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Abstract: Biocompatible β-type Ti-45Nb alloy with a low elastic modulus is promising in alleviating 
the stress shielding effect of Ti-based hard-tissue replacement implants. In this work, the ultra-fine-
grained (UFG) microstructures with different grain sizes were prepared by multi-axial compression 
(MAC) processing of Ti-45Nb alloys, and the mechanical properties and the fretting wear properties 
of Ti-45Nb alloys in different grain sizes were investigated. The results show that the yield strength 
and ultimate tensile strength of the sample processed by 27 passes MAC increase by 76% and 91%, 
respectively, with an elongation of more than 9%. After MAC processing, the friction coefficient and 
volume wear rate gradually decrease. In addition, before MAC processing, the Ti-45Nb sample 
shows a wear mechanism of severe adhesive wear, oxidative wear and fatigue delamination; while 
after MAC processing, the wear mechanism switches to abrasive wear and slight adhesive wear 
with slight oxidative wear, indicating that grain refinement helps to improve the anti-fretting prop-
erties of Ti-45Nb alloys. 

Keywords: severe plastic deformation; Ti-45Nb alloys; implants; mechanical properties; fretting 
wear 
 

1. Introduction 
Although Ti and its alloys have been widely used for hard-tissue replacement appli-

cations, over the long term, its comparatively high elastic modulus will lead to a stress 
shielding effect that may result in aseptic loosening and other implant failure problems 
[1]. In recent years, β-type titanium alloys with a reduced elastic modulus have received 
extensive attention to address the problems related to the stress shielding effect, and Ti-
45Nb alloy shows the lowest elastic modulus (~ 65 GPa) in the binary Ti-Nb system in the 
solid solution state [2,3]. Moreover, it does not contain toxic elements such as aluminum 
and vanadium that raise clinical concerns about biosafety [4]. 

However, an implant must fulfill multiple requirements in addition to reduced elas-
tic modulus. Good mechanical properties and wear resistance are also needed. Fretting 
wear is the most frequently occurring mode of wear on implants, in which the implant 
moves in a small (micron-level) amplitude with respect to the adjacent human bone [5,6]. 
As a result, the osteolysis induced by wear particles is one of the most important causes 
of aseptic loosening [7], which can be potentially alleviated by severe plastic deformation 
(SPD) [8]. SPD can reduce grain size and introduce a large number of dislocations by ap-
plying an extremely large strain to obtain an ultra-fine-grained (UFG) microstructure 
[9,10]. According to the Hall-Petch relationship and Archard formula [11–13], the reduced 
grain size can significantly improve the hardness, which can hopefully reduce the fretting 
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wear on the surface of the implant [8]. Because Ti-45Nb alloys have a high content of β-
stabilizing elements, SPD processing can maintain the single-phase microstructure and 
thus retaining the low elastic modulus [14]. Therefore, SPD processing of Ti-45Nb alloys 
is expected to improve the strength, reduce fretting wear and simultaneously maintain a 
low elastic modulus. The most widely used SPD techniques are equal-channel angular 
pressing (ECAP)[15], high pressure torsion (HPT) [16] and multi-axial compression 
(MAC) [17], MAC processing has a high industrialization potential because it is easy to be 
implemented on the existing die forging facilities and MAC samples are in a compara-
tively larger size compared to HPT and ECAP samples [18,19]. 

To date, few studies have been carried out on the influence of SPD processing on the 
fretting wear behavior of Ti alloys. In addition, the effect of grain refinement on the wear 
performance of Ti alloys is still under debate, since there are many contradictory results: 
Stolyarov et al. processed commercial pure (CP) Ti with an average grain size of 0.1 μm 
after 8 ECAP and ECAP + cold rolling and found that the UFG structure reduced adhesion 
component of the frictional force, consequently leading to lower friction coefficient (COF), 
which should in turn improve the wear property [20]; La et al. found that the wear mech-
anism of UFG Ti changed and the wear rate was reduced by 30% in a similar study, but 
the COF was similar to that of annealed coarse-grained (CG) Ti [21]. Long et al. combined 
high-energy ball milling and spark plasma sintering to process Ti-6Al-4V (TC4) alloys 
with CG structures, double-scale structures, and UFG structures and tested them with a 
ball-disk fretting wear device. It was found that grain size refinement reduced the COF 
and wear rate [22]. By contrast, Purcek et al. processed CP Ti with an average grain size 
of approximately 0.25 μm by ECAP. They found that although UFG Ti was significantly 
strengthened, it did not improve its wear resistance [23]; Wang et al. processed CP Ti by 
HPT and reached the same conclusion, and they believe that this was due to the high 
reactivity of the Ti alloys with oxygen, and the oxidation layer achieved a dynamic equi-
librium between continuous removal and regeneration, thus concealing the improvement 
of the wear resistance of the material by grain refinement [24]. It can be seen from these 
results that influence of grain refinement on the wear resistance of metallic materials is 
still unclear, therefore the underlying mechanisms needs to be further explored. 

