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Abstract: The tribological behaviors of Ti–Ni51.5 at% alloy strengthened by finely dispersed Ni4Ti3 particles in 

reciprocating sliding against GCr15, Al2O3, and ZrO2 at room temperature were studied. Interestingly, the 

coefficient of friction (COF) suffered a sheer drop (from 0.9 to 0.2) when the aged alloy slid against GCr15 at a 

frequency of 20 Hz under a 20 N load without lubrication. However, severe-mild wear transition disappeared 

when a solutionized alloy was used. Moreover, the COF stabilized at a relatively high level when Al2O3 and 

ZrO2 were used as counterparts, although their wear mechanisms showed signs of oxidation. Scanning electron 

microscopy (SEM) and X-ray element mappings of the wear scars of the counterparts clearly indicate that the 

formation of well-distributed tribo-layer and material transfer between the ball and disk are pivotal to the 

severe-to-mild wear transition in the aged Ti–Ni51.5 at% alloy/GCr15 friction pair. The higher microhardness 

and superelasticity of the aged alloy significantly accelerate the material transfer from GCr15 to the disk, 

forming a glazed protective tribo-layer containing Fe-rich oxides. 
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1  Introduction 

TiNi-based shape-memory alloys (SMAs) have been 

widely applied in several industries owing to their 

excellent shape memory behaviors and superelasticity 

(SE) [1]. Their potential SE adds to the combination of 

high coefficient of friction (COF) and an impressive 

wear resistance, which incites researchers to investigate 

them as wear-resistant materials [2−5]. The existing 

studies on the tribological applications of TiNi SMAs 

primarily illustrate the influence from the microstruc-

ture and experimental conditions on its tribological 

behaviors, e.g., phase states [6], grain size [2], tem-

perature [7], and loading [8]. The tribological features 

of SMAs significantly depend on stress induced 

martensitic (SIM) transformation and reversible 

transformation [2, 9−11], and no efforts have been 

spared to study the oxidation of TiNi SMAs induced 

by dry sliding. 

Tribologically modified microstructures, often 

referred to as “tribo-layers”, are critical to the tribological 

performance of the materials [12−14]. The surface 

modification of metals by tribological loading is 

typically explained as a mechanically-driven process 

due to the friction energy being mostly absorbed by 

sliding-induced plastic deformations [15]. However, 

the potentially complex chemical reactions occurring 

under the tribological contact are highly crucial to the 

tribological behaviors as the tribo-layers affect the 

contact mechanics profoundly [13, 16]. Tribo-layers, 

particularly the topmost layer, directly in contact with 

the environment and their counterpart, primarily 

determine the friction and generate wear [13, 17, 18]. 

Controlling the chemical and mechanical properties  
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of tribo-layers can dramatically improve the tribological 

performance, as recently discovered with the severe- 

mild wear transition of the metal materials [16, 19]. 

Uncertain local temperatures, mechanically-driven 

chemical reactions, and the contact with another body 

may be factors governing this phenomenon, which 

was observed in several recent studies involving Cu 

alloys with stable gradient nanostructures [20], Pt–Au 

with stable nanocrystalline [21], Ti alloys [16, 22], and 

steels with martensite and pearlite structures [18]. 

Zhang et al. [16] investigated the sliding velocity- 

induced transition from severe wear to mild wear as 

a result of the formation of tribo-oxide layers during 

the Ti–6.5Al–3.5Mo–1.5Zr–0.3Si sliding against GCr15. 

Furthermore, a fundamental research on wear transition 

regimes of Ti against steel was conducted [22]. These 

detailed researches indicate that the oxide particles 

play a critical role in the severe-mild wear transition 

during sliding. However, this phenomenon also 

closely depends on several factors, such as loading, 

temperature, and velocity. A study exploring the 

improvement of the wear performance of Ti–6Al–4V 

alloy during sliding against AISI 52100 steel showed 

that Fe2O3 nanoparticles have a noticeable advantage 

over TiO2 in decreasing the COF of Ti alloy by 

artificially supplying nanoscale oxides of TiO2, Fe2O3, 

or their mixtures onto sliding tracks [23].  

In contrast to the increasingly valuable researches 

investigating the oxidization of Ti alloy during dry 

sliding friction, the chemically different layer induced 

during tribologically sliding in TiNi alloys has not been 

significantly studied. Furthermore, the counterpart is 

a significant factor deeply influencing the friction 

behavior, which is still not well understood at present. 

