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Abstract: Ti and its alloys have become one of the most widely used biomedical metal materials due to their lightweight, low elastic 

modulus, excellent biocompatibility, and superb osseointegration. However, their low plasticity, inferior corrosion resistance, and poor 

wear resistance restrict the development and applications of Ti and its alloys. Severe plastic deformation is considered as one of the 

most effective methods for grain refinement of metal materials. Additionally, equal channel angular pressing (ECAP) is the commonly 

used preparation method for bulk ultrafine-grain (UFG)/nanocrystalline metal materials. Through ECAP deformation, UFG Ti and its 

alloys with superior comprehensive properties can be prepared. In this research, the progress of ECAP preparation for biomedical 

UFG Ti and its alloys was reviewed. The effects of ECAP deformation on the microstructure, mechanical properties, corrosion 

resistance, and wear resistance of Ti and its alloys were discussed. The deformation and grain refinement mechanisms were analyzed. 

The development direction of further optimization in the properties of Ti and its alloys through ECAP coupled with traditional plastic 

working methods and post-deformation heat treatment was proposed.
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Biomedical materials can be used in human body as intra-
vascular stents, cardiac simulator, and replacement implants 
for hips, knees, shoulders, and dentistry[1–2]. The implants have 
experienced rapid development in recent years[3]. Generally, 
the invalid implants are mainly caused by the mismatch in 
elastic modulus between the bones and implants, low strength, 
the generation of debris, metal ion release, and rejection 
reaction of the human body[4]. The ideal implant material is 
required to have low elastic modulus (15–30 GPa), excellent 
mechanical strength (fatigue strength), excellent corrosion 
resistance, great wear resistance, non-toxic elements, and 
excellent biocompatibility matching with human bones[5–6]. 
Therefore, based on the abovementioned considerations, 316L 
stainless steel (18Cr-14Ni-2.5Mo, wt% ), Co-Cr-based alloys, 
and Ti and its alloys are widely employed as metallic implant 
materials[7–10]. However, the elastic modulus of 316L low-
stress steel and Co-Cr-based alloy is too high of about 210 and 
240 GPa, respectively, which is much higher than that of the 
human bone and prone to stress shielding effect, resulting in 
the loosening of implants[11]. In addition, during long-term 

service, the release of Ni and Co elements in the alloy is 
cytotoxic[12–14]. Ti and its alloys are ideal materials for human 
implants due to their lightweight, elevated specific strength, 
low elastic modulus, favorable corrosion resistance, excellent 
biocompatibility, and superior osseointegration[15–17]. Three 
generations of Ti and its alloys have been developed as 
biomedical materials[18]. The first generation is the α -type Ti 
alloy, such as pure Ti and Ti-6Al-4V alloy. The application of 
commercially pure Ti as body implants is restricted due to the 
low microhardness and poor wear resistance of pure Ti[19]. 
Despite its high mechanical properties, the wear resistance of 
Ti-6Al-4V alloy is inferior. Meanwhile, the Al and V ions are 
cytotoxic[20]. However, Ti-6Al-4V alloy is still the most widely 
used surgical Ti alloy. The second generation Ti alloy is α+β 
type Ti alloys, such as Ti-5Al-2.5Fe and Ti-6Al-7Nb alloys, 
which have high elastic modulus and are prone to stress 
shielding effects. However, the Al ion has cytotoxicity[21–23]. 
Zr, Mo, Ta, Nb, and other alloying elements replace the Al 
element in the Ti-based alloys, thereby forming the third-
generation β -type Ti alloys. Ti-Nb series, Ti-Zr series, Ti-Mo 
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series, and Ti-Ta series alloys also attract much attention, 
which have higher strength, lower elastic modulus, and better 
biocompatibility, as ideal biomedical materials[24–34].

Ti and its alloys have high friction coefficient and inferior 
wear resistance, and the wear resistance normally has a 
positive relationship with the corrosion resistance of alloys. 
Therefore, the wear and corrosion usually jointly damage the 
materials. Compared with Co-Cr-based alloys and low-stress 
steels, Ti alloys have worse corrosion properties and frictional 
and wear properties. Wear debris can be found in the tissue 
adjacent to the implant, leading to adverse cellular responses 
and implant loosening[35–36]. Equal channel angular pressing 
(ECAP) is an “internal and external” material processing 
method to prepare bulk nanocrystalline/ultrafine-grain (UFG) 
materials through severe plastic deformation[37–38]. Through 
ECAP deformation, the strength, microhardness, corrosion 
resistance, and fatigue properties of metal materials can be 
effectively improved with maintaining the good plasticity[39–43]. 
Currently, ECAP deformation has been usually applied to 
prepare UFG Ti, Mg, Al, Cu, and their alloys[44–52].

