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Abstract: The quasi-beta processing was considered as a promising processing technology to obtain
a component with an excellent mechanical properties. To achieve an optimized quasi-beta
processing parameter of TC21 alloy, the hot deformation behavior in near [3 phase region for the
alloy with a forged structure was investigated by the thermal compression test and finite element
(FEM) simulation. The obtained results indicated that the flow behavior of the samples was
significantly influenced by the hot deformation parameters and it exhibited a flow hardening
behavior at the start stage of deformation. Based on the experimental data, the constitutive equation
and processing maps were obtained. The optimum hot processing parameters was 986°C/103s 1.
Based on the FEM simulation results, the evolution of temperature field, strain field and stress field
in the deformed samples at different strains exhibited a similar trend in the unstable region, which
distributed symmetrically along the center line of the samples, and the center area of the samples
was the highest and the center area of the section was the lowest.

Keywords: TC21 alloy; Hot compression; FEM simulation; Flow behavior; Processing map

1. Introduction

TC21 alloys with excellent strength, fracture toughness, high damage tolerance and low crack
growth rate have been widely applied to manufacture the key components in the engine and airframe
of aircraft [1-4]. The components of TC21 alloy were usually processed by hot working technology
[5-7]. The mechanical property of the parts is depended on the deformed microstructure during hot
processing, which is mainly associated with hot deformation parameters. To achieve the parts with
high performance, it is extremely critical to deeply comprehend the hot deformation characteristics
of TC21 alloy so as to govern the final deformed microstructure of the alloy subjected to hot working.

Numerous studies have been reported to reveal the hot deformation characteristics of TC21 alloy
[8-11]. Zhao et al. [8] reported the hot working characteristics of TC21 alloy with a cluster of a block
structure in the a+(3 field. The results show that a block structure disappeared during hot
deformation and two stable domains with peak efficiencies of power dissipation were obtained to be
880-900-C/1-10 s and 925-950°C/0.32-10 s, respectively. This suggests that a high strain rate is
beneficial to the hot working of TC21 alloy with a cluster of a block structure in the a+f region. Zhu
et al. [5,9] investigated the hot deformation characteristics of as-cast TC21 alloy with lamellar a
colonies in the {3 area, and found that two regions of peak efficiency were observed to be 1000-C/0.01
s? and 1150°C/0.01 s, respectively. The deformation mechanism is related to dynamic
recrystallization of 3 phase. For the TC21 alloy with a bimodal microstructure, the optimal processing
domain is in temperature of 880-900°C /0.001-0.03 s, which reveals that a low strain rate is
advantageous to the hot processing of the alloy [10]. For the TC21 alloy with a widmanstatten
structure, Wang et al. [11] found that lamellar o was crushed into the short bar-like a phase during
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hot working in the a+{ field. These results show that the differences in the initial microstructure and
processing region can result in a significant difference in the optimal processing region and
microstructure evolution.

Recently, Shi et al. [12] found that three state microstructures composed of equiaxed a phase,
lamellar a phase and transformed 3 matrix can be obtained for TC21 alloy forged by quasi-f3 forging
method (Tp+10-30°C), which could give rise to a more excellent mechanical properties compared with
that of TC21 alloy forged by a+{3/p forging method. However, there is no information on the hot
deformation characteristics and microstructure evolution of TC21 alloy forged during quasi-{3 forging
(Tp+10-30°C). To obtain an optimized quasi-beta processing parameter and govern the final
microstructure of TC21 alloy after quasi-f3 forging, TC21 alloy with equiaxed « structure was hot-
compressed in range of 966-986°C and 0.001-10 s in this work, and the optimization processing
parameters of the alloy during quasi-p forging was achieved by FEM method and experimental
investigation.

