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Abstract: The effects of SiC and Al

2

O

3

 abrasive particles on micro-abrasion behavior of a biomaterial Ti-25Nb-3Mo-3Zr-2Sn 

alloy in Hank’s solution was investigated. The effects of particle size and type were considered. The specific wear rate, friction 

coefficient, wear mechanism and the synergistic effect between the micro-abrasion and corrosion were studied. The results 

show that the specific wear rates increase with increasing of the particle size. Since the hardness and machinability of SiC 

particle is higher, the material loss caused by the SiC particle is greater than that of the Al

2

O

3

 particle with the same size. The 

average friction coefficients obtained in Hank’s solution are larger than those in distilled water for the SiC particle; however, 

the Al

2

O

3

 particle is just the opposite. For the same particle size, the average friction coefficients acquired by the Al

2

O

3

 

particle is larger than that by the SiC particle. Due to the corrosivity of Hank’s solution, the stability of the friction coefficient 

in Hank’s solution is poor compared to that of distilled water. With a decrease of the particle size, the wear mechanism 

changes from a three-body rolling abrasion to a mixed mode and finally to a two-body grooving abrasion. The mechanistic 

map of the AC-PA against the PA illustrates that the contribution of corrosion to the total material loss cannot be ignored, and 

the main regime is abrasion-corrosion. 
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As a new metastable β titanium alloy suitable for bio-

medical applications, the TLM alloy with a nominal 

chemical composition of Ti-25Nb-3Mo-3Zr-2Sn (wt%) has 

been developed

[1,2]

. The TLM alloy consists of the 

non-toxic alloying elements Mo, Nb, Zr and Sn and shows 

low elastic modulus, excellent strength and toughness, re-

markable shape memory, good biocompatibility and osteo-

conduction

[1-6]

. These properties make TLM alloy ideal for 

wide use in biomedical applications, such as implants for 

bone and joint replacements as well as orthodontic arch 

wires and stents

[2, 3]

. Intensive investigations have focused 

on the alloy, such as phase transformation and microstruc-

ture

[1, 4]

, mechanical properties

[1, 2]

, osteoblast response

[6]

, 

biocompatibility

[3, 7]

 and corrosion resistance

[8]

. However, 

little research has been conducted on the wear behavior of 

the TLM alloy in a human body environment, especially the 

micro-abrasion behavior. The present author and others 

have studied the effect of the friction pairs on micro-scale 

abrasive wear behavior and the interaction between wear 

and corrosion for the alloy in simulated body fluids

[9-12]

. 

During the micro-scale abrasive wear process, the influ-

ence of the abrasive particles is important, because the wear 

debris generated during the wear process leads to osteolysis 

and aseptic loosening and is the major cause of artificial joint 

failure

[13]

. Therefore, some researchers have studied the ef-

fect of these particles on the micro-scale abrasive wear be-

havior of implant materials. Silicon carbide (SiC), alumina 

(Al

2

O

3

) and diamond are widely used as the abrasive parti-

cles in these study

[14-17]

. Research of Shipway et al.

[14]

 

showed that the relative wear rates of the materials depended 

strongly upon the abrasive particle type selected and the 

hardness of abrasive particles has an important influence on 

wear mechanisms.  Suner et al.

[15]

 noted that a reduction in 

the particle size can significantly affect the abra-
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sion-corrosion wear mechanisms and the wear-induced cor-

rosion response of the CoCrMo alloy. The abrasive particle 

size also plays an important role in the micro-abrasion proc-

ess

[16-19]

. Thakare et al.

[20]

 noted that the sharp rise in wear 

rates associated with the transition from ductile is due to the 

plastic deformation-dominated material removal progressing 

to a more fracture-related material removal as the particle 

size increases. Some authors contend that the abrasive con-

centration also plays an important role in the mi-

cro-abrasion

[20-22]

. Micro-abrasion-corrosion experiments on 

a titanium alloy in Hank’s solution by Stack et al.

[22]

 indi-

cated that the wear rate is dependent on load and particle 

concentration. Telfer et al.

[23]

 revealed that the effect of par-

ticle concentration within various slurries and the active dis-

solution region increased the erosion rate due to an increase 

in concentration. Cozza

[24]

 showed that the coefficient of 

friction behavior is independent of the normal force in both 

the concentrations of abrasive slurries. 

