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Abstract 15 

Ti-Mo alloys were fabricated via powder metallurgy (PM), and microstructure, corrosion 16 

and tribocorrosion behaviorsbehaviours of the manufactured alloys were investigated. 17 

The microstructure of Ti-(8-16) Mo alloy consisted of α and β phases while Ti-20Mo 18 

alloy only contained the β phase. With Mo content increased, the corrosion resistance of 19 

Ti-Mo alloys improved, and all Ti-Mo alloys showed better corrosion resistance than as-20 

cast pure Ti and Ti-6Al-4V. The tribocorrosion resistance of Ti-Mo alloys enhanced 21 

firstly and then decreased slightly with Mo increased. Ti-16Mo alloy presented highest 22 

tribocorrosion resistance. All these results suggest that PM-fabricated Ti-16Mo alloy is a 23 
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promising material for bone-tissue applications. 24 
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1. Introduction 29 

Because of low density, high specific strength, satisfying corrosion resistance, and 30 

excellent biocompatibility, Titanium (Ti) and its alloys are widely used as hard tissue 31 

implant materials in the field of orthopedic and dental [1-3]. However, currently used Ti 32 

and its alloys, such as Ti-6Al-7Nb, Ti-6Al-4V, and Ti-5Al-2.5Fe (wt.% hereafter), are at 33 

the risk of releasing toxic aluminum (Al) or vanadium (V) ions after long-term 34 

implantation in vivo [4]. The release of these ions in the human body may cause some 35 

diseases, such as Alzheimer’s disease and mental disorders. Besides, the elastic modulus 36 

of these alloys (~110 GPa) is also higher than that of native human bone (0.01-30 GPa). 37 

The mismatch of the elastic modulus between the implant and the native human bone can 38 

cause stress shielding, which will result in bone resorption and hence lead to the failure 39 

of implanting finally [5]. Therefore, developing new Ti alloys with a lower elastic 40 

modulus and higher biocompatibility is an urgent demand for clinical application. Notable 41 

examples include Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe, and Ti-15Mo alloys, which has been 42 

approved by the United States Food and Drug Administration (FDA). In particular, binary 43 

Ti-Mo alloys containing (8-20) % Mo has attracted significant attention due to their 44 

reasonable cost, excellent mechanical properties,  and corrosion resistance, and low 45 

magnetic susceptibility [6-13]. 46 

As hard tissue implant materials, corrosion and tribocorrosion resistance of the 47 

materials are two crucial factors [14]. It has been reported that 20-30% of materials loss 48 

can be contributed to these two corrosion-related damage [15], and it produces a series of 49 

adverse effects. Such as, inducing the generation of debris in the human body, Which can 50 

and the generated debris can be accumulateion around the human tissues or become 51 

soluble in blood, which may lead to short-term adverse effects, e.g., inflammation and 52 

damage of cell tissue, and longor long-term adverse effects, e.g., toxicity and 53 



carcinogenetic response [16, 17]. Also, it can affect the releasing of metal ions, which is 54 

still one of the significant concerns related to the clinical aspects and the lifetime of the 55 

metallic implant materials [18]. Previous studies had demonstrated that the Ti-10Mo [19], 56 

Ti-12Mo [20], and Ti-20Mo [19] alloys exhibited higher corrosion resistance than as-cast 57 

pure Ti due to the passive protective film of TiO2-MoO3 formed on the surface of the 58 

alloys. However, a systematic study of the effect of Mo contents on the corrosion and 59 

tribocorrosion resistance of Ti-Mo alloys fabricated by powder metallurgy (PM) is still 60 

less comprehensive but is vital for its clinical applications. 61 

In this paper, the effect of Mo content on corrosion and tribocorrosion behaviors of 62 

