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Abstract: The effect of sintering temperature (1073−1373 K) on the structural and tribological properties of nanostructured ball- 
milled β-type Ti−15Mo samples was investigated. The prepared samples were characterized using various apperatus such as X-ray 
diffractometer, scanning electron microscope (SEM) and ball-on-plate type oscillating tribometer. Wear tests were conducted under 
different applied loads (2, 8 and 16 N). Structural results showed that the mean pore and crystallite size continuously decreased with 
increasing sintering temperature to reach the lowest values of 4 nm and 29 nm at 1373 K, respectively. The relative density of the 
sintered sample at 1373 K was as high as 97.0%. Moreover, a higher sintering temperature resulted in higher relative density, greater 
hardness and elastic modulus of the sample. It was observed that both the friction coefficient and wear rate were lower in the sample 
sintered at 1373 K which was attributed to the closed porosity. 
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1 Introduction 
 

Cobalt−chromium alloys, stainless steel, and 
titanium alloys are the most important biomaterial alloys 
with better performance for biomedical applications [1,2]. 
However, among these biomaterials, titanium alloys are 
usually employed in the area of orthopaedics, due to their 
low density, good corrosion resistance, high capacity to 
attach to tissue and bone, biocompatibility, high hardness 
and low elastic modulus (50−10 GPa) as compared to 
stainless steel (200 GPa) or cobalt alloys (235 GPa) [3], 
making them a good choice as a biomaterial for 

orthopaedic applications especially for total hip 
prosthesis use [1,2]. 

For this application, low elastic modulus is desired 
to reduce the stress-shielding phenomenon that occurs at 
the bone−implant interface. This phenomenon is 
associated with bone atrophy, which is the weakness at 
the interface between host tissue and implant, eventually 
leading to a premature rejection of the implant [2]. 

Nowadays, most of the studies on metallic 
biomaterials for load-bearing implants have focused on 
the β-Ti alloys due to their high specific strength, 
excellent corrosion resistance and good biocompatibility. 
Non-toxic β-stabilizers such as Mo, Sn, Ta, Nb and Zr 
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are mainly used as alloying elements to achieve new 
β-type titanium alloys with low elastic modulus [3], 
including Ti−15Mo (wt.%), Ti−11.5Mo−6Zr−2Fe (wt.%), 
Ti−24Nb−4Zr−7.8Sn (wt.%) and Ti−36Nb−2Ta−3Zr 
(wt.%) [4]. Among the alloying elements, niobium is 
considered to have a good resistance against corrosion 
and an excellent biocompatibility [5,6]. While the use of 
molybdenum is rather debatable [7], some researchers 
have employed molybdenum as an alloying element for 
titanium alloys such as Ti−Mo−Zr−Fe, Ti−Mo−Ta and 
Ti−Mo [8−10]. It is well known that the high 
temperature β-phase Ti has a bcc structure, while the 
α-phase has a hexagonal compact (hc)-structure which 
provides β-alloys with a higher wear resistance. The 
addition of molybdenum gives β-stabilizing properties to 
titanium alloys. Hence, it is favourable to produce 
β-alloys with molybdenum as compared to other alloying 
elements such as Ta, Zr or Nb [11−13]. It has been 
reported that the elastic modulus, hardness and phase 
compositions vary for Ti−Mo samples as a function of 
Mo content [14−16]. The mechanical properties of 
β-type Ti−Mo alloys depend directly on the processing 
routes and the alloying elements [17−20]. Therefore, it is 
necessary to conduct a comprehensive study that will 
allow rapid characterization and production of an alloy 
with a variable composition [19,20]. 

Due to its importance in the performance of the total 
hip prosthesis, the problems of friction and wear in these 
devices have been addressed by many authors [2,8−12]. 
For this, a wide variety of studies have been reported to 
enhance wear resistance of metallic biomaterials which 

may affect corrosion of biomaterials [2,8,9,19]. In the 
human body, these alloys are exposed to physiological 
solutions that induce damage material by corrosion. 
Additionally, the tribological contacts created due to the 
movement, contribute to the acceleration of the passive 
film destruction and the material degradation, which is a 
significant clinical problem [21,22]. 

Moreover, the benefit of nanocrystalline titanium 
alloy for improved tribological properties has not been 
demonstrated unequivocally [23−26]. Therefore, the 
tribological behaviour of Ti−15Mo sample produced 
from mechanically milled powders and sintering, need to 
be investigated [16]. The correlation among composition, 
sintering temperature, microstructural features, and 
tribological properties of β-Ti alloys is of primary 
significance for orthopaedic applications. However, in 
the case of Ti−15Mo sample biomaterials, this 
correlation has not been well investigated. 

