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Abstract: The deformation behavior of ultrafine-grained (UFG) commercially pure (CP) Ti was investigated. The strain rate 

sensitivity and activation volume were calculated based on strain rate jump tests performed at a temperature range of 250~450 °C 

and a strain rate of 1×10

-4 

~1

 

s

−1

. The results show that flow softening effect occurs in steady state of deformation of UFG CP Ti, 

which is controlled by high-angle grain boundaries and dislocation activity during the deformation process. Strain rate sensitivity of 

UFG CP Ti is relatively low in value and increases with the rise of temperature. The activation volume of UFG CP Ti is also low in 

value but invariant with temperature. The values of strain rate sensitivity and activation volume indicate that dislocation-dislocation 

interactions within the grain interiors take place scarcely and interactions between dislocation and grain boundary can significantly 

affect plastic deformation of UFG CP Ti. 
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Polycrystalline materials with ultrafine-grained (UFG) or 

nano-crystalline (NC) structures have received enormous 

scientific attention due to their unusual mechanical pro- 

perties

[1-5]

. The UFG and NC materials processed by severe 

plastic deformation (SPD) techniques are distinguished by 

high dislocation density and non-equilibrium grain boundaries, 

which lead to the inhomogeneous deformation behaviors

[6]

. 

Extensive research has been performed for understanding the 

deformation behavior of UFG and NC materials, such as Cu, 

Al, Ti and their alloys

[7-16]

. It is found that in UFG Al, the 

deformation mechanism is operated by the dislocation interac- 

tions in the higher strain rate range, while in the lower strain 

rate range it is related to grain boundary sliding

[8]

. The 

deformation of UFG Ti and its alloys are also strongly 

dependent on strain rate and temperature

[10,11,13]

. The flow 

stress curves of TiBw/TA15 composite are very sensitive to 

strain rate: flow curves exhibit typical work hardening 

features at high strain rate and substantial flow softening 

occurs at low strain rate

[15]

. Moreover, the strain rate 

sensitivity and activation volume are strongly dependent on 

grain size. Increase in the strain rate sensitivity and decrease 

in the activation volume of Cu and Ti are measured with 

decreasing the grain size

[14,17]

. However, the contradictory 

result was reported that the strain rate sensitivity of UFG Ti 

drops by a factor of 2~3 relative to that for coarse grained (CG) 

Ti

[10]

. By analyzing the strain rate sensitivity values, the 

apparent activation energy and the microstructure evolution, it 

can be inferred that grain boundary sliding in the fine-grained 

TA15 alloy is accommodated by grain boundary diffusion at 

high temperatures and low strain rates, but grain boundary 

sliding is accommodated by dislocation glide creep at low 

temperatures and high strain rates

[16]

. 

There is a transition from strengthening to softening by 

high-angle grain boundaries in steady state of deformation of 

UFG Cu, which is in terms of generation and grain boundary 

diffusion controlled annihilation of lattice dislocations at grain 

boundaries

[7]

. Long et al

[11]

 found that UFG Ti also shows a 

clear stage of strain softening, while the inverse trend has been 

reported that the steady state deformation resistance of CG 

and UFG Ti is not significantly different 

[12]

. Therefore, in this 
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work, deformation behavior and deformation mechanisms of 

UFG CP Ti were analyzed using two activation parameters, i.e. 

strain rate sensitivity and activation volume by compression 

strain rate jump tests. 

1  Experiment 

CG and UFG CP Ti were prepared from the same batch of 

materials with a chemical composition of 0.012 wt% Fe, 0.022 

wt% C, 0.003 wt% N, 0.001 wt% H, 0.06 wt% O and balance 

Ti (grade I). The UFG CP Ti was fabricated by equal channel 

angular pressing (ECAP) up to 4 passes via route C at room 

temperature using a 90° die, resulting in the cumulative 

equivalent strain of 4. In the ECAP via route C, the billet was 

rotated 180° clockwise along its longitudinal axis between 

adjacent passes

[18]

. The detailed characterization of micro- 

structures of CG and UFG CP Ti can be found in Ref.[19]. 

Here the most important features were described. The average 

grain size of CG CP Ti was about 25 µm. A homogenous 

microstructure was obtained, which was characterized by 

equiaxed grains/subgrains with an average grain size of about 

150 nm after 4 passes. The grain boundary character distri- 

bution determined by EBSD is shown in Fig.1. It can be seen 

that there is a high fraction of high-angle grain boundaries 

(HAGBs, ~88%) in CG CP Ti (0P). The faction of HAGBs in 

UFG CP Ti firstly decreases with increasing the number of 

ECAP, and then increases to 55% after 4 passes.  

