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Abstract

This study investigates the effect of room temperature
deformation on the microstructural behavior of Ti6Al4V
alloy. To study this, room temperature uniaxial
compression test was carried out at low strain rate of 0.01
s-1 with increase in 5% stepwise degree of deformation
up to fracture. At each stage of the deformation, Stress
strain curve was correlated with change in
microstructure .Microstructural evolution and grain
Fragmentation are mapped at each stage of deformation
with the help of EBSD and OPTICAL microscopy. Fracture
of material occurs within 30% of deformation and exhibit
grain refinement. Flow stress increases with increase in
deformation and indexed in terms of Increase in strain
hardening exponent and hardness. EBSD mapping and
Microstructural analysis confirms Alpha phase
fragmentation and grain size reduction.
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Introduction
Titanium is the transition metal having hexagonal close pack

structure (HCP) at room temperature [1]. Ti-6Al-4V is the most
commonly used α+β titanium alloy. The properties of titanium
are high strength to weight ratio and excellent corrosion
resistance which makes this alloy most commonly used in the
fields of defence, marine and aerospace applications [2].
Mechanical properties of Ti6Al4V alloy is mainly dependent on
the processing parameters like strain rate and temperature [3].
Due to low volume fraction of the beta (BCC) phase,
deformation behavior of the two phase alloy is mainly
influenced by alpha phase [4]. During processing the evolution
of the texture and microstructure mainly takes place due to
the majority of the plastic strain which is accommodated by
alpha phase [5]. In HCP crystal structure, Slip and Twin activity
promotes the plastic deformation [6]. In commercially pure
titanium, the plastic deformation mainly takes place by
twinning [7]. High solute content and presence of the Ti3Al

precipitates causes suppression of the twinning in Ti6Al4V
alloy [9].

Strain rate also affect the twinning. At low temperature and
high strain rate, deformation mainly takes place by twinning
[10, 11]. Alloying element mainly influence the deformation
behavior of the Ti6Al4V alloy. In Ti6Al4V, as the Hydrogen
content increases the tensile property decreases and
compressive property increases [12]. Grain size also affects the
occurrence of deformation twinning [13]. Twinning is mostly
seen in larger grains than small grains.

Tirry et al observed that, after shear deformation of the
ti6al4v sheet material, presence of the twinning is less [14]. P.
Krakhmalev et al. also studied and observed that, after
deformation of the Ti6Al4Vproduced by SLM microstructure
changes to fully martensite and high dislocation density was
found [15]. D.G.L. Prakash et al. also found in the detailed
study of the deformation of the Ti6Al4V at slow strain rate
that, with increasing plastic deformation the rate of twinning
increases [16].

From above summary it was found that, the microstructure
evolution during deformation is correlated with slip and twin
activity. The main purpose of this work is to find out the
relationship between flow stress and microstructural evolution
at each stage of deformation.

Experimental Details
In this study, the compression specimens of size Ø8 mm×12

mm were machined from Annealed Ti-6Al-4V bar having
equiaxed microstructure. Machining direction of sample was
parallel to rolling direction. Chemical composition of as
received material is listed in Table 1.

The uniaxial compression test was carried out on servo
hydraulics MTS machine 0.01 s-1 strain-rates at room
temperature. The samples were deformed with 5% stepwise
degree of deformation up to fracture.

For microstructural characterization, deformed samples
were mirror polished and etched with Krolls reagent. For EBSD
study, samples were electro-polished by electrolyte containing
90% of methanol and 10% perchloric acid. The electro-
polishing was done at voltage of 26V for 10sec. The scanned
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area for EBSD was 300 μm2 and step size of 0.3μm. XRD was
done on the pan-analytical MRD machine.

Table 1 Chemical composition of the as received sample in wt
%.

Chemic
al
element
s

Al V Fe O C N Ti

Wt% 6.4 4 0.16 0.18 0.02 0.01 Balan
ce

Stress strain behavior
True stress strain curves and engineering stress strain curves

were recorded during the room temperature deformation of
the Ti6Al4V alloy. True stress strain curves, engineering stress
strain curves and strain hardening exponent (n) are shown in
Figure 1.

The samples were deformed with 0.01 s-1 strain rate up to
30% deformation. It was observed that, as the deformation
increases the flow stress increases. According to dislocation
theory, as the plastic deformation increases the dislocations
density increases, which results in flow stress increases with
increase in deformation. At slower strain rate and at early
stage of deformation, as the dislocation density is less they can
easily glide slip planes and does not get hindered by obstacles
[17].

After progressive deformation, due to rapid multiplication of
the dislocations flow stress increases. Strain hardening
exponent (n) is used to indicate the effect of deformation on
the work hardening behavior of Material. It is derived from the
slope of the true stress strain curve. Higher the strain
hardening exponent, higher is the work hardening effect [18].