In this study, we report the benefits of tribo-layers 

showing distinct lubrication in the aged Ni-rich 

Ti–Ni51.5 at% alloy when sliding it against GCr15. 

The self-organizing process leads to the formation of 

alternating oxidization and achieves very low friction, 

but this phenomenon is not present when slid against 

Al2O3 or ZrO2. However, the tribo-layers introduced 

when the solutionized TiNi alloy slid against GCr15 

did not act as a lubricant even in the same experimental 

conditions. We conducted a series of experiments, 

such as scanning electron microscopy (SEM), energy 

dispersive X-ray spectroscopy (EDX), and X-ray 

photoelectron spectroscopy (XPS), to explore the 

relationships between tribo-oxides and friction behaviors 

of the TiNi alloys. 

2 Materials and methods 

The commercial Ni-rich Ti–Ni51.5 at% alloy used was 

cut into disks (24 mm × 2.7 mm) and bone-shaped 

sheets and subsequently placed into well-closed 

quartz tubes filled with low-pressure argon to avoid 

oxidization. All disks and sheets were solutionized at 

1,000 °C for 1 h, and a part of them was then aged  

at 500 °C for 1 h. The plates were electro-polished  

to receive a fresh surface after being grinded by SiC. 

The microhardness of Ti–Ni51.5 at% alloy was acquired 

by applying a load of 300 g. The tensile tests were 

conducted at a strain rate of 6.67 × 10−4 s−1 on a 

traditional tensile testing instrument. The samples 

were first stretched by a 6% strain and subsequently 

unloaded below 7 MPa to obtain their superelasticity. 

The Netzsch-STA449F3 differential scanning calorimeter 

(DSC) was used to characterize the austenite start (As) 

and martensite start (Ms) temperature. Reciprocating 

sliding wear tests of TiNi pieces were performed 

using an Optimol SRV IV tester in a ball-on-disk contact 

configuration (Fig. 1) at 20 °C in an environment with 

a relative humidity of approximately 45%. The load, 

stroke, and frequency were kept constant at 20 N, 1 mm, 

and 20 Hz, respectively. The friction and wear tests 

were carried out using GCr15 steel, Al2O3, and ZrO2 

ball with a diameter of 10 mm acting as the tribo-pair 

materials under dry condition. The oxidization was 

effectively suppressed by adding PAO10 lubrication 

(poly alpha olefin) on the surface during the wear 

tests of the TiNi alloys sliding against GCr15.  

 

Fig. 1 Schematic of the ball-on-disk contact. 
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The microstructures of the samples before wear 

were analyzed by an optical microscope (OM) 

conducted on a ZEISS Imager, X-ray diffraction (XRD) 

at ambient temperature on a D8Discover25 with Cu 

Kα radiation, and transmission electron microscope 

(TEM) on Tecnai G2 TF20 at 200 kV. The characteristics 

of the worn surfaces of the TiNi alloy and counterparts 

were investigated by SEM on Thermoscientific-Apreos 

and EDX. To determine the chemical states of the 

elements in the surface layer of the worn scar, we 

conducted XPS, which provides information about 

the valence band structure, and a cross-sectional EDX 

observation was applied parallel to the sliding direction 

to gain more information. 

3 Results and discussion 

3.1 Microstructural and calorimetric features 

before friction 

The microhardness increased from 2,807 to 3,651 MPa 

when Ti–Ni51.5 at% experienced aging at 500 °C for 

1 h after the treatment of the solution. This increase 

corresponds to the strength of the nanosized particles. 

The undeformed microstructures of Ti–Ni51.5 at% 

after the heat treatment are shown in Fig. 2. Near- 

equiaxed grains of approximately 50 μm are observed 

in the aged and solutionized states, as displayed in 

Fig. 2(a). Nano-sized precipitates were embedded  

in the matrix after being aged for 1 h, as shown in 

Fig. 2(b), whereas several dislocations were present in 

the B2 phase, as shown in Fig. 2(c). The XRD patterns 

in Fig. 2(d) indicate that the precipitates are Ni4Ti3, 

which has been widely confirmed in some existing 

studies [24, 25]. The volume fraction and size of the 

precipitates profoundly influence the martensitic 

transformation temperature, which is a fundamental 

parameter in the determination of the properties of 

TiNi alloys. The results of DSC show As = 29.4 °C and 

Ms = –31.1 °C in the aged alloy, and Ms is below –120 °C 

in the solutionized alloy, which illustrates that the 

matrix of both alloys will be in the B2 state before the 

wear test at room temperature. The elastic modulus 

substantially affects the contact stress according to 

the Hertz theory, while the superelasticity of the TiNi 

alloy significantly influences its wear behavior [6–8]. 

