
 
 

Delft University of Technology

The Modeling of the Flow Behavior Below and Above the Two-Phase Region for Two
Newly Developed Meta-Stable beta Titanium Alloys

Li, Cong; Ding, Zhili; van der Zwaag, Sybrand

DOI
10.1002/adem.201901552
Publication date
2021
Document Version
Final published version
Published in
Advanced Engineering Materials

Citation (APA)
Li, C., Ding, Z., & van der Zwaag, S. (2021). The Modeling of the Flow Behavior Below and Above the Two-
Phase Region for Two Newly Developed Meta-Stable beta Titanium Alloys. Advanced Engineering
Materials, 23(1), [1901552]. https://doi.org/10.1002/adem.201901552

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1002/adem.201901552
https://doi.org/10.1002/adem.201901552


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



The Modeling of the Flow Behavior Below and Above the
Two-Phase Region for Two Newly Developed Meta-Stable
β Titanium Alloys

Cong Li,* Zhili Ding, and Sybrand van der Zwaag

1. Introduction

Titanium alloys are an important structural material which has
been developed and applied since the middle of the 20th century.
Because of their low density, high, yet tunable specific strength,
excellent corrosion resistance, good ductility at low temperatures,
and good biocompatibility, they have been widely used in aero-
space engineering, chemical industry, weapon industry, and bio-
medical fields.[1,2] The optimization of their properties by tuning
the chemical composition (dictating both the β-transus and
the martensite start, Ms, temperatures) and the hot deformation
conditions, in particular the strain rate and the deformation

temperature with respect to the β-transus
temperature, has been an active research
topic for several decades,[3–6] in particular
for dual-phase alloys.[7,8] The deformation
mechanisms and microstructural evolu-
tions of existing commercial dual-phase
titanium alloys are relatively well docu-
mented.[9] Gupta et al. have studied the
evolution of microstructure and texture
in Ti-15V-3Cr-3Sn-3Al alloy during cold-
rolling and cross-rolling; it was found that
the strain path has a strong effect on the
deformation microstructure.[10] Mishra
and co-workers have investigated the hot
deformation behavior of a commercial
grade Ti-6Al-4V with lamellar and equiaxed
starting microstructures; the deformation
behavior correlation of these two morphol-
ogies have been demonstrated by the

Zener–Hollomon relationship.[11] Roy and Suwas have analyzed
the hot deformation behavior of a hypoeutectic Ti-6Al-4V-0.1B
alloy; the influence of temperature and strain rate was
revealed.[12] The thermomechanical processing of welded αþ β
Ti-Al-Mn alloy and its effect on microstructure and mechanical
properties were studied by Murthy et al.; the structural changes
during welding and the various post-weld treatments and their
effect on the two mechanical properties were discussed.[13]

Banerjee and co-workers have investigated the high-temperature
deformation processing of Ti-24Al-20Nb; power dissipation
maps have been generated.[14]

Compared with other structural metals, such as aluminum
alloy and steel, titanium alloys have a narrow processing
“window”. Normally, the microstructure of titanium alloys can-
not be changed significantly by thermal deformation in the αþ β
phase region. Only when the deformation temperature is close to
the β-transus temperature, can the microstructure be modified
significantly.[15] Philippart and Rack have investigated the defor-
mation mechanisms of Ti-6.8Mo-4.5Fe-1.5Al alloy at high tem-
peratures and as a function of the strain rate.[16] Jia et al. have
conducted isothermal compression tests on Ti60 alloy in a tem-
perature range of 960–1100 �C and strain rate of 0.001–10 s�1.[17]

The high-temperature behavior and microstructural evolution of
IMI834 and Ti-1100 were reported by Weisis and Semiatin.[18]

