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Abstract This study aims to understand the wear be-

havior of austenitic NiTi SMA with the hope to provide a

guideline for its better use for wear-resist purposes. Ball-

on-disk sliding wear tests with alumina counter ball were

conducted at different temperatures and under different

loads. Based on the coefficients of friction, the surface

wear features, temperature-dependent stress–strain curves

and the estimated contact stresses, the deformation

mechanisms involved in the wear process were examined.

Two wear modes were identified. Mode I is temperature-

sensitive and occurred when Af\T\Md. In this mode,

wear process was dominated by the interplay among con-

tact stress, temperature and shape recovery property. Re-

sults show that, when the contact stress causes either elastic

deformation of austenite or stress-induced martensitic

transformation, the wear resistance was improved with

increasing temperature. This was originated from increased

critical stress for stress-induced martensite which retards

plastic deformation. However, when contact stress is higher

than yield stress of stress-induced martensite, wear resis-

tance is deteriorated. Mode II occurs when T[Md and it is

less temperature-sensitive within the testing range. In this

mode, the austenitic NiTi loses its superelasticity and obeys

a conventional deformation sequence, and the key factor

dominating the wear process is the magnitude of contact

stress.
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Introduction

NiTi shape memory alloy (SMA) has been widely inves-

tigated for tribology related applications due to its superior

wear resistance reported in both martensitic and austenitic

phases [1, 2]. Owing to the combined properties of wear

resistance, corrosion resistance and biocompatibility, bio-

medical devices such as NiTi needle, NiTi superelastic

arch wire and shape memory attachment for partial denture

have been successfully developed [1–9]. In addition, the

NiTi SMAs possessing shape memory effect and vibration-

damping features have also been proposed as a new can-

didate material for robots and smart material actuators, as

well as for the micro-electro-mechanical system (MEMS)

devices [10, 11].

In the previous studies on the wear behavior of NiTi

SMAs, effects of wear mode, applied load, and counter-

wear materials have been reported [1–11]. Although the

hardness of NiTi SMA is much lower, better wear resis-

tance has been reported as compared with conventional

wear-resist materials such as GCr15 steel, Al2024 and

Co45 alloy [10–17]. For conventional wear-resist materi-

als, hardness is the predominant factor that determines their

wear resistance. However, for NiTi SMAs, the tem-

perature-related superelasticity (also known as pseudoe-

lasticity) has been suggested as the predominant factor that

determines the wear resistance. It is known that the mi-

crostructure of NiTi SMA is temperature-dependent which

further leads to the temperature-dependence of the defor-

mation mechanisms involved in the wear process. When

T\Mf, the good wear resistance in martensitic NiTi SMA
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has been attributed to the deformation strain accommoda-

tion through detwinning process, which is accompanied by

a stress-plateau in the stress–strain curve. When Af\
T\Md, the good wear resistance of austenitic NiTi SMA

has been attributed to the deformation strain accommoda-

tion through a stress-induced martensitic transformation

(SIMT) process which is accompanied by a reversible

stress–strain curve [10, 15].

According to the Clausius-Clapeyron equation, the cri-

tical stress for stress-induced martensitic transformation

increases with increasing temperature [18, 19]. However,

when the temperature is above Md which is the highest

temperature for SIMT, dislocation can be generated prior to

stress-induced martensitic transformation [20]. The fretting

wear resistance of NiTi SMA has been reported to have

decreased when the temperature was increased above Md

[21]. The dislocation generation has dominated the wear

process when the temperature exceeded Md and caused

increased amount of fretting wear. In addition, researchers

have studied the wear behavior of austenitic NiTi SMA

possessing different values of critical stress for SIMT, but

found no obvious difference in the wear resistance [12, 14,

16, 17]. The extremely high applied load has been sug-

gested as the predominant factor to determine the wear

behavior, and similar deformation mechanisms were pro-

posed to have been involved.