2. Materials and experimental procedures

The samples used in this study was a forged TC21 alloy with a diameter of 80 mm and the
temperature of p—a+p was determined to be 961°C based on the optical metallography [13]. The
chemical composition of TC21 alloy is depicted in Table 1. The microstructure of the as-received
samples consisted of equiaxed a, lamellar o and retained 3 phase, as exhibited in Figure 1.

The samples for the hot compression were processed from the forged bars, and the size of the
sample was 88 mmx12 mm. Gleeble-3500 thermo-mechanical simulator was used to operate the
isothermal compression tests. For purpose of addressing the flow behavior and microstructure
evolution of TC21 alloy after quasi-f3 forging, three deformation temperatures of 966°C, 976°C and
986°C were adapted and the strain rate was set as 0.001s7-10 s™. The true stain was set as 1.2. The
samples were heated to a designed temperature, and held 5 minutes to keep the temperature
homogeneous before hot compression. All deformed samples were rapidly water-cold after hot
deformation to keep the microstructure under high temperature. The sketch diagram of hot
deformation tests is demonstrated in Figure 2.

Table 1. The chemical composition of the samples.

Element Al Mo Nb Sn Zr Cr Si Fe C O N Ti

Content(wt%) 6.28 3.06 1.89 204 218 1.61 0.066 0.022 0.009 0.122 0.005 Balance

Figure 1. Microstructure of the TC21 alloy with a forged microstructure.
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Figure 2. Sketch diagram of hot deformation tests.

All the experiment samples were sectioned parallel to the compression axis to observe the
microstructure on optical microscope (OM). For optical examination, the samples were grinded,
mechanically polished and chemically etched with a Kroll reagent, whose ingredient is 5 (vol.%)
HF+25 (vol.%) HNOs+70 (vol.%) H20. Based on the results obtained from the experiment, the
temperature, strain and stress field of TC21 alloy with a forged microstructure deformed at different
processing parameters were simulated by FEM method.

3. Results and discussion

3.1. True stress-strain curves

The true stress-strain curves gained from the hot compression tests of a forged TC21 alloy are
exhibited in Figure 3. It can be found that the curves exhibited a flow hardening behavior, and the
flow stress increased with the increase of strain. At a given deformation temperature, higher strain
rates can lead to a higher flow stress. It is noted that when the strain rate was 1s, the flow stress
exhibited a small decrease at the beginning of the flow curve. This phenomenon can be explained by
the dynamic theory [14], which suggests that the mobile dislocations rapidly formed from grain
boundary sources at the beginning of hot deformation can quickly move from the grain boundary to
the interior of the grain, and then result in a decrease in the flow stress [14,15].
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Figure 3. True stress-strain curves for the samples at deformation temperatures of (a) 966°C, (b) 976°C
and (c) 986°C.

3.2. Constitutive parameters

There are a lot of literature indicated that the working parameters can significantly affect the hot
working behavior of the alloys [16-18]. Figures 4 and 5 showed the dependence of the peak stress on
hot working parameters for the forged TC21 alloy, respectively. It is obvious that the increasing peak
stress was observed with the augment of the strain rate and the reduce of the temperature.

Owing to the Arrhenius type equation can primarily predict the constitutive behavior of most
alloys in the hot deformation processing, we used it to construct the relationship between hot
processing parameters and flow stress [19]. The mathematical expression is as follows [20]:

9o
27 (1)

Where 0, is the peak stress, A and a are material constants, n is the stress exponent, Q is the

& = A[sinh(axo,)]" exp(—

activation energy, R is the universal gas constant, £ is the strain rate, and T is the deformation
temperature in Kelvin.
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Logarithm of both sides of Eq. (1), we can express:
. 1 ||
1ns1nh(0(0',,)=——1nA+—1n8+—-£ (2)
n n n RT

The values of @, A, n and Q were calculated according to Ref. [21]. The value of a was evaluated
from the minimum residual sum of squares to be 0.01875MPa-l. The values of A, n and Q were
stemmed from the peak stress to be 1.13x10"' s, 2.11 and 281.8 kJ/mol, respectively.