In this research, the preparation progress of the UFG Ti and 
its alloys  by ECAP deformation was reviewed. The effects of 
ECAP deformation on the microstructure, mechanical 
properties, corrosion properties, and wear properties of 
biomedical Ti and its alloys were summarized. The 
mechanisms of ECAP deformation and grain refinement for 
biomedical Ti and its alloys were discussed. The development 
prospects of biomedical Ti and its alloys were proposed.

11  Microstructure of ECAP Ti and Its Alloys  Microstructure of ECAP Ti and Its Alloys

1.1  Microstructure characteristics 

It is well known that ECAP deformation can efficiently 

refine the grain size of metallic materials to obtain bulk UFG 
materials. The microstructure and grain size distributions of 
Ti-6Al-7Nb alloy after ECAP deformation are shown in 
Fig. 1[22]. Generally, the grain becomes finer with increasing 
the deformation passes, and normally the most significant 
grain refinement effect can be observed during the first two 
passes. The grain refinement reaches saturation state after 6–8 
passes of ECAP deformation. Gunderov et al[53] conducted 
ECAP deformation with different passes on commercially 
pure Ti at 200 °C. It is found that after 6 passes, the grain size 
is 174 nm, whereas after 8 passes, the grain size increases to 
195 nm. During the ECAP deformation, the material is sub-
jected to severe shear forces, and a lot of crystal defects, such 
as dislocations and twinning, are introduced into the micro-
structure. It is generally believed that both dislocation slip and 
twinning occur during ECAP deformation, and the dislocation 
slip results in the lath microstructure. However, the mecha-
nisms of deformation and grain refinement are complex. Wang 
et al[54] found that during ECAP deformation of Ti-1300 alloy, 
the coordination of grain rotation, intragranular multi-system 
slip, and dislocation-staggered arrangement at the grain 
boundary occurs, resulting in the unbroken grain boundary.

As a novel biomedical material with high strength and low 
elastic modulus, the microstructure evolution characteristics 
and deformation mechanism of β -Ti alloys during ECAP 
deformation attract much attention[55]. Li et al[56] performed 
ECAP deformation on Ti-36Nb-2Ta-3Zr alloy at room temper-
ature. After ECAP process, the average grain size of β matrix 
and α″ martensite phase is significantly refined to 600 and 
250 nm after 3 passes, and it is further reduced to 250 and 120 
nm after 6 passes, respectively. The dominant deformation 
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Fig.1　Microstructure (a–b) and grain size distributions (c–d) of coarse grains (a, c) and fine grains (b, d) in Ti-6Al-7Nb alloy[22]
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mechanism of the coarse-grained Ti-36Nb-2Ta-3Zr alloy 
during ECAP process at room temperature involves the stress-
induced martensitic transformation and dislocation activity. 
Lin et al[57] obtained the Ti-35Nb-3Zr-2Ta alloy with ultrafine 
equiaxed grains after ECAP deformation of 4 passes. Shear 
bands with intersecting networks and the twinned martensitic 
variants of herringbone microstructure can be observed after 
ECAP deformation process. Suresh et al[58] found that the grain 
refinement mechanism of Ti-13Nb-13Zr alloy is the local 
lattice rotation and dynamic recrystallization during ECAP 
deformation.

