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Abstract: Ti−Fe−xTiC (x=0, 3, 6, 9, wt.%) composites were fabricated through low temperature ball milling of Ti, Fe 
and TiC powders, followed by spark plasma sintering. The results show that β-Ti, β-Ti−Fe, η-Ti4Fe2O0.4 and TiC 
particles can be found in the composites. The microstructure can be obviously refined with increasing the content of TiC 
particles. The coefficient of friction (COF) decreases and the hardness increases with increasing the content of TiC 
particles. The adhesive wear is the dominant wear mechanism of all the Ti−Fe−xTiC composites. The Ti−Fe−6TiC 
composite shows the best wear resistance, owing to the small size and high content of TiC particle as well as relatively 
fine microstructure. The wear rate of the Ti−Fe−6TiC composite is as low as 1.869×10−5 mm3/(Nꞏm) and the COF is 
only 0.64. Therefore, TiC particle reinforced Ti−Fe based composites may be utilized as potential wear resistant 
materials. 
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1 Introduction 
 

Ti−Fe based alloys have been widely studied 
owing to their high strength and low density, which 
can be applied in the prospect of automotive, 
aerospace and medical apparatus [1,2]. 
LOUZGUINE et al [3] reported a Ti65Fe35 alloy 
with a high ultimate tensile strength of 2200 MPa 
and a proper ductility of 6.7%. Because of the 
presence of hard Ti−Fe intermetallic compounds, 
the Ti−Fe based alloys have potential applications 
in the field of wear resistant materials. According to 
the Archard’s equation [4], the wear resistance of 
material is strongly depended on its hardness, and 
the Ti−Fe based composite possesses higher 
hardness than that of other Ti alloy [5]. However, 
seldom researches have reported the wear behavior 
of Ti−Fe based alloys. 

Composites have been widely fabricated in 

order to enhance the hardness of matrix [6,7]. 
Generally, composites can be classified according 
to the morphological characteristics of their 
reinforcements, such as fiber [8] and particle 
reinforcements [9]. Particle reinforcements [10,11] 
are widely used in the wear resistant materials. The 
ceramic particles are common reinforcements, 
which can provide composites for excellent hardness 
and wear resistance, such as TiC [12], TiB [13],  
SiC [14], and TiN [15]. Because of the high 
hardness, high melting point and low density, TiC 
particle has been considered as an ideal 
reinforcement in Ti-based [16], Al-based [17] and 
Fe-based [18] composites. For example, the 
AlSi10Mg alloys reinforced by TiC were prepared 
by laser additive manufacturing with high- 
frequency micro-vibration, and the ultimate tensile 
strength reached up to 314.7 MPa [19]. Moreover, 
the TiC particle possesses suitable thermal 
conductivity and good compatibility with matrix, 

                       
Corresponding author: Sheng-hang XU; Tel: +86-570-88320429; E-mail: shenghangxu@zjut.edu.cn 
DOI: 10.1016/S1003-6326(21)65555-3 
1003-6326/© 2021 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 



Sheng-hang XU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 988−998 

 

989

and thus the connection between TiC particle and 
matrix is rather perfect, which comes as the basis 
for satisfactory performance. 

The microstructure is another important factor 
for the wear behavior. The combination of 
mechanical alloying (MA) and spark plasma 
sintering (SPS) may introduce fine microstructure 
into the composite. MA process can largely 
decrease the grain size and improve the sintering 
activity [20,21]. The microstructure of the materials 
after sintering is fine with limited porosity, which is 
extremely beneficial to improving the properties. 
For example, LUO et al [22] fabricated a bulk of Hf 
by combination of high-energy ball milling and 
spark plasma sintering, and the hardness of the bulk 
reached up to above HV 1200, which was mainly 
owing to the grain boundary strengthening. LIU   
et al [23] reported a nanocrystalline CrMnFeCoNi 
high entropy alloy through MA process followed by 
SPS. The grain size was completely preserved after 
sintering, and this alloy presented a high ultimate 
tensile strength of 1000 MPa and a reasonable 
ductility. Besides, extra O element can be uniformly 
dissolved into the matrix during the milling process, 
which can further enhance the material by the solid 
solution strengthening effect. 

