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be explained based on the variations of B phase fraction, DRX fraction, stress state and tensile plas-
tic strain with processing parameters. In addition, the dominant influencing mechanisms were iden-
tified and discussed. Finally, the thickness reduction without defect in the hot spinning of TA1S
alloy tube is greatly increased by proposing an optimal processing scheme.
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1. Introduction

Titanium alloy thin-walled tube components have been widely
used in aerospace industries due to their excellent mechanical
properties, such as high strength, light weight and superior
creep strength.' * Hot spinning is one of the most preferable
methods to form these components for the advantages of sim-
ple tooling, low forming force and high material utilization.
However, hot spinning of tube components is a complex local
loading process under the effects of multi-factors. In this pro-
cess, the material undergoes severe and inhomogeneous defor-
mation under a complex stress state, which may lead to various
forming defects, such as bugle, flaring and ductile fracture, and
further deteriorate the forming quality.* " Especially, in order
to satisfy the higher light-weight requirement, the thickness of
the formed tube component is getting smaller and smaller.
However, the larger wall thickness reduction would greatly
increase the risk of the occurrence of ductile fracture defect,
then limit the maximum wall thickness reduction without frac-
ture, i.e., the forming limit in hot spinning. Therefore, it is cru-
cial to understand the formation mechanisms of the ductile
fracture in hot spinning of titanium alloy thin-walled tubes,
and further predict, control and avoid of the fracture, in such
a way to eventually improve the forming limit and realize the
light-weight forming.

So far, the studies on the prediction and control of fracture
in tube spinning are mainly focused on cold spinning process.
Zhan et al. ® established the FE models for the power spinning
of LF2M aluminum alloy conical part by integrating the
Lemaitre and Cockcroft-Latham fracture criteria, respectively.
By comparing with the experimental results, it is found that the
Lemaitre fracture criterion can make a better prediction of
fracture location. By the combination of FE model and mod-
ified Lemaitre fracture criterion, Zhan et al. ? also successfully
predicted the fracture defect in the splitting spinning of 5A02-
O aluminum alloy “Y” shaped part. On this basis, they deter-
mined the forming limit without fracture defect under various
forming parameters. Zeng et al. ' realized the prediction of
fracture defect in the power spinning of 5052 aluminum alloy
ellipsoidal component through the FE model embedded
Johnson-Cook criterion. In addition, they identified the high-
risk area for fracture defect and revealed the effect rules of pro-
cessing parameters on fracture defect, which laid a foundation
for controlling the fracture defect. Ma et al. ' and Xu et al. '?
evaluated the applicability of various fracture criteria, includ-
ing the models developed by Oh, McClintock, Brozzo, Rice-
Tracey, etc. for prediction of fracture defect during spinning
of titanium alloy tube parts. In addition, they evaluated the
spinnability of TA2 alloy tube at room temperature. As for
the prediction of ductile fracture in hot spinning process, some
preliminary studies have been conducted. Zhan et al. '* modi-
fied the Oyane fracture criterion via developing the quantita-
tive relationship among the critical fracture value,
temperature and strain rate, which makes it applicable to the
hot deformation of materials. In addition, they also applied
it to predict the fracture defect in hot spinning of TA15 alloy
tube.

However, the above fracture prediction models are all phe-
nomenological based without considering the underlying duc-
tile damage mechanism, i.e., microscale void nucleation,
growth and coalescence. For the cold spinning process, these

