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One of the attractive properties of Ti-6Al-4V alloy is control of microstructure through heat
treatment to vary the mechanical properties. In this study, three different microstructures,
Lamellar, Widmanstätten, and Martensitic morphologies, were created through heat treatment
at a post-b transus temperature followed by cooling at different rates. With faster cooling rates,
the microstructures evolved finer lamellae, smaller colony sizes, and thinner grain boundary
layers. High-temperature dynamic compression was conducted on these specimens at a strain
rate of 1000 s�1 and temperatures in the range of 23 �C to 1045 �C. Flow stresses decreased
linearly with colony size and grain boundary layer thickness, but increased with inverse square
root of lamellar thickness. This strong correlation of flow stress to several microstructural
feature sizes indicated multiple modes of deformation. All three microstructures showed
identical thermal softening. The softening rate was intensified at elevated temperatures due to
hcp fi bcc allotropic phase transformation. Gangireddy modification to Johnson–Cook model
could account for this augmented softening and the modified J–C model predicted the three
microstructures to follow a similar thermal softening coefficient m = 0.8. The kinetics of phase
transformation appear to be very rapid irrespective of the microstructural differences in the
Ti-6Al-4V alloy.
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I. INTRODUCTION

TI-6AL-4V is a popular a+ b alloy with low
density, high specific strength, corrosion resistance, and
good high temperature properties. Being a two phase
titanium alloy, it can display a wide range of microstruc-
tures depending on the thermo-mechanical or thermal
processing routes used to produce them. Mechanical
properties such as hardness, yield strength, tensile
elongation, impact toughness, and fracture toughness
are very sensitive to the characteristics of these
microstructures such as the phases present, their volume
fractions, grain size, shape, distribution of phases, and
their morphology.[1–3] Depending on the nature of
application, designers choose the morphologies with
the required combination of properties. In order to
make an engineering component from thus selected
microstructures, manufacturing steps such as machin-
ing/drilling/cutting/grinding have to be performed either
before or after the heat-treatment step. If the selected
morphology is one that requires thermo-mechanical
processing, the manufacturing steps can only be applied

after the heat treatment step. If the selected morphology
is one that requires only thermal processing, the heat
treatment step could also be performed after manufac-
turing a final component shape, but if the component is
of very large size, heat treatment may not be possible
due to spatial constraints of furnace size. In such cases
also, the heat treatment step has to precede the
manufacturing step. Many investigators studied the
effect of the material’s heat-treated microstructure on
manufacturing processes such as machining, and
milling. For example, Attanasio[4] found lamellar struc-
tures more preferable over equiaxed grains for lower
and more constant cutting forces. Cedergren[5] found
heat-treated microstructure to change chip morphology.
Several such[4–7] studies clearly highlight that magnitude
and stability of cutting forces, the type of chip forma-
tion, tool wear, and tool life changed significantly when
working with different microstructures such as lamellar,
equiaxed, bimodal. So microstructural dependence of
dynamic deformation behavior should also be taken into
critical consideration in terms of selection, development,
and designing of materials.
Most studies have evaluated the effect of microstruc-

ture on Ti-6Al-4V mechanical properties under static or
quasi-static loading.[8–11] Only a few studies focused on
deformation under hostile conditions like dynamic
loading and even these were limited to room tempera-
ture and their conclusions were contradictory.[12–15]
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While Wagoner[15] reported that the room temperature
dynamic flow stresses of equiaxed and Widmanstätten
morphologies were similar, Lee[14] compared equiaxed,
Widmanstätten, and bimodal microstructures and found
that the dynamic torsional deformation had a strong
correlation to the starting microstructural features such
as colony size and lamellar thickness. Further, there is a
total lack of literature on the effect of microstructure on
high temperature dynamic deformation. It is critical to
investigate the high-temperature domain because manu-
facturing processes like machining involve not only rapid
deformation but also rapid heating rates and high
temperatures. A new variation of the Kolsky bar method
has been developed at NIST[16] which directly sent pulses
of DC electric current through the sample and resistively
heat it to high temperatures upto 1200 �C with rapid
heating rates of upto 2500 �C/s, the combination of rapid
thermal and mechanical loading conditions, which, while
somewhat short of the extremes found in machining,
nevertheless can provide insight into material behavior
under controlled conditions that approach those in
machining. In this study, we investigated the high
temperature and room temperature dynamic compres-
sion of three microstructures of Ti-6Al-4V—Lamellar,
Widmanstätten and Martensite, at temperatures from
23 �C to 1045 �C and a strain rate of about 1000 s�1.