The cylindrical specimens with a diameter of 6 mm and a 

length of 9 mm of CG and UFG CP Ti were uniaxially 

compressed on a Gleeble-3500 simulator machine in the 

temperature range of 250~450 °C and strain rate of 1×10

-4

~1 

s

-1

. The compression direction of UFG CP Ti was oriented 

parallel to the ECAP axis. Molybdenum disulphide-graphite 

paste was used as lubricant. The load-displacement data were 

obtained from the compression tests and then converted to true 

stress-true strain curves using standard equations. 

2  Results and Discussion 

2.1  True stress-true train curves 

Fig.2 presents the true stress-true strain curves of CG and 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Grain boundary character distribution for CP Ti processed by 

ECAP for different passes 0P-4P at room temperature 

UFG CP Ti at different temperatures with the strain rate of 

1×10

-4

 s

-1

. It is observed that the mechanical behavior of UFG 

CP Ti considerably differs from that of CG CP Ti. The flow 

stress of UFG CP Ti reaches the peak stress at a relatively 

small strain and goes into a steady state. The high work 

hardening rate at the onset of the plastic deformation in UFG 

CP Ti is due to the fine grain structure and high density of 

dislocation after ECAP. The decrease of work hardening rate 

of UFG CP Ti can be attributed to the increase of dynamic 

recovery/recrystallization and probable grain coarsening

[13]

. 

The higher the temperature, the more remarkable the strain 

softening. In contrast, the flow stress of CG CP Ti generally 

shows an extended range of work hardening after yielding. 

Work hardening rate of CG CP Ti decreases and falls to zero at 

peak stress with increasing the temperature and true strain. The 

difference in work hardening rate of CG and UFG CP Ti can 

also be found in the strain value (marked by the black square in 

Fig.2) corresponding to the same flow stress of two materials. 

These strain values (0.693, 0.578 and 0.237) gradually decrease 

with increasing the temperature. The flow stress of UFG CP Ti 

is lower than that of CG CP Ti during the whole deformation 

process at 450 °C. It means that the strain softening effect of 

UFG CP Ti is more significant than that of CG counterpart, 

which is different with the result of Blum et al

[12]

. 

The yield strength of CG and UFG CP Ti at different 

temperatures with the strain rate of 1×10

-4

 s

-1

 is exhibited in 

Fig.3. It is noted that the yield strength of UFG CP Ti is higher 

than that of CG counterpart as the temperature is lower than 

the recrystallization temperature (250, 350 and 400 °C). The 

decrease in yield strength of UFG CP Ti is larger than that of 

CG CP Ti at the same temperature. However, the yield 

strength of UFG CP Ti is lower than that of CG counterpart as 

the temperature exceeds the recrystallization temperature (450 

°C). There is a transition from strengthening to softening in 

yield strength for UFG CP Ti. The first effect can be explained 

by the strong work hardening related with ECAP. The second 

one may be explained by the growth of subgrain and softening 

effect caused by high-angle grain boundaries in UFG CP Ti at 

the higher temperature. The negligible strain hardening 

behavior of UFG CP Ti is mainly due to dynamic recovery or 

enhancing dislocation annihilation process.  

2.2  Strain rate sensitivity and activation volume 

The strain rate sensitivity of flow stress is determined by 

the strain rate jump tests. The strain rate sensitivity exponent, 

m, is defined as follows: 

2 1

, ,

2 1

ln( / )ln ln

ln ln ln( / )

ε T ε T

σ σσ σ

m

ε ε ε ε

∂ ∆

   

= ≈ ≈

   

∂ ∆

   

� � � �

            (1) 

In addition, the strain rate sensitivity can be understood by 

relating to the activation volume v

[20]

: 

3kT

m

σv

=                                     (2) 

where k is the Boltzmann constant (k=1.38×10

-23

 J·K

-1

), and T 
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Fig.2  True stress-strain curves of CG and UFG CP Ti at different temperatures with the strain rate of 10

-4 

s

-1

: 

(a) 250 °C, (b) 350 °C, (c) 400 °C, and (d) 450 °C 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Yield stress of CG and UFG CP Ti at different temperatures 

with strain rate of 10

-4 

s

-1 

 

is the absolute temperature. Fig.4 shows the dependence of 

strain rate sensitivity m and activation volume v on 

temperature and grain size. It can be seen from Fig.4a that the 

strain rate sensitivity m of both CG and UFG CP Ti increases 

with increasing the temperature. The strain rate sensitivity m 

increases with decreasing the grain size, especially at higher 

temperature (450 °C). In other words, a distinct dependence of 

m with T is typical for UFG CP Ti, while such dependence is 

very slight for CG CP Ti. The m values of CG and UFG CP Ti 

are in the range of 0.022~0.041 and 0.033~0.120, respectively. 

