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Abstract In the present work, the coupled effects of initial

structure and processing parameters on microstructure of a

two-phase titanium alloy were investigated to predict the

microstructural evolution in multiple hot working. It is

found that microstructure with different constituent phases

can be obtained by regulating the initial structure and hot

working conditions. The variation of deformation degree

and cooling rate can change the morphology of the con-

stituent phases, but do not alter the phase fraction. The

phase transformation during heating and holding determi-

nes the phase fraction for a certain initial structure. b–a–b
transformation occurs during heating and holding. b to a
transformation leads to a significant increase in content and

size of lamellar a. The a to b transformation occurs

simultaneously in equiaxed a and lamellar a. The thickness

of lamellar a increases with temperature, which is caused

by the vanishing of fine a lamellae due to phase transfor-

mation and coarsening by termination migration. By

assuming a quasi-equilibrium phase transformation in

heating and holding, a modeling approach is proposed for

predicting microstructural evolution. The three stages of

phase transformation are modeled separately and combined

to predict the variation of phase fraction with temperature.

Model predictions agree well with the experimental results.

Keywords Titanium alloy; Hot working; Microstructure;

Modeling

1 Introduction

Hot forging of two-phase titanium alloys aims to tailor the

microstructure along with shaping such that specific ser-

vice performance can be obtained after forming [1, 2].

Commonly, the primary working transforms ingots into

semi-products (such as thick plates and bars) and as-cast

structure into equiaxed structure, which involves defor-

mation both above and below the b-transus temperature

[3–5]. The secondary working shapes the semi-products to

final components and changes the equiaxed structure to the

desired type, which is mostly carried out below the b-

transus temperature. It is important to control the

microstructural evolution in the secondary working so as to

obtain the specific service performance [6, 7].

Diverse microstructures can be obtained by hot working.

They are differentiated by content, size and morphology of

the constituent phases (including the primary equiaxed a
phases, the secondary a phases, and the transformed b
matrix composed of a precipitates and residual b phases).

The content in volume fraction of the constituent phases is

the primary parameter of the microstructure, which can be

modulated by the secondary working.

As the titanium alloy is difficult to deform and the

microstructure is sensitive to processing, the multiple

isothermal forming is often adopted to enhance the duc-

tility and microstructure homogeneity of the material [8, 9].

For instance, an isothermal local loading is used by the

authors to form large-scale titanium alloy bulkhead [10]. It

includes at least two forming steps. And two more steps are

needed to form the billet from a thick plate. In each step,

the workpiece is firstly heated and held, deformed and then

cooled to room temperature. As a serial process, the

microstructure of the final product can be taken as a
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function of the processing parameters of the last forming

step and the microstructure prior to the last step.

In secondary working, the complexity in microstructure

is caused by the phase transformation coupled with

deformation in hot working. In heating, both a to b and b to

a transformation can take place [11, 12]. The b to a
transformation is prone to occur when the heating tem-

perature is relatively low and the initial microstructure is

far from equilibrium (rapid cooling from high temperature

in the previous step). This would result in the formation of

fine secondary lamellar a phases or the increase in the

primary a. With temperature increasing, a to b transfor-

mation becomes dominant and the content of primary

equiaxed a and secondary lamellar a decreases. Sha and

Guo [13] and Wang et al. [14] found that the secondary

lamellar a would transform to b phases prior to the primary

equiaxed a, as the a stabilizers are lower in the secondary

a. The secondary lamellar a phases disappear when the

heating temperature is high enough. In deformation, the

primary equiaxed a phases do not change. The residual

lamellar a phases, however, may spheroidize and transform

to equiaxed a if the strain is large enough. In cooling, the a
phases may precipitate along the interface of primary

equiaxed a and b matrix at relatively low cooling rate and

the content of primary equiaxed a increases [1, 15]. With

cooling rate increasing, the b matrix may transform to

lamellar a. The content of each phase is influenced by the

processing parameters of the whole process and the initial

structure.