models are preferable because the damage mechanism is rela-
tively simple without the evolution of microstructure. In the
hot spinning of titanium alloys, however, the material under-
goes a complex hot deformation, leading to the complicated
microstructure evolutions, including o < [ phase transforma-
tion, dynamic recrystallization (DRX), grain orientation rota-
tion and so on."*'® These microstructure phenomena will
significantly influence the damage and fracture behavior. For
example, the o« B phase transformation may change the
microscale heterogeneous deformation and then influence void
nucleation, growth and coalescence. Furthermore, DRX could
result in an obvious flow softening, which in turn affects the
damage and fracture behavior in hot spinning of titanium
alloy.'”'® Moreover, the complex macroscale stress state in
spinning also play a great role in damage evolution and frac-
ture formation.'” By integrating a modified Gurson-
Tvergaard-Needleman model into FE simulation, Dong et al.
0 found that the shearing process greatly affects the damage
and fracture mechanism of SUS304 tube. All of these show
that the damage and fracture of titanium alloy in hot spinning
is a very complex phenomenon simultaneously affected by
microstructure evolution and macroscale stress state. There-
fore, there is a critical need to consider these effects in avoid-
ance and control of damage and fracture and further
improving the formability of titanium alloys in hot spinning
process.

In this paper, an integrated FE model considering the
microstructure and damage evolution for hot spinning of
TA15 alloy tube was introduced, which can simulate the effects
of microstructure evolution and stress state on the fracture
behavior. On this basis, the characteristics of damage and frac-
ture, and their dependences on processing parameters were
analyzed from the aspects of microstructure, stress state and
strain. Moreover, the forming limit is improved by optimizing
the processing parameters to control fracture defect. The
results will provide a basis and guidance for forming process
design and tailoring of product quality in hot spinning of tita-
nium alloy tube.

2. Microstructure and damage integrated FE model

As described in Section 1, the FE simulation by using a certain
fracture model has been widely used to investigate the fracture
behaviour in plastic forming. It can capture detail deformation
information, including stress, strain, damage degree, etc., and
the low-cost and high-efficiency decision-making in process
design and quality assurance. In this work, an integrated FE
model considering the microstructure and damage evolution
was applied to predict and control the fracture in hot spinning
of titanium alloy.

Fig. 1 shows the schematic of the FE model for modelling
of backward flow forming under high temperature. The inner
diameter and outer diameter of billet are 308 and 346 mm,
respectively. And, the height of billet is 120 mm. The mandrel
diameter is 307.5 mm. The diameter and fillet radius of rollers
are 116 and 10 mm, respectively. During spinning, the work-
piece was tied with mandrel and rotates together, while three
rollers fed along the axial direction at the same time. The tube
blank was set as a deformable body and discretized by element
meshing. As for the thermal events, mandrel and roller were
assumed to be isothermal. In addition, conversion rate from
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Table 1 Hot spinning processing parameters. _— s
Parameters Value . T i =
Attack angle (°) 22.5 0.401 ND‘* s o
Mandrel rotation speed (rad/s) 9.32 I b
Roller feed rate (mm/r) 1 0.264 L
Wall thickness reduction 50% . . “ . .
Initial mandrel temperature (‘C) 350 Simulation Experimental DRX grains
Initial spinning temperature (‘C) 800 (DRX fraction 0.612) (DRX fraction 0.581)

deformation energy to thermal energy was set as 0.9. Cou-
lomb’s friction model was applied to describe the friction
between workpiece and tools. And, the friction coefficient
was 0.1. The detailed processing parameters in hot spinning
are shown in Table 1.

During the FE modelling, to simulate the effects of
microstructure and stress state on fracture behaviour, a hybrid
constitutive model was applied to describe the material defor-
mation behaviour. This constitutive model was developed in
previous work *!, which can predict the microstructure evolu-
tion, damage and fracture, and flow stress simultaneously.
Moreover, the dependence of damage on microstructure evolu-
tion and stress state was considered. This constitutive model
mainly consists of two modules: microstructure model and
damage model. The microstructure model is a physically-
based intrinsic state variable model, which considers the phase
transformation and DRX during hot deformation. Their key
formulations are Egs. (1) and (2), respectively.

fo=0{l —exp[&(G - T} (1)
fﬁ =1-/,

where f, is o phase fraction, f is B phase fraction, T is temper-
ature. {;, {; and {3 are material constant.

Table 2 Chemical composition of TA15 alloy.