Therefore, the Eq. (1) can be expressed as:

281800
_2 3
RT ) 3)

To determine the model, a figure of In(Z) was obtained versus In(sinh(aoy)) (Figure 6). It can be

£=1.13x10"[sinh(0.018750,)]*"" exp(

observed that the peak stress raised with the increase of the Z parameter (Zener-Hollomon) and they
appeared a good linear relationship. Therefore, the established constitutive equation was valid for
the forged samples.
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Figure 6. Relationship between the peak-stress (0;,) and the Z parameter

3.3. Processing maps

Processing map is an efficient method to reveal the mechanism of hot deformation and optimize
the parameters of hot processing, which was composed of the superposition of energy dissipation
diagram and instability diagram [22,23]. The power dissipation efficiency (1) changes with changing
the hot processing parameters, and it can be described as follows [24,25]:

J 2m
n=—=""1 4
Joe m+l

where m is the strain-rate sensitivity index. Instability diagram consists of the instability

criterion (&), which can be defined by Eq. (5) [26]:

olgl "]
f=—mtl <o (5)
dlgé

when the ¢ is negative, the flow instabilities most commonly take place as localizations in the
flow curve. Based on the principles of dynamics materials model (DMM) [27,28], the processing maps
were proposed at different strains to obtain the optimum hot compression parameters for the samples
with a forged structure, as shown in Figure 7. The red shaded regions represented the instability

regions and the contour number indicated the efficiency of power dissipation.
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Figure 7. Processing maps for the deformed samples at the true strains of (a) 0.2, (b) 0.3, (c) 0.4, (d)
0.5, (e) 0.6 and (f) 0.8.

When the strain rate was higher than about 0.5s' and the temperatures range was 966-987°C, it
can observe the flow instability phenomenon at the strain of 0.2. The domain with a peak value of 1
took place in the region of 966-979°C and 6.59x102-103s, and the peak value of n was about 0.54.
With the increase of strain from 0.2 to 0.8, the area of flow instability expanded and the region with
peak efficiency of power dissipation changed, which gradually moved to the domain with a high
temperature and low strain rate. On the basis of above analysis, it can draw a conclusion that the
optimum hot processing parameters was 986°C/10-s1.
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3.4. Microstructure after hot deformation

In order to determine the deformation mechanism of the forged TC21 alloy at different hot
deformation conditions, the microstructures after hot compression were characterized, as exhibited
in Figure 8. At the strain rate of 1s7, the grains were obviously elongated along the radial direction
and the grain size increased with rising the temperature. It was also found that there were some fine
recrystallized grains of 3 phase along the strip grains, indicating that the dynamics recrystallization
was occurred for the 3 phase grains. At the deformation temperature of 966°C, a full dynamic
recrystallization took place in the deformed alloys at the strain rate of 0.01 s and the grains were
significantly refined. With increasing the temperature from 966 to 986°C with a strain rate of 0.001s",
the recrystallized grains were obviously coarsened due to a high recrystallization drive at high
deformed temperature and sufficient deformation time.

Figure 8. Optical microstructures of the alloys with a true strain of 1.2 at different conditions: (a)
976°C/1s™, (b) 986°C/1s", (c) 966°C/0.01s™, (d) 966°C/0.001s", (e) 976°C/0.001s! and (f) 986°C/0.001s"

3.5. Finite element simulation of the samples deformed at different parameters

In order to deeply understand the evolution of temperature field and strain field of TC21 alloy
in hot compression processing, this study used the Deform-3D finite element simulation software to
simulate the hot compression process of forged TC21 alloy. The cylindrical model was built by the
SolidWorks software and the size of the model is the same as the size of the experimental samples.
Then the model was imported into the Deform-3D software and was divided into 32000 grids. The
work-piece was set as a plastic body and the dies were set as rigid body because the elastic
deformation was usually ignored during the plastic deformation of the work-piece at high
temperature [29,30]. During the simulation, the top die moved along the central axis of the cylindrical
samples and the lower die does not move. To ensure the precision of the FE simulation, the
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temperature of the work-piece was set as the temperature the same as the experimental temperature.
Moreover, the shear friction factor between the cylindrical work-piece and the tools was set as 0.3,
and the heat transfer coefficient was set to be 5 N/S/mm/°C. To analyze the evolution in temperature
and strain of the entire samples, the three positions shown in Figure 9 were selected for analysis.

