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Abstract. As different friction coefficients, extrusion speeds and extrusion temperatures have an
effect on equal channel angular extrusion process of Ti5553 alloy under non-isothermal condition,
3D model had been set up to simulate the high temperature deformation behavior and particle
tracking method was given to analyze the equivalent strain of Ti5553 alloy under that environment.
The study shows that the maximum equivalent strain reaches 1.2 and occurs at the inside corner of
the fan-shaped area. Moreover, when the friction coefficient more than 0, the equivalent strain
occurs in advance, the stress of the specimen at the entrance and exit increase and the stress
distribution at the corner of the fan-shaped area is more unevenly. When the extrusion speed is
25mm-s™, the time of the specimen generates the same equivalent strain is shorter, the stress value
of the specimen decreases, and the stress distribution of the specimen is more evenly.

Introduction

Ti5553 is a new near-p titanium alloy [1] that exhibits excellent harden ability, a wide range of
process ability, lower susceptibility to segregation, excellent strength, and higher fracture toughness
and so on. However, the match of the strength and toughness of the existing Ti5553 alloy can’t
meet well with the requirements of aviation, which limit the application of high-strength Ti5553
alloys to some extent. Wang Hua et al[2], found that the comprehensive performances of Ti5553
alloy, such as the strength, the ductility and the fracture toughness, are improved and achieve a
good match by grain refinement which can be obtained by reasonable thermal processing methods.

Equal channel angular extrusion(ECAE) is a severe plastic deformation method and can obtain
ultra-fine grains, which is proposed by Segal [3].This method has been successfully applied to TiAl
[4] intermetallic compound, TiNi-based alloys [5], and so on, which can obtain small micron
crystalline alloys which had excellent mechanical properties, physical properties, chemical
properties.

At present, the research on Ti5553 alloy processed by ECAE has not been further found. In this
paper, three-dimensional deformation process of Ti5553 alloy during high temperature ECAE is
simulated by thermoplastic coupled finite element analysis (FEA) based on ABAQUS software, and
the influence of friction coefficient, extrusion speed and extrusion temperature during ECAE are
studied.

ECAE Numerical Model and Finite Element Analysis

The size of cross section of extrusion channel is designed as 10 mm x 10 mm, the length of the inlet
channel is 125 mm, the length of the outlet channel is 115 mm, both the angular of inter corner arc
® and outer corner arc y are equal to 90°, as shown in Fig.1(a). The size of specimen is 10 mm x 10
mm x 90 mm. To simplify analysis process, ECAE die and plunger are set to be rigid body[6]. The
temperature of the die is 773 K, the temperature of the specimen is set as 923K, 1023K, 1123K and
1223K, and the temperature of the environment is 293K. The material of the specimen is Ti5553
alloy and its chemical composition is 5% Al, 5% Mo, 5% V, 3% Cr, 0.65% Zr and the other is Ti.
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The speed of the plunger is set as 6mm-s™ and 25mm-s™. The friction coefficient of 0, 0.05 and 0.1
was selected in the study.

The particle tracking method of ABAQUS is used to analyze the variation of the equivalent strain
curve about the three feature points at various friction coefficients, extrusion speeds and extrusion
temperatures. The three feature points P1. P2 and P3 are located at 1/2 plane of the specimen,
which is shown in Fig.1(b).
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Fig. 1 Schematic illustration of (a) the ECAE facility and (b) the selected tracking points of the
specimen.

Results and Discussion
The Influence of Friction Coefficient During ECAE
The Distribution of Equivalent Strain under Different Friction Coefficients

According to Fig. 2, we can see that before these points entered the corner, no strain is observed,
but when these points passed through the corner, the equivalent strains of all of these points rapidly
increase to the maximum, which is similar to the study of Kim[7]. Besides, the maximum
equivalent strain occurs at the inside corner of the fan-shaped area (P1). Meanwhile, it could be
found that under different friction coefficients, the maximum equivalent strain value of P1 are
greater than 1. However, according to the theoretical equation,
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which is provided by Iwahashi [8], the value is equal to 0.97. It means that not only shear happened
in the corner, other influences should exist. The maximum equivalent strain values of P2 and P3 are
less than 1, which is lower than the theoretical value.

Another phenomenon should be given attention to is that with the increase of the friction
coefficient, the equivalent strain occurs in advance and the difference between the maximum
equivalent strain value of P1 and P2 became smaller. The reason is that the friction resistance
increase along with the increase of the friction coefficient, which will cause the flow rate of the
specimen surface to decrease. At the same time, immense heat is produced, which accelerated the
motion of molecular and the generation of the plastic deformation at the corner of the specimen.
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Fig. 2 The equivalent strain curve under different friction coefficients. (T=1123K, v=25mm-s™).

