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Abstract A detailed investigation was conducted to study

the concurrent effect of temperature and strain rate on the

microstructure evolution in Ti–5Al–3Mo–1.5V dual-phase

Titanium alloy. By applying varying strain rates from 10�3

to 10 s�1 between 1098 and 1298 K at an interval of 50 K,

isothermal compression characteristics and microstructural

changes were recorded. The sizes of globules, concentrated

predominantly at the lamellar kinks, were found to be

inversely proportional to the strain rate. Further, a dynamic

material model was employed to assess and plot the pro-

cessing map displaying the safe hot working regime. The

apparent hot-working activation energy in the aþ b and b
phase field was 636 kJ/mol and 379 kJ/mol, respectively. A

higher activation energy than the self-diffusion threshold of

the aþ b and b field was attributed to lamellae breakup

and dynamic recrystallization in the respective phase fields.

The microstructure analysis and identified softening

mechanisms further helped in concluding the safe hot

working regime to be 1248 K and 10�3 s�1.

Keywords Dual-phase aþ b titanium alloy �
Hot working � Lamellar morphology � Globularization �
Dynamic recrystallization

1 Introduction

Ti–5Al–3Mo–1.5V is a two-phase high-strength structural

titanium alloy. Its prowess to withstand high strain prior to

failure in annealed or quenched state has been widely

reported [1]. The alloy undergoes structure change from

HCP to BCC while heating at a temperature of 1223 K (b
transus, Tb). Post-solution treatment and ageing, the alloy

exhibits satisfactory strength up to a temperature of

673–703 K and presents better properties than Ti–6Al–4V;

viz. enhanced strength and moderate ductility. Weldments

and forged structure of this alloy can be deployed in service

for long span at temperatures up to 673 K and short span up

to 1023 K [1]. However, there has been very little reported

work exploring the high-temperature mechanical perfor-

mance of the alloy.

Microstructural features have been known to influence

the mechanical behaviour of titanium alloys. For example,

grain refinement in metals is a widely accepted approach

for enhancing mechanical properties. A change in the

lamellae thickness has been reported to manifest itself in

the form of tension/compression asymmetry during the

mechanical test of this alloy [2]. Hot working studies on

Ti–6Al–4V maintained that globularization (lamellar !
globular) kinetics were significantly influenced by initial

microstructure [3]. Although the lamellar structure is

stable up to high temperature due to the absence of
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interface curvature; it was established that the presence of

defects like lamellar termination and lamellar boundaries

have detrimental effect [4]. Furthermore, it was concluded

that with suffcient thermal energy and deformation, pro-

duction of perturbation and further breakdown of lamellar

microstructure results in globular or equiaxed morphol-

ogy [5]. Mechanistic models presented in [4] and [6]

describing the mechanism involved in the transformation

of lamellar to globular/equiaxed morphology, albeit pri-

marily for static globularization, stressed on lamellar ter-

mination migration, boundary splitting and Rayleigh

perturbation theory-based capillarity-induced instabilities.

The height reduction required during hot compression to

achieve dynamic globularization for lamellar microstruc-

ture is approximately 50%. It was argued that the strain

path is also expected to have a profound effect on the

globularization kinetics. Monotonic deformations (e.g.

tension and torsions) present higher rates of globularization

than the reversed torsion types non-monotonic ones [7].

Intense shear bands formation within alpha colony precede

the globularization process. It was maintained that the

development of this high energy alpha–alpha interfaces in

the vicinity of beta lamellae results in a surface-tension-

induced perturbation of the alpha lamellae by beta lamel-

lae [8]. Recent studies on the hot working of Ti–6Al–4V

reported that for strain rates lesser than 10�2 s�1 globu-

larization occurred below b-transus while dynamic

recrystallization (DRX) took place above the transus tem-

perature [9]. DRX has been regarded as a softening

mechanism that leads to the evolution of new finer grains in

the existing matrix, which further helps to enhance

mechanical properties post-hot working [10]. It was further

argued that a certain threshold strain was necessary to

initiate DRX [11]. Subsequently, a quantitative model was

employed comprising cellular automata coupled with DRX

metallurgical principles and concluded that grain bound-

aries successfully overcame the threshold and act as pre-

ferred sites for nucleation of these fine grains [12]. Kugler

and Turk [13] also utilized cellular automata and main-

tained that migration of dislocation-rich high angle grain

boundaries into the surrounding matrix brings about the

formation of fine dislocation-free new grains. Experimental

kinetic analysis for lamellar starting microstructure in

TC11 titanium alloy has suggested that the deformation

mechanism in the b phase field was governed by diffusion

creep process, and microstructure evolution was a combi-

nation of dynamic recovery and dynamic

recrystallization [14].

