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Abstract: Four fretting modes exist in ball-on-flat contact according to the direction of relative motion, i.e. tangential, radial, 

rotational, and torsional fretting. Torsional fretting in a physiological medium is one of the main reasons for artificial joints fail. A 

new test system was established for torsional fretting in a liquid medium at a constant temperature in a torsional mode with a 

ball-on-flat contact. The torsional fretting experiments were conducted using titanium alloys/zirconium dioxide ceramic balls in a 

saline solution at 37 °C, and the torsional fretting running behaviors and damage mechanisms were discussed. The results show that 

the dynamics behaviors are strongly dependent upon the torsional angular displacement amplitude and the number of cycles. A 

running condition fretting map (RCFM) is established, which includes 3 fretting running regimes: a partial slip regime (PSR), a 

mixed fretting regime (MFR), and a slip regime (SR). No damage is observed at the contact center and only slight scratch and wear 

are observed on the contact edge of PSR. The damage zone extends to the contact center and the sticking zone (without damage) 

contracts to the contact center as the number of cycles increases, and some oxidation wear and damage occur on the contact edge of 

MFR. The damage mechanisms are primarily abrasive wear, oxidation wear and adhesion wear in the SR. 
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Titanium alloys (Ti-6Al-4V) are widely used as medical 

implant materials because of their excellent properties, 

especially for artificial joints and artificial bones

[1,2]

. Annually, 

250 000 total hip replacements (THR) are performed in the 

United States. As one of the most commonly performed 

surgical procedures, this number is estimated to increase to 

500 000 by the year 2030

[3]

. However, numerous studies and 

clinical cases have reported that 10%~20% of artificial joints 

need to be replaced within 15~20 years. Moreover, aseptic 

loosening accounts for approximately 80% of these 

failures

[4,5]

. 

Many scholars have studied the tribological behaviors of 

metallic artificial joint materials (especially titanium alloy) in 

open-air environments and different solutions for biomaterial 

applications

[6,7]

. Numerous scientists agree that fretting wear is 

a major factor in the failure of artificial joints

[8-10]

. Morrison

[11]

 

suggested that torsional motion is one of the most significant 

relative motion modes in the knee and other joints during 

normal walking. Therefore, it is crucial to study the torsional 

fretting mechanisms in terms of running motions in artificial 

joint materials.  

According to the directions of relative motion under a 

contact configuration of flat-on-ball, only four basic fretting 

modes can be distinguished: tangential, radial, rotational and 

torsional fretting

[12]

. Torsional fretting can be defined as the 

relative motion induced by reciprocating torsional movement 

in oscillatory environments

[13]

. However, due to limitations in 

experimental equipment and conditions, only a few studies on 

torsional fretting have been conducted and published. 

Briscoe et al

[14,15]

 found that torsional contact is detrimental 

to the wear resistance of polymethyl methacrylate (PMMA), 

and that the interfacial energy induces a preferential debris 
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emission under the condition of torsional fretting. Yu et al

[13]

 

studied the torsional fretting behavior of ultra-high molecular 

weight polyethylene (UHMWPE), and found that torsional 

fretting changes from a partial slip regime (PSR) to a slip 

regime (SR) and the loss of material increases with increasing 

the torsional angular displacement. Cai et al investigated the 

torsional fretting friction performance of PMMA

[16]

 and 

biomedical Ti6Al7Nb alloys in nitrogen ion implantations

[17]

. 

Chen et al

[18]

 investigated the torsional fretting behavior of the 

head-neck interface of artificial hip joints composed of 

Ti6Al4V and CoCrMo alloys. Wang et al

[19] 

designed a 

ball-on-socket contact configuration to simulate an artificial 

cervical disk, and investigated the torsional fretting wear 

behavior of a material combination of Ti6Al4V alloy coated 

by a C-DLC (carbon ion implantation-diamond like carbon) 

mixed layer and UHMWPE. 

However, these studies on torsional fretting were all 

conducted in dry environments, without considering the 

influence of corrosive mediums. Gan et al

[20]

 investigated 

torsional fretting wear behaviors of mandibular condylar 

cartilages in phosphate buffer saline solutions. Quan et al

[21] 

investigated the torsional fretting behaviors of 3 kinds of 

porous titanium coatings in deionized water. 