Thus, this work aims to investigate the effect of 
sintering temperature on the porosity, density, elastic 
modulus, microhardness, microstructure, lattice 
parameters, and wear resistance of Ti−15Mo samples and 
investigate the possibility of using the developed 
nanostructured Ti−15Mo samples as a biomaterial. 
 
2 Experimental 
 
2.1 Sample preparation 

Metal powder (Fig. 1) of Ti and Mo (purity >99.9%, 
particle size <110 µm) supplied by SIGMA-Aldrich 
Society, Germany, was used to produce β-type Ti−15Mo 

 

 
Fig. 1 SEM micrographs (a, b) of as-received powders and their EDS results (c, d): (a, c) Pure Ti; (b, d) Pure Mo 



Mamoun FELLAH, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2310−2320 

 

2312
 
sample. The powder was milled for 64.8 ks to     
obtain uniform properties, based on our previous  
studies [2,9,13,26] using a high energy ball mill, Fritsch 
P7. The milled powders were pressed uniaxially at 
2.5×108 Pa into circular discs (d=20 mm) by a rigid steel 
die. Aiming to obtain a high density, the uniaxially- 
pressed samples were subsequently hot isostatically 
pressed (HIPed) at 1273 K and at an isostatic pressure of 
400 MPa for 1800 s using ASEA-HIP [2,9,13,26,27]. The 
HIPed samples were then sintered in a vacuum furnace at 
4×10−12 MPa for 18 ks at sintering temperatures ranging 
from 1073 to 1373 K at a heating rate of 5 K/s. 
 
2.2 Sample characterization 

The crystal structures and phase identification of the 
Ti−15Mo alloy samples were determined by X-ray 
diffraction (XRD) analysis with Cu Kα radiation 
(λCu=0.15406 nm) operating at 40 kV and 40 mA passing 
through a nickel filter, using a Bragg−Brentano 
diffractometer with step size of 0.01 (°)/s. Williamson− 
Hall equation was used to evaluate the grain size of the 
sample [26]. Additionally, crystallite size was estimated 
and was confirmed using XRD analysis via Scherrer’s 
formula [28]. 

The lattice parameters were calculated from the low 
2θ angles position of their particular diffraction peaks 
using Bragg’s equation [28,29]. The elastic modulus and 
Vickers hardness were evaluated under an applied load 
of 2 N using a universal hardness testing machine (Zwik 
ZHV2.5) with a Vickers diamond indenter. 

HIPed and sintered Ti−15Mo samples were cut into 
disc specimens (d20 mm × 6 mm) and polished 
according to ISO 7206–2:2011 standards to a surface 
roughness Ra of 4.0−6.0 nm. The surface roughness was 
measured using VEECO-Wyko NT9300 Optical Profiler. 
The tribological tests were conducted using a ball-on- 
plate type oscillating tribometer (Tribotester) in 
accordance with the ASTM G133−95, ISO 7148−1:2012 
and ASTMG 99 [25,26] standards under wet conditions 
using a prepared Hank’s solution, simulating the body 
fluid (Fig. 2). The chemical composition of Hank’s 
solution was as follows: NaCl 8 g/L, KCl 0.4 g/L, CaCl2  
 

 
Fig. 2 Pressing of hard bill (counter face) on disks sample 

0.14 g/L, NaHCO3 0.35 g/L, MgSO4·7H2O 0.1 g/L), 
MgCl2·6H2O 0.1 g/L, MgCl2·6H2O 0.1 g/L, Na2HPO4· 
2H2O 0.16 g/L, KH2PO4 0.06 g/L. The tests were carried 
out under different normal loads of 2, 8 and 16 N at a 
sliding speed of 10 mm/s with an alumina ball (Al2O3), 
6 mm in diameter as a counterface. 
 
