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hot deformation behavior of Ti600 alloy
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Abstract: Hot compressive deformation of Ti600 alloy after thermo hydrogen treatment (THT) was carried out within hydrogen
content range of 0—0.5%, temperature range of 760-920 °C and strain rate range of 0.01—10 s~'. The flow stress of Ti600 alloy after
THT was obtained under hot deformation condition, and the influence of hydrogen on work-hardening rate (S*), strain energy density
(U*), and deformation activation energy (Q) was analysed. The results show that the flow stress of Ti600 alloy decreases remarkably
with the increase of hydrogen when the hydrogen content is less than 0.3%. Both S* and U* decrease with the increase of hydrogen
when the hydrogen content is less than 0.3%, and when the hydrogen content is more than 0.3%, S* and U* increase with hydrogen
addition. The value of Q decreases with the increase of strain at the same hydrogen content. The addition of small quantity of
hydrogen leads to an increase of Q at small strain values, and when the strain reaches 0.6, the value of Q decreases gradually with the
increase of hydrogen. When the hydrogen content is within the range of 0.1%—0.3%, the flow stress of Ti600 alloy is decreased when

being deformed at the temperature range of 760-920 C.
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1 Introduction

Hydrogen is an especial element in titanium alloy,
and it can be easily added and removed without melting.
After hydrogenation of titanium alloy, the phase
transition ((a+f)—f) temperature is decreased, which
causes the ratio of f to increase. Because f phase, with
body-centered cubic (BCC) structure, can be easily
deformed at high temperature, the use of hydrogen as a
temporary alloying element is always added into titanium
alloy during hot deformation processing. In 1970s,
scholars[1-5] in former Soviet Union began to
investigate the influence of hydrogen on thermo-
plasticity of titanium alloy, and it was found that the
addition of hydrogen reduced the flow stress and
enhanced the plasticity of the «, near a, at+f and
intermetallic-base alloys at lower temperatures of hot
deformation. When 0.2% (mass fraction) hydrogen was
added into the alloy, the peak stress of Tiz;Al-base alloy
during hot compression deformation was evidently
decreased after hydrogenation, the deformation

temperature can be decreased by 50 C, and the strain
rate could be increased by an order of magnitude at
900—1 000 ‘C[6]. The work of KOLACHOV[7] had
shown that the flow stress after hydrogenation was only
1/3 of that without hydrogen after 0.6% (mass fraction)
hydrogen was added into Ti;Al-base CTS5 alloy,
moreover, there was no crack occurred even though 80%
deformation was carried out at 900 C. In early work,
KERR et al[8] found that the flow stress of Ti-6Al-4V
alloy decreased with the increase of hydrogen. When
0.4% (mass fraction) hydrogen was added, the flow
stress reached a minimum, and then it increased slightly
with the increase of hydrogen. BIRLA et al[9] suggested
that the forged flow stress of Ti-6Al-2Sn-4Zr-6Mo alloy
with 0.4% (mass fraction) hydrogen decreased by
0.3-0.35 times of that without hydrogen when being
deformed at 730 ‘C. LI et al[10] found that the yield
strength of Ti-60 alloy decreased by 0.7 times of that
without hydrogen after 0.3% (mass fraction) hydrogen
was added into the alloy when being deformed at 900 C.
Tensile deformation tests had been carried out by
ZHANG and ZHAOJ11], and the results revealed that
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the flow stress was decreased and the plasticity was
improved when hydrogen content was less than 0.32%
(mass fraction). Recently, an increased interesting on
thermo hydrogen treatment (THT), or the use of
hydrogen as a temporary eclement for modifying
microstructure and enhancing mechanical properties of
titanium alloy, has been emphasized.