In this investigation, transmission electron microscopy (TEM), optical microscopy 
(OM), X-ray diffraction (XRD), scanning electron microscopy (SEM) and fretting wear 
tests were used to study the microstructural evolution of Ti-45Nb alloys processed by 
MAC and its influence on the mechanical properties and fretting wear behaviors. 

2. Materials and Methods 
2.1. Materials 

The Ti-45Nb alloy used for this study was received as a bar with a diameter of 22 mm 
(Ningxia Orient Tantalum Industry Co. Ltd., Ningxia, China) and the chemical composi-
tion (Table 1) was determined by inductively-coupled plasma optical emission spectrom-
etry (ICP-OES) on a Perkin Elmer OPTIMA 7000DV spectrometer (PE, Massachusetts, 
USA). 

Table 1. Chemical composition of the Ti-45Nb alloy. 

Element Ti Nb O N H C Fe 
Content 
(wt%) Balance 44.83 0.095 0.002 0.002 0.028 0.024 

Rectangular prism samples were cut into 10 × 10 × 15 mm dimensions by wire-cutting 
and then treated with a vacuum solution treatment at 933 K for 1 h, followed by quenching 
in water to obtain a single-phase β microstructure as a solid solution. 
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2.2. MAC Processing 
At room temperature (RT), the rectangular prisms were compressed through the var-

ious passes along the X-Y-Z-X axes to change the direction of compression to a total of 31 
passes, in which microcracks occurred. Figure 1 shows the deformation schematic dia-
gram. Different planes of the prism are colored in different colors, and the planes in the 
same color after the pressing and rotation during 1,2 and 3 passes are corresponding to 
the plane in the same color of the sample before MAC processing. The equivalent strain ε 
of each pass is approximately 0.4 calculated using the formula [25]: 	 = ln ℎℎ  (1) 

where h0 = 15 mm is the original height of the specimen, h = 10 mm is the height after 
deformation. A MoS2 lubricant was used on each pass. Considering the comprehensive 
performance of the samples, the number of passes near the failure state was avoided, and 
the samples processed at 0, 9, 18, and 27 passes were selected and named as MAC-0, MAC-
9, MAC-18 and MAC-27 samples, respectively. 

 
Figure 1. Schematic diagram of multi-axial compression. 

2.3. Microstructure and Mechanical Properties 
Bruker D8-Discover XRD (Bruker AXS GmbH, Karlsruhe, Germany) was used to de-

termine the phase composition and calculate the densities of the dislocations. OLMPUS-
BH2 OM (Olympus, Tokyo, Japan) and TEM were used to investigate the microstructural 
evolution of the Ti-45Nb samples. The MAC-0 samples were carefully polished using SiC 
papers of grit size up to 2000 and then polished with colloidal silica suspensions of size 
up to 0.06 μm mixed with 30% H2O2. They were chemically etched with Kroll’s reagent 
before the optical investigation. TEM investigations were carried out in a Philips Tecnai-
G220 microscope (Philips, Eindhoven, The Netherlands) operated at a nominal accelerat-
ing voltage of 200 kV. The MAC-9, MAC-18, MAC-27 samples were cut along the vertical 
center plane of the last compression, thinned to below 80 μm on both sides, and then pro-
cessed by double spraying by twin-jet electropolishing in an electrolyte composed of 6 
vol.% HClO4 + 34 vol.% CH3(CH2)3OH + 60 vol.% CH3OH with an applied potential of 30 
V at approximately 30 °C. 

