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In this investigation, compression tests were performed at a strain rate of 0.001-0.1 s21 in the range of 600-
900 �C to study the high temperature deformation behavior and flow stress model of commercial purity
(CP) titanium after severe plastic deformation (SPD). It was observed that SPD via equal channel angular
extrusion can considerably enhance the flow strength of CP titanium deformed at 600 and 700 �C. Post-
compression microstructures showed that, a fine grained structure can be retained at a deformation
temperature of 600 �C. Based on the kinematics of dynamic recovery and recrystallization, the flow stress
constitutive equations were established. The validity of the model was demonstrated with reasonable
agreement by comparing the experimental data with the numerical results. The error values were less than
5% at all deformation temperatures except 600 �C.
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1. Introduction

Commercial purity (CP) titanium is utilized in various
materials ranging from biomedical to defense, owing to its
corrosion resistance, higher inertness, biocompatibility, good
balance of strength, toughness, and wear resistance. One of the
techniques available for improving strength as well as ductility
is grain refinement via severe plastic deformation (SPD). A
number of SPD techniques have been used to deform this
material to generate an ultrafine grained (UFG) microstructure
leading to enhanced physical and mechanical properties (Ref 1-
5). Among all, equal channel angular extrusion/pressing
(ECAE/ECAP) is perhaps, one of the most promising proce-
dures for engineering applications due to its capability of
maintaining the dimensions of the initial billet after multiple
processing passes. Particularly, it was seen that a combination
of ECAE followed by cold rolling enhanced both ductility and
strength of commercial pure Ti (Ref 5, 6). Apart from the
improvement in mechanical behavior, texture development and
anisotropic mechanical properties of UFG titanium processed
by ECAE were investigated in previous studies (Ref 6, 7).

The need for estimating necessary forces to be applied
during warm and hot rolling or forging of materials has
driven investigations on flow stress characterization and
modeling under high temperature conditions. It is worth
noting that determination of flow stress levels at elevated
temperatures plays a significant role in the development of
optimum warm and hot working process parameters in metal

forming operations. Several hot deformation studies have
been performed for a number of coarse-grained metallic
materials such as titanium, 4130 and 4340 steels, aluminum
and copper alloys to investigate the hot flow stress
characteristics (Ref 8-16). Among the ones that focused on
the microstructural evolution of coarse-grained CP titanium
(Ref 13-16), some considered utilizing constitutive equations
to model the flow stress behavior at elevated temperatures
(Ref 14, 16). However, presenting the high temperature
mechanical behavior along with detailed modeling efforts
has so far been neglected for the case of severely deformed
titanium.

Typical modeling efforts in the high temperature regime
follow dislocation theories. These approaches are mostly based
on stress-dislocation relations and kinematics of the dynamic
recovery (DRV) and dynamic recrystallization (DRX). Mate-
rials whose dislocations are able to cross-slip and climb can
easily rearrange into polygonal subgrain structures and tend to
display a high degree of DRV, while materials with low
stacking fault energy show a much lower level of DRV. In the
latter case, dislocation density rises until it reaches a critical
condition, at which point new grains nucleate and grow during
further straining. Some other common modeling efforts in hot
forming include the development of respective constitutive
equations from the experimental stress-strain curves to describe
the flow response (Ref 17-19). For instance, Lin et al. (Ref 17)
proposed a new phenomenological constitutive model that was
based on Johnson-Cook equation. Moreover, Dehghani and
Khamei (Ref 18) developed another model, which could be
represented by the Zener-Hollomon parameter in a hyperbolic
sinusoidal equation form.

