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Abstract Exploration of microstructure evolution is of sig-
nificance for manufacturing the large ring with high perfor-
mance and high reliability in hot ring rolling. In the study, the
microstructure evolution model and the rate-/temperature-/
microstructure-dependent constitutive model of titanium alloy
are implemented in ABAQUS/Explicit through the user ma-
terial subroutine VUMAT. The developed subroutine is vali-
dated by single-element models and isothermal upsetting
experiments of Ti-6Al4V cylinder. The subroutine is imbed-
ded into a coupled thermomechanical three-dimensional finite
element (3D-FE) model for hot rolling of Ti-6Al-4V large
ring. The evolution characteristics of 3 phase volume fraction
and grain size of Ti—-6Al-4V during the process are revealed,
and the final microstructures of the large ring under different
processing conditions are explored. The results obtained show
that (1) microstructure evolution follows the trend with the
process progressing: the fine grain zone transfers from the
surface layer (SL) to the middle layer (ML) of the ring; the
poor 3 zone extends from the outside of the SL to the end-
plane of the ML, and the rich 3 zone always locates at the SL.
(2) decreasing the rotational velocity of the driver roll n;, or
increasing the feed rate of the idle roll v or the initial temper-
ature of the ring T} contributes to more uniform distributions
of B phase and its grain size, but results in the increase of the /3
phase volume fraction and grain size.
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1 Introduction

Large seamless rings, key components of airplane, space-
craft, and rocket, are widely used in high-tech fields such as
aviation and space industries. This type of rings is now
produced mainly by hot ring rolling, an advanced rotary
forming technology characterized by incremental and local
deformation, due to its advantages such as considerable
savings in energy and material costs, high quality and high
efficiency [1-3].

In hot ring rolling, microstructure of the ring has an
interactive effect on the thermal and mechanical behav-
iors, and meanwhile undergoes complex changes such
as static and dynamic recrystallization and grain growth
[4]. The performance and reliability of the ring product
have a close relationship with the final microstructure,
which depends heavily on the microstructure evolution
history and processing parameters [5]. However, the
final microstructure of the large ring is particularly
difficult to control because the large ring is generally
made of challenging materials such as titanium alloy,
superalloy, and aluminum alloy which have poor form-
ability and strong dependence upon both temperature
and strain rate [6] on the one hand and, on the other
hand, the large size (the external diameter of the large
ring product is generally greater than 1 m) of the ring
readily causes to form non-uniform microstructure and
performance. At present, rapidly developing aviation
and space industries have an increasingly stringent de-
mand for the performance and reliability of the large
ring product, so it is an important and urgent issue to
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gain an insight into the microstructure evolution of the
large ring in hot ring rolling, which needs to perform
microstructure evolution modeling first.

Modeling of microstructure evolution based on FEM is
higher in accuracy than the analytical method and cheaper in
cost than the experimental method. Moreover, it can solve
some problems which are beyond the capability of the
analytical or experimental method, so it has become a hot
and challenging topic in the frontier of the advanced plastic
forming field [7]. Until now, FE modeling of microstructure
evolution during hot forming processes has focused on
traditional rolling and forging. Lin et al. [8] incorporated
mechanism-based microstructure parameters into a visco-
plastic flow model to form a set of unified constitutive
equations, which are implemented into the FE solver ABA-
QUS/Standard through the user defined subroutine CREEP,
to simulate microstructure evolution in hot forming process-
es such as Ti—-6Al-4V superplastic forming and hot rolling
of carbon steel. Ding et al. [9] developed a constitutive
model and a dynamic recrystallization model of AMS50 alloy
by means of tension and compression tests at elevated
temperature, and applied the models to DEFORM-3D for
investigating recrystallized grains and recrystallized fraction
of AMS50 alloy rolled at different temperatures and roller
speeds. Hu et al. [10] established a constitutive model and
microstructure evolution model of Ti-6Al-4V in the two-
phase field, and incorporated them into a coupled thermal—
plastic 2D-FE model of hot die forging of aerofoil blade in
ABAQUS/Standard, to predict 3 phase volume fraction and
grain size on typical sections of blade before and after
forging. Ding et al. [11] coupled a mesoscopic dislocation-
based model with a macroscopic FE analysis through the
user material subroutine UMAT in ABAQUS/Standard for
concurrent study of local plastic flow and microstructure of
Ti-6Al-4V in the (a+ ) phase field during thermomechan-
ical deformation, with consideration of the effects of local
dislocation density variation, deformation heating and phase
volume fraction.

