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High-Temperature Deformation Behavior of Ti-6Al-4V
Alloy without and with Hydrogenation Content
of 0.27 wt.%

Yong Niu, Miaoquan Li, Hongliang Hou, Yaoqi Wang, and Yingying Lin

(Submitted September 25, 2008, in revised form March 3, 2009)

Isothermal compression of Ti-6Al-4V alloy without and with hydrogenation content of 0.27 wt.% was
carried out on Gleeble-1500D thermal simulation machine at deformation temperature between 760 and
1000 °C and strain rate from 0.001 to 1 s~ '. The experimental results show that hydrogenation can
decrease the deformation temperature or increase the strain rate of Ti-6Al-4V alloy. The apparent acti-
vation energy was determined to be 667 kJ mol™' for isothermal compression of the Ti-6Al-4V alloy
without hydrogenation content of 0.27 wt.% in the o + f phase region (760-960 °C), and this value was
about 655 and 199 kJ mol ™' for the alloy with 0.27 wt.% of hydrogenation content in the o +  phase
region (760-840 °C) and P phase region (840-960 °C), respectively. Constitutive equation was developed
for the high-temperature deformation of Ti-6Al1-4V alloy both without and with hydrogenation content of

0.27 wt.%.

Keywords high-temperature deformation, hydrogenation, Ti-6Al-
4V alloy

1. Introduction

Titanium alloys have a high affinity for hydrogen. An
increased understanding of titanium metallurgy has demon-
strated that hydrogen as a temporary alloying element can be
used to improve the processing and microstructure/mechanical
properties of the titanium alloys through hydrogenation prop-
erly, which is called the thermal hydrogenation processing
(THP) (Ref 1-6). Numerous investigations have been per-
formed to study the effect of hydrogenation on the deformation
behavior and microstructure of titanium alloys (Ref 2, 7-12).
The Ti-6Al-4V alloy is most often produced by an ingot-
metallurgy route and one of the key steps in such processing is
the breakdown of the transformed structure produced by initial
B phase field hot working and heat treatment (Ref 13).
Deformation behavior and microstructure of the Ti-6Al-4V
alloy with lamellar starting structure had been investigated
(Ref 13-15). THP can be used to decrease the flow stress and
the deformation temperature greatly and may also be used to
improve the final microstructure of the titanium alloys.

In this paper, isothermal compression of Ti-6Al-4V alloy
with lamellar starting structure both without and with hydro-
genation content of 0.27 wt.% has been conducted, so as to
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study the effect of hydrogenation on the deformation mecha-
nisms in high-temperature deformation Ti-6Al-4V alloy.

2. Experimental Procedures

Ti-6Al-4V alloy is consisted of 6.23 Al, 4.09 V, 0.05 Fe,
0.008 C, 0.03 N, 0.004 H, 0.13 O and balance Ti. The received
bars of Ti-6Al-4V alloy with 10.0 mm in diameter were heat-
treated in the following procedure: (1) heated to 1030 °C and
hold for 1 h, (2) cooled in furnace to room temperature so as to
obtain lamellar structure illustrated in Fig. 1. Specimens with
12.0 mm in height and 8.0 mm in diameter were machined
from the heat-treated bars.

Hydrogenation treatment was performed in high-purity
hydrogen atmosphere at 750 °C hold 2 h and furnace-cooled
to room temperature with a cooling rate of about 10 °C/min.
The obtained hydrogenation content of 0.27 wt.% was con-
trolled by hydrogen pressure, which is 5 kPa, and determined
by weighing the specimens before and after hydrogenation to
the nearest 0.01 mg.

High-temperature deformation behavior of titanium alloys is
significantly different when the deformation is performed
whether in the o + B phase region or in the B phase region.
So the B transus temperature is a very important parameter for
the high-temperature deformation study of titanium alloys.
Hydrogen element is one of the  phase stabilizers for titanium
alloys, and hydrogen element addition will decrease the B
transus temperature of titanium alloys. Metallographic tech-
niques were used to measure the B transus temperature. The 3
transus temperature of the Ti-6Al-4V alloy with hydrogenation
content of 0.27 wt.% was identified as 840 °C. There is about
135 °C decrease in P transus temperature compared to that of
the Ti-6Al-4V alloy without hydrogenation content of 0.27
wt.% (P transus temperature is about 975 °C). The present
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Fig. 1 Optical micrograph of the heat-treated Ti-6Al-4V alloy with
lamellar structure

result is compared well with the reports of Kerr et al. (Ref 2)
and Qazi et al. (Ref 16). After isothermal compression Ti-6Al-
4V alloy, dehydrogenation in vacuum was carried out at 750 °C
hold 2 h. The hydrogenation contents of some specimens were
reconfirmed by weighing the specimens before and after
dehydrogenation to make sure that no significant amount of
hydrogen was lost during isothermal compression.