Cui et al. have carried out hot compression tests for a biomedical
titanium alloy Ti-6Al-7Nb.[19] All these studies revealed that the
flow softening in the β phase region was weaker than that in the
αþ β two-phase field. This is due to the morphological changes
of the α phase as well as the occurrence of dynamic recovery and
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Isothermal hot compression tests of two promising new titanium alloys
(Ti-10 V-1Fe-3Al and Ti-10 V-2Cr-3Al) are performed using a TA DIL805D defor-
mation dilatometer at temperatures in and above the two-phase αþ β region
(730–880 �C) at strain rates ranging from 10�3 to 10�1 s�1. Results show that the
flow stress of the two alloys decreases with increasing deformation temperature
and decreasing strain rate. Some of the flow curves manifest clear discontinuous
yielding and flow softening, both of which are strongly affected by the deformation
conditions. The flow stress behavior of these two alloys can be described very well
by a hyperbolic–sine Arrhenius equation. When deforming in the αþ β phase
region, the deformation mechanism is governed by the bending or globularization
of the α phase. When deforming in the pure β phase field, the flow behavior is
mainly determined by dynamic recovery or recrystallization. The difference in alloy
composition has a minor effect on their hot working behavior.
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recrystallization.[18,19] The microstructure in the αþ β phase field
deformation is characteristic of refined dynamic recrystallization
(DRX) α phase, whereas in the β phase field, the morphology is
characteristic of refined β grains.[6] In the current study, the high-
temperature deformation behavior of two novel meta-stable tita-
nium alloys (Ti-10V-1Fe-3Al and Ti-10V-2Cr-3Al) is studied. The
observed behavior is compared to that of existing dual-phase tita-
nium alloys. These alloys were selected for their excellent and
tunable mechanical behavior at room temperature when treated
to the desiredmeta-stable state and are being considered as poten-
tial candidates for many industrial applications.[20] The purpose of
the present article is to address the dynamic recovery and recrys-
tallization behavior of the new alloys and to capture their high-
temperature deformation behavior in quantitative expressions.

2. Experimental Section

The alloys (Ti-10V-1Fe-3Al and Ti-10V-2Cr-3Al) used in this work
were received in the as-forged conditions and supplied by the
Institute of Metal Research, Chinese Academy of Science,
Shenyang, China. Each ingot weighted about 5 kg. The chemical
compositions of the two alloys and their Moeq values, calculated
through Equation (1),[5] are listed in Table 1.

Moeq ¼ 1.00Moþ 0.28Nbþ 0.22Taþ 0.67Vþ 1.6Cr

þ 2.9Fe� 1.00Alðwt%Þ
(1)

The two alloys were solution-treated at 780, 790, 800, 810,
820 �C for 15min, and the optical microstructures after quench-
ing were recorded to determine the β-transus temperatures. The
β-transus temperatures of theTi-10V-1Fe-3Al and Ti-10V-2Cr-3Al
alloys thus determined to be �810 and 800 �C, respectively.
The as-received slabs had been subjected to several forging
passes both in the β and αþ β state, resulting in homogeneous
microstructures, as shown in Figure 1. The corresponding X-ray
diffractograms are shown in Figure 1c. The morphology of in
the Ti-10V-1Fe-3Al alloy is rather homogeneous and lamellar
with the lamellar regions at an angle with each other. In
Ti-10V-2Cr-3Al alloy, the initial microstructure shows a high vol-
ume fraction of very fine α phase, and there is some coarser
lamellar α at the grain boundary. The starting microstructures
resemble those reported previously for these alloys.[20,21]

Cylindrical specimens with 5mm diameter and 10mm length
were electron discharge machined (EDM) from the ingots for
compression tests. Hot compression tests using a TA DIL805D
dilatometer were performed in a vacuum atmosphere over a tem-
perature range of 730–880 �C, i.e., below and above the transus
temperature at around 800 �C. Strain rates were varied between
10�3 and 10�1 s�1. Molybdenum discs with 8mm diameter and
0.1mm thickness were welded on the end surfaces of the

specimens to reduce the friction between the anvil and the
samples. S-type thermocouples were also welded on the middle
surface of samples to measure and control the actual tempera-
ture. The specimens were heated to the target temperature with
a heating rate of 10 �C s�1 and homogenized for 3min and then
deformed up to 50% height reduction. To preserve the hot defor-
mation structure, the deformed samples were quenched imme-
diately with argon gas upon completion of the deformation cycle.
An overview of all the compression experiments performed is
given in Table 2.

