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Abstract: In this study, the effects of Cr3C,, VC, and TaC on microstructure, WC grain morphology
and mechanical properties of WC-10 wt. % Co ultrafine cemented carbides were investigated.
The experimental results showed that WC grains size decreased and size distribution became
narrow by adding Cr3;Cy, VC, and TaC. The inhibition efficiency was in the order of VC > Cr3C,
> TaC. Cr3C, addition would induce triangular prism grains and Co phase was strengthened by
Cr3Cy, resulting in the enhancement of transverse rupture strength (TRS) and impact toughness.
WC morphologies in cemented carbides with VC addition were triangular prisms with multi-steps
in basal and prismatic planes due to anisotropic growth. The multi-steps in basal and prismatic
planes led to low TRS and fracture toughness. The inhibition mechanism of TaC is to reduce the
surface energy of WC and slow down the solution/re-precipitation rate at the WC/Co interfaces by
adsorbing on the surface of WC grains. The sample with 0.8 wt. % Cr3C; had excellent comprehensive
mechanical properties. Its Vickers hardness, fracture toughness, TRS and impact toughness were
1620 kg/mm?, 9.94 MPa-m'/?, 3960 MPa and 50.4 J/m?, respectively. In summary, Cr3C, is the first
choice as the grain growth inhibitors (GGI) for the preparation of ultrafine cemented carbides.

Keywords: ultrafine cemented carbide; grain growth inhibitors; microstructure; WC morphology;
mechanical properties; anisotropic growth

1. Introduction

Due to their high hardness, wear resistance and fracture strength, the WC—Co cemented carbides
have been extensively used in industries, such as cutting, machining, mining, and drilling tools [1].
As the increasing cutting speed and efficiency is in great demand for cutting high performance materials,
thus further improvement of their mechanical properties are urgently needed. Previous studies have
shown that the mechanical properties of WC—-Co cemented carbides can be substantially increased
when WC grain size decreases to submicron and nanometer scale [2-5]. Till now, the most successful
method to control the WC grain growth is the addition of small amounts of GGI, such as Cr3C,, VC,
TaC, NbC, TiC, and so on [6-8]. Among various GGI, the most commonly used GGI during ultrafine
cemented carbide production are Cr3C;, VC, and TaC.

It is well known that VC is more effective than Cr3C, and TaC in inhibiting grain growth of
WC but the drawback is that VC can increase the brittleness of the alloy [9]. The WC-8 wt. % Co
cemented carbides with Cr3C, addition have higher TRS and fracture toughness as compared to
those with VC and TaC additions [10]. Adding TaC can improve the resistance to plastic deformation
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and high-temperature properties of WC—Co alloys [11-13]. In the last few decades, the inhibition
mechanisms of Cr3Cy, VC, and TaC have been extensively studied. When adding individual Cr3C,
or VC, (Cr, W)Cy or (V, W)Cy segregation layers would form on (0001)wc basal facets and {1010}we
prismatic facets [14-16]. The segregation layers of inhibitors at WC/WC and WC/Co interface is
believed to act as barriers to prevent W dissolving in liquid Co and further precipitating on WC
grains [15]. Usually, the thickness of (Cr, W)C, and (V, W)C, segregation layers are several times
higher at the (0001) habit plane than those at the (1010) one and the ratio of (V, W)C, between
(0001) and (10T0) habit plane is higher than that of (Cr, W)Cy [14,16]. However, no Ta segregation
layer is observed at the WC/Co interface in cemented carbides with TaC addition [17,18] and the
inhibition mechanism for TaC is still uncertain. Furthermore, studies have shown that VC induced
sharp triangular grains with multi-steps [10,19,20] while Cr3C,; and TaC additions generated partly
rounded WC grains [10,20,21]. Additionally, with the addition of VC, multi-steps in WC grains were
deemed to cause stress concentrations on loading and increase the sensitivity to cracking, resulting
in low TRS and fracture toughness [20]. So far, no systematic comparison of the effects of CrzC,,
VC, or TaC on the microstructure, WC morphology, and mechanical properties of ultrafine cemented
carbides has been performed. Hence, it is worthwhile to carry out a comprehensive investigation.

