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Abstract
The formability and microstructure of TC4 titanium alloy hollow shafts formed by cross-wedge rolling (CWR) are being
investigated to ensure that products manufactured for utilisation in the aviation sector are lightweight. The flow behaviour of
the TC4 alloy was studied via isothermal hot compression tests. The constitutive equations in different phase regions were then
established and applied to a finite element (FE) model to study the effect of process parameters on the ellipticity of the TC4 alloy
hollow shafts formed by CWR. Corresponding CWR experiments were conducted to validate the FE model; further, the
microstructure of the TC4 alloy hollow shafts was investigated. The results demonstrate that forming angle, stretching angle
and area reduction considerably affect the ellipticity of the TC4 alloy hollow shafts by varying the contact area between a die and
a workpiece. The ellipticity evidently increases as the relative wall thickness decreases, as the flattening deformation increases.
An increase in the deformation temperature will result in a decrease in the deformation resistance of the TC4 alloy and an increase
in the ellipticity. Moreover, the effect of the deformation temperature, area reduction and wall thickness of the workpiece on the
microstructure of the TC4 alloy hollow shafts formed by CWRwas investigated. The degree of kink or globularisation of the strip
alpha phase increases with the above parameters. The volume fraction of the beta phase increases with the deformation temper-
ature. The microstructure is typically equiaxed when the deformation temperature is 950 °C.
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1 Introduction

Lightweight structures are extremely important in the aircraft
industry. Hollow shafts are well suited to satisfy the require-
ments of such lightweight structures, under the premise of
ensuring satisfactory performance. Titanium alloy is com-
monly used in aerospace owing to its low density, high spe-
cific strength and excellent corrosion resistance. As the most
widely used titanium alloy, TC4 alloy is an ideal aircraft struc-
tural component [1]. Therefore, developing and utilising TC4

titanium hollow shafts in aviation products will be of great
significance. At present, the major technologies utilised for
the manufacture of titanium shafts are forging and hot extru-
sion. Nevertheless, owing to the narrow temperature range of
forging titanium and the large deformation resistance of tita-
nium, the uniformity of the microstructure of the workpiece
cannot be guaranteed when traditional processes are used.
Employing these processes can seriously affect the perfor-
mance of the workpiece and even induce cracks [2]. Cross-
wedge rolling (CWR) [3] is an efficient near-net-shape pro-
cess employed to manufacture shaft parts. Uniform plastic
deformation of cylindrical billets is caused by the continuous
rotating motion of wedge tools; this feature helps improve the
quality of the shaft parts and effectively reduces the
manufacturing cost. Thus, in this study, the forming technol-
ogy of the TC4 alloy hollow shafts formed by CWR has been
investigated.

Thus far, a sufficient amount of research has been con-
ducted on CWR hollow shafts. Bartnicki et al. [4]
analysed the stability of the formed hollow shafts via flat
CWR and studied the relationships between the process
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stability, deformation ratio and wall thickness of the
formed workpiece. Bartnicki et al. [5] also numerically
simulated the forming process of hollow shafts via
three-rolls CWR. Ding et al. [6] investigated the influence
of process parameters on the ellipticity of hollowed shafts
formed via CWR using a finite element (FE) simulation.
Yang et al. [7] analysed the effect of the flattening defor-
mation on the hollow shafts formed via CWR and pro-
posed to reduce the flattening deformation by selecting a
small forming angle and stretching angle of the tools.
Yang et al. [8] also researched the ellipticity of AISI
1045 steel hollow shafts in CWR with a mandrel and
developed the axle sleeves of trucks with high forming
quality. Ji et al. [9, 10] investigated the ellipticity and
swollen hole of the hollow valves and proposed a method
for manufacturing 4Cr9Si2 hollow valves via CWR with-
out mandrel and forging. Huang et al. [11] studied the
influence of the mandrels with different relative diameters
on the forming quality of the hollow shafts of 40MnBH
formed via CWR through numerical simulations and ex-
perimental trials. Nowadays, materials, other than steel,
formed via CWR are gradually being explored. Urankar