(b) DRX fraction

B phase fraction

Simulation Experimental DRX grains
(B fraction 0.228) B fraction 0.212
(c) B phase fraction
Fig. 2 Forming results obtained by simulation and
experiment.”’
. P
S=co(1—5) (sm) 0(z, — &) My P/d @)

where S means the DRX fraction, ¢y and ¢; are material con-

-p
stant, 0 is step function. ¢, is plastic strain, & is the plastic
strain rate in matrix. & is the critical strain producing DRX.

Element Ti Al Mo

Zr v Fe Impurity

Content (Wt%) Matrix 6.1-6.5 0.9-1.2

1.9-2.2 0.8-1.3 0.25 <0.3
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Table 3 Quantitative comparisons between simulation and
experiment results.

Type Predicted Experimental Relative value
result result (%)

Wall 13.2

thickness (maximum)

DRX 0.612 0.581 5.3

fraction

B phase 0.228 0.212 7.5

fraction

My, d and P are grain-boundary mobility, grain diameter and
driving force per unit area, respectively. The damage model is
developed by introducing DRX fraction,  phase fraction and
stress triaxiality into Gurson-Tvergaard-Needleman model.
The detail modifications are focused on the representations
of void nucleation strain &y, void growth factor y, critical con-
dition for void coalescence f. and the shear effect on void
growth df, as the following four equations, respectively.

ey = Exy [exp(CxS + cﬁf;)] (3)
1= 10[exp (DS + Dyfy)] @)
fo =1, [exp(ES+ Eify) | (5)
&, = ko35 (©

in Egs. (3)~(5), eny» %o, ./, are reference values./}} is related to
phase fraction. C,, D, E; and Cp, Dy, Eg are coefficients
related with DRX fraction and  phase fraction. In Eq. (6),
k,, is the damage growth rate under pure shear, S;; and ds}-’f rep-
resent the deviatoric stress tensor and strain increment, w and f’
describe the stress state and the current void volume fraction,
respectively. These adaptations make it be able to simulate the
effects of microstructure evolution and stress state on the dam-
age and fracture. The above Egs. (1)—(6) are just some key for-
mulations of the constitutive model, whose detailed
description of model and parameters can be referred to.”'
When integrating the constitutive model into FE model, the

Fracture

0.000

(a) Simulation with thickness reduction of 68.9%

damage accumulation just occurs when the material experi-
ences tensile plastic strain under the tensile hydrostatic stress
state. While, no damage evolution occurs when the material
undergoes plastic strain under compressive hydrostatic stress
state due to the crack closure effect.”” Besides, the critical void
volume fraction (VVF) for producing fracture is calibrated as
0.15 in previous work,?! which is the key criterion for judging
the fracture defect.

The FE model was verified by the hot spinning experiment,
whose processing conditions are the same to those listed in
Table 1. In experiment, an annealed two-phase TA1S (Ti-
6Al-2Zr-1Mo-1 V) alloy was used. Its chemical composition
is listed in Table 2. The initial microstructure consists of
60% o phase and residual B transformation matrix. The trans-
formation temperature of o/ phase is 1263 K. Meanwhile, the
average grain size is 20 um. The hot spinning experiment was
conducted on HO-018 CNC horizontal spinning machine of
Xi’an Aerospace Power Machinery Factory. The spinning
machine has three rollers and is equipped with a flame gun
to heat the workpiece and mandrel during forming, which is
suitable for the hot spinning processing of straight tube.