II. EXPERIMENTAL PROCEDURE

A. Material

Commercial Ti-6Al-4V alloy purchased in the formof a
4 mm thick placewasEDMcut into cylindrical specimens
of 4 mm diameter and 4 mm thickness. The composition
of the Titanium Grade 5 alloy is depicted in Table I.

B. Heat Treatment

The heat treatment involved homogenizing above the
b-transus temperature, as given in the ASM technical
guide for Titanium.[17] This is followed by cooling at
different rates to create different microstructures. Three
sets of specimens were prepared. Each set was wrapped
in tantalum sheet to avoid contamination and then
placed inside a silica glass tube. The tubes were
evacuated to 10�6 Pa vacuum and sealed. These three
capsules were then placed inside a tube furnace pre-
heated to 1100 �C. After 1 hour of homogenization, one
capsule is shattered in salt water—BQ (Brine
Quenched). The second capsule is crushed in the air
and specimens were left to cool in the ambient atmo-
sphere—AC (Air Cooled). The third capsule is left inside
the turned off furnace—FC (Furnace Cooled). Figure 1
schematically depicts this heat treatment procedure.

C. Dynamic Deformation

Dynamic compression tests were performed at a strain
rate of 1000 s�1 and initial temperatures between 23 �C
and 1045 �C. Specimens were resistively heated with
high amperage, low voltage electric current that was

conducted directly through the sample while it sat fixed
between the incident and transmission bar. The rapid
heating rates of this method (about 1000 �C/s) enabled
short heating durations (3.5 s of total transient and
steady state heating time). The specimens (4 mm diam-
eter) were also much smaller in cross section than the
bars (15 mm diameter). Gangireddy[18] has shown ear-
lier that under such conditions, the bars did not undergo
significant heating and the wave-propagation remained
unaffected. Heating was controlled using a fast response
infrared spot pyrometer as a feedback sensor for a
proportional–integral–derivative (PID) controller that
modulated the heating power. A measure of the tem-
perature uniformity of the specimen during heating was
provided by a second infrared pyrometer focused on the
opposite side of the specimen from the control pyrom-
eter. An R-type thermocouple was also spot welded on
the specimen to read the true temperature. During
resistive heating, electromagnetic interference disrupts
the thermocouple signal until the heating current is
switched off. So while the thermocouple signal could be
used to read the true temperature at impact (after
current is turned off), it could not be used as temper-
ature control during heating itself. So the radiance
temperature measured by the pyrometer was used
instead as the feedback to the PID controller of the
power supply. As tests were conducted inside an
environmental chamber, oxidation was minimal and
the surface emissivity did not change significantly. The
true temperature (thermocouple) and radiance temper-
ature (pyrometer) were found to be well correlated
between room temperature and 1200 �C. So the radi-
ance temperature for a test could be set such that the
true temperature would be close to the desired value
(within 20 �C). Further details of this heating method,
its performance capabilities and assessment of its
uncertainties have been described elsewhere.[19,20]

D. Metallographic Preparation

The samples were grinded using P1200 and P2400 SiC
paper at 300 rpm speed for 1 min under 5 and 3 lb force
successively. Then they were polished with 6, 3, 1 lm
diamond polish cloths. These polished surfaces were
etched with Kroll’s Reagent of 5 mL HF, 10 mL HNO3,
and 85 mL water composition. The polished and etched
specimens were studied under a metallographic optical
microscope.