The serving temperature of aircraft engine is as high
as 600 ‘C, and the materials used for aircraft engine are
required to work stably under a long-term load in
temperature range of 550—600 C. At present, the typical
titanium alloys that can meet such application are
Ti-1100 alloy (U.S.)[12], IMI834 alloy (U.K.)[13] and
BT36 alloy (Russia)[14], and these alloys have been used
successfully in different aircraft engines. However,
because of the poor plasticity, these alloys cannot be
deformed by using conventional processing method. The
addition of hydrogen can remarkably decrease the flow
stress of these alloys, which makes the deformation
process possible at relatively low temperature. Ti600
alloy is a new type of near a high-temperature titanium
alloy which can work stably at 600 C. Ti600 alloy has
been regarded as one of the materials for aircraft engine
serviced at the temperature of 600 °‘C. The rolling
process, thermal deformation behavior and creep theory
of Ti600 alloy have currently received much
attention[15—17]. However, the influence of hydrogen on
the hot deformation behavior of Ti600 alloy has been
less investigated extensively. In this work, the hot
compression deformation behavior of Ti600 alloy after
THT is studied, with emphases on flow stress,
work-hardening rate, strain energy density and activation
energy of deformation.

2 Experimental

The material used in this investigation is a Ti600
alloy, and the chemical composition is as follows (in
mass fraction, %): 6 Al, 2.8 Sn, 4 Zr, 0.5 Mo, 0.4 Si, 0.1
Y (rare-earth element) and balance Ti. Cylindrical
specimens, with 8§ mm in diameter and 15 mm in length,
were machined, and all the specimens were
hydrogenated at 750 ‘C for 2 h followed by air-cooling
to room temperature. Specimens with various contents of
hydrogen in the range of 0-0.5% (mass fraction) were
obtained by controlling the hydrogen pressure as
Ap-V=An‘RT (1)
where Ap is the pressure change before and after THT,
An is the amount of hydrogen added into specimen, V' is
the total volume of hydrogenated system, R is the gas
constant, and 7 is the hydrogenated temperature. The
actual hydrogen content in specimen was determined by
weighing the specimen before and after THT.

The hot deformation tests were performed on a
Gleeble-1500 hot-simulator at deformation temperature
from 760 to 920 °C, strain rate from 0.01 to 10 s ', and
the maximum true strain of 0.69. The deformation
process was controlled by computer, and all the tested
data were collected automatically.

3 Results and discussion

3.1 Influence of hydrogen on flow stress

Fig.1 shows the o—¢ curves for specimens with
various hydrogen contents at & = 0.1 s ' and temperature
range of 760—920 ‘C. It can be seen that the flow stress
of Ti600 alloy decreases with the increase of
deformation temperature at a given strain rate. For the
specimens without hydrogen (Fig.1(a)), the value of peak
stress at 920 C is 6,=169.9 MPa, which is far less than
that at 760 C (0,=520.3 MPa). Hydrogenation causes a
decrease of the flow stress of specimens with
0.1%—-0.5% H at given temperature and strain rate. After
0.1% hydrogen is added (Fig.1(b)), specimens exhibit
work hardening at first, then soften gradually with the
increase of strain in the deformation temperature range
of 760—840 C. When being deformed at 880-920 C,
the flow stress changes unconspicuously with the
increase of strain, and the value of flow stress at 880 ‘C
shows a little difference from that at 920 ‘C. The
specimens with 0.3% H have a greater drop in flow stress
than that with 0.1% H in temperature range of
760-840 ‘C (Fig.1(c)). The flow stress of specimens
with 0.3% H deformed at 880—920 C shows a less drop
in flow stress than that with 0.1% H; moreover, the flow
stress changes little with the increase of strain. Fig.1(d)
shows the o—¢ curves for specimens with 0.5% H. It can
be seen that the curves show a similar characteristic to
that with 0.3% H, and there is unconspicuous difference
between the curves for specimens with 0.3% and 0.5%
H.

