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Abstract: WC-TiC-TaC cemented carbides were fabricated by hot-pressed sintering at 1600℃. Effects of TiC content 

on the microstructure and mechanical properties of these cemented carbides were investigated. It was found that when 

TiC content was increased from 10wt% to 25wt%, both the average grain size and the Vickers hardness increased pro-

gressively, but both the flexural strength and the fracture toughness decreased gradually. The increase of Vickers hard-

ness was attributed to the increase of TiC content and the hardness of TiC was higher than that of WC. The value of the 

highest Vickers hardness was 19.81 GPa. This work also showed that the highest flexural strength (1147.24 MPa) was 

ascribed to the fine and homogeneous grains, and that the highest fracture toughness (14.60 MPa·m1/2) was due to the 

intensive coupled mechanism of the fine-grain toughening, crack deflection, crack branching, crack bridging, and 

toughness dimples. 
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Tungsten carbide (WC) has high hardness, high elastic 
modulus and good wettability by molten metals[1-3]. How-
ever, the Vickers hardness of WC (16–22 GPa) is lower 
than that of other carbides such as TiC (28–35 GPa), ZrC 
(25.9 GPa) and HfC (26.1 GPa)[4-5]. In order to improve 
mechanical properties, physical and chemical properties of 
WC such as flexural strength, fracture toughness, hardness, 
high temperature plastic deformation resistance, high 
temperature oxidation resistance and wear resistance, oth-
er carbide powders and metal powders were mixed with 
WC powder to produce WC-based cemented carbides. 
WC-based cemented carbides were widely used in various 
applications such as tools for metal cutting, rock drilling, 
and roller bearings, owing to their high hardness and ex-
cellent wear resistance[6-8]. Better properties of cemented 
carbide tool were required to meet the need of the high 
speed machining[9-10]. In order to obtain high mechanical 
properties, refractory metal carbides and metals often were 
employed to improve flexural strength, fracture toughness 
and hardness of the WC-based cemented carbide tool.  

In recent years, the refractory metal carbides including 
VC, Cr3C2, Mo2C, NbC, TaC and TiC have been employed 
to improve the mechanical properties of WC-based ce-
mented carbides. It was shown that VC and Cr3C2 were 

two typical grain growth inhibitors, which were used in 
producing the fine grain microstructure in WC-based ce-
mented carbides to improve the fracture toughness[11-12]. 
Mo2C could refine the microstructure and improve the 
wettability between WC and Ni, which was advantageous 
to the enhancement of hardness and fracture tough-
ness[13-14]. NbC and TaC had been found to improve the 
wear resistance and fracture toughness[15-16]. Besides, TaC 
was a very effective grain growth inhibitor and could en-
hance the red hardness and high temperature plastic de-
formation resistance of cutting tools[14, 17]. As an excellent 
candidate for components of cutting tool materials, TiC 
showed higher hardness, higher melting point, higher 
high-temperature oxidation resistance and lower density 
than WC, so it was employed to improve the flexural 
strength, hardness, fracture toughness, wear and oxidation 
resistance of the tool materials[18-21].  

The added metals were generally Co, Cr, Mo, Ni, and 
so on. It was widely known that Co as binder phase was 
added in the WC-based cemented carbides to obtain the 
unique properties such as high hardness, high Young's 
modulus, high strength and good wear resistance[22-23]. 
Literatures[24-25] showed that WC-based cemented carbide 
could obtain preferable bending strength, a microstructure 
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without significant defects and a relatively good corrosion 
resistance when Cr was added in WC-based cemented 
carbide. Mo could improve the wettability between car-
bides and binder, the microstructure and the corrosion be-
haviour of WC-based cemented carbide[26-27]. Nickel as 
binder in WC-based cemented carbides had other advan-
tages. It made the cemented carbide non-magnetic and 
could improve fracture toughness[28-30]. 

In this paper, WC-TiC-TaC cemented carbides were 

prepared by hot-pressed sintering at 1600℃ and effects of 

TiC content on the microstructure and mechanical proper-
ties of these composites were investigated. 

