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Abstract

The high temperature deformation behavior and microstructures evolution of
TC17 alloy in the temperature range of 820°C - 930°C, strain rate range of
0.01 s™ - 10 s™" and height direction reduction of 20% - 80% have been stu-
died by hot compressing testing. The microstructures of TC17 alloy were ob-
served and analyzed using Olympus/PMG3 optical microscope. The flow
stresses were correlated with strain rate and the temperature by the constitu-
tive equation. The results show that the flow stress of TC17 alloy increase
quickly with the strain, then decrease with a steady value. The deformation
activation energy obtained in the a + g region for TC17 was 407 kJ/mol,
and in the S region was 155 k]/mol. It was also found that the degree of dy-
namic globularization of a phase increases with increasing strains, increas-
ing temperature and decreasing strain rate in a + S region, the dynamic
re-crystallization is obvious at low strain rate and dynamic recovery is ob-
vious at high strain rate in Sregion.
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1. Introduction

The nominal composition of TC17 titanium alloy is Ti-5Al-2Sn-2Zr-4Mo-4Cr,
and its using temperature reaches 427°C. The conventional forging process is
two-phase regions forging for equiaxed structure at a temperature range from
816°C to 857°C and p forging for the basket structure at a temperature range
from 899°C to 977°C [1].

The research of high temperature deformation behavior of materials is mainly

to analyze the microstructure evolution and microscopic deformation mechan-
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ism of materials by changing the influencing factors such as deformation
amount, deformation temperature and deformation rate. There are many works
conducted in this field [2] [3] [4] [5]. S.L. Semiatin [6] and his team used
Ti-1100 titanium alloy as the research object, calculating and analyzing the de-
formation activation energy and deformation mechanism of this alloy under-
going thermal deformation in the S single-phase region and the a + ftwo-phase
region; Zhao Yongqing [7] [8] [9] and his team studied the effects of thermal
deformation parameters on the high temperature rheological behavior, micro-
structure and microstructure evolution of titanium alloys. Three different mi-
crostructures of TC4-DT titanium alloy thermal simulation compression expe-
riments were conducted to investigate the relationship between flow stress and
microstructure by Hong Quan [10] and his team.

In this paper, the true stress-true strain relationship curve of TC17 is studied,
the activation energy of the alloy in the two-phase region and the B-phase phase
is obtained, and the microstructure evolution under different deformation con-

ditions is analyzed.

2. Experiment

The experimental material was supplied in form of forged bar with diameter of
46 mm. Its chemical composition in wt. % was: 5.09 Al, 2.16 Sn, 2.00 Zr, 4.32 Mo,
3.94 Cr, 0.013 N, 0.09 O, 0.003 H, and Ti (balance). The nominal beta transus
temperature for this alloy is 885°C + 5°C. The initial microstructure of TC17 alloy
after S-phase forging is shown in Figure 1, which is the basket organization.

Hot compressive deformation behavior of TC17 alloy at elevated temperatures
was characterized by isothermal compression tests on Gleeble 1500. Cylindrical
specimens of 8 mm diameter and 12mm length were machined from the bar.
The compressive tests were performed in deformation temperature ranging of
820°C - 930°C and at strain rates from 0.01 s™' to 10 s™'. The specimens were
heated to the compression temperature at 5°C/s, held at least 300 s and then de-
formed up to 20% - 80% height reduction under constant strain rate. After the
test, the sample was water quenched to retain its high temperature structure. The
microstructure of TC17 alloy was observed and analyzed using Olympus/PMG3
optical microscope.

3. Results and Discussion

3.1. Flow Behavior

Figure 2 shows the true stress—true strain (o- &) curve of TC17 alloy which is
under phase transformation (820°C, 850°C), near the phase transition point
(880°C and 890°C) and above the transformation point (900°C and 930°C) with
deformation of 60%.

It can be seen from Figure 2 that under different deformation conditions, the
true stress-true strain curve of TC17 alloy has almost the same trend, that is the

stress value increases rapidly in the initial stage of deformation and after reaching
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Figure 1. Initial microstructure of TC17 alloy.
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Figure 2. Flow stress curves of TC17 titanium alloy compressed at different deformation
conditions. (a) 820°C; (b) 850°C; (c) 880°C; (d) 890°C; (e) 900°C; (f) 930°C.

the maximum value, the stress value decreases. After the strain reaches a certain

value, it basically stabilizes. The reason is that both hardening and softening

mechanism of the alloy work during the hot deformation process. In the initial

stage of deformation, the dislocation density increases to a large extent, and the

dislocation motion is insufficient to compensate for the work hardening, result-
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ing in a rapid increase in the stress value; As the compression test progresses,
dynamic recovery and dynamic re-crystallization behavior occur inside the alloy,
resulting flow softening and work hardening reach a dynamic equilibrium, a
gentle stress curve appear [11] [12].

It can be seen from Figure 2(e) and Figure 2(f) that stress oscillation occurs
when the deformation temperature is close to or above the phase transition
point, and strain rate at 10 s™'. That is because the dislocation pinning mechan-
ism or movable dislocation increases in grain boundaries [13]. It can also be seen
from the curve that when it is below the phase transition point (820°C - 880°C),
the alloy exhibits a dynamic re-crystallization curve characteristics during ther-
mal deformation, and when it is above the phase transition point, it shows dy-
namic recovery.

In summary, the flow stress behavior of TC17 alloy is sensitive to all three de-
formation parameters. The softening mechanism cannot be determined by
merely observing the characteristics of the rheological curve, which will be fur-
ther described with the microstructure of the alloy under different deformation

conditions in the following paper.