The dependence of strain rate sensitivity on the grain size in 

present work shows the similar trend with hexagonal 

close-packed (hcp) metals reported in Ref.[14,21]. The 

dependence of activation volume on grain size and tempe- 

rature is plotted in Fig.4b. The activation volume is expressed 

as b

3

, where b is the Burger’s vector of the prefer slip system 

{1010} 1120< > for titanium, b=2.95×10

-10

 m. The values of 

activation volume are calculated to be in the range of 100b

3

~ 

135b

3

 and 30b

3

~57b

3

 by jump tests for CG and UFG CP Ti, 

respectively. It can be seen from Fig.4b that the activation 

volume is strongly dependent on grain size and decreases with 

decreasing the grain size. However, the activation volume is 

independent on temperature at the same strain rate. 

Generally, as the grain size decreases from micrometers to 

ultrafine or nanoscale, the plastic deformation mechanism 

may be changed from dislocation slip inside the grains to 

grain boundary related process such as grain boundary sliding 

or Coble creep. The value of strain rate sensitivity is expected 

to be 0.5 or 1.0 when the plastic deformation is controlled 

entirely by grain boundary sliding or Coble creep

[22]

, respec- 

tively. However, the maximum value of strain rate sensitivity 

for UFG CP Ti in this work is calculated to be 0.12, which is 

much smaller than the value mentioned above. In addition, the 

minus activation volume (30b

3

) is still much larger than the 

value for grain boundary dominated process such as diffusion 

of vacancy involved in the exchange between the vacancy and 

lattice atom (~b

3

). Such values have seldom been observed for 

UFG or NC hcp metals processed by SPD although the 

activation volume decreases with decreasing the grain size and 
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Fig.4  Strain rate sensitivity (a) and activation volume (b) of CG and 

UFG CP Ti at different temperatures and strain rates 

 

increasing the strain

[23,24]

. Therefore, the grain boundary 

controlled process, such as grain boundary sliding or atomic 

diffusion mechanism can be ruled out for UFG CP Ti. For CG 

and UFG CP Ti, in general, forest dislocation is the primary 

short-range barriers to plastic deformation. The dislocation- 

dislocation interaction within the grains is the main plastic 

deformation mechanism for CG CP Ti, while the activation 

volume is relatively low for UFG CP Ti, suggesting that 

dislocation-dislocation interactions inside the grain take place 

scarcely. The increase in strain rate sensitivity and decrease in 

activation volume of UFG CP Ti are necessarily related to the 

non-equilibrium high-angle grain boundaries, which are 

typical microstructures of UFG materials fabricated by SPD. 

Wang

[25,26]

 and Dalla Torre

[27]

 reported that the activation 

volume of NC fcc materials is in the range of 10b

3

~50b

3

 and 

suggested that the thermal obstacles to dislocation slip are 

resulted from the interaction of the dislocations and grain 

boundaries. Milligan

[28]

 presented that the dislocation sources 

are no longer inside the grains, but grain boundaries act as 

both sources and sinks for dislocations in the bulk UFG or NC 

materials. Dislocations are generated within grain boundaries, 

glide quickly across the grains and are absorbed into the 

opposite grain boundaries. This scenario is built in part on the 

results of molecular dynamics simulations of NC Al

 [29]

. The 

number of active slip systems in hcp Ti is expected to be 

lower than in the cubic system, making the grain boundary 

source-sink concept even more attractive for UFG CP Ti. The 

low activation volume and high strain rate sensitivities obtained 

from the present work support the notion that high-angle grain 

boundaries act as sources and sinks for dislocations, which 

contributes to plastic deformation in UFG CP Ti.  

2.3  Softening effect in steady state of deformation 

There is an extended range of strain softening for UFG CP 

Ti in contrast to the work hardening in CG CP Ti. 