In this study, a new test apparatus and testing method were 

established for torsional fretting in solutions at constant 

temperatures. The torsional fretting tests were conducted on 

titanium alloys in saline solutions at 37 °C. The torsional 

fretting running behaviors and damage mechanisms of 

Ti6Al4V alloys under body simulation environments in vitro 

were discussed in detail. 

1  Experiment 

Ti6Al4V alloys, consisting of 6.020 wt% Al, 4.100 wt% V, 

0.168 wt% Fe, 0.160 wt% O, 0.043 wt% C, and the balance Ti, 

are frequently used in artificial joints. As such, it was selected 

and machined to serve as the column specimens. Its dimen- 

sions were Φ10 mm×25 mm, with a working flat surface, 

which was ground and polished to a roughness (R

a

) of 0.04 

µm, and a diameter of 10 mm. A zirconium dioxide ceramic 

ball, one ceramic material commonly used in artificial joints, 

with a diameter of 28.575 mm, a surface roughness R

a

 of 0.03 

µm, and a hardness of 12 000 MPa, was used as the anti- 

spherical specimen. 

In this study, a new torsional fretting test apparatus with 

ball-on-flat contact was developed based on the CETR UMT-2 

multifunction friction and wear tester

[22, 23]

.

 

The torsional tests 

were conducted using normal loads (F

n

) of 50, 80, and 110 N, 

and the corresponding maximum contact pressure in the 

tribo-interface was 426, 498, and 554 MPa, which do not 

exceed the material yield strength. The frequency (f) for most 

tests was 0.5, while that of others was 0.05. The angular 

displacement amplitudes (θ) were set as 0.2º, 0.3º, 0.5º, 1.0º, 

2.0º, 3.0º, and 5.0º. The number of cycles (N) varied from 1 to 

5000. The experimental medium was a saline solution with a 

constant controlled temperature of 37±0.5 °C. 

After the torsional fretting test, the morphologies of the 

damaged scars were examined using an optical microscope 

(OM, OLYMPUS BX60MF5) and scanning electron 

microscopy (SEM, QUANTA2000). The chemical composition 

of the debris was analyzed using an energy dispersive X-ray 

spectroscopy (EDX, EDAX-7760/68 ME). The 2-dimensional 

profile of the scars was measured using a profilometer 

(AMBIOS XP-2). 

2  Results and Discussion 

2.1  Torsional fretting kinetic behavior 

2.1.1  Fretting running regimes 

The friction torque vs. the angular displacement amplitude 

loops (T

f 

-θ curves) can be used to characterize the torsional 

fretting running behaviors

[16,17]

. Fig.1 shows the 3-dimensional 

view of T

f 

-θ-N (Fig.1a), the surface morphology (Fig.1b), and 

profile (Fig.1c) of the Ti6Al4V alloy after the torsional 

fretting test under small angular displacement amplitudes. As 

shown in Fig.1a, the T

f

-θ curves present a shape of line in all 

the cycles, which indicates that the relative motion between 

the contact interfaces is mainly coordinated by elastic 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  3-dimensional graph of T

f 

-θ-N (a), optical morphology (b), and the profile (c) of the damage scar of the Ti6Al4V alloy under low angular 

displacement amplitudes (F

n

=50 N, θ=0.2°, f=0.5 Hz) 
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deformation. Only micro-slips occur at the contact edge, and 

the contact center sticks at all times. Therefore, the typical 

morphology of the annularity appears on the surface of the 

sample (Fig.1b and 1c). As such, it can be seen that fretting 

occurs in the partial slip regime (PSR)

[16,24]

. 

However, at large angular displacement amplitudes (such as 

θ≥3° when F

n

=50 N, Fig.2a), all the T

f

-θ curves are 

parallelograms with some waves. When introducing a 

torsional velocity, the waves in the T

f 

-θ curves disappear, and 

a standard parallelogram appears (Fig.3). As shown in Fig.2b 

and 2c, the entire contact regime is seriously damaged, and the 

profile appears in the shape of “U”. Moreover, the sticking 

zone disappears, and gross slippage occurs in all the contact 

areas from the initiation of the torsional test (Fig.4). Therefore, 

the torsional fretting run occurs in the slip regime (SR) under 

the above conditions

[16,24]

. 