In this paper, the most commonly used WC-10 wt. % Co cemented carbide is used as the target.
Ultrafine WC—Co cemented carbides with the addition of 0.8 wt. % Cr3C,, VC, and TaC were prepared
by conventional powder metallurgy method. The effects of Cr3Cy, VC, and TaC on microstructure,
WC morphology, and mechanical properties were investigated and compared to the samples without
any GGI. The results may provide a scientific basis for selecting GGIs during ultrafine cemented
carbide production.

2. Experimental

2.1. Materials Preparation

Ultrafine WC, Co, Cr3Cp, VC, and TaC powders supplied by Zhuzhou Cemented Carbide Group
Co., Ltd. (Zhuzhou, China) were used as the raw materials. The characteristics of raw materials were
summarized in Table 1. The morphologies of raw materials were shown in Figure 1, which were
analyzed by a scanning electron microscope (SEM, JSM—-6701F, JEOL, Tokyo, Japan).

Figure 1. Scanning electron microscope (SEM) images of (a) WC; (b) Cr3Cyp; (¢) VC and (d) TaC
raw materials.
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Table 1. Characteristics of raw materials.

. Fisher Subsieve . o Total Carbon Oxygen
Material Powder Sizer/um Purity/wt. % Content/wt. % Conter}llswt. %
WC 0.60 99.65 6.20 0.15

Co 1.01 99.95 - 0.40
Cr3Cy 1.25 99.46 13.08 0.31
vC 1.05 99.53 17.64 0.81
TaC 0.97 99.56 6.25 0.12

A series of WC-10 wt. % Co cemented carbides with and without the addition of 0.8 wt. % Cr3C,,
VC, and TaC were designed. The nominal composition and number of samples are shown in Table 2.
The raw powder mixtures containing 2.0 wt. % paraffin were wet ball-milled for 50 h in ethanol and
the ball to the powder weight ratio was 6:1. After milling and drying, the powder mixtures were
pressed under a uniaxial pressure of 100 MPa and sintered at 1410 °C for 1 h under 5 MPa pressure.
The final dimension of samples for transverse rupture strength test and microstructure observation
was 5.25 mm X 6.5 mm X 20 mm and the final dimension of samples for impact toughness test was
5mm X 5 mm X 50 mm.

Table 2. Nominal composition and number of the WC-10 wt. %Co investigated cemented carbides.

Cemented Carbides Number WC-10Co (wt. %) Cr3Cy (wt. %)  VC (wt. %) TaC (wt. %)

WC-10Co Al 100 0 0 0

WC-10Co0-0.8Cr3C, A2 99.2 0.8 0 0

WC-10Co-0.8VC A3 99.2 0 0.8 0
WC-10Co0-0.8TaC A4 99.2 0 0 0.8

2.2. Characterization

The sintered samples for microstructure observation were ground and polished by diamond pastes.
The microstructure of sintered samples was analyzed by optical microscope (DM4500P, Leica, Frankfurt,
Germany) and scanning electron microscopy (SEM, JSM-6701F, JEOL, Tokyo, Japan) equipped with
energy dispersive spectroscopy (EDS, AZtec Energy Standard X-MaxN80X). Phase identification in
the sintered samples was carried out by X-ray diffraction (XRD, D8 Advance, Karlsruhe, Germany)
with copper Ko radiation. The average size and size distribution of WC grains were evaluated using
electron backscattered diffraction (EBSD, Helios Nanolab 600i, FEI, Hillsboro, OR, USA) operated at
20 kV. More than 1500 grains were examined for each sample. WC grains in the sintered samples were
extracted by placing samples in a saturation hydrochloric and Fe;Cl solution to remove Co binder
matrix, and then the morphology of WC grains was observed by SEM. The WC/Co interfaces of sample
A4 were examined by the transmission electron microscopy (TEM, FEI Titan G2 60-300, Hillsboro,
OR, USA) operated at 300 kV. The local composition was measured by the energy dispersive X-ray
(EDX) spectroscopy performed on the microstructures. Hardness was measured by Vicker’s hardness
tester (HVS-50, Huayin Testing Instrument Co., Ltd., Laizhou, China) under a constant load of 30 kg
for a dwell time of 15 s. Three hardness tests were carried out for each sample and results averaged.
Fracture toughness (Kjc) was calculated with the Palmqvist equation based on the crack length [22].
The TRS was measured using a three-point bending instrument (Instron3369, Norwood, MA, USA)
and the impact toughness was measured by an impact toughness tester (CEAST9050, Istron, Boston,
MA, USA). Six individual TRS and impact toughness measurements were performed for each sample
to generate an average value.