However, the researches about the TiC 
enhanced Ti−Fe based composites seem quite 
scarce. In this work, we first fabricated TiC 
particles reinforced Ti−Fe based composites 
through spark plasma sintering of Ti−Fe/TiC 
mechanical alloyed (MAed) powders. The TiC 
particles inside the Ti−Fe matrix can further 
enhance the strength and thereby improve the wear 
behavior. This method provides an effective 
strategy for designing and fabricating TiC enhanced 
material for wear resistant application. Besides, the 
microstructural evolution of the Ti−Fe based 
composites with different TiC contents was studied, 
and the wear behavior was also investigated. 
 
2 Experimental 
 
2.1 Material preparation 

Ti−Fe−xTiC (x=0, 3, 6, 9, wt.%) composites 
were prepared by the mechanical alloying of Ti 
(purity 99.9%), Fe (purity 99.8%) and TiC  
(purity 98.0%) powders. The compositions of 
Ti−Fe based composites are listed in Table 1. The 
powders were milled in a low temperature planetary 

ball-miller for 8 h at −3 °C with the protection of 
argon atmosphere. The low temperature can prevent 
the growth of grain size during MA process. The 
milling speed was 250 r/min and the ball-to-powder 
mass ratio was 10:1. For simplicity, the composites 
are named as Ti−Fe, Ti−Fe−3TiC, Ti−Fe−6TiC and 
Ti−Fe−9TiC according to the content of added TiC 
particles. 
 
Table 1 Compositions of Ti−Fe−xTiC composites (wt.%) 

Composite Fe Ti TiC 

Ti−Fe 30 70 0 

Ti−Fe−3TiC 30 66.4 3.6 

Ti−Fe−6TiC 30 62.8 7.2 

Ti−Fe−9TiC 30 59.2 10.8 

 

The SPS process was conducted at 1000 °C 
and then held for 10 min by using an HP D 25/3 
spark plasma sintering system. The pressure was 
30 MPa, the heating rate was 200 °C/min and the 
cooling rate was 50 °C/min. The shape of the 
as-SPSed samples was cylindrical structure, and the 
diameter and the height were 40 and 6 mm, 
respectively. Then, the as-SPSed samples were 
annealed at 600 °C in a furnace for 30 min followed 
by water quenching. 
 
2.2 Characterization 

The powder morphologies and microstructures 
were examined by an FEI Nova Nano250 scanning 
electron microscope (SEM). The phase was 
identified using a D/MAX−2250 X-ray diffraction 
(XRD) analyzer with a Cu Kα radiation operated at 
45 kV at room temperature. The elemental 
distribution was investigated by an electron probe 
micro analysis (EPMA, JEOL−1600). 

The hardness of the composites was measured 
by HV−1000 type Vicker’s hardness instrument at a 
load of 200 N. Tribological tests were performed by 
using an HT−1000 friction and wear tester in a 
ball-on-disc contact configuration at room 
temperature. The disc samples were made of Ti−Fe 
based composites with the size of d25 mm × 5 mm. 
The counterpart ball was made of Si3N4, whose 
hardness is about HRC 78. Prior to the friction and 
wear experiments, both the disc-like samples and 
the Si3N4 balls were ultrasonically cleaned in 
acetone for 10 min, and then dried in hot air to 
guarantee the clean surfaces. Fiction and wear tests 
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were conducted at an applied load of 5 N and a 
sliding speed of 0.28 m/s. The rotation diameter, 
testing time and sliding distance were 10 mm, 
60 min and 1008 m, respectively. The coefficient of 
friction was recorded automatically, and the tests 
were repeated at least three times to ensure the 
accuracy of the data. After tribological tests, the 
worn volume was measured by a surface 
profilometer (Keyence VHX−5000). In order to 

investigate the wear mechanisms of the composites, 
the worn surfaces were also examined by SEM and 
EPMA. 
 
