- TF

£ slilec Science
ELSEVIER Press

Available online at www.sciencedirect.com

“».“ ScienceDirect

Trans. Nonferrous Met. Soc. China 20(2010) 849-856

Transactions of
Nonferrous Metals
Society of China

www.inmsc.cn

FE-based coupling simulation of Ti60 alloy in isothermal upsetting process
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Abstract: A constitutive equation was proposed to describe the effect of grain size on the deformation behavior. And a coupling
simulation of deformation with heat transfer and microstructure was carried out in isothermal upsetting process of Ti60 alloy. The
effects of processing parameters on the equivalent strain, the equivalent stress, the temperature rise and the grain size distribution in
isothermal upsetting process of Ti60 alloy were analyzed. It is concluded that the uniformity of equivalent strain and equivalent stress
increases with the increase of deformation temperature. However, the temperature rise and the grain size decreases with the increase
of deformation temperature. The non-uniformity of equivalent strain, equivalent stress, temperature field and grain size increases
with the increase of height reduction. And the calculated grain size using simulation is in good agreement with the experimental one.
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1 Introduction

Deformation behavior of titanium alloys is strongly
the processing parameters, and the

evolution in  high
affects
properties of the work piece. Therefore, more and more

sensitive  to
microstructure temperature

deformation significantly the mechanical
attention has been paid to not only the investigation of

the deformation behavior in high temperature
deformation of titanium alloys, but also the prediction
and control of the microstructure in order to obtain
excellent mechanical properties. With the development
of computer technology and plastic theory, finite element
method (FEM) was widely used to simulate the
deformation processes and predict the microstructure
change of metals or alloys. For instance, LIN[1] adopted
the finite-clement method and the finite-difference
method to simulate the plastic upsetting process of a
cylinder. WANG et al[2] developed a thermoviscoplastic
finite  element-based software to predict the
microstructure and mechanical properties of the forged
products. NA et al[3] used the 3D FE simulator
combined with a microstructure model to simulate the
forging process of superalloy 718 aerofoil blades. LI and

LI[4] simulated the forging process of TC6 titanium

alloy disc utilising a microstructural model. ZHANG et
al[5] reported the effects of friction factor and sidewall
thickness on metal flow and boss forming by finite
element method and experiments. GAO et al[6] obtained
the distribution laws of the microstructure in the typical
section under different processing parameters during the
blade precision forging process of the titanium alloy.
Prior to the simulation, it is necessary to realize the
modeling of flow stress and microstructure evolution. In
the past several decades, many empirical/semi-empirical
or physical models describing the deformation behavior
change of alloys had been
reported[7—18]. However, those models did not reveal
the interaction between the microstructure evolution and

and microstructure

the deformation behavior. So, further investigations are
needed so as to model the deformation behavior in high
temperature deformation based on physical mechanism
of plastic deformation.

The cylinder upsetting is often used to examine the
deformation behavior and/or as a pre-deformation in
metal forming. The homogeneous deformation will occur
in the upsetting process without friction. However, the
apparent simplicity turns into a complex deformation
when friction is presented at the contact surface between
die and work piece[19]. The barrels and fracture may
occur at the free surface because the non-uniform stress
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distribution exists in the cylinder upsetting process.
Therefore, the deformation behavior, including the strain
and the stress distribution and the microstructure
evolution, should be investigated in the upsetting process
so as to optimize the processing parameters and to
control mechanical properties.

In this work, a constitutive equation, which
describes an interaction of the flow stress with the
microstructure  evolution in  high  temperature
deformation of Ti60 alloy, has been established based on
the analysis of deformation behavior. The upsetting
process of Ti60 alloy has been simulated through FEM in
order to study the effect of processing parameters on the
equivalent strain, the equivalent stress, the temperature
rise and the grain size.