III. RESULTS AND DISCUSSION

A. Microstructures from Heat Treatment

Owing to the large difference in the cooling rates
undergone by the three sets of specimens, they display
very different microstructures, Figure 1. Microstructural
features such as prior-b grain size, lamellar colony size,
thickness of the grain boundary a layer as well as
lamellar thickness were charted (Table II). Here, the
colony size is a representative diameter (d) calculated
from two perpendicular diagonal distances (d1 and d2) as
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d ¼ d1 � d2
p
4

� �1
2

:

The colonies were typically rectangular in shape. So d
reflects the diameter of a circular grain which has same
area as the rectangular colony. A similar method was
used to characterize the prior-b grain size as well.

(a) Furnace-cooled microstructure (FC):
The furnace-cooled microstructure (FC) was
lamellar in nature (Figure 2(a)). Prior-b grains
were clearly discernible with a grain boundary
(aGB) layer and were large from grain growth
during the hour long homogenization at 1100 �C.
The size of the prior-b grains ranged from 170 to
1370 lm with an average size of 680 lm and a
distribution peak at 400 lm. a lamellae grew from

Table I. Chemical Composition of the Commercial Alloy from Spectrographic Analysis

Chemical Composition (pct) Aluminum Vanadium Carbon Iron Nitrogen Oxygen Hydrogen Others

Spectrographic analysis—results 6.65 3.5-4.5 0.02 0.23 0.007 0.197 0.0029 sulfur< 0.005

Fig. 1—Heat treatment procedure for creating different microstructures from the initial globular morphology.

Table II. Summary of Microstructural Features in the Three Heat-Treated Conditions

Prior-b Grain Size Colony Size a-Plate
Thickness

Grain Boundary
a-Layer Thickness

Flow
Stress

Range
(lm)

Avg.
(lm)

Histogram
Peak (lm)

Range
(lm)

Avg.
(lm)

Histogram
Peak (lm)

Range
(lm) Avg. (lm)

At 0.08
Strain
(MPa)

FC (furnace-cooled
lamellar)

170-1370 680 400 115-865 343 240 4.5-33 20.5 1394

AC (air-cooled
Widmanstätten)

210-1100 620 600 80-530 270 180 0.9-2.8 12.2 1440

BQ (brine-quenched
martensite)

300-1210 615 550 N/A N/A N/A < 0.5 0.7 1529
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multiple grain boundaries resulting in several
colonies within a single prior-b grain,
Figure 3(a). Some smaller colonies also resulted
from an occasional nucleation within a b grain,
Figure 3(b). Together, the entire set of colony
sizes ranged from 115 to 865 lm with an average
of 343 lm and a distribution-peak at 240 lm. In
both the lamellar colony and prior-b grain size
distributions, the average size was larger than the
value at distribution-peak due to the presence of
one or two large grains/colonies. The width of the
lamellae in the colonies varied widely ranging
from 4.5 to 33 lm.
The grain boundary layer (aGB) was about 20 lms
in thickness and showed two kinds of morpholo-
gies: (a) Smooth: Majority of the boundaries
composed of continuous a indicating a single
nucleation and growth event, Figure 4(a). (b)
Zigzag: a few grain boundaries resulting from
separate heterogeneous nucleation and growth
events occurring on prior-b grain boundary which
coalesce after growth.[21]

(b) Air-cooled microstructure (AC):
The air-cooled microstructure (AC) was mostly
Widmanstätten with some lamellar nature,

Figure 5(a). Lamellar colonies occurred in a few
places in the core of the specimen, where the
cooling rate must have been lower from slower
heat dissipation. The rest of the specimen is in
Widmanstätten morphology with secondary-a
plates nucleating inside a b grain in addition to
the primary-a plates nucleating at the grain
boundaries, giving its characteristic basket-weave
appearance, Figure 5(b). The a plates here were
finer than FC, with their width ranging from 0.9
to 2.8 lm. Prior-b grains were large and of similar
size range as FC, between 210 and 1100 lm with
an average of 620 lm and a distribution-peak at
600 lm. The boundaries were distinctly visible
with clear grain boundary a layers (aGB). With a
thickness of about 12 lm, the aGB layer was much
wider than a plates in the grain interior. It had
dual nature in this specimen as well with both
smooth and zigzag morphologies. The interior of
each prior-b grain consisted of several lamellar/
basket-weave colonies. They were smaller than
the lamellar colonies of FC and ranged from 80 to
530 lm with an average of 270 lm and his-
togram-peak at 180 lm.