The proposed grain refinement mechanisms in ECAP 
deformation, including the dislocation structure evolution, 
shear band refinement, dynamic recrystallization refinement, 
and twin refinement, cannot lead to some specific microstruc-
ture features in the deformation process. Recently, the contin-
uous dynamic recrystallization and grain subdivision mecha-
nisms have been proposed. It is proved that the continuous 
dynamic recrystallization occurs in Ti alloys during ECAP 
deformation[59]. The mechanism of continuous dynamical 
recrystallization suggests that during the early stages of ECAP 
deformation, a lot of dislocations pile up at the original large 
angle grain boundaries, forming dislocated disentangled zones 
and lath structures. With increasing the strain, the dislocation 
density is increased, and the disentangled regions of the lath 
and dislocations evolve into dislocation cells, which contin-
uously absorb the nearby dislocations. When the density of 
dislocation cell wall reaches a critical value, a large number of 
dislocations with different orientations are offset by each 
other, resulting in the gradually clear cell wall which further 
evolves into the sub-crystal. Then, the continuous dynamic 
recrystallization occurs, and the sub-grain is gradually trans-
formed into equiaxed UFG microstructure with large angle 
grain boundaries[60]. The formation of UFG structure by ECAP 
can be explained by the grain subdivision mechanism, as 
shown in Fig. 2[61]. During ECAP deformation, multiple slip 
systems are activated due to the constraints of adjacent grains. 
The activation of different slip systems in different grain 
regions leads to different local crystal rotations, which results 
in the evolution of misorientation between adjacent regions 
and the geometrically necessary boundaries (GNBs). Numer-
ous dislocations are also stored in the regions divided by 

GNBs, and the low-energy configurations, namely incidental 
dislocation boundaries (IDBs), are gradually formed. With 
increasing the strain, the original grains are subdivided by 
GNBs and IDBs, and finally the UFG structure is formed[62].

Ti has hexagonal close-packed (hcp) crystal structure and a 
few independent slip systems, which restricts its plastic 
deformation. However, the commercially pure Ti still exhibits 
good plasticity at room temperature due to the activation of 
twinning during plastic deformation. The main deformation 
twinning in pure Ti during ECAP deformation at room temper-
ature includes {101̄2} tensile twin, {112̄1} tensile twin, and  
{112̄2} compression twin. Generally, the activation of {101̄1} 
twins requires high temperature and pressure[63–65]. However, it 
is found that {101̄1} twins can be activated in pure Ti at room 
temperature. This is due to the severe shear force and large 
strain rate during ECAP deformation[66]. Temperature, strain 
rate, texture, and chemical composition all have significant 
effects on deformation twins. Also, the twins are highly 
sensitive to the grain size. The larger the grain size, the easier 
the activation of twins[67]. The deformation mechanism of 
UFG materials prepared by ECAP deformation also includes 
the grain boundary slip[68]. When the grain size is refined to 
the ultrafine or nanocrystalline scale, the grain size has a 
significant influence on the deformation mechanism. Zhu et 
al[69] studied the effect of grain size on the deformation 
mechanism. When the grain size is larger than 100 nm, the 
deformation mechanism is the dislocation slip. When the grain 
size is about 50 nm, the deformation mechanism is mainly 
dominated by the generation and annihilation of dislocations 
at the grain boundaries. When the grain size reduces to 10–50 
nm, the deformation mechanisms are dislocation and twin 
coordination deformation. When the grain size is less than 10 
nm, the deformation mechanism is dominated by grain 
boundary slip. Generally, the grain boundary slip only occurs 
at high temperatures. However, during severe plastic 
deformation, grain boundary slip can also occur at relatively 
low temperatures or even at room temperature.
1.2  Influence factors 

ECAP deformation parameters, such as deformation 
temperature, route, pass, die angle, die size, extrusion speed, 
back pressure, and lubricant, can affect the morphology and 
homogeneity of the microstructure and mechanical properties 
of deformed materials. It is demonstrated that the angle 
between the channels, the outer angle, and the friction coeffi-
cient also have great influence on the strain homogeneity and 
the quality of the ECAP deformed materials[70–71]. Jiang et al[72] 
used Deform-3D software to simulate the effect of different 
influence factors on Ti-6Al-4V alloy during ECAP process. It 
is shown that the effect of equivalent stress and flow velocity 
on deformed alloy is more obvious than that of friction 
coefficient and temperature. Additionally, the extrusion force 
and the magnitude and distribution of equivalent strain are 
extremely sensitive to the friction coefficient.
1.2.1　Effect of deformation temperature

