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The study investigated the variation of microstructure of a Ti-4.5AL-3Mo-1V alloy during hot
compressing in α + β phase field. By scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), we systematically examined the influences of hot working
parameters on the microstructural features including of the morphology of α grain, volume
fraction of α phase and dynamic recrystallization (DRX). The experimental evidence showed
that both α and β phases underwent DRX under the experimental conditions. Moreover, the
recrystallization degree of α phase was more sufficient than that of β phase. The DRX was
accelerated with increase of deformation temperature and decrease of strain rate. It was also
noted that a certain degree of the (α → β) phase transformation occurred concurrently with the
mechanical deformation. In accordance with the microstructural evolution, flow curves of the
alloy were characterized by a linear increase until regular oscillations at high strain rates or
single peak at low strain rates and softening was followed.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Due to the specific strength, excellent fracture tough-
ness, extensive ductility and good corrosion resistance
titanium alloys, especially for α + β alloys, are widely
used in aerospace, marine and biomedicine. Moreover,
they must be used more efficiently if they are to meet
the performance demands of this century [1–3]. The
Russian Ti-4.5AL-3Mo-1V (BT14) alloy is a typical α

+ β alloy and is widely used in rockets. Since bulk
forming is often performed under compression load-
ing conditions, there are many investigations carried
out on the hot compression behavior of many α +
β titanium alloys [4–8]. However, the Russian alloy
Ti-4.5AL-3Mo-1V is less commonly known and no open
report has been found on its hot deformation behavior. It is
widely accepted that mechanical properties of alloys are
very sensitive to the characteristics of the microstructure.
For titanium alloys, flow stress behavior and microstruc-
tural evolution during plastic deformation are, to a great
extent, determined by temperature as well as strain rate
[9–11].

For a clearer understanding and control of the correla-
tion between processing and microstructure and proper-
ties of Ti-4.5AL-3Mo-1V alloy, the objective of this work
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is to investigate the variation of its microstructure under
different hot working conditions using SEM and TEM.
This work will also point out the influence of the hot
working parameters, such as deformation temperature and
strain rate, on the flow stress behavior and microstructural
features of Ti-4.5AL-3Mo-1V alloy, especially on the type
of phase present, the morphologies of the α phase, grain
size and shape, the α→β phase transformation and DRX.

2. Experimental methods and procedures
2.1. Materials and specimen preparation
A 2.5 mm thick Ti-4.5AL-3Mo-1V sheet was used in
this study. The β transus reported for this material is
approximately 940◦C. Its chemical composition is pre-
sented in Table I and its microstructure is shown in
Fig. 1. As seen from Fig. 1, the microstructure of the
alloy was mainly characterized by reciprocally paral-
lel lamellar α phase and β phase. The bright phase
represents α and the dark phase is β. There was no
Ti-4.5AL-3Mo-1V alloy bar at that time. In order to study
the hot forging behavior of the alloy, a plate of 10.5 mm
thickness was obtained by adhering four 2.5 mm thick
sheets together with silver conductive adhesive. Cylin-
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T AB L E I Chemical composition of Ti-4.5AL-3Mo-1V alloy (wt.%)

Al Mo V C Fe Si Zr O N Ti

3.5–6.3 2.5–3.8 0.9–1.9 0.10 0.25 0.15 0.30 0.15 0.05 balanc

Figure 1 Initial microstructure of experimental materials: (a) SEM microstructure and (b) TEM microstructure.

drical compression specimens of 7 mm diameter and
10.5 mm height were machined from the plate.

2.2. Hot compression
Isothermal hot compression tests were carried out on a
Gleeble-1500 simulator. Experiments were conducted in
α + β phase field at deformation temperatures of 600,
650, 700, 750 and 800◦C and strain rates of 0.01, 0.1,
1.0 and 10 s−1. The high reduction of all the specimens
was 60%. The specimens were resistance heated by ther-
mocouples feedback. The specimens were heated to com-
pression temperature at a heating rate of 5◦C/s and homog-
enized for 300 s before deformation. After hot compres-
sion, the specimens were quenched immediately in water.
Deformed specimens are shown in Fig. 2. For studying
the influence of deformation on the microstructure, five
additional samples were heated to different temperatures
respectively, and then quenched in water without defor-
mation.