Ti-Mo alloys was systematically investigated using open-circuit potential (OCP), 63 

electrochemical impedance spectroscopy (EIS) and unidirectional sliding wear tests in 64 

phosphate-buffered saline (PBS) solution. In addition to establishing a necessary 65 

understanding of Mo effect on the corrosion and tribocorrosion performance of the PM-66 

fabricated Ti-Mo alloys, it is hoped that this work will also provide insights into the 67 

corrosion and tribocorrosion mechanisms of Ti-Mo alloys, which can help the researcher 68 

further understand the synergistic phenomenon of Ti and its alloys. 69 

2. Materials and methods 70 

2.1 Materials fabrication and characterization 71 

In this study, Ti-Mo alloys containing different Mo content were fabricated from 72 

hydride-de-hydride (HDH) commercially pure titanium (Ti) powder and hydrogen-73 

reduced molybdenum (Mo) powder (< 25 μm, 99.9%, Beijing Xin Rong Yuan 74 

Technology Co. Ltd, Beijing, China). The chemical compositions of the Ti and Mo 75 

powders are listed in Table 1. The Ti-Mo powder was mixed, cold-pressed into a 76 

cylindrical compact, and then sintered in the argon (Ar) protection environment at 77 

different temperatures. The detailed fabrication process was described in our previous 78 
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study [21-24]. 79 

Table 1. Chemical composition of Ti and Mo powders. 80 

Powder Chemical composition (wt.%) 

 H C N O Si Cl Fe Ni Ti Mo 

Ti 0.02 0.02 0.04 0.25 0.02 0.05 0.06 0 Bal. 0 

Mo 0.07 0.05 0.05 0.20 0.02 0.01 0.06 0.01 0 Bal. 

Phase constituents were identified by X-ray diffractometer (Rigaku) using Cu 81 

radiation. The microstructure of the alloys was observed by a scanning electron 82 

microscope (SEM, JSM-6480LV, Japan). Before microstructure observed, each specimen 83 

was ground with by abrasive paper, polished, and then etched by Kroll’s etchant. The 84 

composition of the Kroll’s solution was as follows: hydrofluoric acid (5%), nitric acid 85 

(10%), and distilled water (85%). 86 

2.2 Electrochemical tests 87 

The corrosion resistance of Ti-Mo alloys with different Mo content added was tested 88 

using open-circuit potential (OCP), electrochemical impedance spectroscopy (EIS) in 89 

phosphate-buffered saline (PBS) solution according to ASTM G59-97 [25]. The 90 

composition of the PBS solution was as follows: NaCl 8 g/L, KCl 0.2 g/L, KH2PO4·0.2 91 

g/L, Na2HPO4 1.15 g/L, pH=7.2. For comparison, as-cast Ti6Al4V and pure Ti were 92 

studied simultaneously, which is commonly used in clinical applications as orthopedic 93 

and dental implants. All specimens were cut by electrical discharge machining (EDM) in 94 

a size of 10 mm (length) × 10 mm (width) × 2 mm (thickness). And then Tthe specimens 95 

were sealed by epoxy resin with an exposed working surface of 1 cm2 and were laser 96 

connected to copper (Cu) wire. Finally, specimens were ground with abrasive paper and 97 

ultrasonically cleaned with ethanol and distilled water for further use. 98 

The corrosion resistance of each specimen was studied by the three-electrode system. 99 

The working electrode, reference electrode, and counter electrode were a specimen, 100 

saturated calomel electrode (SCE), and platinum foil, respectively. Before testing, the 101 



specimen was immersed into the solution for 2h to stabilize the potential, and the 102 

corrosion potential vs. time curve was recorded continually. After that, the 103 

electrochemical impedance (Z) was measured in a frequency range from 105 Hz to 10-2 104 

Hz. The obtained data were simulated by the simulation software (Zsimpwin). All 105 

experiments were repeated 5 times to verify the reproducibility. 106 

2.3 Tribocorrosion tests 107 

Tribocorrosion behaviors of Ti-Mo alloys with different Mo content added, as-cast 108 

Ti6Al4V and pure Ti were investigated by a ball-on-plate-tribometer (UMT-Ⅱ) integrated 109 

with an electrochemical workstation. Specimens were cut by EDM in a size of 20 mm 110 