The wear behavior of austenitic NiTi SMA is dependent

on the deformation mechanisms involved in the wear test,

while the deformation mechanism depends on the interplay

between the contact stress/applied load and the test tem-

perature. Several wear studies have reported the effect of

superelasticity on the wear resistance of austenitic NiTi

SMA [12, 14, 16, 21]. However, the effect of temperature

and applied load on the deformation mechanisms involved

in the wear process has rarely been discussed. We have

previously reported the wear behavior of NiTi SMA and

controlling factors in the martensitic state [22] and across

the transformation temperature range [23]. In the present

research, in order to fundamentally understand the defor-

mation mechanisms involved in the wear process and re-

veal the predominant factor contributing to the wear

resistance of austenitic NiTi SMA, micro-scale wear tests

were conducted at different loads and temperatures. The

coefficient of friction as a function of wear cycles was used

to analyze the plastic strain accumulation process. Mean-

while, the corresponding surface wear features were im-

aged by confocal microscope to quantitatively estimate the

surface damage. The deformation mechanisms involved in

the wear process were discussed through taking into con-

sideration the contact stresses as a function of applied load

and the corresponding deformation regions in the tem-

perature-dependent stress–strain curves. As a result, dif-

ferent wear modes associated with different deformation

mechanisms were identified, and ways on how to improve

the wear resistance of austenitic NiTi SMA were proposed.

Experimental

Commercially available flat NiTi plate with size of

120 mm 9 60 mm 9 1 mm has been cut into samples of

10 mm 9 10 mm 9 1 mm for wear test. The samples

were annealed at 600 �C for 30 min to eliminate the

R-phase. The transformation temperatures were determined

using a TA instruments Q200 differential scanning

calorimeter (DSC) at a heating rate of 2 �C/min. The DSC

result is shown in Fig. 1a, in which the martensitic starting

(Ms) and finishing (Mf) temperatures were -18 �C and

-44 �C, and the austenitic starting (As) and finishing (Af)

temperatures were -16 �C and 6 �C, respectively. Samples

were grinded with sand papers to remove the oxide layers,

Fig. 1 a DSC curve of the tested NiTi SMA with phase transforma-

tion temperatures indicated. b The stress–strain curves of austenitic

NiTi SMA obtained at temperatures ranged from 20 to 120 �C
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and were polished with diamond paste to reduce the surface

roughness. The bare NiTi samples were held at 150 �C for

10 min to release the residual strain. Thereafter, the sur-

faces were examined by using a DI3000 atomic force mi-

croscope (AFM) under tapping mode. Only samples with

surface roughness (Ra) value below 15 nm were used in the

subsequent wear tests. According to Firstov et al. [24],

near-zero oxidation occurred on bare NiTi surface when

heat treatment was conducted at temperatures below

300 �C. Therefore, the formation of new oxidized layer on

the bare NiTi surface was negligible in the present study.

Ball-on-disk sliding wear tests were conducted on the

tribometer with CETR UMT multi-specimen test system,

and alumina counter-ball (Al2O3) having diameter of 4 mm

was used. The sliding speed was at 4.71 mm s-1, and the

sliding distance was estimated to be 9,420 mm for 1,000

wear cycles. The test temperature was ranged from 20 to

120 �C and the applied load was ranged from 50 to 300

mN, respectively. In each test, the temperature was deter-

mined by using a thermal couple that is in direct contact

with the sample surface before running the wear test. Local

temperature rise may be involved in the wear process.

However, since the precise measurement of the instant

temperature is a challenging problem in wear study, the

present study has used micro-scale wear tests under low

sliding speed in order to minimize the local temperature

rise. After each test, Nikon Eclipse L150 laser confocal

microscope was used to examine the surface wear features.

To determine the effect of temperature on the stress–

strain curves of austenitic NiTi SMA, tensile tests were

conducted on the Instron 5569 UT M/C equipped with a

temperature chamber. Dog bone-shaped samples with size

of 120 mm 9 2 mm 9 1 mm were prepared from the NiTi

plate. The strain rate was at 0.001 s-1, hence the effect of

strain rate on the stress–strain curve was minimized [25].