2 Experimental

The nominal composition of Ti60 alloy was as
follows (mass fraction): 5.6% Al, 4.8% Sn, 2.0% Zr,
1.0% Mo, 0.35% Si, 0.05% C, 0.85% Nd and balance Ti.
The optical micrograph of as-received Ti60 alloy is
shown in Fig.1. It was seen from Fig.1 that the starting
microstructure consisted of an equiaxed primary o phase
with a grain size of about 6.0 pum and a small amount of
intergranular B. The S transus temperature for this alloy
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Fig.1 Optical micrograph of as-received Ti60 alloy

was determined to be 1 030 ‘C via a technique

involving heat treatment followed by optical
metallography.
Isothermal compression was conducted at a

Thermecmaster-Z  simulator at the deformation
temperatures of 900, 930, 960, 970, 980, 990 and 1 000
°C, the strain rates of 0.001, 0.01, 0.1, 1.0and 10.0 s/,
and the height reductions of 50%, 60% and 70%. The
ends of cylindrical compression specimens were grooved
for retention of glass lubricants in isothermal
compression of Ti60 alloy. Fig.2 illustrates the selected
flow stress—strain curves of Ti60 alloy at different
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Fig.2 Selected flow stress—strain curves of Ti60 alloy at different deformation temperatures: (a) 960 ‘C; (b) 970 C; (c) 980 C; (d)
990 C
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deformation temperatures and strain rates.

After isothermal compression, the specimens were
cooled in air to room temperature. The isothermally
compressed Ti60 alloy specimens were axially sectioned
and prepared using standard metallographic techniques.
And four measurement points and two visual fields of
one point in different deformation regions were chosen,
as presented in Fig.3. The grain size was measured at an
OLYMPUS PMG3 microscope with the quantitative
metallography SISC IAS V8.0 image analysis software.
The grain size of prior a phase in different measured
points is shown in Fig.4. From Fig.4, it can be seen that
the effect of different deformation regions on the grain
size is not significant. Therefore, the grain size of prior a
phase in each specimen is calculated by the average
values of 8 visual fields.

Fig.3 Distribution of measured points in specimen
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Fig.4 Grain size of prior a phase in different measured points
3 Constitutive equation

In this work, a constitutive equation coupling the
grain size in the high temperature deformation of Ti60
alloy is given by[20—21]
o=FF, @)
where o is the flow stress, MPa; F; is a function of steady
flow stress; and F is a factor of the flow stress affected

by the grain size.
In Eq.(1), the steady flow stress F7 is given by

Fgo=fi{Ln(Z)} @)

[i(0)=Agt A x+Ax +A3x? (3)
x=Ln(Z) 4)
Z =éexp(Q/RT) %)

where f; is a function; Z is the Zener-Hollomon
parameter; & is the strain rate, s '; Q is the apparent
activation energy for deformation and is 1082.45 kJ/mol
in the a+p two-phase region of Ti60 alloy[22]; R is the
gas constant, Jmol "K' T is the absolute deformation
temperature, K; and 4y, 4;, A> and Az are the material
constants.
In Eq.(1), F is written as

Fy.fo(d)=By+B(d/do)+Ba(d Idy)’ (6)

where By, B; and B, are functions of Ln(Z) and can be
calculated in Eq.(7); d, is the initial grain size of prior a
phase, pm; d is the concurrent grain size of prior a phase
in the high temperature deformation, pm, and can be
predicted by the microstructure model[23]:

F()=Co+Crx+Cox™+C3x° @

where Cy, C,, C, and C; are the material constants.

Based on the experimental results, the
microstructure model has been established in terms of
the fuzzy-neural network theory. The comparison of the
calculated with the experimental grain size of
isothermally compressed Ti60 alloy is shown in Table 1.

Based on the experimental results of Ti60 alloy, the
material constants determined by the least square method
are given in Table 2 and Table 3[21].

4 Simulation conditions

The finite elements of the billet with quadrilateral
mesh are presented in Fig.5. The cylindrical billet is 16
mm in diameter and 24 mm in height. The upper and
lower dies are modeled as rigid bodies at a certain
temperature. The present constitutive equation is applied
to calculate the flow stress in isothermal upsetting
process of Ti60 alloy. The simulation conditions and
heat-transfer characteristics are listed in Table 4.

A coupling simulation of deformation with heat
transfer and microstructure is carried out with the help of
SUPERFORM software in the upsetting process of Ti60
alloy according to the schemes presented in the
following groups.

1) When the upper die moves at a velocity of 10.0
mm/s, and the shear factor (m) of friction between the
dies and the billet is assumed to be constant along the
contact surface and is equal to 0.2, the initial temperature
of both the billet and the two dies are 900 C and 980
C, respectively.

