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Abstract: A proper constitutive model was developed to predict the hot tensile flow behavior of IMI834 titanium alloy in at+f
region. Hot tensile tests were performed at 800—1025 °C and 0.001-0.1 s '. The constitutive model was developed through an
Arrhenius-type equation at strains of 0.08—0.22 to characterize the hot tension behavior. It was found that the activation energies for
hot tensile deformation of IMI834 titanium alloy are in the range of 519—557 klJ/mol at different strain values. The accuracy of
predicted flow stress curves was evaluated using standard statistical parameters. These curves are appropriately found to be in good

agreement with the experimental ones.
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1 Introduction

IMI834 titanium alloy has been the most recently
developed near-alpha type titanium alloy. High ultimate
tensile strength at room temperature, i.e., 1030 MPa,
operating temperatures up to 600 °C, and good
combination of creep and fatigue resistance at elevated
temperatures promoted its application in discs and blades
in the high pressure part of compressors and advanced jet
engines [1-3]. Titanium alloy components are more
difficult to be fabricated than other traditional metallic
materials due to their poor formability at room
temperature, high flow stress at elevated temperatures,
and high sensitivity of flow stress to temperature [4].
Thermomechanical processing (TMP) is an effective
method for forming and improving microstructure and
mechanical properties of titanium components.
Thermomechanical processing of these alloys involves
primary f processing (ingot breakdown) stage, for
conversion of a cast ingot to a worked billet, and
secondary a+f processing for preparing the final
product [5—7].

The constitutive models provide a great potential to
describe the change in mechanical properties under an
external loading. Various analytical, phenomenological,
and empirical constitutive models have been developed

to predict the high temperature behavior of the metallic
materials [8—11]. Among these models, the
phenomenological models less strictly relate to the
physical theories and have been extensively employed in
flow behavior modeling of the metallic materials. In
addition, only a reasonable number of material constants
are needed in this type of models, which can be acquired
through a regression analysis of a limited amount of
experimental results [12—16]. A phenomenological
model initially proposed by JONAS et al [13] based on
an Arrhenius-type equation has been hailed by most of
researchers to predict the high temperature flow stress of
materials. Phenomenological models have been
developed for the prediction of hot compression flow
behavior of Ti—6Al-4V [17-19], Ti—~6Al-7Nb [20], Til7
[21], Ti60 [22,23] and IMI834 alloys [24—26] and also
hot tension flow behavior of Ti—6Al—4V alloy [27-29].
VANDERHASTEN et al [27] explored the tensile
behavior at the strain rates ranging from 5x107* to
5x10*s ' and various temperatures up to 1050 °C, and
utilized the modified Norton—Huff law to characterize
the tensile behavior of Ti—6Al-4V alloy in domains
based on the temperature—strain rate combinations. For
each domain, the Norton—Hoff parameters have been
determined and the equation has a high precision.
XIAO et al [28] utilized hyperbolic-sine Arrhenius-type
equation to predict the tensile behavior of Ti—6Al-4V
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alloy at temperatures ranging from 650 to 750 °C and
strain rates between 5x10 * and 5x10 s " up to a strain
of 0.22. They reported that the predicted flow stress
curves by Arrhenius-type equations were appropriately
found to be in good agreement with the experimental
ones.

Considering that failures arise mainly from tensile
stresses, it is necessary to find out the response of this
alloy to these stresses. Although the constitutive model
for IMI834 alloy has been developed using the
Arrhenius-type equation via hot compression tests
[24—26], no such model has been developed yet for
IMI834 alloy based on uniaxial tensile test. Therefore,
flow behavior modeling of IMI834 during hot tensile
deformation at different elevated temperatures is the
subject of the current study.