(length) × 6 mm (width) × 2 mm (thickness). All specimens were embedded in epoxy 111 

resin, and then ground, polished, ultrasonically cleaned and dried in vacuum. 112 

Measuring of corrosion potential is selected as triboelectrochemical technique to 113 

study the tribocorrosion resistance of Ti-Mo alloys due to its simplicity for obtaining 114 

information on the surface state of the sliding metals [26]. A Ttwo electrodes set up was 115 

employed, where the saturated calomel electrode (SCE) was the reference electrode, and 116 

the specimens were the working electrode with an exposed area of 120 mm2. Open circuit 117 

potential (OCP) was measured before, during, and after sliding. Before sliding, each 118 

specimen was immersed in the solution for 2h to stable the potential. After the potential 119 

was stabled, the sliding action was initiated for 1 h. After that, the OCP values was 120 

recorded continually for another 0.5h. The equipment and sequences of OCP and sliding 121 

were shown in Fig. 1. The slip frequency was 1 Hz, and the stroke length was 15 mm. A 122 

zirconia ball with a diameter of 10 mm was used as the grinding material. All tests were 123 

carried out at room temperature with a load of 1.5 N. Coefficient of friction (COF) of 124 

each specimen was continuously recorded by the tester system during the wear tests. All 125 

experiments were repeated 5 times to verify the reproducibility. 126 



 127 

Fig. 1 Schematic view of the tribocorrosion experimental. 128 

2.4 Surface characterization 129 

After the tribocorrosion tests, specimens were ultrasonically cleaned in propanol for 130 

10 min, followed by distilled water for 5 min, and worn surfaces were characterized using 131 

SEM (JSM-6480LV, Japan). The wear tracks were measured in terms of width and depth 132 

by white light interference microscope (Contour GTK, Bruker). Wear volume was 133 

calculated based on the pictures obtained by the white light interference microscope. 134 

3. Results and discussion  135 

3.1 Microstructure and hardness 136 

Fig. 2 shows the XRD patterns of Ti-Mo alloys with different Mo contents added. It 137 

can be seen that all binary Ti-Mo alloys were consisted of mixed α and β phases except 138 

for Ti-20Mo alloy. This difference is caused by the β stabilizing action of Mo element 139 

[27]. When adding 8% and 10% Mo, the alloys were primarily composed of α phase with 140 

a small amount of β phase. With increasing Mo content, the volume fraction of β increased 141 

while that of the α phase decreased. When the Mo content added reached 16%, the 142 

formation of the α phase was suppressed significantly, and the alloy was dominated by β 143 



phase with a small amount of α phase. Continuing to increase the Mo content to 20%, 144 

only the single β phase was observed. 145 

 146 

Fig. 2 XRD patterns of Ti-Mo alloys with different Mo contents added. 147 

The SEM micrographs of Ti-Mo alloys with different Mo contents added are shown 148 

in Fig. 3. It can be seen that Ti-Mo alloys with high relative density and uniform 149 

microstructure can be obtained. Mo content has a strongly influenced on the 150 

microstructure of binary Ti-Mo alloys. As Fig. 3(a-e) shown, Ti-Mo alloys with Mo 151 

contents in the range of 8-16% exhibited similar microstructure, which consisted of the 152 

equiaxed grains of β phase and acicular of α phase. With continually increasing the Mo 153 

content to 20%, the Ti-Mo alloys were comprised of single β phase (Fig. 3(f)). These 154 

results were in accordance with the results of XRD. In addition, no distinct change in the 155 

size of β phase grains was observed in the case of specimens with different Mo contents 156 

added.  157 



 158 

Fig. 3 SEM of Ti-Mo alloys with different Mo contents added. 159 

The Micro-Vickers of Ti-Mo alloys with different Mo contents added are shown in 160 

Fig. 4. The hardness of Ti-Mo alloys showed a clear dependence on the Mo content, 161 

which increased gradually with the Mo content added and declined slightly afterward. 162 