The maximum deformation strain was set at around 6 %

for tests at different temperatures.

Results

In the present study, wear tests were performed at various

temperatures at which the NiTi SMA remains austenitic.

Effects of temperature and applied load on the coefficient

of friction and surface wear features were systematically

investigated. In order to understand the observations of

temperature-dependence and load-dependence of the wear

behavior, the temperature-dependence of the stress–strain

curve was determined and the contact stresses were esti-

mated. As a result, the corresponding deformation

mechanisms were identified and were used to explain the

experimental observations. In the following, the coeffi-

cients of friction and surface wear features as a function of

applied load and test temperature were presented together

with the stress–strain curves obtained at different

temperatures.

Stress–Strain Curves at Various Temperatures

The stress–strain curves obtained at temperatures that

ranged from 20 to 120 �C are presented in Fig. 1b. Fully

austenitic phase is present in the test temperature range. As

shown in Fig. 1b, when tested at 20 �C, a nearly perfect

superelasticity exists in the present material. The upper and

lower stress-plateaus were associated with the forward and

reverse SIMT, respectively. With increasing the tem-

perature, the critical stress for SIMT increases which can

be understood based on the Clausius-Clapeyron equation.

At 50 �C, the upper stress-plateau still exists suggesting the

occurrence of the SIMT at this temperature. However,

when the temperature was increased to 90 �C and above,

the stress-plateau disappeared; instead, a conventional

strain-hardening process was observed. Since the SIMT

was suppressed at 90 and 120 �C, the plastic deformation

of austenitic NiTi had occurred. This suggests that Md

temperature was reached/exceeded. In addition, from

Fig. 1b, at different temperatures, the calculated values of

the elastic modulus of the present material were in between

70 and 80 GPa, which are comparable with the reported

values [20].

In Fig. 1b, the shape recovery strain shows a decreasing

tendency with increasing temperature from 20 to 120 �C.
The data of the critical stress for SIMT, the yield stress of

austenite, and the recovery ratio (R) as a function of tem-

perature are listed in Table 1 in which the recovery ratio

was calculated by using Eq. (1):

R ¼ ðemax � eresÞ
emax

ð1Þ

where, emax is the maximum strain and eres is the residual

strain.

According to the Clausius-Clapeyron equation, the re-

lation between critical stress for SIMT and the temperature

is expressed by Eq. (2) [26]:

dr
dT

¼ �DH
ðT � e0Þ

ð2Þ

Table 1 Summary of the critical stress for stress-induced martensitic

transformation, the yield stress of austenite, and shape recovery ratio

at different temperatures

Temp 20 �C 35 �C 50 �C 90 �C 120 �C

rcri (MPa) 404 495 572 646 668

R 0.95 0.86 0.44 0.22 0.22
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where, r is the stress; DH is the transformation latent heat

(or enthalpy of the transformation per unit volume); T is the

temperature and e0 is the amount of strain due to stress-

induced martensitic transformation.

McKelvey and Ritchie [27] have studied the effect of

temperature on the critical stress for SIMT, and the Eq. (2)

is modified to Eq. (3) and (4):

drT

dT
¼ �ðDh � qAÞ

ðT � eTÞ ð3Þ

rT � r0 ¼
� Dh � qAð Þ

eT
� ln T

T0

� �
ð4Þ

When tested at 20, 35, and 50 �C, the observed values of
the critical stress for SIMT agreed well with the Clausius-

Clapeyron equation. The (dr/dT) value for the stress-in-

duced martensitic transformation was at around

5.6 MPa K-1, which is comparable to the reported range of

around 5–8 MPa K-1 [26–28].

Coefficient of Friction as a Function of Wear Cycles,

Applied Load and Temperature

The coefficient of friction is proportional to the frictional

force and is determined by the deformation mechanisms

involved in the wear process. Figure 2 summarized the

typical behavior of the coefficients of friction as a function

of wear cycles, applied load, and test temperature. All the

tests shown in Fig. 2 have been repeated and similar trends

were observed.