Figure 9. Schematic diagram of finite element simulation for upsetting: (a) geometric model, (b) grid

division and (c) node location.

3.5.1. Temperature field simulation

The optimal hot working parameters and unstable hot deformation parameters of TC21 alloy
were obtained from the hot processing maps, which were 986°C/0.001s! and 976°C/10s™, respectively.
In order to study the evolution of temperature field of the samples during hot compression in stable
and unstable region, the simulation of temperature field in stable and unstable region was illustrated
in Figures 10 and 11.

It can be found that the temperature of the sample dropped at first and then rose slightly at the
deformation condition of 986°C/0.001s™. This is associated with a fact that the heat exchange occurs
between the mold and the deformed sample, which results in a decrease in the temperature of the
deformed samples at the initial stage of deformation. The temperature evolution situation of the three
positions was similar, and the temperature difference was not large, which was not more than 30°C.
With increasing the true strain, the temperature of the sample increased slightly and the temperature
difference decreased gradually. This is mainly attribute to the strain rate was low, resulting in
sufficient heat transfer, good thermal diffusivity, stable microstructure after compression and
uniform overall performance of the sample.
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Figure 10. Temperature field of the deformed samples at 986°C/0.001s!: (a) 0.3, (b) 0.5, (c) 0.6 and (d)
0.8.

When the deformation condition was 976°C/10s, the temperature at P1 (easily deformation
region) and P3 (intermediate deformation region) rose rapidly with the progress of compression, and
the temperature at P2 (difficult deformation region) was almost constant. Moreover, at the end of
compression, the temperature at P1 was the highest and the temperature at P2 was the lowest. With
increasing the strain, the temperature of P2 was almost constant, but the temperature at P1 was
obviously increased, and the temperature difference became larger. This is mainly because the strain
rate was too large and the equivalent strain rate in different regions of the samples was different, the
instability phenomenon occurred, which made the internal homogeneity of the samples was poor
during compression.
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Figure 11. Temperature field of the deformed samples at 976°C/10s™: (a) 0.3, (b) 0.5, (c) 0.6 and (d)
0.8.

3.5.2. Effective strain field simulation

Figure 12 exhibits the simulation results of the effective strain field under thermal deformation
condition of 986°C/0.001s, it can be seen that the effective strain of the samples did not change during
the whole compression process under any strain condition. It can be considered that the strain rate
was too low, so the sample obtained stable structure and good homogeneity after compression.
Figure 13 depicts an effective strain field simulation of thermal compression at 976°C/10s™. It was
clear that with the progress of compression, the effective strain at three positions was significantly
increased, and P1>P3>P2, which corresponded to the deformation degree of each region. Besides,
with the increase of strain, the effective strain increased.
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Figure 12. Effective strain field of the deformed samples at 986°C/0.001s: (a) 0.3, (b) 0.5, (c) 0.6 and
(d) 0.8.

Figure 13. Effective strain field of the deformed samples at 976°C/10s™: (a) 0.3, (b) 0.5, (c) 0.6 and (d)
0.8.

3.5.3. Effective strain rate field simulation

When the thermal deformation condition is 986°C/0.001s, the effective strain rate field of hot
compression was simulated as shown in Figure 14, it can be seen that with the progress of
compression, the effective strain rate rose rapidly firstly, and then slowly rose, which may be due to
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softening behavior. The effective strain rate was P1>P3>>P2 after compression. With the increase of
strain, the effective strain rate also increased, and the difference of the effective strain rate at the three
positions was always within 0.0009s, which indicates that the flow inside the sample was uniform.
And the effective strain rate of each part was also uniform.