The deformed specimens were axially cut parallel to the
compression axis and embedded in a cold-setting resin and
prepared according to standard metallographic preparation
methods for titanium alloys. Kroll’s reagent (3mL HFþ 6mL
HNO3þ 100mL H2O) was used as the etchant. A Leica LF7M38
optical microscope and a high-resolution JEOL scanning electron
microscope were used to determine the microstructures as a
function of the deformation conditions.

3. Results and Discussion

3.1. Flow Stress Behavior

Figure 2 shows the selected hot compression stress–strain curves
of both titanium alloys at various deformation temperatures (730,
760, 790, 820, 850, 880 �C) and strain rates (10�1, 10�2, 10�3 s�1).

For some curves, in particular those at the lower end of the
temperature scale explored, the stress increases rapidly at the
beginning and then starts to decrease with the continuous
increase of strain until a steady-state stage is obtained. For such
curves, the strengthening effect due to dislocation pile-up is
greater than that of dynamic softening, resulting in work hard-
ening, and the flow stress increases rapidly with increasing
strain. Upon a further increase in the total deformation, i.e.,
when the dislocation density increases, softening mechanisms
such as dynamic recovery and DRX play a more dominant role,
which makes the flow stress begin to decrease. During the pro-
cess of loading, part of deformation energy will be stored by dis-
locations and other defects. This part of energy will be released as
the driving force of the dynamic recovery and recrystallization.
Therefore, continuous increase in dislocation density also accel-
erates the dynamic recovery and dynamic crystallization. In this
stage, work hardening and softening mechanisms interact and
offset each other. Finally, a dynamic equilibrium is reached.

From Figure 2, it can also be found the high-temperature
deformation curves clearly show discontinuous yielding phe-
nomena. This behavior refers to the sudden drop of flow stress
when the flow stress reaches its peak value. When the strain rate
is 10�1 s�1, samples deformed at 760 �C start to present the dis-
continuous yielding phenomena. Yet, when the strain rate is
10�3 s�1, until 820 �C, the stress–strain curves begin to yield dis-
continuously. The higher the deformation temperature and
strain rate, the more clear the discontinuous yield phenomenon.
In general, there are two theories to explain this phenomenon:[17]

The first is a static theory, which assumes that dislocations are
blocked by solute atoms, and that at a certain stress level, these
dislocations can be unlocked from the pinning centers, resulting
in a sudden drop in flow stress. However, one could argue that it

Table 1. The chemical composition of the alloys studied (in wt%)[20] and
the calculated Moeq values.

V Fe Cr Al O C N Ti Moeq

Ti-10V-1Fe-3Al 9.97 0.97 – 3.02 0.11 0.051 0.014 Bal. 6.5

Ti-10V-2Cr-3Al 10.6 – 2.18 3.19 0.1 0.05 0.013 Bal. 7.4
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is difficult for solid solution atoms to lock the dislocations effec-
tively at high temperatures. Moreover, the discontinuous yield
phenomena of these two titanium alloys became clearer at higher
temperatures, so the static theory does not provide a reasonable
explanation for the current results. The second is a dynamic the-
ory, which is based on the assumption that discontinuous yield-
ing is related to the rapid generation of numerous movable
dislocations from grain boundaries. According to this assump-
tion, during deformation, initially a large fraction of the disloca-
tions is blocked by grain boundaries and accumulates there,
resulting in a sharp increase in flow stress. When the dislocation
density reaches a critical value, the dynamic recovery in the β
phase increases rapidly, resulting in a significant decrease in flow
stress and discontinuous yielding.[16] The precondition of discon-
tinuous yielding is that the dislocation density must reach a crit-
ical level and a high strain rate is needed to ensure the dislocation
accumulation, which explains the correlation between

discontinuous yielding and the (high) strain rate. As shown in
Figure 2, the higher the strain rate, the clearer the discontinuous
yielding. The sharp decrease in movable dislocations is caused by
the sudden increase in dynamic recovery. Therefore, the higher
the temperature, the greater the driving force of dynamic recov-
ery and clearer the discontinuous yielding phenomenon; this was
also well reflected in every image of Figure 2. It can be concluded
that the discontinuous yielding behavior of both alloys observed
here can be well explained by the dynamic theory.