Much work has been done on the effect of processing on

microstructural evolution in hot deformation of two-phase

titanium alloy with initially equiaxed structure. The fol-

lowing results were found: (1) the content of a phases is

sensitive to temperature. The high temperature rise caused

by high-speed plastic deformation decreases the a content

greatly. (2) Static coarsening rate is low in the two-phase

region [16]. However, it can be greatly accelerated by low-

speed deformation [17]. Recrystallization induced grain

refinement is commonly observed at higher strain rate and

lower temperature [18]. (3) The spheroidization of lamellar

a increases with strain in a sigmoidal way [19]. The

spheroidization rate increases with temperature increasing

and strain rate decreasing. (4) Growth of equiaxed a is

suppressed with cooling rate increasing [15]. (5) Precipi-

tation of lamellar a is promoted by plastic deformation

[20]. However, the coupled effect of initial structure and

processing on the final microstructure still needs further

investigation.

Microstructure modeling is important to predict and

control the microstructural evolution. For cooling and

heating, class models based on metallurgical principles

have been applied to the phase transformation of titanium

alloys. For instance, Semiatin et al. [21] used the diffusion

model developed by Carslaw and Jaeger [22] and Aaron

et al. [23] analyzed the growth of primary equiaxed a in

continuous cooling of Ti-6Al-4V. Also, the JMAK model

was employed to predict the transformation kinetics [24].

As these models are developed for pure metal or simple

alloy systems, some adaption may be needed when they are

applied to commercial alloys. For instance, Gao et al. [25]

found that the diffusional redistribution of Al and Mo

atoms between equiaxed a and b matrix plays a key role in

the growth of equiaxed a phase in continuous cooling.

Meng et al. [7] found that the thermal history affected the

diffusion field significantly and should be considered in

modeling phase transformation. For deformation, the

internal state variable method is used to predict the

microstructural evolution along with flow stress [26]. The

content of the constituent phases is taken as input param-

eters. Further work should be done on modeling the phase

fraction evolution in multiple hot working.

In the present work, multiple hot working was carried

out to investigate the effect of initial structure and pro-

cessing parameters on the final microstructure. The key

parameters affecting the microstructure developments were

determined. A mathematical model relating the initial state,

processing parameters and microstructure after processing

was developed based on the governing mechanisms. The

results can be used to control the microstructure by mul-

tiple hot working.

2 Experimental

The material employed is a near-a TA15 titanium alloy

with measured chemical composition of 6.69 Al, 2.25 Zr,

1.77 Mo, 2.25 V, 0.14 Fe, 0.12 O, 0.002 H and balanced Ti

(wt%), and b-transus temperature of 985 �C. The material

was hot-forged to plate and annealed at 820 �C to obtain an

equiaxed structure, as shown in Fig. 1. The measured

Fig. 1 OM image of as-received TA15 alloy
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content and size of the equiaxed a are about 0.48 and

12.5 lm, respectively.

The multiple hot working was employed to obtain dif-

ferent microstructures, as shown in Fig. 2. A maximum of

three steps were used. In each step, the workpiece was

compressed or just held for 20 min at the heating temper-

ature. The heating temperature ranged from 760 to 980 �C.

A strain rate of 0.01 s-1 and reduction rate of 50% were

used which were typical for isothermal forming on a

hydraulic press.

After each step, the specimen was prepared for metal-

lographic observation using standard technique. Micro-

graphs were taken on an optical microscopy (OM, LECIA

DMI3000) and examined using quantitative image analy-

sis. The fine lamellar a phases were examined using

scanning electron microscope (SEM, TESCAN VEGA3

LMU). Phase transformation was measured by dilatometric

analysis.

3 Results and discussion

Extensive experiments were carried out by the authors and

summarized here. Some of the quantitative results are

presented in Ref. [26].

For initially equiaxed structure, the microstructure

remains unchanged when the heating temperature is close

to the annealing temperature (Fig. 3a). Both the equiaxed a
and lamellar a contents decrease with temperature because

of the a to b transformation (Fig. 3b), though the trans-

formation rate of the lamellar a is about 5–8 times faster

than that of the equiaxed a [26]. The lamellar a disappears

when the temperature is high enough (Fig. 3c). Deforma-

tion has little influence on the morphology and content of

the constituent phases though the a–b interface becomes

curved (Fig. 3d). The content of primary equiaxed a
decreases sharply with temperature in the upper two-phase

region (Fig. 3e, f). Meanwhile, the particle number per unit

volume drops. Thus, the average grain size of primary a
decreases more slowly (Fig. 3d–f). In air cooling (cooling

rate is about 200–300 �C�min-1), fine lamellar a precipi-

tates from the b matrix. A higher cooling rate (water

quenching) results in martensitic transformation in the b
matrix, which may refine the transformed b matrix in

subsequent heating. The content of primary a is close to

that by air cooling, which means that the growth of primary

a can be neglected in air cooling and water quenching. In

furnace cooling (cooling rate is about 10 �C�min-1), pri-

mary equiaxed a grows significantly. Both the content and

grain size increase. Meanwhile, the secondary lamellar a
becomes thick and short.