3 Results and discussion 
 
3.1 Structural characterization 

The X-ray diffraction spectra of milled and HIPed 
binary Ti−15Mo samples are presented in Fig. 3. The 
obtained results show that the phase composition of the 
Ti−15Mo samples correlates to the sintering temperature. 
The formation of β phase was observed at all sintering 
temperatures. Similar results were reported previously by 
SOCHACKA et al [16], when at least 9 wt.% 
molybdenum was added to the binary Ti−Mo system. 
The diffractograms corresponding to the lattice planes 
for β-bcc phase (220), (110), (101), (110), (004), (022), 
(110), (221), (011) and (220) were produced in the 
spectrum [30]. After sintering at 1373 K, most of the 
peaks disappeared and only the peaks corresponding to 
(110) and (001) planes were observed. The peaks that 
corresponded to (211) at 2θ=62.2° and 78.1°  
disappeared after sintering at a temperature of 1173 K, 
while peaks corresponding to (101) and (004) planes at 
2θ=38.1° and 45.4°, respectively, disappeared at 
sintering temperature of 1273 K. 
 

 
Fig. 3 X-ray diffraction patterns of Ti−15Mo samples sintered 
at different temperatures: (a) 1073 K; (b) 1173 K; (c) 1273 K; 
(d) 1373 K 
 

The average crystallite size, as shown in Fig. 4, 
slowly decreased with increasing sintering temperature, 
which was also accompanied by an increase in the 
average strain ε [31]. The crystallite size of HIPed 
samples sintered at 1073 K was 36 nm, afterwards, it was 
reduced to 31 nm at 1273 K and it reached the lowest 
value of 29.4 nm for samples sintered at 1373 K. Similar 
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Fig. 4 Evolution of lattice parameters a, average crystallite size 
D, and internal microstrain ε of sintered Ti−15Mo samples 
 
dependency was reported by WU et al [32]. The mean 
internal strain values increased from 0.15% to 0.75% 
with an increase in the sintering temperature from 1073 
to 1373 K. The above observations and results can be 
attributed to the refinement of particle size, up to the 
nanosized scale followed by an increase in the micro 
strains induced at the internal level. 

The β-phase lattice parameter was extracted from 2θ 
position of their particular diffraction β-bcc peaks (110). 
This peak represents the strongest diffraction peak for 
β-phase and it provides appropriate measurements of the 
lattice parameter for all the sintering temperatures. 

As shown in Fig. 4, the lattice parameter a increases 
with increasing sintering temperature, from 3.313 to 
3.324 Å at a sintering temperature of 1073 K and 1373 K, 
respectively. It is important to mention that only the 
β-phase was observed with an extension of 1.7% in cell 
volume. This expansion is translated on XRD patterns 
(Fig. 3) by a shift of the peaks to smaller 2θ angles [33]. 
However, heat treatment temperature can cause peak 
expansion which is an indication of fine crystallite   
size [34]. The variation of lattice parameter a of 
Ti−15Mo samples corresponds to the bcc structure as 
previously reported elsewhere [35−37]. 
 
3.2 Samples porosity 

Figure 5 shows the pore size distribution of binary 
Ti−15Mo samples. It was found that with increasing the 
sintering temperature, the pore size increased gradually 
and is distributed irregularly. It mainly consists of     
(1) pores of several nanometer size, which presumably 
resulted from the volume reduction, occurring during the 
sintering process, and (2) pores of size of dozen 
nanometers. Increasing the sintering temperature 
promotes a decrease in the size of the porosity. At 1073 
and 1173 K, the sintered samples had a 70% of porosity 
more than 70 nm and 30% of porosity less than 70 nm, 
while the samples sintered at 1273 and 1373 K had a 
95% of porosity less than 70 nm which is promising for 
biomedical applications [38]. 

 

 
Fig. 5 Pore size distribution of Ti−15Mo samples sintered at different temperatures: (a) 1073 K; (b) 1173 K; (c) 1273 K; (d) 1373 K 
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In addition, as shown in Fig. 6, the porosity 
decreased from 0.13% to 0.12%, 0.07% and 0.05%, and 
the mean porosity size reduced from 45 to 41, 39 and   
29 nm, at sintering temperatures of 1073, 1173, 1273 and 
1373 K, respectively. 
 

 
Fig. 6 Evolution of porosity, mean pore size and relative 
density of sintered Ti−15Mo samples 
 

It has been reported that porous structures can 
facilitate the growth of cells while also providing 
nutrient transportation and body fluid pathways which is 
useful for osseointergeation of the implant, growth and 
bone regeneration [39,40]. This is beneficial for the 
growth of the bone and results in stiffness reduction 
which helps the prevention of stress-shielding 
phenomenon, which is common in implants and often 
leads to implantation failure. Finally, it could be 
concluded that the porous Ti−15Mo samples sintered at 
different temperatures exhibited a suitable porous 
structure for bone implantation. 