et al. [12] developed the failure conditions for the hollow
shafts of Aluminum 6061 T6 and 4140 Tool Steel formed
via CWR; further, they predicted the operating conditions
of failure by introducing a dimensionless crushing param-
eter. Moreover, Urankar et al. [13] determined the critical
friction values in the CWR of hollow shafts of Aluminum
6061 T6 using an explicit dynamic FE method and
specialised experiments. Çakırcalı et al. [14] studied the
CWR deformation and fracture of Ti6Al4V alloy solid
billets based on a coupled thermo–mechanical FE model
analysis. Li et al. [15, 16] numerically and experimentally
studied the effect of the CWR parameters on sintering
TC4 alloy blade preforms and stated that both the tool
parameters and rolling temperature substantially affect
the formability of the TC4 alloy. Li et al. [17] also studied
the effects of the CWR parameters on the TC6 alloy by
establishing a coupled thermo–mechanical and micro-
structural FE model.

The existing studies on the CWR of hollow shafts focused
on the use of various steels. Further, in the CWR of titanium
alloy, solely solid products were used. In this study, the form-
ability and microstructure of the TC4 titanium alloy hollow
shafts formed by CWR with a mandrel were investigated. The
constitutive equations of the TC4 alloy in different phase re-
gions were derived via isothermal hot compression tests.
These equations were then applied to the FE model to inves-
tigate the influence of process parameters on the ellipticity of
the TC4 alloy hollow shafts formed by CWR. The corre-
sponding CWR experiments were conducted to validate the
FE model; further, the microstructure of the TC4 alloy hollow
shafts formed by CWR was investigated.

2 Deformation behaviour of TC4 alloy

2.1 Materials and experimental procedure

The material employed in this experiment is a TC4 alloy hot-
rolled bar. Table 1 summarises the main chemical composi-
tion of this material. The initial microstructure comprises a
matrix alpha phase and a small amount of residual beta phase,
which exhibits the structural characteristics of a strip-like pro-
cessing state; further, a part of the alpha phase is elongated
into strip alpha phase, as shown in Fig. 1. The volume fraction
of the alpha phase is approximately 80% and the beta transus
temperature is approximately 990 °C.

The true stress–strain curves of the TC4 alloy were obtain-
ed via the isothermal compression tests. The diameter and
height of the cylindrical specimens, which were made from
the rolled bar, were 8 mm and 12mm, respectively. According
to the beta transus temperature and the characteristics of
CWR, the deformation temperatures and strain rates were de-
termined to be in the range 850–1050 °C and 0.1–10 s−1,

Table 1 Main chemical
composition of the raw
TC4 alloy

Element Mass fraction (%)

Al 6.2–6.3

V 4.2–4.3

Y < 0.001

Fe 0.05–0.06

C 0.01–0.02

N 0.02

H 0.004

O 0.17–0.18

Ti bal

Fig. 1 Initial microstructure of the raw TC4 alloy
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respectively; further, a 60% reduction in the height of the
specimens was observed.

2.2 Flow behaviour

When the deformation temperature is lower than the beta
transus temperature, the microstructure of the TC4 alloy
comprises both the alpha and beta phases, which is in the
two-phase region. When the temperature exceeds the beta
transus temperature, all of the alpha phase is transformed
into beta phase; further, the microstructure of the TC4
alloy is composed of the beta phase, which is in the
single-phase region [18]. The typical true stress–strain

curves of the TC4 alloy in the two-phase region (850–
950 °C) and single-phase region (1000–1050 °C) are
shown in Fig. 2. The peak stress decreases as the defor-
mation temperature increases and the strain rate decreases.
The flow stress increases sharply at the initial deformation
stage because of the influence of the hardening of the
workpiece. Compared with that in the single-phase region,
the flow behaviour of the TC4 alloy in the two-phase
region exhibits an evident softening characteristic during
the subsequent deformation process. The transformation
from the hard alpha phase to the soft beta phase can cause
softening of the flow [19]. Further, the globularisation of
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the alpha platelets or the lamellar secondary alpha phase
in the two-phase region can also lead to softening of the
flow of titanium alloy [20]. In this study, the kink and
globularisation of the strip alpha phase can soften the
flow of the TC4 alloy, which will be discussed in
Section 4.3.