The hardness of Ti-Mo alloys reached its maximum of 403 HV when added 16% Mo was 163 

added. This is mainly attributed to solid solution strengthening of Mo elements and 164 

precipitation strengthening of acicular α phase. With increasing Mo content, the solid 165 

solution strengthening effect was gradually enhanced, which leads to an improvement of 166 

the hardness. However, compared with Ti-16Mo alloy, Ti-20Mo alloy exhibited a lower 167 

value of hardness. This is mainly caused by the microstructure of the alloys. As discussed 168 

before, the Ti-16Mo alloy was dominated by β phase with a small amount of acicular α 169 

phase while the Ti-20Mo alloy was composed of a single β phase. It is believed that the 170 

small amount of acicular α phase in Ti-16Mo alloy can play the role of precipitation 171 

strengthening, which can improve the hardness of the alloy. This result is consistent with 172 

the findings of Majumdar et al. [18], who demonstrated that the acicular α phase was 173 

sandwiched between the β matrix within each packet and gave the local plastic constraints, 174 

leading to the strengthening of specimens. Compared with as-cast pure Ti and Ti-6Al-4V, 175 

all Ti-Mo alloys exhibited higher hardness than that of as-cast pure Ti and close to that 176 

of as-cast Ti-6Al-4V. 177 



 178 

Fig. 4 Micro-Vickers of Ti-Mo alloys with different Mo contents added, as-cast pure Ti 179 

and as-cast Ti-6Al-4V. 180 

3.2 Corrosion behavior 181 

When the Ti and its alloys are implanted into the human body, they are surrounded 182 

by the body fluid containing mainly Na and Cl ions at 37 ℃ (310 K) [28]. This 183 

environment is much aggressive than the air or moisture environment. Hence, to simulate 184 

the environment, phosphate-buffered saline (PBS) solution at 37 ℃ was used in this study, 185 

which is often used as a testing solution to assess the corrosion resistance of Ti and its 186 

alloys in previous studies [29-31]. 187 

The evolution of open circuit potential (OCP) values of Ti-Mo alloys with different 188 

Mo contents added, as-cast pure Ti and as-cast Ti-6Al-4V during 2h of immersion in 189 

naturally aerated PBS solution at 37 ± 0.5 °C are shown in Fig. 5. All curves presented 190 

the same behaviors in PBS. With increasing the immersion time, EOCP shifted towards 191 

positive direction at first, and then increased slowly and reached a quasi-stationary valve. 192 

With increasing the Mo content, the EOCP values of Ti-Mo alloys exhibited a noble value, 193 

which indicated that the protective oxide film was more stable. Compared with the Ti-194 

Mo alloys, as-cast pure Ti and as-cast Ti-6Al-4V shown a distinctly lower EOCP values, 195 
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indicating that the oxide film formed on these alloys was less stable than that on Ti-Mo 196 

alloys. 197 

 198 

Fig. 5 Open-circuit potential (OCP) vs. time for Ti-Mo alloys with different Mo 199 

contents added, as-cast pure Ti and as-cast Ti-6Al-4V in naturally aerated PBS solution 200 

at 37 ± 0.5 °C. 201 

Electrochemical impedance spectroscopy (EIS) measurements in naturally aerated 202 

PBS solution at 37 ± 0.5 °C are conducted further to obtain more electrochemical 203 

information. The results are expressed in Nyquist and Bode plots, as shown in Fig. 6. As 204 

Fig. 6(a) shown, all Nyquist plot were characterized by an incomplete and depressed 205 

semicircle, which indicates that a near capacitive response of passive film [32-34]. Also, 206 

with the Mo content increased the diameter of the capacitive loop increased gradually, 207 

meaning that the corrosion resistance of the alloys increased. Additionally, the Ti-Mo 208 

alloys with different Mo content added exhibited bigger dimeter of the capacitive loop 209 

than those of the as-cast pure Ti and Ti-6Al-4V, indicating that Ti-Mo alloys are more 210 

corrosion resistant.  211 

The Bode plots, including impedance spectra and phase plots, are shown in Fig. 6(b). 212 