When tested at 20 �C (Fig. 2a), under 50 mN, the co-

efficient of friction was maintained at around 0.2 to 0.3 for

up to 1,000 wear cycles. Under 100 mN, the coefficient of

friction had increased to around 0.75 after approximately

100 wear cycles. Thereafter, it gradually decreased to about

0.43 after 1,000 wear cycles. With increasing the load from

50 to 100 mN, different trends in the coefficient of friction

were recorded, suggesting a transition in the deformation

mechanisms. Under 200 mN, the coefficient of friction had

reached to around 0.8 after approximate 100 wear cycles,

thereafter it decreased and stabilized at around 0.53 in the

remainder of test. When under 300 mN, the coefficient of

friction had reached to around 0.7 after approximately 170

wear cycles. With further increasing wear cycles, the co-

efficient of friction had slightly decreased and maintained

at about 0.51 for up to 1,000 wear cycles.

When the test temperature was increased to 35 �C, un-
der 50 mN, the coefficient of friction was very low, being

around 0.07 throughout the test. Under 100 mN, the coef-

ficient of friction was also relatively low; it started at

around 0.15 and gradually increased to around 0.23 after

1,000 wear cycles. Under 200 mN, the trend of the coef-

ficient of friction had changed drastically; it quickly

increased to around 0.65 after approximately 250 wear

cycles, and decreased to about 0.55 after 1,000 wear cycles.

The trend is somehow similar to the result obtained at

20 �C under 300 mN. When the load is further increased to

300 mN, the wear test was highly unstable which is likely

caused by the severe surface damage, hence the test was

stopped after around 380 wear cycles. Comparing with the

observations of the coefficient of friction at 20 �C, the wear
process at 35 �C under 50 mN and 100 mN was retarded.

This is likely associated with the increase in the critical

stress for stress-induced martensitic transformation and

will be discussed further in ‘‘Discussion’’ section.

When the temperature was further increased to 50 �C
(Fig. 2c), under 50 mN, the coefficient of friction had re-

mained at a low value of around 0.18 for up to 1,000 wear

cycles. Under 100 mN, the coefficient of friction had in-

creased slightly; it reached to around 0.29 after 200 wear

cycles and stabilized at about 0.25 for up to 1,000 wear

cycles. Under 200 mN, the coefficient of friction had kept

at around 0.2 for 300 wear cycles; thereafter it increased to

about 0.7 from 600 wear cycles onwards. When the load

was increased to 300 mN, the wear test was highly unstable

thus the test was stopped at about 180 wear cycles. For tests

at 35 and 50 �C, similar trends were observed which sug-

gest that similar deformation mechanisms were involved at

these two temperatures.

When the temperature was further raised to 90 �C
(Fig. 2d), under 50 mN, the coefficient of friction had

maintained at around 0.3 throughout the test. Under 100

mN, the coefficient of friction was around 0.6 after 100

wear cycles, which is considerably high if comparing with

the previous results obtained at lower temperatures. It

started to decrease from around 700 wear cycles and

reached at about 0.4 at the end of the test. When the load

was increased to 200 mN, the coefficient of friction has

further increased to as high as 0.72 during the test. With

further increasing the load to 300 mN, the wear test was

highly unstable and was stopped after around 70 wear

cycles. The trend of coefficients of friction at 90 �C is very

different from what have been observed at 20, 35 and

50 �C. Since 90 �C has exceeded the highest temperature

for SIMT (Md), plastic deformation of austenitic NiTi is

likely the predominant deformation mechanism involved in

the wear process.