The steady state subgrain size w is closely related to the 

stress: 

,CG ω

bG

ω k

σ

∞

=

                                 (3) 

where k

ω

 is a numerical factor between 10 and 30

[30,31]

, k

ω

=10 

for Ti and Ti alloys

[12]

; G is the elastic shear modulus, G=45 

GPa for pure Ti

[32]

; b is the length of the Burger’s vector for 

titanium. 

Fig.5 shows the initial grain size of CG and UFG CP Ti in 

relation to the steady state subgrain size according to Eq.(3). 

Shape horizontal bands display the initial values of grain size 

d

0

 for CG and UFG CP Ti. The initial grain sizes of CG and 

UFG CP Ti are determined to be d

0,CG

=25 µm and d

0,UFG

=150 

nm according to Ref.[19]. The initial subgrain size is not 

exactly known. Zhu et al

[33]

 reported that subgrains contain 

dislocations, but no dislocation cells are in the size range of 

60~150 nm and subgrains smaller than 100 nm may not 

contain any dislocations except at their boundary in the nano- 

structured Ti. By definition of w, the spacing of high-angle 

grain boundaries d is an upper limit of the size of subgrains to 

be formed in the course of plastic deformation. The dotted 

vertical lines shown in Fig.5 mark the condition for subgrian  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Subgrain size of deformed CG (a) and UFG (b) CP Ti as a 

function of shear modulus normalized stress 
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formation, d

0,CG

=w

∞,CG

=10bG/σ. This means that no new 

subgrains may be formed in CG and UFG CP Ti when the 

stress is lower than 5 and 780 MPa, respectively. The steady 

state subgrains size of CG and UFG CP Ti formed during 

deformation can be calculated according to Eq.(3) from 

experimental maximum flow stress, marked by black circles in 

Fig.5. It can be seen from Fig.5a that each deformed grain is 

subdivided into the subgrains with different sizes for CG CP 

Ti during the deformation process. The flow stress of CG CP 

Ti is dependent on the subgrain boundaries instead of high- 

angle grain boundaries during the deformation process. 

However, no new subgrains may be formed in UFG CP Ti 

due to d

0,UFG

<w

∞

. Grains are much smaller than the dislocation 

mean free length of Ti. Therefore, dislocation activities can 

not be developed in the same manner for UFG CP Ti, as 

demonstrated by molecular dynamic (MD) simulations

[34]

. The 

mean free path of dislocations is no longer determined by the 

dislocation structure, but limited by the high-angle grain 

boundaries. Fewer dislocations are stored inside the grains and 

more dislocations are stored at the high-angle grain 

boundaries. Hayes et al

[35]

 reported that high-angle grain 

boundaries act as sources and sinks for dislocations in the bulk 

UFG or NC materials.

 

Thus the materials are softened by the 

reduction of dislocation density in the steady state. The 

removal of subgrain boundaries with the grains as obstacles to 

dislocation motion and easy annihilation of lattice dislocations 

at high-angle grain boundaries under the condition of d

0, UFG

< 

w

∞

 are able to explain the softening discussed above. The 

microstructure observation of deformed specimen by TEM 

shows that the maximum grain size available at 450 °C is still 

below 1 µm

[13]

. Therefore, the major process occurring during 

deformation at elevated temperatures is subgrain growth from 

w

0,UFG

 up to d

0,UFG

. The boundary controlled dislocation 

activities may therefore also contribute to the increase of 

strain rate sensitivity and much reduced activation volume for 

ultrafine-grained metals

 [26]

. High-angle grain boundaries may 

soften materials in the steady state of deformation by 

enhancing the annihilation of dislocations

[35]

.  

3  Conclusions 

1) The flow stress of UFG CP Ti exhibits a steady state, 

while the flow stress of CG CP Ti increases monotonically. 

The flow stress of UFG CP Ti is lower than that of CG CP Ti 

as the temperature is above the recrystallization temperature. 

High-angle grain boundaries in UFG CP Ti may soften 

materials in the steady state of deformation by enhancing the 

annihilation of dislocations.  

2) The strain rate sensitivity and activation volume are 

strongly dependent on the grain size. With decreasing the 

grain size, the strain rate sensitivity increases while the 

activation volume decreases. High strain rate sensitivity 

(0.033~0.120) and low activation volume (30b

3

~57b

3

) 

demonstrate that the interactions between dislocation and 

grain boundary can be considered as a possible plastic 

deformation mechanism for UFG CP Ti. 
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