The higher the deformation temperature, the easier the 

Fig.2　Schematic diagram of grain subdivision mechanism during 

ECAP deformation[61]
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recovery during ECAP deformation, and the easier the grain 
growth, thereby degrading the refining effect[73]. However, 
ECAP deformation is particularly difficult for Ti with hcp 
structure at room temperature. Increasing the deformation 
temperature can effectively increase the processability of Ti. 
Therefore, a large number of researches focus on the ECAP 
deformation of Ti and its alloy at high temperatures. Semiatin 
et al[74] found that when the temperature increases to 275 °C or 
above, the alloy has smooth surface and no cracks can be 
observed. Zhao et al[75–76] successfully achieved ECAP defor-
mation of commercially pure Ti at room temperature. Hu et 
al[77] used DEFORM software to simulate the ECAP process of 
pure iron-clad TA15 Ti alloy at room temperature. Based on 
the simulation analysis, the room temperature ECAP deforma-
tion of TA15 Ti alloy was successfully completed. Shahmir et 
al[78] achieved ECAP deformation of Ni-50.2at% Ti alloy at 
room temperature through core-sheath configuration. The 
ECAP deformation of 59Ti-36Nb-2Ta-3Zr Ti alloy can also be 
conducted at room temperature[78]. However, some Ti alloys 
cannot achieve ECAP deformation at room temperature due to 
their high strength, high microhardness, poor machinability, 
and insufficient lubrication. Besides, the low bearing capacity 
of hydraulic press also restricts the ECAP deformation at 
room temperature.
1.2.2　Effect of deformation route

The schematic diagram of typical ECAP deformation routes 
is shown in Fig.3, including route A, route BA, route BC, and 
route C[79]. The shear strain paths resulting from different 
deformation routes are shown in Fig. 4[79]. It can be seen that 
the grain refinement can be achieved by multi-pass 
deformations with different routes, and the grain refinement 
through route BC is the most effective. Route BA has the worst 
refinement effect due to the strain offset phenomenon in the 
deformation process of adjacent passes[80]. Suh et al[81] believed 
that the material has the best elongation after deformation by 
route C, and presents the isotropic hardening behavior after 
deformation by route BC. Therefore, route BC and route C are 
commonly used ECAP route.
1.2.3　Effect of deformation passes and die angle

The cumulative equivalent strain calculation in ECAP 
deformation can be expressed by Eq.(1), as follows:

εN =
N

3

é
ë
êêêê2cot ( φ2 +

ψ
2 ) + ψ csc ( φ2 +

ψ
2 )ùûúúúú (1)

where N is the number of ECAP passes, φ is the angle 
between channels, and Ψ is the outer angle. Thus, with 
increasing the deformation passes, the equivalent strain is 
increased, and the deformation is more severe. It is known 

that the grain is gradually refined with increasing the number 
of ECAP deformation passes. The first 2 passes have the best 
refinement effect, and the grain refinement reaches saturation 
after deformation for 6–8 passes. With further increasing the 
deformation passes, the grain refinement effect is less 
obvious, but the microstructure homogeneity is increased. 
This is because the misorientation between the grains 
increases and the small angle grain boundaries change to the 
large angle grain boundaries.

The angle between channels (Φ) is the most significant 
factor affecting the strain and grain refinement effect[82]. It is 
easy to obtain refined and uniform equiaxed grains after defor-
mation with Φ=90° . When Φ<90° , the deformation is more 
severe, but the alloy easily breaks due to deformation harden-
ing during ECAP deformation. When Φ>90° , the single-pass 
deformation strain is slight, but the alloy can be repeatedly 
extruded to achieve the ideal grain refinement effect[83].
1.2.4　Effect of lubrication

ECAP deformation strongly depends on the friction coeffi-
cient. Reducing the friction coefficient can improve the micro-
structure uniformity and surface quality, reduce the extrusion 
force, and thus achieve better ECAP deformation of the alloy[84]. 
Hasani-Najafabadi et al[85] analyzed the lubrication effects of 
graphite, molybdenum disulfide, and zinc stearate on ECAP 
deformation of AL2024 alloy. It is found that the zinc stearate 
has better effects than other lubricants in ECAP process.

In addition, the extrusion speed, back pressure, die size, and 
other factors can also affect the deformation microstructure 
and properties of ECAP deformed materials[86–88]. The modern 
ECAP equipment and die can also be ameliorated to expand 
the application of ECAP technology[89–91].