To better understand the effect of particle style and size 

on the micro-abrasion behavior of the TLM alloy, the ob-

jective of this work was to investigate the specific wear rate, 

friction coefficient, wear mechanism and synergistic effect 

between the micro-abrasion and corrosion of the biomate-

rial Ti-25Nb-3Mo-3Zr-2Sn alloy. 

1 Experiment 

1.1  Sample preparation 

The Ti-25Nb-3Mo-3Zr-2Sn (TLM) alloy was the target 

material, provided by the Northwest Institute for Nonfer-

rous Metal Research, China, and received as a rolled plate 

with 3.2 mm thickness. The chemical composition of the 

alloy is presented in Table 1. The test samples (33 mm ×25 

mm ×3 mm) were taken from the plate by wire-electrode 

cutting. The samples were heat-treated in solution at 760 °C 

for 60 min, followed by air cooling, and then aged at 550 

°C for 360 min, followed by air cooling in a box furnace. 

The samples were gradually ground with waterproof SiC 

paper at 200#, 400#, 600#, 800#, 1000#, 1200# and 1500#, 

then cleaned ultrasonically in alcohol and distilled water for    

10 min separately and dried with a cold air stream from an 

electric hair dryer. The microstructure of the test sample is 

shown in Fig.1. It primarily consists of β-phase and fine 

acicular α precipitates. 

1.2  Abrasive particles 

For the abrasive particles, the two different materials SiC 

and Al

2

O

3

 were employed, and the typical hardnesses are 

21000~26000 and 18000~20000 MPa for SiC and Al

2

O

3

, 

respectively. For simulation of the human body environ-

ment, small grain abrasive particle sizes were chosen. They 

were purchased from the same provider. 

The following three different SiC particles were used in 

micro-abrasion wear tests: SiC F1000 (classified by the 

Federation of European Producers of Abrasives), with an  

Table 1  Chemical composition of TLM alloy (wt%) 

Ti Nb Mo Sn Zr C N H O 

Bal. 25.1 2.90 2.02 3.08 0.01 0.03 0.003 0.004 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Optical microstructure of the TLM alloy after heat treat-

ment 

 

average particle size of (4.5±0.8) µm standard deviation; SiC 

F1200, with an average particle size of (3.0±0.5) µm stan-

dard deviation; and SiC F2000, with an average grain size of 

(1.5±0.5) µm standard deviation. For comparison, a study of 

the effect of Al

2

O

3

 F1200 particle was also conducted. SEM 

topographies of these particles are presented in Fig.2. 

1.3  Micro-abrasion tests 

Micro-abrasion tests were performed using a TE-66 Mi-

cro-Scale Abrasion Tester (Phoenix, UK). A Si

3

N

4

 ball with 

25.4 mm in diameter was rotated against samples in the 

presence of a slurry of particles. The Si

3

N

4

 ball was sup-

plied by Shanghai United Technology Co. Ltd, and the 

properties are listed in Table 2. 

In the tests, the temperature was maintained at (37± 0.5) 

�, the particle concentration was 0.2 g/cm

3

, the applied 

load was 2.0 N, the sliding speed was 50 r/min, and the 

sliding distance was 89.73 m. The liquid medium was 

Hank’s solution

[8]

 and distilled water, and the pH value 

(7.4±0.1) was adjusted with an acid-base balance fluid. The 

overall test matrix is detailed in Table 3. 

To maintain the uniformity of slurry concentration and 

the consistency of test temperature, a digital, high-powered, 

speed-controlled DF-101S magnetic stirrer was used with a 

constant heating temperature and a single head stirrer. All 

tests were conducted without interruption, and the abrasive 

slurry was continuously agitated and fed between the Si

3

N

4

 

ball and the samples with a peristaltic pump. 

1.4  Analytical methods 

A JSM-6460LV scanning electron microscope (SEM) 

was used to observe the worn surface morphologies. A 

calibrated digital optical microscope (OM, 15JE) was em-

ployed to measure the diameter of the wear scars, b, which 

was used to calculate the wear volume V (Eq.(1))

[9]

.  