Vickers hardness tests with a HV-1000 digital microhardness tester (Suzhou 
Haichuan Science and Education Equipment Co. Ltd., Suzhou, China) were carried out 
under an applied load of 0.5 kg for 15 s with 5 points measured on each site, and the 
average values and the standard deviation were taken. Tensile tests were performed at 
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room temperature using a CMT 6103 microtensile test system (MTS, Minnesota, USA) 
with three samples tested for each condition. 

2.4. Fretting Test 
The Nano Test Vantange Alpha (Micro Materials Ltd., Wrexham, UK ) uses the mod-

ular nano micro-movement option developed in recent years for nano indentation [26] 
with a lever device to amplify the piezoelectric motion to obtain greater amplitude. This 
is a new type of nano fretting abrasion test method that can carry out in situ wear research 
on the micron and nanoscales [27]. 

The fretting wear tests were conducted at room temperature (approximately 25 °C) 
and at a relative humidity of approximately 50%. A spherical diamond indenter with a 
diameter of 25 μm was chosen. The fretting amplitude was set to ± 250 μm under a load 
of 30 mN. 3600 reciprocating friction tests were performed at a vibration frequency of 2 
Hz, and the COF curve was obtained. 

The morphologies of the wear surfaces of the samples were examined using a 
Quanta-200 SEM (FEI, Brno, Czech) in secondary electron image mode to clarify the op-
erative wear mechanisms. Additionally, the two-dimensional and three-dimensional con-
tours of the wear surfaces were obtained with a Wyko NT9100 surface profiler (Bruker 
AXS GmbH, Karlsruhe, Germany) and a Zeiss Axio LSM 700 laser scanning confocal mi-
croscope (Zeiss, Jena, German). The wear volume values were calculated using the model 
of Z. Doni [28], and the volume wear rates were calculated by the formula [12]: 	 = 	 ∆  (2) 

where K is the volume wear rate, ∆V is the wear volume, W is the load, and S is the total 
sliding distance. 

3. Results and Discussion 
3.1. Microstructure Evolution 

To confirm whether the β single-phase structure of Ti-45Nb is retained during MAC 
processing, XRD detection was performed and are shown in Figure 2a. All the diffraction 
patterns only show peaks from β single-phase, indicating that there was no phase trans-
formation during MAC processing, therefore the elastic modulus of Ti-45Nb maintained 
at the low level of the solid solution state [3,29]. 

Large dislocation multiplication was caused by the MAC, and the dislocation density 
was calculated by the Williamson-Hall method through the diffraction peak broadening 
model caused by the grain refinement and microstrain [30]. The dislocation density of the 
MAC-0, the MAC-9, MAC-18, and MAC-27 samples has been listed in Table 2. 

Table 2. Microstructure, mechanical and fretting wear properties of the Ti-45Nb samples. 

Sample MAC-0 MAC-9 MAC-18 MAC-27 
Average grain 

size (µm) ~ 15 ~ 0.3 ~ 0.2 ~ 0.1 

UTS (MPa) 410 ± 13 654 ± 18 699 ± 14 781 ± 11 
YS (MPa) 401 ± 12 595 ± 23 634 ± 21 707 ± 19 

Elongation 	(%) 19.8 ± 1.2 13.5 ± 1.7 10.8 ± 1.3 9.2 ± 1.0 
Reduction of 

area Ψ (%) 
77.9 ± 4.6 48.3 ± 2.3 37.8 ± 1.9 37 ± 1.5 

Dislocation den-
sity 	(1/m2) 7.09 × 1016 4.52 × 1017 2.20 × 1018 5.16 × 1018 

Hardness (Hv) 144.5 ± 3.0 189.5 ± 15.5 222.7 ± 6.2 245.5 ± 3.6 
Average COF 0.424 0.403 0.397 0.39 
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Wear rate (10−3 
mm3.N−1.mm−1) 

10.39 9.88 8.33 6.20 

To further explore the evolution of the microstructure of the MAC process, OM and 
TEM were used to observe the microstructure of the samples before and after MAC pro-
cessing. The CG microstructure of the solid-solution sample is shown in Figure 2b. The 
grains present a typical equiaxed structure, and the average grain size is approximately 
15 μm. 

 
Figure 2. (a) XRD patterns of the Ti-45Nb samples: all peaks are for the β phase; (b) OM photo of 
the MAC-0 sample; (c–e) TEM BF, DF, and SAED images of the MAC-9 sample; (f–h) TEM BF, 
DF, and SAED images of the MAC-18 sample; (i–k) TEM BF, DF, SAED images of the MAC-27 
sample. 