The relative density of binary Ti−15Mo sample  
(Fig. 6) increased with sintering temperature. Samples 
sintered at 1373 K showed higher density (97%) than the 
samples sintered at 1073, 1173 and 1273 K that exhibited 
density values of 87%, 91% and 95%, respectively. 
 
3.3 Microhardness and elastic modulus 

The microhardness HV0.02 gradually increased with 
increasing sintering temperature (Fig. 7). The highest 
values of 315 and 307 HV0.02 were achieved for samples 
sintered at 1373 and 1273 K, respectively, while the 
lowest values of 275 and 296 HV0.02, were measured for 
samples sintered at 1073 and 1173 K, respectively. 

The values of elastic modulus of 75, 80, 92 and   
95 GPa were found for samples sintered at 1073, 1173, 
1273 and 1373 K, respectively. As mentioned previously, 
samples sintered at 1073 K (75 GPa) and 1173 K 
(80 GPa) exhibited low density and high porosity. High 
values were attributed to a closed porosity and high 
compact density, which influenced the values of elastic 
modulus (Fig. 7). It is also to be noted that the closed 

porosity in the samples as a result of the milling and the 
HIPed process resulted in the high compact density 
which in turn led to a significant improvement in the 
microhardness. 
 

 
Fig. 7 Hardness and elastic modulus of sintered Ti−15Mo 
samples 
 
3.4 Friction coefficient 

The variation of friction coefficient of nanosized 
Ti−15Mo samples is displayed in Figs. 8 and 9. As it  
can be seen from Fig. 8, all samples showed a similar  
 

 
Fig. 8 Evolution of friction coefficients of sintered Ti−15Mo 
samples versus sliding distance at applied load of 8 N 
 

 
Fig. 9 Mean friction coefficients of sintered Ti−15Mo samples 
under different applied loads 
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frictional behaviour. At an advanced stage, the friction 
coefficient achieved a steady state maybe due to the 
smoothening out of the tracks [2,3,7,19]. Within the first 
few sliding metres, the specimens sintered at 1073 and 
1173 K had higher friction coefficient with considerable 
fluctuations as compared to that of the specimens 
sintered at 1273 and 1373 K. In addition, with increasing 
elastic modulus and hardness as a function of sintering 
temperature, the contact area decreased resulting in a 
reduction of the friction coefficient. 

The average mean values of the friction coefficient 
throughout the test, as shown in Fig. 9 ranged 0.31−0.56, 
0.25−0.42, 0.23−0.38 and 023−0.35 for samples sintered 
at 1073, 1173, 1273 and 1373 K, respectively. According 
to this result, the friction resistance improved with 
increasing sintering temperature due to the closed 
porosity and grain size refinement. However, considering 
the implants applications, all tested Ti−15Mo samples, 
may be the ultimate choice for orthopeadic implants, 
with relatively low elastic modulus and without toxic 
alloying elements and low friction coefficient as reported 
by GEETHA et al [3]. 
 
3.5 Wear volume and wear rate 

As indicated in Fig. 10(a), the wear volume of the 
sintered Ti−15Mo decreased with increasing of sintering 
 

 

Fig. 10 Evolution of wear volume (a) and wear rate (b) of 
sintered Ti−15Mo samples under different applied normal loads 

temperature. The wear volume varied from 17.76×107 to 
46×107, from 14.08×107 to 43×107, from 11.87×107 to 
37×107 and from 9.23×107 to 34×107 µm3 for samples 
sintered at 1073, 1173, 1273 and 1373 K, respectively. 
Furthermore, the wear rate of sintered Ti−15Mo 
decreased with increasing sintering temperature 
(Fig. 10(b)). The specific wear rate ranged from 
7.565×10−3 to 20.09×10−3, from 6.23×10−3 to 17.95×10−3, 
from 4.13×10−3 to 14.50×10−3, and from 2.14×10−3 to 
11.90×10−3 µm3/(N·µm) for samples sintered at 1073, 
1173, 1273 and 1373 K, respectively. On the other  
hand, the calculated wear rates of the counterface 
alumina ball were (4.44−16.90)×10−3 and (4.33− 
13.450)×10−3 µm3/(N·µm), in the case of samples 
sintered at 1273 and 1373 K, respectively. 

The above results suggest that the sliding friction 
and wear behavior of Ti−15Mo samples not only depend 
on the sintering temperature, but also depend on the 
microstructure, and the experimental paramaters such as 
applied load, sliding speed, testing environment, and 
friction couple. 