A specific location at the center of the cross section of spun
tube were selected to compare microstructure quantitatively in
simulation and experiment. The size of this location is about
100 um x 100 um. In experiment, the microstructure was
observed by scanning electron microscope (SEM) using TES-
CAN VEGA. Meanwhile, electron back-scattered diffraction
(EBSD) was conducted on the samples to obtain characteris-
tics of DRX grains using Zeiss Merlin Compact. Before EBSD,
the samples were electro-polished with a solution (5%
HCIO, + 30% CH;0H + 65% C4H;00). After EBSD, the
microstructure characteristics were quantitatively analyzed
through the HKL-Channel 5 software. In addition, along the
circumferential direction of the formed tube, 10 nodes were
selected equidistantly at the middle of the height. Then the
thickness at these nodes of simulation and experiment were
measured separately. Fig. 2 shows the thickness distribution,
DRX fraction and B phase fraction obtained by simulation
and experiment. Their quantitative values and relative errors
are given in Table 3. It can be found that the thickness distri-
bution in simulation and experiment are very close, presenting
the maximum error of 13.2%. On the other hand, the simu-
lated DRX fraction and B phase fraction in formed region also
agree well with the experimental result. These indicate that the
FE model can simulate both of the macro-deformation and

Fracture

(b) Experiment with thickness reduction of 71.2%

Fig. 3  Fracture defect in FE simulation and experiment.
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Fig. 4 Distribution of VVF in spun tube and variation with tracked nodes along radial direction in deformed area.

microstructure evolution accurately. In addition, a set of
spinnability experiments were conducted to verify the predic-
tion accuracy of damage and fracture. As shown in Fig. 3,
the fracture defect was produced when the thickness reduction
increases to 68.9% in FE simulation, and the fracture defect
occurs when the thickness reduction increases to 71.2% in
experiment. The simulation and experiment results agree very
well. The above comparisons suggest that the FE model is
valid and can be applied for predicting the macro-shape,
microstructure evolution, damage and fracture phenomena
during hot spinning of TA15 alloy tube.

3. Results and discussion

3.1. Characteristics of damage and fracture defect

Ductile fracture of material is a result of damage accumulation
through the void nucleation, growth and coalescence. The frac-
ture defect occurs when the VVF reaches a critical value, thus,
VVF is an important index evaluating the damage degree. Lar-
ger VVF means greater damage degree and the fracture is
easier to occur. So, the distribution of VVF on workpiece
was employed to analyze the characteristics of damage and
fracture in hot spinning in this section.

Fig. 4 shows the distribution of VVF in the spun tube and
variation of VVF with tracked nodes (black arrow in Fig. 4
(a)) along the radial direction in the deformed area. It can be
seen that the VVF is unevenly distributed along the radial
direction. It presents larger value on the outer and inner sur-
faces, while smaller value in the middle-thickness region. In
addition, the largest VVF occurs at the inner surface (Fig. 4
(b)), which indicates that the fracture is most likely to occur
at the inner surface during hot spinning. These results are
caused by the combined effects of stress state, strain state
and microstructure evolution of material during forming pro-
cess. Generally, positive stress triaxiality and tensile plastic
strain will promote the nucleation, growth and coalescence
of voids.”® The tensile plastic strain refers to the plastic strain
under tensile hydrostatic stress, which have a great effect on
the evolution of micro voids.”> As for microstructure evolu-
tion, o <> P phase transformation and DRX are two main fac-
tors affecting the damage behavior in deformation of titanium
alloy at high temperature. Larger DRX fraction and B phase
fraction would restrain the damage evolution to some degree.”!
Thus, the distributions of stress triaxiality, tensile plastic
strain, DRX fraction and B phase fraction during hot spinning

were analyzed to explain the distribution features of VVF
below.

Fig. 5 shows the distributions of stress triaxiality and tensile
plastic strain in hot spinning. From Fig. 5 (a) and (c), it can be
seen that the stress triaxiality are positive at the inner and
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(a) Stress triaxiality distribution
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(b) Tensile plastic strain distribution
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'
<
\S)

(=]

(c) Variations with tracked nodes along the radial direction

Fig. 5 Distributions and variations of stress triaxiality and
tensile plastic strain in spinning process.



Formability enhancement in hot spinning of titanium alloy thin-walled tube via prediction and control of ductile fracture 325

Nty
LN

/3

Material flows to deformed area

Fig. 6 Schematic of material flow in spinning process.