Figure 15 was a simulation of the effective strain rate field when the hot compression condition
was 976°C/10s7, it can draw a conclusion that the effective strain rate of P1 rose rapidly at first and
then slowly, P2 tended to be gentle after the rapid increase, and P3 decreased slightly after the rapid
increase to the peak. It remained P1>P3>P2 after the end of compression. With increasing the strain,
the effective strain rate increased gradually. When the strain reached 0.8, the effective strain rate of
P2 increased suddenly after becoming stable, but it was still lower than P3 and P1, this may because
the strain was too large, affecting the stability of the samples.
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Figure 14. Effective strain rate field of the deformed samples at 986°C/0.001s™: (a) 0.3, (b) 0.5, (c) 0.6,
(d)0.8.
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Figure 15. Effective strain rate field of the deformed samples at 976°C/10s": (a) 0.3, (b) 0.5, (c) 0.6 and
(d) 0.8.

3.5.4. Effective stress field simulation

Figure 16 was the simulation of thermal compression effective stress field under deformation
condition of 986°C/0.001s. It can be found that the evolution of effective stress of the sample was
similar to the evolution of effective strain rate: slowly rose after rapidly rose, and P1>P3>P2 after
compression. With the increase of strain, the effective stress increased slightly, and the difference of
the effective stress between the easily deformation region and the hard deformation region is not
large, indicating that the samples had good stability and uniform flow during compression under
this deformation condition.

For the effective stress field simulation with deformation condition of 976°C/10s!, as shown in
Figure 17, the effective stress in each region increased rapidly and then tended to be gentle or slightly
decreased, which may be due to the fact that as the compression progressed to a certain degree, the
softening behavior appeared in the sample, and the softening effective was equivalent to the
hardening effective, reaching the dynamic equilibrium. With increasing the strain, the effective stress
of easily deformation region and intermediate deformation region decreased slightly, but the
effective stress of difficult deformation region increased. Moreover, the effective stress of P2 started
to rise after it became flat. This may because the strain rate was too large, resulting in a short
deformation time, and the deformation of the difficult deformation region was not obvious, which
results in a larger deformation resistance, so its effective stress increased.
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Figure 16. Effective stress field of the deformed samples at 986°C/0.001s™: (a) 0.3, (b) 0.5, (c) 0.6 and
(d) 0.8.
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Figure 17. Effective stress field of the deformed samples at 976°C/10s™: (a) 0.3, (b) 0.5, (c) 0.6 and (d)
0.8.

4. Conclusions

By using the optical microscope and FE simulation method, the hot deformation behavior in

near {3 phase region of forged TC21 alloy has been studied in this work. The main conclusions are as
follows:
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(1) The flow behavior of TC21 alloy is significantly affected by the hot deformation parameters.
The flow curves of the samples exhibited a flow hardening behavior. With the increase of strain, the
flow stress increased.

(2) Based on the flow curves and Arrhenius type equation, the constitutive equation of TC21
alloy with a forged structure was constructed as follows:

281 800)
RT
The processing maps at different strains were established on the basis of dynamics materials
model. A region with peak efficiency of power dissipation was presented in processing map, and the
optimum hot working parameters were obtained to be 986°C/10-3s1.
(4) In term of the flow curves gained from hot compression tests and the hot processing maps of
TC21 alloy with a forged structure, the isothermal forging processing of the samples was simulated
by the Deform-3D software. In the unstable region, the evolution of temperature field, strain field

£=1.13x10"[sinh(0.018750,)]*"" exp(

and stress field in the deformed samples at different strains exhibited a similar trend: distributed
symmetrically along the center line of the samples, and the center area of the samples was the highest
and the center area of the section was the lowest.
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