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Hot Deformation Mechanisms in Ti-5.5Al-1Fe Alloy
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The mechanisms of hot deformation in the alloy Ti-5.5Al-1Fe have been studied in the temperature range
750 to 1150 °C and with the true strain rate varying from 0.001 to 100 st by means of isothermal
compression tests. At temperatures below B transus and low strain rates, the alloy exhibited steady-state
flow behavior, while, at high strain rates, either continuous flow softening or work hardening followed by
flow softening was observed. In the B region, the deformation behavior is characterized by steady-state
behavior at low strain rates, yield drops at intermediate strain rates, and oscillations at high strain rates.
The processing maps revealed two domains. (1) In the temperature range 750 to 1050 °C and at strain
rates lower than 0.01 s™?, the material exhibits fine-grained superplasticity. The apparent activation
energy for superplastic deformation is estimated to be about 328 kJ/mole. The optimum conditions for
superplasticity are 825 °C and 0.001 s™%. (2) In the B region, a domain occurs at temperatures above
1100 °C and at strain rates from 0.001 to 0.1 s~* with its peak efficiency of 47% occurring at 1150 °C and
0.01 s'. On the basis of kinetic analysis, tensile ductility, and grain size variation, thisdomain isinterpreted
to represent dynamic recrystallization (DRX) of B phase. The apparent activation energy for DRX is
estimated to be 238 kJ/mole. The grain size (d) is linearly dependent on the Zener-Hollomon parameter
(Z) per the equation

log (d) = 2.86 — 0.023 log (Z)

In the regimes in the temperature range 750 to 825 °C and at strain rates from 0.01 to 1.2 s™* and at
temper atures above 1050 °C and strain ratesabove 10 s1, the material exhibitsflow instabilities manifested
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in the form of adiabatic shear bands.
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1. Introduction

Ti-Al-Fe aloys are being considered as implant materias
owing to their high strength-to-weight ratio, low elastic modu-
lus, corrosion resistance, and good tissue tolerance. Unlike the
most commonly used aloy, Ti-6Al-4V,1! these alloys do not
cause biotoxicity due to the absence of vanadium./? Iron, on
the other hand, is nontoxic and its diffusion coefficient is two
orders of magnitude higher than that of Ti or V imparting better
hot workability. Two alloys are developed on the basis of a Ti-
Al-Fe system, viz. Ti-5.5Al-2Fe and Ti-5.5AI-1Fe, and these
aloys have mechanical properties comparable to that of Ti-
6Al-4V.[3-3 The aloy Ti-5.5Al-1Fe has the same S transus and
M, temperature as Ti-6Al-4V.[2

Koike et al.l® reported that the alloy Ti-5.5Al1-1Fe exhibits
superplasticity like its counterpart Ti-6Al-4V over wide ranges
of temperature from 777 to 927 °C and strain rates 10* to
102 s™%. The volume fraction of the 8 phase increases during
superplastic deformation'” and is caused by the occurrence of
a stress-induced transformation.!®

The above studies on hot deformation are confined to a
limited range of temperaturesin the (a + B) field in which the
superplastic deformation dominates. However, many industrial
forming processes encompass wider temperature and strain rate
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ranges, and it isimportant to understand the def ormation mecha-
nisms occurring during hot working of the aloy in order to
optimize the hot workability and to achieve microstructural
control. Thus, the objective of the present investigation is to
characterize the hot deformation behavior of Ti-5.5Al-1Fealloy
over atemperaturethat covers (a + B) aswell as B phasefields
and strain rates corresponding to those of industrial machinery.

2. Experimental

2.1 Material

The Ti-Al-Fe aloy having Al-5.84, Fe-1.48, O-0.16, and
Ti-bal., by wt.%, was used in the present study. The starting
material was in the form of arod of 25 mm diameter, produced
by hot rolling in the (a + B) phasefield. Theinitial microstruc-
tures of the alloy in the longitudinal and transverse directions
are shown in Fig. 1(a) and (b), respectively. It can be seen that
the microstructure consists of dightly elongated « grains (Fig.
1a) with about 15% of B phase. The transverse section exhibits
near-equiaxed (a + B) structuretypical of amaterial processed
inthe (a + B) range. The Btransus of the alloy isabout 1050 °C.