3 Results 
 
3.1 Characterization of MAed powders 

Figure 1 shows the morphologies of as-milled 
powders of Ti−Fe, Ti−Fe−3TiC, Ti−Fe−6TiC, 

 

 

Fig. 1 Morphologies of powders after low temperature milling for 4 h: (a, b) Ti−Fe; (c, d) Ti−Fe−3TiC; (e, f) Ti−Fe− 

6TiC; (g, h) Ti−Fe−9TiC 
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Ti−Fe−9TiC, respectively. It can be seen that Ti−Fe, 
Ti−Fe−3TiC and Ti−Fe−6TiC powders present 
flat-like structure while Ti−Fe−9TiC powder shows 
the irregular structure. The particle size of the 
milled powders increases with increasing content of 
TiC particles. The size of Ti−Fe powder is about 
30 μm while that of Ti−Fe−9TiC powder is larger 
than 80 μm. 

Figure 2 illustrates the XRD patterns of the 
as-milled Ti−Fe based powders. The index of XRD 
 

 

Fig. 2 XRD patterns of Ti−Fe−xTiC powders after low 

temperature ball milling at −3 °C for 8 h 

peaks suggests that both bcc-Fe and hcp-Ti phases 
occur in all MAed Ti−Fe powders. The weak 
diffraction peaks of TiC only present at about 42° in 
the XRD pattern of Ti−Fe−3TiC, owing to the low 
content of TiC particle (only 3 wt.%). However, the 
diffraction peaks of TiC can be clearly detected in 
the XRD patterns of Ti−Fe−6TiC and Ti−Fe−9TiC 
powders, as shown at 36°, 42° and 63°. 
 

3.2 Microstructures of composites 
Figure 3 shows the microstructure of the Ti−Fe 

based composites after SPS. It clearly shows that 
the TiC particles (black areas) are uniformly 
distributed inside the composites, as shown in 
Figs. 3(b−d). The refining efficiency of micro- 
structure improves with increasing addition of TiC 
particles. Table 2 shows the chemical compositions 
of different regions in Fig. 3(a). The grey region (B 
in Fig. 4(a)) represents β-Ti phase while the 
relatively bright region (C in Fig. 4(a)) is β-Ti−Fe 
phase. Ti4Fe2O0.4 phase (D in Fig. 4(a)) can be 
found inside the β-Ti−Fe phase. The structure of 
Ti4Fe2O0.4 has been reported in Ref. [24]. Moreover, 
owing to the short time sintering process, Fe 
element is distributed unevenly and therefore the  

 

 

Fig. 3 Microstructures of Ti−Fe−xTiC composites after SPS: (a) Ti−Fe; (b) Ti−Fe−3TiC; (c) Ti−Fe−6TiC;          

(d) Ti−Fe−9TiC 
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Fe-enriched areas can be preserved. The XRD 
patterns in Fig. 4 show the phase constitution of the 
Ti−Fe−xTiC composites. It is indicated that only the 
β-Ti, β-Ti−Fe and Ti4Fe2O0.4 phases can be detected  
 
Table 2 Compositions of different regions in Fig. 3(a) 
(wt.%) 

Region Ti Fe O 

A 26.62 72.06 1.32 

B 89.02 7.62 3.35 

C 46.98 51.67 1.36 

D 59.30 33.63 7.07 

 

 
Fig. 4 XRD patterns of Ti−Fe−xTiC after SPS 

inside the Ti−Fe sample while the obviously 
individual peaks of TiC can be obtained in 
Ti−Fe−3TiC, Ti−Fe−6TiC and Ti−Fe−9TiC 
composites. The content of Fe-enriched phase is 
relatively limited, and thus, the peaks of 
Fe-enriched phase cannot be indexed in the XRD 
patterns. 

In order to homogenize the microstructure of 
the Ti−Fe based composites, annealing process was 
applied after SPS. Figure 5 presents the 
microstructure after annealing at 600 °C for 1 h. No 
Fe-enriched phase can be found any more, 
indicating that Fe element is uniformly distributed 
in the matrix. The volume fractions of Ti−Fe phase 
and β-Ti phase both increase after annealing. For 
one thing, Fe element can diffuse into the Ti matrix 
and form Ti−Fe intermetallic phase. For another, Fe 
is a kind of β-stabilizing elements, the dissolved Fe 
element can boost the formation of β-Ti phase. 
Besides, the size of TiC particles increases with 
increasing the TiC content. The sizes of TiC 
particles in Ti−Fe−3TiC and Ti−Fe−6TiC 
composites are about 2 and 4 μm while the size of 
that in Ti-Fe-9TiC composite is about 8 μm. The 
XRD patterns in Fig. 6 show that no other 
precipitations appear after annealing. 