The Distribution of Stress under Different Friction Coefficients
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Fig. 3 Stress distribution under different friction coefficients. (T=1123K, v=25mm-s™).
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According to Fig. 3, we can see that the stress always exists during the whole ECAE process. With
the increase of friction coefficient, the stress of the specimen at the entrance and exit increase and
the stress distribution of the specimen at the corner of the fan-shaped area is more unevenly. The
reason is that the friction resistance to the specimen increase along with the increase of friction
coefficient, the friction resistance will cause the flow behavior of the unevenly distribution of the
specimen along the radial. That is the flow velocity of the specimen at the axis is faster than it close
to the cavity at the side wall. The difference of the flow rate of the specimen between the axis and
close to the cavity at the side wall will increase and the trend of the uneven deformation flow of the
specimen will significant increase along with the increase of the friction resistance, which is in
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accordance with LI F. [9] reported.
The Influence of Extrusion Speed During ECAE
The Distribution of Equivalent Strain under Different Extrusion Speeds

According to Fig. 4, we can see that there are little difference among general trend of the equivalent
strain at P1 and P3 under the extrusion speed of 6mm-s™and 25mm-s™, but the equivalent strain
value of P2 reached to a peak value, then rapidly dropped down under the extrusion speed of
25mm-s™. This trend is consistent with the discontinuous yielding as Warchomicka reported [10]. It
is considered that the main reason for this phenomenon is that greater deformation energy of the
specimen is stored under the extrusion speed of 25mm-s™, which will cause the strain rate of the
specimen at the corner added to 0.83. Excessive strain rate will lead to a sharp accumulation of
dislocations and the stress concentration, which can’t be released and will suppress the nucleation
of the dynamic recrystallization, and ultimately cause the equivalent strain of the specimen increase
to maximum and then has a decline at the corner.
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Fig. 4 The equivalent strain curve under different extrusion speeds. (T=1123K, u=0.05).

The Distribution of Stress under Different Extrusion Speeds
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Fig. 5 Stress distribution under different extrusion speeds. (T=1123K, u=0.05).
According to Fig. 5, we can see that at the outlet, the stress distribution of the specimen is more
evenly under the extrusion speed of 25mm-s™, which indicate that the deformation of the specimen

is more evenly under the extrusion speed of 25mm-s™. This phenomenon attributes to the higher
energy and severe shear deformation at the corner when the extrusion speed rise, which will lead
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the increasing tendency of the unstable high-energy state to the stable low-energy state.
The Influence of Extrusion Temperature during ECAE
The Distribution of Equivalent Strain under Different Extrusion Temperatures
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Fig. 6 The equivalent strain curve under different extrusion temperatures. (v=25mm-s-1, u=0.05).

As Fig. 6 shows, under different preheat temperature, before the selected tracking points pass
through the corner, the equivalent strain values of them have almost little change. When the
selected tracking points pass through the corner, the equivalent strain curve of P1 and P3 have little
change, while the equivalent strain curve of P2 has a significant difference. Under the preheat
temperature of 1023K and 1123K, the equivalent strain value of P2 rise to the maximum and then
decrease. That is because the recrystallization temperature of titanium element is in the range of
875K~961K, while other alloy elements in Ti5553 alloy, has higher melting points, such as Mo, V,
Cr and Zr, distributing at the grain boundaries and retarding the migration of grain boundaries,
which cause the recrystallization temperature to increase. Thus it can be assumed that when the
extrusion temperature is 923K, the recrystallization process is seriously hindered. When the
extrusion temperature are 1023K and 1123K, these temperature is higher than the recrystallization
temperature of the high-melting alloy elements V, Cr, Zr, which make the recrystallization process
is little hindered. Moreover, the equivalent strain curve has a decline tendency because of high
extrusion speed after the specimen passes through the corner. When the extrusion temperature is
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1223K, the temperature has exceed the recrystallization temperature of all the high-melting alloy
elements in Ti5553 alloy, which make the resistance which retarded the migration of grain
boundaries disappear, and a few special boundaries quickly migrating after the specimen produce a
large deformation at the corner, which cause a few grains to grow up and secondary recrystallized
structure form which is driven by the grain boundary energy.

The Distribution of Stress under Different Extrusion Temperatures
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Fig. 7  Stress distribution under different extrusion temperatures. (v=25mm-s-1, u=0.05).

As Fig. 7 shows, when the preheat temperature are 1023K and 1123K, the distribution of the stress
of the specimen are more evenly than that under the preheat temperature of 923K and 1223K. This
phenomenon is attribute to higher extrusion temperature, which lead to the deformation resistance
and extrusion force of the specimen decrease and the extrusion of the specimen become more easily.
But when the preheat temperature is 1223K, the stress decrease and the distribution of it unevenly.
These can be ascribed to the resistance which retard the migration of grain boundaries disappears
and the phenomenon of grain growth generate in such circumstances, which lead to the energy of
the grain boundary surface decrease.

Conclusions

1) Before entering the corner, there exists no strain, but when these points pass through the corner,
the equivalent strain of all points rapidly increase to the maximum. Besides, the maximum
equivalent strain value occurs at P1, and reach to 1.2,

2) With the increase of friction coefficient, the occurrence of the equivalent strain is in advance, the
stress of the specimen at the entrance and exit increase and the stress distribution of the specimen at
the corner of the fan-shaped area is more unevenly. With the increase of extrusion speed, the stress
distribution of the specimen is more evenly under the extrusion speed of 25mmes™.

3) The equivalent strain value of P2 is greater impacted by the preheat temperature and the
extrusion speed.
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