2.2 Hot Compression Testing

Cylindrical specimens of 15 mm height and 10 mm diameter
were machined for compression testing in the (e + B) regime,
while larger specimens of 22.5 mm height and 15 mm diameter
were used to obtain an accurate measurement of flow stressin
the Brange. Concentric grooves of 0.5 mm depth were provided
on the top and bottom faces of the specimen for effective
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Fig. 1 Initial microstructure of Ti-5.5Al-1Fe aloy in the as-received
condition: (a) longitudinal section and (b) transverse section. The
rolling direction is vertical

lubrication during testing. The edges of the specimen were
chamfered to avoid foldover during theinitial stages of testing.
The temperature of the specimen during the test was monitored
within an accuracy of *2 °C by means of a fine thermocouple
introduced into a small hole of 0.8 mm diameter at half the
height of the specimen. This also helps in measurement of
adiabatic temperature rise during the testing.

Compression tests were carried out in a temperature range
of 750 to 1150 °C at an interval of 50 °C and at true strain
rates of 0.001 to 100 s™1. The specimens were coated with a
thick layer of Delta Glaze glass lubricant (Acheson Industries,
Port Huron, M1), which ismelted at test temperatures and gives
aprotection layer on the sample. The alphalayer on the surface
was very thin, which indicates that the glass layer is effective
in reducing the oxidation of the surface. The specimens were
held at the test temperature for 10 min before commencement
of the test to obtain an equiaxed structure. Platens made of
IN100 (International Nickel, Huntington, WV) were used for
testing up to 1050 °C, and specia ceramic inserts were used
for testing at 1100 and 1150 °C. The specimens were deformed
to haf the original height in each case (true strain of about
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0.7) and wereair cool ed after deformation. Deformed specimens
were sectioned paralé to the compression axis and prepared
for metallographic examination using standard techniques. The
specimens were etched with a solution of 5 mL HF, 5 mL
HNO;, in 100 mL of water.

2.3 Hot Tensile Testing

Cylindrical specimens of 25 mm gage length and 4 mm
diameter were used for tensile testing. Hot tensile tests were
conducted in thetemperature range 1000 to 1150 °C at anominal
strain rate of 0.01 s* with a constant actuator speed of 0.25
mm per second. The tensile tests were carried out to fracture
by taking appropriate precautions to prevent oxidation in a
manner described above, and the total elongation as a function
of temperature was recorded.

3. Results and Discussion

The constitutive behavior of the material can be understood
from the analysis of stress-strain curves,® kinetic analysis,'%
and processing maps.*Y The load stroke data obtained on the
compression specimenswere processed by means of acomputer
program developed for the purpose to obtain true stress-true
plastic strain curves.

3.1 Stress-Strain Behavior

The stress strain curves obtained at two temperatures 850
°Cinthe (a + B) phase field and 1100 °C in the B phase field
are shown in Fig. 2(a) and (b), respectively. These curves are
representative of the behavior of the alloy below and above the
transus temperature. The curves reveal the following features.

e Inthe (e« + B) region (Fig. 2a), e.g., a 850 °C and at
strain rates below 0.1 s, the flow curves are of steady-
state type. At strain rates of 10 and 100 s™2, there is an
initial work hardening followed by flow softening. The
steady-state behavior at low strain rates is suggestive of
superplasticity or dynamic recrystallization. Flow softening
at higher strain rates may have been caused by flow instabil-
ities or dynamic recrystallization.

* Inthe Bregime (Fig. 2b), e.g., at 1100 °C, the flow curves
below 0.1 s exhibit steady-state behavior. The flow
stresses are extremely low. On the other hand, at strain
rates higher than 10 s, the flow curves are wavy or
oscillatory. Theoscillationsin stress strain curves areindic-
ative of DRX or unstable deformation or cracking. All the
flow curves show yield drops. The magnitude of yield drop
increases with an increase in strain rate or decrease in
temperature. Such yield points have been reported during
hot deformation of many B titanium alloys and are consid-
ered to be a characteristic feature of 3 deformation.!*>19!
The flow stress data as a function of temperature, strain
rate, and strain are presented in Table 1.