 

 

Fig. 5 Microstructures of Ti−Fe−xTiC composites after SPS and annealing: (a) Ti−Fe; (b) Ti−Fe−3TiC; (c) Ti−Fe− 
6TiC; (d) Ti−Fe−9TiC 
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Fig. 6 XRD patterns of Ti−Fe−xTiC after SPS and 

annealing 
 

In order to further determine the distribution of 
different elements, EMPA mapping was utilized, 
and Fig. 7 shows the compositional profiles of   
the Ti−Fe−6TiC composite after annealing. It is 

interesting to note that TiC particles are mainly 
distributed inside the β-Ti−Fe intermetallics. 
Besides, almost all C atoms occur in the TiC 
particles, and few C element can be detected inside 
the Ti4Fe2O0.4 phase as well as the β-Ti phase, as 
marked in Fig. 7(a). 

 
3.3 Wear behavior of composites 

The coefficient of friction (COF) curves of the 
Ti−Fe−xTiC (x=0, 3, 6, 9) composites are shown in 
Fig. 8. It can be found that the Ti−Fe composite 
possesses a high COF value of 0.91. The addition of 
TiC particles can significantly decrease the COF 
value of the Ti−Fe based composite. The COF 
values of the Ti−Fe−3TiC, Ti−Fe−6TiC, Ti−Fe− 
9TiC composites are 0.70, 0.64, 0.64, respectively. 
The obvious decrease of COF value with the 
addition of TiC particles can be explained by the 
improved wear resistance, which will be discussed 
later. 

 

 
Fig. 7 EPMA mapping of Ti−Fe−6TiC composite showing distribution of elements: (a) SEM of EPMA mapping area; 

(b) Fe element; (c) Ti element; (d) C element; (e) O element 
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Fig. 8 Typical evolution curves of friction coefficients of 

Ti−Fe−xTiC composites with sliding time after annealing 

 
Figure 9 shows the SEM morphologies of the 

worn surfaces of the Ti−Fe−xTiC (x=0, 3, 6, 9) 
composites. All the worn surfaces present 
considerable flattened patches and significant 
surface damage, indicating that the dominate wear 
mechanism of the Ti−Fe−xTiC composites is

adhesive wear. The micro plowing structure can 
also be detected in the Ti−Fe−6TiC composite. For 
the Ti−Fe, Ti−Fe−3TiC and Ti−Fe−6TiC 
composites, increasing content of TiC particles can 
obviously decrease the occurrence of flattened 
patches. However, the surface damage turns severer 
when added more TiC particles (Ti−Fe−9TiC 
composite), which can be attributed to the large size 
of the TiC particles. The connection between TiC 
particle and matrix is weak when the size of TiC 
particle is rather large. Therefore, the particle is 
easy to be peeled off from the matrix during the 
friction and wear process. 

In order to investigate the chemical 
composition of the worn surfaces, EPMA line 
scanning was applied on the Ti−Fe−6TiC  
composite, as shown in Fig. 10. The results show 
that the Ti−Fe intermetallics are severely peeled off 
while the Ti4Fe2O0.4 phase and partial TiC particles 
can remain unbroken inside the frictional surface 
during wear process, and therefore support the 
applied loads. 

 

 

Fig. 9 Typical worn surfaces morphologies of composites: (a) Ti−Fe; (b) Ti−Fe−3TiC; (c) Ti−Fe−6TiC;           

(d) Ti−Fe−9TiC 
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Fig. 10 EPMA line scanning of worn surface of 

Ti−Fe−6TiC composite 

Figure 11 shows the OM morphologies of the 
worn surfaces of the Ti−Fe−xTiC (x=0, 3, 6, 9) 
composites. The measured worn groove depth and 
width are presented in Table 3. The results show 
that with increasing the TiC content, the worn 
groove depth and width decreased obviously except 
the Ti−Fe−9TiC composite. 