2 Experimental

An IMI834 ingot was cast using a vacuum arc
remelting (VAR) furnace. The chemical composition of
this alloy is listed in Table 1. The transformation
temperature of the alloy was 1050 °C. It was
subsequently homogenized at 1150 °C for 5 h in the
single-phase S zone to reduce the segregation. Then, the
ingot was hot-rolled at 1150 °C to a reduction in
thickness of 60% and then was water-quenched. Flat
tensile test specimens were prepared from the hot-rolled
plate along rolling direction with a gauge section of
3 mmx6 mmx25 mm according to ASTM—ES standard.
Hot tensile tests were performed in an Instron 8502
testing machine equipped with a resistance furnace. The
specimens were deformed at temperatures of 800, 900,
1000 and 1025 °C and strain rates of 0.001, 0.01 and
0.1 s'. In order to obtain thermal homogenization,
specimens were held at deformation temperatures prior
to the test for 10 min, and were water-quenched
immediately after the deformation. Microstructural
performed by optical microscopy.
Specimens were polished mechanically and then etched
in 60% H,0,+10% HF+30% H,O solution. The micro-
structure of the as-rolled material consists of fully S
transformed by Widmanstatten morphology and shown
in Fig. 1. However, due to different orientations,
Widmanstaten morphology is not visible in some grains.

studies were

Table 1 Chemical composition of IMI834 alloy (mass fraction,

%)
Al Sn Zr Nb Mo
5.30 2.90 3.00 0.65 0.500
Si (0] H N Ti
0.20 0.06 0.004 0.005 Bal.

Recrystallized grain

Elongafé:a gram inrolling direction

Fig. 1 Microstructure of as-rolled IMI834 alloy

The average of grain size is 348 pm, although
recrystallized grains and elongated grains on the order of
100 and 800 pm, respectively, can be observed.

3 Results and discussion

3.1 Flow stress behavior

Typical true stress—true strain curves for IMI834
alloy obtained at 800, 900, 1000 and 1025 °C and strain
rates of 0.001—0.1 s ' are presented in Fig. 2. The general
characteristics of the flow curves are significantly
affected by the temperature and strain rate. Four types of
flow curves can be distinguished in Fig. 2. The first
group encompasses the curves obtained at low two-phase
otp zone temperatures (800 and 900 °C) and at high
strain rate (0.1 s™'), which depict a significant work
hardening region up to ultimate tensile strength (UTS)
followed by a short post-UTS region. The second
category consists of flow curves produced at the same
temperatures and lower strain rates (0.001-0.01 s).
Under this condition, work hardening is smaller than that
of the first category of curves; but it is significantly
consistent. Moreover, strain at failure increases
considerably in comparison with the first category of
flow curves. The third category encompasses the curves
obtained at the upper two-phase a+f zone temperatures
(1000 and 1025 °C) and high strain rate (0.1 s '), which
exhibit a peak stress, followed by a region down to the
steady  state, suggesting a typical dynamic
recrystallization accompanied plastic flow process. The
fourth category consists of curves obtained at the same
temperatures and low strain rates (0.001-0.01 s ™). Under
this condition, work hardening region is negligible and
the flow curves show a steady state behavior with a low
rate stress drop beyond the necking. Significant work
hardening seen in the first category of flow curves is
related to the high volume fraction of high-strength a
phase. It is reported that a phase holds high strength at
temperatures below the transformation temperature and
forms unstable shear bands at high strain rates which are
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Fig. 2 True stress—true strain curves of IMI834 titanium alloy
obtained by uniaxial tensile test at different strains rates:
(@) 0.1s™"; () 0.01s";(c)0.001s"

easily converted into cracks [30]. SEMIATIN et al [31]
reported that the strain rate and test temperature have a
marked influence on the workability of titanium alloys.
Specifically, a sharp transition from semi-brittle behavior
due to intergranular failure at high strain rates and low
temperatures to very ductile behavior at low strain rates
and high temperatures was observed in their work. The
transition from brittle to ductile behavior occurs at a
critical stress value. This critical stress for Ti—6Al-2Sn—

4Zr—2Mo has been reported to be about 250 MPa [32,33].
In the second category, at low deformation temperatures,
transition from semi-brittle behavior to very ductile
behavior occurred with decreasing the strain rate, so the
strain to failure increased. The studies conducted by
WANIJARA et al [7, 24] and VO et al [25, 34] on hot
compression behavior of IMI834 alloy and by
VANDERHASTEN et al [27, 35], on hot tension of
Ti—6Al-4V exhibited work hardening in the lower
two-phase a+f zone which is related to the generation,
pile-up and interaction of dislocation. In addition, in the
upper two-phase at+f zone, the steady state flow
behavior is reportedly seen and attributed to a balance
between dynamic restoration phenomena and work
hardening.