The UFG microstructures of the MAC-9, MAC-18 and MAC-27 samples observed by 
TEM are shown in Figure 2c–k). The TEM images of the MAC-9 sample (Figure 2c–e) show 
a rather heterogeneous microstructure composed of rather strongly elongated grains with 
the long axis parallel to the shear direction and some irregular high-density dislocation 
entanglements, as well as dislocation lamellae that indicates that under the action of elas-
tic strain energy, dislocations were in the process of evolving from an irregular entangled 
morphology to regular dislocation sheet-like structures and gradually became subgrain 



Metals 2021, 11, 454 6 of 15 
 

 

boundaries. Both bright-field (BF) and dark-field (DF) images can be used to estimate the 
grain size. It was observed that the subgrains were approximately 300 nm long, and they 
were approximately 50–80 nm wide. In the case of the MAC-18 sample (Figure 2f–h), the 
elongated grains were continuously separated and broken and gradually became approx-
imately equiaxed subcrystals. At the same time, there were still dense dislocations inside 
the grains. The grain size was reduced to approximately 200 nm at this time, and the cor-
responding selected area electron diffraction (SAED) shows discontinuous diffraction 
rings, suggesting the coexistence of grains and subgrains. As the processing strain further 
increased at 27 passes (Figure 2i–k), the subgrains became more regular, and the grain size 
was reduced to below 100 nm. It can be seen that the UFG structure can be processed by 
MAC, and the increase in the strain can promote the homogeneity of the UFG microstruc-
ture. 

3.2. Mechanical Properties 
The stress-strain curves of the MAC-0, MAC-9, MAC-18, and MAC-27 samples from 

the micro-tensile tests are shown in Figure 3, and Table 2 lists the microstructure, mechan-
ical properties and fretting wear properties of the Ti-45Nb samples. 

 
Figure 3. Stress-strain curves. 

The yield strength (YS) values of the MAC-9, MAC-18, and MAC-27 samples are ap-
proximately 48%, 58%, and 76% higher than that of the MAC-0 sample, whereas the ulti-
mate tensile strength (UTS) increases by 60%, 71%, and 91%, respectively. Normal Hall-
Petch relationship can be used to explain the continuous improvement of mechanical 
properties of MAC samples [13]: 	= 	 	+	√  or = + √  (3) 

where, σy is yield stress, H is hardness, d is grain size, and σ0, H0 andK , K  are constants 
which are independent of grain size; σ0, H0 known as frictional stress, frictional hardness 
respectively, while Ky, Ky’ are slope of the Hall-Petch relation. It was observed that as the 
size of grains decreases, the hardness and yield stress increases. Therefore, MAC pro-
cessing significantly affects the mechanical properties of Ti-45Nb, and this can be at-
tributed to the Hall-Petch hardening caused by severe grain refinement and the strong 
increase in dislocation density, entanglement makes it difficult for dislocation slippage, 
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and the deformation resistance of the alloy increases. The latter is reflected in the broad-
ening of the XRD diffraction peaks of the samples processed by MAC. In addition, with 
the increase of strain, and the continuous transformation of strain axis, the heterogeneous 
microstructure with lower pass times was significantly improved, which also helped to 
obtain better mechanical response. Compared with the elongation of 19.8% in the MAC-0 
sample, after increasing the number of passes from 9 to 27, the elongation decreases, how-
ever, the minimum elongation in the MAC sample is still higher than 9%. 

Figure 4 depicts typical SEM images of the tensile fracture surfaces of the solid solu-
tion and MAC MAC-0, MAC-9, MAC-18 and MAC-27 samples, and the reduction in the 
area of each micro-tensile sample is calculated (Table 2). Figure 4a–d display the typical 
ductile fracture dimple morphologies. Compared with the solid solution MAC-0 sample, 
the dimples of MAC-9, MAC-18 and MAC-27 samples are getting smaller and shallower, 
and deep dents and holes are also significantly reduced. This may correspond to a signif-
icant increase in the tensile strength with fair ductility. 

 
Figure 4. Tensile fracture: (a) solid solution MAC-0 sample, (b) MAC-9 sample, (c) MAC-18 sam-
ple, and (d) MAC-27 sample. 