The remainder of this article intends to give an insight into
the high temperature (0.45Tm-0.6Tm, where Tm is melting
temperature) behavior of CP titanium processed by ECAE. In
this quest, the mechanical behavior of severely deformed
titanium at such elevated temperatures and various strain rates
along with the constitutive equations based on the Zener-
Hollomon formalism for simulating the pertinent DRV and
DRX mechanisms are demonstrated.
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2. Experimental Procedure

The CP grade 2 titanium was received in bar form with the
composition listed in Table 1. The bars were coated with a
graphite base lubricant before extrusion and were heated at the
deformation temperature of 300 �C where they were held for
1 h before extrusion. Finally, they were transferred to the
25.4 mm9 25.4 mm cross section, 90� angle ECAE die which
was preheated to 300 �C. Extrusion took place at a rate of
1.27 mm/s. Eight ECAE passes were performed following
route E accumulating a total strain of 9.24 in the as-processed
material (Ref 6, 20). Route E consists of an alternating rotation
of the billet by +180� and +90� around its long axis, between
successive passes. This route results in the largest fully worked
region in a given billet and provides high volume fraction of
high-angle grain boundaries and equiaxed grain morphology
(Ref 21). Following each extrusion pass, the billets were water
quenched to maintain the microstructure achieved during
ECAE. Lowest possible processing temperatures were crucial
in preventing possible recrystallization and partly achieved
using the sliding walls concept that helps reducing the die
frictional effects (Ref 22). Using this method, a number of
difficult-to-work materials were processed without macroscopic
localization (Ref 23, 24). Light microscopy (LM) was used to
monitor the changes in the microstructure after SPD. The
specimens were prepared using standard polishing techniques
and then etched with Kroll�s reagent. The intercept method was
used to estimate the grain size (Ref 6). Micro-hardness
measurements were also carried out on deformed samples with
the application of a Vickers indenter under 1 kg load for 10 s.

For studying the hot deformation behavior of severely
deformed CP titanium, compression experiments were per-
formed. The compression specimens were electro-discharge
machined (EDM) in rectangular blocks, 4 mm9 4 mm9 8
mm, with compression axis parallel to the extrusion direction.
All samples were ground and polished to remove major
scratches and eliminate the influence of residual layer from
EDM.

Hot compression tests were conducted under isothermal
conditions at three different strain rates of 0.001, 0.01, and
0.1 s�1 and at temperatures of 600, 700, 800, and 900 �C. The
mechanical experiments were conducted inside a temperature-
controlled furnace mounted on an Instron mechanical testing
frame. All specimens were heated up to the deformation
temperature and then the samples were deformed in a single
loading step. The reduction in height at the end of the
compression tests was 60% (true strain: 0.9) to avoid barreling.
This strain level, which is required to capture the effect of both
DRV and DRX on deformation behavior, has been applied in
several previous works (Ref 25-27). In addition, lubrication
with graphite was used during hot compression tests to decrease
friction effects and minimize barreling (Ref 26-31).

3. Results and Discussion

3.1 Microstructural Investigation

The microstructure of the as-received CP titanium consists
of coarse grains with an average grain size of 43 lm (Fig. 1a).
ECAE processing leads to a significant grain refinement and
transforms the coarse-grained microstructure to an UFG one
(Fig. 1b). Detailed microstructural development can be found
elsewhere in Ref 21.

In addition, micrographs depicting the microstructural
evolution before and after hot compression testing are also
investigated on the flow plane of ECAE processed samples
(Fig. 1c-h) (Ref 6, 32). The microstructure of UFG Ti followed
by 3 min annealing at 600 and 900 �C can be seen in Fig. 1c
and d, respectively. Annealing period is selected based on the
time it takes to achieve uniform heating of the samples at the
desired compression test temperature. After the 600 �C heat
treatment, the microstructure consists of both slightly coarsened
grains and regions with UFG (Fig. 1c). In contrast, the 900 �C
heat treatment resulted in severe coarsening of the microstruc-
ture with an average grain size of 25 lm (Fig. 1d). Several
recrystallized equiaxed grains can be observed as well.

Microstructures of severely deformed CP titanium followed
by hot compression at four different temperatures with strain
rate of 0.001 s�1 are shown in Fig. 1e-h. The examined regions
are prepared from the central part of the samples subjected to
deformation. The grains appear to be considerably coarser in
the samples deformed at higher temperatures. The sample
subjected to compression at 600 �C exhibits a fine and
homogeneous microstructure with slightly larger grains in
comparison with those of the pre-compression sample. The
existence of equiaxed grains is mostly apparent for deformation
temperatures over 700 �C and could be distinguished as
dynamically recrystallized structures. It was demonstrated in
a few cases that dynamically recrystallized grains typically
evolve from bulging of deformed grains with serrated bound-
aries or splitting of flattened grains (Ref 33, 34).

