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Abstract

In this study, the high-temperature deformation behavior of cast TA15 titanium alloy was
investigated by thermal simulation compression experiments. The heat deformation tempera-
tures ranged from 1323 to 1473 K, and the strain rates were 0.1, 1.0, and 10s~'. The results
show that the softening mechanism of cast TA15 titanium alloy is mainly local plastic flow
when deformed at a high strain rate (¢ = 10s™'); at a low strain rate (¢ < 1.0s71), it is
mainly dynamic reversion and dynamic recrystallization. The developed constitutive equation
that takes into account the effects of strain can accurately describe the rheological behavior
of TA15 alloy over the entire stress range. The correlation coefficient r of 0.95637 and the
average relative error ARE of 6.45 % were calculated between the flow stress values of the
alloy during thermal deformation and the calculated values of the model, indicating that the
model constructed in this study is more accurate. The optimal high-temperature deformation
processing window was obtained using the thermal processing diagram and combined with the
microstructure of the deformed specimens: deformation temperature 1373-1423 K and strain
rate 0.1-1.0 s~ 1.
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1. Introduction

TA15 titanium alloy is developed on the basis of
Russian BT20 alloy [1], which belongs to a high-
-alumina near-alpha titanium alloy with S-stable el-
ements such as Mo and V. It has the advantages of
high strength-to-weight ratio, excellent creep and ero-
sion resistance, excellent high-temperature mechani-
cal properties and welding properties, and has been
widely used in the aerospace industry as a key weigh-
ing component of aircraft [2], for example, high-stress
parts of aero-engines, frames, compressor blades, and
turbine blades, Xu et al. [3]. At present, experts,
scholars, and research institutions in various coun-
tries have conducted a lot of research on the high-
-temperature deformation mechanism, microstructure
evolution, mechanical properties of TA15 titanium al-
loy, and other factors affecting the application of the
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material. Li et al. [4] investigated the collective behav-
ior and mechanism of slip activity, slip transfer, and
grain boundary slip in the tri-modal microstructure
of TA15 titanium alloy by quasi-in-situ tensile test-
ing, SEM, EBSD, and quantitative slip trace analysis.
The microscopic deformation mechanism of TA15 tita-
nium alloy with a trimodal organization is revealed to
be important for improving its mechanical properties.
Similarly, Gao et al. [5] also investigated the mechani-
cal properties of TA15 titanium alloy with a trimodal
organization in relation to the tissue parameters. A
black propagation neural network model is developed
to correlate the mechanical properties with the mi-
crostructural parameters of the trimodal microstruc-
ture. A better combination of strength and plasticity
can be achieved. Ma et al. [6] investigated the static
softening behavior and dislocation density evolution
of TA15 titanium alloy during double pass subther-
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Table 1. Chemical composition of TA15 titanium alloy

Element Al Vv Mo Zr Fe Ti

Content 6.6 23 1.7 22 0.06 Balance

mal deformation, and by observing the microstruc-
ture after deformation, it was found that the incipient
a-phase showed spheroidal behavior and various crys-
talline surfaces of the a-phase, and the dislocation
density between the layers gradually decreased with
the increase of holding time and deformation tempe-
rature. Wang et al. [7] investigated the effect of recrys-
tallization on the thermal deformation mechanism of
TA15 titanium alloy using the uniaxial tensile test and
biaxial gas expansion test, respectively. Yasmeen et al.
[8] achieved the maximum mesh aspect ratio by sim-
ulating the superplasticity mechanism of TA15 alloy
with equiaxed, fine grain structure and applying the
proposed intrinsic model to study TA15 sheets with
an initial thickness of 1.2mm in superplastic form-
ing (SPF). Arab et al. [9] obtained the microstructure
of four different TA15 titanium alloys using different
heat treatment conditions and then studied the hard-
ness and dynamic behavior of these specimens to in-
vestigate the relationship between microstructure and
mechanical properties. The results showed that the
water-quenched specimens with martensitic « struc-
ture had the highest hardness, and the bimodal orga-
nization showed good plastic deformation and proper
strength. Zhu et al. [10] revealed the effect of defor-
mation conditions on the two parameters by studying
the strain rate sensitivity exponent and strain harden-
ing exponent of high-temperature deformation of cast
TA15 titanium alloy.

However, the low plasticity of TA15 titanium alloy
and the high flow stress under high-temperature con-
ditions make it difficult to deform and machine, and
the reasonable processing window is relatively narrow.
Therefore, in this study, the high-temperature defor-
mation behavior of cast TA15 titanium alloy was stud-
ied based on thermal simulation and compression ex-
periments; the intrinsic constitutive equations of high-
temperature deformation of cast TA15 titanium al-
loy under different strains were constructed, and error
analysis was carried out; by establishing the thermal
processing diagram of the alloy and combining the mi-
crostructure of the specimens after deformation under
different deformation conditions, a reasonable process-
ing window for high-temperature deformation of cast
TA15 titanium alloy was finally optimized, which can
provide some guidance for practical production.