Fig.2 shows the influence of hydrogen on the flow
stress of specimens deformed at 800 and 880 °C. It can
be seen that the values of peak flow stress without
hydrogen are 485.5 MPa and 283.8 MPa when being
deformed at 800 and 880 C, respectively. After 0.3%
hydrogen is added, the values of peak flow stress drop to
221.1 MPa and 96.9 MPa, respectively. The peak flow
stress decreases approximately by 54%—66% when being
deformed in temperature range of 800—880 ‘C. When the
hydrogen content is more than 0.3%, the flow stress
increases appreciably with the increase of hydrogen
content. As shown in Fig.2(a), the flow stress of the
specimen with 0.5% H is higher than that with 0.3% H at
800 C. When the deformation temperature increases to
880 °C, as shown in Fig.2(b), the flow stress of specimen
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Fig.1 Flow curves for specimens with various hydrogen contents (& = 0.1's"): (a) 0% H; (b) 0.1% H; (c) 0.3% H; (d) 0.5% H
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Fig.2 Influence of hydrogen on flow stress at different temperatures (& = 0.1 s™'): (a) 800 ‘C; (b) 880 'C

Therefore, the hydrogen content within proper range can
decrease the flow stress of Ti600 alloy remarkably.

The dependences of flow stress and peak stress on
hydrogen content are exhibited in Fig.3. Fig.3(a) shows
the relationship between hydrogen content and flow
stress at given strain and strain rate. It can be seen that,
with the decrease of temperature, the flow stress
increases gradually. For a given deformed temperature,
the flow stress drops fast at first, then decreases to a

minimum when the hydrogen content is 0.3%, and
finally increases slightly with the increase of hydrogen
content. Fig.3(b) shows that the flow stress increases
with the increase of strain rate at a given deformation
temperature. Similarly, the flow stress decreases to a
minimum with the increase of hydrogen content, then
increases slightly when the hydrogen content is more
than 0.3%. The relationship between hydrogen content
and peak stress is presented in Fig.3(c), which shows a
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similar characteristic of flow stress change with
hydrogen content as shown in Fig.3(a) and Fig.3(b).
Summarily, the same conclusion as Fig.2 can be obtained,
i.e., when the hydrogen content is within a certain range,
the flow stress can be decreased effectively.
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Fig.3 Dependence of flow stress (a, b) and peak stress (c) on

hydrogen content: (a) £=0.69, &= 0.1 s'; (b) &=0.69,

6=760 C;(c) £=0.1s"

Although the influence of hydrogenation on the
mechanism of high temperature plasticity of titanium has
currently received much attention, an accordant
conclusion has not been acquired by now. At present, it

has been generally suggested that the decrease of flow
stress is related to the increase of § phase. It is known
that hydrogen alloying stabilizes the ductile
high-temperature BCC £ phase in titanium, so the f—
(at+p) phase transition temperature is decreased, and the
temperature interval of the two-phase (o+f) range is
increased with the addition of hydrogen. Because there
are more slip systems in § phase than that in a phase, a
hydrogen-induced increase of f§ phase will certainly lead
to a decrease of flow stress, and also, an increase of the
high temperature plasticity. When the hydrogen content
is within a proper range, the flow stress decreases
continuously with the increase of hydrogen. The
eutectoid reaction fy — at+d will happen at higher
hydrogen contents, and then a new phase J is formed.
Because the specific volume of ¢ is different from that of
S matrix, stress fields are generated when J precipitates
from f matrix, and then distortion of lattices is caused,
leading to large number of dislocations around J. It has
been observed[18—19] that the hydrogen-induced
softening of titanium is associated with the interaction of
dislocations with hydrogen. When being deformed at
high temperature, hydrogen in solution in titanium
lowers down the dislocation interactions with various
obstacles, and dislocation mobility is enhanced, which
leads to the improvement of high temperature
plasticity[20]. In addition, the hydrogen in solution,
being highly mobile and occupying interstitial sites near
dislocations, prevents other solutes from segregating to
the mobile dislocations[21]. Moreover, as the diffusion
ability of alloying elements is increased, dynamic
recovery and recrystallization are facilitated, lowering
the flow stress in this way[22]. Additionally, because the
content of § phase increases after hydrogenation, the
concentration of the alloying element dissolved in S
phase reduces, and the solution strength is weakened,
which will cause the flow stress to decrease to a certain
extent.