These works are helpful for microstructure evolution
modeling for hot ring rolling, but very little has been
done regarding the latter until now. Xu et al. [12]
imbedded a microstructure evolution model of carbon
steel into a coupled thermomechanical rigid-plastic 3D-
FE code, and obtained « grain size and its distribution
at the deformation zone and on seven cross-sections
outside the deformation zone. But the study assumed a
steady metal flow in the deformation zone, which is not
consistent with the essence of the process. In addition,
only the microstructure on partial cross-sections can be
obtained, so it is difficult to realize an accurate and
comprehensive analysis using the code. Sun et al. [13]
revealed the influences of processing parameters on recrystal-
lized « grain size and volume fraction of AISI5140 steel in hot
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ring rolling using the built-in microstructure module of
DEFORM-3D. Yeom et al. [14] combined a microstructure
model of Ti-6Al-4V with a 3D-FE model of hot rolling of
large ring, to predict the o phase grain size and volume
fraction. However, all the above microstructure modeling for
hot ring rolling are treated as post processor, therefore it fails
to realize the coupled simulation between microstructure evo-
lution and thermal and mechanical behaviors.

In the present study, a microstructure evolution sub-
routine of titanium alloy is developed through the user
material subroutine VUMAT in ABAQUS/Explicit using
the implicit integration algorithm, thus realizing micro-
structure evolution modeling coupled with macroscopic
thermal and mechanical behaviors. The developed sub-
routine is imbedded into a coupled thermomechanical
3D-FE model for hot rolling of Ti-6Al-4V large ring.
The characteristics of microstructure evolution and the
final microstructure of the large ring under different
processing parameters are investigated.

2 Numeralization of microstructure evolution
of titanium alloy

2.1 Mathematical models
2.1.1 Microstructure evolution model of titanium alloy

Hu et al. [10] established a microstructure evolution model
of Ti-6A1-4V in two-phase field. The model believes that
the deformation behavior in the temperature range of 800—
950 °C is predominately a function of the 3 phase grain size
and volume fraction, with the grain size effects of the «
phase being relatively small. The microstructure evolution
model of Hu et al. [10] is summarized as follows: the
volume fraction ¥, can be expressed as a simple Arrhenius
relationship

Vp = Ce& (1)

here Qg is the activation energy for the 3 phase stability,
which is close to half the activation energy for diffusion, R
the universal gas constant and 7 the absolute temperature.
The initial 3 grain size before deformation, d,, can be
estimated by an exponential function

dy = KePe/RT (2)

here Q, is the activation energy for grain growth, which is
similar to that of diffusion. The /3 grain size after deforma-
tion, d, can be expressed by
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d = dy+do(S12° + $:2> + S5 + S3) (3)

here A is an internal state variable closely related to the
degree of recrystallization, which varies towards the
steady-state structure, Ay, exponentially with the equivalent
plastic strain €”, that is

A =Ag+ (1 = Ag)e™ ™ (4)

Ass depends on the Zener—Hollomon parameter Z by a
power law

Ass = A ZT (35)
Z can be calculated according to
7 = éP teIem//RT (6)

Here, €’ is the equivalent plastic strain rate, Qgenn the
activation energy for deformation, and C, Og, K, Og, S;~S.,
@, N, 41, Qdefm and R in Egs.(1), (2), (3), (4), (5), and (6) are
constants, with their values listed in Table 1.

2.1.2 Constitutive model of titanium alloy

A constitutive model of Ti—-6A1-4V in two-phase field can
be described by [10]

Table 1 Values of con-

stants in microstructure Constant Value

and constitutive models

of Ti—6AI-4V [10] Microstructure model
C 1.476E3
Op/R/°C ~9.0914E3
K/um 1.9E6
Qy/R/°C ~1.45E4
Sy 6.4312E2
S, -1.5501E3
S3 1.2686E3
Ss —3.7187E2
«@ 6.07
Ao/s 6.424
q1 —5.17E-2
Odetn/R/°C 5.0668E4
Constitutive model
k 4.96E-4
m 3E-1
n 1
0B 6.673E1

o = kZ"A" (1 - e-ﬂ@”) (7)

here ¢ is the yield stress, Z the Zener—Hollomon parameter,
A the internal state variable which reflecting the influence of
microstructure on deformation, and k, m, n, and 3, are
constants and their values for Ti—-6Al-4V have been deter-
mined by experiments, as shown in Table 1.