At elevated temperatures, there is significant thermal
energy to promote nucleation and growth of dynamically
recrystallized grains rapidly. As such, progressive increase in
grain size can be observed for samples deformed at 700 �C
and above. It is known that the grain size after DRX depends
on deformation temperature and strain rate (Ref 35). Typically
the Zener-Holloman (Z) parameter, which is utilized to
describe the effects of temperature and rate on deformation
characteristics of metals, affects DRX grain size inversely
(Ref 36-38). Therefore, higher temperatures and lower strain
rates resulting in reduced Z parameter can cause growth of
DRX grains.

The microstructural observations can also be traced by the
trend in hardness properties before and after hot deformation. It
can be seen in Table 2 that the hardness of CP titanium
demonstrates a dramatic rise after severe deformation via
ECAE processing. This twofold increase cannot be sustained
during annealing at elevated temperatures. Still after 3 min
exposure to 900 �C, more than 30% increase in hardness can be
achieved. Micro-hardness values for deformed samples also
showed a tendency to drop with increasing deformation
temperature, which could be attributed to higher fraction of
dynamically recrystallized grains (Ref 39). The 600 �C
deformed sample retained 50% of the hardness increase
achieved in the UFG microstructure.

Table 1 Chemical composition of the as-received titanium
used in this study

Element C Fe H N O Ti

wt% 0.008 0.041 0.002 0.006 0.15 Balance
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Fig. 1 The microstructure of commercial purity titanium in (a) as-received condition, (b) ECAE processed, (c) ECAE processed followed by
3 min of annealing at 600 �C, (d) ECAE processed followed by 3 min of annealing at 900 �C, (e) ECAE processed followed by compression at
600 �C and 0.001 s�1, (f) ECAE processed followed by compression at 700 �C and 0.001 s�1, (g) ECAE processed followed by compression at
800 �C and 0.001 s�1, (h) ECAE processed followed by compression at 900 �C and 0.001 s�1
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3.2 Mechanical Properties at Elevated Temperature

The effects of temperature and strain rate are significant on the
flow stress behavior of severely deformed titanium (Fig. 2). The
flow stress obtained at 600 �C is greater than those obtained at
temperatures above it. The stress-strain curves exhibit moderate
work hardening (WH) rate during hot compression at the lowest
deformation temperature (600 �C), especially at higher strain
rates. In contrast, the flow stresses display slight transitional drops
indicating thermal softening for deformation temperatures above
600 �C. It is well known that DRX takes place only after a critical
strain ( eC) has been exceeded (Ref 9, 40).

A power law relationship between steady state stress and
DRX grain size has been reported for various types of
dynamically recrystallized materials (Ref 41, 42).

rSS ¼ K 0DN
DRX; ðEq 1Þ

where K¢ and N are the material constants, rSS and DDRX are
steady state flow stress and dynamically recrystallized grain

size, respectively. It is worth noting that, increasing steady
state stress leads to a reduction of DRX grain size at high
strains (Ref 36). Therefore, it can be expected that the size of
dynamically recrystallized grains decreases at 600 �C due to
higher steady state stress at lower deformation temperature.

Based on the variation of peak stress as a function of
temperature at different strain rates, it can be seen that flow stress
levels decrease with increasing deformation temperature (Fig. 3).
This can be attributed to reduced dislocation interactions leading to
lower WH rate. The peak stress levels rise with increasing strain
rate and decreasing temperature. Lower strain rates and higher
temperatures provide longer time for energy accumulation and
higher mobility at boundaries for the nucleation and growth of
dynamically recrystallized grains and dislocation annihilation and
hence result in lower flow stress levels.