3. Results and Discussion

3.1. Microstructure and Phase Constitution Analysis

Figure 2 presents the XRD patterns of the sintered samples with and without the addition of Cr3Cy,
VC, and TaC. As can be seen in Figure 2, it is clear that all the sintered samples contained only WC and
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Co phase, without graphite or 1 phase. No discernable difference can be observed among samples
A1-A4 even when 0.8 wt. % Cr3Cy, VC, and TaC were added. The peaks of Cr3Cy, VC, and TaC were

not detected may due to the low content, which was reported by some studies [10,20].
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Figure 2. X-ray diffraction (XRD) patterns of the sintered samples. Al: WC-10Co; A2: WC-10Co—
0.8Cr3Cy; A3: WC-10C0-0.8VC; A4: WC-10Co-0.8TaC.

Figure 3 presents the optical images of WC-10 wt. % Co sintered cemented carbides. As shown
in Figure 3a, there are many coarse WC grains in sample Al without any inhibitors addition due
to abnormal grain growth (AGG), and the size of the largest WC grain even exceeds to 5 um.
Abnormal growth of WC grains cannot be detected in samples A2-A4 and their sizes distribute
uniformly, indicating that Cr3C,, VC, and TaC can effectively inhibit the AGG and improve the
homogeneity of WC—Co microstructure. According to Figure 3¢, it is worth noting that there are many
Co pools (shown by the yellow circle) in sample A3 with 0.8 wt. %VC addition while no Co pools can
be obviously observed in samples A2 and A4, suggesting that VC can hinder the cobalt phase flow
during liquid phase sintering. As 0.8 wt. % TaC was added, a large number of precipitates distributed
heterogeneously in the microstructure and the mean size of the precipitates is about 4 pm (indicated by
the white arrows), as shown in Figure 3d. In comparison with samples A3 and A4, sample A2 with
0.8 wt. % Cr3C, addition exhibits a more uniform microstructure.

Figure 3. Optical images showing the microstructures of sintered cemented carbides. (a) WC-10Co;
(b) WC-10C0-0.8Cr3Cy; (c) WC-10C0-0.8VC; (d) WC-10Co-0.8TaC.
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Figure 4 shows the typical SEM images of sintered samples in the secondary electron mode.
Bright contrast is WC phase and dark represent Co binder phase. It can be seen from Figure 4,
compared with WC grains in sample A1, WC grains in samples A2—-A4 presented obvious refinement
with the addition of Cr3C,, VC, and TaC. It is worth noting that the size of WC grains in sample A3
looks further finer than that in samples A2 and A4, which indicates the inhibition efficiency of VC
is higher than Cr3C, and TaC. Additionally, among samples A2-A4, the WC grains morphology of
sample A2 is more regular while the WC grains morphology of sample A3 is close to raw WC powder.
EDS was used to determine the composition of the precipitates in sample A4, as shown in Figure 4d.
The EDS analysis result of point B (shown in Figure 4d) indicates that the precipitates are rich in
Ta, W, and C but deplete in Co. This result was in good agreement with Li et al. conclusions [23].
Li et al. [23] determined these precipitates to be (Ta, W) C phase which was formed as the amount
of added TaC exceeded the saturation solubility. The non-uniform distribution of precipitates leads
to the heterogeneous microstructure, which has the negative influence on mechanical properties of
cemented carbides.

(a) (b)

Figure 4. SEM images showing the microstructures of WC-10 wt. % Co sintered cemented carbides.
(a) WC-10Co; (b) WC-10C0-0.8Cr3Cy; (c¢) WC-10C0-0.8VC; (d) WC-10Co-0.8TaC.

