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Abstract: Titanium with gradient nano-to-micron scale grains from surface to matrix was fabricated by surface mechanical grinding 
treatment (SMGT) at room temperature. The SMGT-treated titanium shows higher strength than that of as-received one, but moderate 
ductility between those of ultra-fine grained (UFG) and coarse-grained titanium. Tensile stress−strain curves of SMGT-treated 
titanium show double strain hardening regimes. The strain hardening rate (dσ/dε) decreases with increasing strain in tensile 
deformation. The high strain hardening rate at initial yielding is attributed to nano-to-micron-grained surface layer. The low strain 
hardening rate at large plastic strain regime primarily results from coarse-grained matrix. The SMGT-treated titanium shows a ductile 
fracture mode with a large number of dimples. The small size of dimples in the treated surface layer is due to the combination of the 
high strength and strain hardening exponent. The difference between dimple size in nano-to-micron-grained surface layer and 
coarse-grained matrix is discussed in terms of plastic zone size at the tip of crack in the SMGT-treated titanium. 
Key words: surface mechanical grinding treatment; commercially pure titanium; gradient nano-to-micron grain; strain hardening; 
dimple  
                                                                                                             
 
 
1 Introduction 
 

Grain refinement to submicron and nanometer 
scales can significantly enhance the strength of metals by 
introducing a great number of grain boundaries and 
crystal defects [1−10]. However, the uniform plastic 
deformation capability is dramatically restricted in the 
nano-grained (NG) and ultra-fine grained (UFG)  
metals [11−15]. Consequently, the brittleness, which has 
been attributed to the absence of strain hardening, is 
displayed since tiny NG/UFG grains have very low 
dislocation storage efficiency [16,17]. Dislocation slip in 
NG and UFG metals is more severely restricted than the 
coarse-grained ones due to the following two reasons. 
Firstly, nanoscale grains suppress dislocation slip but 
facilitate grain boundary sliding. However, the amount of 
plastic deformation in the latter is not large enough to 
accommodate the large plastic strain. Secondly, high 
density of dislocations or lattice distortions due to severe 
plastic deformation becomes strong barriers to 
dislocation slip. As a result, strain localization (necking 
instability) quickly occurs after yielding and little 

uniform elongation exhibits during tension. The 
brittleness of nano-grained and ultrafine-grained metals 
prepared by severe plastic deformation (SPD), which 
significantly restricts their wide application, has been 
considered to be intrinsic property [4]. 

WANG et al [18] proposed that a proper population 
of coarse grains embedded in fine grains could 
substantially enhance the strain hardening capacity and 
ductility of NG/UFG metals. The metals with bimodal 
grain size distribution can be expected to have an 
excellent combination of strength and ductility. Strain 
hardening induced by inhomogeneous microstructures 
can stabilize the tensile plastic deformation and result in 
a large tensile ductility (~65%) and uniform elongation 
(~30%) at a slight cost of yielding stress. The similar 
results were also obtained by RAJU et al [19] in Cu−Ag 
alloys. On the other hand, LU et al [20−22] found that 
NG copper film with a spatial gradient grains in a bulk 
coarse-grained (CG) copper exhibited superior 
mechanical properties as well. They proposed that 
coarse-grained substrate could suppress strain 
localization of nano-grained surface layer. Consequently, 
nano-grained surface layer, which has high strength, 
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shows a comparable ductility with coarse-grained matrix 
of copper. The formation of nano-to-micron-grained 
surface layer in the severe deformation process was also 
discussed in detail [23,24]. The tensile properties of pure 
titanium after surface mechanical grinding treatment 
have been reported to be higher than those of coarse- 
grained titanium [25]. However, more experimental 
results are needed to reveal the effect of gradient 
nano-to-micron-structured surface layer on the 
deformation and fracture behavior of pure titanium, and 
the cooperation of nano-grained surface and coarse- 
grained matrix in strain hardening of titanium with such 
inhomogeneous microstructure. The objective of this 
work is to ascertain mechanical properties, strain 
hardening mechanism and fracture character on the 
severe deformed surface and undeformed matrix so as to 
obtain a better understanding on mechanical behavior of 
metals with nano-to-micron-grained surface layer. 