2) When the initial temperature of both the billet
and the two dies is 930 ‘C, the upper die moves at a
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Table 1 Comparison of calculated with experimental grain size
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Deformation temperature/C Strain rate/s ' Height reduction/% dpm
Experimental Calculated Error/%
900 0.1 50 8.62 8.64 0.18
900 10.0 60 7.48 7.46 -0.29
930 10.0 60 9.90 9.60 -3.03
960 0.1 50 7.60 7.66 0.82
960 0.01 50 7.98 7.95 —0.30
960 0.001 60 6.45 6.46 0.21
960 10.0 70 7.95 7.93 -0.22
980 10.0 50 7.35 7.26 -1.18
980 0.1 50 7.60 7.29 —4.03
980 0.001 50 7.30 7.32 0.17
980 10.0 60 7.80 8.09 3.72
980 1.0 60 7.20 7.11 -1.31
980 0.01 60 8.30 8.54 2.85
980 10.0 70 5.60 5.26 —6.01
Table 2 Material constants of Ti60 alloy in Eq.(3) Upper die
Ay A A A3
—783.400 07  21.500 82 —0.196 47 0.000 60
Table 3 Material constants of Ti60 alloy in Eq.(7)
Constant Gy c G s Symmetric axis —+| Billet
By 7745.602 16 —232.69001 2.31025 —0.007 59
B,  -16646.42175 500.22729 -4.96768 0.016 32
B, 1023238723 —305.91083 3.026 05 —0.009 91
Lower die

Table 4 Simulation conditions for isothermal upsetting process

Material and variable Value or description

Material of billet Ti60 alloy
Density of billet/(kgm ) 4500
Specific heat/(J-)kg " K™") 900
Conductivity coefficient/(W-m 'K ™") 18.85
Material of dies Superalloy GH4169
Density of billet/(kg'm ) 8420
Specific heat/(J-)kg 'K ™") 4354
Conductivity coefficient/(W-m 'K ™") 15.3
Coefficient of thermal convection
between billet and 16.5
environment/(W-m >K ")
Coefficient of thermal convection 1450

between billet and the dies/(W-m K ")

Fig.5 FE model of isothermal upsetting and initial meshes of
billet

velocity of 1.0 mm/s, and the shear factor (m) of friction
between the dies and the billet is assumed to be constant
along the surface and is equal to 0.2, the height
reductions are 13 mm and 18 mm, respectively.

5 Simulation results and discussion

Applying the present constitutive equation to Ti60
alloy, Ref.[21] has verified that the constitutive equation
with high prediction precision can be used to describe the
high temperature deformation behavior of Ti60 alloy.
Incorporating the constitutive equation into the FE code,
a coupled simulation of deformation with heat transfer
and microstructure has been carried out in isothermal
upsetting process of Ti60 alloy. The effect of processing
parameters on the equivalent strain, equivalent stress, the
temperature rise and the grain size distribution



LUO liao, et al/Trans. Nonferrous Met. Soc. China 20(2010) 849—856 853

has been analysed.

5.1 Effect of deformation temperature
5.1.1 Equivalent strain

Figs.6(a) and (b) show the equivalent strain
distribution at the velocity of the upper die of 10.0 mm/s
and the shear factor (m) of 0.2 at deformation
temperatures of 900 and 980 °C, respectively. It can be
seen from Fig.6 that there is a strain concentration at the
edge of the contact surfaces of dies and billet. Moreover,
the strain in the central region of the deformed billet is
larger than that in the edge region of the deformed billet
because of the friction between the dies and billet. The
uniformity of the equivalent strain increases with the
increase of deformation temperature.