2. Experiments and methods

The material used in this study is the cast TA15 ti-
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Fig. 1. Original cast organization of cast TA15 titanium
alloy.

tanium alloy, whose chemical composition is shown in
Table 1. Its main strengthening mechanism is through
solid solution strengthening of a-stable elements Al,
adding neutral elements Zr and [-stable elements Mo
and V to improve the process properties. Based on the
binary phase diagram calculation method and differ-
ential scanning calorimetry (DSC), the phase transi-
tion point of the as-cast TA15 titanium alloy is about
1268 K. The original microstructure is shown in Fig. 1.

In the thermal simulation compression test con-
ducted in this study, a Gleeble-1500D thermal simula-
tion compression tester was used to perform compres-
sion tests on the cast TA15 titanium alloy with a cylin-
der size of g 10mm X 15 mm. In this experiment, in
order to prevent the “bulging” of the specimen caused
by uneven deformation, tantalum pads were placed
on both ends of the specimen during compression to
reduce the friction between the indenter and the spec-
imen. The specimens were heated to the deformation
temperature at a heating rate of 10°Cs—!, held for
5min, and then isothermally deformed to ensure the
uniform temperature of the specimens and eliminate
the internal stress [11]. The specific deformation con-
ditions and the experimental flow chart are shown in
Fig. 2. The true stress-true strain data under differ-
ent deformation conditions were obtained by a special
data acquisition system configured with the Gleeble-
-1500D hot compression simulation tester, and the
flow stress-strain curves of cast TA15 titanium alloy
under different deformation conditions were plotted
by Origin software.

The preparation of titanium alloy specimens with-
out distorted surfaces is the basis for the microstruc-
ture characterization of all titanium alloys [12].
Firstly, the isothermal compressed (cooled) specimens
were cut along the axial direction with DK7735 ta-
pered wire cutter (as shown in Fig. 3) and were se-
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Fig. 2. Thermal compression simulation experimental con-
ditions and experimental flow chart.

Fig. 3. Wire-cutting machine.

Table 2. Kroll corrosion fluid composition and ratio used
in this test

Ingredients HF HNOs3 H->O

Volume fractions 2% 6 % Balance

quentially subjected to coarse grinding, fine grinding,
electrolytic polishing, etching, and finally, microstruc-
ture observation. It should be noted that during the
grinding process from coarse to fine grinding, the sand-
paper can be properly wetted, the main purpose of
which is to prevent the titanium alloy from having
twin formation on the surface of the titanium al-
loy due to the violent friction that makes the tem-
perature rise and affects the tissue observation [12].

The finely ground titanium alloy specimens were elec-
trolytically polished in an electrolyte with a volume
fraction of 34 % n-butanol, 6 % perchloric acid, and
60 % methanol at a voltage of 45V and a current den-
sity of 1 Amm™2. The electrolyte was cooled down
to below —10°C for 25s using liquid nitrogen, and a
magnetic mixer was used to ensure the flow of the
electrolyte. Finally, the electrolytically polished cast
TA15 titanium alloy specimens were corroded using
Kroll reagent (see Table 2 for the main components
and ratios) with an erosion time of 10s. It is worth
noting that the original state tissue of cast TA15 ti-
tanium alloy can be simply wiped with a cotton swab
on the surface of the titanium alloy and should not be
eroded in the corrosion solution for a long time.

The final treated specimens were observed under
an optical microscope, mainly to observe the morphol-
ogy of the alloy, the change of grain boundaries, and
the appearance of dynamically recrystallized grains at
the grain boundaries.

3. Results and discussion
3.1. Flow stress behavior

The true stress-true strain curves of TA15 titanium
alloy obtained from hot compression tests at different
temperatures and strain rates are shown in Fig. 4.
As can be seen from Fig. 4, the rheological stress of
TA15 titanium alloy has a similar trend at different
strain rates and different temperatures. The rheologi-
cal stresses all rise rapidly to a peak at the beginning
of deformation, go through a period of stability, and
then fall rapidly. At the same strain rate and strain
conditions, the flow stress shows a decreasing trend
with increasing temperature, which indicates that the
temperature has a significant effect on the softening
of TA15 alloy and is also favorable for dynamic re-
covery and recrystallization. This typical phenomenon
has been found in the study of the rheological behav-
ior of other titanium alloys [11, 13-15]. At the same
temperature, the lower the strain rate, the lower the
rheological stress. This is because at the same tem-
perature, as the strain rate decreases, the deforma-
tion time increases, allowing the deformation and the
thermal softening process to proceed fully, resulting
in a significant reduction in stress at low strain rates
compared to high strain rates, and demonstrating the
strong sensitivity of TA15 alloy to strain rate. At the
early stage of deformation, the alloy rheological stress
increases rapidly with the increase of the strain, and
this phenomenon is mainly attributed to the result
of competition between work hardening and dynamic
softening [14], as the internal dislocations of the alloy
increase with the increase of the strain at this deforma-
tion stage, the work hardening effect is enhanced and
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Fig. 4. Flow stress-strain curves of cast TA15 titanium alloy under different deformation conditions: (a) 1323 K, (b) 1373 K,
(c) 1423 K, and (d) 1473 K.

