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Abstract: Isothermal compression tests in the temperature range of 1123~1273 K and the strain rate range of 0.001~1 s were

conducted to analyze the elevated temperature deformation behavior of TA7 titanium alloy for the purpose of acquiring optimum

processing parameters. Besides, a modified parallel constitutive model was put forward to illustrate the high temperature flow stress

as a function of the strain rate, deformation temperature and true strain. Thereafter, the processing map which was on the basis of

dynamic materials model was established. The investigation was made from the microstructure of compressed TA7 titanium alloy

specimens to validate processing map. According to the results, the deformation temperature of 1223 K and strain rate of 0.001 s™

are the best processing parameters for the TA7 alloy. In addition, the instability regions are in a relatively lower temperature-higher

strain rate region.
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Admittedly, during the high temperature deformation, the
mechanical and microstructural comprehension of dynamic
processes evolving on the basis of various processing situation
is of much necessity to assess hot workability of metals ' At
present, numerical simulation technology such as the finite
element method (FEM) is extensively employed to investigate
the metal deformation. As a result, the accuracy of the
constitutive equations has come to be the critical point to
enhance the reliability of the numerical simulation.
Meanwhile, a processing map using dynamic materials model
(DMM) is also extensively adopted to identify the
deformation processing parameters for hot working. Recently,
processing maps have been established to improve the hot
working processes of the metal alloys. The “safe” or “unsafe”
regions during hot working procedures could be obtained by
employing the processing map. Huang et al" investigated the
high temperature deformation behavior of IN706 alloy using
the processing map, and the validation of the processing map
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was conducted by the EBSD microstructure analysis. Zhang et
al! developed the hyperbolic-sine constitutive equation and
processing map for Al-1.1Mn-0.3Mg-0.25RE alloy. Zhou et al”
compared various instability criteria of the processing map, and
obtained the optimal deformation parameters of superalloy
GH4742. Rajamuthamilselvan and Ramanathan' identified the
matrix crack, adiabatic shear band and debonding of 7075
Al/20% SiC, composite using the processing map. Based on the
activation energy map and processing map, Sun et al'”’ studied
the high temperature processing parameters for powder
metallurgy Ti-47A1-2Nb-2Cr alloy.

Owing to the superior combination of properties such as
low density, excellent mechanical and corrosion-resistant
properties, titanium alloy has been extensively employed in
aerospace and aviation industries. Therefore, a considerable
amount of research has been made to investigate the
mechanical properties and deformation parameters of the
titanium alloys. For example, Ning et al™ investigated the
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dynamic softening behavior of a dual-phase titanium alloy
(TC18 alloy) during hot deformation. Sadeghpour et al®
designed a new kind of multi-element f titanium alloy with
yield strength of 750 MPa, strain hardening rate of 1800 MPa
and uniform elongation 19%. On the basis of hot uniaxial
tensile tests and theoretical analysis, Ma et al'” investigated
the hot formability of TA15 titanium alloy sheet. However, the
characterization on the deformation ability of TA7 titanium
alloy (a-type alloy) has not been conducted in previous study.

This study mainly aims to investigate the elevated
temperature deformation behavior of TA7 titanium alloy.
Therefore, isothermal hot compression tests were carried out
within the temperature range of 1123~1273 K and strain rate
range of 0.001~1 s'. Then the constitutive equation and
processing map are developed to enhance the processing
parameters of TA7 titanium alloy.

1 Experiment

The chemical composition (wt%) of as-received TA7
titanium alloy investigated in this research is: Al 5.6, Sn 2.5,
Fe 0.27, Si 0.11, and Ti bal. To conduct the high temperature
compression experiments, the cylindrical specimens which
have a diameter of 10 mm and a height of 15 mm were used
(as shown in Fig.1). Each specimen was heated to the
deformation temperature at a rate of 10 K/s and then kept for 5
min. Thereafter, the tests of isothermal compression were
conducted at the strain rates of 0.001, 0.01, 0.1 and 1 s™" and
the temperatures of 1123, 1173, 1223 and 1273 K on a
Gleeble-3800 simulator. The temperatures of the specimens
decreased to room temperature in water after deformation.
Besides, the strain-stress curves were documented mechanically
in isothermal compression.

2 Results and Discussion

2.1 Flow stress

The flow stress curves at the deformation temperature of
1173 K and strain rate of 0.01 s can be found in Fig.2.
According to the figures, the flow stress is severely affected
by the deformation temperature and the strain rate. From the
start of deformation, the flow stress rises rapidly with the
increase of the deformation. Then, there exists a slow flow

Fig.1 Typical photos of the specimens before and after isothermal

compression tests

250F o
. 200 _M
E 0.1s"
D
j-_—;

“ 100 0.01s"
E 0.001 5"
50F

o
o
oL
e
oL
[
Sas
w
S L
N
SL
(9)]
SL
o
SL
~
St
o0

140} b
(6] e L
<
SO K
2 80
8
Z 60
é 1223K
2 40
20f 1273 K
0 1 1 1 1 1 1 1 1
0.0 0. 02 03 04 05 06 0.7 08