Tensile tests were conducted to evaluate the difference 

in elastic modulus and superelasticity between both 

alloys. Figure 2(f) presents the tensile curves of the 

alloys in different heat treatment states. Moreover, 

the static Young’s modulus is 20.47 and 28.98 GPa 

for the solutionized and aged alloys, respectively. 

Additionally, it shows that the aged alloy exhibits 

better superelasticity. 

 

Fig. 2 Features of Ti–Ni51.5 at%: (a) under OM; (b, c) bright field micrographs of alloys in aged and solutionized states, respectively. 
(d) XRD patterns; (e) DSC curves; and (f) tensile curves. 
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3.2 Frictional and wear results 

3.2.1 Low-friction behavior  

Figures 3(a) and 3(b) show the COF curves as a function 

of time for the aged and solutionized samples, respec-

tively. The COF for both alloys increases to a high 

value rapidly in a very short time during the initial 

transient running time and stick-slip behavior, which 

is similar to the results of previous research on the 

tribology of TiNi during dry sliding [7]. The COF 

stabilizes at a high value; however, it decreases abruptly 

in the case of the aged TiNi–GCr15 friction pair, and 

a stable low-friction period starts in the friction 

process. A similar phenomenon was identified in the 

study of dry sliding wear tests associated with the 

nano-lamellar microstructures [19] and was ascribed 

to the formation of a self-lubricating layer. However, 

this change was absent in the friction test of the 

solutionized alloy in Fig. 3(b). PAO10 was applied to 

alleviate the oxidization during the dry sliding of the 

aged TiNi/GCr15 friction pair. During the initial stage, 

the friction is low, smooth, and noise-free. Wear starts 

to occur in the second stage, where the COF value 

increases due to the partial breakage of the lubricant 

film caused by oil consumption [3]. The COF tends  

to remain at a high value with moderately wide 

fluctuations and maintains this level until the end of  

the test. The results seem to be reasonable. Figure 3(c) 

displays XRD patterns of the Ti–Ni51.5 at % alloy 

subjected to sliding wear. TiO2 appears in all the wear 

tracks subjected to dry sliding against Al2O3, ZrO2, or 

GCr15. Furthermore, B19′ is introduced during the 

sliding owing to the contact stress. However, peaks of 

Fe2O3 and FeO appear when GCr15 was used without 

the lubrication of PAO10, which, clearly indicates that 

the oxides of GCr15 retained on the worn surfaces 

are largely responsible for the severe-mild transition. 

For TiNi shape memory alloys, a related study showed 

that the COF of martensite (about 0.6) is slightly lower 

than austenite (0.8) due to its lower strength [6]. 

However, SIMs were left at the wear scars of both the 

aged and solutionized alloys (Fig. 3(c)), indicating 

that the alloys have undergone SIM transformations 

during the friction process. In other words, the contact 

is between GCr15 and martensite in the steady state 

friction for both the solutionized and aged alloy. 

However, the solutionized alloy does not present COF 

abruption. Therefore, the change in the COF here may 

not be caused by the difference between austenite 

and martensite. Figure 2(f) shows that there is a slight 

difference in the static Young’s moduli for the 

solutionized (Es = 20.47 GPa) and aged (Ea = 28.98 GPa) 

alloy primarily caused by the superelasticity. The mass 

loss of the TiNi disks, as shown in Fig. 3(d) clearly 

 

Fig. 3 COF during sliding against different counterparts for (a) aged and (b) solutionized Ti–Ni51.5 at%. (c) XRD patterns of the wear 
tracks for aged ones and (d) the mass loss of the disks. 
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suggests solutionized alloy sustained heavy wear, 

which is consistent with the change of COF. The mass 

loss is a result of fractures at the contacting asperities 

and is very high when PAO10 was applied, while the 

adhesive and abrasive wear prevailed. However, the 

wear loss is low when oxidative wear occurs. Notably, 

the aged TiNi alloy subjected to dry sliding against 

GCr15 shows the lowest mass loss as the wear is 

caused by the slight spalling of the tribo-layer. 