EDS was used to further analysis the distribution of Cr3C,, VC, and TaC in the sintered cemented
carbides. Figures 5-7 show the EDS elemental mapping of samples A2, A3 and A4, respectively.
For convenience, the analysis was carried out at different magnification times. From Figures 5-7,
there are significant differences for Cr3C,, VC, and TaC distribution among samples A2-A4. As can
be seen in Figure 5, no precipitates was formed in sample A2 and Cr was dissolved in Co binder
phase. However, there were some precipitates observed in samples A3 and A4, as shown in Figures 6
and 7. The explanation for this phenomenon could be that the solubility of Cr3C, in Co phase is
higher than that of VC and TaC [24-26], and the solubility of VC and TaC in Co phase is less than
0.8 wt. %. Studies have shown that dissolved GGI will precipitate out when the amount of added
inhibitors is over the maximum solubility [23,25,27,28]. EDS analysis results indicate the precipitates
formed in A3 are rich in V, W, and C, but deplete in Co, which can be deduced to be (V, W) C cubic
phase. The precipitates in A4 are (Ta, W) C cubic phase, and the analysis result can be seen in Figure 4.
No diffraction peaks of (V, W) C and (Ta, W) C phases were detected in the XRD patterns can be
attributed to their low content. The sizes of (V, W) C and (Ta, W) C grains reach 5~10 um, which is
much higher than that of the raw powder. (V, W) C and (Ta, W) C grains are formed and grown via
dissolution/re-precipitation mechanism, the driving force of the dissolution/re-precipitation is the
reduction in the total free energy of the system [29]. In addition, Figure 6 confirms that there are a large
number of cobalt pools in sample A3, agreeing well with metallographic analysis results in Figure 3c.
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Figure 6. EDS elemental mapping of sample A3 with 0.8 wt. % VC.

Figure 7. EDS elemental mapping of sample A4 with 0.8 wt. % TaC.
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Figure 8 shows the IPF (inverse pole figure) colored EBSD maps of WC-10 wt. % Co sintered
samples, in which the colors correspond to the crystal orientations of WC grains. Figure 9 presents
the measured average size and size distribution of WC grains in WC-10 wt. %Co sintered cemented
carbides based on EBSD maps of Figure 8. It is clear to see that the average size decreases significantly
and the size distribution becomes narrow by adding Cr3C;, VC, and TaC. As shown in Figure 9a,
the grain size in sample A1l without any inhibitor addition is from 0.7 pm to 3.0 um, and the average
WC grain size is 0.97 pm. With the addition of Cr3C;, VC, and TaC, the average grain size of samples
A2, A3, and A4 reduces to 0.36, 0.24, and 0.41 um, respectively. Compared to sample Al, the average
grain sizes of samples A2, A3, and A4 reduce by 63%, 75%, and 58%, respectively, indicating the
inhibition efficiency is in the order of VC > Cr3C; > TaC [30]. In contrast to a wide WC grain size
distribution of sample Al, samples A2, A3, and A4 show a narrow WC grain size distribution. The WC
grain size in samples A2, A3, and A4 range from 0.2 pm to 0.9 um, 0.1 pm to 0.7 um, and 0.3 pm to
1.1 um, respectively. Compared to samples A2 and A4, sample A3 shows a relatively narrower WC
grain size distribution may due to the high inhibition efficiency of VC. These results are consistent
with the result from SEM examination in Figure 4.

Figure 8. Electron backscattered diffraction (EBSD) maps in inverse pole figure colors, in which the colors
correspond to the crystal orientations of WC grains, for the WC-10 wt. % Co investigated cemented
carbides sintered at 1410 °C for 1 h. (a) WC-10Co; (b) WC-10C0-0.8Cr3Cy; (c¢) WC-10Co-0.8VC;
(d) WC-10Co-0.8TaC.

100 (b) 100
50 Mean grain size
0.36+0.12 pm

—
[
-~
»

8

Mean grain size
0.97 +0.32 pm

|80

®
8

2
3

2

3

Relative frequency (%)
8
Relative frequency (%)
@
8
13
&

Cumulative frequency (%)

N
8

o 0
06 08 10 1.2 14 16 18 20 22 24 26 28 30

o +0
00 01 02 03 04 05 06 07 08 09 10 1.1 12
Grain size (um)

Grain size (um)

100

—
O

-~

3

3

8
—
[=}

Mean grain size 50
0.24 £0.09 ym

Mean grain size
0.41+0.14 ym

60

40

Cumulative frequency (%)

Cumulative frequency (%)
Relative frequency (%)
@

8

Relative frequency (%)
@
8

o +0 0+ +0
00 01 02 03 04 05 06 07 08 09 10 11 1.2 00 01 02 03 04 05 06 07 08 09 10 1.1 1.2
Grain size (um) Grain size (jm)