True Strain

Fig.2 Flow stress curves of TA7 titanium alloy at the deformation
conditions of 1173 K (a) and 0.01 s (b)

softening stage. Afterwards, a steady-state flow at the large
strain follows, which is under most deformation conditions. In
Fig.2b, it shows that the flow stress gradually decreases with
the increase of the strain at the temperature of 1123, 1173 and
1223 K.
2.2 Constitutive equation

Under high temperature conditions, the flow stress o of metal
materials can be expressed as:

o= f(s¢,T,C,S) @))]
where ¢ refers to true strain, & refers to strain rate (s), T
indicates the absolute temperature (K), C is for the chemical
composition of material, and S is for the microstructure of
material. Obviously, during the deformation, no change is
found in the composition. In the mean time, the microstructure
of metal material could be reflected from the deformation state
of the current deformation condition. Besides, it is
consistently changed with the deformation parameters!'.
Therefore, the parameters C and S can be ignored, and Eq. (1)
can be indicated as:

o=f(éT) (@)

There also exists another form to express the effect of the
deformation parameters such as strain, strain rate and the

deformation temperature on the flow stress''”':

o=0 /.St 3)
where o, is the initial stress of TA7 titanium alloy under
existing experimental situations; f,, f. and f, are the
influential coefficients of the strain, the strain rate and the
deformation temperature, respectively. Then, with the natural
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logarithms of both sides of Eq.(3), Eq.(4) can be derived as
follows:

Inoc=Ino,+Inf, +Inf, +In f; 4)

It can be found from Eq.(3) to Eq.(4) that the coupled
effects between the deformation parameters are ignored in the
constitutive equation, which may reduce the accuracy of the
developed constitutive equation. Therefore, the converged
weights @ are introduced for the purpose of describing the
independent and combined effects of the deformation
parameters. With the consideration of the converged weights
o, the Eq. (5) can be derived'"":

Inoc=Ilho,+o,Inf, +o.Inf, +w,Inf, 5)

And the constitutive equation for TA7 titanium alloy is
given as follows:

o=0, [ S 6)

In order to determine the material constants, the mean flow
stress values & are employed. &, refers to the mean value
of flow stress at all temperatures and strain rates, &, is the
mean value of the flow stress at all temperatures and strain,
and &, denotes the mean value of flow stress at all strain
and strain rates. &,,05, as well as &, can be expressed as
follows:

G, =Y 0/(K; K,)
T—¢

5, =Y clK;-K,)

T-¢

&, = 0/K, -K,)

£—&

(N

where K., K., and K, are the levels of the strain, the
strain rate, and the deformation temperature, respectively. The
values of strain are chosen from 0.1 to 0.8 with an interval of
0.1, the strain rates are selected as 0.001, 0.01, 0.1, and 1 s,
and the temperatures are selected as 1123, 1173, 1223 and
1273 K. Therefore, the values of K,, K.,and K, are8, 4
and 4, respectively. Fig.3 demonstrates the relationship
between &, -strain, InG,-Iné and o, -T. A fourth fit can
be used to depict the relationship between &, and strain. In
addition, linear fit can be applied to indicate the relationship
of Ino,-Iné and &, -7, as given in Egs. (8), (9) and (10).
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G, = 48.565+28.7865 —147.24¢° )
+228.32£° -110.9&*
InG, =5.23079+0.23875In & 9)
G, =1331.46-1.02994T (10)
Eq. (3) is rewritten as:
fft =2 (1
O,

0
Eqs.(8)~(10) are used to regress the equations of f,,
f.and f,. On the basis of Eq. (11), the values of f,,
f.and f at different strain can be achieved from &,/0G,,
0./, and 0,/0,. Besides, &, is the value of mean flow
stress at the minimum level of each factor (i.e. stain 0.1, strain
rate 0.001 s™', and temperature 1123 K in this study), which
can be found in Egs. (11) to (14).
£, =0.96771+0.57271£ -2.93114& +

. (12)

4.54573¢° —2.20795¢"
£, =exp(1.64923+0.23875In &) (13)
£, =7.61538—5.8908(T /1000) (14)

It is commonly accepted that the multivariate regression
analysis (MRA) is considered as a highly flexible system for
the examination of the relationship between a collection of
independent variable and a dependent variable. Additionally,
correction coefficient o, and the converged weights w can be
obtained based on the least-squares regression on the basis of
the independent variables In(f.), In(f,), In(f;) as well as
the dependent variable Ino . By conducting the multivariate
regression test, the values of o, and w are acquired in Table 1.

According to Fig.4, by comparing the experimental and the
predicted flow stress data, the developed constitutive equation
of TA7 titanium alloy at high temperatures is confirmed.
Obviously, the calculated data obtained from the constitutive
equation can trace the experimental flow stress data of TA7
titanium alloy.

