10%) is not as large

as that on the VD cross-section of the two kinds of samples.
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Fig. 2 Inverse pole figure maps on the VD and PD cross-sections of different samples
with grain orientations determined by the orientation legend: (a), (¢) on VD
cross-section of the 900°C pre-sintered sample; (b), (d) on VD cross-section of the
1000°C pre-sintered sample; (e), (g) on PD cross-section of the 900°C pre-sintered

sample; (f), (h) on PD cross-section of the 1000°C pre-sintered sample.

To examine the orientation texture of the X13 boundary planes, the grain
boundary plane orientation distribution function (GBP-ODF) is studied by

characterizing the grain boundary plane orientation with specific misorientation with
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respect to 27.796°/ [0001]. The results are illustrated in a stereographic projection, as
shown in Fig. 3, with the unit of the contours in MRD, where a larger MRD value
indicates a relatively higher frequency of the corresponding boundary plane
orientation. For the two kinds of samples, the peak in the distribution of the X13
boundary plane orientations locates at the [0001] axis (as denoted by the hexagon in
Fig. 3), this means that the X13 boundary plane is perpendicular to the common
rotation axis. Therefore, the £13 boundary consists of the twisting (0001) planes in
the neighboring grains. At the same time, the absence of a peak in the circle
perpendicular to the [0001] axis implies that the X13 boundary seldom has an
asymmetric tilt configuration. As compared in Fig. 3, in the 900°C pre-sintered
sample, the distribution density of the £13 boundary plane on the VD cross-section
has a maximum of 3.2 MRD while a maximum of 10.26 MRD on the PD
cross-section. In the 1000°C pre-sintered sample, the distribution density of the £13
boundary plane has a maximum of 4.80 MRD on the VD cross-section and a
maximum of 7.96 MRD on the PD cross-section. Both samples have a higher fraction
of the £13 grain boundaries on the PD cross-section than that on the VD cross-section.
Moreover, the anisotropy of the distribution of the X13 grain boundaries is much
stronger in the 900°C pre-sintered sample than that in the 1000°C pre-sintered sample.
The results indicate that the distinctly anisotropic distributions of the WC grain
boundary orientations and the boundary plane characteristics are formed in the
cemented carbide bulk materials when prepared with suitable processing parameters,
even with the same initial composition.

From comparison of Figs. 3(a) and 3(c), it can be seen that the oriented
distribution of £13 variants is stronger in the 1000°C pre-sintered sample than that of
the 900°C pre-sintered sample. In the condition of increasing temperature at a
constant axial pressure, WC grain growth occurs accompanied with grain rotation,
which results in the decrease in the number of grain boundaries that are close to
parallel to [0001]. Therefore, the fraction of X13 variants parallel to (0001) plane is

increased from the 900°C to 1000°C pre-sintered sample.
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Fig. 3 Distribution of the X£13 grain boundary plane orientations in the 900°C and
1000°C pre-sintered samples: (a) VD cross-section of the 900°C pre-sintered sample;
(b) PD cross-section of the 900°C pre-sintered sample; (c) VD cross-section of the
1000°C pre-sintered sample; (d) PD cross-section of the 1000°C pre-sintered sample.
The symbols of hexagon and oval denote the relative distribution density of the £13

boundary plane on the (0001) and (10-10) planes, respectively.

The GBP-ODF of the X2 boundary planes is obtained by characterizing the grain
boundary plane orientations at a specific misorientation of 90° / [10-10], as the results
shown in Fig. 4. For both the VD and PD cross-sections, the largest distribution
density of the £2 boundary plane orientations is at the axis [10-10], as indicated by
the oval. This means that the probability that the £2 boundary plane distributes on the
(10-10) plane is much higher than on other planes. Therefore, the £2 grain boundary
consists of the twisting (10-10) planes in the neighboring grains. On the other hand,