Equivalent
strain
1—1.002
2—0.986
3—0.969
4—0.953
5—0.937
6—0.920
7—0.904
8—0.888

~g8—— -
Ay

N an

6"

[ Equivalent
" strain
/1 1—0932
f 2—0.927
;'; 3—0.922
4—0.917
- I\ 5—0.911
6—0.906
7—0.901
8§—0.896

(b)
Fig.6 Contours of equivalent strain in upsetting process of Ti60
alloy at different deformation temperatures: (a) 900 C;
(b) 980 C

5.1.2 Equivalent stress

Figs.7(a) and (b) show the equivalent stress
distribution at the velocity of the upper die of 10.0 mm/s
and the shear factor (m) of 0.2 at deformation
temperatures of 900 and 980 °C, respectively. It can be
seen that the maximum equivalent stress occurs at the
edge of the contact surfaces of dies and billet because of
strain concentration. The uniformity of the equivalent
stress increases with the increase of deformation

temperature. The difference between the maximum and
the minimum equivalent stress decreases with the
increase of deformation temperature. Therefore, an
optimal deformation temperature is beneficial to
deforming the billet uniformly in this forging process.

3 | Equivalent stress/MPa
6 -y 1—161.277
2—158.596
/ 3—155.914
6 4—155.233
5—150.552
6—147.871
7—145.189
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(a)

5 5 @ Equivalent stress/MPa
L 7 1—108.691
2—108.340
/ 3—107.989
8 7 8 4—107.639
5—107.288
6—106.937
S 6 7—106.586
5 ° \@g 8—106.236

(b)

Fig.7 Contours of equivalent stress in upsetting process of Ti60
alloy at different deformation temperatures: (a) 900 C;
(b)980 C

5.1.3 Temperature rise

Figs.8(a) and (b) show the actual deformation
temperature distribution at the velocity of the upper die
of 10.0 mm/s and the shear factor (m) of 0.2 at
deformation temperatures of 900 and 980 C ,
respectively. The deformation temperature distribution in
the deformed billet is not uniform due to non-uniform
deformation in the upsetting process of Ti60 alloy. The
deformation temperature of billet decreases continually
from the equatorial plane of billet toward the contact
surfaces of die and billet. Moreover, it can be found from
Fig.8 that the temperature rise decreases from 40 ‘C to
7 ‘C with the increase of deformation temperature.
5.1.4 Grain size

Figs.9(a) and (b) show the grain size distribution of
prior a phase at the velocity of the upper die of 10.0
mm/s and the shear factor (m) of 0.2 at deformation
temperatures of 900 and 980 C, respectively. It can be



854 LUO liao, et al/Trans. Nonferrous Met. Soc. China 20(2010) 849—856

g Actual
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Fig.8 Contours of actual deformation temperature in upsetting
process of Ti60 alloy at different deformation temperatures: (a)
900 C; (b)980 C

Grain size/um

1—9.067
2—9.058

Grain size/um
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4—5.867
5—5.607

(b)

Fig.9 Contours of grain size in upsetting process of Ti60 alloy
at different deformation temperatures: (a) 900 C; (b) 980 C

seen that the grain size decreases with the increase of
deformation temperature because the high deformation
temperature promotes more phase transformation from a
to f, resulting in the decrease of grain size. Moreover,
the grain size in the central region of the deformed billet
is less than that near the regions of contact surface of the
upper and lower dies because of the larger deformation.

5.2 Effect of height reduction
5.2.1 Equivalent strain

Figs.10(a) and (b) show the equivalent strain
distribution at the deformation temperature of 930 C
and the velocity of the upper die of 1.0 mm/s with height
reductions of 13 and 18 mm, respectively. It can be seen

that the non-uniformity of equivalent strain increases
with the increase of height reduction. In the early stage
of this upsetting process, the maximum strain lies in the
central region of the deformed billet, then moves towards
around with the increase of height reduction.

Equivalent strain
1—0.756
2—0.753
3—0.749
4—0.745

: 5—0.742

6—0.738

7—0.734

8—0.730

|

Equivalent strain

1—1.308
2—1.298
3—1.289
4—1.279
5—1.270
6—1.260
7—1.251
8—1.242

(b)
Fig.10 Contours of equivalent strain in upsetting process of
Ti60 alloy with different height reductions: (a) 13 mm; (b) 18
mm

5.2.2 Equivalent stress

Figs.11(a) and (b) show the equivalent stress
distribution at the deformation temperature of 930 C
and the velocity of the upper die of 1.0 mm/s with
different height reductions of 13 and 18 mm, respectively.
From Fig.11, it can be seen that the equivalent stress
increases with the increase of height reduction. The
maximum equivalent stress is at the edge of the contact
surfaces of dies and billet because of strain concentration.
Moreover, the non-uniformity of equivalent stress
increases with the increase of height reduction. The
difference between the maximum and the minimum
equivalent stress increases with the increase of height
reduction.
5.2.3 Temperature rise