exceeds the dynamic softening, resulting in a rapid in-
crease of the stress; as the deformation proceeds, the
thermal softening effect is enhanced, making the two
reach a dynamic equilibrium and the flow stress grad-
ually tends to a stable state. At the same strain rate,
the higher the temperature, the lower the rheologi-
cal stress and the lower the peak stress. Since the de-
formation process occurs in the S single-phase region
and [ is a body-centered cubic structure with more
slip systems and high layer misalignment energy, the
intergranular shear resistance decreases as the defor-
mation temperature increases, leading to easier defor-
mation and lower rheological stresses.

From the above figure, it can be seen that al-
most all flow stress-strain curves show different de-
grees of softening effect; the higher the strain rate and
the higher the temperature, the greater the decreased
value of the curve, both and the softening effect of the
material is more obvious. Due to the poor thermal
conductivity of titanium alloys, it is easy to enhance
the softening effect due to excessive local temperature
rise during processing. Moreover, under high strain
rate conditions (¢ = 10s71), the flow curve has a cer-

tain degree of a jittering phenomenon, and to investi-
gate the reason for this, Fig. 5 shows photographs of
the microstructure under different deformation con-
ditions. As shown in Fig. 5a, under the condition of
a high strain rate (¢ = 10s7!), the tissue exhibits
local plastic flow. Combining the microstructure of
the specimen and the macroscopic morphology in the
lower left corner of the picture, it can be clearly seen
that there are obvious “bright bands” on the speci-
men, which may be due to the short deformation time
when deforming under large strain rate conditions, a
large amount of heat of deformation is not dissipated
to make the internal temperature rise of the material
too large and eventually lead to local plastic flow in-
side the material. At low strain rates (¢ < 1s71), the
grains become deformed, the grain boundaries become
wider and serrated, and a large number of recrystal-
lized grains appear at the grain boundaries, and the
degree of recrystallization increases with decreasing
strain rate and decreasing temperature, as shown in
Fig. 5b. Zhu et al. [16] found a similar phenomenon
during the study of the thermal deformation behav-
ior of Ti40. These typical characteristics of dynamic
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Fig. 5. Microstructure photos of cast TA15 titanium alloy
under different deformation conditions: (a)1323 K/10s™*,
and (b) 1423 K/0.1s7 .

reversion and recrystallization illustrate that at low
strain rates, softening of TA15 alloys occurs as a re-
sult of dynamic reversion and recrystallization, while
at high strain rates, softening of the alloy occurs as a
result of local plastic flow due to excessive tempera-
ture rise.

3.2. Establishment of the strain-dependent
constitutive equation

The material plasticity principal equation repre-
sents the relationship between stress and strain during
material deformation. In addition, the principal equa-
tion can also characterize the relationship between
flow stress and deformation parameters, such as de-
formation temperature and strain rate, which is an
effective way to study the material deformation infor-
mation in depth. The relationship between the flow
stress o, the deformation temperature 7', and strain
rate € for the high-temperature case can usually be
described by the following equation [17]:

¢ = AF (o) exp (~Q/RT), (1)

where F'(0) is a function of stress. The present equa-
tion is a generalized constitutive equation concern-
ing thermoforming. However, the difference in the re-
sponse characteristics of the thermal parameters due
to the difference in materials leads to different forms of
the principal equation for different materials. There-
fore, the expressions concerning the mathematical re-
lationship between ¢ and o are divided into three
cases:
(1) In the low-stress region (ao < 0.8):

¢ = A10™ exp(—Q/RT), (2)
(2) In the high-stress region (ao > 1.2):

¢ = Agexp (Bo)exp (—Q/RT), (3)

(3) The entire stress range (hyperbolic sine func-
tion equation):

¢ = Alsinh (ao)]" exp (—Q/RT), (4)

where Ay, Az, A, ni, n, a, and 8 are temperature-
independent constants, A is the structure factor (s=1),
and a = b/ny is satisfied between a, b, n1. R is the
gas constant (8.314J mol~*K~1), T is deformation
temperature (K), @ is deformation activation energy
(Jmol~1), and the flow stress o corresponds to the
specified strain condition.