In addition, it was shown in Figure 2 that some of the curves
have the characteristics of flow softening; that is, with the
increase in strain, the flow stress decreases continuously. This
phenomenon is common in high-temperature deformation of
titanium alloys. Existing studies show that there are several rea-
sons for flow softening: a change in the phase morphology,
dynamic recovery and DRX, and/or a temperature rise due to
adiabatic heating.[15] In general, adiabatic heating and micro-
structure evolution are the main causes of this behavior. The adi-
abatic effect usually plays a major role when strain rate is higher
than 10 s�1. When the strain rate is lower (<10 s�1), i.e., under
the conditions of the current study, the microstructural evolution
dominates. For a given deformation temperature, the flow soft-
ening effect at a high strain rate is stronger than that at a low
strain rate. This can be explained as follows: at a certain defor-
mation temperature, when the strain rate is higher, the time
required for the specimen to reach a certain deformation amount
is shortened and the dislocation generation rate increases. These
dislocations interlace and tangle with each other, resulting in an

Figure 1. As-received microstructures of two the alloys a) Ti-10V-1Fe-3Al, b) Ti-10V-2Cr-3Al, c) corresponding XRD diffractograms with all peaks indexed.
No unaccountable peaks were observed.

Table 2. Summary of the deformation conditions imposed.

Deformation temperature 730 �C 760 �C 790 �C 820 �C 850 �C 880 �C

Strain rate 0.1
p p p p p p

0.05
p

N/A
p p

N/A
p

0.01
p p p p p p

0.005
p

N/A
p p

N/A
p

0.001
p p p p p p
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increment in the critical stress for further plastic deformation.
With a further increase in strain, various softening mechanisms
gradually weaken the hardening effect until equilibrium state is
reached; consequently, a stronger flow softening behavior is
detectable. When the strain rate is fixed, with increasing defor-
mation temperature, both the flow stress and the degree of
flow softening decrease. Compared with the deformation in the
β phase region, the flow softening is clearer in the αþ β phase
region. The change in the extent of flow softening with increase
in temperature is the result of an ongoing microstructural evo-
lution, which will be presented in more detail in Section 3.5.

3.2. Effect of Deformation Temperature

Figure 3 shows the effect of deformation temperature on the flow
stress at three strain rates (0.1, 0.01, 0.001 s�1). To show the flow
stress more accurately, the stress values at the strain of 0.15, 0.25,
and 0.35 are plotted in Figure 3a,b for both alloys. It can be seen
that the flow stress decreases with an increase in deformation
temperature, but the rate of decrement varies in different tem-
perature ranges. In αþ β phase field, the flow stress decreases
rapidly, whereas in the high-temperature region (β phase field),
the decrease is relatively mild. This is related to the difference in

Figure 2. Selected stress–strain curves at different deformation temperatures and strain rates. a) Ti-10V-1Fe-3Al alloy deformed at the strain rate of
0.1 s�1, b) Ti-10V-2Cr-3Al alloy deformed at the strain rate of 0.1 s�1, c) Ti-10V-1Fe-3Al alloy deformed at the strain rate of 0.01 s�1, d) Ti-10V-2Cr-3Al alloy
deformed at the strain rate of 0.01 s�1, e) Ti-10V-1Fe-3Al alloy deformed at the strain rate of 0.001 s�1, and f ) Ti-10V-2Cr-3Al alloy deformed at the strain
rate of 0.001 s�1.
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microstructural stability of titanium alloys in different temperature
ranges. In αþ β phase field, the change in temperature will lead to
a change in the volume fractions of the two phases, which will seri-
ously affect the mechanical properties. However, in the β phase
field, a change in temperature only affects the grain size of the
β phase and this has a minor influence on the high-temperature
flow behavior. These assumptions will be confirmed by the results
of microstructure observation to be presented in Section 3.5.