Figure 3 illustrates the microstructure observed near
the fracture zone of the specimens tested under different
deformation conditions. As seen, at 800 °C and 0.1 s '
(Fig. 3(a)), hot tension leads to the formation of grain
boundary cracks. The microstructures contain high
volume fraction of high-strength a phase. As the
deformation temperature is low, thermally activated
processes do not accompany grain boundary sliding
(GBS). Therefore, grain boundary cracks appear in o
matrix under these conditions. The microstructure after
deformation at 1000 °C and 0.1 s is shown in Fig. 3(b).
Under this condition, dynamic restoration phenomena
(dynamic recovery and dynamic recrystallization) lead to
an increase in strain to failure. Dynamic recrystallized
grains are also shown in Fig. 3. However, because of
high volume fraction of BCC structure f phase (50%
approximately), dynamic recovery exposed by serrations
in grain boundary is the other restoration phenomenon
under this condition. In other words, with the increase in
strain, the serration of grain boundaries becomes more
intensified and a small amount of recrystallized grains
are observed in the vicinity of prior-grain boundaries
[36]. Figures 3(c) and (d) illustrate the microstructure
observed at 800 °C and 0.001 s ' near the fracture zone
(20% of the strain to failure) and fracture zone (strain to
failure), respectively. Under this condition, deformation
does not lead to brittle fracture. At low strain (20% of
strain to failure, Fig. 3(c)) microvoids form, and at
failure strain (Fig. 3(d)) coalescence of them lead to
fracture. Similar behavior was reported for hot ductility
of ferritic stainless steel by MINTZ et al [37] who
suggested that, with a decline in the stress acting on the
boundary, the amount of grain boundary sliding reduces.
Cavity formation during hot tension of Ti—6A1—4V alloy
at 550-955 °C (single a phase temperature region to
=50 °C in o+f phase temperature region) was also
reported by SEMIATIN et al [38]. Figure 3(e) illustrates
the microstructure of the IMI834 alloy after deformation
at 1000 °C and 0.001 s”'. Under this condition, sufficient
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time is available for dynamic recovery to occur and
dynamic recrystallization is restricted. Dynamic recovery
as the serration of grain boundaries is dominant over the
whole microstructure. Notwithstanding the absence of
dynamic recrystallization, elongation increases in
comparison with that at higher strain rates. This can be
attributed to a decrease in dislocation density due to the
decrease of strain rate in transgranular ductile
fracture [37].

The hot ductility curves of elongation-to-fracture
against the test temperature of IMI834 alloy are shown in
Fig. 4. As seen, at all strain rates, elongation increases
with increasing the test temperature. Also, elongation
increases with decreasing the strain rate at all
temperatures. Deformation of IMI834 alloy has a similar
behavior to those alloys with high stacking fault energy,
demonstrating serrated grain boundaries at high
temperatures and transgranular fracture due to
coalescence of microvoids at low strain rate. MINTZ
et al [37] reported that when ferrite forms from austenite

Dynamic recrystallization grains

LS

Fig. 3 Microstructures of IMI834 alloy
deformed at 800 °C and 0.1 s™' (a), 1000 °C and
0.1 5" (b), 800 °C, 0.001 s and 20% of failure
strain (c), 800 °C, 0.001 s™! and failure strain
(d) and 1000 °C and 0.001 5" (e)
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Fig. 4 Variation of elongation of IMI834 alloy with test

temperature at different strain rates

under strain, the onset of dynamic recrystallization at
austenite boundaries results in serrated boundaries which
are reflected in the subsequent ferrite boundaries, and
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this would be expected to prevent grain boundary sliding
from occurring. So, failure is mainly transgranular with
only a very small amount of grain boundary sliding and
microvoid coalescence is therefore the major mode of
failure. For transgranular ductile fracture, increasing the
strain rate by increasing the dislocation density would be
expected to reduce ductility. It is clear from Fig. 5 that
increasing strain rate increases the peak stress markedly.
Increasing the strain rate prevents the restoration from
occurring, and it is only at the higher temperatures (1000
and 1025 °C) that strain rate has little influence on
strength.
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Test temperature/ °C
Fig. 5 Variation of peak stress of IMI834 alloy with test
temperature at different strain rates