 
2 Experimental 

 
Commercially pure titanium bars (TA2) with 16 mm 

in diameter and 100 mm in length were chosen. The bars 
were annealed at 973 K for 1 h to obtain an average grain 
size of 20−30 μm. The annealed bars were mechanically 
machined to dog-bone shaped tensile bars with 30 mm in 
gauge length and 6 mm in diameter. The surface 
mechanical grinding treatment processing, which was 
reported by FANG et al [22], was performed at room 
temperature on titanium with the sample rotation speed 
of 600 r/min on a lathe. The penetration depth of one 
pass is 50 μm. The treating pass is an important 
parameter for formation of nano-to-micron scale grains 
in surface layer. Ten passes are found to be the maximum 
pass because treatment with more than 10 passes causes 
surface damage. And 5 passes are taken as a middle 
parameter to show the effect of passes on the formation 
of surface layer and the properties as well. The deformed 
microstructures were observed with an optical microscopy 
(OM) and a JEM−200CX transmission electron 
microscope (TEM). Tensile tests were carried out on the 
INSTRON1195 electron-tensile tester at a displacement 
rate of 1 mm/min. Fracture surfaces were observed with 
a Hitachi S−2700 type scanning electron microscope 
(SEM). Microhardness at different depths was measured 
using the Tukon−R2100B microhardness tester with a 
load of 20 g and the holding time of 10 s. The distance 
between two measuring points is around 30 μm. 

 
3 Results 

 
3.1 Microstructural characterization of SMGT- 

treated titanium 
Figure 1 shows the microstructures from surface to 

the center on the cross section of a SMGT-treated 

titanium (titanium bars with surface mechanical grinding 
treatment). Figure 1(a) shows a typical gradient NG− 
UFG−CG microstructure. The original grain boundaries 
are obscure and hardly identified due to severe 
deformation in the surface layer with depth of 200 μm. 
Beyond 200 μm from surface, deformed grains with 
mechanical twins were observed. The effect of surface 
mechanical grinding treatment becomes little beyond  
300 μm depth from surface. TEM images show the 
details of twins, subgrains or dislocation cells in 
deformed area at depth from 20 to 110 μm from the 
surface, as shown in Figs. 1(b)−(e). Twins were observed 
in the surface layer, as shown in Fig. 1(b) (110 μm from 
surface). On a close examination, subgrain embryo was 
formed inside twins, as indicated by an arrow of A in  
Fig. 1(b). Some twins were broken due to severe strain, 
as indicated by circle in Fig. 1(b). However, twins were 
seldom observed in NG and UFG areas closer to surface 
layer, as shown in Figs. 1(c)−(e). The elongated 
subgrains formed in this area, as indicated by arrow B in 
Fig. 1(c). Selected-area electron diffraction analysis 
showed nano-to-micron-grains in treated surface layer 
(Fig. 1(d)). The equiaxed nanograins and submicron 
grains were observed apparently. In the depth of 20 μm, 
the lower dislocation density and nano-sized grains with 
random crystallographic orientations were observed, due 
to dynamic recovery and dynamic recrystallization in the 
outmost layer as reported in Refs. [26−28]. Consequently, 
inhomogeneous microstructure in SMGT-treated titanium 
bar can be divided into four regions from surface to 
center: NG region, UFG region, strain-affected region 
and strain-free matrix. 

The results show that the treating passes have 
apparent effect on the thickness of deformed surface 
layer. The thickness is about 320 and 150 μm for samples 
with 10 and 5 passes, respectively. In outmost surface 
layer, the deformation is observed much severer in the 
sample with 10 passes than 5 passes, as seen in Fig. 2. 

Based on the measurement of a number of TEM 
images, statistic distribution of grain (subgrain or cell) 
size at depths of 20, 50, 80 μm from surface is shown in 
Figs. 3(a)−(c), respectively. Grain size variation is 
observed in the range from 20 to 320 nm in the treated 
surface layer. Grain size with the highest frequency 
decreases from 160−180 to 60−70 nm with depth from 
80 to 50 μm. The average grain size is about 100 nm in 
the layer of 20 μm under the surface, and variation of 
average grain size versus depth from the surface is 
shown in Fig. 3(d). It reveals a gradient nano- 
submicron-structured surface layer with thickness of 
~320 μm, while the original coarse grains with size of 
20−30 μm remain beyond ~320 μm to the center of the 
SMGT-treated titanium bars. 
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Fig. 1 Typical cross sectional OM image of SMGT-treated titanium sample (a) and TEM images of microstructure at different depths 
of 110, 80, 50, and 20 μm, respectively (b−e) 
 