22  Effect of ECAP Deformation on Properties of Ti   Effect of ECAP Deformation on Properties of Ti 
and Its Alloysand Its Alloys

After ECAP deformation, the grains of Ti and its alloy are 
refined, a large number of defects appear in the 

Fig.3　Schematic diagram of different ECAP deformation routes[79]

Fig.4　Shear strain paths for route BC (a), route BA (b), and route C (c) for 90° die of ECAP deformation[79]
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microstructure, the preferred orientation is formed, and the 
stress concentration is relatively large. As a result, the strength 
and hardness of the material increase, the plasticity decreases, 
and the resistance against corrosion, wear, fatigue, and creep 
is improved. The property variation of Ti and its alloys after 
ECAP deformation is summarized in Table 1.
2.1  Mechanical properties 

The UFG materials prepared by ECAP contain a large 
number of non-equilibrium large angle grain boundaries, 
which exhibit some properties different from those of 
conventional coarse grain materials, such as higher strength, 
higher microhardness, and lower strain hardening capability. 
Numerous studies have shown that the strength of Ti and its 
alloys can be effectively enhanced after ECAP deformation, 
while the plasticity is within acceptable limits. In addition, Ti 
is a metal with high melting temperature, and its microhard-
ness is normally increased with increasing the ECAP deforma-
tion passes until it is saturated under a large strain[92]. How-
ever, when the ECAP deformation increases, the strength of 
the material approaches the saturation state. There also have 
been numerous attempts to enhance the uniform ductility of 
UFG Ti and its alloys or even to achieve room temperature 
super-plasticity[107–109]. Kuramoto et al[110] found that the 
optimal combination of ultra-high strength and high ductility 
can be achieved through lattice softening effect. The 
mechanical properties of ECAP-deformed Ti and its alloys are 
summarized in Table 2.

Grain refinement strengthening is one of the important 
strengthening mechanisms of metal materials[98]. The grain 

refinement behavior of ECAP-deformed Ti and its alloys is 
mainly caused by the combination effect of mechanical shear 
strength and dynamic recrystallization. It can be seen from the 
typical Hall-Petch relationship that the strength of metallic 
material can be significantly increased with decreasing the 
grain size. However, when the grain size is smaller than a 
certain critical value, the inverse Hall-Petch relationship 
occurs due to the transition of the deformation modes. Zheng 
et al[99] treated the pure Mg by severe plastic deformation 
followed by annealing to obtain the fully recrystallized UFG 
alloys. The grain size depends on the yield stress and total 
elongation of pure Mg with different average grain sizes, and 
their relationship is shown in Fig.5. The yield stress obeys the 
typical Hall-Petch relationship in the Region I (coarse-grained 
region), then is negatively deviated in the Region II (fine-
grained region), and eventually exhibits the inverse Hall-Petch 
relationship in the Region III (UFG region).

By characterizing the microstructure of ECAP-deformed 
materials, the influence of dislocation and grain boundary on 
the yield strength of materials can be quantified. The yield 
strength can be expressed by Eq.(2), as follows:
σ=σ0+σgb+σd (2)

where σ0 is the strengthening effect of friction stress, σgb is the 
grain boundary strengthening, σd is the dislocation 
strengthening. The grain boundary strengthening σgb can be 
expressed by Eq.(3) [112], as follows:

σgb=σLABs+σHABs=( MaG 3 || b θLAB (1-f ) +kHP F ) D-1/2
b (3)

where σLABs and σHABs are the strengthening contributions of 
low-angle boundaries (LABs) and high-angle boundaries 
(HABs), respectively; M is the Taylor factor; a is a constant of 
the order of 0.1–0.5; G is the shear modulus; b is the Burgers 
vector; θLAB is the mean LAB misorientation; f is the HAB 
fraction; kHP is Hall-Petch constant; Db is the mean equivalent 
fragment diameter. The dislocation strengthening σd can be 
expressed be Eq.(4), as follows:
σd = MaG || b ρ0.5 (4)

where ρ is the density of free dislocations. Dyakonov et al[113] 
deformed the pure Ti (grade 4) by ECAP at 200 ° C for 12 
passes. It is calculated that σLABs, σHABs, and σd is 406, 167, and 
119 MPa, respectively. The calculated yield stress is 1117 

Table 1　Property variation of Ti and its alloys after ECAP 

deformation

Property

Strength

Microhardness

Plasticity

Corrosion

Wear

Variation trend

Increasing

Increasing

Decreasing

Increasing

Decreasing

Increasing

No change

Ref.