In order to understand the effect of ECAE on flow curves at
elevated temperatures, results from severely deformed and annealed
CP titanium experimental results are compared in Table 3. The

Table 2 Hardness of severely deformed titanium, before and after hot compression

Condition Average micro-hardness, HV

As-received 167
ECAE processed 326
ECAE processed followed by 3 min of annealing at 600 �C 285
ECAE processed followed by 3 min of annealing at 700 �C 251
ECAE processed followed by 3 min of annealing at 800 �C 233
ECAE processed followed by 3 min of annealing at 900 �C 219
ECAE processed followed by compression at 600 �C and 0.001 s�1 250
ECAE processed followed by compression at 700 �C and 0.001 s�1 243
ECAE processed followed by compression at 800 �C and 0.001 s�1 226
ECAE processed followed by compression at 900 �C and 0.001 s�1 206
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Fig. 2 True stress- true strain response of UFG titanium at different strain rates at (a) 600 �C, (b) 700 �C, (c) 800 �C, (d) 900 �C
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results show that ECAE process is capable of increasing the high
temperature strength. The average flow strength increase was 49%
and 33% at temperatures of 600 and 700 �C, respectively. It is well
known that severely deformed materials are prone to severe
recovery and recrystallization due to the high dislocation density
and fraction of sub-grain and grain boundaries. Therefore, it is
probable that softening mechanisms such as DRV and DRX are
highly operative above 600 �C, disturbing the thermal stability of
the severely deformed microstructure. The rise of flow stress levels
in UFG materials during hot deformation was also reported at a
temperature range of 300-450 �C for Al6063 alloy (Ref 43). The
increase in strength of UFG Al was attributed to the effect of the
dislocation substructure and the high density of grain boundaries.
Another study showed that higher strength levels were observed up
to 500 �C for UFG Ti-6Al-4V alloy in comparison with its coarse
structure; the effect of UFG microstructure diminished above
500 �C (Ref 44). It is worth noting that texture after ECAE might
also contribute to the rise of flow strength, especially for the case of
severely deformed titanium (Ref 6, 32).

From a structural perspective, the severely deformed
microstructure in titanium brings an improved strength of up
to 49% over its coarse-grained counterpart in the quasi-static
regime and at a high temperature of 600 �C. From a metal
forming perspective in the high temperature regime, deforma-
tion over 700 �C could be preferred since the flow stress levels
remained below 100 MPa at tested strain rates.

3.3 Effect of True Strain on Work Hardening Rate During Hot
Compression

WH rate is an important factor in the evaluation of the
plastic deformation. The deformability, ductility, and toughness

of materials are intimately linked to the hardening capacity. The
evolution of DRV and DRX can also be analyzed by plotting
the WH rate versus true strain curves as shown in Fig. 4.
Generally, the WH rate decreases sharply with increasing strain
according to Fig. 4. The strain for maximum softening rate (i.e.,
the minimum WH rate) increases with increasing strain rate and
decreasing temperature. This trend can also be observed by
considering the Z parameter. It is well known that the softening
behavior is not pronounced at the condition of high Z (Ref 45).
Therefore, decreasing the strain rate and increasing the forming
temperature can lead to accelerated softening during hot
compression.

According to the work by Shaban and Eghbali (Ref 45)
DRX can occur when the WH rate reaches zero followed by
passing into the negative region, and the first cycle of DRX
comes to the end when WH rate reaches to zero again with the
increasing strain. The WH rate versus true strain relationship
indicates that a complete cycle of DRX can be seen at the lower
strain rate and/or higher deformation temperature values, while
a single cycle can hardly be completed at high strain rates and/
or low temperature (Fig. 4).

