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Abstract

The TC4 alloy is an ideal material for the lower control arm of military vehicles due to its low density and high strength.
The TC4 alloy lower control arm formed by cross wedge rolling (CWR) has high innovation and application value. Based
on the Arrhenius equation, the constitutive equation for the o+ 3 two-phase region of the TC4 alloy was established and
applied to the finite element model (FEM). The effect of process parameters on the necking defects of TC4 alloy shaft parts
formed by CWR was studied and verified by experiments. Additionally, the effects of process parameters on the microstruc-
ture and mechanical properties were investigated. The results showed that the softening effect of TC4 alloy makes the rolled
workpiece prone to necking defects. Different forming and stretching angles changed the axial forces between the die and
the workpiece and affected the relative diameter reduction (RDR) of TC4 alloy rolled parts. The axial force and contact area
F2 between the die and the rolled workpiece increase with the increase in the area reduction, which further has a significant
effect on the RDR. The increase in deformation temperature causes the metal to flow less in the axial direction and more
in the circumferential direction, and thus reduces the RDR. Moreover, deformation temperature and area reduction have a
significant effect on the volume fraction of the primary a phase (f, ), the morphology and mechanical properties of the «
phase. The strength properties of TC4 alloy can be improved by interleaving equiaxed o phase with disordered secondary o
phase and increasing the f;, .. The grain refinement and strength properties can be improved by increasing the area reduction
to more than 30%.

Keywords Cross wedge rolling - TC4 alloy - Necking defect - Microstructure - Mechanical properties

Introduction

Ti-6Al-4 V (TC4) is an ideal material for the aerospace and
military industry due to its lightweight and high strength
[1, 2]. The use of TC4 alloy in the lower control arm of the
wheeled armored vehicle not only reduces the weight of
the vehicle but also improves the bearing capacity of the
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suspension. The lower control arm of the vehicle should meet
the mechanical performance requirements of ultimate tensile
strength > 940 MPa, yield strength > 860 MPa and elonga-
tion > 13%. The traditional manufacturing process of vehicle
lower control arm is shown in Fig. 1. Eccentricity, bending
or crack defects are easy to occur when the shaft parts of the
lower control arm are produced by the free forging process,
and the forging force required is also relatively high. The
precision forging process has the disadvantage of expensive
equipment and is not suitable for the production of large quan-
tities of parts [3—5]. Compared to traditional processes, CWR
process has unique advantages in the processing of shaft parts,
not only in terms of improving the forming accuracy of the
parts, saving material and energy, but also in terms of reduc-
ing the processing cost. In addition, the production efficiency
can be increased during the manufacture of shaft parts which
can meet the requirements of modern manufacturing [6].

In the CWR process, appropriate die parameters and
rolling process parameters can be selected to control the
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Fig. 1 The traditional manufacturing process of vehicle lower control arm

forming quality of steel parts [7, 8]. The surface quality
of the TC4 alloy preforms has a very significant influence
on the forming quality of the final forgings. Therefore, it
is also necessary to select reasonable process parameters
and die parameters to effectively control the surface qual-
ity. Li et al. [9] explained the defects in the three types of
rolling processes: improperly formed workpiece cross-sec-
tion (excess slip), surface defects (spiral grooves, necking,
overlapping) and internal defects (center cracking), which
mainly appeared in the CWR process. He also pointed out
that necking defects are more likely to occur in the case
of large area reduction (70%). The research on necking of
steel rolled part is mainly focused on the condition of area
reduction > 70%, and it is not easy to produce necking when
the area reduction is <35% [10]. Zhou et al. [11] established
a twice-stage CWR model of connecting rod preform by
using the rigid-plastic finite element method. The necking
law of twice-stage CWR was analyzed by the distribution
law of area reduction coefficient. It was found that the neck-
ing is the minimum when the area reduction distribution
coefficient is close to 1. At the same time, the change laws
of effective strain, displacement and damage were analyzed.
Based on the finite element method, Pater et al. [12] devel-
oped the three-dimensional mechanical model of the CWR
process. The uncontrolled slipping and core necking in the
rolling process were predicted. Li et al. [13] investigated
the effect of CWR rolling parameters on the formability
of TC4 alloy. The results showed that the axial force of
rolling increased with increasing die forming angle, con-
tributing to necking defects in the rolled parts. Variations
in the stretching angle did not have a significant effect on
necking defects. At an area reduction of 72.4% and defor-
mation temperatures of 850 °C and 950 °C, respectively,
the rolled parts showed serious necking defects. When the
deformation temperature was increased to 1020 °C, only
slight necking occurred due to the increase in plastic elon-
gation at high temperature.
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When forming TC4 alloy using the CWR process, the rolled
parts should not only have high forming accuracy but also have
good mechanical properties, so that the formed parts can meet
the application requirements. Microstructure characteristics
affect the mechanical properties of a+ f§ phase alloy, especially
the content and morphology of the primary o phase [14]. The
size, morphology and volume fraction of the phases can be
regulated by different heat treatment methods and deformation
processing parameters. Zhai et al. [15] used a triple heat treat-
ment process to control the a phase content and morphology
of the TC4 alloy, and optimized the mechanical properties of
the TC4 alloy. The phase composition and morphology are
also significantly affected by the thermomechanical process-
ing method and cooling method, and have been extensively
studied by many authors [16, 17]. Xu et al. [18] investigated
the effect of isothermal forging and subsequent heat treatment
on the microstructural evolution of Ti-17 alloys with a lamellar
colony structure. It was found that the evolution of the length
and thickness of the lamellar o phase was mainly strain and
temperature dependent. The evolution of the refinement of
lamellar o grains into equiaxed o grains with an average grain
size of 1.9 pm was investigated by Zhang et al. [19] using
a multidirectional isothermal forging process. The results
showed that dynamic recrystallisation was the main cause
of grain refinement. The mechanical properties of the forged
TC4 alloy were greatly improved both at room temperature and
400 °C. CWR is different from isothermal forging. It is a non-
isothermal rolling process. The workpiece undergoes complex
radial and axial deformations and temperature changes during
the rolling. These changes not only cause changes in the qual-
ity of the surface and core of the workpiece at the macro-scale,
but also cause changes in the morphology and composition of
the phase at the micro-scale [20-22]. The mechanical proper-
ties of the workpiece will also change accordingly.