[79,92–99]

[78,92–94,97–98]

[92–99]

[100–103]

[104]

[105–106]

[102]

Table 2　Summary of mechanical properties of ECAP deformed Ti and its alloys

Ti and its alloys

TA1

TA1

TA2

TA4

Ti-6Al-4V

Ti-6Al-4V

Ti-35Nb-3Zr-2Ta

Ti-6Al-7Nb

Ni-50.2Ti

Ti-36Nb-2Ta-3Zr

ECAP parameter

Room temperature, 120°, BC, 8 passes

Room temperature, 90°, C, 4 passes

450 °C, 90°, BC, 8 passes

450 °C, 90°, BC, 4 passes

650 °C, 120°, BC, 8 passes

450 °C, 120°, BC, 4 passes

500 °C, 90°, BC, 4 passes

600 °C, 120°, BC, 6 passes

Room temperature, 90°, C, 4 passes

Room temperature, 120°, BC, 6 passes

Ultimate tensile strength/MPa

791

630

710

1240

1039

1432

765

1210

-

753.7

Hardness, HV/×9.8 MPa

264

228

272

-

-

392

216

-

214‒304

-

Elongation/%

19

17.6

14

1.6

10

-

16

12

-

19.1

Ref.

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[78]

[56]
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MPa, while the measured yield stress is 1045 MPa. The differ-
ence between the calculated and the measured yield stress is 
very small, suggesting that the enhancement effect of ECAP is 
mainly related to the grain refinement, and the contribution of 
substructure to the enhancement effect cannot be neglected.

In addition, the studies on tensile and compressive defor-
mation behavior of UFG pure Ti mainly focus on the proper-
ties of true stress-true strain curve, deformation, fracture pro-
perties, strain rate sensitivity to flow stress, and strain harden-
ing index. Alexandrov et al[114] found that the strain hardening 
of UFG pure Ti is decreased with the ECAP process proceed-
ing. Jia et al[115] found that the strain rate sensitivity index of 
UFG pure Ti is significantly lower than that of chemically 
pure (CP) Ti, indicating that the uniform plastic deformation 
ability and work hardening ability of UFG pure Ti are inferior.
2.2  Corrosion properties 

The corrosion properties of metallic materials are mostly 
investigated through electrochemical potentiodynamic polari-
zation experiments, or mass loss experiment by immersion 
tests. The corrosion kinetics is related to the corrosion mode, 
and the corrosion mechanism is related to the material 
microstructure. The corrosion properties of UFG Ti and its 
alloys are still unclear. Generally, the passivity of UFG Ti 
obeys the Ralston rule, and the corrosion resistance is 
improved after ECAP deformation[116]. Balakrishnan et al[117] 
conducted 4 passes of ECAP deformation on CP Ti (grade 2) 
at 350 °C, and compared the corrosion properties of CP Ti and 
UFG Ti in simulated body fluid. The results show that the 
corrosion resistance of UFG Ti is 10 times higher than that of 
CP Ti due to the faster surface passivation and stronger oxide 
film under the influence of dislocation and residual 
compressive stress. Balyanov et al[118] compared the 
electrochemical corrosion properties of CP Ti and UFG Ti 
prepared by ECAP in HCl and H2SO4 solutions of different 
concentrations, and pointed out that UFG Ti has lower 
corrosion current density and slower corrosion rate than CP Ti 
does. Suresh et al[58,100] conducted 8 passes of ECAP 
deformation on Ti-13Nb-13Zr alloys at 600 ° C with the die 
angle of 120° through route BC. It is found that the corrosion 
properties of Ti-13Nb-13Zr alloy deformed by ECAP are 

greatly improved. Although ECAP deformation can improve 
the corrosion resistance of Ti and its alloys, several 
contradictory results[101] are also reported.

The corrosion properties of materials can be affected by 
grain size, grain size distribution, passivation properties, 
texture, segregation of alloying elements, residual stress, and 
corrosive medium[102–104]. Miyamoto et al[101] believed that the 
relationship between corrosion resistance and grain size is 
decided by the degree of local corrosion, rather than the active 
or passive state. Qin et al[119] found that grain refinement can 
improve the stress corrosion resistance by increasing the 
number of grain boundaries. Hashemi et al[120] reported that the 
corrosion resistance of ECAP-deformed pure Ti is enhanced, 
which is related to the influence of grain refinement on the 
formation of passive film. Gollapudi et al[121] found that the 
grain size determines the thickness, density, and element 
distribution of the passive film, and the grain size distribution 
significantly affects the uniformity of the passive film, thereby 
affecting the electrochemical corrosion performance of the 
material. For UFG materials with the similar average grain 
size, the wider the grain size distribution, the worse the 
corrosion resistance[122].