When further tested at 120 �C (Fig. 2e), the overall

trend in the coefficient of friction is somehow similar to

that observed at 90 �C with slight variations. Under 50 mN,

the coefficient of friction had increased to around 0.68 after

approximately 100 wear cycles and thereafter, it remained

at around 0.3 in further wear cycles. Under 100 mN, the

coefficient of friction reached to around 0.5 after ap-

proximately 120 wear cycles, followed by a gradual de-

crease to about 0.3. Under 200 mN, the trend of coefficient
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of friction is very similar to that observed at 90 �C. When

tested at 300 mN, the wear test was highly unstable and the

test was stopped after around 350 wear cycles. Similar

observations in the coefficients of friction between 90 and

120 �C further confirmed the change of deformation

mechanism when the temperature exceeded Md.

It is known that, in the beginning of wear test, when two

surfaces approaching each other, the high asperities on the

surface are getting into contact first [22, 29]. With in-

creasing wear cycles, surfaces adapt to each other through

plastic deformation of high asperities, and this period is

defined as run-in period. With further increasing wear

Fig. 2 Coefficient of friction as a function of wear cycles, a at 20 �C under various loads; b at 35 �C under various loads; c at 50 �C under

various loads; d at 90 �C under various loads and, e at 120 �C under various loads
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cycles, the wear process can be stabilized and the corre-

sponding coefficient of friction is determined by the de-

formation mechanism of the material.

The values of the stabilized coefficient of friction at

1,000th wear cycles as a function of load and temperature

are summarized in Fig. 3. The results under 300 mN were

not plotted since tests were stopped before 1,000 wear

cycles. The clear trends in the values of the stabilized co-

efficient of friction as a function of load and temperature

indicate transition in the deformation mechanisms. When

tested under 50 and 100 mN, the values of stabilized co-

efficient of friction at 35 and 50 �C were lower than that at

20 �C. This is likely due to the increased critical stress for

SIMT which retarded further plastic deformation. When

the temperature was increased to 90 and 120 �C, the high

coefficients of friction were likely caused by plastic de-

formation. When tested under 200 mN, the values of the

stabilized coefficient of friction had kept increased with

increasing temperature from 20 to 120 �C. This is likely

related to the decreased strain accommodation through the

reversible SIMT process at increased temperature and will

be further discussed.

Surface Wear Features

The deformation mechanism determines the wear process

thus also determines the amount of surface damage. In the

present study, micro-scale wear tests were conducted and

the amount of material loss was rather small. The surface

wear features corresponding to the coefficients of friction

shown in Fig. 2 were imaged by using a confocal micro-

scope (Fig. 4). For imaging each surface wear feature, an

area of 0.7 9 0.5 mm2 was scanned. Clear trends of the

surface damage as a function of load and temperature are

seen in Fig. 4. The height of asperities, depth of tracks and

width of tracks were quantitatively measured based on

plots of the cross-sectional profile.

When tested at 20 �C under 50 mN, asperities were

embossed on surface which formed a crown-like structure

[22]. Partial of this structure is shown in Fig. 4a. With

increasing the load to 100 mN, the crown-like structure was

destructed and tracks/debris were formed. When the load

was increased to 200 and 300 mN, increased amount of

debris and tracks appeared on surface.

With increasing the temperature to 35 and 50 �C, no
visible wear track was found when tested under 50 mN,

while the crown-like structure was observed when tested

under 100 mN. With further increasing the load, increased

amount of debris and tracks were found. Comparing with

the surface wear features at 20 �C, the wear process was

apparently retarded when the temperature was increased to

35 and 50 �C. When tested at 90 and 120 �C, the formation

of large amount of surface damage was attributed to the

plastic deformation which dominated the wear process.

A typical cross-sectional profile of the wear track is

shown in Fig. 5a, where the asperities and tracks were

distributed non-uniformly. The total cross-sectional area of

asperities was estimated by calculating the total area of the

peaks as indicated in the gray colored area in Fig. 5a. The

average cross-sectional area of the surface asperities was

obtained by averaging readings from ten different profiles

arbitrarily selected on each wear feature. Similarly, the

average area of tracks was also estimated, and the value

was smaller than that of the surface asperities. Further-

more, the areas of asperities and tracks are getting close to

each other when the applied load was increased to 200 mN.