3.3. Effect of Strain Rate

As shown in Figure 2, the flow stress is strongly affected by the
strain rate. At a given temperature, the flow stress increases with
increasing strain rate. The influence of strain rate on the flow
stress can be captured by Equation (2)[22]

ε
: ¼ Aρbσm (2)

where theσis the flow stress, ε
:
is the strain rate, ρ is the disloca-

tion density, b is the Burgers vector of dislocations. But at differ-
ent temperatures, the sensitivity of the flow stress to the strain
rate is different. To quantitatively investigate the effect of strain
rate on flow stress, a strain rate sensitivity exponent m is intro-
duced which is defined by Equation (3)[23]

m ¼ ∂ ln σ
∂ ln ε:

(3)

The flow stress (for a fixed strain of 0.25) as a function of strain
rate is plotted in a lnσ-lnε

:
scale, as shown in Figure 4. The strain

rate sensitivity exponent m was calculated for each condition.
It can be seen that for Ti-10V-1Fe-3Al alloy, when deformation
temperature is below the β-transus (i.e., 730 and 790 �C), the
m value is around 0.2 and does not change too much. When
the temperature is in the β phase region, the m value increases
strongly, from 0.196 at 790 �C to 0.296 at 820 �C, and finally to
0.34 at 880 �C. In Ti-10V-2Cr-3Al alloys, although the m value
increases with the increase in deformation temperature, the var-
iation is very slight when the β-transus point is crossed, from
0.267 at 790 �C to 0.276 at 820 �C. For the Ti-10V-1Fe-3Al alloy,
the behavior is different and there is a marked jump at the
β-transus temperature. From these analyses, it can be concluded
that the flow stress of the alloy during high-temperature defor-
mation is affected by both temperature and strain rate.

3.4. The Calculations of Constitutive Equations

To quantify the mechanical behavior of Ti-10V-2Cr-3Al alloy
more quantitatively, the stress–strain curves obtained from the
hot deformation under different temperature and strain rate have
been fitted to constitutive equations which have been used to
establish the thermo-mechanical response during hot working.
The Sellars and Tegart hyperbolic–sine Arrhenius equation is
used here to describe the relationship between the flow stress
and various deformation parameters[24]

ε
: ¼ A½sinhðασÞ�n exp

�
� Q
RT

�
(4)

where ε
:
is the strain rate (s�1), σ is the flow stress (MPa), R is gas

constant (8.314 J mol�1·K), T is the absolute temperature (K), and
Q is the apparent activation energy (J mol�1), A and α are mate-
rials constant. α can be calculated by Equation (5)

α ¼ β

x
(5)

where x and β can be calculated through Equation (6) and (7)

ε
: ¼ A1σ

x exp
�
� Q
RT

�
(6)

ε
: ¼ A2 expðβσÞ exp

�
� Q
RT

�
(7)

Taking logarithm on both sides of Equation (6) and (7),
Equations (8) and (9) were deduced.

ln ε
: ¼ x ln σ þ lnA1 �

Q
RT

(8)

ln ε
: ¼ βσ þ lnA2 �

Q
RT

(9)

Then the values of x and β can be obtained from the slope of
ln(σ) versus ln(ε

:
), and σ versus ln(ε

:
), as shown in Figure 4b

and 5, respectively. Actually x is the reciprocal of the strain rate
sensitivity exponent m. It should be noted that in different tem-
perature ranges, the microstructures and deformation mecha-
nisms of the alloys are different, so x and β are calculated
separately in αþ β phase field (730 and 790 �C) and β phase

Figure 3. Effect of deformation temperature on the flow stress a) Ti-10V-1Fe-3Al, b) Ti-10V-2Cr-3Al.
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field (820 and 880 �C). Correspondingly, different α values are
obtained for different temperature ranges. The calculation
results are listed in Table 3.