It can be seen that in the range of 103-105 Hz the slope of Bode impedance spectra was 213 

close to 0 and the negative phase angle dropped to near 0 degree, which is related to the 214 

response of electrolyte resistance. When the frequency was less than 103 Hz, all of the 215 



Bode impedance spectra exhibited a slope of approximately -1, indicating a capacitive 216 

behavior’s response of a passive film [32]. Besides, with increasing Mo content, the 217 

impedance modulus value of the Ti-Mo alloys increased gradually. For Bode phase plot, 218 

in moderate-frequency and low-frequency (less than 103 Hz) all specimens exhibited high 219 

negative phase angle (70-80°). Such phenomenon indicates that the formation of a passive 220 

film on the surface [35, 36]. With the Mo content increases, the alloys presented higher 221 

negative phase angle. These results indicate that with rising the Mo content, the corrosion 222 

resistance of the Ti-Mo alloys improved gradually, which is consistent with the results of 223 

OCP. Compared with as-cast pure Ti and Ti-6Al-4V, all of the Ti-Mo alloys exhibited 224 

higher impedance modulus value and negative phase angle, indicating higher corrosion 225 

resistance. 226 

 227 

Fig. 6 (a) Nyquist and (b) Bode plots for Ti-Mo alloys with different Mo contents 228 

added, as-cast pure Ti and as-cast Ti-6Al-4V in naturally aerated PBS solution at 37 ± 229 

0.5 °C compared with the simulation results. 230 

In order to obtain more information on the oxide film formed on the surface of all 231 

alloys. The impedance spectra were fitted with the equivalent circuit. The equivalent 232 

circuit is shown in Fig. 7, which has been used in many Ti alloys to explain the change 233 

of the impedance with frequency [37-40]. In this circuit, Rs represents the electrolyte 234 

resistance, Rp and Qb are associated with the rate of dissolution reaction and the ability of 235 

the charge transfer and with the film layer capacitance at the metal-electrolyte interface, 236 



respectively.  237 

The simulated curves and simulated impedance parameters are shown in Fig. 6 and 238 

Table 2, respectively. As Fig. 6 shown, the simulated values were consistent with the 239 

experimental values. Also, all of the chi-squared (χ2) values all on the order of 10−4 (Table 240 

2). These results indicate that a good fitting quality between the experimental EIS data 241 

and the proposed models was achieved. As Table 2 shown, with increasing the Mo content, 242 

the value of Rp and Qb increased and decreased, respectively, which means that the 243 

corrosion resistance increased gradually. Compared with as-cast pure Ti and Ti-6Al-4V 244 

alloys, the Ti-Mo alloys exhibited higher Rp and lower Qb, indicating that Ti-Mo alloys 245 

were more highly corrosion resistant than either the as-cast pure Ti or Ti6Al4V. 246 

 247 

Fig. 7 Randle equivalent circuit for simulation results of impedance spectra of Ti-Mo 248 

alloys with different Mo contents added, as-cast pure Ti and as-cast Ti-6Al-4V in 249 

naturally aerated PBS solution at 37 ± 0.5 °C. 250 

Table 2 Fitting parameters from EIS Ti-Mo alloys with different Mo contents added, as-251 

cast pure Ti and as-cast Ti-6Al-4V in naturally aerated PBS solution at 37 ± 0.5 °C. 252 

Alloys Rs (Ω cm2) Qb × 10-5 (F cm-2) nb Rp × 105 (Ω cm2) χ2 (10-4) 

Ti-8Mo 22.6 ± 1.7 5.1 ± 0.2 0.86 ± 0.11 0.88 ± 0.09 7.25 ± 0.15 

Ti-10Mo 22.5 ± 2.1 4.7 ± 0.1 0.88 ± 0.12 1.21 ± 0.11 7.88 ± 0.21 

Ti-12Mo 16.7 ± 1.5 4.3 ± 0.3 0.87 ± 0.21 1.32 ± 0.12 4.31 ± 0.36 

Ti-14Mo 24.1 ± 1.6 4.1 ± 0.2 0.86 ± 0.19 1.35 ± 0.15 5.31 ± 0.18 

Ti-16Mo 19.3 ± 1.9 3.8 ± 0.1 0.91 ± 0.17 2.44 ± 0.11 6.55 ± 0.25 
Ti-20Mo 16.4 ± 1.4 3.5 ± 0.2 0.90 ± 0.21 2.74 ± 0.13 4.98 ± 0.19 