2.3 Determination of the constitutive equation

To more clearly illustrate the thermal deformation mechanism
of the TC4 alloy, this study employs the classical Arrhenius-
type constitutive equation to express the relationship among
the flow stress, strain rate and deformation temperature, as
follows:

ε̇ ¼
A1σ

n1exp −Q= RTð Þ½ � kσ < 0:8
A2exp mσð Þ −Q= RTð Þ½ � kσ > 1:2
A sinh kσð Þ½ �nexp −Q= RTð Þ½ � for all σ

8<
: ð1Þ

where ε̇ represents the strain rate (s−1); σ , the flow
stress(MPa); Q, the activation energy of the hot deformation
(J · mol−1); R, the molar gas constant (8.3145 J · mol−1 · K−1);
and T, absolute temperature (K). A1,A2,A,n1,n, k and m are the
material constants, and k =m/n1.

The Zener–Hollomon parameter, which represents the
compensation of the deformation temperature corresponding
to strain rate, is given as follows:

Z ¼ ε̇exp −Q= RTð Þ½ � ¼ A sinh kσð Þ½ �n ð2Þ

Each material constant was determined in accordance with
the peak stress under different conditions of the compression
tests via a series of calculations. The constitutive equations of
the TC4 alloys in different phase regions were finally derived
as follows:

ε̇ ¼ 4:8073� 1033 sinh 0:0059σð Þ½ �5:8189

exp −767443= RTð Þ½ � two‐phase region

ð3Þ

ε̇ ¼ 2:4148� 105 sinh 0:0184σð Þ½ �3:3544

exp −141043= RTð Þ½ � single‐phase region

ð4Þ

Correspondingly, the Z parameters of the TC4 alloy in
different phase regions were solved as follows:

Z ¼ ε̇exp −767443= RTð Þ½ � two‐phase region ð5Þ
Z ¼ ε̇exp −141043= RTð Þ½ � single‐phase region ð6Þ

Table 2 CWR process
parameters of FE simulation α(°) β(°) tr φ(%) T( )

31, 38, 45 4 0.43 45 900

38 2.5, 4, 5.5 0.43 45 900

38 4 0.36, 0.43, 0.50 45 900

38 4 0.43 30, 45, 60 900

38 4 0.43 45 850, 900, 950, 1050

Fig. 5 a FE model and b forming
process of the TC4 alloy hollow
shaft in CWR with a mandrel
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The constitutive equations will be applied for the FE sim-
ulation of the TC4 alloy hollow shafts formed via CWR.
Therefore, to assess the dependability of the equations, the
correlation coefficient (RR) and average absolute relative er-
ror (AARE) were introduced, as follows:

RR ¼
∑
N

i¼1
Ei−E

� �
Pi−P

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

i¼1
Ei−E

� �2
∑
N

i¼1
Pi−P

� �2
s

AARE ¼ 1

N
∑
N

i¼1

Ei−Pi

Ei

����
����� 100%

ð7Þ

where Ei and Pi represent the experimental and predicated

flow stress; further, E and P represent the average experimen-
tal and predicated flow stress. By solving Eq. (7), RR of
0.9958 and AARE of 5.246% are obtained, which indicates
that the established TC4 constitutive equations have high

prediction accuracy. The predicted peak stress and experimen-
tal peak stress under different deformation conditions are
compared in Fig. 3.

3 FE simulation and CWR experiments

3.1 Choosing the simulation parameters

In this study, the effects of CWR process parameters on the
formability and microstructure of the TC4 alloy hollow shafts
were studied numerically and experimentally based on the
single-factor design. The forming angles (α) and stretching
angles (β) are selected to be in the range 31–45° and 2.5–5°,
respectively. Figure 4 shows the forming wedge tools at
forming angles of 31° and 38° at the same stretching angle
of 4°. The initial outer diameterD0 of the billet is 35 mm. The
area reduction φ and the relative wall thickness tr of the hol-
low billet are defined, respectively, as follows:

φ ¼ D2
0−D

2
1

� �� 	
= D2

0−d
2

� �� 	� 100% ð8Þ
tr ¼ D0−dð Þ=D0 ð9Þ
where D1 represents the outer diameter after deformation and
d the inner diameter of the billet. The diameter of the mandrel

Fig. 6 Experimental H630 mill equipment

Table 3 Parameters of the CWR simulation

Parameter Value

Temperature of tools (°C) 20

Temperature of environment (°C) 20

Contact heat transfer coefficient (W·m‐2·K‐1) 20×103

Convection coefficient (W·m‐2·K‐1) 20

Coefficient of mechanical energy to heating 0.9

Emissivity 0.7

Speed of roll (rpm) 10

Friction factor between workpiece and die 0.9

Friction factor between workpiece and guide plate 0.3

Fig. 7 Schematic of ellipticity of cross-section

Fig. 8 Position distribution of selected cross-section
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is 0.5 mm smaller than the corresponding inner diameter of the
billet. Corresponding with the previous isothermal compres-
sion tests, the initial deformation temperatures were selected
to be in the range 850–1050 °C. The different simulation
conditions are summarised in Table 2.

3.2 Finite element model

Based on DEFORM-3D, the FE model of the TC4 alloy hol-
low shaft in CWR with a mandrel was established, as shown
in Fig. 5a. The forming process can be divided into three
stages: wedging, stretching and sizing, as shown in Fig. 5b.
For improving the accuracy of the simulation and the speed of
the operation, the FE model was simplified based on the fol-
lowing assumptions: (1) the geometric symmetry and force
symmetry of the workpiece were combined and half of the
workpiece imposed with a symmetry constraint was simulat-
ed; (2) the workpiece was set to be plastic since its plastic
deformation was considerably larger than its elastic deforma-
tion. The dies, mandrel and guide plates were defined as rigid
bodies for their deformation were neglected; (3) the previous-
ly established Arrhenius-type constitutive equations were in-
troduced to the FE model to describe the relationship between
the stress, strain and temperature of the TC4 alloy; (4) the
friction between the workpiece and the dies and that between
the workpiece and the guide plate were constant, which were
described using a shear friction model. The friction between
the workpiece and the mandrel was neglected because of their

synchronous rotation; (5) the thermal effects should be con-
sidered for thermo-mechanical calculations, including the heat
transfer between the workpiece and the tools, the workpiece
and the mandrel, the workpiece and the guide plates, as well as
the workpiece and air, as summarised in Table 3.

3.3 Cross-wedge rolling experiments

To validate the FE model of CWR and investigate the micro-
structure of the TC4 alloy hollow shafts in CWR, the corre-
sponding CWR experiments were conducted under the same
FE simulation conditions, as summarised in Table 2. These
experiments were conducted using the H630 mill in the CWR
experimental Laboratory of USTB, as shown in Fig. 6. Before
deformation, each workpiece was kept in a furnace at their
corresponding deformation temperatures for 30 min to ensure
uniform temperature distribution. The corresponding ratio of
metallographic etching agent was HF: HNO3: H2O = 1: 3: 16.

4 Results and discussion

4.1 Verification of the cross-wedge rolling simulation

Ellipticity is an important indicator when determining the final
forming quality of hollow shafts in technical standards, as
shown in Fig. 7 and described by Eq. (10).

e ¼ 2� Dmax−Dminð Þ= Dmax þ Dminð Þ½ � � 100% ð10Þ

Here, Dmax is the maximum outer diameter of the rolled
workpiece, and Dmin is the minimum outer diameter of the
rolled workpiece.

In this section, to verify the reliability of the FE simulation,
we consider as an example the CWR experiment of a hollow
shaft made out of a TC4 alloy at a deformation temperature of
900 °C, forming angle of 38°, stretching angle of 4°, area
reduction of 45% and relative wall thickness of 0.43. The
positions investigated are at 5 mm intervals of the selected

Fig. 9 Comparison of FE
simulation and CWR experiment:
a outer diameter, b wall thickness