Fig. 2—The array of microstructures (a) FC: furnace-cooled lamellar microstructure. (b) AC: air-cooled Widmanstätten microstructure. (c) BQ:
brine-quenched martensitic microstructure.
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Fig. 3—Microstructure of the furnace-cooled (FC) specimens, highlighting. (a) Prior-b grain boundaries and growth of lamellae from multiple
sides of a single prior-b grain. (b) Secondary lamellae nucleating from existing a plates inside a b grain.

Fig. 4—Microstructure of the furnace-cooled (FC) specimens, highlighting prior-b grain boundary types: (a) smooth a layer and (b) zig-zag a
layer.

Fig. 5—Microstructure of air-cooled (AC) specimens. (a) Widmanstätten and lamellar morphologies in the core. (b) Basket-weave nature of the
Widmanstätten morphology.
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(c) Brine-quenched microstructure:
Quenching in brine solution resulted in a marten-
sitic microstructure composed of largely acicular
martensite (a¢) with randomly oriented plates, and
some massive martensite (aM) with long aligned
plates, Figure 6(a). While the interior of all the
grains was acicular a¢, a few grain boundaries
showed aM phase that appeared with long, closely
stacked plates[22] which could exceed 50 lm in
length, Figure 6(b). Both acicular a¢ and aM plates
were less than 0.5 lm in thickness.

The grain boundaries of prior-b grains were visible in
this specimen as well with etched lines that were about
0.7 lm thick, Figure 7. The size of the prior-b grains
was similar to the other two microstructures and ranged
from 300 lms to 1210 lm with an average of 615 lm
and a histogram peak at 550 lm.

B. Room Temperature Dynamic Response

Figure 8(a) plots the dynamic room temperature
response of the three microstructures. These stress–
strain curves showed that all the three microstructures
have a similar work hardening, but flow stresses to be
higher in the microstructures cooled at a faster rate
during the heat treatment. The flow stress at 0.08 true
strain was used as representative of the dynamic
mechanical response in further analysis. Figure 8(b)
plots the flow stresses at 0.08 strain in the three
microstructures. The flow stress was highest in the
martensitic BQ at 1529 MPa. The ACWidmanstätten at
1440 MPa, and FC lamellar at 1394 MPa, showed
slightly lower flow stresses.

The prior-b grains were similarly sized in the three
microstructures as they underwent similar homogeniza-
tion treatment. Hence no connection could be observed
between the prior-b grain size and the dynamic

mechanical response. But the other feature sizes such
as (i) lamellar colony size, (ii) a-plate/lamellae thickness,
and (iii) thickness of the grain boundary layer aGB seem
to have a strong correlation to the flow stresses.

(i) a-colony size is usually considered the most
influential microstructural parameter on
mechanical properties because it is a measure
of the allowed slip length across similarly
oriented lamellae before lamellae of a different
orientation are encountered.[23] During slow
cooling, the nucleation of lamellae occurred
only at the prior-b grain boundaries (FC). At
faster cooling, the colony sizes became smaller
due to multiple nucleation locations inside the
grain as well (AC). As the cooling rate increased
further, the colony structure was changed into
martensitic structure (BQ) where the slip length
and ‘‘colony’’ size become equivalent to the
width of individual a plates (0.5 lm) resulting in
a drastic increase in strength, Figure 9(a). As
effective colony size increased, the slip length
during plastic deformation increased and defor-
mation occurred more readily.

(ii) The dynamic flow stresses increased linearly
with the inverse square root of a plate thickness
(Figure 9(b)), similar to a Hall–Petch relation-
ship reported by Lee[12] and Lin[24]

r ¼ ri þ kd
�1
2

where the friction stress ri is 1376 MPa and the locking
parameter k, which is related to the critical shear stress
and burger’s vector, is 108.5 MPa/lm0.5. Such a strong
association between the lamellae thickness and flow
stress is attributed to be due to slip across the aligned
lamellae in the colony.[23] It is also possible that the
width of the b phase between the lamellae is propor-
tional to the lamellar thickness, resulting in reduction of

Fig. 6—Formation of massive aM with long, closely stacked plates at the grain boundaries. (a) aM at an internal grain boundary with the
adjacent grain composed of only a¢. (b) aM at a grain boundary on sample edge with grain interior of a¢.
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Fig. 7—Etched prior-b grain boundaries in the brine-quenched (BQ) specimens: (a) between two a¢ grains and (b) between a¢ and aM grains.