The existing research on necking defects caused by CWR
mainly focuses on various steels. Further, the necking laws
of titanium alloys have only been briefly explained, while the
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mechanisms of necking defects lack more in-depth research.
The effect of CWR process on the microstructure evolution
of TC4 alloy solid shaft parts and the mechanism of phase
composition and morphology on mechanical properties are
not very clear. In this paper, the necking defects, micro-
structure and mechanical properties of TC4 alloy formed by
CWR were investigated. Firstly, the flow curves in the o+
phase region of TC4 alloy were obtained by isothermal hot
compression tests and the corresponding constitutive equa-
tion was established and applied to the FEMs. Secondly, the
effect of CWR process parameters on the RDR of TC4 alloy
shaft parts was investigated by FEM and verified by cor-
responding CWR experiments. Further, the microstructure
evolution and mechanical properties of TC4 alloy shaft parts
formed by CWR were investigated.

TC4 alloy material characteristic
Materials and experimental procedure

The microstructure of the as-received TC4 alloy bar is
shown in Fig. 2. The microstructure contains equiaxed pri-
mary o phase and lamellar secondary o phase, with the §
phase distributed on the boundary of the o phase. Table 1
shows the chemical composition of the TC4 alloy used in
this experiment. The p-phase transus temperature is 992 °C.

The isothermal compression experiments for TC4 alloy
were carried out on the Gleeble-1500D thermo-simulation

Fig.2 Optical micrograph of as-received TC4 alloy

machine. The deformation temperatures and strain rates were
set at 850 °C, 900 °C, 950 °C, and 0.01 s™", 0.1 s, 1 57/,
10 s7!, respectively. Prior to the tests, the specimens were
heated to the deformation temperature and held for 3 min to
ensure uniform heat distribution. After the test, the specimens
were quenched in water and then rapidly cooled. The true
strain—stress curves in isothermal compression were automati-
cally recorded and saved [23].

Flow behavior

To avoid the f brittleness of TC4 alloy after plastic process-
ing in the f phase region, and ensure that the rolled piece has
excellent comprehensive mechanical properties [24]. There-
fore, only the CWR process in the o+ phase region was
investigated in this paper, and the stress—strain equation for
the a4 f phase region was established. The true stress—strain
curves for the TC4 alloy are shown in Fig. 3. The trend of the
flow stress with temperature and strain rate is reversed. As the
deformation temperature increases the value of the flow stress
decreases, and as the strain rate increases the value of the flow
stress increases. Subject to work hardening, the stress increases
sharply and reaches a peak within a very small strain range,
then the stress begins to decrease with increasing strain and
flow softening occurs. This phenomenon is more pronounced
at higher temperatures and lower strain rates. In general, the
flow softening behaviour of stress—strain is attributed to dif-
ferent deformation mechanisms. Dynamic recrystallization,
dynamic recovery and super plasticity mechanisms all con-
tribute to the flow softening behaviour of titanium alloy mate-
rials [25, 26].