2.3. Microstructure tests
The deformed specimens were axially sectioned parallel
to the compression axis and the cut surface was prepared

for SEM examination using standard polishing and etch-
ing techniques. Information about deformation inhomo-
geneities was derived from observations by SEM images
at sites A, B, C and D of the specimen deformed at 600◦C
and strain rate of 1 s−1. All of the other SEM images were
observed at site C (Fig. 2b). A thick film was transversely
sectioned on either of the middle two sheets and then
prepared for thin foil specimens for observation in TEM.
The area content and the mean grain size of alpha phase
are measured by the quantitative metallographic image
analysis system.

3. Results and discussion
3.1. Flow stress behavior
The typical true stress-true strain curves of the Ti-
4.5Al-3Mo-1V alloy exhibit some characteristic shapes as
shown in Fig. 3. The equation σ̄ = σ0(1 + 2mr/3

√
3h) is

used to correct the discrepancy between measured stress
σ̄$ and true stress σ 0 caused by friction. Here m is the
friction coefficient, r and h are the transient radius and
height of the specimen respectively.

In general, when a stress strain curve displays a stress
peak after yielding and then following with a gradual de-

Figure 2 Compressed specimen: (a) external appearance and (b) section appearance.
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Figure 3 True stress-strain curves of the Ti-4.5AL-3Mo-1V alloy compressed at different parameters: (a) 0.01 s−1, (b) 0.1 s−1, (c) 1 s−1 and (d) 10 s−1.

crease of stress, this indicates that DRX has taken place
[12]. As shown in Fig. 3, all curves of the Ti-4.5Al-3Mo-
1V alloy exhibit this characteristic shape. Corresponding
to the behavior, the softening mechanism of the Ti-4.5Al-
3Mo-1V during hot compressing in the two-phase field is
DRX, which is confirmed by the microstructure as will be
discussed later. At low strain rates, the flow stress curves
are characterized by a linear increase until a peak after
which flow softening is observed. At high strain rates,
typically 10 s−1, multiple stress peaks are followed by a
rapid decrease of stress. Taku Sakai [13] discussed the
changeover from multiple to single peak behavior of flow
curves under the condition of DRX by the relative grain
size (D0/Ds), where Do and Ds are the initial and sta-
ble dynamic grain sizes. The flow stress is sensitive to
temperature and strain rate and steeply falls with increas-
ing temperature and decreasing strain rate. The soften-
ing mechanism of the Ti-4.5AL-3Mo-1V alloy is mainly
DRX. Except for the effects of temperature and strain rate,
this softening phenomenon may be also attributed to two
other reasons: adiabatic heating which raises the actual
temperature of the specimen and the increasing propor-
tion of the soft β phase during deformation.

3.2. Structure observation
Microstructures of the specimens heated to the five tem-
peratures and without deformation are shown in Fig. 4.
It is seen that the α-lamellae gradually transform into
numerous small spherical grains with increasing heating
temperature through melting and globurizing. The melt-
ing site is shown in Fig. 4a. When heating temperature is

up to 800◦C, most of the α-lamellae are melted into gran-
ular α grains whose shapes and sizes may be different.
Meanwhile, more energy is stored for the phase transfor-
mation with the increase of heating temperature, which
leads to more diffusion and decrease of volume fraction
of α phase.

The parent α grain size, the α volume fraction and the α

grain pattern pose a great effect on the mechanical proper-
ties of α + β titanium alloys [14,15]. SEM images of the
Ti-4.5Al-3Mo-1V alloy hot compressed at different con-
ditions are presented in Figs. 5 and 6. It can be seen that
parent α phase is plastically deformed during hot working
in the (α + β) phase field. At relatively high deformation
temperatures, a low volume fraction of α phase is present
during deformation due to phase transformation. Accord-
ing to their initial orientations, some of the α grains are
distorted and others are fibrous.

Figs. 7 and 8 show representative micrographs of α

phase with different DRX degrees during hot working
in the two-phase field. Former experiments showed that
DRX was an important phenomenon that could occur in
the hot working of two-phase titanium alloys [8, 16]. L.X.
Li et al. [8] observed that for the Ti-3Al-5V-5Mo (BT16)
alloy deformed in α + β phase region (700–860◦C) and
strain rate region of 0.05–15s−1, only α phase underwent
DRX. R.Ding et al. [17] reported that DRX was not in-
volved in the Ti-6Al-4V (TC4) alloy during hot working in
the (α + β) phase field (850–995◦C) and strain rate region
of 0–1 s−1.This experimental evidence shows that DRX
occurs during hot working of the Ti-4.5Al-3Mo-1V alloy.
As can be seen from Fig. 8c, both α phase and β phase
undergoes DRX, which is different from BT16 and TC4

3755



Figure 4 SEM images of the specimens without deformation: (a) 600◦C, (b) 700◦C, (c) 750◦C and (d) 800◦C.