Both the equiaxed structure (Fig. 3a, h) and bimodal

structure (Fig. 3e, f) can be obtained by hot working from

an initially equiaxed structure. So the workpiece with

bimodal structure (Fig. 3f) is used for another hot working.

It is found that the content of primary equiaxed a increases

slightly (Fig. 4a) and a large fraction of secondary lamellar

a appears due to the b decomposition (Fig. 4b) when the

heating temperature is low. With temperature increasing,

the primary equiaxed a is almost unchanged (Fig. 4c). The

lamellar a is thickened, and its content decreases sharply.

Very fine lamellar a precipitates from high-temperature b
phase after cooling to room temperature (Fig. 4d). The

microstructure consists of primary equiaxed a, lamellar a
and transformed b, which is a typical trimodal structure.

Deformation does not affect the content and morphology of

the primary equiaxed a. The lamellar a becomes kinked

and globularized with deformation increasing (Fig. 4e–g).

Significant globularization does not occur until a large

strain is imposed (Fig. 4g). Globularization is easier than

that of fully lamellar structure as the a laths here have

relatively lower width and a stabilizers amount. Though

the morphology may change, the content is close to that

prior to deformation (Fig. 4d, g). When the heating tem-

perature is equal to or higher than the temperature of the

previous step, all the lamellar a are transformed to b phase.

So a bimodal structure which consists of primary equiaxed

a and transformed b at room temperature is obtained

(Fig. 4h).

With cooling rate or deformation increasing in the pre-

vious hot working, the lamellar a becomes thinner and

more disordered (Fig. 5a, b). The content of primary

equiaxed a and lamellar a does not change. With temper-

ature decreasing in the previous step, the primary equiaxed

a increases sharply while the lamellar decreases. However,

the sum of the two varies little (Fig. 5c, d).

It can be found that the bimodal (Fig. 4a) or trimodal

structure (Fig. 4c) can be obtained by hot working from an

initially bimodal structure. And a workpiece of trimodal

structure is processed by an additional hot working. The

variation of primary equiaxed a and lamellar a with tem-

perature is similar to that with initially bimodal structure

though the width of the lamellar a increases, as shown in

Fig. 6. Also a significant increase in the content of lamellar

a is observed due to the thickening of lamellar a, as shown
Fig. 2 Processing route of multiple hot working AC air cooling; WQ

water quenching)
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in Fig. 6a. This may be caused by the decomposition of

metastable b phase along the interfaces of original lamellar

a.

Typically, the microstructure after multiple hot working

has three constituents: the primary equiaxed a, the lamellar

a and the transformed b (composed of thin secondary a

platelets and residual b phases). It can be found that the

content of constituents is determined by the phase trans-

formation during heating and holding and less affected by

the cooling rate and deformation. Deformation only affects

the morphology of the lamellar a and transformed b
matrix. Diffusional growth may increase the content of

Fig. 3 OM images of TA15 alloy after hot working from initially equiaxed structure: a 800 �C, AC, b 910 �C, AC, c 930 �C, AC, d 930 �C,

deformed, AC, e 960 �C, AC, f 970 �C, AC, g 970 �C, WQ and h 970 �C, FC (initial structure shown in Fig. 1)

Fig. 4 OM images (a, c, e–h) and SEM images (b, d) of TA15 alloy after hot working from initially bimodal structure: a 860 �C, AC, b 860 �C,

AC, lamellar a and b phases, c 930 �C, AC, d 930 �C, AC, lamellar a and transformed b phases; e 930 �C, 30% reduction, AC; f 930 �C, 40%

reduction, AC, g 930 �C, 50% reduction, AC and h 970 �C, AC (initial structure shown in Fig. 3f)

772 X.-G. Fan et al.
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primary equiaxed a. However, it is significant only when

the cooling rate is very low (furnace cooling in the present

work).