The present work reports the effect of deformation

parameters on the microstructural evolution in two-phase

Ti–5Al–3M–1.5V Titanium alloy for lamellar starting

microstructure. By employing TEM and OM, an attempt

has been made to understand the globularization (below

Tb) and recrystallization (above Tb) mechanism in the

ensuing deformation.

2 Material and experiment

2.1 Material

The alloy used in the current study, with similar elemental

composition and history as reported in [2], was subjected

to solutionization at 1253 K for 45 min, followed by fur-

nace cooling to ambient temperature to achieve lamellar

morphology. Figure 1 depicts the lamellar microstructure

obtained after furnace cooling. The a and the b phases are

represented by dark and bright regions, respectively. The

microstructure is comprised of colonies of lamellar a
within the prior b grain. Prominent grain boundary a layer

is visible along with continuous b layer in between Wid-

manst€atten side plates.

2.2 Hot compression and microstructure

examination

Isothermal hot compression tests were conducted on

cylindrical specimens of 12-mm length and 8-mm diameter

on the Gleeble thermomechanical simulator. Tests were

conducted for the temperature range of 1098–1298 K at an

interval of 50 K each for true strain rates of 10i s�1 (i =

0.001, 0.01, 0.1, 1.0, 10.0). The specimens were resistance

heated to the test temperature at a heating rate of 278 K s�1

and homogenized for 180 s and subsequently water quen-

ched after 50% deformation to retain the hot-worked

microstructure. Standard metallographic technique men-

tioned for this alloy in [2] was adopted to prepare speci-

mens for microstructural examination.

3 Results and discussion

Following the mentioned outline in the introduction, firstly,

the stress–strain profile variation with temperature and

strain rate is discussed. Further on microstructure evolution

mechanisms in below and above b-transus, hot working at

different strain rates is illustrated.
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3.1 Stress–strain profile—flow behaviour

The shape of true stress versus true strain curves (Fig. 2a–

e) for the high-temperature compression of the alloy for

varying temperatures and strain rates can be distinguished

into the following categories:

1. For temperatures 1098 and 1148 K, after peak stress

attainment, continuous flow softening was witnessed

up to true strain value of 0.4.

2. For strain rates higher than 0.01 for below b transus

test temperatures, a drastic drop in flow stress with

increasing strain was observed

3. For temperatures just below b transus, i.e. 1198 K, a at

stress–strain profile was observed only for 0.001 s�1

strain rate, in the rest (0.1–10.0 s�1) drastic fall in flow

stress with the increasing strain was observed.

4. For above b transus specimens, a flat stress–strain

profile was observed.

Reported literature has stressed on the incapability of

texture change, dislocation substructure and dynamic

globularization to cause flow softening [15, 16]. Plate/

lamellae kinking, which is prevalent in below b transus

hot-worked specimens, can be considered a plausible cause

of flow softening [17]. Just as the plastic buckling of beams

leads to load drop, kinking can also cause deformation

under decreasing loads (the constraints in the deformation

of the lamellar microstructure are more complex than

simple beam). A parallel study conducted on Ti–6Al–4V

stressed on the adiabatic heating during deformation in the

two phase (aþ b) regime as a probable cause for flow

softening. Adiabatic heating increases the specimen tem-

perature. The study further described the flow stress as a

function of temperature and strain rate and established a

converse correlation between flow stress and deformation.

For hot deformation near or above b transus, the flow stress

exhibited a constant profile. This is due to the dynamic

recovery and recrystallization phenomena [18].