B phase -
0.282 \
0216 !
> Node ID
0.149 0-10
0.082
(a) P phase fraction distribution
DRX
0.682
0:545 Node ID
0.401 0-10
0.264
il
(b) DRX fraction distribution
1.0
g —a— § phase fraction
“E’; 0.8k —e— DRX fraction
£ 0
[
g
<2 06
>
[0
E
S 041
8 i
2 0.2 '__..———-"—._——.—_r/*‘
0 . 1 . 1 . 1 N 1 .
0 2 4 6 8 10

Node ID along the radial direction

(c) Variations with tracked nodes along the radial direction

Fig. 7 Distributions and variations of microstructure in spinning
process.

outer surfaces, while negative at the middle-thickness region.
Another hand, it is found from Fig. 5 (b) and (c¢) that large ten-
sile plastic strain exists in the spinning, and which increases

from the inner surface to outer surface. This is related to the
material flow in spinning, as shown in Fig. 6. Under the action
of rollers, material will flow from the deforming area to the
deformed area, thus producing the tensile plastic strain. Due
to the direct action of rollers, the outer surface presents the lar-
gest tensile plastic strain.

The distributions of DRX fraction and B phase fraction in
hot spinning of TA15 alloy are shown in Fig. 7. As can be seen
from Fig. 7 (a) and (c), the B phase fraction decreases monoto-
nously from the outer surface to inner surface. This is related
to the uneven temperature distribution along the radial direc-
tion during hot spinning. The outer surface usually presents
the highest temperature due to massive deformation heat pro-
duced under severe rolling deformation, thus producing more
B phase fraction. On the contrary, the inner surface presents
the lowest temperature because of significant heat transfer to
the colder mandrel, thus leading to a smaller p phase fraction.
From Fig. 7 (b) and (c), it can be seen that DRX fraction pre-
sents the same increase trend from the inner surface to outer
surface. The higher temperature at the outer surface is helpful
to improve the DRX fraction. Meanwhile, larger shear stress
and strain at the outer surface also contribute to the uneven
distribution of DRX fraction. This is because the shear stress
and strain could change the DRX from discontinuous DRX
dominated mechanism to continuous DRX dominated mecha-
nism, and promote the DRX kinetics obviously.”* As a result,
the DRX fraction presents the largest value at the outer sur-
face and the smallest value at the inner surface.

Synthesize the above distributions of stress triaxiality, ten-
sile plastic strain, DRX fraction and B phase fraction, the dis-
tribution characteristic of VVF could be explained as follows.
The largest VVF at inner surface is attributed to the superpo-
sition effects of positive stress triaxiality and the smallest DRX
fraction and B phase fraction. On the contrary, the smallest
VVF in middle-thickness region is a combined result of nega-
tive stress triaxiality and larger DRX fraction and P phase
fraction. As for the VVF at outer surface, although its DRX
fraction and P phase fraction are both the largest, the acceler-
ation role on damage development by positive stress triaxiality
and the largest tensile plastic strain is more significant. This
leads to larger VVF at the outer surface, while, which is smal-
ler than that at the inner surface.

3.2. Effects of processing parameters on damage and fracture
behaviors

As analyzed above, the damage distribution is greatly related
to three factors, i.e., the stress state, tensile plastic strain and
microstructure evolution of material, in hot spinning. These
three factors are significantly dependent on the processing
parameters of spinning. In this section, effects of processing
parameters on the damage distribution were analyzed and
explained from the variations of above three factors. This is
helpful to suppress the fracture defect by controlling the pro-
cessing parameters.

The effects of processing parameters on damage were stud-
ied through FE simulation combing single factorial experi-
ments. Four processing parameters were considered in this
work, i.e., initial spinning temperature, spinning pass, roller
feed rate and roller fillet radius. Table 4 shows the variable val-
ues, where the bolded value of each parameter is the default
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Table 4 Parameter values in single factorial experiments.