 
Fig. 2 OM images of SMGT-treated Ti samples with 10 (a) and 5 (b) passes 
 
3.2 Mechanical behaviors of SMGT-treated titanium 

Figure 4(a) shows the microhardness distribution on 
the cross section of SMGT-treated titanium. The 
hardness of coarse-grained matrix is HV 170. In 
comparison, the hardness in NG/UFG surface layer 

reaches HV 260. The increase of hardness is attributed to 
the grain refinement, twins, high density of dislocations 
in the treated surface layer. Below a certain depth, the 
strain is insufficient to refine grain but can still increase 
the microhardness. As a result, the hardness curves as a 
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Fig. 3 Grain size distribution in SMGT-treated titanium bar at different depths from surface: (a) 20 μm; (b) 50 μm; (c) 80 μm;     
(d) Variation of mean grain size in cross section of SMGT-treated titanium bar 
 
function of the depth gradually decrease, which is shown 
in Fig. 4(a). 

The tensile engineering stress−strain curves of 
SMGT-treated titanium and as-received titanium samples 
are plotted in Fig. 4(b). The average yield strength and 
ultimate tensile strength (UTS) of as-received pure 
titanium are 323 and 460 MPa, respectively. The average 
yield strength and UTS of SMGT-treated titanium bars 
with 10 passes were measured to be 374 and 525 MPa, 
respectively. The elongation of SMGT-treated titanium 
bars is about 19%, which is lower than that of the CG Ti 
(~31%), but higher than that of UFG Ti by SPD (~10%) 
[15,24]. Furthermore, the reduction in area of SMGT- 
treated Ti sample with 10 passes is 53%, which is 
comparable to that of coarse-grained Ti (55%). Figure 
4(c) shows the variation of strength of SMGT-treated 
titanium with treating passes. The yield strength and 
UTS increase with increasing passes due to increase of 
the thickness of treated surface layer. 

Furthermore, double logarithmic true stress versus 
the true strain curves are shown in Fig. 5(a). According 
to the Ludwik−Hollomon law: 
 
σ=Kεn                                      (1) 

where the strain hardening exponent (n) is defined as the 
slope of ln σ−ln ε curve. The double strain hardening 
exponents are observed in tension deformation of 
SMGT-treated Ti. The strain hardening exponents are: 
n1=0.34±0.01 when strain is less than 1.2% and 
n2=0.12±0.01 when strain is between 1.2% and 7.5%. 
While, an almost constant strain hardening exponent of 
0.15±0.01 is observed in plastic deformation regime of 
as-received Ti, as shown in Fig. 5(a). The results show 
that SMGT-treated Ti exhibits a similar strain hardening 
characteristic as UFG Ti and CG titanium at initial 
plastic strain and the large plastic strain regime, 
respectively. It is worth noting that very high strain 
hardening exponent of 0.34±0.01 is observed at the 
beginning of plastic deformation, which is approximate 
to the hardening exponent of UFG Ti (n4=0.39±0.02) by 
repeat-rolling, as shown in Fig. 5(a). It can be reasonably 
assumed that the initial plastic strain hardening of 
SMGT-treated titanium results from the NG−UFG layer. 
Figure 5(b) shows the strain hardening rate (dσ/dε) strain 
curves of SMGT-treated titanium, as-received titanium 
and the UFG titanium. The strain hardening rate of 
SMGT-treated titanium is between that of CG titanium 
and UFG titanium at initial plastic deformation and is 
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Fig. 4 Variation of microhardness with distance from treated 
surface (a), engineering stress−strain curves between 
as-received and SMGT-treated titanium bars with 5 and 10 
passes (b), and variation of YS and UTS with pass (c) 
 
close to zero when the strain is larger than 0.03, as seen 
in Fig. 5(b). 
 
3.3 Fracture of SMGT-treated titanium 

A plenty of dimples are observed on fracture 
surfaces of SMGT-treated titanium sample, as seen in Fig. 
6(a). Dimple size varies from 800 nm in the treated 
surface layer to 23 μm in the strain-free matrix on 
fracture surface of SMGT-treated titanium. The similar 
fracture character was observed by other researchers 

 

 
Fig. 5 Strain hardening exponent (a) and strain hardening rate 
(b) of SMGT-treated titanium, as-received titanium and 
repeat-rolling (RR) UFG titanium 
 
[24,28]. Besides, a few of parabolic dimples are observed 
in the area of 20 μm below the surface of SMGT-treated 
titanium, as shown in Fig. 6(b), which means that failure 
occurs under shear stress state in this surface layer 
instead of triaxial stress. Large dimples with an average 
size of 23 μm are observed in the CG titanium, as shown 
in Fig. 6(c). 
 