Figure 5 SEM images of the Ti-4.5AL-3Mo-1V alloy compressed at 0.1 s−1: (a) 650◦C, (b) 700◦C, (c) 750◦C and (d) 800◦C.

alloy. Further, dynamic nucleation occurs mainly inside
α-lamella and at the phase boundaries. It can also be seen
that under the same deformation conditions, DRX prefer-
entially occurs in the α phase and that DRX velocity of
α phase is faster than that of β phase. Li Miaoquan [16]

also suggested that when a two-phase titanium alloy is
deformed at a given temperature, the recrystallization ve-
locity of α phase is faster than that of β phase. In the case
of high temperatures and very low strain rates, DRX also
occurs in the β phase, as shown in Fig. 8c. This is due to
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Figure 6 SEM images of the Ti-4.5AL-3Mo-1V alloy compressed at 750◦C: (a) 0.01 s−1, (b) 0.1 s−1, (c) 1 s−1 and (d) 10 s−1.

the difficulty of obtaining DRX in the bcc β phase. In addi-
tion, many equiaxed α grains surround one β DRX grain.

3.2.1. Effect of strain
By comparing the microstructures of Figs. 4–6, it can be
seen that deformation causes a grain refinement of the α

phase. This may be attributed to the fact that fragmenta-
tion degree of grains and DRX degree both increase with
the hot plastic deformation. In addition, the volume frac-
tion of α phase decreases with the deformation. This is
because a certain degree of the (α→β) phase transfor-
mation occurs concurrently with the mechanical defor-
mation. Due to DRX and high volume fraction of soft β

phase, flow stress decreases with the increase of strain, as
shown in Fig. 3. Deformation inhomogeneity caused by
friction between specimen surface and die is noticeable
in one deformed specimen. The actual deformation de-
gree in the central region of the specimen is higher than
that in the surface zones (Fig. 2). The inhomogeneous mi-
crostructure of a deformed specimen is presented in Fig. 9.
The spheroidization degree of α grains is described by the
formula d/l, where d and l are α grain length (l) and width
(d) respectively. The effect of strain on the morphology
of α grain is shown in Table II. It can be seen that the
larger the deformation degree the finer the microstructure
is, and the more obvious spheroidization of αgrains is.
This is because sufficient deformation is the impetus for
DRX. The energy storage increases with the increase of
deformation degree, so DRX is more likely to come into
being.

3.2.2. Effect of temperature
As shown in Fig. 7, when other deformation parameters
are the same, the higher the temperature, the more DRX
grains occur in the deformed specimens. But temperature
has little influence on the DRX grain size. The increase
of the amount of exquiaxed DRX grains indicates the
increase of DRX degree. The DRX degree is relatively
small at low temperatures. This is because diffusion in-
creases with the increase of temperature and thus DRX
occurs more easily. Due to the influence of the DRX,
the globularization of α phase increases with increasing
temperature, which is shown in Fig. 5. Correspondingly,
flow stress decreases with the increase of temperature, as
shown in Fig. 10a. The static starting and ending recrys-
tallization temperatures of Ti-4.5Al-3Mo-1V are 900◦C
and 930◦C respectively. However, as can be seen from
Fig. 7a, DRX of α phase has occurred when the tempera-
ture is 600◦C. This may be due to the following reasons:
adiabatic heating, poor thermal conductivity of the tita-
nium alloy and the deformation inhomogeneities. These
three all lead to higher actual temperatures in the central
region. As a result, the flow stress compressed at 600◦C
tends to gradually decline after the maximum (Fig. 3),
which indicates that DRX occurs in the specimens de-
formed at 600◦C.

3.2.3. Effect of strain rate
In the past, some researchers analyzed the influence of
deformation rate on the mechanism of β → α + β trans-
formation, which in turn influenced the morphology of
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Figure 7 TEM images of the Ti-4.5AL-3Mo-1V alloy compressed at 0.1 s−1: (a) 600◦C, (b) 700◦C and (c) 800◦C (d) selected area diffraction patterns of
α phase.