Isothermal compression of Ti-6Al-4V alloy with lamellar
starting structure both without and with hydrogenation content
of 0.27 wt.% at a constant strain rate was conducted on a
Gleeble-1500D at deformation temperatures ranging from 760
to 960 °C with 40 °C intervals and strain rates ranging from
0.001 to 1.0 s~ '. The specimens were heated with a heating rate
of 10 °C/s and hold 3 min at the deformation temperature prior
to isothermal compression. The specimens were compressed to
50% in height and were cooled in air to room temperature. In
the isothermal compression process, a glass lubricant was
coated on the specimen’s surface to avoid the oxidation of the
specimen and the escape of hydrogen from the specimens with
hydrogenation content of 0.27 wt.% (Ref 2). During isothermal
compression, the flow stress was recorded as a function of
strain for each deformation temperature and strain rate. Optical
microscopy specimens were ground and polished using con-
ventional techniques and etched with a solution of 10 mL
HNO3, 5 mL HF and 85 mL H,O and microstructural exam-
ination was conducted on an OLYMPUS BX41M optical
microscope.

3. Experimental Results and Discussion

Typical flow stress-strain curves are illustrated in Fig. 2. If
isothermal compression was carried out in the o +  phase
region (760, 800, 840, 880 and 920 °C for the Ti-6Al-4V alloy
without hydrogenation content of 0.27 wt.% and 760 and
800 °C for the alloy with hydrogenation content of 0.27 wt.%),
the flow stress-strain curves exhibited a sharp increase of flow
stress at the beginning of compression, eventually culminating
in a peak stress. Beyond the peak stress, the curves dropped
continuously and kept a near steady flow at large strains of 0.7.
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Fig. 2 Flow stress-strain curves of the Ti-6Al-4V alloy (a) without
and (b) with hydrogenation content of 0.27 wt.%

When the isothermal compression was carried out near or
above the B transus temperature (960 °C for the alloy without
hydrogenation content of 0.27 wt.% and 840, 880, 920 and
960 °C for the alloy with hydrogenation content of 0.27 wt.%),
the curves were characterized by an initial sharp increase of
flow stress to a maximum value, followed by a very limited
softening effect.

Effect of the deformation temperature on the peak flow
stress at different strain rates is shown in Fig. 3. The peak flow
stress of the Ti-6Al-4V alloy without and with hydrogenation
was observed to decrease with an increase of deformation
temperature. However, for the Ti-6Al-4V alloy with hydroge-
nation content of 0.27 wt.% deformed at more than 800 °C of
deformation temperature, there was a small increase. The flow
stress in the high-temperature deformation of titanium alloys is
dependent on the deformation temperature in B region slightly,
but there is a strong dependence on the deformation temper-
ature in o region or o + P region (Ref 17). For the Ti-6Al-4V
alloy with hydrogenation content of 0.27 wt.%, the B transus
temperature is 840 °C. Thus, the peak flow stress of Ti-6Al-4V
alloy with hydrogenation content of 0.27 wt.% during isother-
mal compression at more than 800 °C of deformation temper-
ature has been observed to show slight dependence on
temperature and to reflect the deformation characteristics of
B phase. For all of the experimental strain rates, the peak
flow stress of Ti-6Al-4V alloy with hydrogenation content of
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Fig. 3 Peak flow stress of the Ti-6Al-4V alloy (a) without and (b)
with hydrogenation content of 0.27 wt.%

0.27 wt.% deformed at 760, 800, 840 and 880 °C of deformation
temperatures is less than those of the Ti-6Al-4V alloy without
hydrogenation content of 0.27 wt.% deformed at 800, 840, 880
and 920 °C of deformation temperatures, respectively. At less
than 920 °C of deformation temperature, the peak flow stress of
the alloy with hydrogenation content of 0.27 wt.% deformed at
strain rates of 1.0, 0.1 and 0.01 s~' is not more than that of the
Ti-6Al-4V alloy without hydrogenation content of 0.27 wt.%
deformed at 0.1, 0.01 and 0.001 s~ ' of strain rate, respectively.
Hence, hydrogenation can decrease the deformation temperature
by about 40 °C or increase the strain rate by about one order of
magnitude at deformation temperature from 760 to 920 °C and
strain rates from 0.001 to 1.0 s~ '.

Effect of the strain rate on the peak flow stress at various
deformation temperatures is shown in Fig. 4. The peak flow
stress was observed to increase with an increase of the strain
rate for deformation temperatures between 760 and 960 °C.
Specifically, the logarithmic peak flow stress-logarithmic strain
rate could be fitted linear for strain rates between 0.001 and
1.0 s7! and the strain rate sensitivity (m) was calculated. The
m values increased from 0.094 to 0.21 with an increase
of deformation temperature from 760 to 960 °C for high-
temperature deformation of the Ti-6Al-4V alloy without
hydrogenation content of 0.27 wt.% and these values were
calculated to be between 0.129 and 0.218 for high-temperature
deformation of alloy with hydrogenation content of 0.27 wt.%
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Fig. 4 Variation of the peak flow stress with strain rate of the
Ti-6Al1-4V alloy (a) without and (b) with hydrogenation content of
0.27 wt.%

in the o + B phase region and about 0.25 in the 3 phase region.
These results are compared well with the values reported in
previous work (Ref 13, 17). Hydrogenation can increase the m
value for high-temperature deformation of Ti-6Al-4V titanium
alloy. This result is in agreement with the results of Zhang et al.
obtained from a Ti-14Al-19Nb-3V-2Mo alloy (Ref 11).