3.2 Constitutive equations and material constants

The Arrhenius equation is widely used to describe
the relationship among the strain rate, flow stress and
temperature, especially at high temperatures. Also, the
effects of temperature and strain rate on the deformation
behavior of materials can be represented by Zenner—
Holloman parameter, Z, in an exponent-type equation.
These are represented in mathematical forms in
Egs. (1)—(5). For lower stress level (20<0.8) and higher
stress level (00>1.2), Egs. (3) and (4) can be used, and
for all stress levels Eq. (5) can be used, respectively [39]:

Z = ¢exp[Q/(RT)] (1
&= AF(o)exp[-Q/(RT)] 2)
F(o)=0c" for ac<0.8 3)
F(o)=exp(fo) for ac>1.2 4
F(o)=[sinh(ao)] for all o 5)

where Q is the activation energy (kJ/mol); R is the
universal gas constant (8.314 J/(mol'K)); T is the
absolute temperature in K; 4, f, n;, a and n are the
material constants. The value of a is calculated through

a=p/n (6)

Flow stress data obtained from the hot tension tests
under various deformation conditions were employed to
investigate the material constants of the constitutive
equations. It is widely accepted that the effect of strain
on flow stress will not be considered in Egs. (1) and (2).
However, the effect of strain on flow stress of IMI834
alloy at elevated temperature is significant. In the present
work, the effects of strain on the material constants of
constitutive equations were studied. The strain of 0.1 is
taken as an example to introduce the solution procedures
to calculate the material constants. For lower stress level
(20<0.8) and higher level stress (ao>1.2), substituting
the power low (Eq. (3)) and exponential law (Eq. (4)) of
F(o) into Eq. (2) gives

&£=Bo" (7
&= B'exp(fo) )

where B and B’ are the material constants, depending on
the deformation temperatures.

Taking the logarithm of both sides of Egs. (7) and
(8), respectively, gives

lnazllné—LlnB 9)
n n
1, . 1
oc=—Iné——InAB (10)
B B

Substituting the values of the strain rates and
corresponding flow stresses (for true strain of 0.1) into
Egs. (9) and (10) gives the relationship between the flow
stress and strain rate, as shown in Fig. 6. The values of n,
and g can be acquired from the slope of the parallel and
straight lines in the Ino —Iné& plots, respectively. The
mean values of n; and f§ are calculated to be 4.15 and
0.037 MPa ', respectively. The value of « is calculated
from Eq. (6) to be 0.009 MPa™'. The value of @ is in good
agreement with previous reported values for Ti alloys in
a+f region represented in Table 2.

For all the stress levels, substituting Eq. (5) into
Eq. (2) yields

& = A[sinh(ao)]" exp[-Q/(RT)] (11)

Taking the logarithms of both sides of Eq. (11)
yields

In[sinh(ac)] =10 4 £ _Ind
n RT n

(12)

The values of n can be derived from the slopes of
In[sinh(ao)] —Ing, as shown in Fig. 7(a). The values of n
are calculated by averaging the values of n derived at
different deformation temperatures. From a group of
parallel and straight lines in Fig. 7(a), the value of n for
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Table 2 Obtained parameters a and Q values for different titanium alloys
Type of Test Parameter Activation
Alloy Type deformation temperature/°C a/MPa”! energy/(kJ-mol™") Ref.
Ti64 atp Compression 800-950 0.012 517 [17]
Tio4 otp Compression 750-950 - 330 [18]
Tio4 otp Compression 750-950 0.018 535 [19]
Tio4 atp Tension 650-750 0.004 366 [28]
Ti67 atp Compression 850-1000 0.14-0.018 720-768 [20]
Ti60 Near a Compression 970—-1030 0.016 340 [22]
Ti60 Near a Compression 970—-1030 0.01 578 [23]
Ti60 Near a Compression 960—-1020 0.011 653 [41]
Ti600 Near a Compression 800950 0.007 644 [42]
IMI834 Near a Compression 950—-1030 0.018 703 [24]
IMI834 Near a Compression 850—1060 0.021 506 [26]

o+f region can be easily evaluated to be 2.76. For a
particular strain rate, differentiation of Eq. (12) lends to

0= Rn[a In[sinh(axo)]/ 8[%)}

é

(13)