Determination and verification of material
Constants

The constitutive equation of TC4 alloy at high temperatures
can be described by the Arrhenius equation, which has been
proved to be feasible [1, 13]. The material constants in the
equation can be determined according to the isothermal com-
pression test data at different strain rates and temperatures.
Three types of constitutive equations and their parameters are
as follows.

€ = Ajo"exp(—=) ac < 0.8 (1)

Table 1 Chemical composition

: Main chemical component
of TC4 alloy (in Wt%)

Impurity content

Ti Al \

Fe C N H O Si

Bal 6.41 433

0.17 0.007 0.005 0.0016 0.16 0.013
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Fig.3 True stress—strain curves
of TC4 alloy: a 850 °C, b
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&= Azexp(ﬂa)exp(—%) ac < 1.2 ) 0.99, which indicates that the fitting is appropriate. The
Arrhenius constitutive equation in the a+ 3 two-phase
region can be obtained by substituting the material con-
. . n 0 . .
¢ = Alsinh(ao)]"exp(—) forallo (3)  stants a, n, Q and [nA in Eq. (5) into Eq. (3).

The Zener—Holloman parameter (Z) is related to the
strain rate and temperature, and this parameter has an
obvious influence on the deformation behavior of the alloy.
It is expressed as follows:

0
RT) @)

Z= éexp(
where Q is the activation energy (Jemol™'), R is the gas
constant of 8.3145 (Jemol e K1), ¢ is the strain rate (s™/),
o is the flow stress (MPa), T is the absolute temperature
(K), while A, A,, A, a, n| and n are the material constants,
and a=p/n,. Through a series of calculations, the material
constants were determined according to the stress under dif-
ferent compression test conditions [13].

The variation of the main material constants at differ-
ent strains is shown in Fig. 4. The material constants a,
n, Q and InA were fitted using a Sth-order polynomial.
Equation (5) is the specific expression of the Sth-order
equation. All the correlation coefficients (RR) are above

@ Springer

a = —0.04116€% +0.12731&* — 0.1466€> + 0.07924¢> — 0.01326¢ + 0.0103
Q = 2023.83¢° — 6104.24¢* + 6630.60e> — 2531.78> — 323.13¢ + 709.28
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InA = 218.71€% — 653.47¢* + 704.53¢> — 269.99¢> — 30.115¢ + 70.05

&)

Once the evaluation of the material constants has been
completed, the constitutive equations relating the flow
stresses and Zener-Hollman parameters can be written as
Eq. (6) according to Egs. (3) and (4).

(6)

The constitutive equation will be applied for the finite
element (FE) simulation of the TC4 alloy shafts formed
via CWR. The accuracy of the constitutive equation was
evaluated by the average absolute relative error (AARE)
and the correlation coefficient (RR). The specific equations
are as follows:
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In the Egs. (7) and (8), X; and Y; are the predicted and
experimental flow stress, X and Y are the average predicted
and experimental flow stress. It can be seen from Fig. 5 that
the RR and AARE values are 0.9982 and 5.67%, respectively.
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This shows that the constitutive equation of TC4 alloy estab-
lished in this paper has high credibility.

Finite element simulation and experiment
Finite element simulation

The FEM diagram of the CWR study and the plan layout
parameters of the die are shown in Fig. 6. The FEM of CWR
TC4 alloy shaft was established within the FE software of
DEFROM-3D. To ensure the accuracy of the geometric size
of the model, the number of elements for the workpiece was
set to 80,000, and the mesh type was tetrahedral mesh. The
rolled workpiece and die in the FEM were set to be sym-
metrical relative to the center plane. The original diameter
of the workpiece is 44 mm. The original lengths of the work-
pieces with an area reduction of 10%, 30%, 50% and 70% are
135 mm, 120 mm, 110 mm and 90 mm, respectively. The die
parameters of the FEM are consistent with the die used for
the experiments. The surfaces of the stretching and sizing
zones of the die were machined with a gap of 1 mm in depth.

The relevant assumptions and boundary conditions for the
FEM were set as follows: (1) The workpiece was set up as
a plastic body. (2) The roll dies and guide slats were almost
not deformed, so they were set as rigid bodies. (3) The fric-
tion factors between the contact surfaces were all constants,
including the contact between the die and the rolled work-
piece and the contact between the guide slats and the rolled

@ Springer
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Fig.6 FEM and die schematic for CWR of TC4 alloy

Table 2 Main parameters of CWR simulation

Parameters Value
Heat transfer coefficient (Wm™2 K™ 11x10°
Convection coefficient (Wm™2 K™!) 20
Thermal conductivity (KWm™2 K~!) 17
Coefficient of mechanical energy to heating 0.9
Friction factor between workpiece and die 0.9
Friction factor between workpiece and guide slats 0.4
Environment temperature (°C) 20
Temperature of tools (°C) 20
Speed of roll (rpm) 8

workpiece. The shear friction was selected as the friction
type: f,=m Xk, where f,, m and k are the friction stress, the
friction factor and shear yield stress, respectively. (4) The
parameters such as heat transfer coefficient and convection
coefficient are listed in Table 2. The experimental arrange-
ments are presented in Table 3.