50 µm 
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Fig.2  SEM topographies of different abrasive particles: (a) SiC F1000, (b) SiC F1200, (c) SiC F2000, and (d) Al

2

O

3

 F1200 

 

Table 2  Physical properties of Si

3

N

4

 ceramic ball 

Density/ 

g·cm

-3

 

Thermal expansion 

coefficient/K

-1

 

Poisson’s 

ratio 

Hard-

ness/MPa 

Elasticity 

modulus/GPa 

3.25 3.2×10

-6

 0.26 15000 310 

 

Table 3  Test conditions during micro-scale abrasion testing 

Parameter conditions 

Load/ N 2.0 

Abrasive concentration/ 

g·cm

-3

 

0.2 

sliding speed/r·min

-1

 50  

sliding distances/m   89.73  

liquid medium Hank’s solution and distilled water 

liquid temperature/� 37±0.5  

Liquid pH 7.4±0.1  

Counterface material Si

3

N

4 

ceramic ball (with 25.4 mm  

in diameter) 

 

R

b

V

64

4

π

=

    for b << R                    (1) 

where V and b are the wear volume and diameter of the 

wear scar, respectively. The value of R was 25.4 mm.  

The specific wear rate, k, was estimated by dividing the 

wear volume from Eq.(1) by the applied load (N) and total 

sliding distance (L, 89.73 m), see Eq.(2)

[23]

. 

k = V/LN                                    (2) 

The synergistic effect of micro-abrasion-corrosion was 

computed through Eq.(3)

[23]

. 

S=AC-PA                                    (3) 

where S, AC and PA are the synergistic effect, abra-

sion-corrosion and abrasion, respectively.  

2  Results and Discussion 

2.1  Specific wear rates 

The results of the specific wear rates for the pure abra-

sion (PA, tested in distilled water) and micro-abrasion cor-

rosion (AC, tested in Hank’s solution) are shown in Fig.3 

and Table 4. The specific wear rate, k, increased with an 

increase in particle size for both the PA and AC tests. It can 

also be seen that the value of k obtained from the SiC 

F1200 particle is greater than the value obtained from the 

Al

2

O

3

 F1200 particle. During the test process, the effect of 

the particle on the wear rate has many aspects including 

particle size, hardness, shape and type. In general, the wear 

rate of the metal material increased as the particle size in-

creased, as shown in Fig.3. The three abrasive expressions 

of F1000, F1200 and F2000, corresponded to (4.5±0.8), 

(3.0±0.5) and (1.5±0.5) µm, respectively. 

However, after the particle reached a critical size, the wear 

rate of the material no longer increased. The critical size of the 

particle changed with the different properties of the metal

[24]

. 

Sasada found that the influence of particle size on wear rates 

can be divided into three groups

[25]

. First, for particle sizes 

larger than the critical size, the wear rate did not change with 

the change in particle size. Second, for particle sizes between 

the critical size and the jump size, the wear rate decreased as 

the particle size decreased. Finally, for particle sizes smaller 

than the jump size, the wear rate was unchanged. According to 

these findings, the particle size was between the critical size 

and the jump size that was used in this study.  

As mentioned in Section 1.2, the hardness of the SiC is  

a b 

c 

d 

πb
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Fig.3  Wear rates of Ti-25Nb-3Mo-3Zr-2Sn alloy under different 

style of abrasive 

 

Table 4  Specific wear rates vs. different abrasive particle 

Specific wear rate, k/m

3

·(N·m)

-1

 

Abrasive 

AC  PA 

SiC F1000 1.67×10

-13

 1.52×10

-13

 

SiC F1200 1.13×10

-13

 2.50×10

-14

 

SiC F2000 1.92×10

-14

 1.01×10

-14

 

Al

2

O

3 

F1200 3.83×10

-14

 1.37×10

-14

 

 

higher than that of the Al

2

O

3

 particle. Therefore, the de-

structive effect of the SiC is greater than that of the Al

2

O

3

 

particle of the same size due to the higher machinability of 

the SiC abrasive, with wear rates shown in Fig. 3 and Table 4. 

The particle shape also influences the wear rate. Because of 

the various abrasive particle shapes, it is difficult to meas-

ure and quantify their differences, so the abrasive particle 

shape is qualitatively divided into three standard types

[26, 27]

: 

sharp, multiple angle and spherical, as shown in Fig.2. For 

sharp particles with a specific loading, when the sharp par-

ticle angle contacts the test surface, there is a serious stress 

concentration around the sharp angle, and the test surface of 

the samples is more prone to cracks, leading to more severe 

wear. The damage from the multiple-angle particle is more 

severe.  