In heating, the evolution of lamellar a is more compli-

cated when the initial structure is far from equilibrium

(cooled from high temperature). Figure 7 shows the change

of lamellar phase in heating of specimens with initially

bimodal structure (Fig. 3f). The microstructure varies little

up to 700 �C (Fig. 7a, b). Dilatometric analysis shows that

the expansion decreases at 600 �C and then increases

(Fig. 7k). The decrease in expansion around 600 �C was

also observed by Elmer et al. [27]. It is caused by a con-

traction in b lattice. The contraction may be related to the

relaxation of internal residual stresses created by the dif-

ferent lattice expansion/contraction rates of the a and b
phases [27] or the enrichment of b stabilizers in the

residual b phases [28, 29]. With temperature increasing, the

lattice expansion of the b phase increases sharply [27].

Thus, the expansion of the material increases. The b to a
transformation may take place during this temperature

range, resulting in the contraction of b phase. Wang et al.

[14] reported that the b to a transformation began at

590 �C. The transformation rate is very small in the current

work as the temperature is low. The small residual b phase

disappears when the heating temperature increases to

750 �C (Fig. 7c), which means that b to a transformation

occurs in this temperature range. The expansion continues

to increase and reach the peak around 750 �C. Above

750 �C, the expansion rate decreases with temperature,

indicating a to b transformation. This transformation

occurs preferentially from the lamellar a. During temper-

ature range of 750–860 �C, the content of lamellar a
decreases slightly with temperature and the fine lamellar a
disappears (Fig. 7d–f). The relatively thick lamellar a
phases remain, and they are isolated by the b matrix. The

average thickness of the lamellar a increases slightly.

Above 860 �C, the transformation of lamellar a is greatly

accelerated. The originally long and thick a lamellae are

thickened. Meanwhile, the thin and short a lamellae

between them vanish. Thus, the average thickness of

lamellar a increases sharply along with the decrease in

phase fraction (Fig. 7j). The lamellar a is disk-like. The

rim has a coarse incoherent interface with small radius,

which is easy to migrate. Meanwhile, the flat interfaces

between lamellar a and b phases are smooth and semi-

coherent, which have low mobility [30]. Phase transfor-

mation is controlled by the shrink of a lamellae along the

radial direction. The thin lamellar a has more curved

interfaces, and it is easier to be transformed. Meanwhile,

coarsening of lamellar a occurs. It is controlled by the

termination migration, which transfers the mass from the

lamellar termination to the adjacent lamellae. Thus, the

Fig. 5 OM images of TA15 alloy with different initial states after hot working: a 970 �C, WQ, b 970 �C, 50% reduction, AC, c 960 �C, AC and

d 950 �C, AC (workpiece heated to 940 �C and air-cooled in current step)

Fig. 6 OM images of TA15 alloy after hot working from initially bimodal structure: a 860 �C, AC, b 910 �C, AC, c 940 �C, AC and d 950 �C,

AC
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transformation of thin lamellar is accelerated and the

average thickness of a lamellae is increased. In the upper

two-phase region ([930 �C), the residual a lamellae are

thick. Coarsening of lamellar a becomes trivial.

4 Microstructure modeling

The internal state variable method is often used to model

the evolution of microstructure with time. The general

form is [31]:

dS1

dt
¼ h1ðS1; S2. . .TÞ

dS2

dt
¼ h2ðS1; S2. . .TÞ

. . .

8
<

:
ð1Þ

in which S1, S2… are independent state variables, T is the

instantaneous temperature, t is the time(s), and h1, h2... are

the functions of S1, S2...T. The differential equations of

state variables are developed based on the mechanisms of

microstructural evolution. The microstructure parameters

are obtained by integration of Eq. (1) with specific tem-

perature route and initial value.

In the present work, the content of the constituents is

determined by the heating and holding. For hot working, the

heating rate is low and the holding time is long, the

microstructure is easy to reach phase equilibrium. So the

microstructure is a function of temperature. Similarly, differ-

ential equations of state variables with temperature can be used

to depict the evolution of microstructure with temperature:

dS1

dT
¼ f1ðS1; S2. . .; TÞ

dS2

dT
¼ f2ðS1; S2. . .; TÞ

. . .