As shown in Fig.5, at intermediate angular displacement 

amplitudes such as 1°, the T

f

-θ curves present in the shape of 

ellipse during most cycles. Moreover, the shape changes with 

increasing the cycle. After the torsional fretting test of 5000 

cycles, the center of the contact region remained undamaged, 

and the damaged profile presented in the shape of “W” 

(Fig.5c). Fig.6 reveals the devolution of the damage in the first 

part of the test at θ=1°, and the damage scar is similar to the 

PSR (typical morphology of annularity). With increasing the 

number of cycles, the damage region extended and the 

adhesive region contracted to the center of the contact area, 

which is a typical characteristic of the mixed fretting regime 

(MFR) in torsional tests

[16]

. 

So, the three basic fretting regimes (PSR, MFR, and SR) 

can be summarized in torsional fretting experiment. In the 

torsional fretting experiment, for a constant angular 

displacement, the local motion amplitude increases from the 

center to the edge of the contact area. The running state in the 

contact area is dependent on the local motion amplitude and 

corresponding materials of the relative motion. When the local 

motion amplitude is lower than a certain value, the local 

region will be in a state of stick. Otherwise, it can run in a 

state of slip. Under different angular displacement amplitudes, 

the contact area in stick or slip state is different, and different 

evolution phenomena appear with the increase of test cycles, 

which leads to different damage mechanisms.  

The running condition fretting map (RCFM) was established 

and the fretting running regimes of all the tests under various 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  3-dimensional graph of T

f 

-θ-N (a), optical morphology (b), and profile (c) of the damage scar of the Ti6Al4V alloy under high angular 

displacement amplitudes (F

n

=50 N, θ=3°,

  

f=0.5 Hz) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  3-dimensional graph of T

f

-θ-N for tests at low frequencies 

(F

n

=50 N, θ=3°,

  

f=0.05 Hz) 

angular displacement amplitudes and normal loads were 

analyzed. As shown in Fig.7, the fretting regime varies from 

PSR to MFR and then to SR as angular displacement 

amplitudes increase. With an increase in normal loads, the 

width of the MFR increases, and the angular displacement 

amplitude at which the SR appears increases, which indicates 

that the relative slip between the contact interfaces becomes 

more difficult

[25]

. 

2.1.2  Friction torque curve 

Fig.8 shows the variation in friction torque as a function of 

the number of cycles (T

f

-N curves) under the normal load of 

50 N at different angular displacement amplitudes. The T

f

-N 

curves exhibit different characteristics in different running 

regimes. For instance, the friction torque in the PSR was 

almost constant and relatively low during the entire fretting 
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Fig.4  Optical morphologies of Ti6Al4V alloy during the first part of the torsional fretting test (F

n

=50 N, θ=3°,

  

f=0.5 Hz): 

(a) N=100 and (b) N=500 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  3-dimensional graph of T

f 

-θ-N (a), optical morphology (b), and profile (c) of the damage scar of the Ti6Al4V alloy under intermediate 

angular displacement amplitudes (F

n

=50 N, θ=1°,

  

f=0.5 Hz) 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Optical morphologies of the Ti6Al4V alloy after the torsional fretting test with different numbers of cycles (F

n

=50 N, θ=1°,

  

f=0.5 Hz):  

(a) N=100, (b) N=5000, and (c) N=10 000 

 

process (Fig.8a). As shown in Fig.8b, in the MFR, the T

f

-N 

curves can be divided into 4 stages. In the initial stage (I), 

the friction torques show low levels owing to the protection 

and lubrication of the surface passivation films on the 

Ti6Al4V alloy. After 10 or tens of cycles, the curves enter 

the ascent stage (II), where the friction torques gradually 

increase as a function of the number of cycles due to the 

adhesion, abrasion, or plastic deformation between contact 

interfaces. Afterwards, the curves enter an obvious descent 

stage (III) for the third body bearing and lubrication function 

of the wear debris. Finally, the curves achieve a steady state 

(IV), in which the friction torque fluctuates only within    

a narrow range and remains stable at a relatively high   

level. Compared with the curves in the MFR, two obvious 

differences were observed in the SR (Fig.8c). First, after  

the ascent stage (II), decrease in the friction torque was not 

clear in the SR. Second, the friction torque of stage III for 

the SR increased greatly due to the significant wear 

occurring on the contact interfaces. Moreover, an obvious 

phenomenon can be observed, where the friction torque 

increases with increasing the angular displacement 

amplitudes and the normal loads. 
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Fig.7  Running condition fretting map of the Ti6Al4V alloy in saline 

solution 

 

2.2  Damage mechanisms 

2.2.1  Partial slip regime (PSR) 

As shown in Fig.9, some debris are displaced off the contact 

edge, and holes are scattered along the contact edge. Moreover, 

a slight detachment of particles and traces of relative sliding are 

also evident. Therefore, the damage of the micro-slip zone in 

the PSR is caused by slight abrasive wear and delamination. 