As-cast pure Ti 21.6 ± 1.6 6.6 ± 0.4 0.88 ± 0.15 0.85 ± 0.15 4.58 ± 0.26 

As-cast Ti-6Al-4V 25.3 ± 1.8 7.8 ± 0.4 0.93 ± 0.21 0.63 ± 0.08 5.22 ± 0.33 

 253 

3.3 Tribocorrosion behavior 254 



The evolution of open circuit potential (COP) before, during, and after sliding 255 

together with the coefficient of friction (COF) recorded during sliding in naturally aerated 256 

PBS solution at 37 ± 0.5 °C is presented in Fig. 8. It can be seen from Fig. 8(a) that COF 257 

of all alloys showed a similar tendency, which exhibited relatively steady-state behavior 258 

with few local fluctuations. With Mo content increased in the range of 8-20%, the values 259 

of COF decreased gradually and then increased slightly, indicating that the wear 260 

resistance of the Ti-Mo alloys improved at first and then decreased slightly. Compared 261 

with as-cast pure Ti and Ti-6Al-4V alloys, all of the Ti-Mo alloys exhibited lower COF 262 

values than that as-cast of pure Ti and close to that of Ti-6Al-4V, meaning that the wear 263 

resistance of Ti-Mo alloys is higher than as-cast pure Ti and close to as-cast Ti-6Al-4V 264 

alloy. 265 

Regarding OCP evolution (Fig. 8(b)), the potential was stable for all of the Ti alloys 266 

before sliding. Then when sliding started, all samples presented an abrupt fall of the OCP, 267 

which is usually attributed to the damage of the formed passive film at the contact region 268 

due to the mechanical action [41, 42]. Under sliding, with increasing Mo content, the 269 

potential of Ti-Mo alloys shifted to positive position first and then to a negative position 270 

slightly. Among them, Ti-16Mo alloy presented the noblest potential, indicating that the 271 

lowest tendency for corrosion. Compared with as-cast pure Ti and Ti-6Al-4V alloys, all 272 

Ti-Mo alloys presented nobler potential than as-cast pure Ti but lower or close to than 273 

that of as-cast Ti-6Al-4V alloy, indicating that the tendency for corrosion of Ti-Mo alloys 274 

under sliding is lower than as-cast pure Ti but higher or close to than as-cast Ti-6Al-4V. 275 

Finally, when the mechanical contact stopped, OCP values recovered to higher values 276 

similar to those before sliding, indicating that repassivation phenomenon of the worn 277 

areas took place in all alloys to form new barriers against corrosion [43]. With Mo content 278 

increases the potential of Ti-Mo alloys increased firstly and then declined, indicating that 279 



the repassivation capability was improved at first and then decreased. Similar to the 280 

results in sliding, the repassivation capability of Ti-Mo alloy was higher as-cast pure Ti 281 

but lower or close to than as-cast Ti-6Al-4V alloys.  282 

 283 

Fig. 8 Evolution of coefficient of friction (COF) (a) and open circuit potential (OCP) (b) 284 

of Ti-Mo alloys with different Mo contents added, as-cast pure Ti and as-cast Ti-6Al-285 

4V during tribocorrosion test in naturally aerated PBS solution at 37 ± 0.5 °C. 286 

To evaluate the tribocorrosion of the Ti-Mo alloys with different Mo content added 287 

further. The repassivation rate for a certain period was calculated by the formula (1), as 288 

follows: 289 

△E = K1×log t + K2                                            (1) 290 

Where △E (V) is stated as the potential variation; t (s) is a certain period, which is usually 291 