As shown in Figs. 8−10, the specimens sintered at 
1373 K exhibited a high wear resistance and good 
tribological properties. This behaviour of sintered binary 
Ti−15Mo samples (especially those sintered at 1373 K) 
can be attributed to the enhanced mechanical properties 
due to closed porosity and grain size refinnement. 
 
3.6 Wear scars morphology 

Figure 11 illustrates SEM micrographs of worn 
surface on sintered Ti−15Mo samples, after 1600 cycles 
of sliding. For specimens sintered at 1073 and 1173 K, 
abrasion was the main wear mechanism, while at 
sintering temperatures of 1273 and 1373 K, adhesion was 
found to be the main wear mechanism. 

For sample sintered at 1073 K (Fig. 11(a)), the wear 
traks consisted of deep grooves produced by plowing or 
micro cutting from hard asperities or due to the adherent 
transfer deposits on the counterface. All tested spicemens 
presented a similair wear mechanism. Irregular areas and 
a non-homogeneous wear suggestively caused by the 
movement of abrasive debris particles from the inside to 
the sides of wear track were detected in the case of the 
alumina ball counter face [25,26]. In particular, this 
phenomenon was predominantly observed for sample 
sintered at 1373 K. 

For the samples sintered at 1273 K, it was difficult 
to identify the friction mechanism. The wear did not 
follow a conventional outline as in the case of 1073 and 
1173 K. Samples sintered at 1273 K (Fig. 11(c)), 
displayed parallel grooves running along the sliding 
direction which were covered by wear debris. 

The samlple sintered at 1273 K performed as a 
repellant to the failure mechanisms of traditional sliding 
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wear, resulting in small areas of wear that are isolated 
and irregularly shaped [41]. Noise and vibration were not 
apparent. 

Samples sintered at 1373 K displayed the lowest 
wear, as shown in Fig. 9. The low friction coefficient 
(0.23−0.35) (Fig. 9), high density and microhardness 
(Fig. 7) are the most important parameters that lead to 
high wear resistance. The morphology of wear scars 
showed detachment of the particles. Nevertheless, there 
was no significant difference in wear morphology of 
samples sintered at 1273 and 1373 K. In most cases, 
samples sintered at 1373 K exhibited good wear 
performance. In addition, the worn surfaces were 
protected by compressed wear debris forming a smooth 
transfer film, showing very few marks on the samples, as 
can be seen from Figs. 11(c, d). 

An increase in the friction coefficient or a decrease 
in wear resistance can cause implant loosening [42]. 
Wear also affects corrosion as follows: (1) passive film 
removal by tribological action [42], (2) work hardening 
and higher surface energy production [42,43], and (3) 
roughness increase which results in a greater surface area 
exposed to the corrosive medium and an increase in pit 
stability [43]. Moreover, the generated wear debris can 
cause a destructive inflammation to the bone supporting 
the implant [42]. 

The wear on the alumina counterface ball, as 
visually inspected, was greater than the wear of the 
samples sintered at 1273 and 1373 K, signifying the 
good wear resistance of these samples, which may be 
attributed to the better compaction of the transfer   

layer [44,45]. At the same time, the extent of coverage of 
the transfer layer also increased, resulting in reducing 
friction and wear rate, which has been confirmed in 
earlier studies [46,47]. 

Figure 12 presents SEM micrographs of samples 
sintered at 1373 K tested at different normal loads of 2, 8 
and 16 N, respectively. A moderately rough wear track 
was observed (Figs. 12(a, a′)). There were small cracks 
indicating a mild fracture for the samples tested at 8 N 
(Figs. 12(b, b′)). A significant surface damage with 
deformed appearance was observed for sample tested at 
16 N (Figs. 12(c, c′)). At higher applied loads, a 
significant build-up of material around the wear track 
and some fine particles were also observed. 

It is important to point out that the microstructure, 
grain size and porosity of sintered samples have a 
significant influence on the hardness, elatic modulus,  
friction and wear volume of the binary Ti−15Mo  
sample [35−37]. As expected, in the present study, the 
binary Ti−15Mo sample with the smallest grain size 
showed the lowest wear rate which was obtained for the 
samples sintered at 1373 K leading to its closed porosity 
and higher density as compared to the un-sintered 
samples and samples sintered at lower temperatures. 