Figure 9. Average size and size distribution of WC grains in WC-10 wt. % Co sintered cemented
carbides. (a) WC-10Co; (b) WC-10C0-0.8Cr3Cy; (c) WC-10Co-0.8VC; (d) WC-10Co0-0.8TaC.
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3.2. Effect of VC, Cr3C,, TaC on WC Morphology

Figure 10 shows the WC grain morphology of WC-10 wt. % Co sintered cemented carbides
with the Co phase removed. As can be seen from Figure 10a for sample Al, without any addition,
the WC grains present a truncated multangular prism feature with more than eight crystal planes,
which indicates that WC morphology is close to the equilibrium shape [31,32]. This result is consistent
with the report of Zhang et al. [33]. When adding 0.8 wt. % Cr3C,, the WC grains exhibit a triangular
prism shape, as shown in Figure 10b. As 0.8 wt. % VC added, the morphologies of WC grains
are triangular prisms with multi-steps in basal and prismatic planes, which are clearly the product
of anisotropic growth, as shown in Figure 10c. However, the morphologies of WC grains are near
truncated triangular prisms by adding 0.8 wt. % TaC, as shown in Figure 10d. From the comparison, it is
evident that Cr3C,, VC, and TaC exert a considerable influence on WC grains growth during sintering.

Figure 10. Morphology of WC grains extracted from the WC-10 wt. % Co sintered cemented carbides.
(a) WC-10Co; (b) WC-10C0-0.8Cr3Cp; (¢) WC-10C0-0.8VC; (d) WC-10Co0-0.8TaC.

As well known, the equilibrium shape of WC is a truncated triangular prism rather than round
morphology [32,34]. The WC grains distributed in the Co phase usually generate three types of
facets: two types of prismatic {1010} facets and two basal (0001) facets that delimit the flat triangular
prism with truncated corners [35]. Schematic of the equilibrium shape for a WC grain is shown in
Figure 11a. Studies have shown that the morphology of WC grains in WC—-Co cemented carbides
depends strongly on the difference in interfacial energy [34,36,37] and in growth rate [38,39] among
the facets. The morphologies of triangular prisms and triangular prisms with multi-steps in basal
and prismatic planes can obviously attribute to anisotropic growth. The anisotropic coarsening of WC
grains is mainly controlled via the 2-D nucleation and growth mechanism [40,41]. With the addition
of Cr3C,, Cr segregates at (0001) basal facets and {1010} prismatic facets of WC grains as (Cr, W) C,
carbide [16]. The (Cr, W)Cy segregation layers would reduce surface energies and improve the energy
barrier for 2-D nucleation and growth. Therefore, the growth rate of (0001) basal and {10T0} prismatic
facets is inhibited and the {1010} prismatic facets grow preferentially or more rapidly. After sintering
at 1410 °C for 1 h, the three-dimensional morphology of WC grains transforms to regular triangular
prism, as illustrated in Figure 11b. Similarly, (V, W) C, segregation layers would also be formed at
(0001) basal facets and {1010} prismatic facets of WC grains in the cemented carbides with VC [14,16].
However, the concentration ratios of (V, W) Cy at the (0001) habit plane to the ones at the (1010) habit
plane is several times higher than that of (Cr, W) C, [14,16]. Consequently, there exists considerable
difference in energy and growth rate among the facets [32]. Therefore, grain growth along [0001]
direction is effectively suppressed and WC grains are stacked along [0001] direction to form multi-steps
based on (0001) basal planes [10,20]. The schematic diagram of a WC grain in the cemented carbides
with 0.8 wt. %VC is shown in Figure 11c.
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Figure 11. Schematic of (a) equilibrium shape of WC grain in Co binder and three-dimensional
morphology of WC grains in (b) WC-10Co0-0.8Cr3C; () WC-10Co-0.8VC; (d) WC-10Co-0.8TaC.