3.4 Determination of the Activation Energy (Q)

Constitutive equations proposed by Zener and Hollomon
have been used to model the deformation behavior of the
present material at high temperatures. In hot working processes,
several constitutive equations have been applied (Ref 46-49),
where Z can be determined from:

Z ¼ _e exp
Q

RT

� �
¼ AFðrÞ: ðEq 2Þ

Therefore:

_e ¼ AF rð Þexp �Q
RT

� �
; ðEq 3Þ

where, _e is the strain rate, Q is the apparent activation energy
for hot deformation, R is the universal gas constant, T is the
absolute temperature, A, and n are material constants. F rð Þ is
a function of flow stress which can be described as follows:

F rð Þ ¼ A1r
n for low stress; ðEq 4Þ

F rð Þ ¼ A2expðbrÞ for high stress; ðEq 5Þ

F rð Þ ¼ A3½sinhðarÞ�n for all stress levels; ðEq 6Þ

a is a material constant. Substituting function of flow stress
( FðrÞ) into Eq 3 gives:
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Table 3 Experimental flow stress levels of severely deformed titanium

Compression test
condition temperature/strain
rate, �C/s21

The steady flow
stress of UFG titanium,
MPa, Present Study

The steady flow
stress of annealed

CP titanium, MPa (Ref 16)
The percentage of hot

strength improvement, %

600 �C/0.1 s�1 241 170 42
600 �C/0.01 s�1 207 130 59
600 �C/0.001 s�1 117 80 46
70 �C/0.1 s�1 132 100 32
700 �C/0.01 s�1 98 70 40
700 �C/0.001 s�1 57 45 27
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_e ¼ B expðbrÞexp �Q
RT

� �
for high stress; ðEq 7Þ

_e ¼ CðrnÞexp �Q
RT

� �
for low stress: ðEq 8Þ

Here B and C are the material constants, taking the logarithm
of Eq 7 and 8 gives:

@ln _eð Þ
@lnðrpÞ

� �
T

¼ n; ðEq 9Þ

@ln _eð Þ
@rp

� �
T

¼ b: ðEq 10Þ

Also a and b, which are related to each other through:

a ¼ b
n

ðEq 11Þ

The values of n and b can be obtained from the slope of the
lines plotted according to Eq 9 and 10, respectively. As the
slopes of lines are similar, the value of n and b can be
calculated for different deformation temperatures using linear
fitting method. Figure 5a shows lnð _eÞ versus lnðrÞ at different
temperatures and Fig. 5b represents lnð _eÞ versus stress at
different temperatures. Accordingly, the mean values of n and b
can be obtained as 5.9 and 0.046 MPa�1. Therefore, a can be
computed from n and b as: a ¼ b

n= 0.008 MPa�1. For the given
strain rate conditions, Q can be defined as (Ref 9):

Q ¼ nRS: ðEq 12Þ

where S is:

S ¼
dfln½sinh arp

� �
�g

d 1
T

� �
 !

_e

: ðEq 13Þ

The value of Q can be derived from the line slope of ln _e
versus ln½sinh arp

� �
� and ln½sinh arp

� �
� versus 1/T plots. From

the group of parallel lines in Fig. 6, the average value of
activation energy Q can be calculated to be about 301 kJ/mol.
As can be observed in Table 4, the calculated activation
energies in both this work and the published ones are much
larger than the self-diffusion of alpha Ti (Ref 50). In addition,
the activation energy of severely deformed CP titanium is
higher than that of coarse-grained CP titanium (Ref 16). ECAE
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processing increased the amount of activation energy for hot
deformation. On the other hand, as compared to the Q value of
Ti-10V-2Fe-3Al, Ti-15-3, and Ti 5-5-5-3, the severely de-
formed CP titanium in this work has a higher value (Ref 51-53).

Alloying elements and impurities can change the apparent
activation energies, a phenomenon that is manifested by the
increase in the temperature dependence of the flow stress (Ref
54). It is worth noting that the alloying elements causing lower
stacking fault energy are responsible for increasing the
activation energy for diffusion by reducing the effective
diffusion rate in the lattice (Ref 8). In this investigation, it is
found that the ECAE procedure can enhance the value of hot
deformation activation energy. The increase of activation
energy for hot deformation was also seen in other fine-grained
materials (Ref 46, 55). For instance, Al6063 showed 64%
increase in activation energy over its coarse-grained counterpart
(Ref 46).