300 s after sliding; K1 is repassivation rate; and K2 is the constant, which is determined 292 

by the solution, and 0.1 for PBS. Fig. 9 shown the K1 values for all of the Ti alloys. It can 293 

be seen that with Mo content increased the value of K1 increased gradually, and when the 294 

Mo content reached 16 %, the value of K1 reached the maximum. Continuing to increase 295 

the Mo content, the value of K1 decreased slightly. This is mainly attributed to the Mo 296 

content and the hardness of the alloys. With Mo content increased, the passive layer of 297 

TiO2-Mo2O3 was more stable, making it possible for the passive layer to stay longer and 298 

repassivate quickly [44]. Also, as discussed previously, the Ti-16Mo alloy exhibited the 299 

highest hardness, which results in the smallest damaged surface. Hence, the Ti-16Mo 300 



alloy presented the highest K1 value. Compared with the as-cast pure Ti and Ti-6Al-4V, 301 

the Ti-Mo alloys exhibited higher repassivation rate. This is mainly because the enthalpy 302 

formation of Mo with oxygen is much higher than that of other elements, such as V or Al, 303 

which can make them stay longer and repassivate quickly [2].  304 

 305 

Fig. 9 Repassivation rate of Ti-Mo alloys with different Mo contents added, as-cast 306 

pure Ti and as-cast Ti-6Al-4V. 307 

Wear tracks (a-h) and profiles (i) recorded on Ti-Mo alloys with different Mo 308 

contents added (a-f), as-cast pure Ti (g), and as-cast Ti-6Al-4V (h) after tribocorrosion 309 

test in naturally aerated PBS solution at 37 ± 0.5 °C, and wear volume (j) calculated from 310 

(i) are presented in Fig. 10. It can be seen from Fig. 10(a-h) that with Mo content increased, 311 

the wear track was much shallower and narrower. When the Mo content reached 16%, 312 

the wear tract was shallowest and narrowest, and continuing to increase the Mo content, 313 

the wear track became wider and deeper slightly. This result consists of the results of 314 

hardness. This result indicated that with the Mo content increased, the Ti-Mo alloys 315 

suffered smaller material removal. Compared with the as-cast pure Ti, all Ti-Mo alloys 316 

exhibited smaller wear, demonstrating the Ti-Mo alloys has higher wear resistance. 317 

Profiles and morphologies of the wear scars on Ti-Mo alloys with different Mo contents 318 

added, as-cast pure Ti, and as-cast Ti-6Al-4V and corresponding wear volume calculated 319 

from profiles are shown in Fig. 10 (i) and (j), respectively. It can be seen from Fig. 10 (j) 320 



that with the Mo content increased the wear loss volume decreased gradually and then 321 

increased slightly, and the Ti-16Mo alloy has the lowest wear loss volume, which is 322 

consisted with results of hardness. Compared with as-cast pure Ti alloy, all of Ti-Mo 323 

alloys have lower wear loss volume than that of as-cast pure Ti alloy. As regarding the 324 

as-cast Ti-6Al-4V alloy, the wear loss volume is higher than Ti-16Mo alloy but lower 325 

than other Ti-Mo alloys. The differences in wear rate are associated with the hardness of 326 

the specimens. It has been demonstrated that an improvement in the hardness of alloys 327 

can enhance their wear resistance [45]. In this study, the Ti-Mo and Ti6Al4V alloys 328 

showed greater hardness than the pure Ti, and hence, both of these displayed lower wear 329 

rates than the pure Ti. 330 

 331 

Fig. 10 (a-h) 3D surface profilometry and (i) recorded on Ti-Mo alloys with 332 

different Mo contents added (a-f), as-cast pure Ti (g), and as-cast Ti-6Al-4V (h)after 333 

tribocorrosion test in naturally aerated PBS solution at 37 ± 0.5 °C, and (j) wear volume 334 

calculated from (i). 335 

The morphologies of the worn surfaces generated taken from the center of the wear 336 

tracks representing the worn areas after tribocorrosion tests are shown in Fig. 11. It can 337 

be seen from SE images that all of the Ti alloys showed evidence of grooves parallel to 338 



the sliding direction, which demonstrated that the abrasive wear occurred. With the Mo 339 

content increased, the grooves observed were much shallower. This is mainly because of 340 

the increased hardness of the alloys, which agrees with the results of COF observed before. 341 