The WC grains in sample A4 with 0.8 wt. %TaC addition exhibit a near truncated triangular
prism shape, which indicates that the difference of growth rate among the facets is small. Thereby, it is
reasonable to conclude that the distribution of TaC at WC/Co interface is different from that of Cr3C,
and VC. In order to verify this conclusion, the WC/Co interface of sample A4 was studied by TEM.
TEM studies of the basal (0001)wc WC/Co interface doped with Ta (sample A4) is shown in Figure 12.
High-resolution energy dispersive X-ray (HREDX) elemental mapping shown in Figure 12b—d indicates
that no obvious Ta segregation layer can be observed in basal (0001)yc WC/Co interface and Ta is
adsorbed in the WC grain surface. As the TEM studies of the prismatic (1010)wc WC/Co interface
have obtained the same results with basal (0001)wc WC/Co interface, the results are not shown. It is
reasonable to conclude that the grain growth inhibition mechanism of TaC is to reduce the surface
energy of WC and slow down the solution/re-precipitation rate at the WC/Co interfaces by adsorbing
on the surface of WC grains. Therefore, the anisotropic growth in sample A4 is not obvious due to the
small difference of interface energy and growth rate among the facets, which leads to near truncated
triangular prism morphology.

Figure 12. TEM studies of the basal (0001)wc WC/Co interface in sample A4 with 0.8 wt. %
TaC. (a) High-angle annular dark field (HAADF) image of basal (0001)wc WC/Co interface.
(b—-d) High-resolution energy dispersive X-ray (HREDX) elemental mapping of Co, W, and Ta
of the region of (a), respectively.
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3.3. Mechanical Properties and Fracture Morphology

Figure 13 shows the mechanical properties of WC-10 wt. % Co cemented carbides sintered
at 1410 °C. Hardness and fracture toughness are two most important mechanical properties of the
cemented carbides. As shown in Figure 13a, the hardness increases while the fracture toughness
decreases by adding GGI. With the addition of Cr3Cy, VC, and TaC, the hardness of samples A2-A4
increases from 1440 kg/mm? to 1620 kg/mm?, 1740 kg/mm?, and 1560 kg/mm?, as well as increases by
12.5%, 20.8%, and 8.3%, respectively, which is in good accordance with the inhibition efficiency order
of VC > Cr3C; > TaC [30]. As well known, the hardness is improved as the WC grain size decreased
according to the Hall-Petch relation [42]. Correspondingly, sample A3 has the highest hardness of
1740 kg/mm? due to the smallest grain size of 0.24 um (as shown in Figure 9).
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Figure 13. Mechanical properties of WC-10 wt. % Co sintered samples. (a) Vickers hardness
and fracture toughness; (b) transverse rupture strength and impact toughness. Al: WC-10Co;
A2: WC-10C0-0.8Cr3Cy; A3: WC-10C0-0.8VC; A4: WC-10Co-0.8TaC.

From Figure 13a, it is easy to see that there exists an inverse relationship between hardness
and fracture toughness. With the addition of Cr3C,, VC, and TaC, the fracture toughness decreases
from 11.88 MPa-m'2 to 9.94 MPa-m'/?2, 8.79 MPa-m'?2, and 9.79 MPa-m'/?, respectively. It is worth
mentioning that the hardness of sample A2 is higher than sample A4, while the fracture toughness of
sample A2 is also slightly higher than that of sample A4. The explanation for this phenomenon could
be that a small amount of (Ta, W) C grains form and distribute non-uniformly in the microstructure.
On the one hand, (Ta, W) C cubic phase is a brittle phase with a low strength [11]. On the other hand,
the strength between (Ta, W) C and Co phase is low due to its poor wettability by the Co binder
phase. What’s more, the size of (Ta, W) C grains (~4 um) is much higher than that of WC grains,
resulting in the heterogeneous microstructure. Compared to Cr3C; and VC additions, TaC addition
neither provides high fracture toughness nor significantly improves hardness. In a word, the fracture
toughness of alloys is mainly dependent upon the WC grain size when Co content keeps constant.
The smaller the grain size of sintered samples, the lower the fracture toughness of sintered samples.
Moreover, a non-uniform microstructure will also reduce the fracture toughness of cemented carbides.