3.3. Fretting Wear Behavior 
3.3.1. Friction Coefficient 

The dynamic COF curves of the MAC-0, MAC-9, MAC-18, and MAC-27 samples are 
shown in Figure 5. The average dynamic COF of the samples decreases with decreasing 
grain size. The COF of the MAC-0 sample is 0.424, while the MAC-27 sample shows the 
lowest COF of 0.390 with the reduction of approximately 8%. 

3.3.2. Wear Profile and Volume Wear Rate 
To further explore the influence of MAC on the characteristics and mechanism of the 

fretting wear behavior, five two-dimensional line scans taken perpendicular to the sliding 
direction were selected equidistantly from the center of each wear scar, and their profiles 
were measured using the Vision program, as shown in Figure 6a, which also can quanti-
tatively calculate the volume wear rate. The volume wear rates of each sample are shown 
in Table 2. Figure 6b shows the three-dimensional morphology of the wear scars of the 
MAC-0, MAC-9, MAC-18, and MAC-27 samples. It was observed that the wear scar pro-
file of the MAC-0 sample has the deepest grooves and the widest ridges, which cause the 
largest volume loss, with a maximum volume wear rate of 10.39 × 10−3 mm3·N−1·mm−1. 
Moreover, there are different degrees of accumulation of wear products on both sides of 
the wear scar, indicating an increasingly worn and uneven profile due to the low shear 
resistance of the MAC-0 sample that corresponds to the MAC-0 sample in Figure 7a which 
shows a larger shear ridge. The maximum wear scar depths of the samples processed by 
MAC are all smaller than that of the MAC-0 sample. As the number of passes increases 
from 9, 18 to 27, the volume wear rates were reduced by approximately 5%, 20%, and 40%, 
respectively, compared to the MAC-0 sample. In the meanwhile, their wear profiles also 
tend to have a regular triangular shape, while the widths of the wear profile decrease, 
indicating a reduction in shear spallation, which is attributed to the increase in the shear 
resistance of the samples caused by MAC. 
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Figure 5. Friction coefficient curves of the Ti-45Nb samples. 

3.3.3. Fretting Wear Surface Analysis 
During the fretting wear, the material moves to the end of the wear scar along with 

the scratch due to plastic deformation, forming a wedge-shaped mark. This wear mode is 
known as wedge formation or shear-tongue formation [31]. The shear tongues of the 
MAC-0, MAC-9, MAC-18, and MAC-27 samples are shown in Figure 7a-d. It is easy to 
observe that with the progression of MAC processing, the deformation resistance in-
creased, and the shear tongue shape became smaller and more uniform. This also corre-
sponds to the improvement in microstructure uniformity brought about by the increase 
in MAC deformation passes (Figure 2). 

The SEM images taken at the center of the sample wear scars are shown in Figure 8a–
d. The distributions of the wear scars of samples processed by MAC are more uniform, 
while a severe shear peeling layer appears in the MAC-0 sample. The image of the wear 
surface of the MAC-0 sample is shown in Figure 8a. Severe brittle spalling and material 
transfer, large spalling pits and large-scale wear debris can also be observed, which indi-
cates that severe adhesive wear and fatigue failure occurred. Figure 8b-d show the wear 
scars of the samples processed by MAC, which are mainly composed of varying degrees 
of furrows parallel to the sliding direction and slight material transfer, which indicates 
that the wear mechanism changed to slight abrasive wear and local adhesive wear. It is 
observed that as the number of processing steps increases, the depth of the furrow also 
decreases. It is worth saying that the shapes of the wear debris of the samples processed 
by MAC are also significantly different; the wear debris particles are more fragmented 
and have a small approximately spherical shapes that tend to be evenly distributed inside 
the wear scar. 
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Figure 6. Profiles of the wear scars of the Ti-45Nb samples after fretting: (a) two-dimensional mor-
phology and (b) three-dimensional morphology. 

 
Figure 7. Comparison of the shear tongue: (a) MAC-0 sample, (b) MAC-9 sample, (c) MAC-18 sample, and (d) MAC-27 
sample. 
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Figure 8. SEM images of the wear scars after the fretting test: (a) MAC-0, (b) MAC-9, (c) MAC-18, 
and (d) MAC-27. 