The peak strain is an important parameter, since after peak
strain, the WH behavior of flow stress is being replaced with
work softening behavior indicating the onset of DRX. Figure 7
shows the linear fit between the peak strain and the Zener-
Holloman parameter. The peak strain can be determined below,
indicating higher values with increasing the Z parameter.

eP ¼ 0:002Z0:149: ðEq 14Þ

It is well known that DRX actually initiates at a critical strain
before the peak stress. It can be taken as 0.8 eP (Ref 56).

eC ¼ 0:0016Z0:149: ðEq 15Þ

The critical strain values versus deformation strain rates at
various temperatures are displayed in Fig. 8. The general tendency
is that the critical strain values decrease with increase in
deformation temperatures and decrease in strain rates, pointing
to accelerated DRX behavior due to lower critical driving force.

3.5 Modeling of the Flow Behavior at Elevated
Temperatures

This section presents the fundamental relations used to describe
the flow behavior in terms of WH, DRV, and DRX regions. It is
well known that, due to the combined effect ofWH and thermally
activated softening mechanisms, most of the flow stress curves at
elevated temperatures include four various stages especially at
relatively low strain rates (Ref 40, 57): stage I (WH stage), stage II
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Table 4 The comparison of activation energy (Q) values
for various titanium based materials

Alloy Q, kJ/mol References

Severely deformed grade 2 titanium 301 Present study
Grade 2 titanium 218-240 Ref 16
Ti-10V-2Fe-3Al 294 Ref 50
Ti 5-5-5-3 183 Ref 48
Ti-15-3 240 Ref 49
Self-diffusion in alpha titanium 169 Ref 47
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(transition stage), stage III (softening stage) and stage IV (steady
stage). These stages can be observed in Fig. 9.

The WH rate overcomes the softening rate induced by DRV
in stage I, and thus the stress considerably increases during
initial deformation then rises at a decreased rate, followed by
stage II. The competition between WH and softening induced
by both DRV and DRX occurs in stage II. Usually DRX occurs
only after a critical strain ( eC) is exceeded (Ref 8, 40). The
critical strain ( eC) of metallic materials was observed to be less
than the strain corresponding to the peak stress ( eP). In stage II,
the flow stress still increases with a continuous decrease in rate.
The stress drops sharply, which is related to dominance of DRV
and DRX in stage III. Finally, the stress levels off and the
plateau formation in stage IV indicates a new balance between
thermal softening and WH in newly recrystallized grains.

3.5.1 Constitutive Equations for Stage I. Laasraoui and
Jonas proposed the variation of dislocation density during
deformation according to WH and DRV with the following
equation (Ref 54):

dq
de
¼ U � Xq; ðEq 16Þ

where dq
de

is the rate of increase of dislocation density with
strain, U represents the WH, q is the dislocation density, and
X is called the coefficient of DRV (Ref 40, 56). Assuming U
and X are strain independent, integrating Eq 16 gives:

q ¼ q0e
�Xe þ U

X

� �
1� e�Xe
� �

: ðEq 17Þ

Here q0 is the initial dislocation density at e ¼ 0. Utilizing
Eq 16 and calculating dislocation density for the steady state
condition, the following relations can be derived:

dq
de
¼ 0; qDRX ¼

U

X
: ðEq 18Þ

Also, the flow stress ( r) can be related to the dislocation
density ðqÞ as:

r ¼ aGbq0:5 ðEq 19Þ

where a is a material constant, b is the distance between
atoms in the slip direction, and G is the shear modulus.

In addition, the variation of flow stress due to DRV during
hot deformation is as follows:

r2 ¼ r2
DRV þ r2

0 � r2
DRV

� �
e�Xe

� 	
ðe< eCÞ; ðEq 20Þ

where r is the flow stress, eC is the critical strain for DRX, e
is the total strain, r0 and rDRV are the yield stress, and the
steady state stress due to DRV, respectively. It should be
noted that the above relation is applicable up to stage II.
After stage II, DRX mechanisms are effective as well. Stress
rDRV could be attributable to DRV alone and corresponding
to dr

de
¼ 0.