Bottom Die L

>
-

A

Stretching zone

Sizing zone

———m———————
3

The-i)lane layout of the CWR die

Cross wedge rolling experiment

The H630 CWR mill provided by the Beijing University of
Science and Technology, which was the experimental equip-
ment used for this experiment, as shown in Fig. 7a. The
workpiece was heated in a tube furnace for 45 min before
rolling. After heating, the workpiece was quickly transferred
to the mill. The workpiece in the process of rolling and the
rolled parts are shown in Fig. 7b and c respectively. The
rolled parts were water cooled to preserve the complete
microstructure.

Microstructure observation and mechanical
properties test

The TC4 alloy part was cut into two completely symmetri-
cal parts at the position of the symmetry plane. Then the
microstructure of the core, middle and surface regions at
the symmetrical section position of the part was observed.

Table 3 The FE simulation and

experimental arrangements for Item Foroming angle Strftching angle Area reduction Deformation temperature
CWR of TC4 alloy A O v @ reo

1 30 7.5 50 850,870,890,910

2 30 7.5 10,30,50,70 870

3 30 5,7.5,10 50 870

4 25,30,35 7.5 50 870

@ Springer
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i mlll

Fig. 7 Experimental equipment and the rolled workpieces: a H630 mill, b Workpiece being rolled, ¢ Rolled parts

The microstructure of the sample was observed by an
optical microscope (OM). The OM specimen was obtained
by mechanical grinding, polishing and then etching with
corrosion agent. The corrosion agent was composed of
HF, HNO; and H,O in the ratio of 1:3:7. The geometrical
parameters and test methods of the specimens for the room
temperature tensile test were carried out according to GB/
T228.1-2010.

Results and discussion

Dimensional verification of cross wedge rolling
simulation

The comparison between the experimental result and the
simulation result of the outline of the rolled part at @ =7.5°,
p=30° wy=50%, and T=910 °C is shown in Fig. 8. The
different colors in the scale represent the radial distance
between the FE simulation result and the experimental
result at a certain point. These geometric dimensions were
compared using Geomagic Qualify software. As shown in
Fig. 8a, the maximum and minimum radial deviations are
distributed in the range of 0.980 mm to -0.980 mm. As can
be seen in Fig. 8b to c, the range of radial deviations for
sections P1, P2 and P3 are much smaller. The maximum
radial dimensional deviation is only 1.1%. This shows that
the FEM used in this paper is reliable.

The RDR is an important indicator to evaluate the neck-
ing defects of shaft parts. The following Eq. (9) was used to
calculate the RDR:

D, —

min_av

D,

RDR = )

Djyand D,;, ,, represent the target diameter of the rolled
workpiece and the average diameter of the transverse section

with the smallest area of the rolled workpiece, respectively.
The D,,;, ., is the average of 12 diameters uniformly distrib-
uted on the transverse section with the smallest area. The
larger the RDR value, the more serious the necking defect
in the rolled part.

Analysis of symmetrical central cross-sectional
necking

The high temperature compressive stress—strain curves for
carbon steel materials [27, 28] and alloy steel materials [29,
30] fit the power exponential hardening material model.
The true stress—strain curves for the 45 steel are shown in
Fig. 9. At lower strain rates (< 1 s™1) the stress—strain curve
shows a small decrease due to dynamic recrystallization and
dynamic recovery. However, at higher strain rates, the hard-
ening phenomenon appears that the stress remains constant
or the stress increases gradually with the increase of strain.
This means that as the strain increases the level of yield
stress also increases. In the cross wedge rolling process,
higher stress level and larger deformation are often required
when the necking defect occurs. TC4 alloy is different from
carbon steel materials and alloy steel materials, and it is
very sensitive to thermal deformation parameters. The true
stress—strain curves below the 3 phase transition temperature
have obvious flow softening phenomenon. Due to the exist-
ence of softening, the stress decreases with increasing strain
during the rolling process. Therefore, TC4 alloy is prone to
necking defects during CWR.