3.2.2 SEM, EDX, and XPS analysis of the worn surfaces 

of TiNi alloy 

The worn surfaces of the aged and solutionized 

Ti–Ni51.5 at% alloys were carefully identified to 

investigate the mechanisms behind the sever-mild 

wear transition, as shown in Fig. 4. In the case of the 

aged Ti–Ni51.5 at%–GCr15 during dry sliding, the 

worn surfaces are covered with a well-distributed 

tribo-layer (Fig. 4(a)), which is quite distinct from the 

other fictional pairs. Surfaces are composed of com-

pacted particles with a uniform size, which may 

explain the abrupt decrease of COF. However, the 

wear tracks in Fig. 4(b) were significantly changed 

when PAO10 was used for lubrication. They exhibited 

wide grooves and striations parallel to the sliding 

direction characteristic of the plastic deformation of 

the alloy [3, 10] caused by the reciprocating motion of 

the counterparts. Lumps frequently appear on the wear 

surface of the alloys, albeit with different characteristics. 

Various reasons (i.e., plowed accumulations, adherence 

of plastically deformed materials, and compaction of 

the wear debris and oxidation) caused the micromor-

phology of the worn surfaces, according to wear tests. 

In the cases for the sliding against Al2O3 and ZrO2 

counterparts, numerous islands in the wear tracks 

were randomly distributed on the worn surfaces 

(Figs. 4(c)–4(d) with the inset of magnified images of 

wear debris). However, for the solutionized alloy 

sliding against GCr15, apart from some delaminated 

tribo-layer, the worn surfaces were characterized by 

the presence of grooves (Figs. 4(e) and 4(f)). 

Figures 5–7 exhibit the element-mappings of the 

wear tracks of TiNi alloy. For the surface of the aged 

TiNi alloy subjected to dry sliding against GCr15  

(Fig. 5), a protective layer composed of the oxidation 

of Fe and Ti was formed during the friction process. 

The O concentration of the wear scars is extremely  

 

Fig. 4 SEM micrographs of the wear tracks under different 
wear conditions for aged TiNi: sliding against GCr15 (a) under 
dry friction and (b) being lubricated with PAO10; (c, d) sliding 
against Al2O3 and ZrO2, respectively. (e, f) SEM micrographs of 
the wear tracks for solutionized TiNi against GCr15. 

 

Fig. 5 (a) SEM image and EDS analysis of the tribo-layer formed 
when sliding against GCr15 during dry sliding on aged TiNi 
surface: (b–d) chemical mapping of Fe, Ti, and O, respectively. 

high and distributed throughout the surface. The 

wear surface on the disk displays a high level of Fe, 

indicating the occurrence of a material transfer from 

the ball. The Ti is distributed evenly on the worn 

surface, clearly illustrating that the tribo-layer is a 

mechanical mixture of the oxidization of Ti and Fe. 

For the solutionized alloy, the EDX (Fig. 6) shows 

similar results. However, for the surface lubricated 
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Fig. 6 (a) SEM image and EDS analysis of the tribo-layer formed 
when sliding against GCr15 during dry sliding on solutionized TiNi 
surface: (b–d) chemical mapping of Fe, Ti, and O, respectively. 

with PAO10 (Fig. 7), the Fe and O nearly vanish 

completely compared with that in Fig. 5. This confirms 

that PAO10 effectively suppresses the generation of 

the oxidation of Ti and Fe during dry sliding. The O 

concentration of the wear scars is extremely low and 

is attributed to severe plastic deformation.  

Wear tests with Al2O3 and ZrO2 were conducted to 

investigate the influence of the counterpart on the 

tribology behavior of the TiNi alloy. Figure 8(b) 

shows the areas with high O-concentrations in the 

EDX-element mapping of O. Ti and Ni distribute 

uniformly and cover the entire wear surface. Neither 

the quantity of Ti nor that of Ni was increased in the 

areas with high O-concentrations, thereby complicating 

 
Fig. 7 (a) SEM image and EDS analysis of the surface when 
sliding against GCr15 with PAO10 lubrication: (b–d) chemical 
mapping of Fe, Ti, and O, respectively. 