Fig. 10 Diagram of contact area between die and workpiece
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cross-sections, as shown in Fig. 8. The geometric dimensions
of the TC4 alloy hollow shaft at each position are shown in
Fig. 9. The errors in the maximum and minimum outer diam-
eters are less than 0.31 mm and the wall thickness error is less
than 0.23 mm, indicating that the established FE model can
accurately predict the geometric dimensions of TC4 alloy hol-
low shafts in CWR. Moreover, it can be seen that the wall
thickness distribution of the TC4 alloy hollow shaft is rela-
tively uniform; however, the difference between the maxi-
mum diameter and the minimum diameter is large at different
positions, particularly at the symmetrical section. Therefore,
the ellipticity of the symmetrical plane of the rolled piece is
considered as an index in this study to investigate the influ-
ence of CWR parameters on the formability of TC4 alloy
hollow shafts.

4.2 Effect of process parameters on formability

The CWR process parameters affect the ellipticity of the rolled
piece by changing the contact areas between the die and the
workpiece. The contact areas include the arc area ABE, where
the top surface of the die is in contact with the workpiece, and
the spiral area BCDE, where the wedge surface of the die is
contact with the workpiece [3]. The corresponding areas are
denoted as F1 and F2, as shown in Fig. 10. The forming angle
determines the dip angle of F2, while the stretching angle
determines the size of F1, because of the semicycle spread
length is as follows S = π(D0 +D1) tan β/4.

4.2.1 Effect of the forming angle

Figure 11 shows the effect of the forming angle on the ellip-
ticity of the rolled piece at a deformation temperature of 900
°C, stretching angle of 4°, area reduction of 45% and relative
wall thickness of 0.43. With an increase in the forming angle,
the ellipticity first decreases and then increases.

Figure 12 shows the contact area at different forming an-
gles. The force exerted by the spiral contact area F2 on the
rolled piece can be divided into a radial force, a tangential
force and an axial force. The radial force compresses the met-
al, and the compressed metal flows easily along the axial
direction owing to the axial force. The constant height of the
top surface of the die allows the workpiece to reach the target
diameter, indicating that the axial flow of the compressed
metal in contact area F1 is weak. The wall thickness of the
rolled piece reduces in CWRwith a mandrel, which is prone to
tangential flow. A change in the forming angle can cause a
change in the ratio of the radial to axial projection of the spiral
contact area F2. An increase in the forming angle causes a
relative increase in the axial force component of F2.
Therefore, the axial force applied to the rolled piece in the
forming process allows the compressed metal to realise com-
plete axial flow, thereby reducing the tangential flow and the
ellipticity. This occurs when tanα tan β < [2(D0 − D1)]/
[π(D0 +D1)], as shown in Fig. 12a and b. If the increase in
the forming angle meets the condition of tanα tan β > [2(D0 −
D1)]/[π(D0 +D1)], the contact area worsens, as shown in Fig.
12c, because there is a rapid increase in the radial reduction of
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F2, which results in an increase in flattening deformation and
ellipticity.

Figure 13 shows the variation in strain at different
forming angles. When the ellipticity is small (i.e. α = 38∘),
the radial strain exhibits a smaller fluctuation in the sizing
process. The fluctuation degree reflects the ellipticity of the
workpiece. The circumferential strain changes from com-
pressive strain to tensile strain with an increase in the
forming angle; however, the numerical difference is not
significant under different conditions. In terms of the axial
strain, a smaller ellipticity corresponds to a larger axial
strain, indicating that the compressed metal achieves full
axial extension. The optimal forming angle in this study is
approximately 38°.

4.2.2 Effect of the stretching angle

Figure 14 shows the effect of the stretching angle on the el-
lipticity of the workpiece at a deformation temperature of 900
°C, forming angle of 38°, area reduction of 45%, and relative
wall thickness of 0.43. As the stretching angle increases, the
ellipticity increases significantly.

A constant forming angle and area reduction imply that the
proportional relationship between the radial force and the ax-
ial force of the spiral area F2 is consistent. A larger stretching
angle corresponds to a largerF1 area because of the increase in
S, which indicates that the axial flow of the compressed metal
becomes weak. Moreover, an increase in F1 concurrently cor-
responds to a larger plastic bending deformation. Therefore,
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the ellipticity increases considerably with an increase in the
stretching angle.