2.2.2  Mixed fretting regime (MFR) 

As shown in Fig.10, the original composition of the 

Ti6Al4V alloy is maintained in the central contact region (“A” 

region in Fig.10a). Some debris with different shapes (flakes 

in the “B” area and powder in the “C” and “D” areas in 

Fig.10b) were observed in the contact edge regions, and 

oxygen was detected in the debris. Additionally, zirconium 

was detected in the “B” area, which indicates that the grinding 

ball (zirconium dioxide) is worn and some zirconium dioxides 

are transferred onto the Ti6Al4V alloy surface. Therefore, the 

damage mechanisms in the MFR are characterized by abrasive 

wear and delamination, accompanied with some oxidation 

wear in the contact edge region. 

2.2.3  Slip regime (SR) 

Fig.11 and Fig.12 show the SEM micro-morphology and EDX 

spectrum of the damaged scar after the torsional fretting test of 

5000 cycles under angular displacement amplitudes of 5° and 

normal load of 50 N. Increase in angular displacement amplitude 

gradually transforms 2-body contact into 3-body contact. 

Moreover, a thick debris bed (layer) formed in all the contact 

zones after the torsional fretting test for certain cycles in the SR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Friction torque curves as a function of the number of cycles in different fretting running regimes (F

n

=50 N,

  

f=0.5 Hz): (a) partial slip 

regime, (b) mixed regime, and (c) slip regime 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  SEM micro-morphology in the edge region of the damage 

scar in the partial slip regime (F

n

=50 N, θ=0.2°, f=0.5Hz, 

N=5000) 

As shown in Fig.11, flake-shaped debris (“A” area in 

Fig.11a), thin powder (“C” area), and some white particles 

(“B” area) are evident in the central region of the damaged 

scar. Additionally, some delamination and plastic ploughing 

traces are visible on the damaged surface. Some zirconium 

and oxygen elements are present in the flake debris, which 

indicates that transfer of material from the opposite pair 

(zirconium dioxide ceramic ball) occurs during the test. In the 

“B” area shown in Fig.11a, we detected many natrium and 

chlorine elements using EDX. These elements were 

introduced through the saline solution and remained on the 

rough surface of the damaged scar. As shown in Fig.12, the 

abrasive dust is distributed along the annular edge of the 

damaged scar. Some oxygen elements were detected in 

different areas, especially along the fringe (in the “B” area). 
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Fig.10  SEM micro-morphologies (a, b) and EDX spectra (c) of the damage scar in the mixed fretting regime (F

n

=50 N, θ=2°, f=0.5 Hz, N=5000) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  SEM micro-morphology (a) and EDX spectra (b) of the central region of the damaged scar in the slip regime (F

n

=50 N, θ=5°,

  

f=0.5 Hz, 

N=5000) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  SEM micro-morphology (a) and EDX spectra (b) of the edge region of the damaged scar in the slip regime (F

n

=50 N, θ=5°, f=0.5 Hz, 

N=5000) 

 

As such, the damage mechanisms in the SR are serious 

abrasive wear, oxidation wear, and delamination accompanied 

by some material transfer. 

3  Conclusions 

1) The dynamic behaviors of torsional fretting of Ti6Al4V 

alloy are strongly dependent on the torsion angular displace- 

ment amplitudes and the number of cycles. Based on the 

3-dimensional graphs of T
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-θ-N and the characteristics of the 

damage scars, a running condition fretting map (RCFM) is 

established, which includes 3 fretting running regimes: the 
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and the slip regime (SR). 

2) No damage is observed on the Ti6Al4V alloy contact 

center and only slight scratch and wear are observed on the 

contact edge in the PSR. The damaged zone extends to the 

contact center, and the sticking zone which exhibits no 

damage contracts to the contact center with increasing the 

number of cycles, and some oxidation wear and damage occur 

on the contact edge region in the MFR. The damage 

mechanisms are primarily abrasive wear, oxidation wear and 

adhesion wear in the SR. 
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