Figs.12(a) and (b) show the actual deformation
temperature distribution at the deformation temperature
0of 930 ‘C and the velocity of the upper die of 1.0 mm/s
with height reductions of 13 and 18 mm, respectively. As
seen in Fig.12, the deformation temperature rise
increases with the increase of height reduction. The
maximum actual deformation temperature is exhibited in
the central region of billet because of the deformation
induced heat effect, whilst that near the contact surface
of dies and billet is lower because of the smaller
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Fig.11 Contours of equivalent stress in upsetting process of
Ti60 alloy with different height reductions: (a) 13 mm; (b) 18
mm
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(b)

Fig.12 Contours of actual deformation temperature in upsetting
process of Ti60 alloy with different height reductions: (a) 13
mm; (b) 18 mm

deformation and higher heat transfer of contact with the
dies.
5.2.4 Grain size

Figs.13(a) and (b) show the grain size distribution at
the deformation temperature of 930 ‘C and the velocity
of the upper die of 1.0 mm/s with two height reductions
of 13 and 18 mm, respectively. In the early stage
illustrated in Fig.13(a), the small grain size appears near

the contact region of the billet and dies, whilst the large
grain size appears in the centre of billet, resulting from
the non-uniform deformation temperature. The
maximum actual deformation temperature is exhibited in
the centre of billet because of the deformation induced
heat effect. The higher actual deformation temperature
promotes the grain growth. Therefore, the small grain
size appears in the above-mentioned region. However,
the small grain size in the final stage illustrated in
Fig.13(b) appears in the centre of billet, resulting from
the larger deformation. Moreover, it can be seen that the
grain size and the non-uniformity of grain size increase
with the increase of height reduction.

¥8_/ ||I'\

>?—h’/ \J Grain size/um
— 1—9.104
ﬂiﬂ 2—9.067
—
| '——\II 34 6 4—8.994
—~— = 5—8.957
T 7 6—8.921
_““““—————:‘w\—i 7—8.884
E— T sy 8—8.847
N\

(a)

Grain size/pm

| I—14.518
= = 2—14.433
5 7 3—14.347
g 4—14.261

5—14.175

—— (- 14.089

7—14.003

8—13.917

(b)

Fig.13 Contours of grain size in upsetting process of Ti60 alloy
with different height reductions: (a) 13 mm; (b) 18 mm

5.3 Verification

To confirm the validity of finite element simulation
in isothermal upsetting process of Ti60 alloy, a series of
compression tests were carried out. Isothermal
compression at a constant strain rate was conducted at a
Thermecmaster-Z simulator. The specimens prior to
isothermal compression were heated and held for 3.0 min
at a deformation temperature of 980 ‘C so as to obtain a
uniform deformation temperature. After isothermal
compression, the specimens were cooled in air to room
temperature. The isothermally compressed Ti60 alloy
specimens were axially sectioned and prepared using
standard metallographic techniques.

The comparison of the calculated with the
experimental grain size is shown in Table 5. The
maximum difference between the calculated and the
experimental grain size of prior a phase is —10.79%. This
shows that the calculated results are in good agreement
with the experimental data.
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Table 5 Comparison of calculated with experimental grain size

Measured points Experimental/um Calculated/pm Error /%

1 7.00 6.24 —-10.79
2 6.40 6.03 -5.73
3 6.30 6.20 -1.59
4 6.90 6.21 —9.97

6 Conclusions

1) The equivalent strain, the equivalent stress, the
temperature rise and the grain size distributions in the
upsetting process of Ti60 alloy have been calculated
through the coupling FE simulation with the grain size.

2) The uniformity of equivalent strain and
equivalent stress increases with the increase of
deformation temperature; however, the temperature rise
and the grain size decrease with the increase of
deformation temperature.

3) The non-uniformity of equivalent strain,
equivalent stress, temperature field and grain size
increases with the increase of height reduction. The
calculated grain size using FE simulation is in a good
agreement with the experimental one.
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