This can be attributed to the limited resolution of confocal

microscope since some tracks were blocked by surface

asperities when the wear was insignificant. The high-

resolution atomic force microscopic image of the crown-

like structure was reported in our previous study [22], and

small tracks existed between asperities were not differen-

tiable on the confocal image.

The wear volume was estimated by multiplying the

average cross-sectional area of asperities with the length of

wear track (Fig. 5b). Since the ball-on-disk sliding wear

tests were conducted with track radius of 1.5 mm, the

length of track was estimated to be 9.42 mm.

Comparing Figs. 3 and 5, the estimated wear volume

has nearly the same trend as that of the corresponding

stabilized coefficients of friction as a function of load and

temperature. This observation further confirms that the

change in the deformation mechanism as a function of load

and temperature is responsible for the change in the wear

behavior.

Fig. 3 The values of stabilized coefficient of friction after 1,000 wear

cycles for tests under different loads and temperatures shown
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Discussion

Deformation Mechanisms of Austenitic NiTi SMA

It is well known that, although the crystal structure of

austenitic NiTi SMA does not change with increasing

temperature, the mechanical properties are varied due to

change of deformation mechanisms.

When Af\T\Md, the deformation of austenitic NiTi

SMA under a tensile load proceeds through, (1) elastic

deformation of austenite, (2) stress-induced martensitic

transformation with occurrence of a stress-plateau on the

stress–strain curve, (3) elastic deformation of stress-in-

duced martensite and (4) plastic deformation of stress-in-

duced martensite. When T[Md, the deformation proceeds

through, (1) elastic deformation of austenite and (2), plastic

Fig. 4 The 3-D confocal microscopic images of the surface wear features after each test, a at 20 �C under various loads; b at 35 �C under

various loads; c at 50 �C under various loads; d at 90 �C under various loads and, e at 120 �C under various loads
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deformation of austenite associated with dislocation

generation.

Under a compressive load, the same deformation se-

quences were reported, accompanied with higher yield

stress in polycrystals [30–33]. In addition, high dislocation

density might pin and stabilize the austenite phase hence

oppose its further transformation to martensite, meanwhile

the reversed transformation process might also be restricted

[31, 34].

On the other hand, based on the stress–strain curves in

Fig. 1b, the deformation mechanism that is operative dur-

ing wear test is also dependent on the magnitude of contact

stress which is determined by the applied load when other

parameters remain unchanged. Under ball-on-disk contact

model, the contact stress distribution in the vicinity of the

contact area is non-uniform [22, 34]. The highest contact

stress occurs in the contact tip (herein refers to the contact

area that is closest to the tip of the counter-ball) at which

the deformation is the largest. Therefore, the deformation

mechanism in the most deformed area dominates the sur-

face wear process. With increasing distance from the

contact tip, the contact stress decreases and this results in

less surface damage.

The Hertzian elastic contact model was used to estimate

the average contact stress by using Eqs. (5) and (6) [2, 35].

r3 ¼ 6FnðE�Þ2

ðp3r2Þ ð5Þ

1

E� ¼
ð1� m21Þ

E1

þ ð1� m22Þ
E2

ð6Þ

where r is the contact stress, Fn is the applied load, r is the

radius of the sphere (2 mm), E1 and E2 are the elastic

moduli of the austenitic NiTi and the alumina ball (Al2O3)

with values of 75 GPa and 375 GPa, respectively. In ad-

dition, m1 and m2 are the Poisson’s ratio of the austenitic

NiTi and alumina with values of 0.33 and 0.23, respec-

tively. It is worth to note that the Hertzian elastic contact

model can only predict the average contact stress for elastic

deformation.

Wear Behavior When Af < T < Md

In this temperature regime, three temperatures were se-

lected, i.e., 20, 35, and 50 �C, which correspond to dif-

ferent critical stresses for stress-induced martensitic

transformation and different shape recovery ratio in the

reversed transformation process. The effect of temperature

on the deformation mechanisms will be discussed through

taking into consideration the contact stresses involved.