Zener and Hollomon proposed and verified that the
relationship between strain rate and temperature can
be expressed by a parameter Z [18]:

Z = éexp (%) = Al[sinh (a0)]", (5)
where the physical meaning of the parameter Z is
the temperature-compensated deformation rate fac-
tor, and the meanings of the other letters are men-
tioned above. If the values of the material constants
A, Q, n, and a are known, the value of the flow stress
o for the material under arbitrary deformation condi-
tions can be found as follows:

1 lsinh_1 (%) !

_ é [sinhl (éexp (Q/RT))i

Q|

(6)
A

In order to better reflect the relationship between the
flow stress of the material and the thermal process-
ing parameters (strain rate, deformation temperature,
and strain), it is important to establish the constitu-
tive equation considering the strain. In this paper, the



374 Y. Zhu et al. / Kovove Mater. 61 2023 369-383

Table 3. Stress values of cast TA15 titanium alloy for dif-
ferent deformation conditions at a true strain of 0.5 lnog.5

T(K) &(7') () oos (MPa) Inoos
0.1 -2.303 40.392 3.698632
1323 1 0 64.226 4.162408
10 2.303 97.105 4.575793
0.1 -2.303 29.088 3.370326
1373 1 0 64.987 4.174187
10 2.303 76.981 4.343559
0.1 -2.303 29.771 3.393535
1423 1 0 49.991 3.911843
10 2.303 75.127 4.31918
0.1 -2.303 31.299 3.443586
1473 1 0 42.133 3.740831
10 2.303 71.566 4.27062

stress values at a total of 8 strain points from 0.1 to
0.8 (with 0.1 as the interval) are used to calculate
the corresponding equation parameters and then es-
tablish the principal structure equation considering
strain. The specific calculation process is described
with strain 0.5 as an example, and the model param-
eters such as a, n, (), and A under this strain are
obtained by calculation, and so on for other strains.
1. Determine the value of «, taking the natural
logarithm for both sides of Egs. (2) and (3):

Iné =nilnoc+1nA; — Q/RT, (7
Iné =fo+1nAds — Q/RT. (8)

The steady-state stress and strain rates are
brought into Egs. (7) and (8), and the parameter val-
ues are obtained in Table 3. The In(o)-In(¢) curve
and the o-In (&) curve were plotted based on the data
in Table 3 and processed as a one-dimensional linear
regression using Origin software, as shown in Fig. 6.
ny and [ are the average of the inverse of the slopes
of the four lines in Figs. 6a,b, yielding ny = 5.11, 5 =
0.09825, then the value of « is:

a = B =0.0192. 9)
ni

2. Determine the values of n and @Q. Taking log-
arithms for both sides of Eq. (4) and assuming that
the deformation activation energy is independent on
temperature, we obtain:

Iné =nlnsinh (ao)] +In A - Q/RT. (10)

The calculated o values, strain rates, and steady-
state stresses were brought into Eq. (10) to plot the
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Fig. 6. (a) In (0)-1n (&) fitting curve, and (b) o—In (¢) fitting
curve.

Iné-In[sinh(ao)] curve and F-In[sinh(ao)] curve, as
shown in Fig. 7. Applying Origin software for one-
dimensional linear regression processing, the value of
the reciprocal of the slope of the line in Fig. 7a is n,
and the value of the reciprocal of the slope of each line
in Fig. 7b is Q). After calculation, it is obtained that
n = 3.835 and Q = 187.760kJ mol 1.

3. Determine the A value: From Eq. (10) and
Fig. 7a, the value of In A — Q/RT is the intercept
of the line in the graph of Iné-In[sinh(ao)], and the
values of R, @), and T are brought in to find the value
of A at different temperatures. After calculation, A =
5.3 x 10°. Bringing the calculated values of n, A, a,
and @ for a strain of 0.5 into Eq. (4), we can find the
principal equation for a strain of 0.5 as follows:

RT
(11)

The data under different strain conditions in the

187760
¢ = 5.3 x 10° [sinh (0.0190)] 3.5835 exp < > .