Figure 15 shows the variation in strain at different
stretching angles. When the stretching angle is 2.5°, the radial
strain shows a small fluctuation and reaches a stable value in
the sizing process. The radial strain evidently fluctuates in the
entire process when the stretching angle is 5.5°. In terms of the
circumferential strain, a larger stretching angle causes a larger
fluctuation. The increase in axial strain during the sizing pro-
cess becomes large as the stretching angle increases, which
implies that the metal retained in the sizing process increases
and the axial flow of metal in the main deformation process
weakens. In summary, the smaller the stretching angle, the
better is the forming quality of the workpiece.

4.2.3 Effect of the area reduction

Figure 16 shows the effect of area reduction on the ellipticity
of the workpiece at a deformation temperature of 900
°C, forming angle of 38°, stretching angle of 4°, and relative
wall thickness of 0.43. The ellipticity increases first and then
decreases slightly as the area reduction value increases. Under
the same forming angle, the ratio of radial to axial projection
of F2 remains the same; however, the change in the area re-
duction value can significantly change the area ratio of F2 and
F1. With an increase in area reduction, the spiral area F2 in-
creases, which implies that the axial flow of the compressed
metal is improved and the ellipticity of the rolled piece is
reduced. However, increasing the area reduction value will
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cause a reduction in the wall thickness and an increase in the
flattening deformation. Therefore, the influence of area reduc-
tion on the ellipticity of the rolled piece is a result of the
combined action of the above two factors. Moreover, an ex-
tremely large area reduction implies a large deformation. On
the one hand, this will cause necking of the rolled piece. On
the other hand, it will generate a considerable heat of defor-
mation, which makes the TC4 alloy adhere to the dies and
causes a deterioration in the surface quality of the rolled piece,
as shown in Fig. 16b. Therefore, when rolling the workpiece
with a large area reduction value, multi-pass rolling can be
adopted.

4.2.4 Effect of the wall thickness

The effect of the relative wall thickness on the ellipticity of the
rolled piece at a deformation temperature of 900 °C, forming
angle of 38°, stretching angle of 4°, and area reduction of 45%
is shown in Fig. 17. The ellipticity evidently decreases with an
increase in the relative wall thickness. This is because the
flattening deformation of the workpiece decreases during the
forming process as the wall thickness increases. Moreover,

from Eq. (8), D2
0−D

2
1

� �
will increase under the same area

reduction value when the wall thickness increases, indicating
that the area ratio of the spiral surface area F2 will increase,

which improves the axial flow of the compressed metal and
decreases the ellipticity.

4.2.5 Effect of the deformation temperature

Figure 18 shows the effect of the deformation temperature on
the ellipticity of the rolled piece at a forming angle of 38°,
stretching angle of 4°, area reduction of 45% and relative wall
thickness of 0.43. The ellipticity shows a marked increase as
the deformation temperature rises. For titanium alloys, the
alpha phase with a close-packed hexagonal structure is harder
than the beta phase with a body-centred cubic structure. The
volume fraction of the beta phase increases when the temper-
ature increases, leading to a decrease in the deformation resis-
tance of the workpiece and an increase in the ellipticity.
Furthermore, an extremely high deformation temperature
can cause the TC4 alloy to adhere to the dies and degrade
the surface quality of the workpiece, which should be avoided.

4.3 Effect of process parameters on microstructure

In this study, the influences of deformation temperature, area
reduction and relative wall thickness on the microstructure of
a TC4 titanium alloy were investigated. Figure 19a to f show
the microstructure of the TC4 alloy hollow shafts under dif-
ferent deformation conditions. Compared with the initial
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microstructure, it can be seen that the volume fraction of the
beta phase and the morphology of the strip alpha phase evi-
dently change with deformation temperature. The volume
fraction of the beta phase increases as the temperature in-
crease. Some of the strip alpha phase is in the kink phase state
at a deformation temperature of 850 °C. When the deforma-
tion temperature is 900 °C, the degree of kink of the strip alpha
phase increases, and some of the alpha phase undergoes
globularisation. When the deformation temperature is 950
°C, the microstructure is composed of an equiaxed alpha
phase and atransformed beta phase, which is a typical
equiaxed structure. At this point, the comprehensive mechan-
ical properties of the TC4 alloy are improved, including its
plasticity, elongation, and high and low cycle fatigue strengths
[18]. Miller et al. [21] and Semiatin et al. [22] indicated that
the degree of kink or globularisation of the alpha platelets or
the lamellar secondary alpha phase is the dominant flow soft-
ening mechanism of the TC4 alloy in the two-phase region.
From Fig. 19a to c, it can be seen that increasing the deforma-
tion temperature can cause globularisation of the strip alpha
phase. When the deformation temperature exceeded the beta
transus temperature, all the alpha phase was transformed into