Type Value Value Value Value Value
1 2 3 4 5

Initial spinning 700 750 800 850

temperature (C)

Spinning pass 1 2 3 4 S

Roller feed rate 0.5 1 1.5 2 3

(mm/s)

Roller fillet radius 5 10 15 20 25

(mm)

value adopted when investigating the effect of other parame-
ters on damage.

3.2.1. Effect of initial spinning temperature

Fig. 8 shows the variation of damage distribution along the
radial direction with initial spinning temperatures. It can be
seen that the VVF decreases monotonously with the tempera-
ture increasing. Fig. 9 shows the variations of DRX fraction, 3
phase fraction, stress triaxiality and tensile plastic strain along
the radial direction at different temperatures. From Fig. 9 (a),
it can be seen that the DRX fraction and f phase fraction both
increase monotonously with temperature, which is because
that higher temperature can promote the DRX kinetics and
o < B phase transformation during hot working of titanium
alloy. These variations of microstructure evolution are helpful
to suppress the void evolution and decrease the VVF to a great
extent. In addition, it can be seen from Fig. 9 (b) and (c) that
the stress triaxiality and tensile plastic strain remain nearly
unchanged with temperature. These results suggest that the
decrease of VVF with temperature increasing is mainly attrib-
uted to the microstructure effect, i.e., the increase of DRX
fraction and B phase fraction.

3.2.2. Effect of spinning pass

Fig. 10 shows the final damage distributions along the radial
direction in the deformed area after different spinning passes.
It is noted that the total thickness reductions of five processing
schemes are all 50%. As can be seen that with the increase of
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Fig. 8 Variation of VVF distribution along radial direction with
initial spinning temperatures.
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Fig. 9 Variations of distributions of microstructure, stress
triaxiality and tensile plastic strain with initial spinning
temperatures.

spinning pass, VVF decreases first and then increases with a
critical value of 4 passes. Fig. 11 displays the variations of
DRX fraction, B phase fraction, stress triaxiality and tensile
plastic strain with spinning passes. It can be seen from
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with spinning pass.

Fig. 11 (a) that the DRX fraction and B phase fraction both
decrease monotonously with the spinning pass increasing.
These are caused by the decrease of workpiece temperature
due to more heat exchange and loss to surrounding environ-
ment under more spinning passes. Lower temperature sup-
presses the oo — B phase transformation and DRX kinetics,
then results in the decrease of DRX fraction and  phase frac-
tion. This would accelerate the void accumulation and increase
the VVF. On the other hand, it is found from Fig. 11(b) that
the stress triaxiality decreases with spinning pass increasing.
This is because the decrease of thickness reduction in each
spinning pass makes less material to deform in the front of
rollers, which will further decrease the stress triaxiality.25 Thus,
considering the decrease of stress triaxiality, the damage evolu-
tion and VVF will be suppressed with the spinning pass
increasing. As for the tensile plastic strain, it varies little with
the spinning pass, as shown in Fig. 11 (c). Based on the above
analysis, it can be concluded that the early decrease of VVF
with increasing spinning pass is mainly attributed to the reduc-
tion of stress triaxiality. While, the later increase of VVF with
spinning pass mainly depends on the decrease of DRX fraction
and B phase fraction. In other words, the variation of VVF
with the spinning pass is dominated by the stress state at smal-
ler spinning pass, but dominated by the microstructure evolu-
tion at larger spinning pass.

3.2.3. Effect of roller feed rate

Fig. 12 displays the variation of damage distribution along the
radial direction with feed rate. It can be seen that the VVF
decreases first and reaches the smallest value at 1.5 mm/r, then
increases with the feed rate increasing. Fig. 13 shows the distri-
butions of DRX fraction, B phase fraction, stress triaxiality
and tensile plastic strain under different feed rates. The
DRX fraction and B phase fraction both gradually increase
with feed rate, as shown in Fig. 13 (a). These are mainly related
to the variation of workpiece temperature with feed rate. As
the feed rate increases, the forming time becomes shorter and
less heat is dissipated from the workpiece. Thus, the workpiece
temperature increases with feed rate, which promotes o — B
phase transformation and DRX kinetics. From Fig. 13 (b), it
can be seen that the stress triaxiality also increases monoto-
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Fig. 11 Variations of distributions of microstructure, stress

triaxiality and tensile plastic strain with spinning pass.