Y. Zhu et al. / Kovove Mater. 61 2023 369-383 375

Table 4. Parameter values in the fitting Eq. (12)

Coefficients
Material constants 1 et g2 g3 et g’ e®
«@ 0.02 -0.04 0.22 -0.67 1.18 -1.09 0.42
n 12.03 -128.19 854.88 —2887.53 5167.34 —4678.77 1690.14
Q 345.08 -434.71 39764.40 -163246.25 333041.61 -330573.28 127579
In A 27.68 -349.68 3234.81 -13342.95 27289.96 —27133.65 10486.11
127 = 133K @) Fig. 8. The calculated parameter values under differ-
= ent strain conditions are fitted using polynomials with
ol a the fitting equation:
0.8
= 0.6 a = By + Bie! + Boe? + Bse® + Bye* + Bse® + Bge®,
=
< z; n = Co+ C1e' + Cae® + C3e® + Cue + Cse® + Cge’,
o (12)
= 0.0 Q = Do+ D1e' + Dye? + D3e® + Dye* + Dse® + Dge®,
-0.2
041 InA = Eo+ E1e' + Foe® + E3e® 4+ Eye* + E5e5 + Egeb.
Ly : : : : _ The constants in Eq. (12) are shown in Table 4.
-3 -2 -1 0 1 2 3 Finally, the calculated parameter values are brought
In(e") (s) into Eq. (6), so t}}at the int'rins%c equation of TA15 ?xl—
loy can be established considering the effect of strain.
12 The established constitutive equation considering the
= 0.1s" 4 (b) effect of strain can accurately describe the rheological
1.0+ behavior of TA15 alloy under the whole stress range.
0.8 From Fig. 8a, it can be seen that a shows an in-
—_ creasing trend with increasing strain, and the maxi-
E 0.6 mum value is obtained at € = 0.8 as 0.021. Combining
= 0.4 Figs. 8b and 8d, it can be clearly found that the value
E 0.2- of activation energy () shows the same trend as the
= value of InA with strain, and the average value of ac-
= 0.07 tivation energy Q is 201.957kJmol~'. The trend of
-0.2 1 the n value decreases with increasing strain, and its
0.4 variation ranges from 5.4 to 3.8, as shown in Fig. 8c.
In summary, the intrinsic equation for the cast
-0.6 TA15 titanium alloy over the entire stress range can

0.0006840.0007020.0007200.0007380.000756
/T

Fig. 7. (a) Iné-In[sinh(ao)] fitting curve, and (b) -
In[sinh(awo)] fitting curve.

strain range of 0.1 to 0.8 were processed and calcu-
lated by the same method, and the material parame-
ters (n, A, a, and Q), etc., under different strain condi-
tions were obtained as a basis to model each material
parameter and to prepare the constitutive equations
considering the strain effects. For different material
parameters, different sub-polynomials were chosen to
construct the parameter models in order to improve
their fitting accuracy, and the fitting relationship be-
tween the material constants and strains is shown in

be expressed as:

1
1 BIA
— = |sinh
g alsm <A)

. Q

Z = éexp (ﬁ) ,

a = By + Bie! + Bye? + Bse® + Byet
+ Bse® + B656,

n=Cy+ 0161 + 0262 + 0363 + 0464
+ 0585 + 0686,

Q = Do + D1 + Dae® + D3e® + Dye?
+ Dse® + D656,

InA = Ey + Eie! + Ege? + Ese® + Byt

+ E5e% 4+ Egéeb.

)

(13)
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Table 5. Percent error between predicted and measured
values of flow stress

Errors (%) 1323 K 1373 K 1423 K 1473 K
0.1 -1.5286  8.9177 1.6004  —4.9923
1.0 -1.5259 -3.3439  0.4955 6.6441
10 -5.7615  8.5631 1.6526  —2.4076

3.3. Prediction accuracy validation of the
constitutive equation

To verify the accuracy of the principal structure
equations constructed in this study, the measured val-
ues of rheological stresses at different deformation
temperatures and different strain rates at a true strain
of 0.5 were compared with the predicted values, and
the errors are shown in Table 5. As can be seen from
the table, the error range between the measured and
predicted values of flow stress under different defor-
mation conditions is within &+ 10 %, which is a small
error. The use of correlation coefficient r and average

relative error ARE can evaluate the accuracy of the
intrinsic structure model more precisely [19]. The aver-
age error between the predicted and measured values
is calculated according to Eq. (13):

1 M
ARE:MZ

i=1

D; ~ P,

1 14
2 x 100, (14)

where M is total number of data, D, is measured value
of flow stress (MPa), and P; is predicted value of flow
stress (MPa).

Combining the data listed in Table 5, the calcula-
tion according to Eq. (13) yields ARE = 6.45 %. To
better visualize the correlation between the predicted
and measured values of flow stress, the measured and
predicted values were plotted in horizontal and verti-
cal coordinates (as shown in Fig. 9), and the correla-
tion coefficient was obtained by fitting as » = 0.95637.

In summary, the stress values predicted by the as-
cast TA15 titanium alloy high-temperature deforma-
tion intrinsic constitutive equation constructed in this
study have a high correlation with the actual mea-
sured values, with small errors and high confidence.
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Fig. 9. Correlation between predicted stress values and
measured stress values.