1  Experimental procedure 

Commercially available WC powder (>99%, 1 μm, 
Shanghai Yunfu Nanotechnology Co., Ltd, China), TiC 
powder (>99%, 1 μm, Shanghai Yunfu Nanotechnology 
Co., Ltd, China) and TaC powder (>99%, 1μm, Shanghai 
Xiangtian Nano Materials Co., Ltd, China) were used as 
the raw materials. Ni powder (>99%, 1 μm, Shanghai 
Yunfu Nanotechnology Co., Ltd, China) was added as 
sintering aid. The compositions of WC-TiC-TaC cemented 
carbides were shown in Table 1. 

The powders were mixed and milled for 48 h in a 
polyethylene jar with WC balls and alcohol as mediums. 
Then the mixed slurry was dried in vacuum and sieved 
by a 200-mesh sieve. The compacted powders were hot 

pressed for 1 h at 1600℃ under 30 MPa in vacuum 

((1.2–2.4)×10−3 Pa). The hot pressed samples were cut into 
testing specimens by electrical discharge wire cutting 
method and the surfaces of the testing bars were polished 
using diamond slurries. The dimension of the specimen 
was 3 mm×4 mm×40 mm. 

Flexural strength was measured at a span of 30 mm and 
a crosshead speed of 0.5 mm/min by the three-point bend-
ing test method on WD-10 electron universal tester. Frac-
ture toughness was measured via the direct indentation 
method. The indenter was the Vickers DPH type and the 
applied static load was 196 N for 15 s. Vickers hardness-
was measured on the polished surfaces using a diamond 
pyramid indenter under a load of 196 N by HV-120. At least 
15 specimens were tested for each experimental condition. 
X-ray diffraction (XRD) was used to analyze the 

Table1  Compositions of WC-TiC-TaC cemented carbides 

Sample WC/wt% TiC/wt% TaC/wt% Ni/wt%

S1 78 10 2 10 

S2 73 15 2 10 

S3 68 20 2 10 

S4 63 25 2 10 

 

compositions of the composite. Scanning electron micro-
scope (SEM) was used to observe the fractured surface 
morphologies. 

2  Results and discussion 

2.1  Microstructure 
Figure 1 showed XRD patterns of WC-TiC-TaC ce-

mented carbides. The major crystal phases in the compos-
ites were WC, TiC and Ni, which indicated that no reac-
tions occurred during hot pressing. Relative intensity of Ni 
was weaken gradually as the TiC content was increased 
from 10wt% to 25wt%. No clear peaks for the TaC were 
identified, which was due to a little of TaC in these ce-
mented carbides. 

Figure 2 exhibited the BSE micrographs of polished 
surfaces of WC-TiC-TaC cemented carbides. It can be 
found that these cemented carbides were mainly composed 
of the grey phase and black phase. The amount of the grey 
phase decreased gradually and the amount of the black 
phase increased progressively in Fig. 2 when the TiC con-
tent was increased from 10wt% to 25wt%.  

Figure 3 presented the EDS results for the grey phase 
(Point A) and the black phase (Point B) marked in Fig. 2. 
The grey phase was WC based on the XRD and the EDS 
results which revealed that the atomic ratio between W 
and C was about 1:1 and the total mass percentage of W 
and C reached to 100% in Fig. 3(a). The black phase 
was mainly TiC besides a little of WC and TaC accord-
ing to the XRD and the EDS results which indicated 
that the atomic ratio of Ti and C was about1:1 and the 
total mass percentage of Ti and C nearly reached to 
83% in Fig. 3(b). 

In the XRD patterns of WC-TiC-TaC cemented car-
bides, no obvious peaks of TaC were detected. For a fur-
ther search of TaC, Fig. 4 showed Ta element distribution 
of Area C in Fig. 2. The distribution of TaC could be ex-
pressed by the distribution of Ta element, because no re-
action products were found by XRD in Fig. 1. 