3.2 Kinetic Analysis

Under hot working conditions, the flow stress (o) is related
to the strain rate (¢) and temperature (T) through the rate
equation given by
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Fig.2 (a) True stress-true plastic strain curves obtained in the isothermal compression at 850 °C at different strain rates on the Ti-5.5Al-1Fe

dloy. (b) True stress-true plastic strain curves obtained in isotherma compression at 1100 °C at different strain rates in the Ti-5.5Al-1Fe
aloy

Tablel Variation of flow stress (MPa) of Ti-5.5Al-1Fe alloy with temperature, strain, and strain rate (corrected for
adiabatic temperature rise)

Strain Strain rate, st 750 °C 800 °C 850 °C 900 °C 950 °C 1000 °C 1050 °C 1100 °C 1150 °C

0.001 124.3 80.8 56.1 305 234 16.1 6.1 5.6 47
0.010 239.0 151.0 110.6 81.8 54.2 27.2 134 10.7 9.1
0.1 0.100 348.4 261.1 197.9 1387 74.9 436 26.2 20.9 16.5
1.000 449.8 375.7 300.6 2134 147.1 67.1 443 39.8 311
10.00 515.9 4304 3735 3104 250.8 117.3 80.0 66.6 53.7
100.0 548.8 479.0 426.1 304.8 280.0 155.6 102.6 86.1 69.2
0.001 120.6 78.7 53.6 299 22.6 15.7 6.3 59 4.8
0.010 2301 152.2 106.8 789 522 26.2 14.0 11.2 9.2
0.2 0.100 3390 255.3 1925 135.2 737 436 27.2 211 17.0
1.000 454.9 3731 295.4 210.2 146.3 67.5 47.8 40.9 319
10.00 5335 436.6 3712 299.1 242.0 1133 80.2 65.3 54.4
100.0 590.1 514.9 456.7 417.3 298.0 166.5 1155 921 755
0.001 120.1 78.7 539 30.1 226 15.8 6.6 59 4.2
0.010 240.7 1535 106.7 77.0 522 265 14.7 11.4 9.4
0.3 0.100 3324 251.9 191.2 134.4 735 44.0 275 215 17.4
1.000 437.0 361.9 287.8 205.1 144.4 66.3 47.8 42,0 333
10.00 507.5 4341 366.5 290.8 235.2 115.6 80.7 67.5 57.1
100.0 614.8 530.3 464.4 415.1 3035 171.9 117.3 921 814
0.001 118.4 77.8 533 303 2238 15.6 6.8 5.7 48
0.010 240.7 152.9 104.6 75.8 51.9 26.4 14.8 11.6 9.4
04 0.100 326.1 249.6 189.3 134.1 727 443 27.6 215 17.7
1.000 411.3 346.6 2778 198.4 1413 64.3 475 424 335
10.00 496.1 424.0 355.7 280.1 227.3 117.0 825 714 60.6
100.0 606.8 519.7 453.0 406.6 299.6 1719 1188 93.9 84.3
0.001 115.8 755 51.6 30.2 225 15.4 6.9 5.7 47
0.010 236.6 149.3 1013 74.4 510 258 14.7 11.6 95
05 0.100 326.3 245.4 184.9 1309 712 44.1 21.7 213 17.8
1.000 405.3 3385 269.9 193.3 138.6 63.0 47.9 422 337
10.00 488.2 407.8 3411 273.0 219.4 113.0 82.3 714 60.6
100.0 604.4 510.1 440.7 390.4 291.1 168.3 117.1 90.8 84.9
. N -Q for hot working.
e =Ac"exp RT (Eq 1) The kinetic parameters n and Q are evaluated for Ti-5.5Al-
1Fe aloy using the flow stress data at a strain of 0.5 (Table 1)
where A and n are constants, and Q is the activation energy as a function of stain rate and temperature. The variation of
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Fig. 3 Variationof flow stresswith strainrateat different temperatures
for Ti-5.5Al-1Fe aloy