If the CWR process parameters are improperly selected,
the cross-section at the symmetric center of the rolled work-
piece is prone to necking due to excessive axial tension.
The slight necking defects can lead to increased machining
allowance and reduced material utilisation, and the serious
necking defects will cause the rolled workpiece to scrap.
Therefore, it is necessary to analyze the influence of the
broadening angle on the cross-sectional thinning of the

@ Springer
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Fig.8 Comparison of experimental and simulation results for the outline of the rolled part

symmetric center. Hu et al. [10] proposed a simple model
for the CWR process without necking defects:

(zd’p)

F.<
8sina

Z

10)

where F is the axial force, d is the diameter of the work-
piece after rolling, p is the yield stress, and a is the forming
angle.

To clarify the influence of forming angle & and stretch-
ing angle § on the rolling stress to which the rolled work-
piece is subjected and find the main cause of the neck-
ing defect. It is necessary to analyze the force condition
provided by the wedge surface of the die to the rolled
workpiece. The force diagram on the wedge surface of the
die is shown in Fig. 10. The Z-axis direction is consistent
with the axial direction of the rolled workpiece, and the
XOY plane is parallel to the cross section of the rolled

@ Springer

workpiece. In Fig. 10a, the rolling force F is perpendicular
to the bevel klmn of the die. The force F can be decom-
posed into F along the Y direction and F| in the XOZ
plane. The force F, is decomposed into forces F, and F,
along the X and Z axes, respectively, as shown in Fig. 10b.

The component force of rolling force in the deformation
zone is shown in Eqgs. (11) to (13):

F,.=F -sina - sinf (11)
F,=F-cosa (12)
F,=F -sina - cosf (13)

It can be seen from Eq. (13) that when the forming
angle a increases or the stretching angle f decreases, the
F_ increases accordingly. The increase in axial force con-
tributes to the creation of necking defects.
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Fig.9 True stress—strain curves (a)
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Fig. 10 Rolling force diagram
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force diagram b component on
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The effect of stretching angle

The effect of the stretching angle on the RDR of the rolled
part for a forming angle of 30°, a deformation tempera-
ture of 870 °C and an area reduction of 50% is shown in
Fig. 11. In Fig. 11a FEM and EXP. are used to represent
the simulation results of the finite element model and the
experimental results, respectively. With the increase of the
stretching angle, a significant decrease of the RDR appears.
In Fig. 10b, the necking defect at the center of symmetry of
the rolling part is significantly improved.

The peak and steady-state values of the axial force at dif-
ferent stretching angles in Fig. 12 decrease as the stretch-
ing angle increases. The axial force reaches its peak when
the knifing stage is complete. Due to the softening effect of

0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
True strain

TC4 alloy, the axial force decreased significantly after enter-
ing the stretching stage. In the sizing stage, the axial force
decreases again due to the disappearance of the stretching
effect.

The change in the strain at a point on the surface at the
center of symmetry of the rolled part at different stretching
angles is shown in Fig. 13. In Fig. 13b and c, the radial strain
and circumferential strain are mainly compressive strain, and
there is a small tensile strain at the beginning of rolling.
The strain value increases gradually and reaches a stable
value during the sizing process. The radial and circumfer-
ential strain values are maximum when the stretching angle
is 5°. Axial strains are expressed as tensile strains during the
rolling process. The smaller the tensile angle is, the larger
the axial strain value is, which means that the metal flow

@ Springer
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Fig. 11 Effect of stretching (@) g5
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increases along the axial direction. In conclusion, at a small
tensile angle, the increase in axial tensile strain and radial
compressive strain of the metal promotes the increase in the
RDR of the rolled part.

The effect of forming angle

The effect of the forming angle on the RDR of the rolled
part for a stretching angle of 7.5°, a deformation tempera-
ture of 870 °C and an area reduction of 50% is shown in
Fig. 14. A small increase in RDR occurs as the forming
angle increases.

The peak and steady-state values of the axial force in
Fig. 15 gradually increase with the increases of the forming
angle. At higher axial forces (i.e. #=35°), the metal can
be more easily "driven" in the axial direction to the sides
of the rolled part. After entering the stretching stage, the
axial force increases with the continuation of rolling, so the
cross-sectional diameter of the symmetric center becomes
smaller and smaller.
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Fig. 12 Variation in axial force at different stretching angles
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The change in the strain at a point on the surface at the
center of symmetry of the rolled workpiece at different form-
ing angles is shown in Fig. 16. In Fig. 16b and c, the radial
strain and circumferential strain increase gradually and reach
a constant value in the sizing stage. The two strains are
mainly compressive strain, and there are obvious differences
in the numerical value. When the forming angle is relatively
large (i.e. #=35°), both the radial and circumferential strains
are greater than the strains at the other two forming angles.
The axial strains in Fig. 16a are all tensile strains, and the
larger forming angle corresponds to the larger axial strain.
The above analysis shows that the elongation of the com-
pressed metal along the axial direction increases continu-
ously at a large forming angle, which makes the RDR of the
rolled part increase.