To further clarify the severity of adhesive wear and the protective effects of friction 
oxides, the peeling areas and wear debris particles of the samples were analyzed by en-
ergy dispersive spectrometry (EDS). The results are shown in Table 3. 

Table 3. Chemical compositions of the wear surfaces detected by EDS in Figure 8. 

Region (wt%) Ti Nb O C 
A 48 42 - 10 
B 19 18 31 32 
C 44 38 8 10 
D 45 37 10 8 
E 47 41 12 - 

No O was detected in the peeling part (A) of the MAC-0 sample, indicating that it is 
a metal peeling layer, which results in a larger wear rate [32], while a higher content of 
oxide wear debris appeared in the wear scar surface (B), indicating that oxidative wear 
occurred on the surface of the material and that the oxide did not play a protective role. 
In addition, the relatively high C content suggests that seizures may have occurred in this 
area, indicating poor running-in, and part of the abrasive material from the diamond in-
denter has also been transferred. O was detected in the wear debris of the samples pro-
cessed by MAC, but the amounts of O were lower than that of the MAC-0 sample, indi-
cating that only slight oxidative wear occurred, which did not play a dominant role in this 
study. In the analysis of the wear debris of the MAC-27 samples, no C was detected, show-
ing the slightest sticking phenomenon. 

There is a switch of wear mechanism after MAC processing. Adhesive wear occurs 
because the contact surface produces instantaneous high temperatures under the squeez-
ing action of the indenter and produces a hard bonding point with the friction pair, while 
relative movement continues to occur, under the combined action of the impact force and 
the shear force, a bonding phenomenon in which point tearing breaks occur causing sur-
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face material loss [5]. Considering that there is a certain residual stress in a deformed sam-
ple after MAC, as the volume stress can reduce the mobility of metal atoms, numerous 
experimental results show that the residual stress of the wear surface can reduce the max-
imum shear stress and equivalent stress on the surface [33], thereby improving the shear 
resistance of the material surface and helping to reduce the fretting wear. 

As plastic deformation continues to accumulate, work hardening occurs. Under the 
action of alternating stress, fatigue damage occurs on the friction surface. After a crack 
extends from the subsurface to the surface layer, a whole region of tearing and peeling 
occurs, resulting in large peeling pits. Typical large-scale wear debris can be observed 
(Figure 8a), and the size of the flake wear debris is related to the load and the ultimate 
yield strength, which is mentioned in the delamination theory of Suh [34]: 	 = 	  (4) 

where A is the area of the wear debris, W is the load, and σs is the ultimate yield strength. 
The low strength and good ductility of the MAC-0 sample generated larger wear debris, 
and the large flake wear debris particles were pushed out of the track once it was formed 
due to the centrifugal force and they accumulated at the end of the scar. The subsequent 
wear behavior has a slight impact and cannot act as a third body for protection, causing 
serious material loss. Fatigue wear is the most serious factor in fretting wear [35], and it 
accounts for the largest proportion of volume wear. According to Rowe’s modified Ar-
chard formula [33]: 	= 	K (1	 + 	α )β  (5) 

where Km is a coefficient related to material properties, α is a constant, f is a friction coef-
ficient, β is a coefficient related to surface properties, W is a load, and σs is the ultimate 
yield strength. The wear rate is inversely proportional to the ultimate yield strength of the 
material and the hardness of the material. In this study, the fine-grained Hall-Patch hard-
ening and the increase in dislocation density caused by MAC can effectively hinder crack 
propagation [36], so that large spalling pits were not easily generated, bringing about sig-
nificant work hardening that gradually increased the resistance to plastic deformation, 
thus improving the yield strength and reducing adhesive wear. 

Under the same load, the value of the COF is determined by the friction force. The 
average COF can be used to characterize the lubricity and wear resistance of a material 
over a period of time. A material with good wear resistance should have a good quality 
wear running-in surface. According to the adhesion friction theory proposed by Bowden 
et al. [37], it is believed that the friction force model is composed of two effects, namely, 
adhesion and furrowing: 	 = 	 	 +	 	= 	+ 	  (6) 

where F is the friction force, T is the shear force in the friction process, Pe is the furrow 
force, A is the adhesion area, τb is the shear strength of the adhesion node, S is the furrow 
area, and pe is the furrow force per unit area. 