the X2 boundary can hardly have a tilt configuration that consists of a (0001) basal
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plane in one grain against a (10-10) prismatic plane in the neighboring grain. It can be
seen that in the 900°C pre-sintered sample, the relative distribution densities of the X2
twist boundaries are 52.7 MRD on the VD cross-section while 39.5 MRD on the PD
cross-section. The result indicates that the X2 grain boundary has a clearly higher
probability to distribute on the VD cross-section than on the PD cross-section. This
tendency is even stronger in the 1000°C pre-sintered sample, with a relative
distribution density of £2 boundaries as 58.7 MRD on the VD cross-section while
38.7 MRD on the PD cross-section. As compared with Fig. 3, it is obvious that the
distribution of the X13 grain boundaries has a stronger anisotropy in the 900°C
pre-sintered sample than in the 1000°C pre-sintered sample. However, the anisotropy
of the distribution of the X2 grain boundaries is obviously stronger in the 1000°C
pre-sintered sample. The measurements show that the distribution anisotropy of the
specific £13 and X2 grain boundaries can be obtained in the cemented carbides, and

the degree of the distribution anisotropy can be tailored by the processing.
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Fig. 4 Distribution of the X2 grain boundary plane orientations in the 900°C and

1000°C pre-sintered samples: (a) VD cross-section of the 900°C pre-sintered sample;
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(b) PD cross-section of the 900°C pre-sintered sample; (c) VD cross-section of the
1000°C pre-sintered sample; (d) PD cross-section of the 1000°C pre-sintered sample.
The symbols of hexagon and oval denote the relative distribution density of the X2

boundary plane on the (0001) and (10-10) planes, respectively.

To analyze the orientation relationship between the WC grains, the misorientation
angle distributions are calculated and illustrated in Fig. 5. It can be seen that there are
two peaks at 30° and 90° implying an obvious preference of the misorientation angle
distribution. In spite of the difference in the frequency values, the two samples have a
similar tendency: the frequency that the WC grain boundary misorientation has a
angle of 30° is higher on the PD cross-section than that on the VD cross-section, in
contrast, the misorientation angle as 90° has a higher frequency on the VD
cross-section than on the PD cross-section. The finding confirms the results in Fig. 3
and Fig. 4, that the fraction of the X13 boundaries on the VD cross-section is

obviously higher than that on the PD cross-section, while the tendency is inverse for

the X2 boundaries.
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Fig. 5 Distribution of the grain boundary misorientation angles on the VD and PD

cross-sections: (a) 900°C pre-sintered sample; (b) 1000°C pre-sintered sample.

3.2 Mechanism for anisotropy of specific grain boundaries distribution

It is known that the increase in the fraction of the CSL grain boundaries is
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favorable for the mechanical properties in certain directions of the engineering
materials [19]. However, the effective way to achieve a desirable CSL grain
boundaries distribution is still an open question. Especially for the cemented carbides,
though the influences of the grain size [5, 9], carbide volume fraction [5, 13], plastic
deformation [20], densification method [21], and grain geometry and energy state
[22-26] on the specific grain boundaries were studied, the consistent conclusions have
not been recognized yet.

In the present work, a feasible approach is proposed by combined optimization of
the composite powder and SPS sintering. When the composite powder contains a
certain amount of carbon lack phases (1) such as CosW3C (space group Fd3m [27])
and W,C (space group P-312/m [28]), after fast consolidation by means of SPS with
high sintering pressure, the oriented grain structure with relatively higher fraction of
plate-like WC grains will be formed in the final WC-Co bulk material. The reason can
be analyzed based on Figs. 6-8, which show the phase constitutions in the composite
powders synthesized at 850, 900 and 1000°C, respectively, together with the
diffraction of WC planes in the consolidated bulk samples. During the SPS process,
the n phase existing in the composite powder reacts with the free carbon in the
powder mixture, leading to the formation of new WC grains which grow on the basis
of the flat n phase. During the rapid solid-state sintering densification, where the
dissolution of WC in Co does not occur, the newly formed WC grains continue
growing on the 1 phase, leading to the formation of the plate-like WC grains with its