flow stress with strain rate is shown in Fig. 3. The inverse
of slope gives the stress exponent n in Eq 1. It can be seen
that nis strain rate dependent, although, over alimited range
of strain rates, it may be considered to be a constant. In the
two-phase region (750 to 1000 °C) and in the strain rate range
(0.001 to 0.1 s7%), the value of the stress exponent is in the
range of 3.77 to 3.85. The Arrhenius plot for estimating the
apparent activation energy for deformation in the (o + B)
region is shown in Fig. 4. The data from Koike et al.l¥l on
T-5.5Al-1Fe are also plotted for comparison. It can be said
that the data fit is very good at strain rates lower than 0.01
s1, but the dataat the higher strain rate of 0.1 s~ deviatefrom
thestraight-linerelationship at lower and higher temperatures.
The apparent activation energy estimated from the plot is
about 328 kJ/mole and compares very well with the value of
314 kJmole obtained by K oike et al.[® The estimated apparent
activation energy is much higher than that for self-diffusion
of BTi (153 kImole)l*! or alloying elements such as Al
(92 to 107 kJmole), V (135 kJmole), or Fe (132 kJ/mole)
in titanium.[18-20

The analysis of flow stressdatain the B region givesavalue
of 3.6 for n, and the corresponding Arrhenius plot is shown in
Fig. 5. It can be seen that the datafit very well into astraight line
at all strain rates. The apparent activation energy is estimated to
be 238 kJ/mole, which is slightly higher than the value of 210
kJmolefor Ti-6Al-4V during 8 deformation.[?! It isreported?d
that the activation energy for 8 deformation of many « titanium
dloys is in the range 180 to 220 kJmole and that for hot
deformation of g aloys is 130 to 175 kJ/mole.[*™]

Thekinetic analysisiscarried out further to take into account
the combined effect of temperature and strain rate in terms of
the Zener-Hollomon parameter given by
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e

Z=¢e RT

The parameter is plotted as a function of flow stress and is

shown in Fig. 6(a) and (b) for the (¢ + B) and B phase fields,

respectively. The plots exhibit an excellent linear relationship,

and thus, it can be concluded that the kinetic rate equation is

obeyed in a limited strain rate range of 0.001 to 0.1 s~ in the
(@ + B) region and 0.001 to 0.1 s™* in the 8 phase field.

(Eq 2

Journal of Materials Engineering and Performance
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3.3 Processing Maps

Processing maps describe the manner in which power is
dissipated through microstructural changes during hot deforma-
tion and are very useful in explaining the hot deformation
behavior consistently for a large number of metals and
aloys.*213 The processing map consists of superposition of
the power dissipation map and instability map developed in
temperature strain rate space. The power dissipation map is a
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three-dimensional variation of the efficiency of power dissipa-
tion n as afunction of strain rate and temperature. The dimen-
sionless parameter 7 is obtained by comparing the dissipation
in the workpiece with that of alinear dissipator and is given by

_ 2m
m+1

7 (Eq3)

where mis the strain rate sensitivity of flow stress. The proc-
essing map is generally obtained as a two-dimensional isoeffi-
ciency contour map in the temperature-strain rate frame. The
contours represent the rate of metallurgical processes. A contin-
uum instability criterion has been devel oped based on the princi-
ple of irreversible thermodynamics applied to large plastic
flowl* and is given by

dIn(mm + 1)

- +m<o0
dlne

&(e) = (Eq 4)

where &(&) is a dimensionless instability parameter and ¢ is
the strain rate. Flow instabilities occur when the parameter 7 (&)
becomes negative. Thisparameter is plotted against temperature
and strain rate to obtain an instability map. Thus, the processing
maps exhibit domainsin which specific microstructural mecha
nisms operate as well as regimes where flow instabilities such
as adiabatic shear bands or flow localization will occur.