Although the flow stress decrease in Ti600 alloy,
when the hydrogen content is increased, is caused by an
increase in the volume fraction of § phase, the flow stress
increases at higher hydrogen content because of the
coarsening of f phase at high temperature. In addition,
the solubility of hydrogen in f phase is far more than that
in o phase, and large number of hydrogen atoms will
enter the interstitial sites and function as solution
strengthening elements at higher hydrogen content.
Additional reason causing the flow stress to increase
could be due to a short range ordering that occurs at
relatively high hydrogen content. Although dislocation
glide is expected to destroy such ordering, it may be
restored continuously during deformation processing
because of the high mobility of hydrogen.
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3.2 Influence of hydrogen on work-hardening rate
Usually, the curves of dz/de and do/de versus true
stress are used to study the work-hardening rate for
single crystal and polycrystal metals, respectively. Here,
as shown in Fig.4, S*=do/de is employed to analyze the
influence of hydrogen on work-hardening rate of Ti600
alloy. Two stages of work-hardening rate are observed
with the changing of true stress, i.e., the first stage with
positive S* and the second stage with negative S*. For
the specimen without hydrogen, at first stage, S* drops
rapidly at first, then decreases more slowly to zero.
When being deformed at 840 and 880 °C, the stresses
attained at the end of the first stage of S* are about 421.7
MPa and 283.8 MPa, which correspond to the strains of
0.21 and 0.12, respectively. The value of strain attained
at the end of the first stage of S* decreases with the
increase of temperature. At the second stage, S*
decreases to a minimum at first, then increases slightly
with the decrease of true stress. Hydrogenation leads to a
more rapid decrease in the values of S* through all the
first stage. At the second stage, S* drops to a minimum
rapidly, and then increases slightly to zero with the
decrease of stress. When hydrogen content is less than
0.3%, the S*—o curves move to lower stress values
gradually with the increase of hydrogen content, i.e.,

S§/103

I . . .
50 150 250 350 450

S*/103

Il
50 100 150 200 250 300
True stress

-1

Fig.4 Influence of hydrogen on work-hardening rate (& =0.1
s): (a) 6=840 C; (b) #=880 C

specimens containing more hydrogen have lower work-
hardening rate at the same stress or strain levels.
However, as the hydrogen content reaches 0.5%,
compared with the specimens with 0.3% H, the S*—o
curves move to higher stress values. As shown in Fig.4,
when the specimen is deformed at 830 ‘C, the work-
hardening rate with 0.5% H is higher than that with both
0.3% and 0.1% H, which is only higher than that with
0.3% H at 840 C, contrastively. Additionally, the S*—o
curves tend to move to lower stress values, i.e., the
work-hardening rate decreases at the same stress value
with the increase of temperature at a given hydrogen
content.

3.3 Influence of hydrogen on strain energy density
The influence of hydrogen on strain energy density
at various temperatures is illustrated in Fig.5. The strain
energy density, i.e., strain energy per unit volume, is
defined as U*=[ode (MJ/m’®). It can be seen that U
increases linearly with the increase of strain.
Hydrogenation in Ti600 alloy leads to decrease in the
strain energy density, and the value of U decreases
gradually with the increase of hydrogen content when the
hydrogen content is less than 0.3%. Differently, as the
hydrogen content reaches 0.5%, the value of U" increases.
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Fig.5 Influence of hydrogen on strain energy density at
different temperature (£ =1s"): (a) 6=760 C; (b) 6=880 C
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When the specimen is deformed at 760 ‘C (Fig.5(a)), the
strain energy density with 0.5% H is only higher than
that with 0.3% H. However, as it is presented in Fig.5(b),
the strain energy density of the specimen with 0.5% H is
higher than that with both 0.3% and 0.1% H when being
deformed at 880 C.

3.4 Influence of hydrogen on activation energy

Arrhenius equations are often employed to study the
influence of temperature and strain rate on flow stress.
There are three Arrhenius-type equations that have been
widely used to describe the relationships between stress
and temperature as well as strain rate[23—24]:

P exp[— R_QTJ @)
&= A, exp(n,o) exp(— 2) 3)
RT
& = A[sinh(ao)]" exp(— 2) 4)
RT

where n, n; and n, are constants closely related to the
strain rate, A, A;, A> and a are material constants, Q is the
activation energy of deformation, R is the gas constant, T
is the absolute temperature, o is flow stress, and & is
strain rate. The parameters n; and n, are obtained by the
slopes of Inc—Iné¢ and o—Iné& plots at a given
temperature, and the value of a is calculated by a=ny/n;.
The mean values of a at different hydrogen content
levels are tabulated in Table 1.