nously with feed rate. This is mainly caused by more material
accumulating in the front of rollers with feed rate increasing.
On the contrary, the tensile plastic strain is decreased monoto-
nously with feed rate increasing, as shown in Fig. 13 (c). This is
because helical angle of roller trajectory increases with roller
feed rate, which will make less material rolled by rollers, as
shown in Fig. 14. It will then decrease the tensile plastic strain.
The above analyses suggest that the early decrease of VVF
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Fig. 12 Variation of VVF distribution along radial direction
with feed rate.

with increasing feed rate is mainly caused by the reduction of
tensile plastic strain and the increases of DRX fraction and
phase fraction. However, the later increase of VVF with feed
rate mainly depends on the increase of stress triaxiality. That
is to say, the variation of VVF with feed rate is dominated
by tensile plastic strain and microstructure at smaller feed rate,
while mainly controlled by stress triaxiality at larger feed rate.

3.2.4. Effect of roller fillet radius

The variations of damage distribution along radial direction
with the roller fillet radius are given in Fig. 15. It can be seen
that the VVF gradually decreases with the increase of roller fil-
let radius. Fig. 16 shows the distributions of B phase fraction,
DRX fraction, stress triaxiality and tensile plastic strain under
different roller fillet radii. From Fig. 16 (a) and (b), it is found
that the DRX fraction, B phase fraction and stress triaxiality
all change little with the roller fillet radius. On the other hand,
the tensile plastic strain gradually decreases with the increase
of roller fillet radius, as shown in Fig. 16 (c). This is because
the contact area between the workpiece and rollers increases
with the roller fillet radius increasing, as given in Fig. 17. This
will reduce the flow resistance of material from the deforming
area to the deformed area, thus decreasing the tensile plastic
strain. Therefore, the damage evolution and VVF were sup-
pressed with the increase of roller fillet radius. And, it can be
inferred that the variation of damage with roller fillet radius
is mainly determined by the tensile plastic strain, while irrele-
vant with the microstructure and stress triaxiality.

According to the above analyses in Sections 3.2.1-3.2.4, the
variations of VVF with processing parameters and the under-
lying dominant influencing mechanisms were summarized in
Table 5. The symbol T and | represent the positive and nega-
tive correlation between VVF and processing parameter,
respectively.

3.3. Improvement of forming limit by controlling damage and
fracture

As analyzed in Section 3.2, the processing parameters signifi-
cantly affect the damage and fracture behavior, which will fur-
ther determine the forming limit. i.e., the maximum thickness
reduction without fracture defect, in hot spinning of TA15
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Fig. 13  Variations of distributions of microstructure, stress
triaxiality and tensile plastic strain with roller feed rate.

alloy tube. In this section, the dependence of forming limit
on processing parameters were obtained first, based on which
the processing parameters were optimized to improve the
forming limit.

The variation of forming limit with processing parameters
was also analyzed through the single factorial experiments in
Section 3.2. For a certain processing condition, the forming
limit is determined by stepwise searching method. During step-
wise searching, the initial thickness reduction and step size are
set as 50% and 5%, respectively. In any searching step, if no
fracture occurs, plus the step size to current thickness reduc-
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Fig. 15 Variation of VVF distribution along radial direction
with roller fillet radius.

tion and go to the next step; if the fracture appears, halve the
step size and try again. Repeat the above searching step until
the forming limit is determined. Fig. 18 shows the variation
of forming limit with processing parameters. It can be seen
that the forming limit increases monotonously with tempera-
ture. While, it increases first and then decreases with the
increases of spinning pass and roller feed rate. In addition, it
reaches the greatest value under 4 passes and 1.5 mm/r, respec-
tively. With the roller fillet radius increasing, the forming limit
increases gradually and the increasing trend is more significant
when the radius is small.