2.2 Development of microstructure evolution subroutine

The constitutive model of Ti—-6Al-4V described by Eq. (7)
is integrated implicitly based on the elastic—predictor plas-
tic—corrector scheme [15]. According to the constitutive
integration algorithm, the microstructure evolution model
and the rate-/temperature-/microstructure-dependent elas-
tic—plastic constitutive model of titanium alloy are imple-
mented in ABAQUS/Explicit through the user material
subroutine VUMAT, and thus the simulation is realized with
respect to microstructure evolution coupled with mechanical
and thermal behaviors. The flow chart of the microstructure
evolution subroutine is shown in Fig. 1.

2.3 Validation of microstructure evolution subroutine

The microstructure evolution subroutine is unconditionally
stable since the constitutive model is integrated implicitly. In
the following, the reliability of the subroutine is validated
first by single-element models and then by isothermal up-
setting experiments of Ti-6Al-4V cylinder.

2.3.1 Single-element models

The coupled thermomechanical 3D-FE model of a single-
element under compression or shear deformation is used to
validate the subroutine first, because the single-element
model has simple geometry, specific loading and high com-
putational efficiency. The element type is C3D8RT with an
only integration point locating at the geometrical center of
the element. The side length of the element is 1 mm, the
loading velocity is 10 mm/s, the loading time is 0.01 s and
the initial temperature of the element is 880 °C. The simu-
lation results of compression and shear deformation of the
element by using the subroutine are shown in Figs. 2 and 3,
respectively. Comparisons of simulation results of compres-
sion and shear deformation between by using the subroutine
and by using the built-in routine of ABAQUS/Explicit are
shown in Tables 2 and 3, respectively. It can be seen from
Figs. 2 and 3, and Tables 2 and 3 that the results obtained
from the subroutine agree well with the ones obtained from
the built-in routine, which proves that the developed sub-
routine can accurately predict thermal and mechanical
parameters.
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Read the following variables from main
routine: strain increment, time increment,
initial stress, initial equivalent plastic strain,
initial and final temperatures and initial state
variables at current increment step

Call subroutine to
determine elastic
modulus at current

increment ste

Calculate estimated stress _
Call subroutine to

*4‘ determine yield stress
at current increment step

<7N Determine if material

point yields

Solve equations for equivalent plastic
strain increment using Newton method

v

Update stress, equivalent
plastic strain, equivalent
plastic strain rate, etc.

Update stress according
to elastic deformation

Update non-elastic
dissipation energy
|

‘ Update internal energy ‘

‘ Update microstructure parameters
by Egs.(1)-(6)

Return to main routine

Fig. 1 Flow chart of microstructure evolution subroutine

2.3.2 Isothermal upsetting experiments of Ti—6A1—4V
cylinder

Isothermal upsetting experiments of Ti—-6Al-4V cylinder
described in Ref. [16] is used to further validate the subrou-
tine. The initial size of the cylinder is ®8%12 mm, the
velocity of the upper die is 0.1 mm/s and the friction
coefficient between the die and cylinder is 0.3. When the
reduction ratio is 39.14 % and deformation temperature is
920 °C, the distributions of the equivalent plastic strain and
3 phase volume fraction Vare shown in Fig. 4. In Fig. 4a,
there are typical three deformation zones occurring in the
cylinder upsetting experiment [17], namely, difficult defor-
mation zone, large deformation zone and small deformation
zone. It can be seen from Fig. 4b that the large and small
deformation zones have larger Vrthan the difficult deforma-
tion zone, with the minimum value appearing at the center
of the top and bottom of the cylinder. The predicted V5 at the
center of the top (marked by point A) is 82.40 % and the
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+4.752e-01
+4.752e-01

+4.752e-01
+4.752e-01
+4.752e-01
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b +9.085e+02
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+5.0856+02
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+9.085e+02
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+2.085e+02
+9.085e+02
+9.085e+02

Fig. 2 Simulation results of compression deformation of the single ele-
ment by using subroutine. a equivalent plastic strain; b temperature (°C)

SDvl
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Fig. 3 Simulation results of shear deformation of the single element
by using subroutine. a Equivalent plastic strain; b temperature (°C)
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Table 2 Comparison of simulation results of compression deformation
between by using the subroutine and by using the built-in routine