Fig. 8—(a) Room temperature dynamic stress–strain curves, (b) flow stresses at 0.1 strain compared across the three heat-treated microstructures:
(FC) Furnace-cooled lamellar, (AC) air-cooled Widmanstätten, and (BQ) brine-quenched martensite.

Fig. 9—Dynamic flow stress variation across the three microstructures as a function of (a) effective colony size, (b) inverse of the square root of
lamellae thickness, (c) width of a grain boundary layer.
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the constraint for slip in the b phase at low cooling rates
and hence lower strength.
(iii) The thickness of the grain boundary layer

decreased with increasing cooling rate. Gil[25]

made a similar observation and explained this
behavior as arising from bigger diffusivity at
lower cooling rates which favors growth of the
grain boundary layer. The presence of aGB layer
at the grain boundaries can aid the mechanical
response. Even as the aGB layer helps impede
slip activity from the adjacent colonies, San-
dala[26] showed intense slip can occur within this
layer. A continuous aGB layer such as shown in
Figure 4(a) is of a single orientation and typi-
cally is thicker and much longer than the a
lamellae in the grain. Such layers are the
weakest regions in the two phase lamellar
structures and their width could be expected
to have a strong effect on the strength. The
dynamic flow stresses here decreased linearly
with the average width of the aGB layer,
Figure 9(c).

The lamellae thickness alone follows a Hall–Petch
relationship with flow stresses and must hence be the
determinant feature size. Even as it appears there is a
strong correlation between the flow stresses and the
other microstructural features, it must be noted that
these feature sizes are all arising from the same cooling
rate during the heat treatment. But the primary defor-
mation mode cannot be determined through these
relations alone and requires a thorough microstructural
investigation, such as Schmid factor calculation as done
by Antonysamy[27] for measurement orientation in the
different lamellae families which would determine ease
of slip.

C. Microstructures Post-Deformation at Room
Temperature

Adiabatic shear bands were not observed in any of
the three microstructures. Several researchers such as
Meyers[28] and Li[29] have reported adiabatic shear
banding in titanium alloys during dynamic deforma-
tion, but at plastic strains larger than 20 pct. In our
specimens with only 10 pct plastic strain, it is clear
strain localization has not yet initiated. The deforma-
tion in lamellar microstructures is different from
equiaxed structures and can be heterogeneous as each
single colony could be differently oriented to deform
for each slip system. The slip systems with the highest
Schmid factor are the ones most likely to deform.
Chan[30] showed the critical resolved shear stress for
yielding of individual colonies could vary a lot. So we
can anticipate that deformation-induced features could
appear differently across different colonies/regions in
these post-test microstructures.

The optical images of air-cooled Widmanstätten (AC)
specimen showed very curious deformation zones. While
majority of the sample looked unaffected, a few regions
showed ribbons of intense deformation (Figure 10),
which stood out distinctly in the optical images after

etching. These ribbons always occurred in clusters, and
aligned in one direction. Closer observation of these
features in SEM showed that these ribbons occurred
perpendicular to the lamellar growth direction. The
ribbons also occurred only in certain colonies. If there
was an intersecting colony of lamellar growth in a
different direction, the ribbons do not appear in that
area. EBSD shows that all the ribbons within a prior-b
grain boundary had the same orientation and were at
nearly 60 deg misorientation with the colony. So it
appears that Widmanstätten structures formed very
large twins that occur in certain preferentially oriented
colonies.
The furnace-cooled lamellar (FC) specimen did not

show any evidence twinning, Figure 11(a), with the
exception of one single region showing shear-like
bending in the lamellae (Figure 11(b)). This could be
the initial stage before the formation of a shear band,
indicating that the dominant mechanism here could be
slip rather than twinning. FC has thick aGB layers, so
slip within this grain boundary layer could be a bigger
contributor as well.
The brine-quenched martensite (BQ) also did not