Taking logarithmic values on both sides of Equation (4), (10) is
obtained. From this the expressions of n and Q, shown in
Equation (11) and (12), are obtained.

ln ε
⋅ ¼ n ln½sinhðασÞ� þ lnA� Q

RT
(10)

1
n
¼ dfln½sinhðασÞ�g

dðln ε: Þ (11)

Q ¼ nR
dfln½sinhðασÞ�g

dð1=TÞ (12)

Then the values of n and Q can be obtained from the line slope
of ln[sinh(ασ)] versus ln(ε

:
), and ln[sinh(ασ)] versus 1/T, respec-

tively, as shown in Figure 6. The specific results are also listed in
Table 3.

Using the same method, values for all parameters in the
constitutive equation for Ti-10V-1Fe-3Al alloy in different
temperature ranges can be determined. The apparent activation
energies of Ti-10V-1Fe-3Al and Ti-10V-2Cr-3Al alloys in αþ β
and β phase fields are determined to be QFe/αþβ¼ 366 kJ mol�1,
QFe/β¼ 158 kJ mol�1, QCr/αþβ¼ 231 kJmol�1, QCr/β¼
184 kJ mol�1, respectively, and these values are listed in
Table 3. Theoretically, the apparent activation energy Q repre-
sents the energy barrier needed to overcome atomic diffusion.
As can be seen, the activation energy in the αþ β phase fields
(QFe/αþβ and QCr/αþβ) is higher than that of self-diffusion energy
in either single α phase (Qsd/α �169 kJmol�1) or single β phase
(Qsd/β �153 kJ mol�1), suggesting a complex combination of
dynamic restoration processes.[15] Seshacharyulu et al. proposed
that the high activation energy is related to the break-up, kinking,
or globularization of lamellar structures during deformation in
αþ β phase field which subsequently results in flow softening.[25]

Detailed observation on the deformation microstructure in
Section 3.5 confirmed this deduction.

By comparing the activation energies of the two alloys, it can
be found that QFe/αþβ>QCr/αþβ, which may be related to the

Figure 4. The strain rate exponents of a) Ti-10V-1Fe-3Al, b) Ti-10V-Cr-3Al.

Figure 5. σ versus ln(ε
:
) plot for Ti-10 V-2Cr-3Al.

Table 3. Parameter values in the constitutive equations for different alloys.

Alloys Phase region n α lnA Q

αþ β alloys Ti-10V-1Fe-3Al
(Moeq�6.5)

αþ β 3.2 0.013 37.3 366

β 2.4 0.019 12.3 158

Ti-10V-2Cr-3Al
(Moeq�7.4)

αþ β 3.2 0.014 19.8 231

β 2.4 0.017 14.7 184

Ti-10V-2Fe-3Al
(Moeq�8.5)[25]

αþ β 3.5 0.015 28.0 294

β 2.5 0.026 13.4 185

Near α alloys Ti-6Al-4V[28] αþ β 3.5 0.009 52.6 522

β 3.2 0.014 17.5 170

IMI834[22] αþ β 2.2 0.019 60.4 682

β – – – –

IMI550[29] αþ β 3.4 0.023 57.9 637

β – – – –
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difference in strengthening effect of primary α phase and that of
the complex interaction between alloying elements in these two
alloys. On the other hand, QCr/β>QFe/β �Qsd/β. It is generally
assumed that when the calculated activation energy Q is close
to the self-diffusion activation energy Qself of pure titanium,
the softening mechanism in this phase field is mainly dynamic
recovery, indicating that the superplastic deformation process of
large grains in the β region is controlled by diffusion. If the cal-
culated activation energy Q is higher than Qself, the softening
mechanism contains DRX.[19] This preliminary conclusion is
confirmed in the microstructural analysis. On the other hand,
according to the research of Moneni,[26] the activation energy
for hot deformation can be separated into thermal and mechani-
cal parts. The thermal activation was found necessary to propel
diffusion and help dislocations bypass the short-range barriers
such as the solute atoms. The mechanical energy could help dis-
locations overcome strong long-range obstacles such as disloca-
tion tangles. Here, QFe/β �Qsd/β, it implies that the QFe/β