The effect of deformation temperature

The effect of the deformation temperature on the RDR of the
rolled part at a forming angle of 30°, a stretching angle of
7.5°, and an area reduction of 50% is shown in Fig. 17. As
the deformation temperature increases, the RDR also shows
a significant decrease. The value of the RDR at 910 °C is
close to 0, and the rolling zone has good forming quality.

As can be seen in Fig. 18a and b, the radial force results
predicted by the FEMs are close to the experimental results.
When the deformation temperature is 910 °C and 850 °C,
the steady radial force is about 51 KN (53 KN in the experi-
ment) and 74.5 KN (79 KN in the experiment), respectively.
This shows that the FE results are reliable. According to
Fig. 18, the steady radial force, torque and axial force gradu-
ally increase with the decrease of deformation temperature.
This is due to the resistance to the flow of the material grad-
ually increases as the deformation temperature decreases.
With the increase in the axial force, the stress acting on the
cross-section of the rolled workpiece increases, and the risk
of necking defect increases.

The forming quality of the rolled workpiece is mainly
affected by the law of material flow. According to the
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Fig. 13 Strain variation at
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variation of tracking points with equal spacing shown in
Fig. 19, the influence of different deformation temperatures
on the flow of TC4 alloy material was analyzed. In Fig. 19,
the workpiece at 7=850° C is about to enter the sizing stage
when t=1.98 s, and these tracking points have moved in
varying degrees.

The axial and radial displacement changes of the tracing
points at different deformation temperatures when t=1.98 s
are shown in Fig. 20. Comparing the axial displacement of
tracking points at different deformation temperatures, it can
be seen that the trend of the axial flow of tracking points is
basically the same, and the axial displacement values close
to the core are greater than that at the surface. The axial dis-
placement values for the surface tracking points of the same

cross-section do not differ significantly. The displacement
of the material at the core of the rolled workpiece along the
axial direction increases with the decrease of deformation
temperature. In Fig. 20e, the material near the symmetri-
cal section flows in a radial direction from the surface to
the core, resulting in the obvious necking phenomenon on
the surface of the symmetric center position of the rolled
workpiece. The axial displacement of the material at the
core position decreases as the deformation temperature rises
to 910 °C. At the same time, the difference between the
axial displacement of the material at the core and the surface
becomes correspondingly small. This indicates a uniform
axial movement of the material at each cross-sectional posi-
tion of the rolled workpiece as the temperature increases.
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At 910 °C, the material was more likely to flow in the cir-
cumferential direction in the closed cavity consisting of the
dies and guide slats, and its tendency to flow in the radial
direction was weakened. Therefore, the RDR value of the
rolled part under this condition is close to 0. There is no
necking defect on the surface of the rolled part. In the pro-
cess of rolling TC4 alloy by CWR, appropriate deformation
temperature should be selected to avoid necking defects due
to too low deformation temperature.

Fig. 16 Strain variation at dif-

(a)

The effect of area reduction

The effect of area reduction on the RDR of the rolled part
at a forming angle of 30°, a stretching angle of 7.5° and a
deformation temperature of 870 °C is shown in Fig. 21. The
RDR is negative for area reduction in the range of 10—30%.
A significant step appears in the middle of the two parts,
which indicates that the diameter in the middle of the part
is larger than the target diameter. When the area reduction
increases to 50%, a necking defect appears in the middle of
the rolled part. The RDR value increases sharply as the area
reduction continues to increase to 70%.

The variation of the axial force for different area reduc-
tion is shown in Fig. 22. The axial forces tend to increase
with increasing values of area reduction. When the area
reduction is 70%, large deformation heat is generated, and
the flow stress level of the metal is reduced. Simultaneously,
with the development of plastic deformation, the softening
effect of the metal is triggered. Therefore, the decrease of
axial force value under the combined action of the above
two factors is much larger than that of area reduction of
50%. In the later stage of the stretching stage, the axial force
continues to increase, and the deformation was concentrated
in the middle region of the rolled workpiece, resulting in
serious necking.

The influence of area reduction on the contact area of
rolled workpieces is shown in Fig. 23. The contact area con-
sists of the arc area F1 and the spiral area F2, which are the
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contact between the top surface of the die and the workpiece,
and the contact between the wedge surface of the die and
the workpiece, respectively. Arc area F1 cannot increase the
axial flow of metal. The force exerted on the rolled work-
piece by spiral contact area F2 can be divided into radial
force, tangential force and axial force. The metal is com-
pressed by the radial force, and the compressed metal is
easy to flow along the axial direction due to the axial force.