3.2 Deformed microstructural analysis

3.2.1 Deformed microstructure—lower two-phase aþ b
region

Globularization of the lamellar a was the major

microstructural change witnessed during deformation at

temperatures 1098, 1148 K at 10�3 s�1 strain rate. Figure 3

shows the micrographs of specimens deformed at the

aforementioned conditions. Formation of primary equiaxed

a (black square marked ‘J’ (Fig. 3a, b) after globularization

is clearly evident from the images. Globularization was

preferential and concentrated at the lamellae kink and prior

b grain boundaries as has been reported previously [3, 19].

The modification in the aspect ratio of the a lamellae can

be understood by the concept of geometric recrystalliza-

tion [20]. The appearance of steps or grooves [black square

marked ‘I’ (Fig. 3a, b)] over the parallel a colony either by

surface tension or by strain localization help in lamellae

fragmentation and their transformation to equiaxed

morphology [15].

3.2.2 Globularization mechanism

The globularization mechanism of a lamellae consisted of

two phenomena: shearing/kinking of laths and formation of

globules. Figure 4a shows the kinking contour of lamellae

and subsequent formation of globules at the kinks (marked

by arrows). Shearing of lath by plastic deformation creates

dislocations of both signs along the shearing plane. High-

temperature deformation results in simultaneous recovery

by the annihilation of oppositely signed dislocations.

Remaining dislocations of similar sign nucleate an inter-

face along shear line. The formation of these intra-lamellae

interfaces prior to globularization has been previously

reported for TA15 titanium alloy albiet for interrupted

compression test [21]. Squares marked with label K and L

highlighting the interface formation inside the lamellae in

specimens deformed at 1098 K at a strain rate of 0.001 and

Fig. 1 OM image of starting

lamellar microstructure at

a lower magnification and

b higher magnification.
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0.1s�1, respectively, are shown in Fig. 4b, c. This interface

diffuses and forms a globular shape to minimize the

interfacial energy (Marked J in Fig. 4b). The globule then

further grows to what is called an equiaxed morphology

(Marked I in Fig. 4b). Globularization near the prior b

grain boundaries is due to the higher local strains or the

stress arising because of deformation incompatibilities

between alpha lamellae and grain boundary. The propen-

sity of globularization near kinks is due to the plate

bending, which results in intensified local strain/stress. The

Fig. 2 Flow curves of Ti–5A–

3Mo–1.5V at different strain

rates in the a aþ b range (1098,

1148,1198 K) and b b range

(1248, 1298 K
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nonuniformity in deformation further worsens due to the

absence of grain boundary sliding [3] as concluded from

the values of strain rate sensitivity and strain components

in previously reported works [15].

The observed rotation of large fraction of lamellae to an

orientation orthogonal to the loading axis in this work

(Fig. 5) and other previous work [15] at critical strain

levels necessary for the inception of dynamic globulariza-

tion is worth noticing. It further indicates that reorientation/

kinking of lamellae also manifests itself in critical strain

needed for the commencement of globularization.

Fig. 3 Globularization in specimens deformed to 0.69 true strain at 1098, 1148, 1198 K at a strain rate of 10�3 s�1. The compression axis is

vertical

Fig. 4 Bright field TEM images

of specimens deformed at 1098

K to 0.69 true strain at a strain

rate of a 0.001s�1 showing

lamellae kinking contour and

globularized a, b 0.001s�1

showing progress of

globularization (I and J) and

pre-globularization fragment

(K) and c 0.1s�1 showing pre-

globularization fragment (L)
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3.2.3 Effect of strain rate on globularized grain size

As discussed earlier during the globularization process, the

formation of grooves and steps on the alpha lamellae by

surface tension or shear localization helps to fragment the

lamellae by penetration of a phase. The diameter of the

fragmented entity is usually equal to the thickness of the

lamellae [20]. The lamellae fragmentation indeed takes

place as mentioned, the size of globularized grain does not

necessarily be equal to the lamellae thickness. As can be

seen from Fig. 4b, the discrepancy in the size of fragment

‘J’ and the globularized grain ‘I’. The difference in the

fragment sizes in specimens deformed at a strain rate of

10�3 and 10�1 s�1 for 1098 K can be seen from Fig. 4b and

c, respectively. The length of the fragment in specimen

deformed at 10�3 s�1 is larger than the lamellae thickness.