Subroutine Built-in Relative
routine error (%)
Equivalent plastic strain 0.4752 0.4751 0.02
Temperature/°C 908.5 911.9 —-0.37

measured value is 84.86 % [16], with the relative error
being —2.9 %. When the reduction ratio is 39.14 %, a com-
parison between predicted and measured V; at point A at
different temperatures is shown in Table 4. When the defor-
mation temperature is 890 °C, a comparison between pre-
dicted and measured V; at point A at different reduction
ratios is shown in Table 5. It can be found from Tables 4 and
5 that the absolute value of the maximum relative error be-
tween predicted and measured values is not beyond 10%,
which demonstrates that the developed microstructure evolu-
tion subroutine is reliable. In addition, it is observed that the
predicted values of Vyare always less than the measured ones.
The reason for this may be that poor lubrication in the exper-
iment causes the friction coefficient between the die and
cylinder to increase and consequently, the top and bottom of
the cylinder have a higher temperature due to heat generated
from friction, leading to the increase in Vy.

3 Results and discussion

3.1 Microstructure evolution modeling of titanium alloy
large ring in hot ring rolling

Under the computational conditions shown in Table 6, a
coupled thermomechanical 3D-FE model for hot rolling of
titanium alloy large ring is established using the modeling
method developed by authors [18], as shown in Fig. 5. The
model has been validated by a comparison between the
numerical result and experimental one in terms of surface
temperature and geometry histories [19]. By incorporating
the developed microstructure evolution subroutine into the
model, a coupled simulation can be realized between micro-
structure evolution and macroscopic thermal and mechani-
cal behaviors. In the following, the evolution characteristics

Table 3 Comparison of simulation results of shear deformation be-
tween by using the subroutine and by using the built-in routine

Subroutine Built-in Relative
routine error (%)
Equivalent plastic strain 0.2165 0.2160 0.23
Temperature/°C 890.5 892.1 —-0.18

a (Ave. Crit.: 75%)
+1.191e+00
+1.102e+00
+1.013e+00
+9.244e-01
+8.357e-01
+7.469e-01
+6.582e-01
+5.694e-01
+4.807e-01
+3.920e-01
+3.032e-01
+2.145e-01
+1.258e-01

sDV17
t)tnve. Crit.: 75%)
+8.264e-01
+8.262e-01
+8.260e-0L
+8.258e-01
+8.256e-01
+8.254e-01
+8.252e-01
+8.249e-01
+8.247e-01
+2.245e-01
+8.243e-01
+8.241e-01
+8.23%e-01

Fig. 4 Distributions of field variables in Ti-6Al-4V cylinder (only a
quarter is displayed) after isothermal upsetting. a Equivalent plastic
strain; b 3 volume fraction Vy

of (3 grain size and volume fraction of the Ti-6Al-4V large
ring are revealed, and the final microstructures of the large
ring under different processing parameters are explored.

3.2 Characteristics of microstructure evolution of titanium
alloy large ring

Figure 6 illustrates the evolution of the (3 grain size d. It can
be seen that the d in the deformation zone is always smaller
than that outside the deformation zone. This is because the
deformation zone has a larger strain rate, which makes the
dislocation density increase and thus the dynamic recrystal-
lization degree increase on the one hand and, on the other
hand, causes the recrystallized grain to have not enough
time to grow. The discrepancy between microstructures
inside and outside the deformation zone will generally

Table 4 Comparison between predicted and measured [16] values of 3
volume fraction V; at point A at different temperatures

Temperature /°C Predicted Measured Relative
value /% value/% errot/%
860 61.28 62.15 —-1.40
890 68.21 70.46 -3.19
920 82.40 84.86 —2.90
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Table 5 Comparison between predicted and measured [16] values of 3
volume fraction V; at point A at different reduction ratios

Reduction Predicted Measured Relative
ratio /% value/% value/% error/%
25.77 63.72 70.05 —9.04
39.14 68.21 70.46 -3.19

disappear in practice because the rolling stage is followed by
a reforming stage in which the strain rate decreases gradu-
ally to zero. The reforming stage is not considered in the
study for computational time saving. It is also observed
from Fig. 6 that the fine grain zone first appears in the
deformation zone (Fig. 6a), and then extends gradually
along the circumferential direction of the ring (Fig. 6b).
After the first rotation of the ring, d has an axisymmetric
distribution (Fig. 6¢c~d). Moreover, at the early stage, the d
in the surface layer (SL, which consists of the inside and