3.4 Microstructures of fractured SMGT-treated 

titanium 
In order to reveal dislocation structures in the 

deformed titanium with nano-grained surface layer, TEM 
observations were conducted on the treated surface layer 
and coarse-grained matrix in a fractured sample. Figure 
7(a) shows the substructure in the depth of 20−70 μm 
from the surface. Shear band is observed, as indicated by 
zone A in Fig. 7(a). Figure 7(b) shows the dislocation 
configuration in this layer. Few shear bands are observed 
with increasing depth to 100−150 μm from the surface. 
Dislocation debris and tangles are observed in this area, 
as shown in Fig. 7(c). Figure 7(d) shows a local 
dislocation tangles and a few of twins indicated by zone 
B in the coarse-grained matrix. The results indicate that 
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Fig. 6 SEM images of fracture surfaces in SMGT-treated titanium sample (a, b) and as-received titanium sample (c) ((b) is magnified 
image indicated by red circle in (a)) 
 

 

Fig. 7 Shear band in deformation in zone A (a) and dislocation cells in treated surface layer at depth of 20−70 μm (b), dislocation 
debris and tangles at depth of 100−150 μm (c) and twins in coarse-grained matrix (d) 
 
the deformation mode of NG/UFG surface layer is 
different from that of CG matrix in SMGT-treated 
titanium. 
 
4 Discussion 
 
4.1 Strengthening of SMGT-treated titanium 

A rule-of-mixture is suggested to estimate strength 
of copper with nano-grained surface layer by SMGT  

[22]. In the surface layer of SMGT-treated titanium, the 
strain decreases with increasing depth from surface, so 
the deformed surface layer is divided into NG/UFG layer 
and the dislocation-structured (DS) layer, which are 
principally strengthened by high-angle boundaries 
(HABs) and low-angle boundaries (LABs), respectively 
[29,30]. Figure 8 shows the schematic illustration of 
strengthening mechanisms in NG/UFG and DS layers. 
According to the microstructure of the treated surface 
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layer, the thickness of NG/UFG layer is about 50 μm, 
where nanoscale and submicron-sized grains are 
observed frequently. Dislocation tangles and bands 
predominate in DS layer with thickness of about 150 μm. 
The rule-of-mixture of strength (σy) is as follows: 
 

myms2ys2s1ys1y VVV σσσσ ++=                (2) 
 
where s1, s2 and m stand for NG/UFG layer, DS layer 
and matrix, respectively; V is volume fraction; σys1 and 
σys2 are the yield stresses of NG/UFG layer and DS layer, 
respectively; σym is the yield stress of coarse-grained 
matrix. According to the microstructure at different 
depths from surface, Vs1, Vs2 and Vm are 3.31%, 9.58% 
and 87.11%, respectively. 

The strengthening in NG/UFG layer is dominated 
by HABs, namely grain boundaries. Therefore, yield 
stress σys1 can be expressed as Eq. (3) [29,30]. While in 
the DS layer LABs of dislocation cells and bands (here 
called dislocation boundaries) play an important role in 
the strengthening. The yield stress σys2 can be expressed 
as Eq. (4) [29,30]:  
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where σ0 (=134.2 MPa) and k (=0.671 MPa⋅m1/2) are the 
Hall−Petch parameters of titanium [24,28]; G (=45 GPa) 
is the shear modulus of titanium; b (=2.95×10−10 m) is the 
Burgers vector of a-type dislocation; ρ0 (about 1×10−10 
m−2) is the average dislocation density of annealed pure 
metal. fHAB and fLAB are the densities of high angle 
boundaries in the NG/UFG and low angle boundaries in 
DS layer measured by EBSD, which are about 0.90 and 
0.30, respectively [31]. dHAB and d′HAB are the boundary 
 

 
 
Fig. 8 Schematic illustration of strengthening mechanisms in 
NG/UFG and DS layers (one fourth of cross section of 
SMGT-treated titanium bar) 

spacing, approximately equal to the mean grain size in 
the NG/UFG layer and cell size in DS layer, which are 
about 100 nm and 5 μm respectively according to    
Fig. 3(d). The parameter α for titanium is 1 according to 
Ref. [28], and average degree of θLAB is taken as 8° 
according to Ref. [31]. M is Taylor factor which is 3.07 
according to Ref. [30]. Yield stress of the NG/UFG layer 
is calculated to be 2147 MPa, and that of the DS layer is 
510 MPa. The yield strength of coarse-grained matrix is 
measured to be about 320 MPa. Therefore, the yield 
strength of titanium with NG/UFG- grained surface  
layer, DS layer and coarse-grained matrix is calculated to 
be 399 MPa for 10 passes samples, which is close to 
(374±27) MPa, the average yield strength of the 
measured data. 