Based on the results shown in Fig. 18, an optimal combina-
tion of processing parameters can be determined to achieve a
higher forming limit as follows: spinning initial temperature
850 °C, spinning pass 4, roller feed rate 1.5 mm/r, roller fillet
radius 25 mm. By the combination of FE simulation and step-
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Fig. 16 Variations of distributions of microstructure, stress
triaxiality and tensile plastic strain with roller fillet radius.

wise searching method, the forming limit under the optimal
processing condition was determined as 86.7%. The simulated
result with 86.7% reduction is shown in Fig. 19 (a). Moreover,
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Fig. 17  Schematic of contact area between roller and spun part
under different roller fillet radii.

Table 5 Summary of variation law of VVF with processing
parameter and underlying dominate influencing mechanisms.

Processing Variation  Dominate influencing mechanism
parameters of VVF

Initial spinning Microstructure

temperature

Spinning pass 1 (<4), 1  Stress triaxiality (Early),

>4 Microstructure (Later)

Roller feed rate | (<1.5), 7 Tensile plastic strain and
(mm/r) (> 1.5 Microstructure (Early), Stress
triaxiality (Later)
Roller fillet ! Tensile plastic strain
radius
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Fig. 18 Variations of forming limit with processing parameters
in hot spinning of TA1S5 alloy tube.

the corresponding hot spinning experiment was conducted to
verify the result, as shown in Fig. 19 (b). It can be seen that
no fracture defect occurs, which suggests that the optimized
parameters can achieve effective control of ductile fracture
and improve the forming limit significantly.

VVF

0.142

0.094

0.048

0.000

(b) Experimental result

(a) Simulated result

Fig. 19 Simulated and experimental results of hot spun part with
a thickness reduction of 86.7% under optimized processing
parameters.

4. Conclusions

In this research, the dependences of damage and fracture on
processing parameters in hot spinning of thin-walled TA15
alloy tube were investigated by simulation based on an inte-
grated FE model considering microstructure and damage evo-
lution and physical experiment. The formability of TA15 alloy
tube in hot spinning process was improved by optimizing the
processing parameters to control the fracture defect. The main
conclusions are as follows:

(1) For the damage distribution on workpiece, the inner
surface presents the largest void volume fraction
(VVF) and greatest risk of fracture, which is mainly
attributed to the superposition effects of positive stress
triaxiality and the smallest DRX fraction and 3 phase
fraction at inner surface. On the contrary, the middle-
thickness region presents the smallest VVF, where there
exists a combined effect negative stress triaxiality and
larger DRX fraction and P phase fraction.

(2) With the increase of the initial spinning temperature,
VVF is gradually decreased due to the increases of
DRX fraction and B phase fraction. With the increase
of spinning pass, the VVF is firstly decreased and then
increased. The early decrease is mainly attributed to
the decrease of stress triaxiality; while the later increase
is mainly depended on the decrease of DRX fraction and
B phase fraction. Similarly, the VVF is decreased first
and then increased with the increasing roller feed rate.
The early decrease is mainly caused by the reduction
of tensile plastic strain and the increases of DRX frac-
tion and B phase fraction, the later increase, however,
is mainly depended on the increase of stress triaxiality.
On the other hand, the VVF is decreased monotonously
with roller fillet radius because of the decrease of tensile
plastic strain.

(3) By the combination of FE simulation and stepwise
searching method, the forming limit, i.e., the maximum
thickness reduction without fracture defect, was deter-
mined under different processing conditions. Moreover,
an optimal configuration of processing parameters was
proposed to improve the forming limit of thin-walled
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TAT1S alloy tube in hot spinning: spinning initial temper-
ature 850 °C, spinning pass 4, feed rate 1.5 mm/r, roller
fillet radius 25 mm. Under these optimal parameters, the
forming limit was improved to 86.7%.
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