Changes in area reduction values can significantly
change the area ratio of F2 to F1. In Fig. 23a and b, when
the area reduction is 10% and 30% respectively, the area
of contact surface F1 is much larger than that of F2. The
metal flow in the tangential direction is greater than the

axial direction. Therefore, the cross-section of the rolling
zone of the rolled workpiece is easy to form an ellipse,
making the diameter larger than the target diameter. The
metal enters the gap on the surface of the die and forms
a step on the surface of the rolled workpiece. In Fig. 23c
and d, the area of the contact surface F1 decreases con-
tinuously as the area reduction value increases, while the
area of F2 increases. This results in a weakened flow of
metal in the tangential direction and an improved flow in
the axial direction. The RDR of the rolled part is increased
by the combined effect of these two factors. Multi-pass
rolling can be considered when rolling workpiece with a
large area reduction.
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Fig. 21 Effect of area reduction
on relative diameter reduction:
a relationship between the rela-
tive diameter reduction and area
reduction, b workpieces with
different area reductions
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Fig. 23 Contact area at different
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w=30%, ¢ y=50%, d y=70%
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Mechanical properties and microstructure
The effect of deformation temperature

In the present study, the microstructure and the mechanical
properties of rolled parts with deformation temperature of
850 °C, 870 °C, 890 °C and 910 °C, area reduction of 50%
and after water cooling were compared and analyzed. The
room temperature tensile sample was taken along the axial
direction of the rolled parts, and its location is shown in
Fig. 24. The ultimate tensile strength (UTS), yield strength
(YS), and the elongation (EI) of the TC4 alloy as-received
at room temperature were 947 MPa, 873 MPa and 16.9%,
respectively. The volume fraction of the primary o phase was
measured using Image Pro-plus software.

The room temperature mechanical properties and
content of the primary a phase at different deformation
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Fig. 24 Distribution of sampling location for tensile specimen and
microstructure

temperatures are shown in Fig. 25. The UTS and YS val-
ues at these four deformation temperatures are higher than
those at the as-received state. The UTS and YS values
decrease with the increase of deformation temperature,
while the El value is the opposite. It can be seen from
Fig. 25b that the distribution of the primary a phase is
not uniform in the cross section of the rolled parts with
deformation temperatures of 870 °C and 910 °C. Under
the combined effect of temperature reduction caused by
die cooling and air heat exchange and temperature rise
caused by plastic deformation, the temperature distribution
of the rolled part is not uniform. Therefore, the volume
fraction distribution of a phase is not uniform. The trend
of f, . from P1 to P3 is the same for different deformation
temperatures. That is, the f, . value increases gradually
from the center to the surface along the radial direction.
When the deformation temperature decreases from 910 °C
to 850 °C, the volume fraction of the primary a phase
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gradually increases and the volume fraction of the p phase
gradually decreases as the temperature decreases [21].

From Fig. 26a-h, it can be seen that the grains in the
deformation zone appear to be refined due to rolling defor-
mation, which makes UTS and YS increase at different
temperatures. When the temperature rises to 910 °C the
secondary o phase disappears. During the rolling process,
the deformation at P3 is greater than at P2 and P1 because
the effective stress and effective strain decrease gradually
from the contact surface along the radial direction to the
core [31], and the deformation of microstructure morphol-
ogy is also decreasing. In Fig. 26a and b, the primary
phase at P3 is obviously distorted and refined, and a large
number of recrystallized grains are produced. In the micro-
structure of Fig. 26¢ and e, many tiny needle-like second-
ary a phase can be observed. These secondary o phase
act as a-clusters distributed on the p phase matrix, which
makes cracks more likely to encounter obstacles in the dif-
fusion process, resulting in the increase of UTS and YS of
the material [15]. At a deformation temperature of 910 °C,
the needle-like secondary a phase is transformed into 3
phase, and the number of grain boundaries is reduced,
resulting in a decrease in the UTS and YS values of the
material. In Fig. 26g, the f, . value reaches the maximum.
A large number of equiaxed a grains can make the stress
uniformly distributed around the grains, and the strength
properties of the material were further improved by the
interweaving of the equiaxed a phase with the disordered
secondary o phase. The disordered secondary a phase
weakens the plasticity of the material.
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Fig. 25 a Mechanical properties and b content of the primary o phase of TC4 alloy shafts at different deformation temperatures
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Fig.26 The microstructure
distribution of rolled parts at
different deformation tem-
peratures: a 7=870 °C, P3; b
T=910°C, P3; ¢ T=870 °C,
P2;d T=910°C,P2;e
T=870°C, P1;fT=910 °C,
P1; g T=850°C, P1; h
T=2890 °C, P1

The effect of stretching angle and forming angle

The effect of different stretching and forming angles on the
mechanical properties and microstructure at an area reduc-
tion of 50% and a deformation temperature of 870 °C are
shown in Figs. 27 and 28. As can be seen from Fig. 27a, the
changes of UTS, YS and El of the samples are very small.