 

Fig. 1  XRD patterns of WC-TiC-TaC cemented carbides 
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Fig. 2  BSE micrographs of polished surfaces of WC-TiC-TaC cemented carbides 
(a) WC-10wt%TiC-TaC (S1); (b) WC-15wt%TiC-TaC (S2); (c) WC-20wt%TiC-TaC (S3); (d) WC-25wt%TiC-TaC (S4) 

 

Fig. 3  EDS results corresponding to Point A and Point B in Fig. 2 
 

Figure 5 presented the fracture morphology of 
WC-TiC-TaC cemented carbides. As can be seen, the 
grains of WC-10wt%TiC-TaC cemented carbide were fine 
and homogeneous in Fig. 5(a). More coarse grains were 
produced in WC-TiC-TaC cemented carbides in Fig. 5 
with the increase of TiC content from 10wt% to 25wt%, 
which resulted in the increase of the average grains size. 
So the order of the average granularity of these cemented 
carbides was S1<S2<S3<S4. The grains of 
WC-25wt%TiC-TaC cemented carbide were mainly 
composed of coarse grains in Fig. 5(d). In addition, there 
were a lot of dimples left in the WC-10wt%TiC-TaC ce-
mented carbide in Fig. 5(a). The number of the dimples of 
WC-TiC-TaC cemented carbides gradually dropped off in 
Fig. 5 when the TiC content was increased from 10wt% to 
25wt%. 

 

Fig. 4  Ta element distribution corresponding to Area C in Fig. 2 

2.2  Mechanical properties 
Figure 6 exhibited the influence of TiC content on the 

mechanical properties of WC-TiC-TaC cemented carbides. 
As can be seen, Vickers hardness had a progressive in-
crease as the TiC content was increased from 10wt% to 
25wt%. The main reason was that TiC grains gradually 
predominated in WC-TiC-TaC cemented carbides and the 
ratio of WC grain size and TiC grain size decreased in 
Fig. 5, and that the Vickers hardness of TiC (28–35 GPa) 
is higher than that of WC (16–22 GPa)[4-5]. The litera-
tures[31-32] also showed that the hardness of the WC-TiC 
cemented carbides increased with the reduction of the ra-
tio of WC grain size and TiC grain size, and that the 
hardness of the additive had an important effect on the 
hardness of the composites. The effect specifically showed 
that the hardness of the composites would increase when 
the hardness of the additive was higher than that of the 
base material. Therefore, the hardness of the WC-TiC-TaC 
cemented carbides increased with the increase of TiC 
content. The value of the highest Vickers hardness was 
19.81 GPa, which was higher than 18.53 GPa reported by 
the literature[33] and was close to 19.55 GPa reported by 
the investigation[16]. 

The flexural strength of these composites decreased 
gradually with the increase of TiC content in Fig. 6. As the 
TiC content was increased from 10wt% to 25wt%, the 
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Fig. 5  Fracture morphologies of WC-TiC-TaC cemented carbides 
(a) WC-10wt%TiC-TaC (S1), (b) WC-15wt%TiC-TaC (S2), (c) WC-20wt%TiC-TaC (S3), (d) WC-25wt%TiC-TaC (S4) 

 

flexural strength decreased from (1123.24±24) MPa to 

(672.25±35) MPa. The main reason was that the number 

of the coarse grains in these cemented carbides increased 
progressively as the TiC content was increased from 
10wt% to 25wt% in Fig. 5, which was consistent with the 
result of the literature[34] and which led to the decline of 
the flexural strength. The further reason was that the 
grain size had an obvious influence on the flexural 
strength. The relationship between the flexural strength 
and grain size was described mathematically by the 
Hall-Petch equation[35]: 

y
y 0

k

d
    

Where σy is the yield stress (the flexural strength), σ0 is a 
materials constant for the starting stress for dislocation 
movement (or the resistance of the lattice to dislocation 
motion), ky is the strengthening coefficient (a constant 
specific to each material), and d is the average grain di-
ameter (the average grain size). This equation reveals tha-
treducing the grain size will cause the material to become 

 

Fig. 6  Influence of TiC content on mechanical properties of 
WC-TiC-TaC cemented carbides 

stronger. Therefore, the flexural strength of these compos-
ites would decrease when the average grain size was in-
creased. In addition, grain size reduction was also a means 
of increasing the toughness of the material.  