3.5.2 Constitutive Equations for Stage II Through Stage
IV. DRX typically occurs at high temperatures and low strain
rates. After the onset of nucleation, the evolution of the
dislocation density depends on the kinetics of DRX. The
kinetics of DRX can be described by Avrami�s equation (Ref
38)

XD ¼ 1� exp �K e� eC
eP

� �nd
 �
ðe � eCÞ; ðEq 21Þ

where K and nd are DRX parameters depending on chemical
composition and hot deformation conditions (Ref 30) and eP
is the strain corresponding to the peak stress. To determine
the progress of DRX, the following expression is employed
(Ref 58, 59):

XD ¼
rDRV � r
rP � rDRX

; ðEq 22Þ

where XD is the fraction of DRX. Also, rDRX and rP are the
steady state flow stress due to DRX and peak stress, respec-
tively. From Eq 22, the amount of DRX can be obtained by
means of the flow stress curves under different deformation
conditions. Substituting Eq 22 into Eq 21 gives:

r ¼ rDRV � rP � rDRXð Þ 1� exp �K e� eC
eP

� �nd
 �� 
ðe � eCÞ:

ðEq 23Þ

3.5.3 Application of the Model in Severely Deformed
Titanium. Following the methodology outlined in (Ref 8,
40), the coefficient of DRV, X, can be obtained as a function of
the Zener-Hollomon parameter (Z) to yield the below relation.
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Fig. 9 The flow stress curve can be divided into four stages: stage I (work hardening stage), stage II (transition stage), stage III (softening
stage), stage IV (steady stage)
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Fig. 10 Comparison of the model predictions with experimental results at (a) 600 �C, (b) 700 �C, (c) 800 �C, (d) 900 �C
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X ¼ 96:47Z�0:042 ðEq 24Þ

Similarly, the DRX parameters K and nd can be calculated
for the different deformation conditions and the below rela-
tion can be obtained. nd for the tested materials seems to
approach a constant and equals to 1.6 (Ref 8, 40).

K ¼ 1:03� 10�3Z0:214: ðEq 25Þ

The flow stress-strain response of severely deformed CP
titanium at high temperatures can be predicted by applying X
and K in Eq 20 and 23. Figure 10 demonstrates that the model
employed here provides decent description of the plastic region
of stress-strain curves in the examined range of strain rates and
temperatures.

In order to evaluate the accuracy of the constitutive
modeling, the error values between the predicted stress ðrMÞ
and experimental stress ðrEÞ were also obtained as:

E %ð Þ ¼ rM � rE

rE
� 100: ðEq 26Þ

The highest error is less than 5% in all cases except at a
temperature of 600 �C and a strain rate of 0.1 s�1. Moreover,
this methodology is expected to be applicable for predicting
flow stress curves for deformation conditions outside the
experimental window as well. Since the deformation conditions
are brought in the equation through the Z parameter, the flow
stress behavior can be predicted in the entire domain where the
apparent activation energy for hot working is similar.

4. Conclusion

High temperature mechanical behavior of severely deformed
CP titanium obtained via a hybrid ECAE route was investigated in
the temperature range of 600-900 �C and in the strain rate range of
0.001-0.1 s�1. The following conclusions can be summarized:

I. In all cases, stress-strain responses point at the occurrence
of DRX with single peak in flow stress before reaching
steady state. The peak stress and strain values rise with
increasing strain rate and decreasing temperature.

II. Comparison of severely deformed and annealed samples
demonstrated that ECAE could enhance the hot strength
of CP titanium with close to 50% increase in steady flow
stress levels at temperatures as high as 600 �C.

III. The severely deformed microstructure is altered with the
post-ECAE deformation temperature leading to signifi-
cant grain coarsening, especially at or above 700 �C.

IV. The predicted flow stress curves of severely deformed
CP titanium during hot compression showed reasonable
agreement in the examined strain rate and temperature
range. For all deformation temperatures except 600 �C,
the error levels remained less than 5%.
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