Table 1 Mean values of « at different hydrogen contents

Hydrogen content/% o
0 0.004 059
0.1 0.006 264
0.3 0.008 447
0.5 0.006 654

Because the exponential and power Arrhenius-type
equations are just extreme cases of hyperbolic-sine
Arrhenius-type equation, Egs.(2) and (3) are not
considered. The hyperbolic-sine Arrhenius-type equation
(Eq.(4)) is focused here to investigate the high
temperature deformation behavior of Ti600 alloy.

Taking the natural logarithm on both sides of Eq.(4),
it becomes

. 0 .
Ing =1n A ———+ nlin[sinh(ac 5
RT [sinh(ao)] (5)
For a given temperature, the slope of In[sinh(ac)]—

Ing plot gives the parameter n by

Olng

" S In[sinh(ao)] ©

Rearranging Eq.(5) and differentiating with respect
to 1/T gives

Oln[sinh(ao)]

Q=nR=—2 0

Q)

Based on Egs.(6) and (7), the activation energy of
deformation Q can be acquired at given temperature and
strain rate values by

Oln¢
d1In[sinh(ao)]|,

| P 1n[sinh(a6)]| (8)
our) |,

0=R

Fig.6 shows the influence of hydrogen on activation
energy of deformation. As shown in Fig.6(a), the values
of O decrease with the increase of strain. When the strain
is less than 0.6, the value of O of the specimen with 0.1%
H is higher than that without hydrogen. The Q value of
the specimen with 0.1% H is 670.73 kJ/mol, and it is
lower than that without hydrogen (674.26 kJ/mol) at
strain of 0.6. The Q value of the specimen with 0.5% H
is lower than that with 0.3% H, which, including that
with both 0.3% and 0.5% H, is far lower than that
without hydrogen. Additionally, for a given strain, the
specimen with relatively high hydrogen content (up to
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Fig.6 Influence of hydrogen on activation energy of
deformation: (a) Q versus strain curves at different hydrogen
contents; (b) Q versus hydrogen content at different strain
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0.5% H) has a great drop in activation energy of
formation. When the strain is less than 0.6 (Fig. 6(b)),
the values of Q increase, go through a maximum
(corresponding to the hydrogen content of 0.1%), and
then decrease with the increase of hydrogen. The values
of O decrease rapidly with the increase of hydrogen
content within hydrogen range of 0.1%—0.3%. When the
hydrogen content is more than 0.3%, the values of Q
decrease slowly with hydrogen addition. And, when the
strain reaches 0.6, the value of Q decreases gradually
with the increase of hydrogen content. So, it is concluded
that the addition of small quantity of hydrogen leads to
an increase of O at small train values, and when the
strain reaches a certain value (¢=0.6, in this work), O
decreases gradually with the increase of hydrogen
content.

4 Conclusions

1) The flow stress of Ti600 alloy decreases
gradually with the increase of hydrogen content when the
hydrogen content is less than 0.3%. Contrastively, when
the hydrogen content is more than 0.3%, the flow stress
increases with hydrogen addition.

2) The addition of hydrogen decreases the values of
S* and U*. When the hydrogen content is less than 0.3%,
the specimen with relatively high hydrogen content has a
great drop in both S* and U*. Differently, the values of
S* and U* increase with the increase of hydrogen content
when the hydrogen content is more than 0.3%.

3) The activation energy of formation of Ti600 alloy
decreases gradually with the increase of strain at a given
hydrogen content level. The addition of small quantity of
hydrogen leads to an increase of Q at small strain values,
and when the strain reaches 0.6, the value of O decreases
gradually with the increase of hydrogen content.

4) The addition of hydrogen (0.1%—0.3%H)
decreases the flow stress of Ti600 alloy when it is
deformed in the temperature range of 760—-920 C.
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