It is reported that the compressive residual stress 
induced during SMGT can improve the fatigue properties 
of the samples effectively, because the compressive 
residual stress acts as the closure stress for the short 
fatigue cracks on the surface, and constrains the plastic 
deformation developed at the crack tip [32−36]. While in 
the tension of SMGT-treated titanium the primary cracks 
nucleate in the center of sample and extend to the surface. 
It is considered that compressive residual stress has less 
effect on the strength than on fatigue life of the sample. 
However, some researchers proposed that residual 
compressive stress changes the stress state of the sample 
and can also bring about strengthening according to Refs. 
[37,38]. The calculation of residual stress strengthening 
is complicated and need more endeavor in future. 
 
4.2 Strain hardening mechanisms of SMGT-treated 

titanium 
In coarse-grained metals, strain hardening results 

from the formation of obstacles to dislocation 
movements in crystals, such as grain boundaries, 
dislocations jungle in nonslip planes and second phase 
particles. The micron-sized grains have enough space for 
dislocation interactions and sources nucleation, which 
sustain continuous strain hardening and undergo large 
homogeneous deformation before necking. While for 
nano-sized grains, once dislocation nucleates from 
sources, they are absorbed by dislocation sinks, such as 
grain boundaries. The space of nano-sized grains is too 
small to sustain dislocation multiplication. Consequently, 
the number of dislocation hardly increases during plastic 
deformation. This leads to the fact that nanocrystalline/ 
ultra-fine crystal material has low dislocation storage 
efficiency and tends to lose the strain hardening easily 
after yielding [18]. As for SMGT-treated titanium, the 
microstructures are composed of coarse grains of about 
30 μm and a NG/UFG surface layer, which is similar to 
“composite” material. The strain hardening mechanism 
of SMGT-treated titanium is schematically illustrated in 
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Fig. 9. In the NG/UFG surface layer, the strain hardening 
is predominantly governed by dislocation nucleation. 
There is less dislocation multiplication in nano-size 
grains, while in coarse-grained matrix strain hardening is 
attributed to dislocation interactions and multiplications 
inside grains. 
 

 
Fig. 9 Schematic illustration of strain hardening mechanism in 
SMGT-treated titanium 
 

Strain hardening rate of SMGT-treated titanium is 
considered to be composed of treated surface layer and 
coarse-grained matrix. According to plastic deformation 
theory, deformation is stable in tension if the following 
formula is satisfied [16]: 
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                          (5) 

 
where σ is true stress; ε is true strain; m and s stand for 
matrix and surface, respectively. As for SMGT-treated 
titanium, the first item on the left of Eq. (5) is large at 
initial plastic deformation, while it decreases quickly and 
even becomes negative [15] with increasing plastic  
strain. The second item decreases slowly, which can 
make strain hardening of SMGT-treated titanium satisfy 
Eq. (5) and maintains the homogeneous deformation. If 
the coarse-grained matrix cannot undertake any strain 
hardening, the left side reaches a critical value for 
necking in Eq. (6): 
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If Eq. (6) is satisfied in tension, the inhomogeneous 

deformation occurs and the sample fractures quickly. The 
coarse-grained matrix plays an important role in 
maintaining a homogeneous strain hardening for 
SMGT-treated titanium in this case. 
 
4.3 Dimple size in SMGT-treated titanium 

The dimples on the fracture surface indicate that the 
fracture of titanium with nano-grained surface layer is 
governed by nucleation and linkup of microvoids. 