3.2. Constitutive Relationship and Activation Energy

The flow stress of a material is generally represented by three forms of equations
[14] [15]. In this paper, the Arrhenius relationship is selected as the formula to
describe the behavior of heat-activated steady-state deformation is modifying,

and to describe the constitutive relationship of TC17 alloy.
&= A[sinh(ao-)]n exp(—Q/RT) (1)

A, aand n are constants independent of the deformation temperature.
It is assumed that the deformation temperature does not affect the deforma-

tion activation energy, taking natural logarithm in it and we get this,
Iné=In 4, +(-Q/RT)+n|sinh(ac)] @)

Substituting the steady flow stress of TC17 alloy with strain rate under differ-
ent deformation conditions into Equation (2), using ln[sinh(aa)} with Inég,
ln[sinh(aa)} with 1000/T to make diagram, and using origin for linear re-
gression, relationship between steady flow stress and deformation rate and de-
formation temperature shown in Figure 3.

It can be seen from Figure 3 that the steady flow stress is related to the strain
rate when the TC17 alloy is deformed at different temperatures. When deform-
ing occur below the phase transition point (820°C - 880°C), the slope of the
curve changes greatly, indicating that the strain rate has a greater influence on
the flow stress, and the alloy is sensitive to strain rate; when deforming occur
above the phase transition point, the slopes of the curves are nearly equal. It can
be seen from Figure 2 that the deformation temperature has a significant influ-
ence on the flow stress, and the flow stress decreases as the deformation temper-

ature increases. From Figure 3, the reciprocal of the strain rate sensitivity coeffi-
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cient 12, and the value of the constant S can be obtained. Since a, fand n, is sa-
tisfied a = f/n,, the a value is determined to be 0.0089. After deforming (2), and

computing partial derivation

olné y 8ln(sinh(a0'))
61n(sinh(a0')) dln(1/T)

0=Rx 3)
olné dln(sinh (ac))
aln(sinh(aa)) o oln(1/T)
3(a) and Figure 3(b).
The deformation activation energy obtained in the a + S region for TC17 was
407 kJ/mol, and in the Sregion was 155 kJ/mol.

are the slopes of the curves in Figure

3.3. Microstructural Observations

Figure 4 shows the microstructures of the specimens at different deformation
conditions.

It can be seen from Figure 4 that when 20% of the alloy deforms, the a phase
does not change substantially; as the compression amount increases, the a phase
parallel to the compression direction is first spheroidized, the length of the a
phase is significantly shortened, and the proportion of spheroidized a phase is
significantly increased; When the amount of compression is 80%, the a phase is
all globalized. This is mainly due to the increase of defects in the a phase when
the amount of deformation is large, which is favorable for a spheroidization be-
havior (Figure 4(d)).

Figure 5 shows the microstructures of the specimens at different deformation
conditions (850°C, 0.1 s™' and 10 s™!, with a compression of 60%). It can be seen
from Figure 5 that when the strain rate is 0.1 s™', the spheroidization of the a
phase is more obvious due to the sufficient spheroidization time. As the strain
rate increases, the dislocation density increases during the deforming, the sof-
tening mechanism is too late to occur, and the rheological instability appears.
That is the wavy and stress discontinuous yielding phenomenon reflected in
Figure 2.

It can be known from Figure 6(a) and Figure 6(b) that when the alloy is
deformed below the transformation point, the degree of spheroidization in-
creases as the temperature increases. When deformation occurs above the
phase transition point, if it is at low strain rates, the grains are elongated along
the metal flow direction, and a small amount of equiaxed recrystallized grains
appear (Figure 6(c)); and if it is at high strain rates, a curved deformation
zone appears in the structure (Figure 6(d)). At this time, there is no obvious
recrystallized grain in the alloy, and the dynamic recovery behavior is domi-

nant.

4. Conclusions

TC17 alloy has been studied during hot deformation both in the a + Sregion and
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Figure 3. (a) The relationship between flow stress and strain rate of TC17 alloy; (b)
The relationship between flow stress and temperature of TC17 alloy.

Figure 4. Microstructures of TC17 alloy deformed at: (a) 820°C 0.01 s™' 20%; (b)
820°C 0.01 s 40%; (c) 820°C 0.01 s™' 80%; (d) 820°C 0.01 s™! 80% (TEM).
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Figure 5. Microstructures of TC17 alloy deformed at: (a) 850°C 0.1 s
60%; (b) 850°C 10 s 60%.

Figure 6. Microstructures of TC17 alloy deformed at: (a) 820°C 0.01s™
60%; (b) 850°C 0.01 s~ 60%; (c) 930°C 0.01 s~ 60%; (d) 930°C 10 s™* 60%.

p region. The flow stresses were correlated with strain rate and the temperature
by the constitutive equation. The conclusions can be summarized as follows:

1) All of the flow curves exhibit an initial peak at the beginning of deforma-
tion process. Then, the flow stress decreases sharply to a near steady state, which
all curves exhibit flow softening behavior.

2) The deformation activation energy obtained in the a + S region for TC17
was 407 kJ/mol, and in the Bregion was 155 kJ/mol.

3) When it deforms in a + S two-phase region, increasing the deformation
amount, reducing the strain rate or increasing the deformation temperature are
beneficial to the a-phase spheroidization process; dynamic recrystallization oc-
curring at the low strain rate in S single-phase region, dynamic response beha-

vior is usually dominated by high strain rates.
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