From BSE images, it can be seen that two different areas, e.g., dark and grey zones, are 342 

existed in all of the Ti alloys. Take the Ti-14Mo alloy, for example (Fig. 11(d)), two 343 

different areas Z1 and Z2, corresponding to grey and dark zones were observed. Based 344 

on the EDS results (Fig. 11(i)), the area of Z1 mainly consisted of Ti and Mo elements 345 

while Z2 had Ti, Mo, and O elements. This showed oxygen only in the dark area (Z2), 346 

meaning that these regions consisted of oxides, probably TiO2 and MoO3 [46]. The 347 

repetitive transfer between the sliding surfaces and its oxidation leads to the formation of 348 

oxidized wear debris and eventually their adhesion to the surface. As for as-cast pure Ti 349 

and Ti-6Al-4V alloys, similar to the surface of Ti-14Mo alloy, the oxygen only existed in 350 

the dark area (Fig. 11(g) Z4 and (h) Z6). Based on the EDS results (Fig. 11(i)), the 351 

composition of dark zones consisted of Ti and O elements, and Ti, O, and Al elements, 352 

respectively, which indicates that the oxides consisted of TiO2 and TiO2- Al2O3, 353 

respectively. Also, it was worth noticing that there is more oxide in the pure Ti alloy than 354 

Ti-6Al-4V and Ti-14Mo alloys, which could be related to the higher COF values during 355 

sliding. Because the higher amount of oxide can lead to the COF increase (Fig. 8(a)). As 356 

a result, the wear mechanisms under synergistic interactions between wear and corrosion 357 

for all the alloy were shown as a combination of abrasion and adhesive by the presence 358 

of grooves and some adhesive oxide, respectively. 359 

https://www.sciencedirect.com/science/article/pii/S0010938X18300738#bib0220


 360 

Fig. 11 Detailed back-scattered electron and secondary electron (BSE-SE) images of the 361 

worn surfaces after tribocorrosion test of Ti-Mo alloys with different Mo contents added 362 

(a) 8%; (b) 10%; (c) 12%; (d) 14%; (e) 16%; (f) 20%, as-cast pure Ti (g), as-cast Ti-363 

6Al-4V (h), and EDS analysis taken from the marked areas (i). 364 

4. Conclusions 365 

(1) Ti-Mo alloys with uniform microstructure and high relative density were fabricated 366 

by powder metallurgy (PM). The Ti-(8-16)Mo alloys consisted of acicular α phase 367 

surrounded by equiaxed grains of β phase while the Ti-20Mo alloy only contained a 368 

single β phase. With Mo content increased, the hardness of the alloys increased 369 

gradually at first and declined slightly afterward, and the Ti-16Mo alloy exhibited 370 

the highest hardness with 403 HV. 371 

(2) The PM-fabricated Ti-Mo alloys exhibited spontaneous passivity in PBS solution. 372 

With Mo content increased, the Ti-Mo alloy showed higher corrosion resistance, 373 

including nobler EOCP, higher Rp, and lower Qb. Compared with as-cast pure Ti and 374 

Ti-6Al-4V alloys, all Ti-Mo presented higher corrosion resistance.  375 



(3) With Mo content increased, the tribocorrosion resistance of Ti-Mo alloys increased 376 

firstly and then decreased slightly. The Ti-16Mo alloy exhibited the highest 377 

repassivation rate with K1 of 0.134, and lowest wear loss volume of 0.11 mm3. The 378 

wear mechanisms under synergistic interactions between wear and corrosion for all 379 

the surfaces were shown as a combination of abrasion and adhesive. 380 

(4) The highest tribocorrosion resistance, together with the satisfying corrosion 381 

resistance and easy net-shape manufacturability makes PM-fabricated Ti-16Mo alloy 382 

an attractive candidate for bone-tissue applications. 383 
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