The values of Q can be obtained from the slopes in
the plot of In[sinh(ac)]—(1/7), as illustrated in Fig. 7(b).
The values of Q can be determined by averaging the
values of O under different strain rates. The values of
In4 at a particular strain can be derived from the
interception of In[sinh(ac)]—Iné&. At a true strain of 0.1,
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the Q value is found to be 521 kJ/mol for a+f region.
Similarly, the activation energy in the strain range of
0.08—0.22 is obtained to be in the range of 519-557
kJ/mol for different strain values in a+f region. The
activation energy is well higher than that of self-diffusion
in a (150 kJ/mol) or £ (153 kJ/mol) phase, which is
consistent with the results of previous researches in
titanium alloys (according to Table 2). Several
researchers tried to explain the high activation energy in
terms of occurrence of dynamic recrystallization [43—45].
Considering the microstructural observation displayed in
Fig. 3, limited dynamic recrystallization (only at 1000 °C
and 0.1 s™') occurred. Therefore, the high activation
energy for hot tension of IMI834 alloy can be related to
the flow stress values of the hard a phase and soft f
phase, as well as to the temperature dependency of the
volume fraction of the harder phase, i.e., a phase in
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titanium alloys. WANJARA et al [24] also believed that
high activation energy for a+f deformation is influenced
by the difference in the strength of a and f phases.

It is usually assumed that the influence of strain on
flow stress at evaluated temperatures is insignificant and
thereby would not be considered in Eq. (1). However, the
effect of strain on the material constants is significant in
the entire strain range. Therefore, compensation of strain
should be taken into account in order to derive
constitutive equations to predict the flow stress more
accurately. The influence of strain in the constitutive
equation is incorporated by assuming that the activation
energy (Q) and material constants (ny, f, a, n and InA4)
are polynomial function of strain. In the present work,
the values of the material constants were evaluated in the
strain range of 0.08—0.22 with an interval of 0.02, the
corresponding curves are shown in Fig. 8. These values
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Fig. 8 Variation of constants IMI834 n; (a), § (b), a (c), n (d), O (¢) and In4 (f) with true strain
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are then employed to fit the polynomial function. A sixth
order polynomial, as shown in Eq. (14), is found to
represent the influence of strain on material constants
with a very valid correlation and generalization. Due to
flow instabilities of hot tension process, constitutive
equation is not able to predict the flow stress at strains
lower than 0.08 and higher than 0.22. At strains lower
than 0.08, flow stress increases significantly at lower
temperatures, whereas at higher temperatures, work
hardening regime is not seen, and flow stress decreases
with the increase of strain. At strains higher than 0.22,
the specimen deformed at 800 °C and 0.1 s is fractured
and under this condition data are not available.

m=533991x°-538771x°+227592x*~51238x +6464.2x*—
431.24x+15.964
S=46696x°—42651x>+16122x"—3235.4x"+365.13x*—
22.046x+0.5931
0=9120.6x°-8226.1x*+3062.3x"-604.15x°+66.997x*—
3.9815x+0.1081
n=651831x°-625113x"+249626x*—53067x*+6336x°—
402.39x+13.345
0=216x"-216x"+642x"—107x*+106x*-89702x+2800.4
InA=107x"-107x*+530x*106x>+121766x*—
7545.3x+241.3 (14)

Once the material constants are evaluated, the flow
stress at a particular strain can be predicted. The flow
stress can be written as a function of parameter Z,
considering the definition of the hyperbolic law and
Egs. (1) and (11):

1n V2
o= tnl(Z)" (2] ] a9
a

3.3 Verification of constitutive equation

The developed constitutive equations for IMI§34
alloy in a+p region, were verified against experimental
results. Applying the determined material constants of
the constitutive equation, the flow stress value was
calculated under different deformation conditions. Figure
9 shows the comparison of experimental stress—strain
data with the calculated values. It can be easily found
that the proposed deformation constitutive equation gives
an accurate and precise estimate of the flow stress for
IMI834 alloy.