The wear rate can directly show the wear 
resistance of the materials, which can be explained 
by [25] 

 
K=V/ws 

 
where V is the worn volume (mm3), w is the normal 
load (N) and s is the totally sliding distance (m). 
Figure 12 shows the wear rate of the Ti−Fe−xTiC 
composites at a speed of 0.28 m/s. It can be found 
that all the wear rates are located in the magnitude 
of 10−5−10−4 mm3/(Nꞏm). The Ti−Fe−6TiC 
composite shows the lowest wear rate of only 
1.869×10−5 mm3/(Nꞏm). 
 
4 Discussion 
 
4.1 Microstructural evolution 

After mechanical alloying and spark plasma 
sintering, fine scale β-Ti, β-Ti−Fe intermetallics and 
Ti4Fe2O0.4 phase are obtained, and the TiC particles  

 

 
Fig. 11 OM morphologies of worn surface to groove bottom after wear tests: (a) Ti−Fe; (b) Ti−Fe−3TiC;           

(c) Ti−Fe−6TiC; (d) Ti−Fe−9TiC 
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Table 3 Worn groove dimensions of Ti−Fe−xTiC composites 

Sample Depth/μm Width/μm Wear volume loss/mm3 

Ti−Fe 23.65±2.81 1591.4±147.6 0.5903±0.0645 

Ti−Fe−3TiC 14.06±2.68 1008.9±139.7 0.2293±0.0338 

Ti−Fe−6TiC 7.43±1.26 743.7±86.9 0.0942±0.0113 

Ti−Fe−9TiC 12.10±2.01 970.4±115.3 0.1853±0.0229 

 

 
Fig. 12 Hardness and wear rate of Ti−Fe−xTiC 

composites 

 
are uniformly distributed inside the matrix. The 
microstructure becomes finer with higher content of 
TiC particles. This can be explained by the 
following reasons. For one thing, the TiC particles 
possess much higher hardness than that of Ti and Fe 
powders [2]. Therefore, they can effectively refine 
the grain size during MA process. For another, the 
TiC particles in the matrix can hinder the growth of 
grain during sintering and annealing processes. 
Many studies [26,27] have shown that the grain size 
decreased obviously with increasing addition of TiC 
particles. Therefore, the microstructure of the 
Ti−Fe−xTiC composites turns fine with increasing 
addition of TiC particles. 

The microstructure of the Ti−Fe−xTiC 
composites changes largely after annealing at 
600 °C for 1 h. The TiC particles grow obviously, 
especially for the Ti−Fe−9TiC composites. Because 
of the small atom size, C atoms can diffuse through 
the crystal lattices easily. TiC particles are stable, 
and therefore, C atoms, solid solute element in the 
composite, tend to form and enlarge TiC particles 
during annealing process. Owing to the highest 
content of C element in the Ti−Fe−9TiC composite, 
the TiC particles become the largest after annealing. 
The improved volume fraction of TiC particles 
during annealing process by diffusion of C atoms 
has been reported by other research [28]. 

4.2 Wear behavior 
Generally, the property of wear resistance is 

strongly depended on the content and the size of 
TiC particle, as well as the microstructure, hardness 
and ductility of composites [4]. The hardness of the 
Ti−Fe based composites increases obviously with 
increasing the TiC content. Besides, as mentioned 
above, the refinement of microstructure occurs 
when added TiC particles during the MA process, 
which can also improve the hardness. Therefore, the 
better property of wear resistance can be achieved 
with increasing content of TiC particles. Moreover, 
ZHANG et al [29] indicated that the ductility is also 
an important parameter governing tribological 
behaviors of materials, although the hardness plays 
a vital role in wear rate. As discussed above, 
relatively large size of TiC particle can weaken the 
bonding between the particle and matrix, especially 
for the Ti−Fe−9TiC composite. During the friction 
and wear process, TiC particles are easy to be 
pulled out when applied the shear stress. Thus, the 
wear resistance is bad for Ti−Fe−9TiC composite, 
because the removed TiC particles cannot support 
the applied loads any more. The similar 
phenomenon is also reported in Ti−Mo−TiC 
composites that the TiC particles tend to be pulled 
out from the matrix during the tensile deformation 
owing to the weak bonding [30]. 