A large number of experiments have proven that τb is related to the sliding speed and 
lubrication state, and it is very close to the ultimate shear strength of the softer material in 
the friction pair. The value of pe is related to the material properties, and the embedded 
depth of the hard peak decreases with increasing ultimate yield strength of the softer ma-
terial. Therefore, it can be concluded that the harder the softer material is, the smaller the 
furrow force. 

The decrease in the COF found in this study may correspond to the increase in the 
yield strength caused by MAC and the decrease in the furrow depth. At the same time, 
the samples processed by MAC had a better lubrication state during the wear process, 
which can be explained by the similar research results of Wang [38]. Due to the increased 
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strength and reduced ductility of the samples treated by MAC, the smaller wear debris 
particles are more likely to stay in the wear track, acting as third bodies, creating a certain 
isolation between the wear surface and the wear pair and assuming a certain pressure-
bearing, lubricating and anti-friction effects [39,24]. Compared with large pieces of wear 
debris sliding in the wear scar, small wear debris particles roll in the wear track like 
“balls”, causing a decrease in the COF. 

4. Conclusions 
• MAC significantly refined the grain size of the Ti-45Nb alloy and produced UFG mi-

crostructures with average grain sizes of approximately 0.3 μm (300 nm) for the 
MAC-9 sample, 0.2 μm (200 nm) for the MAC-18 sample, and approximately 0.1 μm 
(100 nm) for the MAC-27 sample compared to the MAC-0 sample with a grain size 
of approximately 15 μm. The dislocation density also increased from 7.09 × 1016/m2 to 
5.16 × 1018/m2 after 27 passes MAC processing. 

• MAC significantly improved the tensile strength and hardness of Ti-45Nb alloys. At 
the same time, the elongation of all samples remained above 9%, showing good 
strength and ductility. 

• MAC reduced the fretting wear of Ti-45Nb samples which can be mainly attributed 
to the following aspects: 

(1) MAC reduced the COF of the samples, indicating that the samples processed 
by MAC have better lubricity and wear resistance; 

(2) MAC reduced the wear rates, which was attributed to the transformation of 
the wear mechanism in the wear scar: the severe adhesive wear, fatigue wear, 
and oxidative wear of the MAC-0 sample switch into slight abrasive wear 
and adhesive wear, accompanied by slight oxidative wear of the MAC sam-
ple after 27 passes; 

(3) After MAC processing, the shape of the wear debris in the wear area changed 
from large-size flakes to small-size spherical debris particles that moved in 
the form of “rolling” and acted as a third body to bear pressure and reduce 
friction. 
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Nomenclature: 

The following physical quantities and abbreviations are used in this manuscript. 

A The area of the wear debris mm2 
A The adhesion area mm2 
BF Bright-field  - 
CG Coarse-grained  - 
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COF Friction coefficient - 
CP Commercial pure  - 
d Grain size μm 
DF Dark-field - 
ECAP Equal-channel angular pressing  - 
EDS Energy dispersive spectrometry  - 
f Friction coefficient 1 
F The friction force N ℎ The height after deformation mm ℎ  The original height of the MAC samples  mm H  Hardness constant Hv 
HPT High pressure torsion - 

ICP-OES 
Inductively-coupled plasma optical emission 
spectrometry  - 

 Volume wear rate mm3.N−1.mm−1 
Km Material properties dependant coefficient  1 Ky A slope of the Hall-Petch relation 1 K  A slope of the Hall-Petch relation 1 
MAC Multi-axial compression - 
OM Optical microscopy  - 
pe  The furrow force per unit area  N.mm−2 
Pe The furrow force in the friction process N.mm−2 
RT Room temperature  ℃ 
S  The total sliding distance mm 
S The furrow area mm2 
SAED Selected area electron diffraction  - 
SEM Scanning electron microscopy  - 
SPD Severe plastic deformation - 
T The shear force in the friction process N 
TEM Transmission electron microscopy  - 
UFG Ultra-fine-grained  - 
UTS Ultimate tensile strength MPa 

 The load N 
XRD X-ray diffraction - 
YS Yield strength MPa α Material dependent constant 1 
β Coefficient related to surface properties 1 δ	 Elongation % 
∆V The wear volume mm3 
 Accumulative strain  1 

ρ Dislocation density m−2 σ  Strength constant MPa 
 Yield strength  MPa 
 Yield strength  MPa 

τb The shear strength of the adhesion node MPa 
Ψ Reduction of area  % 
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