show much evidence of damage from deformation. A
few regions displayed twin-like features in the grain
interior with acicular martensite a¢ phase (Figure 12(a)).
Occasionally slip at a grain boundary with adjacent
massive martensite aM phase (Figure 12(b)) was also
seen. EBSD (Figure 12(d)) shows that these features
have the same grain orientation and are aligned in one
direction with uniform spacing in between. Such regu-
larity would not be present in the usual martensitic
microstructure where the acicular needles would grow
randomly. This presence of twins is further reasonable
because in the acicular a¢ phase, the plates are typically
densely populated with dislocations. Manero[31] showed
that the prior existence of dislocations in this grain
interior could reduce the activation energy required for
the nucleation of twins. The Manero study also showed
that when the number of defects is not sufficient,
slipping mechanism would also be present. Massive
martensite aM has closely aligned plates with low initial
density of defects (dislocations, a¢/a¢ interfaces) and
hence may favor slip over twin nucleation, as seen in one
occurrence shown in Figure 12(b). The size of the
twin-like features was similar across this BQ and AC
specimens, with the larger ones exceeding a length of
50 lm.
After a plastic strain of 0.1, deformation at room

temperature generally did not really alter the
microstructure, besides the few rare occurrences
demonstrated in Figures 10, 11, and 12. Further, the
type of deformation-induced features in these speci-
mens were different. While we have early indications
that the purely lamellar structure could deform by slip
while the Widmanstätten and martensitic structures
could also have twinning contributions, further studies
are necessary to determine the extent of these contri-
butions and their evolution as the deformation pro-
ceeds to higher strains. These will be explored in a
future publication.

4588—VOLUME 49A, OCTOBER 2018 METALLURGICAL AND MATERIALS TRANSACTIONS A



D. High-Temperature Dynamic Response

In order to study the effect of temperature on flow
stress, tests were conducted at temperatures between
room temperature and b transus for each of the three
microstructures. Because radiance temperature (pyrom-
eter) is used as the temperature control, the true
temperature of the tests (thermocouple) varied slightly
for a given selected radiance temperature control setting.
The stress–strain curves are plotted in Figure 13.

At room temperature, the brine-quenched martensite
(BQ) was the strongest, followed by air-cooled Wid-
manstätten (AC) and furnace-cooled lamellar (FC). This
BQ>AC>FC trend continued at high temperatures
as well, except for the tests conducted around 900 �C.
These tests fall in the temperature range where the
allotropic transformation from hcp to bcc in Ti-6Al-4V
is substantial.[17] We showed in a previous publication[18]

that the hcp phase fraction is very important for the

Fig. 10—AC Widmanstätten after room temperature compression at 1000 s�1 strain rate to 0.1 strain: (a) optical image of ribbon features, (b)
same features in SEM, (c) closer view of ribbon features, (d) EBSD of region in (c), (e) SEM image showing ribbons of a different shape, (f)
EBSD of the region in (e) showing the ribbons to have same orientation within one prior-b grain irrespective of the shape.
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Fig. 11—Optical images of FC after room temperature compression at 1000 s�1 strain rate to 0.1 strain. (a) Typical region showing no
deformation damage and (b) rare region showing shear-like bending of lamellae hinting shear band initiation.

Fig. 12—BQ martensite after room temperature compression at 1000 s�1 strain rate to 0.1 strain. (a) Etched optical image showing twin-like
features in the grain interior acicular martensite a¢ phase, (b) etched optical image showing features resembling slip impedance at the grain
boundary with massive martensite aM phase, (c) unetched SEM image of the region with twins which do not look pronounced, (d) EBSD of the
same region showing the twin-like features to have the same orientation.
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resistance of the material to deformation and that the
transformation results in a sharp drop in the flow
stresses between 800 �C and 1000 �C.