Subsequently, the final globularized grain size larger than

lamellae thickness can be readily expected. For specimens

Fig. 5 OM images of microstructure of specimens deformed to 0.69 true strain exhibiting kinking and fragmenting of lamellae. The compression

axis is vertical
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deformed at 10�1 s�1, the fragment size was comparable to

the lamellae thickness. This difference in the aspect ratio of

the fragment is a consequence of varying dynamic recovery

rate at different strain rates. For lower strain rates, with fast

recovery rate, dislocation annihilation and gliding is easier,

resulting in less dense and distant dislocation wall forma-

tion. Higher strain rate results in the generation of more

dislocations, and due to the poor rate of recovery, the

dislocation walls are closer and denser. With the progress

of deformation, the dislocation walls migrate to interphase

boundaries and form fragments of varying aspect ratio.

This is further conducive to different final globule

sizes [22].

3.2.4 Microstructure evolution in upper two-phase aþ b
region

For the specimens hot worked at a temperature of 1198 K,

the morphology of postdeformation a phase was different

from those of 1098 and 1148 K. The microstructure shown

in Fig. 3c is a typical example of diffused a. Our obser-

vation is consistent with the reports on the hot deformation

of Ti–6Al–4V close to transformation temperature [18]. It

appears as if the a lamellae have dissolved in the matrix

during the heating process. The diffused zone is an out-

come of an incomplete transformation, and if the holding

time before deformation had been longer, it would have

completely transformed to b phase. This partial b phase

formed transforms to either secondary a or a0 martensite

upon quenching. One interesting observation was the

occurrence of a0 martensitic laths in the specimens

deformed at 1198 K with a high strain rate of 10 s�1

(Fig. 5l). Considering high strain rate, it is expected that

the time available for transformation will not be enough to

create any discernible microstructural change. However,

due to the high rate of deformation and very less time for

heat dissipation, there is a high possibility of localized

heating. With the operating temperature being close to the

transformation temperature, local shoot up of temperature

above the transus is expected, subsequently causing

martensite evolution upon water quenching. The phase

transformation (a ! b) at high temperatures is a function

of hot working temperature, strain rate, plastic deformation

and microstructure of the specimen. It has been reported

that the transformation (a ! b) increases with increasing

strain rate, further corroborating the assumption that plastic

deformation close to b-transus induced the local phase

transformation [23]. This would have further enhanced the

percentage of a0 martensite upon quenching.

3.2.5 High strain rate deformed microstructure

Considerable globularization with globules extending till

the interior of the grains was witnessed for low strain rate

(10�3 s�1), but beyond this, it was completely arrested.

Specimens deformed at strain rates greater than 10�3 s�1

primarily exhibited kinking and fragmentation of lamellae

at 45� angle to the loading axis (Fig. 5a–l). For specimen

deformed at a temperature of 1098 K with a strain rate of

10 s�1, localized flow bands were observed (Fig. 5j). With

increased temperature of deformation and decreased strain

rate, the intensity of these bands was seen to decrease. The

occurrence of these flow bands is related to the low thermal

conductivity of the alloy. Considering the high strain rate

of deformation, the heat is not dissipated and reduces the

local flow stress and thereby results in a localized flow [9].

Localized flow is detrimental for uniform mechanical

properties and should be checked for during material

processing.