The relationship between peak flow stress, strain rate and
deformation temperature was obtained using a phenomenolog-
ical approach comprising the equation proposed by Sellars and
Tegart (Ref 18):

¢exp(Q/RT) = A[sinh(ac)]” (Eq 1)

where o is the peak flow stress (MPa), € is the strain rate
(s"), O is the apparent activation energy of deformation
(kI mol "), R is the gas constant (kJ mol ' K™'"), T is the
absolute deformation temperature (K), and o, 4 and n are
the material variations. Specifically, the logarithmic plots
of the peak flow stress as a function of the strain rate that
gave the best possible linear fits at o values of 0.009 and
0.01 for the isothermal compression of Ti-6Al-4V alloy with-
out and with hydrogenation content of 0.27 wt.% are shown
in Fig. 5. Figure 6 shows the variation of the peak flow stress
with deformation temperature during isothermal compression
of Ti-6Al-4V alloy. By analyzing the experimental data in
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Fig. 5 Logarithm plots of the peak flow stress as a function of the
strain rate for the Ti-6Al-4V alloy (a) without and (b) with hydroge-
nation content of 0.27 wt.%

Fig. 5 and 6, the apparent activation energy was determined to
be 667 kJ mol ! for isothermal compression of the Ti-6Al-4V
alloy without hydrogenation content of 0.27 wt.% in the o + 8
phase region (760-960 °C), and this value was about 655 and
199 kJ mol™' for the Ti-6Al-4V alloy with 0.27 wt.% of
hydrogenation content in the o +  phase region (760-840 °C)
and B phase region (840-960 °C), respectively. Deformed in
the o + P phase region, apparent activation energies reported
for titanium alloys (310-720 kJ mol ') are usually much high-
er than that for o-Ti self-diffusion (~150 kJ mol™}) presented
in Ref 14, 17, 19. For high-temperature deformation of the
Ti-6Al-4V alloy with hydrogenation content of 0.27 wt.% in
the B phase region, the apparent activation energy is close to
the apparent activation energy reported for self-diffusion in B
titanium (Ref 17). Figure 7 shows the variation of strain rate
temperature parameter Z (Zener-Hollomon variation) with the
peak flow stress with a correlation coefficient of 0.99. Based
on the experimental results, a novel constitutive equation for
high-temperature deformation of Ti-6Al-4V alloy both without
and with hydrogenation content of 0.27 wt.% may be written
in the following.

For the Ti-6Al-4V alloy without hydrogenation content of
0.27 wt.% in the o + B phase region:
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Fig. 6 Variation of the peak flow stress with deformation tempera-
ture of the Ti-6Al-4V alloy (a) without and (b) with hydrogenation
content of 0.27 wt.%

£exp(667000/RT) = 4.126 x 10%*[sinh(0.0095)]**"  (Eq 2)

For the Ti-6Al-4V alloy with hydrogenation content of 0.27
wt.% in the oo + 3 phase region:

£exp(655000/RT) = 5.665 x 10°°[sinh(0.015)]***  (Eq 3)

For the Ti-6Al-4V alloy with hydrogenation content of 0.27
wt.% in the B phase region:

£exp(199000/RT) = 4.43 x 10%[sinh(0.015)]*. (Eq 4)

4. Conclusions

1. The peak flow stress of the Ti-6Al-4V alloy without and
with hydrogenation decreases with an increase of the
deformation temperature and a decrease of the strain rate.
Hydrogenation can decrease the deformation temperature
by about 40 °C or increase the strain rate by about one
order of magnitude at deformation temperature from 760
to 920 °C and strain rate from 0.001 to 1.0 s~ .

2. The apparent activation energy was determined to

be 667 kJ mol™' for isothermal compression of the
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Fig. 7 Variation of the Zener-Hollomon parameters with the peak
flow stresses for the Ti-6Al-4V alloy (a) without and (b) with hydro-
genation content of 0.27 wt.%

Ti-6A1-4V alloy without hydrogenation content of 0.27
wt.% in the o + B phase region (760-960 °C), and this
value was about 655 and 199 kJ mol ™' for the Ti-6A1-4V
alloy with 0.27 wt.% of hydrogenation content in the
o + B phase (760-840 °C) and P phase regions (840-
960 °C), respectively.

3. A novel constitutive equation was proposed for high-
temperature deformation of Ti-6Al-4V titanium alloy both
without and with hydrogenation content of 0.27 wt.% over
a wide range of deformation temperature and strain rate.
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