8
<

:
ð2Þ

in which f1, f2… are the functions of S1, S2…T. Equa-

tion (2) is in accordance with Eq. (1) if dT=dt is a constant

and small enough. The original heating and holding are

600 700 800 900 1000
0

10

20

30

40

Temperature / C

j

Co
nt

en
t /

 v
ol

%

 Content

0.2

0.4

0.6

0.8

1.0

A
ve

ra
ge

 th
ic

kn
es

s /
 μ

m

Average thickness

400 500 600 700 800 900 1000
8

9

10

11

12

13

14
k

d
Δl
/l

/d
T 

/1
0-6

O C-1

Temperature / C

a b c d

hgfe

i

Fig. 7 SEM images of lamellar a at different temperatures: a initial structure, b 700 �C, c 750 �C, d 800 �C, e 830 �C, f 860 �C, g 900 �C,

h 920 �C, i 940 �C, j measured content and average thickness of lamellar a and k dilatation curve at a heating rate of 10 �C�min-1 (Dl change of

sample length; l length of sample; T temperature)

774 X.-G. Fan et al.

123 Rare Met. (2017) 36(10):769–779



simplified as a quasi-equilibrium phase transformation

process.

The specific equations in Eq. (2) are obtained by ana-

lyzing the microstructural evolution. During heating and

holding, the phase transformation consists of three stages:

(1) precipitation of a phase from metastable b phase; (2)

transformation of lamellar a and equiaxed a to b phase;

and (3) transformation of equiaxed a to b phase.

Stage 1 happens in the low temperature range when the

initial structure is far from equilibrium (cooled from high

temperature in the previous hot working). The transfor-

mation rate is relatively low, and phase equilibrium cannot

be reached. So Eq. (2) is not suitable for such a situation.

However, the heating temperature is usually high enough

for the occurrence of Stage 2 in hot working. So a critical

temperature is assumed, above which a to b transformation

begins. The microstructural parameters are related to initial

structure below the critical temperature. If the initial

structure is close to the equilibrium state (annealed for long

time at low temperature), Stage 1 can be neglected.

Equation (2) can be used in Stages 2 and 3, as the trans-

formation rate is high. In Stage 2, both equiaxed a and

lamellar a transform to b phase and the transformation

rates are different.

4.1 Modeling of Stage 1

The equilibrium a content (f eq
a ) is a function of temperature

and may take the form [26]:

f eq
a ¼ f0 1 � exp �f1 Tb�T

� �� �� �
ð3Þ

where T is the temperature, Tb is the b phase transus

temperature, f0 and f1 are material constants.

In Stage 1, the a phase precipitates at the interfaces of

originally a grains and b matrix. The radius of the equiaxed

a and the thickness of the lamellar a increase due to the

precipitation. The increasing rate is proportional to the

degree of non-equilibrium state. Thus, the size variation of

the two constituents is given by:

D�R ¼ k1 f
eq
Tc

� f 0
ap
� f 0

al

� 	
ð4aÞ

D�B ¼ k2 f
eq
Tc

� f 0
ap
� f 0

al

� 	
ð4bÞ

where D�R and D�B are the increments of the average radius

of the equiaxed a and the thickness of the lamellar a; f
eq
Tc

,f 0
ap

and f 0
al

are the equilibrium content of the a phases at the

critical temperature, the content of equiaxed a and lamellar

a prior to working; and k1 and k2 are material constants.

The equiaxed a and lamellar a are assumed to be sphere-

and disk-like. So the content of each constituent at the

critical temperature can be calculated by:

f Tc

ap
¼ f 0

ap
ð1 þ 3D�R=�RÞ ð5aÞ

f Tc
al

¼ f 0
al
ð1 þ D�B=�BÞ ð5bÞ

where f Tc
ap

and f Tc
al

are the contents of equiaxed a and

lamellar a at the critical temperature; �R and �B are the

average radius of the equiaxed alpha and the thickness of

the lamellar alpha. Commonly, the sum of f Tc
ap

and f Tc
al

is

less than f
eq
Tc

, as fine secondary a may precipitate inside the

b matrix. When f 0
al
= 0, there is no lamellar a in the initial

structure. Equation (5b) cannot be used to calculate the

fraction of lamellar a. In this case, the a lamellae at high

temperatures precipitate from the b matrix. So the content

is calculated by:

f Tc

al
¼ f Tc

a � f Tc

ap
ð5cÞ

4.2 Modeling of Stage 2

Above the critical temperature, a to b transformation

occurs. Both equiaxed a and lamellar a transform to b
phase. In diffusion-controlled phase transformation pro-

cess, the variation of radius (R) of spherical particles with

time (t) takes the form [21]:

dR

dt
¼ �XD

R
ð6Þ

where D is the diffusion coefficient and X denotes the

supersaturation:

X ¼ ðCi � C0Þ
ðCp � CiÞ

ð7Þ

where C0, Ci and Cp are the solute concentrations of the

matrix far from the matrix–particle interface, the matrix at

the matrix–particle interface, and the particle at the matrix–

particle interface.

For lamellar a, the shortening velocity of the lamellae

takes the form:

v ¼ 1

2

dL

dt
¼ �XD

Kr
ð8Þ

where K is a constant, of which the value is about 1; r is the

radius of the lamellar termination; and L is the length of

lamellae. r is proportional to the thickness of the a
lamellae. So Eq. (8) may be rewritten as:

dL

dt
¼ � XD

K 0B
ð9Þ

where K 0 is a constant and B is the thickness of the lamellar

a.
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The value of X in Eq. (8) is different from that in

Eq. (6) as the chemical compositions at the equiaxed a and

lamellar a are different. Assuming Xap
=Xas

is a constant, it

comes:

dL

dt
¼ R

mB

dR

dt
ð10Þ

where m is a constant. The above equation is rewritten in

terms of T in the present work:

dL

dT
¼ R

mB

dR

dT
ð11Þ

As the size of equiaxed a is much larger than that of the

lamellar a, the variation of equiaxed a and lamellar a in

Stage 2 can be written in terms of average size of the

phases:

dfap

dT
¼

3fap

�R

d�R

dT
ð12Þ

dfal

dT
¼ 2fal

�L

d�L

dT
ð13Þ

where �L is the average length of lamellae. So the variation

of the equilibrium fraction of a phase with temperature can

be given by:

df eq
a

dT
¼

3fap

�R

d�R

dT
þ 2fal

�L

�R

m�B

d�R

dT
: ð14Þ

df eq
a =dT can be obtained by Eq. (3). Then the value of

d�R=dT can be calculated by Eq. (14). And the variations of

fap
and fal

are obtained by Eqs. (12) and (13).

4.3 Modeling of Stage 3

In Stage 3, only equiaxed a exists. So the content can be

calculated by Eq. (3). It should be noted that the transfor-

mation of equiaxed a to b phase results in the decrease in

grain size and number of the a particles. The variation of

average grain size cannot be depicted by Eq. (12).

Assuming a distribution function of grain size g(R, T), the

average grain size (�R) and the density (N(T)) of a particles

are calculated by [32]:

�R ¼
R1

0
RgðR; TÞdR

R1
0

gðR; TÞdR
ð15Þ

NðTÞ ¼
Z 1

0

gðR; TÞ dR ð16Þ

where the evolution of g(R, T) should follow the partial

differential equation and boundary condition [32]:

ogðR; TÞ
oT

þ o

oR
gðR; TÞ dR

dT


 �

¼ 0 ð17Þ

oNðTÞ
oT

¼ lim
R!0

dR

dT
gðR; TÞ

� 


ð18Þ

dR=dT can be determined by:

df eq
a

dT
¼

Z 1

0

4pR2 dR

dT
gðR; TÞ dR: ð19Þ

Numerical solution of Eqs. (15)–(19) gives the

evolution of g(R, T) with temperature. To simplify the

model, according to the theoretical modeling of Ostwald

ripening (in which Eqs. (15)–(18) are satisfied), the

evolution of average grain size takes the form:

d�R

dT
¼ k

�R

df eq
a

dT
ð20Þ

where k is material constant.

4.4 Model calibration

Quantitative measurement of the microstructure parameters

in multiple hot working is taken by the authors and detailed

in Ref. [33]. The material constants involved in the model

are obtained by fitting to the experimental data and are

given in Table 1.