Figure 1 Stress strain curves a) Engineering stress strain
curves b) True stress strain curves c) strain hardening
exponent (n) of Ti6Al4V alloy.

Strain hardening exponent (n) of the deformed and as
received sample is shown Figure 1b. It was observed that,
Strain hardening exponent (n) increases with increase in
deformation. At 25% deformation, higher work hardening was
observed. After 25% deformation sample starts cracking and
flow stress decreases.

Results and Discussion

Microstructural evolution
Optical micrograph, EBSD IPF map and grain size of as

received samples of TI6Al4V alloy are shown in Figure 2. Figure
2a shows microstructure of as received sample of the
annealed Ti6Al4V bar with equiaxed alpha and finely
distributed beta grains are observed. Beta phase was restricted
at triple points. EBSD mapping shows that, as received sample
of Ti6Al4V with average grain size is 10μ contains 86% of alpha
phase and 14% beta phase. As the volume fraction of beta
phase is negligible, majority of plastic strain is accommodated
by alpha phase. Deformation behavior of the as received alloy
was characterized by EBSD map and Microstructural
characterization.

Figure 2 a) optical micrograph b) EBSD IPF map c) Grain size
of as received sample of Ti6Al4V alloy.

Effect of plastic deformation on the grain size and average
grain size of the Ti6Al4V as received and deformed samples is
shown in Figure 3. Grain size data was obtained from EBSD. It
was observed that, average grain size and grain size reduces
with increasing deformation. Volume fraction of small size
grains increases with increase in deformation. At 25%
deformation, high volume fractions of smaller grains are
observed. It indicates that, grain refinement increases with
increasing strain. As the twins were not observed in
microstructure, these results are only speculated in terms of
dislocation activity in low stacking fault energy material. The
process involves emission of partial dislocations from α/β
interface. With increasing strain, these partial dislocations
forms planar network by cross slip. The planar dislocation
arrays separate the individual grains in to sub grains [19] .It
was observed that, volume fraction of the Low Angle Grain
Boundaries (LAGB’s) increases with increase in deformation.
Effect of increasing strain on volume fraction of the low angle
grain boundaries is shown in Figure 3c. Higher volume fraction
of the LAGB’s are formed at 25% deformation. This indicates
that, high volume fraction of the small equiaxed grains are
formed at 25% deformation. The emitted partial dislocations
from triple point of beta phase separates the individual alpha
grains in to small equiaxed grains.
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Figure 3 a) Alpha grain size b) Avg. alpha grain size c)
Volume Fraction of LAGB’s (Low Angle Grain Boundaries) of
the as received and deformed samples of the Ti6Al4V with
0.01/s strain rate.

Hardness of the Ti6Al4V as received and deformed samples
is shown in Figure 4. It was observed that, Hardness of the
samples increases with increasing deformation. At 25%
deformation, highest hardness of 375Hv was observed. This
Increase in hardness results from hall petch mechanism and
fank read source mechanism. As the deformation increases,
Grain boundary area increases (Refer Figure 4b).The
dislocations generated during plastic deformation are
hindered at grain boundary area [20]. Hindering causes the
dislocations become immobile and piled up at grain boundary
area. Increase in dislocation density results in high hardness.

Figure 4 Hardness of the as received and deformed samples
of the Ti6Al4V with 0.01/s strain rate.

Figure 5 shows the microstructure evolution at each stage of
deformation. It was observed that, as the deformation
increases the alpha grain fragmentation increases. At 15%
deformation, higher Alpha grain fragmentation was observed
(ref. Figure 4b). At 25% deformation, higher volume fractions
of smaller grains with fragmented grains are formed.

Figure 5 Microstructures of the as received and deformed
samples , a) As received sample b) 5% deformed c) 10%
deformed d) 15% deformed e) 20% deformed f) 25%
deformed.

Conclusion
Room temperature plastic deformation of Ti6Al4V with very

slow strain rate of 0.01s-1 was studied and investigated.
Electron backscatter diffraction (EBSD) and Optical microscopy
were used for the analysis of material deformation behavior.
The main findings are as:

• Compression test result shows that, flow stress and Strain
hardening exponent (n) increases with increasing
deformation. Work hardening phenomenon was observed.

• Microstructural characterization and grain size data
confirms that, alpha grain fragmentation and grain
distortion increases with increasing strain. Grain
refinement was observed at higher strain.

• Hardness data was correlated with microstructural
evolution. It indicates that, hardness of the sample
increases by Hall petch mechanism. Peak hardness was
observed at 25% deformation.
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