This means that the stretching angle and forming angle of
the die did not have a significant effect on the mechanical
properties of the rolled part. There is no significant differ-
ence in the f; . value as well as the a grain size in Fig. 28a-¢.
The thickness of the secondary a phase is also essentially
the same. This indicates that the stretching and forming
angles did not have a significant effect on the heat exchange
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Fig. 28 Effect of forming angle
and stretching angle on micro-
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mechanism during CWR. The dies with different stretching
and forming angles made the temperature changes of the
rolled workpieces basically the same in the rolling process.

The effect of area reduction

The effect of different area reductions on the mechanical
properties and the microstructure at a deformation tem-
perature of 870 °C, a forming angle of 30° and a stretching
angle of 7.5° are shown in Figs. 29 and 30. When the area
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reduction is in the range of 10—30%, the strength level of
the sample is relatively low. The primary a grain size is
obviously larger, and the secondary a phase is coarse and
parallel lamellar. This impairs the strength properties of
the material. The orderly independent lamellar o phase can
reduce the slip resistance and improve the plasticity. The
fo_e value shows no obvious change in this range. As the
area reduction increases, the dislocation density increases
and the primary a grain and secondary o grain size gradu-
ally decreases, which results in an increase in the strength
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Fig.29 a Mechanical properties and b content of the primary o phase of TC4 alloy shafts at different area reductions

Fig.30 Effect of area reduction
on microstructure: a y=10%,
P1; b y=30%, P1; c y=50%,
Pl; dw=70%, P1
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properties of the material. With the increase in area reduc-
tion, the plastic temperature rise increases, which pro-
motes the transformation of o phase to f§ phase. The f, .
value showed a downward trend. When the area reduction
increases to 70%, the primary o grain size is further reduced,
the volume fraction of the secondary a phase is significantly
reduced, and the microstructure becomes uniform. This is
because the increase in dislocation density and the increase
in temperature provide sufficient driving force for dynamic
recrystallization to occur, which reduces grain size.

Conclusions

In this paper, the CWR process of TC4 alloy was studied.
The constitutive equation for the two-phase region was
developed and applied to the FEM. The necking defects,
metal flow, temperature distribution and force conditions
of TC4 alloy can be accurately predicted by the model. The
detailed conclusions are:

1. The constitutive equation of @+ f§ region can effectively
predict the flow stress of all deformation parameters
with RR and ARRE of 0.9982 and 5.67%, respectively.
The equation is reliable for FEM.

2. Due to the obvious softening of the stress—strain curve,
TC4 alloy is prone to necking defects during CWR
below 950 °C. The occurrence of necking defects is
also affected by axial force and metal flow. Increasing
the stretching angle or decreasing the forming angle can
reduce the axial force on the rolled workpiece. Increas-
ing the deformation temperature, the flow of metal in the
circumferential direction is enhanced, and the flow in the
axial direction is weakened. The RDR value of the rolled
workpiece will decrease under the above conditions. As
the area reduction increases, the necking defects become
serious. This is because the axial force and the contact
area F2 increase, and the flow of metal in the axial direc-
tion also increases. The use of Multi-pass rolling can
avoid necking defects at large area reduction.

3. The heat exchange mechanisms at the surface and core
of the rolling zone were different. Thus, the f, . value
was distributed in a gradient, and gradually increasing
from the core to the surface of the rolled parts. The inter-
weaving of the equiaxed a phase with the disordered
secondary a phase at lower deformation temperatures
further improved the strength properties of the TC4
alloy. The disordered secondary o phase weakened the
plasticity of the material.

4. The stretching and forming angle did not change the heat
exchange mechanism of the rolled workpiece, and the
Jo_e value and morphology did not change much. Con-
sequently, the mechanical properties change little. By

@ Springer

increasing the area reduction, the grain refinement and
microstructure uniformity increased, and the dislocation
density of the rolled workpiece also increased, which
improved the strength properties of the rolled parts.

5. The mechanical properties and microstructure of the
TC4 alloy can be improved by CWR. The comprehen-
sive properties of the TC4 alloy parts were improved
at the deformation temperatures of 890 to 910 °C. The
minimum limit of area reduction should not be less than
30% to allow for grain refinement and improved strength
properties.
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