A cubic spline fit between log o and log & was used to
obtain strain rate sensitivity over finer intervals of strain rates
and temperatures. The efficiency of power dissipation n was
then calculated as a function of temperature and strain rate
using Eg 3 and plotted as an isoefficiency contour map. The
data were also used to evaluate the instability parameter by
means of Eq 4 as a function of temperature and strain rate to
obtain an instability map.

The processing maps generated per the procedure described
in Section 2.3 at strains of 0.3 and 0.5 are shown in Fig. 7(a)
and (b), respectively. The maps at both strains exhibit similar
features, indicating that the strain effect is not significant. The
maps reveal two domains, as described below.

Domain 1 occurs in the (a + B) region from 750 °C to the
B transus temperature (~1050 °C) and in the lower strain rate
rangeof 0.001t00.01 s . The peak efficiency valueisrelatively
high and the strain rate sensitivity is 0.4, indicating that this
could be a domain of superplastic deformation. The maximum
value of efficiency is’57% and occurs at 825 °C and 0.001 s™*.

The ductility data obtained by Koike et al.[®l in the tempera-
ture range 777 to 927 °C and with a strain rate of 0.001 s~* for
the Ti-5.5Al-1Fe dloy is shown in Fig. 8(a), and the efficiency
variation at 0.001 s™* obtained from the map (Fig. 7b) is shown
in Fig. 8(b) for the purpose of comparison. An abnormally high
value of about 800% elongation is obtained at a temperature
of 827 °C, at which efficiency is aso maximum. Thus, the
temperature for peak efficiency is the optimum for the occur-
rence of superplasticity. The microstructures obtained on the
specimens deformed at temperatures of 750, 850, and 950 °C
are shown in Fig. 9(a) to (c). From the microstructures, it is
observed that « grainsizeisfine (~16 wm) and remained nearly
unchanged in the temperature range considered. Therefore, it
can beinferred that the mechanism controlling the hot deforma-
tion in domain 1 is superplasticity. The estimated apparent
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Fig. 7 (&) Processing map for Ti-5.5Al-1Fe aloy at a strain of 0.3.
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activation energy of 328 kJ/mole from kinetic analysisis much
higher than that for the self-diffusion of BTi or that of aloying
elements. It is proposed by Koike et al.l® that stress-induced
transformation to B8 accommodates the stress concentration
developed during grain boundary dliding in superplastic defor-
mation. This takes place in two stages. In the initial stages of
deformation, agglomeration of B phase occurs on grain bound-
aries perpendicular to the tensile axis, during which volume
fraction of B does not significantly change. At strains higher
than about 200%, the stress concentration at the depleted grain
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boundaries leads to the transformation of « to B phase with a
concomitant increase in the volume fraction of 8. However, in
the present study, the total strainsinvolved are only about 50%,
and so it is not likely that they would result in a significant
change in the B volume fraction. This is supported by the
observations that the maps are unchanged with strain as are
the deformed microstructures.

Domain 2 appears in the B phase field in the temperature
range 1100 to 1150 °C and in the strain rate range 0.001 to 0.1
s 1 with a peak efficiency of about 47% at 1150 °C/0.01 s~ 2.
The domain does not appear to have fully developed and may
extend beyond 1150 °C. In order to establish the mechanism
responsible for deformation under the conditions conforming
to domain 2, the microstructures of the specimens deformed at
1100 and 1150 °C and 0.001 and 0.1 s™* have been observed.
Theseareshownin Fig. 10(a) to (c). Cooling from atemperature
above the transus results in the transformation of 8 phase, and
prior B grain boundaries are delineated by grain boundary «.
Due to this, the microstructural details of the specimens
deformed at high temperature are somewhat masked by phase
transformation. However, the prior B grain size is measured
and its variation with temperature at a strain rate of 0.01 s™*
isshowninFig. 11(a). Thegrain sizeincreaseswith temperature
starting from 1050 °C. Hot ductility tests were conducted on
cylindrical specimens at a nominal strain rate of 0.01 s™* at
temperatures across the domain and are shown in Fig. 11(b).
The percentage elongation initially dropped from 92% at 1050
°C to about 72% at 1100 °C before increasing to 87% at 1150