3.4. Thermal processing diagram

The use of thermal processing diagrams to study
materials can be more intuitive to observe the micro-
scopic deformation mechanism in the processing sta-
bility region and the non-safety region such as plastic
destabilization and cracking, which can help proces-
sors to optimize the processing process of materials
and obtain more ideal material organization and prop-
erties. The thermal processing diagram is a superpo-
sition of the power dissipation diagram and the insta-
bility diagram, where the power dissipation diagram
reveals the tissue evolution of the material, and the in-
stability diagram describes the “safe zone” and “non-
safe zone” during the plastic deformation of the mate-
rial; combined with the microstructure observation,
it can characterize the tissue evolution of the mate-
rial during the high-temperature deformation process
with respect to the influence of processing parame-
ters.

3.4.1. Energy dissipation diagram

Prasad et al. [20] established a dynamic material
model (DMM) based on the theory of irreversible ther-
modynamics and physical system simulations, etc.,
from which it is known that the energy dissipation
P in the process of thermal processing of materials
is mainly divided into two parts, namely, the energy
consumed during plastic deformation G and the en-
ergy consumed during tissue transformation J [21] so
that the dissipated energy P can be expressed as:

5 o
P:Ué:G—I—J:/adE—i—/éda, (15)
0 0

where G is the dissipation (energy dissipated dur-
ing plastic deformation), J is the dissipation coeffi-
cients (energy dissipated during microstructure evolu-
tion during deformation), o is the rheological stress,
and € is the strain rate.

The strain rate sensitivity exponent m determines
the distribution of these two energies [22]:

0J €00 Olno
m _ _

T 9G  00¢  Olme

(16)

For a given temperature 7' and strain €, J can be
expressed as:

o}

.. moe
J—/sdofm_i_l. (17)

0

When m is equal to 1, the material exhibits an ideal
linear dissipative state and the dissipative coefficients
J reach a maximum value of Jy,y:
o
Jmax = > (18)
Therefore, the energy dissipation rate 7 can be ex-
pressed as:
J 2m

- - 19
77 Jmax m+1, ( )

where m is the strain rate sensitivity exponent.

For steady-state rheological stresses, the value of
the strain rate sensitivity exponent ranges from 0 to
1. When m = 0, it means that the system does not
dissipate energy; when m = 1, it indicates that the
material tends to a viscous fluid state. The parame-
ter n represents the different deformation mechanisms
reflected by the workpiece for a given different defor-
mation temperature and strain rate, as well as the
evolutionary state of the workpiece’s own organiza-
tion. The equivalence curve between temperature and
strain rate and dissipation rate under a given strain
is the power dissipation diagram, which plays a key
role in the selection of optimal thermal deformation
parameters during thermal processing.

Figure 10 shows the energy dissipation diagrams of
the cast TA15 titanium alloy during thermal deforma-
tion when the true strain is 0.1, 0.3, 0.5, and 0.8. As
can be seen in Fig. 10, the peak of the energy dissi-
pation rate when the material is deformed plastically
under different deformation conditions occurs at low
temperatures and low strain rates. This is mainly due
to the fact that when the strain rate is low, the mate-
rial has sufficient deformation time to undergo plastic
deformation.
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Fig. 10. Energy dissipation at different strains during thermal deformation of cast TA15 titanium alloy:(a) 0.1, (b) 0.3,
(c) 0.5, and (d) 0.8.

3.4.2. Plastic instability diagram

The processability of a material cannot be deter-
mined by the power dissipation rate alone, but also
needs to be combined with the organization of the
material in high temperature plastic deformation. The
plastic instability diagram is a parameter that judges
the likelihood of material instability during processing
and deformation. The instability diagram can be used
to infer the instability and safety regions under differ-
ent machining parameters, providing a basis for opti-
mization of the machining process. Prasad proposed a
destabilization criterion [23]:

a<lnmril>
CO="Fm:

+m <0, (20)

where £ (¢) is a temperature-dependent function of
strain rate.

A negative value of £ (¢) indicates the occurrence
of rheological instability during the deformation pro-
cess, while the determination of the form of instability

is determined analytically based on the specific tissue
results. The processing instability diagram is obtained
by plotting the contours of the instability parameters
with respect to the strain rate € and the temperature
T. As shown in Fig. 11, the plastic instability diagrams
of the cast TA15 titanium alloy during hot deforma-
tion when the true strain is 0.1, 0.3, 0.5, and 0.8. It
can be seen from the figure that the minimum value
of the instability criterion appears at high strain rate
conditions. This is mainly due to the short deforma-
tion time of TA15 titanium alloy when the strain rate
is high, and the poor heat dissipation of this material
makes the heat of deformation unable to be dissipated,
resulting in local plastic flow within the material and
plastic destabilization of the material.