Miyamoto et al[123] reported that the introduction of high-
density lattice defects during ECAP process can enhance the 
corrosion kinetics. Hoseini et al[124] found that the presence of 
texture significantly improves the corrosion resistance of UFG 
Ti. Different types of texture have different effects on 
polarization resistance and corrosion current density, and the 
basal texture of UFG Ti can exert the optimal corrosion 
resistance[124–125]. Moreover, Kim et al[126] showed that the 
gradually enhanced basal texture and the continuously refined 
grain size jointly promote the corrosion resistance of UFG Ti. 
As for the influence of corrosive medium, it is found that the 
corrosion resistance of UFG materials is better than that of 
coarse-grained materials in passive environments[127].

In conclusion, after ECAP deformation, the significant 
grain size refinement, texture formation, a large number of 
defects, and stress concentration can all be observed in the 
deformed alloy. On the one hand, the grain refinement leads to 
the high-density grain boundaries in the microstructure, which 
reduces the segregation of impurity atoms at the grain 
boundaries, thereby resulting in the more uniform 
electrochemical properties of the material surface and 
reducing the grain boundary corrosion. Additionally, the grain 
boundary energy is higher, which can increase the surface 
reactivity by exciting the electronic activity and diffusion, 
thus improving the adhesion of passivation layer. On the other 
hand, the passive film is generated at the lattice defects, and 
ECAP deformation introduces high-density dislocations and 
residual stress, which improves the formation rate of passive 
film. Therefore, ECAP deformation improves the corrosion 
resistance of the Ti and its alloys.
2.3  Wear properties 

The common wear performance test is the contact 
reciprocating wear test, as shown in Fig. 6[36]. The wear 
properties can be quantitatively characterized by calculating 
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Fig.5　Relationship between yield stress and grain size[99]
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the friction coefficient. The wear mechanism of metal 
materials includes the adhesive wear, abrasive wear, fatigue 
wear, corrosive wear, oxidation wear, and delamination wear. 
Ti alloys have inferior friction and wear properties due to their 
low work hardening rate, inferior plastic shear resistance, and 
low surface hardness[128]. The wear properties of Ti and its 
alloys are affected by the synergistic effects of load, sliding 
speed, temperature, wear materials, and friction medium. 
Generally, the greater the load, the smaller the sliding speed, 
the lower the temperature. Besides, the greater the hardness of 
abrasive material, the greater the wear rate of material.

ECAP can effectively improve the mechanical strength and 
wear resistance, which has been widely used for Al alloys, Mg 
alloys, Cu alloys, and steels[129–132]. Moreover, ECAP deforma-
tion route may affect the wear properties[133]. Currently, the 
effect of ECAP on the wear properties of Ti and its alloys is 
rarely reported. The comparative study on the wear properties 
of CP Ti and UFG Ti shows that the UFG microstructure leads 
to the lower adhesive composition, which reduces the friction 
coefficient and improves the wear properties[134]. Zhang et 
al[135] investigated the effect of ECAP deformation on oxide 
layer formation and wear properties of pure Ti surfaces. The 
results show that ECAP process can promote the formation of 
oxide layer on Ti surface and improve the microhardness and 
wear resistance of oxide layer. Repeated loading due to 
reciprocal friction induces the permanent plastic deformation 
on the material surface, which leads to the dislocation slip in 
the internal microstructure. The dislocation slip is blocked at 
the grain boundaries, forming a plug which gradually results 
in the large stress concentration. When the stress exceeds the 
yield limit of material, microcracks are initiated and then 
expanded with increasing the wear depth, eventually leading 
to the formation of worn debris. The fine grain strengthening 
of ECAP-deformed materials results in the increase in yield 
stress, which increases the critical stress of dislocation slip, 
enhances the deformation resistance, delays the occurrence of 
plastic deformation and cracks, and finally improves the wear 
resistance[136]. It is reported that the higher hardness and lower 
ductility can effectively reduce the adhesive wear of materials. 
In conclusion, ECAP deformation can improve the wear 
resistance of Ti and its alloys.

Generally, the higher the microhardness, the lower the wear 

rate during the abrasive wear. However, Stolyarov et al[137] 
found that there is no notable difference in the wear resistance 
under different microstructures and microhardness. Therefore, 
the influence mechanisms of wear properties are still obscure, 
which should be further studied.