3.2.6 Deformation in the b region

Specimens hot worked above b transus consisted of a

matrix of prior b grains with acicular martensite structure

in the interior. Thus, it can be inferred that at hot working

temperatures, microstructure must be only of single phase

b and martensite would have formed as a result of fast

cooling. The phase transformation during cooling from the

single-phase regime hinders the exact interpretation of

high-temperature deformation; some features are still rec-

ognizable. For hot working at a strain rate of 10�3 s�1 1248

K, recrystallized equiaxed prior b grains with curved

boundaries were seen. As the strain rate of deformation is

increased to 10�2 s�1, recrystallized prior beta grains

decreased in size. The morphology of prior b grains

became elongated with its boundaries appearing jagged and

serrated with further increase in strain rate. The concurrent

presence of transformed elongated b grains and serrated

boundary hints towards strain-induced grain boundary

migration; subsequently, dynamic recovery (DRV) is con-

sidered to be a major restoration mechanism for this

deformation condition [24]. Finer equiaxed prior b grains

(square brackets in Fig. 6c–e) were observed at the vicinity

of strained and elongated prior b grains, giving a necklace

appearance. The findings are consistent with the reported

results for hot working of IMI834, TA15 and TC11 Tita-

nium alloy, maintaining the existence of recrystallized

equiaxed grains due to deformation-induced dynamic

recrystallization [25–28]. The appearance of dynamically

recrystallized grains at the prior b grain boundary or intra-

grain crystallographic features (inclusions or shear bands)

can be attributed to the requirement to attain critical dis-

location density for nucleation of recrystallized grains [29].
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This further helps to relate it to a predominant dynamic

process leading to recrystallization. The necklace structure

or the microstructural inhomogeneity is a result of prefer-

ential recrystallization along the high strain regions (e.g.

grain boundary) accompanied by low driving potential for

recrystallization in grain interiors because of dominant

recovery process [30]. Thus, from the above observation

and reported literature, it can be inferred that for uniform

recrystallization of the structure, low strain rates and suf-

ficient final strain is necessary. This limitation for dynamic

Fig. 6 OM images of microstructure of specimens deformed to 0.69 true strain. The compression axis is vertical

Fig. 7 OM images of microstructure of specimens deformed to 0.69 true strain. The compression axis is vertical
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recrystallization is related to the difficulty in achieving

high dislocation density. b phase presents high self-diffu-

sivity and aids in dislocation mobility; this results in

reduced stored energy via dynamic recovery. This further

results in the homogenization of dislocation substructure

and subsequently reduces the driving force for recrystal-

lization [31]. As for the specimens deformed at 1298 K, the

mechanism of microstructure evolution was the same as

mentioned earlier, but with a larger prior b grains. An

increase in dynamically recrystallized grain size has been

reported for hot working of Ti–6Al–4V at a strain rate of

10�3 s�1 with increasing temperature of hot working [32].

The following observation is in agreement with the

reported work on the hot deformation of Ti–6Al–4V in

uniphase b region [18, 29]. Table 1 enlists different

microstructure for varying temperature and deformation

modes.

4 Processing map

A processing map is a stencil used to draft a hot-working

routine for metals and alloys to obtain a defect-free and

homogeneous microstructure. The approach of drawing

processing maps rests on a dynamic material model

(DMM) reported by [33, 34] and [35] has been widely

applied for titanium alloys [36, 37]. It assumes specimen to

be a power dissipator. Total power spent (P) during

deformation is defined by power dissipation function (G)

and microstructural change function (J) and are related

mathematically as:

P ¼ Gþ J ¼
Z �r

0

_��d�rþ
Z ��

0

�rd _�� ð1Þ

It is known that at high temperature, material flow is a

function of strain rate and is represented by strain rate

sensitivity (m), as shown in the equation below.

Table 1 Variation in microstructure with varying temperature and strain rate of deformation