Fig. 3 also shows that the wear rates obtained in Hank’s 

solution are greater than those in distilled water because 

Hank’s solution contains corrosive ions such as Cl

−

, H

2

PO

4

−

, 

HCO

3

−

 and SO

4

2− [8]

. Under the simultaneous conditions of 

both corrosion and abrasion, the material loss affected by 

both factors would be accelerated, corresponding to the 

different wear rates, as shown in Fig.3.  

2.2  Friction coefficient 

Fig.4a shows the average friction coefficient of the dif-

ferent abrasives particle. The average values of the friction 

coefficient acquired in Hank’s solution are larger than those 

in the distilled water for the SiC particle, which is just the 

opposite for the action of the Al

2

O

3

 particle. In addition, at  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Friction coefficient of Ti-25Nb-3Mo-3Zr-2Sn alloy:     

(a) average values of COF under different style of abra-

sive and (b) the change of COF with time at the function 

of SiC F1000 abrasive 

 

the same size (F1200), the average friction coefficient ac-

quired by the Al

2

O

3

 particle is larger than that acquired by 

the SiC particle, due to the SiC particle having a higher 

level of hardness

[14, 28]

.  

The effect of the particle on friction coefficient is primarily 

due to its shape, size and physical properties. As mentioned 

above, the abrasive shapes include sharp, multiple-angle and 

spherical. The friction coefficient would be higher if the abra-

sive shape is sharp or multiple angle, resulting in a higher ma-

terial loss. In addition, the friction coefficient would be af-

fected by the surface roughness of the samples

[29, 30]

. It is be-

lieved that a high friction coefficient is obtained at a high 

roughness

[30, 31]

. When abrasive particles roll into the contact 

area, roughness peaks are detached easily compared with flat 

surfaces; however, this effect is only produced at the initial 

stage of wear test until the roughness changes

[28]

. 

Fig. 4b presents the friction coefficient as a function of the 

test time for the SiC F1000 particle. It was observed that the 

stability of the friction coefficient in Hank’s solution is poor 

compared with that in the distilled water. During the wear 

process, the worn surface was exposed in the Hank’s solution, 

which has a specific corrosivity, and the fresh worn surface 

was corroded and became uneven. It has been reported that 
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the friction coefficient is also relevant to the wear mecha-

nisms

[32]

, as shown in Section 2.3. 

2.3  Wear morphology and mechanism 

Fig. 5 shows the wear scar morphologies produced with 

the SiC and Al

2

O

3

 particles in Hank’s solution. Different 

wear mechanisms result from the different particle sizes for 

the same kind particle (Fig. 5b~5f). The morphologies 

shown in Fig. 5a (Al

2

O

3

 F1200) are similar to those in   

Fig. 5b (SiC F1000) and Fig. 5c (SiC F1200), representing 

the same wear mechanism. In the middle of wear scars in 

Fig. 5a, Fig. 5b and Fig. 5c, the indentation morphology is 

leaf-like because of the accumulation of particles, as shown 

in Fig. 5d, and the wear mechanism is a two-body grooving 

wear. As shown in Fig. 5a~5c, in contrast to the leaf mor-

phology, the rest of the area appears similarly and consists 

of multiple indented surfaces without directionality, indi-

cating that three-body rolling wear was the dominant wear 

mechanism for the larger-sized particles, whereas the wear 

mechanism tends to transform to two-body grooving wear 

when the particle size is smaller (Fig. 5e and Fig. 5f). 

Moreover, as the particle size decreases, the wear mecha-

nism changes from three-body rolling to mixed mode (roll-

ing and grooving wear occur simultaneously) and finally to 

two-body grooving wear. 

The wear scar morphologies produced from the mi-

cro-abrasion tests with SiC and Al

2

O

3

 in distilled water are 

shown in Fig. 6. The size of the wear scar morphologies is 

obviously smaller than those shown in Fig. 5. These results 

agree with the wear rates shown in Fig. 3. Compared with 

Fig. 5a, Fig. 6a shows different morphology, presenting the 

two-body grooving mechanism as the function of the Al

2

O

3

 

particle, and it also shows the erosion morphology in the 

distilled water. The SEM images shown in Fig. 5 and Fig. 6 

were induced by the abrasive wear, due to the rolling and 

sliding of the abrasive particles. The type of wear mecha-

nism has a significant effect on the overall behavior of a 

tribological system

[33]