2.3 Processing map

The processing map on the basis of the DMM has proved to
be a beneficial instrument in optimizing the hot working
processing parameters of metal materials. Using processing map,
the “safe” or “unsafe” regions in the hot deformation can be
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Table 1 Values of 6y and  obtained by MRA
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Fig.4 Comparison between the experimental and the predicted flow
stress of TA7 titanium alloy under the deformation conditions
of 1173 K (a) and 0.01 s™" (b)

easily obtained in accordance with instability criterion. Based
on DMM, the power per unit volume P obtained from the
work-piece during plastic flow processes is depicted as
follows!'*:

P=aé:fgda+J:adg‘:J+G (15)

where G is dissipater content which represents the power
scattered by plastic work, and J is dissipater co-content which
is the work in association with the metallurgical mechanisms
such as DRV, DRX, and internal fractures ).

The efficiency of power dissipation 7 can express
power-dissipation capacity of the metal materials, which is

shown as follows:

J 2m
- 16
" J m+1 (16)

max

where 7 refers to a dimensionless parameter, which represents
the efficiency of the energy dissipation based on micro-
structure evolution; m is the strain rate sensitivity. According
to Fig.5, m could be obtained through differentiating the
three-order polynomial fitting line of Ino and Ing plots. The
values of 7 are dependent on m, and it can reflect the
microstructural evolution during the high temperature
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Fig.5 Relationship between Ing and Inég at the strain of 0.8

deformation. Therefore, the microstructural changes of TA7
titanium alloy could be predicted through analyzing the values
of # under the certain deformation condition, which is further
verified by the microstructure observation''®,

Thereafter, a continuum criterion for the occurrence of flow
instabilities can be acquired regarding another dimensionless

parameter &, which is expressed as:

oln(—2)

§(é)—%“+m<0 (17)

The domains, in which the values of & are less than zero, can
be regarded as the instability region. Then, based on Egs. (16)
and (17), the processing map of TA7 titanium alloy is obtained

(as shown in Fig.6). The numbers on the contour lines indicate
the values of the efficiency of power dissipation, and the dashed
as well as non-dashed regions give the unstable flow and the
reasonable deformation regions, respectively.

Generally, the high efficiency of power dissipation # means
an optimal deformation condition. Nevertheless, due to some
variations of instability, the high efficiency of the power
dssipation does not essentially indicate better workability !'”.
Only those regions in consistence with both the higher
efficiency as well as stability regions can be considered as the
optimal deformation parameters”). From Fig.6, the best

processing parameters for the TA7 alloy are associated with a
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Fig.6 Processing map of TA7 titanium alloy
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deformation temperature of 1223 K and a strain rate of 0.001
s"'. Besides, the microstructure of TA7 titanium alloy under
this deformation condition can be found in Fig.7. The figure
shows the fine equiaxed primary a phase of TA7 titanium
alloy. During hot deformation, the stable fine a-a phase
interfaces can slide, reflecting the optimal deformation
domain for TA7 titanium alloy.

Meanwhile, according to Fig.6, the instability domain
locates at the lower temperature-higher strain rate region
within the temperature range from 1123 K to 1219 K and the
strain rate range from 0.077 s to 1 s. Similar results were
reported in IMI 685 (a near-a titanium alloy)"'®, Ti-6.0Al-
7.0Nb alloy"®, Ti-15-3 titanium alloy™”, and so on. Fig.8 shows

Fig.7 Microstructure of TA7 titanium alloy at the temperature of
1223 K and strain rate of 0.001 s™'

Fig.8 Microstructures of TA7 titanium alloy at temperature of 1123 K and strain rate of 0.1 s (a) and

temperature of 1173 K and strain rate of 1 5™ (b)

the microstructure of the TA7 titanium alloy at 1123 K with the
strain rate of 0.1 s™ (position A in Fig.6) and the temperature of
1173 K with strain rate of 1 s (position B in Fig.6), corre-
sponding to the instability domain of the processing map.

The figures show that after lower temperature compression,
the specimens exhibit obvious inhomogeneous deformation.
The microstructure of the specimens shows that high strain
rate and low temperature will lead to the occurrence of flow
localizations (arrows in Fig.8a and 8b). This phenomenon may
be caused by the fact that the insufficient plastic deformation
time can lead to a decrease in the flow stress locally with
further straining, thus consequently making slip localized™™".
Meanwhile, lower values of # can also reduce the tendency for
flow localization®". It can be seen from the processing map
that the values of # corresponding to the instability domain are
located at the lower region, which indicates that a large
proportion of the plastic power is changed into heat and is
dissipated by means of temperature rise!'”. Therefore, the
material has a poor workability in this region.

3 Conclusions

1) With the change of deformation temperature and the
strain rate, the flow stress of TA7 titanium alloy is sensitive.

2) A modified parallel constitutive model is presented to
depict the flow stress as a role of the strain rate, deformation

temperature and true strain. Through comparison, the
predictability of the developed constitutive equation is proved.

3) According to the processing map, the deformation
temperature of 1223 K and strain rate of 0.001 s are the
optimal processing parameters for the TA7 alloy. Besides, the
instability region is the deformation temperatures ranging
from 1123 K to 1219 K as well as the strain rate ranging from
0.077s"to 157
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