Dimples are larger in coarse-grained matrix than those in 
the treated surface layer (Fig. 6(a)). The average dimple 
size is about 23 μm in the coarse-grained matrix, while it 
is 800 nm in the treated surface layer. The dimple size is 
several grains size in UG/UFG layer, which is agreement 
with that reported in nano-grained nickle [39]. The 
difference of dimple size is about 30 times between the 
coarse-grained matrix and the gradient nano-grained 
surface layer. Generally speaking, dimple size is affected 
by the second phase and strain hardening capacity of 
metals. There is no inclusion in the dimple of fracture 
surface in Fig. 6(a), so dimple size of pure titanium is 
related to local plastic strain. According to tension 
deformation theory, the true stress in the necked region is 
greater than that in the uniform deformation region, so 
the void formation and linkup are restricted to this region 
during fracture. A microcrack is assumed due to linkup 
of microvoids in the center of sample at the start of 
necking, and there is strong stress concentration at the tip 
of microcrack and results in the formation of plastic zone 
at crack tip. Severe plastic strain occurs in the plastic 
zone and a number of voids nucleate and grow in the 
plastic zone. The result shows that the most area is flat 
on facture surface and shear lip of surface is very thin, as 
shown in Fig. 6(a). It is considered that fracture in 
tension is in plane strain condition for SMGT-treated 
titanium. Therefore, the plastic zone size (ry) can be 
calculated as 
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where KI is the stress intensity factor; σs is the yield 
strength of matrix; and ν is the Poisson ratio. For a given 
value of KI, ry is inversely proportional to the square of 
yield strength σs. The same number of microvoids is 
assumed in the plastic zone of matrix and treated surface 
layer for the above calculation. The dimple size ratio of 
coarse-grained matrix (dm) and NG/UFG surface layer 
(ds) can be expressed as 
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where m and s stand for matrix and surface layer. In 
addition, the dimple size decreases with increasing strain 
hardening exponent [40]. The parameter, ω, can be used 
to evaluate difference in strain hardening exponents 
between the matrix and the treated surface layer, and  
Eq. (8) can be rewritten as 
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where nm and ns are the strain hardening exponents of 
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surface layer and matrix, respectively. 
The average strength (σys) of surface layer 

composed of NG/UFG and DS layers is calculated to be 
930 MPa with strength of NG/UFG layer and DS layer 
based on rule of mixture, and σym is 320 MPa for the 
coarse-grained matrix. ω=ns/nm=2.83 (ns=0.34, nm=0.12). 
Substituting of σys, σym and ω into Eq. (9), dm/ds ratio is 
calculated to be about 24, which is close to experimental 
ratio (~30). According to void formation mechanism of 
nano-grained metals in Ref. [39], grain boundaries (GB) 
and GB slides promote void formation, which leads to 
much smaller dimple size in the treated surface layer 
than in coarse-grained matrix. 
 
5 Conclusions 
 

1) Gradient nano-to-micron-grained layer of about 
320 μm in thickness was fabricated in titanium bars by 
surface mechanical grinding treatment at room 
temperature. The microstructures are composed of 
NG/UFG surface layer, strain-affected zone with 
mechanical twins and strain-free matrix of coarse grains. 

2) SMGT-treated titanium shows an increase of 
30−80 MPa in the yield strength compared with that of 
as-received titanium, while the elongation of 18%−21% 
is between those of UFG and CG titanium. 

3) At the initial yielding strain hardening is 
governed by NG/UFG surface layer, while in large 
plastic strain regime dislocation interaction and 
multiplication in coarse-grained matrix predominate 
strain hardening. Double-n strain hardening behavior was 
observed in tensile deformation of SMGT-treated 
titanium. 

4) Dimple size shows a gradient tendency from  
800 nm in the treated surface layer to 23 μm in the 
coarse-grained matrix. Smaller dimples in the treated 
surface layer mainly arise from high strength and large 
initial strain hardening exponent in NG/UFG surface 
layer. 
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摘  要：通过室温表面机械碾磨处理(SMGT)，获得从表面到基体具有梯度纳米/微米尺度晶粒的纯钛试样。与未

处理纯钛相比，经表面机械碾磨处理(SMGT-treated)的纯钛强度有所提高，塑性介于超细晶与粗晶纯钛之间。表

面机械碾磨处理纯钛的拉伸应力−应变曲线具有双加工硬化指数特性；同时，随着应变的增加，其加工硬化率逐

渐减小，初始屈服阶段的变形由梯度纳米/微米晶表层主导，后期变形由粗晶心部支配。断口形貌分析表明，表面

机械碾磨处理纯钛的变形机制属于韧性断裂并伴有大量韧窝。基于裂纹尖端的塑性区尺寸分析可知，梯度纳米/

微米晶表层由于具有较高的加工硬化指数及强度，使韧窝尺寸比粗晶心部的更加细小。 

关键词：表面机械碾磨处理；工业纯钛；梯度纳米/微米晶；加工硬化；韧窝 
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