calculated here is almost purely thermal activation. At the same
time, QCr/β is greater than QFe/β, that means the Cr atoms have
stronger strengthening effect than Fe atoms. With the decrease
in the deformation temperature, the Qαþβ is found to be higher
than the corresponding Qβ; it can be concluded that Qαþβ has
apparently two parts, thermal and mechanical parts. It is consis-
tent with the conclusions of the reference.

After reformulation, Equation (4) can be converted into
Equation (13), the left-hand side of which is the Zener–
Holloman parameter. It is an important parameter to character-
ize the effect of temperature and strain rate on the deformation
behavior of materials. Taking logarithms on both sides of
Equation (13), (14) can be obtained.

ε
⋅
exp

�
Q
RT

�
¼ A½sinhðασÞ�n (13)

lnZ ¼ lnAþ n ln½sinhðασÞ� (14)

where Z is the Zener–Holloman parameter, R is the gas constant
(8.314 J mol�1·K). Figure 7a shows the relationship between lnZ
and ln[sinh (ασ)] for two alloys. After linear fitting, the intercepts
of different straight lines can be calculated to obtain the values of
lnA in different temperature ranges. The constitutive equations
of the two alloys in different temperature region can be obtained
by taking the calculated values into the Equation (4). To further
verify the accuracy of the constitutive model, the experimental
and calculated data of flow stress are compared, as shown in
Figure 7b. A good correlation between the calculated values
and the experimental values over the entire range of testing con-
ditions is obtained.

Figure 6. a) ln[sinh(ασ)] versus ln(ε) plot for Ti-10 V-2Cr-3Al, b) ln[sinh(ασ)] versus 1/T plot for Ti-10V-2Cr-3Al.

Figure 7. a) ln[sinh(ασ)] versus lnZ plot for two alloys, b) relationship between the calculated and experimental stress.
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The parameter values of constitutive models applicable to
conventional titanium alloys of comparable chemical composi-
tion are also listed in Table 3. Because of the high similarity in
composition with the two alloys studied in this article, the

reported parameter values for the Ti-10V-2Fe-3Al alloy are very
close to the results calculated by us. We find that the lnA and Q
values of the near α alloys in αþ β phase region are much
higher than that of αþ β alloys, while the parameters of all

Figure 8. Deformation microstructure of two alloys: a) Ti-10V-1Fe-3Al alloy deformed at 730 �C, b) Ti-10 V-2Cr-3Al alloy deformed at 730 �C,
c) Ti-10V-1Fe-3Al alloy deformed at 790 �C, d) Ti-10V-2Cr-3Al alloy deformed at 790 �C, e) Ti-10V-1Fe-3Al alloy deformed at 850 �C, f ) Ti-10V-2Cr-
3Al alloy deformed at 850 �C, g) microstructure of Ti-10V-1Fe-3Al alloy at 850 �C without deformation, h) microstructure Ti-10V-2Cr-3Al alloy deformed
at 850 �C without deformation.
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alloys in high-temperature β phase region are distributed over a
similar range. This indicates that in the low-temperature
region, the mechanical parameters of titanium alloys are
strongly influenced by alloying elements and the secondary
phase, including phase morphology, fraction, distribution
and so on, whereas in the high-temperature β phase region,
the mechanical parameters change only a little because of
the invariant bcc structure of the alloys.