Figure 8 shows the variation of microstructure parame-

ters with temperature for initially equiaxed structure. The

initial structure is shown in Fig. 1. Predicted results agree

reasonably with the experiment. Modeling predictions

suggest all the lamellar a dissolute around 925 �C. Below

the temperature, the content of primary equiaxed a
decreases slightly with temperature. Meanwhile, the con-

tent of overall a phases decreases significantly, which is

caused by the dissolution of lamellar a phase. The grain

size of primary equiaxed a decreases slightly until the

temperature is high enough.

For initially bimodal structure, a slight increase in pri-

mary equiaxed a is observed if the heating temperature is

low. A previous work [34] reported that the content of

equiaxed a of TA15 alloy increased by about 6 vol% after

annealing at 810 �C though they were deformed at tem-

peratures ranging from 910 to 970 �C. The present model

predicts an increase of 3.5 vol%–4.5 vol% of equiaxed a
under the same conditions, which agrees reasonably with

the experimental observation. Figure 9 shows the variation

of microstructure parameters with temperature for initially

bimodal structure. Specimens with different contents of

Table 1 Material constants of model

f0 f1 k1/lm k2/lm m k/lm2

0.80 0.011 0.50 1.00 0.20 20.0
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primary equiaxed a phase, which were obtained by heating

at different temperatures, were used as initial structure. All

show a rapid decrease in lamellar a content with temper-

ature and a slow decrease in equiaxed a content with

temperature. Model predictions agree well with experi-

mental results.

For initially trimodal structure, the content of lamellar a
increases sharply when the heating temperature is low

(Figs. 9b, 10). Meanwhile, the increase in equiaxed a
content is very limited (Figs. 9a, 10). There would be some

secondary a phases inside the b matrix. So transformation

of lamellar a takes places until a much high temperature is

reached. Then both the equiaxed a and lamellar a contents

decrease with temperature (Fig. 10).

The proposed model is a simplification from the tradi-

tional model of physical metallurgy. It can be applied to

different two-phase titanium alloys if the microstructural

mechanisms are the same to the current work. However,

the fitting parameters need to be changed for different

materials. The model assumes that the microstructure

reaches the phase equilibrium after heating and holding.

So, it cannot be used to analyze the transient process, such

as continuous heating. The diffusional growth is ignored in

the model. It needs further adjustments to predict heat

treatment process under low cooling rate.

5 Conclusion

Experimental study and theoretical modeling were carried

out on the coupled effects of initial structure and working

condition on microstructural evolution in secondary hot

working of a two-phase titanium alloy.

Microstructure with different constituent phases can be

obtained by regulating the initial structure and hot working

conditions. The initial structure and phase transformation

during heating and holding dominate the phase fraction of

Fig. 8 Comparison of predicted (lines) and experimental (symbols)

microstructural parameters in heating of specimen with initially

equiaxed structure (experimental data from Ref. [33])

Fig. 9 Comparison of predicted (lines) and experimental (symbols) microstructural parameters in heating of specimen with initially bimodal

structure: a content of equiaxed a and b content of lamellar a (specimens heated to different temperatures to get initial structure with different

contents of equiaxed a)

Fig. 10 Comparison of predicted (lines) and experimental (symbols)

microstructural parameters in heating of specimen with initially

trimodal structure (initial structure obtained by heating to 970 �C in

the first step and 940 �C in the second step)
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the finial microstructure. The variation of deformation

degree and cooling rate can change the morphology of the

constituent phases, but not affect the phase fraction. The b–

a–b transformation occurs during heating. The b to a
transformation leads to a significant increase in content and

size of lamellar a. The a to b transformation occurs

simultaneously in equiaxed a and lamellar a. The trans-

formation rate of lamellar a is much larger. The thickness

of lamellar a increases sharply and then varies little, which

is caused by the vanishing of fine a lamellae due to phase

transformation and coarsening by termination migration.

The three stages of phase transformation are summa-

rized. A modeling approach is proposed based on the

assumption of quasi-equilibrium phase transformation. The

variation of phase fraction with temperature is modeled for

different stages. The model is applied to hot working of

different initial structures. Model predictions agree well

with the experimental results.
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