The corresponding thermal processing diagrams
are obtained by superimposing the energy dissipa-
tion diagrams of each strain and the two-dimensional
contour diagrams of the plastic instability diagrams.
The thermal processing diagrams at strain 0.3 and
strain 0.5 are shown in Fig. 12. The contour values
are the same power dissipation coefficients, and the
“cool color” region represents the instability region.
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Fig. 11. Plastic destabilization diagram of cast TA15 titanium alloy at different strains during thermal deformation: (a)
0.1, (b) 0.3, (c) 0.5, and (d) 0.8.
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Fig. 12. Thermal processing diagram of cast TA15 titanium alloy under different strains during thermal deformation: (a)
0.3 and (b) 0.5.

3.4.3. Analysis of thermal processing
diagrams

In this study, the data of true strain 0.3 and 0.5
were selected to establish the thermal processing di-
agram, and the thermal processing diagram of TA15

titanium alloy deformed in the range of temperature
1323-1473K and strain rate 0.1-10s~! was plotted,
as shown in Fig. 12. As can be seen in Fig. 12, the
degree of power dissipation increases with the strain
rate; as the strain increases, the power dissipation also
increases. At a strain of 0.5, a peak power dissipation
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region of 0.50 can be observed from the thermal pro-
cessing diagram, occurring at a deformation condition
of 1373 K/0.1s71. In addition, under the low tempe-
rature and high strain rate conditions, the process-
ing map shows the instability zone, and the area of
the instability zone increases with the strain. There-
fore, during processing, machining production under
the conditions of thermal processing parameters con-
tained in the destabilization region should be avoided.
In order to further determine the deformation mecha-
nism of TA15 titanium alloy in these regions and also
to determine the processing parameters in the opti-
mized regions of the thermal processing diagram, the
microstructure of the safe and destabilized regions in
the thermal processing diagram will be analyzed.

From Fig. 12, it can be seen that the safety zone of
material deformation of cast TA15 titanium alloy at
strain conditions of 0.3 and 0.5 is in a region that can
be divided into two regions, one region is in the range
of temperature conditions 1333-1043 K and strain rate
0.1-0.8s71; the other region is in the range of tempe-
rature conditions 1403-1473 K and strain rate 0.1-
10s~!. The power dissipation rate is approximately
between 0.2 and 0.5. The peak regions of power dis-
sipation appear at low strain rate conditions. This all
indicates that the alloy has better processing proper-
ties in these regions.

In order to reveal the mechanism of tissue defor-
mation in the region where the peak power dissipa-
tion rate occurs in the as-cast TA15 titanium alloy, its
microstructure was observed and analyzed, as shown
in Fig. 13. As seen in Fig. 13a, the grain boundaries
are deformed and show jaggedness, and there are a
small number of smaller sized recrystallized grains at
the grain boundaries, which is typical of dynamic re-
crystallization. In combination with the effect of dy-
namic reversion, it contributes to the high energy dis-
sipation rate in the thermal processing diagram un-
der this deformation condition. In Fig. 13b, it can be
seen that the size of the recrystallized grains increases
significantly, and the shape is irregular. This is due
to the larger recrystallization driving force obtained
at higher temperatures, which drives the growth of
recrystallized grains. From the above microstructure
observation and analysis, it can be concluded that the
alloy is prone to dynamic recrystallization when the
strain rate is higher, which is also related to the fact
that the low strain rate provides more deformation
time and substructure. Generally speaking, the ap-
pearance of dynamic recrystallized grains can refine
the organization and promote the microstructure of
the material, which is beneficial to the thermal defor-
mation process of the alloy, so as to finally obtain a
good performance of the alloy material, therefore, the
appropriate increase in deformation temperature un-
der low strain rate conditions can effectively improve
the properties of the alloy organization, and the hot

Fig. 13. Microstructure of specimens at 1323 K/0.1 s™* and
1473 K/0.1s™" for deformation conditions.

processing diagram also effectively confirms this con-
clusion.

As can be seen in the thermal processing diagram
shown in Fig. 12, the destabilization zone is located
approximately in the shaded region of temperature
conditions 1343 to 1393 K and strain rate conditions
1.0 to 10 s~ 1. In order to reveal the deformation mech-
anism of the destabilized region, Fig. 14 shows a tissue
photograph of the destabilized region that is in the
thermal processing diagram. Figure 14a shows the or-
ganization of the alloy under deformation conditions
at 1323 K/10s7!. The banded area formed by local
plastic flow can be clearly seen in the picture, which
may be related to the poor thermal conductivity of the
titanium alloy and the local temperature rise at high
strain rates. However, in Fig. 14b, the presence of de-
formation instability was observed in the microstruc-
ture of the alloy and cracking was found on the surface
of the alloy. Local plastic flow and cracking phenom-
ena can reduce the performance of the material or even
lead to failure, and these destabilization phenomena
should be given to avoid.
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Fig. 14. Local plastic flow at deformation conditions of
1323 K/10 s~ ! and deformation instability and cracking at
deformation conditions of 1373 K/10s™".