 

Fig. 8 (a) SEM image and EDS analysis of the surface when 
sliding against Al2O3: (b–d) chemical mapping of O, Ni, and Ti, 
respectively. 

the identification of different types of oxides particles. 

Therefore, XPS was conducted to distinguish them 

clearly. 

The oxide particles are considered to impact the 

tribological behaviors of metals during sliding [18, 23, 

26]. Further, Fig. 9 demonstrates the XPS of the wear 

scars of TiNi alloy. Figures 9(b) and 9(e) represent the 

Ti 2p spectra when the alloy is sliding against GCr15 

and Al2O3, respectively, without lubrication. The 

different deconvolution peaks illustrate various oxide 

species (different valence states of Ti). In the case of 

the TiNi tribo-layer, the spectrum fit is executed by 

assuming that four components are present: two oxide 

states (Ti3+ and Ti4+) for the Ti 2p1/2 photoelectron peak 

and the same oxide states for the Ti 2p3/2 peak, similar 

to the study on the TiNi alloy oxidization [4]. 

Additionally, the binding energies of all the peaks 

concur with the values available in the existing studies 

[27]. The catching of Ti3+ (Ti2O3) indicates the formation 

of sub-oxides in the multiple layers. The deconvolution 

of the peaks of Fe 2p3/2 (Fig. 9(a)) reveals four peaks 

at 708.5, 709.4, 710.3, and 713.0 eV, which correspond 

to Fe2+ (Fe3O4), Fe2+ (FeO-like), Fe3+ (Fe2O3), and Fe2+ 

satellite, respectively [28]. This implies the successful 

transfer of Fe onto the surfaces of the TiNi alloys 

and formation of iron oxides in the film. The peaks 

of O 1s in Fig. 9(c) comprises three peaks at 529.2 eV 

(O–Ti) [29], 530.4 eV (O–Fe) [28], and 531.5 eV (OH−) 

[4]. In comparison to the spectra (Fig. 9(f)) for the 

surface sliding against Al2O3, the O–Fe peaks are 

evident in the spectra for the scars. The detection of 
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OH– in the surface layers is mainly caused by air. The 

Ni 2p spectrum of the wear scars (Fig. 9(d)) shows 

the presence of only some unoxidized Ni 2p3/2 at 

852.8 eV [4]. The analysis of the XPS spectra suggests 

that the high-friction wear changing into low-friction 

wear is majorly caused by the oxidation of Fe and O 

on the worn surfaces. The surface layer consists of 

particles such as TiO, Fe2O3, and Fe3O4. Typically, the 

Fe2O3 nanoparticles supplied to the wear scars [26] 

and the oxidization of the alloy are beneficial for the 

severe-mild wear. 

The deformation and fracture of the initially 

transferred fragments during continuous sliding 

contact led to the formation of a “mechanically mixed 

material” on the surfaces of the matrix subjected to 

wear [18, 19, 22]. The mixed material layer formed 

under unlubricated conditions displays considerably 

higher hardness than the soft disk material due to the 

localized and thermal effects induced during the 

friction process [30]. The disks were sectioned along 

the sliding direction for further investigation to 

characterize the diverse tribo-layers. Figure 10 exhibits 

the cross-sectional SEM images with an EDS line 

analysis of the aged TiNi alloy after sliding under 

different experimental conditions. Cracks can be 

observed distinctly in the subsurface images of the 

samples when the alloy was slid against GCr15, Al2O3,  

and ZrO2 under dry friction. The strong adhesion 

between the ball and TiNi surfaces facilitates the 

evolution of these cracks [3]. Iron was clearly transferred 

to the tribo-layer, and the amount of oxygen significantly 

increased during the dry sliding against GCr15 in  

Fig. 10(a). Alternatively, this phenomenon disappears 

in Figs. 10(b)–10(d). The high aluminum content present 

in Figs. 10(c) and 10(d) is from the procedure applied 

to acquire the SEM images. 

 

Fig. 10 Cross-section morphology of the worn surfaces and 
subsurfaces of TiNi alloy with a line map of EDX: sliding against 
GCr15 (a) under dry friction, (b) lubricated with PAO10, (c) Al2O3, 
and (d) ZrO2. 