Journal of Materials Engineering and Performance
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°C. The efficiency variation with temperature at 0.01 s™* is
shown in Fig. 11(c), which is similar to that of grain size
variation (Fig. 11a). Since the domain appeared from 1100 °C
only, the grain size, ductility, and efficiency exhibited an
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Fig. 10 Microstructures of the specimens in the 8 DRX domain: (a)
1100 °C/0.001 s7%, (b) 1150 °C/0.01 s7%, and (c) 1150 °C/0.1 s

increase with temperature and are likely to increase further with
temperature beyond 1150 °C. The magnitude of tensile ductility
(87%) and the value peak efficiency (46%) are indicative of a
DRX process, as obtained in other studies? The grain size

Volume 10(6) December 2001—737



340
" L
C
S 320 ]
E
o L
N
g 300~
g R |——> DRX
80 1 1 1
2 1000 1100 1200
Temperature °C
(@)
95 Y
o —> DRX
._g 85 o
lo]
(=)}
C
Ie) L
T}
el
1 |
1000 1050 1100 . 150 1200
Temperature 'C
(b)
48 T T T
=46 7
2
R -
=
k= p
wddp
- ——» DRX
42 l I |
1000 1050 1100 150 1200
Temperature fC
(©

Fig. 11 Variation of (a) grain size, (b) tensile elongation, and (c)
efficiency with temperature in the DRX domain

variation with temperature-compensated strain rate parameter
Z is shown in Fig. 12. The data fits well into a straight line
and the B grain size can be related to the Zener-Hollomon
parameter by the equation

log (d) = 2.86 — 0.023 log (2) (Eq 5)

The instability criterion given by Eq 4 predicts two regions
of flow instability as shown within the areas enclosed by thick
lines in the processing maps (Fig. 7a and b). The first regime
is at lower temperatures and strain rates ranging from 750 to
825 °C and 0.01 to 1.2 s, and the second one is at higher
temperatures above 1050 °C and at strain rates higher than 10
s~ L. Further micro- and macrostructural studies are carried out
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to understand the manifestation of the instabilities. The macro-
photographs of the specimens deformed at 750 °C at strain rates
of 0.1 and 1 s and 800 °C at 1 s™* are shown in Fig. 13(a)
to (c), respectively. These exhibit flow localization shear bands
at about 45° to the compression axis. It can be seen that the
bands become less intense with increasing temperature and
decreasing stain rate. The microstructures of the specimens
deformed at high temperatures of 1100 and 1150 °C and 100
s~ 1 were observed, but instabilities could not be recorded since
the phase transformations associated with cooling masked the
features. However, the oscillations exhibited by stress-stain
curves are suggestive of flow instabilities in the 8 phase field.

4. Conclusions

Hot deformation behavior of the aloy Ti-5.5Al-1Fe has
been characterized in the as-received condition by means of
isothermal hot compression tests in the temperature range of
750 to 1150 °C and strain rates from 0.001 to 100 s . The
following conclusions are drawn from the study.

e The material exhibits fine-grained superplasticity in the
temperature range from 750 to 1050 °C and strain rates
below 0.01 s™1. Maximum ductility occurs at 825 °C and
0.001 s, a which the strain rate senditivity is about 0.4.
The apparent activation energy for the superplastic defor-
mation is about 328 kJ/mole, which is higher than that for
the diffusional processes.

*  The B phase undergoes DRX at temperatures above 1100
°C, the optimum conditionsbeing 1150°C and 0.01s%. The
apparent activation energy for the 8 DRX is 238 kJ/mole.

*  The materia exhibits two regimes of flow instability: 750
to 825 °C and 0.01 to 1.2 s™%; and temperatures above
1050 °C and strain rates from 10 to 100 s™*. In the former
regime, shear localization occurs, while in the latter, the
stress-strain curves exhibit oscillations.
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Fig. 13 Macrographs of specimens deformed (a) at 750 °C/0.1 571,
(b) at 750 °C/1 s%, and (c) 800 °C/1 s * showing adiabatic shear

bands. The compression axis is vertica
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