According to Fig. 12, the worn volume of the 
Ti−Fe−xTiC composites decreases with increasing 
content of TiC particles except Ti−Fe−9TiC 
composite. The EPMA line scanning in Fig. 10 
shows that the Ti−Fe phase can be pulled out while 
Ti4Fe2O0.4 phase remains unbroken under the 
repeated shear stress. Besides, partial TiC particles 
can also be preserved in the matrix. The Ti4Fe2O0.4 
phase and the remained TiC particles can support 
the applied loads and act as load-bearing roles. 
Although the Ti−Fe−9TiC composite possesses the 
highest hardness, the large-scale TiC particles are 
easy to be pulled out and thus deteriorate the wear 
rate. Besides, the depth and width of worn groove 
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decrease with increasing the TiC content except 
Ti−Fe−9TiC composite. The obviously decreasing 
of COF value with increasing the TiC particles in 
Ti−Fe composite can be attributed to the reduction 
of friction contact region. Certainly, a small amount 
of TiC particles can be brought out from the Ti−Fe 
phase during the friction and wear process. As hard 
abrasives, the detached TiC particles may cause 
plowing grooves when move to the friction  
surfaces. Thus, the micro-plowings can be detected 
on the worn surfaces. As mentioned above, the size 
of TiC is relatively large in Ti−Fe−9TiC composite. 
Therefore, higher density of heavily flattened 
patches can be found on the worn surface of 
Ti−Fe−9TiC composite than that of Ti−Fe−6TiC 
composite. Besides, the worn groove depth and 
width both increase, reflecting the deterioration of 
wear resistance. Overall, the Ti−Fe−6TiC 
composite possesses the best property of wear 
resistance. 
 
5 Conclusions 
 

(1) Ti−Fe−xTiC (x=3, 6, 9, wt.%) based 
composites possess β-Ti, β-Ti−Fe, Ti4Fe2O0.4 phase 
as well as TiC particles after sintering and 
annealing. With increasing TiC content, the size of 
TiC particles increases. 

(2) The coefficient of friction is obviously 
related to the TiC content. Ti−Fe alloy shows a high 
COF of 0.91 while Ti−Fe−3TiC composite presents 
a COF of 0.70. With the further increasing of TiC 
content, the COFs of Ti−Fe−6TiC and Ti−Fe−9TiC 
become steady at about 0.64. 

(3) The adhesive wear is the dominant worn 
mechanism of Ti−Fe based composites, while the 
abrasive wear only occurs in Ti−Fe−6TiC and 
Ti−Fe−9TiC composites. 

(4) The hardness increases with increasing the 
TiC content, and the Ti−Fe−9TiC composite 
possesses the highest hardness of HV 736.  
However, the Ti−Fe−6TiC composite shows the 
best property of wear resistance, with the lowest 
worn rate of 1.869×10−5 mm3/(Nꞏm). 
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TiC 颗粒强化 Ti−30Fe 复合材料的摩擦行为 
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摘  要：将 Ti、Fe 和 TiC 粉末进行低温球磨，并结合放电等离子烧结制备 Ti−Fe−xTiC (x=0，3，6，9，质量分数%)

复合材料。结果表明：该复合材料中含有 β-Ti、β-Ti−Fe、η-Ti4Fe2O0.4以及 TiC 颗粒。显微组织随着 TiC 添加量的

增加而显著细化。粘着磨损是 Ti−Fe−xTiC 复合材料的主要磨损机制。随着 TiC 添加量的增加，摩擦因数(COF)

减小，硬度增大。其中，由于 Ti−Fe−6TiC 复合材料中 TiC 含量较高，TiC 颗粒尺寸小，组织细化程度高，因此，

具有最佳的耐磨性能，磨损率仅有 1.869×10−5 mm3/(Nꞏm)，同时，摩擦因数为 0.64。由此可见，TiC 颗粒增强 Ti−Fe

基复合材料在耐磨材料领域具有潜在的应用价值。 

关键词：TiC 颗粒；Ti−Fe 基复合材料；粉末冶金；显微组织；摩擦行为 
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