 
3.7 Wear debris morphology 

Samples sintered at 1073 and 1273 K displayed 
larger chip-like metallic and fine wear particles     
(Figs. 13(a, b)). Similar features were observed for 
sample sintered at 1373 K, but the particle size was much 
smaller. Some larger agglomerates of debris particles  

 

 
Fig. 11 SEM micrographs of worn surface on Ti−15Mo samples sintered at different temperatures (tested at 8 N): (a) 1073 K;       
(b) 1173 K; (c) 1273 K; (d) 1373 K 
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Fig. 12 SEM micrographs of Ti−15Mo sample sintered at 1373 K tested under different applied loads: (a, a′) 2 N; (b, b′) 8 N;      
(c, c′) 16 N 
 

 
Fig. 13 SEM morphologies (a−c) and corresponding EDS results (d−f) of wear debris of Ti−15Mo samples sintered at different 
temperatures tested under 8 N: (a, d) 1073 K; (b, e) 1273 K; (c, f) 1373 K 
 
generated from the transfer layer could also be observed 
(Fig. 13(c)). Wear debris were suggestively generated by 
metal transfer, delamination mechanism, or by the 
asperities ploughing [48]. 

A poor wear resistance of many biomaterials results 
in debris generation which is harmful for the human 
body as they may be soluble in blood or particulate 
debris accumulation, leading to serious inflammatory 
reactions, allergies or osteolysis, carcinogenetic response 
and toxicity which can considerably shorten its  
life-span [49,50]. For example, non-compatible metallic 
ions like V, Al, Co, Cr, Ni and Fe lead to toxic reactions 

with adverse effects such as damage of protein, lipids or 
DNA (with increased Fe content); alteration of sugar 
levels in the blood (with increased Cr content); toxicity 
reactions after 4−5 years (with increased Ni or Co 
content) [51,52]. Therefore, it is of great significance to 
study the wear behavior of biomaterials. 

The sizes of wear debris collected from samples 
sintered at 1373 K were small and mostly grainy-shaped. 
However, large flaky-type debris was collected for 
samples sintered at 1173 K. The oxide layer initially 
formed may have been removed by the abrasive effect in 
the form of small particles. The EDS analysis showed 
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peaks of elements such as Ti and Mo belonging to the 
sintered samples, peaks of Na, Ca and Cl elements 
coming from simulated body fluid solution, while peaks 
of Al come from counter face of alumina ball. 

It could be concluded that the structural analysis, 
mechanical properties and tribological properties of the 
investigated samples at different sintering temperatures 
showed enhanced properties as compared to wrought 
Ti−15Mo sample for surgical implant application in 
accordance with the ASTM F 2006−8 standard for this 
alloy [53]. 
 
4 Conclusions 
 

(1) Sintering of milled and HIPed binary Ti−15Mo 
samples at 1373 K significantly enhanced the elastic 
modulus, microhardness, tribological properies due to 
the high relative density, closed porosity and grain size 
refinement. 

(2) At 1373 K, the binary Ti−15Mo samples showed 
the lowest friction coefficient and wear rate as compared 
to samples sintered at lower sintering temperature (1073 
and 1173 K). 

(3) The closed porosity, the increased relative 
density and sintering temperature played a significant 
role in controlling the wear rate. 

(4) The higher wear resistance of samples sintered 
at 1373 K was atributed to their ennhanced structural and 
mechanical properties. 

(5) The pre-dominant frictional and wear 
mechanisms of sintered binary Ti−15Mo samples were 
found to be delamination defect, abrasion and adhesion. 
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摘  要：研究烧结温度(1073~1373 K)对具有纳米结构的球磨 β型 Ti−15Mo 合金结构和摩擦学性能的影响。通过

多种技术对试样进行表征，如 X 射线衍射分析(XRD)、电子扫描电镜(SEM)和球−盘式往复摩擦试验机等；采用不

同载荷(2、8 和 16 N)进行磨损试验。结果表明，随着烧结温度的升高，合金的平均孔径和晶粒尺寸不断减小，

在 1373 K 时分别达到最低值：4 nm 和 29 nm，1373 K 烧结样品的相对密度高达 97.0%。此外，烧结温度越高，

试样的相对密度越大、硬度越高、弹性模量越高；1373 K 烧结试样由于其较低的闭孔率导致摩擦因数和磨损率也

较低。 
关键词：Ti−15Mo；磨损；摩擦行为；纳米摩擦；烧结；生物医用 
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