In Fig. 6, the fracture toughness decreased from (14.42±

0.18) MPa·m1/2 to (8.32±0.26) MPa·m1/2 when the TiC 
content was increased from 10wt% to 25wt%. The value 
of the highest fracture toughness was 14.60 MPa·m1/2, 
which was higher than 12.02 MPa·m1/2 reported by the 
literature[16]. In general, the fine grains were propitious to 
enhance the fracture toughness while the coarse grains 
were adverse to the improvement of the fracture toughness. 
Besides, the toughness dimples in Fig. 5 were advanta-
geous to the enhancement of the fracture toughness. The 
more dimples there were in the cemented carbide, the 
higher fracture toughness the cemented carbide had[36]. In 
order to further analyze the reason, the toughening 
mechanisms that operated in WC-TiC-TaC cemented car-
bides were presented in Fig. 7 which showed crack 
propagation paths of WC-10wt%TiC-TaC (S1) cemented 
carbide and WC-25wt%TiC-TaC (S4) cemented carbide. 
The sample of S1 had more fine WC grains than the sam-
ple of S4 in Fig. 7. The fine grains could increase the 
number of crack deflection that would consume much 
fracture energy and led to the fine-grain toughening. The 
sample of S1 was toughened by a lot of fine WC grains 
besides crack deflection, crack branching and bridging in 
Fig. 7(a), while the sample of S4 was toughened by crack 
deflection, crack branching and bridging in Fig. 7(b). 
Therefore, the high fracture toughness of the sample of S1 
was due to an intensive coupled mechanism of the fine 
grains, crack deflection, crack branching, crack bridging 
and toughness dimples. 

 

Fig. 7  Crack propagation paths of WC-TiC-TaC cemented carbides 
(a)WC-10wt%TiC-TaC (S1); (b) WC-25wt%TiC-TaC (S4) 
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3  Conclusions 

WC-TiC-TaC cemented carbides were fabricated by 
hot-pressed sintering at 1600℃. Effects of TiC content on 
the microstructure and mechanical properties of these ce-
mented carbides were investigated. When TiC content was 
increased from 10wt% to 25wt%, both the average grain 
size and the Vickers hardness increased progressively, but 
both flexural strength and fracture toughness decreased 
gradually. The increase of Vickers hardness was attributed 
to the increase of TiC content and the higher hardness of 
TiC than that of WC. The value of the highest Vickers 
hardness was 19.81 GPa. The highest flexural strength 
(1147.24 MPa) was ascribed to the fine and homogeneous 
grains and the highest fracture toughness (14.60 MPa·m1/2) 
was due to the intensive coupled mechanism of the 
fine-grain toughening, crack deflection, crack branching, 
crack bridging and toughness dimples. 
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TiC 含量对 WC-TiC-TaC 硬质合金材料微观组织及 

力学性能的影响 

高姣姣, 姜龙凯, 宋金鹏, 梁国星, 安 晶, 谢俊彩, 曹 磊, 吕 明 

(太原理工大学 机械工程学院, 精密加工山西省重点实验室, 太原 030024) 

摘 要: 本研究采用真空热压烧结技术, 在 1600℃下制备了 WC-TiC-TaC 硬质合金材料, 研究了 TiC 含量对其微观组

织及力学性能的影响。结果表明, 随着 TiC 含量的增多, 硬质合金材料的晶粒显著增大。当 TiC 的含量从 10wt% 增

加到 25wt%时, 硬质合金材料的硬度逐渐增大, 最高可达 19.81 GPa, 这是由于 TiC 的硬度高于基体 WC 的硬度; 与此

同时, 硬质合金材料的抗弯强度和断裂韧度逐渐减小。当 TiC 的含量为 10wt%时, 材料的抗弯强度有最大值, 其值为

1147.24 MPa, 这是由于在材料内部形成了均匀、细小的晶粒组织; 在此含量下, 复合材料的增韧机理为细晶增韧、裂

纹偏转、裂纹分支、裂纹桥接和韧窝增韧, 其断裂韧度有最大值, 为 14.60 MPa·m1/2。 

关  键  词: WC-TiC-TaC 硬质合金; 热压烧结; 微观结构; 力学性能 
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