Figure 8 TEM images of the Ti-4.5AL-3Mo-1V alloy compressed at 800◦C: (a) 1 s−1, (b) 0.1 s−1 and (c) 0.01 s−1, (d) selected area diffraction patterns of
β phase.

the α phase [18]. In this study, attempts have been made
toward understanding the effect of strain rate on the DRX
and its significant changes in the morphology of both
phases. Taku Sakai [13] classified the DRX grains into
three categories: (i) DRX nuclei, (ii) growing DRX grains

containing a dislocation density gradient, and (iii) crit-
ically work hardened DRX grains which contain fairly
homogeneous and more clearly developed substructures.
DRX is a dynamic process. When DRX is very sufficient,
high-density dislocations occur at boundaries and inside
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T AB L E I I Effect of strain on the morphology of α grain (600◦C, 1 s−1)

Location ε

Mean grain size
of α grain

α grain shape
(d/l)

A 0.2 0.96 µm 0.05–0.2
B 0.4 0.90 µm 0.1–0.3
C 0.6 0.76 µm 0.2–0.5
D 0.8 0.57 µm 0.5–0.8

DRX grains because of the deformation after DRX. As
shown in Fig. 8, the three types of DRX grains occur in
the specimens at different strain rates. When strain rate
is 1 s−1, only dynamic nucleus occur, creating grains in
the first category. When strain rate is 0.1 s−1, many crit-
ically work hardened DRX grains are formed, resulting
in the second category of grains. High-density disloca-

T AB L E I I I Effect of strain rate on the DRX grain size (800◦C)

Strain rate 0.01 s−1 0.1 s−1 1 s−1

DRX α grain size 1 µm 0.6 µm 0.4 µm
DRX β grain size 2 µm none none

tions at the boundaries of the DRX grains can be seen
clearly after the DRX grains are pressed. The DRX grains
formed at 0.01 s−1 belong to the third category. The orig-
inal lamellar structure is changed completely to equiaxed
DRX grains. Results clearly indicate that the degree of
DRX increases with the decrease of strain rate. In addi-
tion, strain rate has great influence on the DRX grain size,
as shown in Table III. It can be seen that the equiaxed
grain size increases with the decrease of strain rate. This

Figure 9 Microstructures of (a) site A, (b) site B, (c) site C and (d) site D in the deformed specimen hot compressed at 600◦C and 1 s−1.

Figure 10 Variation of flow stress with (a) strain rate at different temperatures and (b) temperature at different strain rates at a strain of 0.3
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is because DRX (involving nucleation and grain growth)
needs time. When the strain rate is relatively low, the DRX
grain has more time to nucleate and grow. At high strain
rates, the accumulated energy increases, as dislocations
have not enough time to consume or continually generate.
The presence of excess dislocations can lead to heteroge-
neous nucleation of both phases on dislocations. However,
the diffusion cannot proceed completely and DRX grain
growth is not so pronounced because of the very short de-
formation time. Therefore, as shown in Fig. 6, an increase
of strain rate is found to cause a grain refinement of the α

phase. In accordance with the microstructural evolution,
the flow stress increases with the increase of strain rate,
as shown in Fig. 10b. These microstructural observations
indicate that strain rate causes a significant change in the
DRX leading to a change in the morphology of the α

phase.
In conclusion, deformation temperature and strain rate

causes tremendous changes in the microstructural evolu-
tion, which in turn influences the behavior of flow stress.
The influence of temperature and strain rate on the flow
stress is in accordance with the microstructural evolution
(shown in Fig. 10).

4. Conclusion
The deformation behavior of the Ti-4.5AL-3Mo-1V al-
loy has been determined by hot compression tests over
a practical range of temperatures and strain-rates. The
results can be summarized as follows:

1. The spheroidization of lamellar α phase in the speci-
mens without deformation increases with the temperature
due to diffusional process. Severe hot plastic deformation
contributes to phase transformation and grain refinement
due to DRX.

2. Due to the influence of the adiabatic heating, poor
thermal conductivity of the titanium alloy and deforma-
tion inhomogeneties of specimens, DRX occurs in the
Ti-4.5AL-3Mo-1V alloy at 600◦C.The increase of tem-
perature causes an increase of DRX degree, but has little
influence on the DRX grain size.

3. Strain rate causes significant changes to the DRX of
α phase, which in turn influences the morphology of α

phase in the Ti-4.5AL-3Mo-1V alloy during compressing
in the two-phase field. The DRX grain size increases with

decreasing strain rate. The higher the strain rates the finer
the microstructure.

4. DRX is an important feature of the Ti-4.5AL-3Mo-
1V alloy hot compressed in the two-phase field. Both
α and β phases undergo DRX under the experimental
conditions. At the same deformation conditions, DRX
preferentially occurs in the α phase.

5. In accordance with the microstructural evolution,
flow curves of the Ti-4.5AL-3Mo-1V alloy are character-
ized by a linear increase until regular oscillations at high
strain rates or single peak at low strain rates after which
flow softening is observed. The flow stress decreases with
increasing temperature and decreasing strain rate.
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