basal plane vertical to the sintering pressure.
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Fig. 6 Phase constitution (a) and SEM image (b) of the composite powder synthesized
at 850°C and the diffraction intensity of WC planes on VD cross-section of the

sintered bulk material (c), where the fraction of 1 phase is the largest in the powder.
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Fig. 7 Phase constitution (a) and SEM image (b) of the composite powder synthesized
at 900°C and the diffraction intensity of WC planes on VD cross-section of the
sintered bulk material (c), where the fraction of n phase is the second largest in the

powder.
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Fig. 8 Phase constitution (a) and SEM image (b) of the composite powder synthesized
at 1000°C and the diffraction intensity of WC planes on VD cross-section of the

sintered bulk material (c), where the fraction of 1 phase is the smallest in the powder.

The fraction of the WC basal planes on the VD cross-section of the sintered bulk
material is dominated by the amount of the n phase that transforms into the oriented
WC during SPS sintering. Thus, the pre-sintering temperature affects the amount of
newly formed oriented WC grains. As shown in Fig. 9, different pre-sintering
temperature causes different relative diffraction intensities of the WC planes. In the
range of the pre-sintering temperature from 850°C to 1000°C, the fraction of the WC
basal planes on the VD cross-section reaches a maximum at the pre-sintering
temperature of 900°C. At 850°C, the reaction between the n phase and carbon is
insufficient, and the amount of the resultant plate-like WC grains is limited. While at

1000°C the reaction is sufficient, and the number of WC nuclei is large, which results
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in the impinging of new WC grains after a short time of growing. As a consequence,
the equiaxed grains are formed instead of plate-like grains with prior orientation. At
an intermediate temperature of 900°C, the nucleation and growth of WC grains are
coordinated, with a moderate nucleation rate and subsequently a sufficient degree of
grain growth, the well developed plate-like WC grains are formed in the sintered bulk
material. According to the above mechanisms, under the condition of a constant
amount of the n phase in the composite powder, the distribution of specific WC planes
depends on the pre-sintering temperature. Since the anisotropic distribution of WC
planes results in the anisotropy of the grain boundaries distribution, the distribution of

the CSL grain boundaries can be optimized by the processing parameters.
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Fig. 9 Diffractions of WC planes on the VD cross-section of samples pre-sintered at
different temperatures: (a) 850°C; (b) 900°C; (¢) 1000°C. The insets are the

corresponding microstructures.

Based on the finding that the oriented WC grains newly formed during SPS
sintering are dominated by the reaction between the n phase and free carbon existing
in the composite powder, one can be guided to design the microstructure with a

beneficial CSL grain boundaries distribution. The important factors include the
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composition of the composite powder, the pre-sintering temperature, and matching of
the sintering pressure and its working stage. In the present experiments that other
factors are fixed, the pre-sintering temperature of the composite powder is dominant
for the distribution of the CSL grain boundaries. The results facilitate the development
of cemented carbide materials and engineering products with enhanced properties in

certain directions for service.

4. Conclusion

The cemented carbide bulk material with highly oriented plate-like WC grains
was prepared by optimizing the pre-sintering temperature of SPS process for reaction
between the 1 phase and free carbon existing in the WC-Co composite powder. It was
found that the specific WC planes have anisotropic distribution, which leads to the
anisotropy of the CSL grain boundaries distribution, i.e. the X13 grain boundaries
have higher fraction on the PD cross-section than on the VD cross-section, while the
X2 grain boundaries have higher fraction on the VD cross-section than on the PD
cross-section. Guided by the disclosed mechanisms, one can tailor the distribution of
the CSL grain boundaries by adjusting the composition of the composite powder and
the SPS processing, e.g. pre-sintering temperature, external pressure and its working
stage. The present results may assist the development of cemented carbide materials
and engineering products with enhanced properties in certain directions by controlling

the anisotropy of CSL grain boundaries distribution.
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The anisotropy of distributions of specific WC planes and coincidence site lattice

(CSL) grain boundaries can be tailored by adjusting the composition of WC-Co

composite powder and its sintering parameters.