the beta phase, and the microstructure consisted of a matrix
beta phase and a martensite alpha phase. With an increase in
area reduction, the degree of kink of the strip alpha phase
increases and the boundary of the beta phase is discontinuous
owing to the large deformation, as shown in Fig. 19e. The strip
alpha phase also shows an obvious kinking phase when tr is
0.5, as shown in Fig. 19f. It can be seen that comparedwith the
initial microstructure, the microstructure distribution of the
TC4 alloy hollow shafts formed by CWR is more uniform.
With the increase of initial deformation temperature, area re-
duction and wall thickness, the degree of kink or
globularisation in the strip alpha phase increases. Especially
when the deformation temperature is 950 °C, the typical
equiaxed structure can be obtained.

5 Conclusions

1. The peak stress of the TC4 alloy decreases as the defor-
mation temperature increases and the strain rate decreases,
and the flow behaviour in the two-phase region shows
evident flow softening. The constitutive equations of the

Fig. 19 Microstructure of TC4
alloy hollow shafts under
different deformation conditions:
a T = 850 , φ = 45%, tr = 0.43; b
T = 900 , φ = 45%, tr = 0.43; c T
= 950 , φ = 45%, tr = 0.43; d T =
1050 , φ = 45%, tr = 0.43; e T =
900 , φ = 60%, tr = 0.43; f T =
900 , φ = 45%, tr = 0.50
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peak stress of the TC4 alloy in different phase regions
were established.

2. The ellipticity of the TC4 alloy hollow shaft decreases as
the forming angle increases. However, if the forming an-
gle meets the condition of tanα tan β > [2(D0 − D1)]/
[π(D0 +D1)], the ellipticity of the hollow shaft will in-
crease. The optimal forming angle in this study is approx-
imately 38°.

3. A larger stretching angle corresponds to a larger
semicycle spread length and a larger F1 area. Thus, the
ellipticity of the TC4 alloy hollow shaft increases signif-
icantly as the stretching angle increases. When the
stretching angle is 2.5°, the ellipticity of the TC4 alloy
hollow shaft can be effectively decreased, which is no
greater than 3%.

4. The ellipticity of the TC4 alloy hollow shaft increases first
and then decreases slightly as the area reduction increases.
Moreover, an extremely large area reduction can increase
the flattening deformation and generate considerable heat
of deformation, which causes the TC4 alloy to adhere to
the dies and degrades the surface quality of the rolled
piece. Thus, multi-pass rolling can be used to realise a
rolled piece with large area reduction.

5. The flattening deformation of the workpiece decreases
and the area ratio of the spiral surface F2 increases as
the relative wall thickness increases. Thus, the ellipticity
of the TC4 alloy hollow shaft decreases evidently as the
relative wall thickness increases.

6. The ellipticity of the TC4 alloy hollow shaft shows a
marked increase as the deformation temperature in-
creases. Furthermore, an extremely high deformation tem-
perature can also cause the TC4 alloy to adhere to the dies
and degrade the surface quality of the workpiece, which
should be avoided.

7. The deformation temperature, area reduction and wall
thickness of the workpiece have considerable effects on
the microstructure of TC4 alloys in CWR. The degree of
kink or globularisation in the strip alpha phase increases
with an increase in the abovementioned parameters. The
volume fraction of the beta phase increases with an in-
crease in the deformation temperature. The microstructur-
al analysis indicated a typical equiaxed structure with im-
proved comprehensive mechanical properties at a defor-
mation temperature of 950 °C.
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