Figure 13b shows TRS and impact toughness of sintered samples A1-A4. For sample Al without
any addition, TRS is 3570 MPa. After adding 0.8 wt. %Cr3C;, TRS of sample A2 improves to 3960 MPa
and improves by 11%. The significant improvement of TRS is a comprehensive outcome of grain
refinement, a more uniform microstructure, triangular prism shape of WC grains and strengthened Co
binder phase by Cr3C, [43]. However, with the addition of 0.8 wt. %VC, the TRS of sample A3 decreases
sharply to 2740 MPa and decreases by 23% compared to sample A1. This result can be explained by the
following three aspects: (1) the precipitates of (V, W) C formed in the cemented carbides is a brittle phase
and has low strength with Co phase; (2) (V, W) C segregation layers forming at the WC/Co interface
reduce the interface energy of WC/Co, leading to the low separation energies [20]; (3) multi-steps in
WC grains cause stress concentration and increase fracture sensitivity [44]. As 0.8 wt. %TaC added,
TRS of sample A4 even decreases in despite of significant grain refinement. The explanation for this
phenomenon could be that some coarse (Ta, W) C grains forming in the cemented carbides lead to
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the heterogeneous microstructure and deteriorate TRS. It is obvious that there exists a synergetic
correlation between TRS and impact toughness. Similarly, impact toughness is improved by adding
Cr3C; while reduced as VC and TaC are added. Among samples A2-A4, sample A2 has the highest
impact toughness of 50.4 J/m?, followed by sample A4 of 39.2 J/m? and sample A3 of 32.3 J/m?.
It is reasonable to conclude that TRS and impact toughness are strongly dependent upon addition
inhibitors, grain size and morphologies of WC grains. Therefore, it is important to optimize WC grain
size and control the three-dimensional morphology of WC grains by selecting GGI reasonably. As a
whole, sample A2 with 0.8 wt. % Cr3C, addition has excellent comprehensive mechanical properties,
compared to the other samples. Its Vickers hardness, fracture toughness, TRS, and impact toughness
were 1620 kg/mrnz, 9.94 MPa-m'/2, 3960 MPa, and 50.4 J/m?, respectively. In summary, Cr3C, was the
first choice as the GGI for preparation of ultrafine cemented carbide.

Figure 14 presents the fracture surface morphologies of sintered samples A1-A4. The fracture
mode can be observed as transgranular fracture and intergranular fracture, with obvious cleavage and
dimple characters in the SEM images. According to Figure 14a, the fracture analyses reveal that the
transgranular fracture occurred due to coarse WC grains. Compared to the fine grains, coarse grains
bear a greater stiffness, which leads to the earlier rupture under the same stress. With the addition of
GG, transgranular fracture decreases significantly while intergranular fracture becomes predominant
due to the decrease of WC grain size, as shown in Figure 14b—d. In addition, coarse (V, W) C and
(Ta, W) C grains formed in WC-10 wt. %Co cemented carbides would induce transgranular fracture
due to its high brittleness and low strength.

Figure 14. The fracture surface morphologies of WC-10 wt. % Co sintered cemented carbides.
(a) WC-10Co; (b) WC-10C0-0.8Cr3Cy; (c) WC-10C0o-0.8VC; (d) WC-10C0o-0.8TaC.

4. Conclusions

(1) With the addition of Cr3C,, VC, and TaC, the size of WC grains decreases and the size distribution
becomes narrow, the hardness increases while the fracture toughness decreases. The inhibition efficiency
is in the order of VC > Cr3C, > TaC.

(2) The morphology of WC grains in WC-10 wt. % Co cemented carbides with Cr3C, addition
is triangular prism and Co phase is strengthened by Cr3C,, resulting in the enhancement of TRS.
VC addition would induce triangular prism grains with multi-steps in basal and prismatic planes due
to anisotropic growth, leading to low TRS and fracture toughness.

(3) No Ta segregation layer form at WC/Co interface, and the inhibition mechanism of TaC is
to reduce the surface energy of WC and slow down the solution/re—precipitation rate at the WC/Co
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interfaces by adsorbing on the surface of WC grains. A small amount of (Ta, W) C grains form in
sample A4 as 0.8 wt. % TaC added. This phase would decrease the TRS of cemented carbides due to its
poor wettability by the Co binder.

(4) The sample with 0.8 wt. % Cr3C, addition has excellent comprehensive mechanical properties.
Its Vickers hardness, fracture toughness, TRS, and impact toughness are 1620 kg/mmz, 9.94 MPa-m'/?,
3960 MPa, and 50.4 J/m?, respectively. In summary, Cr3C; is the first choice as the GGI for preparation
of ultrafine cemented carbide.
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