 

Fig. 9 XPS spectra of the wear tracks: (a–c) Fe 2p, Ti 2p, and O 1s spectra under the counterpart of GCr 15; (d–f ) Ni 2p, Ti 2p, and O 1s
spectra under the counterpart of Al2O3. 
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3.2.3 SEM and EDX analysis of the worn scars of balls 

The SEM and EDX of the worn surfaces of the different 

balls subjected to wear are shown in Figs. 11–14. The 

steel ball showed a tinny wear scar when slid against 

the aged alloy with PAO10 lubrication (Fig. 13). The 

wear scar became bigger when the ball was subjected 

to dry friction with the solutionized alloy (Fig. 12). 

However, the largest scar was on the ball, which was 

dry slid against the aged alloy (Fig. 11). Moreover, 

the formation of obvious tribo-layers is highlighted 

in Figs. 11 and 14, while distinctive furrows appear in 

Fig. 12. The appearance of ZrO2 (Fig. 14) is similar to 

that of Fig. 11. The transition of COF, nevertheless, 

disappears (Fig. 3(a)). The element mapping of the 

ball surfaces shows that Ti is transferred to the ball, 

and the O signal is indistinct as it is lubricated with  

PAO10 (Figs. 13(d)–13(f)). Ti transfers to the ball when 

it is dry slid against the aged alloy, which can be 

verified by the EDX. However, the tribo-layers cover 

merely a part of the surface of the ball in Fig. 12. 

Consequently, the COF decrease is directly related to 

the tribo-layer, and the frictions between the layers 

are the primary reason for severe to mild transition. 

It is interesting to note that the wear mechanism and 

transfer of Ti are relatively similar as the COF displays 

considerable disparity when the aged alloy is dry 

sliding against the steel and ZrO2 balls. It suggests 

that Fe plays a critical role in the transition. 

As for the sliding against GCr15 during dry friction, 

a sequence of complicated processes including plastic 

deformation of both the surface and subsurface, the 

formation of wear debris, the transfer of materials,  

 

Fig. 11 SEM micrographs of GCr15 subjected to dry sliding against aged TiNi. (a–c) SEM micrographs; chemical mapping of (d) Fe, 
(e) O, and (f) Ti, respectively. 

 

Fig. 12 SEM micrographs of GCr15 subjected to dry sliding against solutionized TiNi. (a–c) SEM micrographs; chemical mapping of 
(d) Fe, (e) O, and (f) Ti, respectively. 



1046 Friction 9(5): 1038–1049 (2021) 

 | https://mc03.manuscriptcentral.com/friction 

 

the reaction with the environment, and the mechanical 

mixing result in the formation of the tribo-layer [31]. 

The schematic drawing in Fig. 15 presents the 

formation process of the tribo-layer leading to the 

remarkable reduction of the COF observed during 

the sliding of the aged TiNi alloy against GCr15 

without lubrication. First, oxygen attaches to the 

fresh surface of the alloy, and the matrix B2 phase 

subjected to the stress underneath the contact surface 

transforms into twinned B19′. As the sliding proceeds, 

the twinned lamellar B19′ is easily changed into an 

amorphous structure [1, 32]. In a previous study, the 

microstructure of the subsurface was shown to be 

particularly prone to amorphization during dry sliding 

[33]. The topmost layer of the alloy then becomes 

brittle, with the formation of inner cracks, and will be 

delaminated to form wear debris. Moreover, plastic  

 

Fig. 15 Diagram of the formation mechanism of the tribo-layer. 

deformation of asperities on the surface of the friction 

pair caused by the contact pressure results in excellent 

 

Fig. 13 SEM micrographs of GCr15 subjected to sliding against aged TiNi with PAO10 lubrication. (a–c) SEM micrographs, chemical 
mapping of (d) Fe, (e) O, and (f) Ti, respectively. 