Temperature (K) Strain rate Microstructural feature

1098 10�3 s�1 Globular ? lamellae bending

10�2 s�1 Globular ? lamellae bending

10�1 s�1 Globular? lamellae bending

1 s�1 Lamellae kinking

10 s�1 Localized flow bands

1148 10�3 s�1 Globular ? lamellae bending

10�2 s�1 Globular ? lamellae bending

10�1 s�1 Globular? lamellae bending

1 s�1 Lamellae kinking

10s�1 Lamellae bending

1198 10�3 s�1 Diffused a

10�2 s�1 Lamellae kinking ? diffused a

10�1 s�1 Lamellae kinking ? diffused a

1 s�1 Lamellae kinking ? diffused a

10s�1 Diffused a ? a0 martensite

1248 10�3 s�1 Equiaxed b grains ? martensite

10�2 s�1 Equiaxed b grains ? martensite ? elongated prior b grains

10�1 s�1 Equiaxed b grains ? martensite ? elongated prior b grains

1 s�1 Equiaxed b grains ? martensite ? elongated prior b grains

10s�1 Elongated prior b grains ? martensite

1298 10�3 s�1 Equiaxed b grains ? martensite

10�2 s�1 Equiaxed b grains ? martensite ? elongated prior b grains

10�1 s�1 Equiaxed b grains ? martensite ? elongated prior b grains

1 s�1 Equiaxed b grains ? martensite ? elongated prior b grains

10s�1 Elongated prior b grains ? martensite
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dJ

dG
¼

_��d�r

�rd _��
¼

_���rd ln �r

�r _��d ln _��
� Dlog10 �r

Dlog10
_��
¼ m ð2Þ

The function contributing to the microstructural change can

be simplified for a given temperature to:

J ¼ m�r _��
mþ 1

ð3Þ

J attains it’s maximum value for m = 1 and acts as a linear

dissipator.

Jmax ¼ �r _��
2

ð4Þ

A power dissipation profile represented in temperature

versus strain rate graph is used to depict the power

expenditure out of total input power (�r � _��) in

microstructural change rather than heat generation. This

expenditure is compared to that of ideal linear dissipator

and represented by a dimensionless quantity ‘g’ (Power

dissipation efficiency). Hot working in high g regime of

power dissipation map is considered favourable.

g ¼ 2m

mþ 1
ð5Þ

Using an instability criterion, nð _��Þ, a instability map is

generated and superimposed over the power dissipation

map. The instability criterion proposed was further based

on the extremum principle of irreversible thermodynamics.

Unstable zones like the adiabatic shear bands, slip

localization, grain boundary cavitation initiated crack

formation are represented by this instability map. Region

corresponding to negative values of n in Eq. (6) represents

the unstable zone.

nð _��Þ ¼ o ln ðm=mþ 1Þ
o ln _��

ð6Þ

In this test, stress versus strain values from high

temperature deformation studies are used to calculate g,

m and n which are then used in evaluating the processing

map at the strain level 0.69. In the map shown in Fig. 8,

white coloured regions show the stable zones, and the red

coloured regions represent the unstable zones. Highest

value of g was found to be around 40–44% at 10�3 s�3 and

1248 K. Subsequently, the microstructure in the before-

mentioned conditions depicts dynamically recrystallized

defect-free grains. For the specimens deformed at higher

temperature and at a higher strain rate, necklace structure

suggested initiation of selective DRX on the deformed

prior b grain boundaries. For intermediate temperatures

and low strain rate, shear bands and absence of DRX was

observed. Considering Eqs: 5, 6 and correlating with the

microstructures, safe working window for the alloy is 1248

K and 10�3 s�1.

5 Constitutive equations

An empirical constitutive model was proposed by Sellar

and McTegart [38, 39] to characterize the high-temperature

deformation characteristics of different metals. It is a

phenomenological model based on continuum mechanics

and does not explicitly address the microstructural evolu-

tion. Though the model does not account for texture or

grain size refinement, it has served as a special tool for

material design and hot-working activation energy esti-

mations. The physical behaviour of the alloy during and

after the deformation is modelled based on material con-

stants. For this work, Arrhenius mode is employed to

establish a correlation between temperature, flow stress,

strain rate, strain and deformation condition by calculating

Zener–Holloman parameter (z) [40].

Z ¼ _� exp
Q

RT

� �
¼ f ðrÞ ¼

A expðbaÞ
A0rn0

A00½sinhðarÞ�n

8><
>:

9>=
>; ð7Þ

With the use of three different functions involving

hyperbolic, exponential and power relationships, Z can be

correlated with flow stress as shown in Eq. (7) in which a
and b are prefactors for the flow stress and A;A0;A00; n0 are

material constants. The value assigned to the stress r can

either be that of flow stress at a given strain level or the

maximum value of flow stress or the steady state stress.