When the average contact stress is below the critical

stress for SIMT, elastic deformation dominates the contact

area thus causes insignificant wear after repeated wear

cycles. This explains the observations on the coefficients of

friction and surface wear features when tested under ex-

tremely low load. For example, when tested at 20 �C under

50 mN, the coefficient of friction had maintained below 0.3

and insignificant surface wear was observed, being around

1.7 9 10-4 mm3 after 1000 wear cycles (Figs. 2a, 5). By

using Eq. (5) and Eq. (6), the calculated average contact

stress under the load of 50 mN was 230 MPa. This value is

lower than the critical stress for SIMT at 20 �C (404 MPa),

which further confirms that the elastic deformation has

dominated the wear process under above condition.

When the temperature is increased to 35 and 50 �C, the
critical stress for SIMT is increased. It is 404 MPa at

20 �C, 495 MPa at 35 �C and 572 MPa at 50 �C (see

Fig. 1b). Such increase in the critical stress will retard the

onset of plastic deformation and improve the wear resis-

tance. For example, when tested at 35 and 50 �C under 50

mN, no wear track was found, and the corresponding co-

efficients of friction were below 0.2. When under 100 mN,

the stabilized coefficient of friction had kept around/below

0.25, and the wear volume was at around 1.6 9 10-4 mm3

Fig. 5 a A cross-sectional profile of the surface wear track obtained

from confocal microscope; b estimated surface wear volume as a

function of load and temperature
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(35 �C) and 0.69 9 10-4 mm3 (50 �C), respectively. From
20 to 50 �C, the wear volume decreased consistently with

temperature rise, suggesting improved wear resistance due

to increasing temperature.

However, when the average contact stress exceeds the

yield stress of stress-induced martensite, plastic deforma-

tion of stress–induced martensite will dominate the wear

process. Since the effective strain accommodation through

reversible SIMT process can reduce the amount of plastic

strain accumulation, the shape recovery ratio in the re-

versed transformation process will become an important

factor in resisting wear. This is in consistency with the

observations under 200 mN, in which an increased surface

damage was observed at increased temperature accompa-

nied with a decreased shape recovery ratio. When tested at

20, 35, and 50 �C, the stabilized coefficient of friction was

at 0.53, 0.55 and 0.65, respectively (Fig. 3). Meanwhile the

estimated wear volume was also increased with increasing

temperature (Fig. 5b).

When the applied load is further increased hence the

average contact stress is far exceeded the yield stress of

stress-induced martensite, severe plastic deformation will

occur which results in severe wear even in the early stage

of the test. This explains the instability of the wear tests

when the load was increased to 300 mN. An exception is

the test at 20 �C under 300 mN in which no instability

had occurred throughout the test. This is likely due to the

much better shape recovery property observed at this

temperature (see Fig. 1b). At 20 �C, the shape recovery

ratio was 0.95 which is better than those at 35 �C (0.86)

and 50 �C (0.44). Hence, in addition to the applied load

and the test temperature (this determines the critical stress

for SIMT), shape recovery property also plays an im-

portant role in the wear resistance of SMAs. With other

factors the same, better shape recovery property will lead

to improved wear resistance. Hence, in order to improve

the wear resistance of NiTi SMA, one can either increase

the critical stress through metallurgical means (precipita-

tion, grain size, alloying, manipulation of the transfor-

mation temperatures, etc.) or increase the superelastic

shape recovery through microstructural alterations (for

example textures), or both.

Wear Behavior When T > Md

When tested at 90 and 120 �C, the SIMT has been pro-

hibited and the deformation of austenite proceeds from

elastic to plastic directly as shown in Fig. 1b. Under 50

mN, the average contact stress was below the yield stress

and elastic deformation dominated the wear process. In this

case, the coefficient of friction was remained at a value

below 0.3, while the wear volume was at 1.3 9 10-4 mm3

(90 �C) and 2.3 9 10-4 mm3 (120 �C).