The predictability of the developed constitutive
equation considering the compensation of strain could be
quantified in terms of standard statistical parameters such
as correlation coefficient (R) and average absolute error
(AARE). These are expressed by [46]
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where E is the experimental flow stress and P is the
predicted flow stress obtained from the developed
constitutive equation; £ and P are the mean values of
E and P, respectively; N is the total number of data used
in this study; R is a commonly used statistical parameter
and provides information on the strength of the linear
relationship between the experimental and predicted
data. Sometimes, higher value of R may not necessarily
indicate a better performance in which the tendency of
the equation could be biased towards higher or lower
values [47]. The AARE is calculated through a term by
comparison of the relative error and therefore is an
unbiased statistical parameter for determining the
predictability of the equation [46]. As can be seen from
Fig. 10, the values of R and AARE are 0.994408 and
7.4646%, respectively. The obtained results for different
hot tension conditions are presented in Table 3. This
indicates that the proposed constitutive equation gives an
accurate and precise estimate of the flow stress.

500 o
R=0.994408 ‘
AARE=7.4646% o

400}

o

(=T

S

Z 300+

]
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£ 200t
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-

100}
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Predicted stress/MPa
Fig. 10 Correlation between experimental and predicted flow

stress data from constitutive equation

Table 3 AARE and R values of IMI834 alloys under different
hot working conditions

Temperature/°C Strain rate/s R AARE/%
0.001 0.994637 5.274616

800 0.01 0.999936  8.026887
0.1 0.998415  7.251923

0.001 0.998827  8.475622

900 0.01 0.999405  7.685192
0.1 0.999644  3.303013

0.001 0.990918  6.939995

1000 0.01 0.998188  7.210667
0.1 0.999309  9.293968

0.001 0.983515  7.674457

1025 0.01 0.976272  8.694150
0.1 0.993836  9.744276

Moreover, it is of great interest to evaluate the
capability of the proposed constitutive model to predict
the flow stress behavior of IMI834 alloy under the
conditions of which the data are not incorporated in the
model. In this regard, the flow stress as a function of
strain, temperature and strain rate has been simulated
under different conditions, the results of which are
presented in Fig. 11. As can be seen, the flow behavior is
well consistent with distinct regimes, which have been
recognized for the IMI834 alloy in a+f region. The flow
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Fig. 11 Prediction of true stress—true strain curves of IMI834
alloy in strain range of 0.08—0.22 at different temperatures and
strain rates: (a) 0.1 s'; (b) 0.01 s7'; (¢) 0.001 s
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behavior of the alloy at 850 °C is similar to that at
800 °C, where at a strain rate of 0.1 s ', the IMI834 alloy
shows significant work hardening prior to UTS and
beyond the UTS flow stress drops immediately. Also at
strain rates of 0.001-0.01 s ', flow stress declines much
more slowly than that at 0.1 s'. Moreover, with
increasing temperature up to 950 °C or 970 °C, the flow
stress beyond the UTS decreases very slowly, which is
consistent with the decline in the slope of flow stress at
900 °C compared with that at 800 °C. The prediction of
flow stress behavior under the conditions of which the
data were not incorporated in the model was also
accomplished in the work that has been done on the hot
compression of Ti—6Al-7Nb alloy [20]. It has been
reported that the obtained results are well consistent with
the flow behavior recognized for this alloy. It can be
deduced that the proposed constitutive equation for hot
tension of IMI834 alloy gives an accurate estimate of the
flow stress even under the conditions of which the data
are not incorporated in the model.

4 Conclusions

1) At low temperatures and high strain rates,
significant work hardening of IMI834 titanium alloy
prior to the UTS is observed and the hot tension leads to
grain boundary cracks. With decreasing the strain rate,
the strain to failure increases significantly, microvoids
form and coalescence of them is the main mechanism of
fracture.

2) At high temperatures and low strain rates, flow
behavior is steady state and dynamic recovery is the
dominant mechanism. With increasing the strain rate,
flow stress curves exhibit a peak stress followed by a
regime down to the steady state that is related to dynamic
recrystallization.

3) The activation energy in the strain range of
0.08—0.22 is obtained to be in the range of 519-557
kJ/mol at different strain in o+f region. This high value
of activation energy for hot tension of IMI834 alloy is
related to the flow stress values of the hard o phase and
soft § phase.

4) The predictability of the proposed constitutive
equation was assessed using standard statistical
parameters such as correlation coefficient and average
absolute relative error. The results confirmed the
excellent predictability of the developed constitutive
model. Also, the proposed model possesses a marked
ability to estimate the flow behavior under conditions of
which the data would not be incorporated in the model.
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