3.5. Observation of the Deformation Microstructures

Figure 8 shows the microstructures of the two titanium alloys
deformed at different temperatures at a strain rate of 0.01 s�1.
It was found that the deformation modes of these two alloys are
similar when deformed at a relatively low temperature (730 �C),
as shown in Figure 8a,b. The original flat lamellar α phase was
bent under compression loading, resulting in a decrease in flow
stress and subsequently softening behavior. On the other hand,
the dispersed α phase plays an important role in the strengthen-
ing mechanism, but in the high-temperature β phase field such
effect is absent. This is why the influence of temperature on flow
stress varies in different phase fields, as shown in Figure 3.
Similarly, in multiphase Ti alloys such as eutectic alloys, such
as Ti-Sn and Ti-Cr-Si alloys, it was found that introducing a
nano-scale layer-structured matrix in the β-Ti alloys is very
effective to enhance the yield strength.[1,27] With an increase
in deformation temperature (790 �C), the microstructure
changes dramatically. Although the deformation temperature
is still in the αþ β phase field, it is very close to the β-transus
temperature. Under these conditions, the α phase is thermody-
namically unstable and the mobility of atoms is enhanced.
Therefore, α!β phase transformation and globularization of α
phase occurs in both alloys, as shown in Figure 8c,d. The strain
rate also has some influence on the globularization process. At a
low strain rate, the deformation time is prolonged and the α!β
transformation is more complete, i.e., the lamellar α phase has
enough time for interface migration, and the globularization pro-
cess is more fully carried out. When the temperature is increased
to 850 �C, the α phase dissolves completely and dislocation slip
and climb in a purely bcc phase structure becomes dominant, as
shown in Figure 8e,f. Compared with the undeformed micro-
structure (Figure 8g,h), such as big grains, straight grain bound-
aries and martensite, with increasing deformation strain, the β
grains become more elongated during the compression process,
and dislocation piling-up occurs at the grain boundary. The later
results in a local stress concentration at the grain boundary, as a
result of which, the original straight grain boundaries are
destroyed and become serrated. It is observed that the dynamic
recovery is the main softening process in Ti-10V-1Fe-3Al alloy,
while some fine recrystallized grains can be found in
Ti-10V-2Cr-3Al alloy. This phenomenon is consistent with
the previous inference from the apparent activation energy. In
general, it can be concluded that the high-temperature deforma-
tion mechanism of these two alloys is greatly affected by the com-
pression temperature. However, within the somewhat limited
scope of this study, the strain rate itself has a minor effect on
the deformation mechanism. Both phenomena are comparable
to those encountered in other dual-phase titanium alloys.

4. Conclusion

Hot compression behavior of two newly developed meta-stable
titanium alloys (Ti-10V-1Fe-3Al and Ti-10V-2Cr-3Al) both with
a lamellar α starting microstructure is investigated by isothermal
deformation tests in the temperature range of 730–880 �C
(i.e., below and above the β-transus temperature for strain rates
ranging from 0.1. to �0.001 s�1. The following conclusions can
be drawn: 1) The flow stress of the alloys is highly affected by
both temperature and strain rate. At higher deformation temper-
atures and strain rates, discontinuous yielding was observed,
and it can be well explained by the dynamic theory. 2) The
temperature-dependent softening in the αþ β phase region is
stronger than that in the β phase field due to the concurrent
phase transformation of the α phase fraction. For a given defor-
mation temperature, the flow softening effect at a high strain rate
is stronger than that at a low strain rate. 3) The activation energy
of the two alloys in the αþ β phase fields is higher than that of
self-diffusion energy in either single α phase or single β phase,
suggesting a complex combination of dynamic restoration pro-
cesses, which may be related to the difference in strengthening
effect of primary α phase and that of the complex interaction
between alloying elements in these two alloys. 4) In the β phase
field, the dynamic recovery is the main softening process in
Ti-10 V-1Fe-3Al alloy, while some fine recrystallized grains can
be found in Ti-10V-2Cr-3Al alloy, and it was confirmed theoreti-
cally by the calculated activation energy.
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