Under 100 mN, the average contact stress was still be-

low the yield stress of 646 MPa at 90 �C and 668 MPa at

120 �C, and elastic deformation dominated the wear pro-

cess. Nevertheless, the actual contact stress within the

small area immediately beneath the contact tip can exceed

the yield stress of austenite hence introduce small amount

of plastic deformation and cause observable wear damage.

In this case, since the shape recovery associated with SIMT

is not involved; the wear mechanism thus is similar to that

of conventional materials.

With further increasing the load beyond the yield stress,

more plastic deformation and wear will occur, and this

explains results shown in Figs. 2d, e and 4d, e. For ex-

ample, under 200 mN, the coefficient of friction had

reached to around 0.72 and 0.65 for tests at 90 and 120 �C,
and the corresponding wear volume had reached to around

7.2 9 10-4 mm3 and 7.8 9 10-4 mm3, respectively. When

the load was further increased to 300 mN, the surface was

severely damaged in the very beginning of test due to

severe plastic deformation.

Summary of the Wear Behavior

Comparing the values of the stabilized coefficient of fric-

tion and the wear volume as a function of load and tem-

perature (Figs. 3, 5b), clear trends were seen. Two wear

modes which are dominated by different deformation

mechanisms were identified in different temperature

regimes.

Mode I occurs when Af\ T\Md. In this mode, the

wear behavior of austenitic NiTi is highly temperature-

sensitive. When the elastic deformation of austenite and

stress-induced martensitic transformation dominate the

wear process, the plastic deformation can be further re-

tarded at increased temperature due to increased critical

stress for SIMT. Meanwhile, better shape recovery prop-

erty will also improve the wear resistance due to higher

recoverable strain accommodation. Deformation strain ac-

commodation through the reversible SIMT process has

effectively reduced plastic strain accumulation in the wear

process therefore caused less surface damage. However, if

the contact stress exceeds the yield stress of stress-induced

martensite when tested under extremely high load, wear

resistance is deteriorated due to plastic deformation of

stress-induced martensite.

Mode II occurs when T[Md. In this mode, the auste-

nitic NiTi SMA lost its superelastic property and its de-

formation sequence is similar to that of conventional

structural materials. Elastic-to-plastic deformation of

austenite phase is the predominant mechanism for strain

accommodation and wear resistance depends on the mag-

nitude of contact stress/applied load. When the contact

stress exceeds the yield stress of austenite, plastic
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deformation results in poor wear resistance and significant

surface damage.

Conclusions

The wear behavior of austenitic NiTi SMA has been sys-

tematically investigated through wear tests at different

loads and temperatures. Deformation mechanisms involved

in the wear process were examined based on the observa-

tions on the coefficient of friction and surface wear fea-

tures, estimated contact stresses, and the temperature-

dependent deformation mechanisms of NiTi SMA. The

results have shown that the wear behavior of austenitic

NiTi SMA can be classified into two modes, Mode I and

Mode II. Mode I occurs in the temperature range Af\
T\Md, while Mode II occurs when T[Md.

In Mode I, the wear behavior is determined by the in-

terplay among contact stress, critical stress for SIMT, and

the shape recovery ratio. A trend of increased wear resis-

tance with increasing temperature was observed. This can

be understood with the fact that the critical stress for SIMT

increases with increasing temperature thus retards the

plastic deformation. The good wear resistance observed in

this mode is originated from the reversible stress-induced

martensitic transformation that can effectively accommo-

date the deformation strain during wear test. Nevertheless,

the shape recovery ratio also plays an important role in this

process. However, when the contact stress exceeds the

yield stress of stress-induced martensite, plastic deforma-

tion caused significant surface damage.

In Mode II, SMA lost its superelasticity and the defor-

mation sequence is similar to other structural materials

namely, elastic-to-plastic deformation. In this case, the

wear resistance is predominantly determined by the contact

stress and the yield stress of austenite. Poor wear resistance

has been observed in this mode due to increased plastic

deformation.
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