The equilibrium phase fraction of the hcp phase
not only decreases with temperature, but decreases
more rapidly as temperature approaches b transus

(Figure 14). For example, the equilibrium composition
changes from 0.27 b+0.73 a at 800 �C to
0.44 b+0.56 a at 900 �C, and finally turns 100 pct b
at 1000 �C. So even a few degrees of temperature
uncertainty above 900 �C could imply a very different
phase composition and hence a large uncertainty in the
flow stress. The observed shift in the trend in Figure 13
(BQ>AC> FC fi FC>BQ>AC) is likely a mani-
festation of this. The a fi b transformation, i.e., disso-
lution of a, is complete above the b transus. So all the
three microstructures become simply b grains and their
mechanical response should be similar. Figure 13 con-
firms this and shows overlapping of the three stress–
strain curves above 1000 �C.
All the three microstructures showed similar thermal

softening behavior, i.e., a comparable decrease in flow
stresses with increasing temperatures. Figure 15 plots
normalized flow stresses as a function of homologous
temperature, so the data could be compared to the
predictions by Johnson–Cook model. Earlier we devel-
oped a correction factor to the Johnson–Cook equation
to account for the changing phase fractions and enabled
mapping the thermal softening trend in equiaxed
Ti-6Al-4V.[18] The same modification factor, G(T),
should be applicable for these materials too, as G(T) is
dependent on purely equilibrium phase composition. In
this investigation, we found G(T) can describe the
thermal softening trends in the heat treated microstruc-
tures as well (Figure 15). Once the augmented softening

Fig. 13—High temperature dynamic stress–strain curves from testing the three microstructures FC, AC, and BQ.

Fig. 14—Equilibrium phase fraction of the hcp a phase in Ti-6Al-4V
as a function of temperature.
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rate due to phase transformation was incorporated by
G(T), all the three microstructures show similar tem-
perature sensitivity m = 0.8.

r ep; _ep;T
� �

¼ AþB ep
� �n� �

1þC ln
_ep
_ep0

� �� 	
1� T�ð Þm½ �GðTÞ;

G Tð Þ ¼ 1:051

� 6:97� 106e
�1:73�105

RT

� �
þ 2:53� 10�1e

�5:67�103

RT
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:

E. Microstructures Post-Testing at High Temperature

All three microstructures showed partial phase trans-
formation after testing above 900 �C, Figure 16. The
resistive heating method employed in the pulse-heating
Kolsky Bar caused the specimens to undergo rapid
cooling after the mechanical test. With cooling rates
reaching 1000 �C/s, this is effectively a quenching
condition for this material. If any a fi b transformation
had occurred on heating, the newly formed b would
precipitate a with a characteristic acicular morphology
(transformed-a¢) upon quenching. This new morphology
(transformed a¢) is distinguishable from the a lamellae
initially present in FC and AC specimens, as well as the
longer acicular a¢ and aM plates of BQ specimen.

The furnace-cooled lamellar (FC specimen) showed
the phase transformation to occur in the regions
between colonies but not between the lamellae within
a colony, Figures 16(a) and (b). The air-cooled Wid-
manstatten (AC specimen) also showed similar behavior
where the transformation occurred predominantly
between the colonies, Figure 16(c). Only occasionally
smaller regions of transformed-a¢ were also observed
between the cross-woven lamellae within a bas-
ket-weave/cross-woven colony, Figure 16(d). The

brine-quenched martensite (BQ specimen) showed phase
transformation to occur mostly within the acicular a¢
regions in the grain interior. The massive martensite aM
at the prior-b grain boundaries which has closely packed
plates with relatively lesser volume of remnant b phase
did not show any transformed a¢, Figures 16(e) and (f).
During the cooling step of the heat treatment, the

grain boundary a layer is the first to nucleate in FC and
AC specimens, followed by lamellae growing into the
grain from these layers forming colonies. So the regions
between the colonies contain larger amounts of the
remnant b phase with bigger concentration of b-stabi-
lizing Vanadium and lower concentration of a-stabiliz-
ing Aluminum. In BQ specimen, the aM plates are
closely stacked while the grain interior has more b phase
between the randomly stacked acicular a¢ plates. So the
transformation seems to preferentially initiate in those
regions densest with remnant b phase.
Despite the differences in the locational preference of