Fig. 8 Processing map of Ti–5Al–3Mo–1.5V at � ¼ 0:6
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The choice is based on the active DRX mechanism by

choosing the maximum value of the flow stress under given

temperature and strain rate the expression for the above-

mentioned material parameters and the activation energy

(Q) are obtained as follows in Eq. (8). Further details of the

derivation can be found in 34 35.

lnð _�Þ þ Q

R

1

T

� �
¼

lnðAÞ þ br

ln A0ð Þ þ n0 lnðrÞ
ln A00ð Þ þ n ln½sinhðarÞ�

8><
>:

9>=
>; ð8Þ

b ¼ o ln _�

or

� �
T

; n0 ¼ o ln _�

o lnr

� �
T

; n ¼ o ln _�

o ln½sinhðarÞ�

� �
T

ð9Þ

b and n0 is obtained from the slopes of ln _� versus r
(Fig. 10b) and ln _� versus lnr (Fig. 10a), respectively. r,

the stress multiplier is obtained from b and n0 (a ¼ b=n0).
Linear regression is utilized to calculate the average b; n0

and n values from Eq. (8) with goodness of fit (R2)[ 0.9.

Amongst all the reported phenomenological models, sine

hyperbolic function (Eq. 7) is employed for the complete

stress range and was utilized for the activation energy (Q).

Q ¼ R
o ln _�

o ln½sinhðarÞ�

� �
T

o ln sinh arp
� �� �

o 1
T

� �
" #

�

ð10Þ

The values of b; n0; n; a and Q for different phases are

mentioned in the table.

The apparent hot-working activation energy Q, is found

to be 636 kJ/mol in the aþ b regime. The obtained

apparent activation energy for hot working is higher than

what is required for the self-diffusion of a-Ti (169 kJ/mol)

and b-Ti (153 kJ/mol) [39, 41]. The occurrence of high

apparent activation energy can be attributed to the dynamic

globularization or breakup of lamellae ensuing deformation

in the aþ b regime [9]. High apparent activation energy

has been previously reported for titanium alloys with

lamellar starting microstructure viz. Ti-17 (488.86

kJ/mol) [42], Ti60 (653 kJ/mol) [43]and Ti–6Al–4V (437

kJ/mol) [30]. For deformation in the b phase field an

activation energy of 379 kJ/mol was witnessed, which is

considerably higher than the reported self-diffusion barrier

for b-Ti (153 kJ/mol) [30]. Articles reporting similar

results attributed this observation to dynamic recrystal-

lization phenomena. For single-phase alloys, it has been

extensively reported that the rate controlling step was

dynamic recrystallization in case of high activation energy

as opposed to dynamic recovery initiated by dislocation

glide and dislocation climb [28, 44]. Figure 9 shows a

schematic representation of different deformation mecha-

nisms active for different temperature and strain rates.

6 Conclusion

A detailed analysis of the concurrent effect of varying

temperature and deformation conditions on microstructure

was conducted. It was observed that for lower two-phase

region, the size of globules were inversely proportional to

the strain rate and its formation concentrated near the

lamellae kink. With increasing temperature, localized b !
a transformation dominated and a complete martensitic

structure was obtained for above b transus regime. Fur-

thermore, dynamic recrystallization was prominent near the

prior b grain boundaries, and the size of these recrystal-

lized grains was directly and inversely proportional to

temperature and strain rate, respectively. Processing maps

of Ti–5Al–3Mo–1.5V dual-phase titanium alloy helped in

Fig. 9 Phase transformation/deformation mechanism for different

temperature and strain rate

Table 2 Values of the material constants, work hardening exponents

and hot-working activation energy obtained from the graphs depicted

in Fig. 10

Phase Parameter Value

b titanium b 0.13

n0 4.82

a 0.27

n 3.6

Q 379 kJ/mol

a titanium b 0.08

n0 7.07

a 0.0.01

n 5.16

aþ b Q 636 kJ/mol
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identifying the optimum hot working condition to be 1248

K and 10�3 s�1. Hot-working activation energy higher than

self-diffusivity in a and b phases indicated that lamellae

breakup and dynamic recrystallization is the major defor-

mation mechanism in the respective phases. Finally,

dynamic material model was successfully employed to find

safe working regime for the alloy.
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