 

Fig. 14 SEM micrographs of ZrO2 subjected to sliding against aged TiNi. (a–c) SEM micrographs, chemical mapping of (d) Ni, (e) O, 
and (f) Ti, respectively. 
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adhesion in the process of fretting wears. Low 

amplitude vibrations shear off the adhesion points 

and expose the surface of the counterparts. Thus, it 

reacts with the oxygen in the air to form oxides. The 

oxidization of the contact surface occurs in the sliding 

process owing to the friction heat [18, 23], especially 

for the oxidization of Ti. Additionally, the brittle TiO2 

layer can be broken easily [34]. The microscale debris 

will fracture during the process of mechanical mixing, 

and inner cracks appear. The decrease of the oxygen- 

atom diffusion energy provided by friction with the 

increase in depth may explain the presence of oxides 

in the metastable state. The wear debris particles are 

further refined and oxidized during mechanical mixing 

in the sliding process. 

From the current results, the compact Fe-rich oxides 

layer on the surface reduces the COF of aged Ti– 

Ni51.5 at% alloy/GCr15 tribo-pair. However, the COF 

of the solutionized Ti–Ni51.5 at% alloy/GCr15 sliding 

pair does not display abrupt reduction (Fig. 4). The 

precipitation of the second phase at the nano-scale 

caused by the aging treatment increases the hardness 

of the alloy tremendously [24, 25] and accelerates the 

efficient transfer of Fe to the surface of the TiNi alloy, 

which is a deciding factor in the formation of Fe2O3. 

Steel balls subjected to sliding with the aged alloy 

generate more wear debris, which exposes smoother 

surfaces and facilitates the formation of iron oxides. 

The amount of tribo-oxides, especially the appearance 

of Fe2O3, is critical to the protective tribo-layer [16, 23, 

35]. Studies have shown that the effect is optimal 

when the content of Fe2O3 is 50% in the case of the 

titanium/steel tribo-pair [23]. Nevertheless, for the 

softer alloy in a solutionized state, the transfer of   

Fe may not be obvious. This is confirmed by the 

smaller wear scar appearing on the steel ball sliding 

against the aged alloy (Fig. 11(a)) compared to the 

one appearing against solutionized one (Fig. 12(a)). 

Additionally, the frictional heat greatly favors the 

atomic diffusion and interaction of elements such as 

Ti, O, and Fe. The solutionized Ti–Ni51.5 at% fail to 

transfer enough Fe from the counterpart to the wear 

tracks to help form the cover-type tribo-layers of 

Fe2O3-rich, which endow a sufficient load-bearing 

capability to avoid the metal–metal contact [23]. 

Consequently, the tribo-layer of the solutionized  

Ti–Ni51.5 at% possesses low load-carrying capability, 

and the local stress concentration delaminates it easily 

(Figs. 4(e)–4(f)). As a result, the tribo-oxides prevent 

the metal–metal contact (Figs. 4(a) and 11(a)) for aged 

alloy but not for solutionized one. However, PAO10 

poses an obstacle for the continuous supply of oxygen 

to the contact surface, thereby leading to heavy wear. 

Meanwhile, tribo-oxides without the Fe2O3 particles 

induced when the ceramics counterparts (Al2O3 and 

ZrO2) slid against the Ti–Ni51.5 at% alloy show no 

sign of protection, although oxides are introduced in 

the process. Nevertheless, the layers tend to be largely 

destroyed and cannot serve as properly protective 

tribo-layers. 

4 Conclusions 

1) The aged Ti–Ni51.5 at%/GCr15 couple under dry 

sliding shows clear signs of a severe-mild transition 

under a load of 20 N, stroke of 1 mm, and frequency 

of 20 Hz, but this transition disappears when it is 

lubricated with PAO10 or when the counterpart is 

replaced by an Al2O3 or ZrO2 counterpart. 

2) The severe-mild transition is absent from the 

friction process for the solutionized Ti–Ni51.5 at%/ 

GCr15 couple when the microhardness decreases 

from 3,650 MPa in the aged state to 2,807 MPa in the 

solutionized state. The wear scar on the steel ball 

when it is slid against the aged alloy is more severe 

than on the one slid against the solutionized alloy. 

Thus, it confirms that the transfer of Fe is more 

apparent in the former friction pair. The improvement 

of superelasticity and microhardness by aging treatment 

are critical for the transition.  

3) The formation of the protective tribo-layer, 

caused by the transfer of Fe from GCr15 onto the 

shape memory alloy and the mixture of oxides 

generated by friction heat, is the main reason for  

the severe-mild transition. The layer is complicated 

and consists of particles such as TiO2, Fe2O3, and an 

amorphous phase. 
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