33  Restrictions and Development  Restrictions and Development

Although ECAP shows great application potential, several 
restrictions of ECAP deformation still exist. (1) ECAP 
deformation has refinement limit and strengthening limit due 
to the dislocation recovery. Normally, after deformation for 6–
8 passes, the material strength is decreased with increasing the 
deformation passes[138]. (2) The shape and size of the die 
restrict the product size in practical application. Combining 
ECAP with traditional plastic processing can solve the 
problem of strengthening limit and improve the material 
properties. Stolyarov et al[137] combined ECAP (8 passes) with 
cold rolling to prepare UFG CP Ti with the yield stress of 
1000 MPa. Semenova et al[138] combined ECAP (8 passes) 
with forging and drawing to prepare CP Ti, and the yield 
stress of UFG CP Ti also reached 1000 MPa. Polyakov et al[139] 
combined ECAP (8 passes) with cold drawing to prepare UFG 
CP Ti, and its yield stress reached 1220 MPa. Therefore, the 
combined deformation method of ECAP with traditional 
plastic processing can solve the problems of strengthening 
limit and product size.

In addition, the post-deformation heat treatment process has 
been proposed, which can simultaneously improve the 
strength, plasticity, and even corrosion properties of the 
material[140–143]. Gu et al[42] performed rotary-die-ECAP defor-
mation (4 passes) on CP Ti (grade 2) at 420 ° C. After 
deformation, the alloys are subjected to annealing at 300 ° C 
for 15, 30, and 60 min. The results show that after annealing, 
due to the enhancement of basal texture, the strength of the CP 
Ti is increased and the corrosion performance is improved. 
Semenova et al[94] conducted ECAP deformation of 4 passes+
hot rolling+drawing on CP Ti (grade 4) at 450 °C with die of 
90° and route BC followed by annealing at 300–500 °C for 1 h. 
The results show that the grain size of deformed pure Ti is 150 
nm, the ultimate tensile strength is 1240 MPa, and elongation 
is 1.6%. After annealing at 350 °C for 1 h, the ultimate tensile 
strength is 1320 MPa, and the elongation is 2.6%. After 
annealing at 350 ° C for 6 h, the grain size is 170 nm, the 
ultimate tensile strength is 1450 MPa, and the elongation is 
4.5%. The simultaneous enhancement in strength and ductility 
after annealing is caused by the recovery of the non-
equilibrium grain boundaries, the rearrangement of the grain 
boundary structure, and the segregation of impurity atoms. 
Therefore, the appropriate thermal treatment of UFG Ti and 
its alloys can further improve the properties.

44  Conclusions  Conclusions

In recent years, β -type Ti alloys show great potential in 
biomedical applications due to their excellent properties. In 
this research, the microstructure, mechanical properties, 

Fig.6　Schematic diagram of wear test[36]
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corrosion resistance, and wear resistance of ultrafine grain 
(UFG) biomedical Ti and its alloys prepared by equal channel 
angular pressing (ECAP) were reviewed. ECAP deformation 
and grain refinement mechanisms of Ti and its alloys were 
discussed. It is of theoretical and practical significance to 
improve the corrosion and wear properties of β-type Ti alloys 
for their potential performance in the biomedical field.
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ECAP制备超细晶生物医用钛及钛合金的研究进展

强 萌，杨西荣，刘晓燕，罗 雷

(西安建筑科技大学  冶金工程学院，陕西  西安  710055)

摘 要：钛及钛合金由于质轻、弹性模量低、生物相容性佳和骨整合性优异，已成为应用最广泛的生物医学金属材料之一。然而，较低

的塑性、耐腐蚀性能和耐磨损性能限制了其发展和应用。剧烈塑性变形被认为是对金属材料最有效的晶粒细化方法之一，其中，等通道

转角挤压（ECAP）是制备块状超细晶（UFG）/纳米晶金属材料的常用技术。通过ECAP变形，可以制备具有优异综合性能的UFG钛及

钛合金。本文综述了生物医用UFG钛及钛合金的ECAP制备方式，着重讨论了ECAP变形对钛及钛合金的组织、力学性能、耐腐蚀性能

和耐磨损性能的影响，分析了钛及钛合金的ECAP变形机制和晶粒细化机制，提出了通过ECAP变形结合传统塑性加工和变形后热处理

来进一步优化钛及钛合金综合性能的想法。

关键词：钛合金；ECAP；UFG；耐腐蚀性能；耐磨损性能
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