transformation in these lamellar structures, the total
quantity of transformation seems to amount to the
equilibrium fraction of that temperature, otherwise the
thermal softening trend in Figure 15 would not match
the predicted trend. The presence of transformed a¢ in
the microstructures (Figure 16) and the highly similar
thermal softening behavior (Figure 15), together indi-
cate that the phase transformation kinetics are as
follows: (i) similar in the three microstructures, (ii)
rapid enough to complete within the 3.5 seconds of
heating time, and (iii) have a strong effect on the
dynamic flow stresses. A similar studied previously
conducted on equiaxed (globular) Ti-6Al-4V with a
higher temperature resolution than the present experi-
ments showed that the flow softening behavior in the
transition region mimicked the equilibrium phase frac-
tions behavior, suggesting that the phase transformation
finished within 3.5 seconds of heating time and the
phase transformation resulted in lower resistance of the
material to deformation.

Fig. 15—Normalized flow stress at 0.08 strain plotted as a function of homologous temperature. (a) Furnace-cooled, (b) air-cooled, (c)
brine-quenched conditions. Thermal softening in all microstructures could be described by the corrected Johnson–Cook model (dashed line). The
uncorrected model is shown as the solid line.
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Earlier Sheshacharyulu[32] conducted a rigorous study
and mapped the deformation mechanisms active in
lamellar structures at various temperature and strain
rate conditions. However, no one has so far reported the
mechanisms operating at such high temperatures when
strain rates are as high as 1000 s�1. At a strain rate of
10 s�1 and a total strain of about 50 pct, adiabatic shear
banding between 800 �C and 900 �C, lamellar kinking
between 900 �C and 1000 �C, and b-instability above
1000 �C were reported. But our images from Figure 16
(tested around 900 �C) show that neither adiabatic shear
banding nor lamellar kinking occurred at a strain rate of
1000 s�1 when the total strain was less than about

20 pct. So entirely different mechanisms could be active
during deformation at such high strain rates.

IV. CONCLUSIONS

In this study, we explored for the first time the effect
of microstructure on high-temperature dynamic
response of Ti-6Al-4V alloy. Three microstruc-
tures—Lamellar, Widmanstätten and Martensitic mor-
phologies, were produced through a heat treatment
involving two steps—homogenization at a temperature
in b phase field, followed by cooling at different rates.

Fig. 16—Specimens post-deformation (a, b) Furnace-cooled lamellar (FC) at 912 �C ± 6 �C, (c, d) Air-Cooled Widmanstätten (AC) at 912 �C ±
6 �C, (e, f) Brine-quenched martensite (BQ) at 905 �C ± 15 �C.
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From comparison of their room temperature and
high-temperature dynamic flow stresses, the following
observations were made:

1. Due to the same temperature and duration of homog-
enization, all three microstructures had similarly sized
prior-b grains. Themicrostructures thatwere cooled at
a faster rate evolved smaller colony sizes, finer lamel-
lae, and thinner grain boundary layers.

2. The flow stresses decreased linearly with colony size
and grain boundary layer thickness, but followed a
Hall–Petch relationship with a-plate thickness. The
varying correlation of flow stress to the different
microstructural feature sizes indicated multiple
deformation modes being active during the dynamic
compression.

3. The work hardening was similar across the three
microstructures.

4. All three microstructures show similar thermal soft-
ening. The rate of decrease in the flow stress with
temperature, i.e., thermal softening rate, was intensi-
fied above 800 �C due to hcp fi bcc phase transfor-
mation. Gangireddy modification to Johnson–Cook
model could account for this augmented softening and
the modified model predicted the three microstruc-
tures to follow similar thermal softening coefficient m
= 0.8.

5. The phase transformation was not uniform but
initiated predominantly at certain locations, such as
the regions between the colonies in the Lamellar,
between the cross-woven lamellae in the Wid-
manstätten, and within the grain interior with
acicular a¢ in the Martensite.

6. The kinetics of phase transformation seem to be very
rapid in Ti-6Al-4V, irrespective of the microstructural
differences. Judging purely on the thermal softening
behavior within the transformation zone, it is possible
that the transformation could be complete within 3.5
seconds of heating time. Other high temperature
phenomena such as grain growth, lamellar thickening
appear slower as there was no distinct increase in the
lamellar thickness or prior-b grain sizes.
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