Based on the above microstructure observation and
analysis, the thermal deformation parameters of cast
TA15 titanium alloy have a great influence on the
thermal deformation behavior, and the suitable ther-
mal deformation parameter conditions for TA15 alloy
are derived, with deformation temperature of 1373—
1423 K, strain rate of 0.1-1.0s~!, and strain of 0.92.
This is because the alloy in the temperature range
of 1323-1393 K, the strain rate range of 1-10s~! de-
formation conditions for the destabilization zone; and
when the temperature range is greater than 1423 K or
even up to 1473 K, although in the processing chart
safety zone, but the temperature is too high so that
the grain growth, organization coarsening, is also not
conducive to the improvement of material properties.
At smaller deformation amounts, only a small amount
of recrystallized grains of TA15 alloy exist, and the de-
gree of dynamic recrystallization is insufficient, which
has limited improvement of material properties; at the
same time, too much deformation can lead to tissue

Fig. 15. Microstructure of cast TA15 titanium alloy af-
ter deformation within a reasonable processing range: (a)
1373 K/1s " and (b)1423 K/0.1s7".

cracking and material failure. Figure 15 shows a photo
of the material organization under suitable deforma-
tion conditions, from which it can be clearly seen that
the organization is uniformly deformed, with a large
number of fine recrystallized grains at grain bound-
aries, especially at trigonal grain boundaries and a
sufficient degree of dynamic recrystallization; from the
macroscopic aspect, there is also no presence of in-
stability phenomena such as cracking on the material
surface, and the deformation is good. Therefore, TA15
alloy is considered to be a more suitable thermal pro-
cessing parameter at a temperature of 1373-1423 K
and a strain rate of 0.1-1.0s71.

4. Conclusions
In this study, the cast TA15 titanium alloy was

taken as the research object, and the high temperature
deformation behavior of the alloy was studied based
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on the hot compression simulation experiment. Ac-
cording to the constitutive equation, thermal process-
ing map, and microstructure, the following conclusions
were drawn:

(1) The flow stress of cast TA15 titanium alloy
decreases with the decrease of strain rate and the
increase of deformation temperature, showing differ-
ent degrees of softening. Through the observation and
analysis of the tissues, the softening effect occurs in
TA15 alloy at low strain rate conditions due to dy-
namic reversion and recrystallization, while at high
strain rate conditions, the softening occurs in TA15
alloy due to local plastic flow caused by excessive tem-
perature rise.

(2) Based on the thermal simulation compression
experimental data, the intrinsic constitutive equation
of the cast TA15 titanium alloy was established by
combining the effect of strain on the intrinsic consti-
tutive relationship model. The error analysis of the
model was also carried out, and the correlation coef-
ficient r was 0.95637, and the average relative error
ARE was 6.45 %. It can be seen that this instantonal
equation can accurately describe the rheological be-
havior of cast TA15 titanium alloy under the whole
stress range. The constitutive equation (Eq. (13)) is:

1 Z\ "
= |sinh ' (2
ag o [Sln (A)

. Q
Z = €exp (ﬁ) ,
a = By + Bie! + Bae? + Bse® + Byet
+ Bje® + Bge®,
n=Cy+ Cre’ + Coe? + C3e® + Cyet
+ Cse® + Cge®, (13)
Q = Do + D1 + Dae® + D3e® + Dye*
+ Dse® + Dgeb.
InA = Ey+ Eje' 4 Eqoe® + Ese® + Eyet
+ Ese’ + Egeb.

(3) Combining the hot compression test data and
the dynamic material model, the thermal processing
diagram of the cast TA15 titanium alloy was con-
structed. When the deformation temperature is at
1323-1393 K and the strain rate is 1.0-10s~!, the
alloy is in the instability region; the area of the in-
stability region increases with the strain, and the in-
stability mechanism is mainly local plastic flow and
surface cracking. The peak power dissipation in the
safety zone occurs within the thermal processing di-
agram at strain with a value of 0.50. The high dissi-
pation rate is related to the dynamic recrystallization
of the material, and the degree of recrystallization in-
creases with the deformation temperature.

(4) The ideal processing window for cast TA15 tita-
nium alloy is: deformation temperature 1373-1423 K,
strain rate 0.1-1.0s7 1.
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