. In these figures, there is some mate-

rial peeling off from the wear surface. This is because a 

micro-crack was produced on the wear surface during the 

plasticity cutting process that developed perpendicular to 

the sliding direction, resulting in the material peeling from 

the wear surface, as shown in Fig. 6a and Fig. 6b. The size 

of the ploughing, as shown in Fig. 5 and Fig. 6, is different 

for the different abrasive particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  SEM morphologies of worn surface at different abrasive under the function of Hank’s solution: (a) Al

2

O

3

 F1200, (b) SiC F1000,  

(c, d) SiC F1200, and (e, f), SiC F2000 

a b 

c 

d 

f 

e 
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Fig.6  SEM morphologies of worn surface at different abrasive under the function of distilled water: (a, b) Al

2

O

3

 F1200, (c) SiC F1000,  

(d) SiC F1200, and (e, f) SiC F2000 

 

Under the same load, the different sized particles caused 

the different shapes of ploughing. The smaller particles 

caused the small and shallow ploughing, as shown in Fig. 

5d and Fig. 6f, which is attributed to the micro cutting and 

plastic deformation during the wear. It can also be seen that 

there are obvious pits on the wear surface, which are likely 

fatigue wear, as shown in Fig. 6b and Fig. 6f. In the wear-

process, stress was concentrated around the hard particles 

such as the abrasive particles or wear debris from loading, 

and this compelled the surrounding material to produce 

plastic deformation and flow. When these hard particles 

were sliding on the wear surface, they suffered the effect of 

the load, increasing the stress and plastic flow around them, 

leading to the appearance of the fatigue crack. The fatigue 

crack developed during loading, and then a fine fatigue 

crack formed on the wear surface. With the rotation of the 

ceramic ball, the fatigue intensified and led to the material 

falling off from the wear surface. 

2.4  Synergistic effect 

Fig.7 shows the mechanistic map of the AC-PA (corro-

sion losses) for the alloy against the PA (mechanical losses), 

which could establish the balance between mechanical and 

corrosion degradation. Based on Eq.(3), the term AC-PA 

represents the corrosion contribution to synergy. In the re-

gion of (AC-PA)/PA=10, corrosion is dominant; if the 

(AC-PA)/PA=1, the regime is corrosion-abrasion; when the 

(AC-PA)/PA=0.1, the regime is abrasion-corrosion. The 

remaining region is mechanically dominated 

[23]

. It is ap-

parent that the data for the SiC F1200 and Al

2

O

3

 F1200 

particles are in the corrosion-abrasion (CA) regime where 

the mechanical material losses are equal to or up to one 

times the corrosion losses. For the SiC F1000 and SiC 

F2000 particles, the data for the (AC-PA)/PA are in the 

abrasion-corrosion (AC) regime. It is interesting to note the 

data for the SiC F2000 and SiC F1000 particles are in the 

upper and lower bounds, respectively. This is likely due to 

the size of the abrasive particles, as shown in Table 2. For 

the SiC F1000 particle, the data for the (AC-PA)/PA are 

closer to the mechanical region, due to its larger size, and 

the data for SiC F2000 particle are closer to the corro-

sion-abrasion regime. These results indicate that the mate-

rial loss caused by the larger sized particle is primarily due 

to mechanical destruction, that is the contribution of wear is 

bigger than the corrosion. 

a b 

c 

d 

f 

e 
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Fig.7  Mapping of AC-PA for the TLM alloy against PA 

 

3 Conclusions 

1) The specific wear rates increases as the particle size 

increases. For the same-sized particles, the material loss 

caused by the SiC F1200 is greater than that of the Al

2

O

3

 

F1200 particle because the SiC particle has higher 

machinability.  

2) For SiC particle, the average friction coefficients 

obtained in Hank’s solution are larger than those in distilled 

water, while the opposite is true for the Al

2

O

3

 particle. For 

the same-sized particles, the average friction coefficients 

acquired by the Al

2

O

3

 particle is larger than by the SiC 

particle. In addition, the stability of the friction coefficient 

during the test in Hank’s solution is poor compared with 

that in distilled water due to the corrosive nature of Hank’s 

solution.  

3) As the particle size decreases, the wear mechanism 

changes from three-body rolling wear to mixed mode 

(rolling and grooving wear) and finally to two-body 

grooving wear.  

4) Through observation of the mechanistic map, the main 

regime is abrasion-corrosion, indicating that the 

contribution of the material loss from corrosion cannot be 

ignored. 
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