T "~ Driver roll

Guide roll

B 78 Guide roll
Symmetry plane

Fig. 5 Coupled thermomechanical 3D-FE model for hot rolling of
titanium alloy large ring

outside layers along the radial direction, as shown in ?i‘fi& cric.: 755, Deformation zone

Fig. 6b) decreases sharply, resulting in the fine grain zone +6.5630400

locating at the SL and the coarse grain zone existing in the 132100

middle layer (ML) (Fig. 6a~b). This is because the SL has 1810376100

larger strain rate and strain relative to the ML. Larger strain Eggégggzﬁﬁ

causes the dislocation density and thus the distortion energy faionansa0

to increase, leading to the increased recrystallization driving e e

force and the onset of recrystallization. Afterwards, the d in

the SL increases whereas that in the ML decreases (Fig. 6c¢), SDV18

which makes the fine grain zone, at the later stage, transfer b mve{r, ,Csrslgte'fo;m

to the ML while the coarse grain zone transfer to the outside Egégzgfﬁﬁ

layer (Fig. 6d). The reason for this is that the SL has a larger Eg:ééé Ezgg
+5.773e+00 |
1215890700

Table 6 Computational conditions for hot rolling of Ti—-6Al-4V large EE Iéézgzﬁg

rin

; £ . t vl Outside layer Middle layer

orming parameter alue

Reduction ratio/ % 533 C ?22:.35 c2:11t6.+:00?551

Rotational velocity of driver roll/ rad/s 8.21 35 ?‘E%SEE%E

Feed rate of idle roll/ mm/s 5 EE égég;ﬁg

Initial temperature of ring/ °C 880 ta.383erid

Friction coefficient 0.5 EE E%é;;ﬁg

Temperature of rolls/ °C 250 4183000

Temperature of environment/ °C 30

Contact heat conductivity/ W/(m2°C) 4,000 [21] sovis

Convection coefficient/ W/(m2°C) 20 [22] d r'mi‘s .c3r¢i4te'+:oo“”

Emissivity 0.6 [22] EEE%EEEE%

Radius of driver roll/ mm 225 ta-lade o

Radius of idle roll/ mm 160 181081708

Radius of guide rolls/ mm 160 1330

Initial outer radius of ring/ mm 397.5 e

Initial inner radius of ring/ mm 210

Initial axial height of ring/ mm 80 giég.sédlizzlgtsion of ( grain size d (um). a t=0.8 s; b t=1.6 s; ¢ 1=
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temperature rise, which promotes grain boundaries activity
and increases the migration rate of grain boundaries, making
the grain grow faster. The ML has a smaller temperature rise
and furthermore, both strain and strain rate increase, causing
the d in the ML to decrease.

The evolution of 5 volume fraction V¢ is shown in Fig. 7.
It is observed from Fig. 7 that like d, V; changes in the
deformation zone first (Fig. 7a). Then, it extends gradually
along the circumferential direction of the ring (Fig. 7b).
After the first rotation of the ring, V; has an axisymmetric
distribution (Fig. 7c~d). It can also be seen that at the early
stage, the large V; zone (the rich 3 zone) locates at the
outside layer of the ring, and the small V; zone (the poor /3
zone) exists at the surface of the inside layer (Fig. 7a~b).
Afterwards, the SL is larger in the increase of V; than the
ML (Fig. 7¢), which makes at the later stage, the rich (3 zone
still locates at the outside layer, and the poor 3 zone extends
from the surface of the inside layer to the end-plane of the
ML(Fig. 7d). The evolution of Vi relies heavily on the

SODV17
a (Ave. Crit.: 75%)
+7.44%e-01
+7.249e-01
+7.050e-01
+6.851e-01
+6.652e-01
+6.453e-01
+6.253e-01
+&.054e-01
+5.855e-01
+5.656e-01
+5.456e=01
+35.257e-01
+5.058e-01

Deformation zone

t) {Ave. Crit.: 75%)
+7.356e-01

+5.202e-01
+8.008e-01

sovV1T7
{Ave. Crit.: 75%)
c v ;

+6.563e-01
+6.251e-01

Fig. 7 Evolution of  volume fraction V. a 0.8 s; b 1.6 s; ¢ 9.6 s; d
20 s

temperature, i.e., the higher the temperature, the more the
« phase transforming into (3 phase, leading to increased Vy.
The predicted location of the poor 3 zone in deformed ring
is in good agreement with the experimental result obtained
by Yeom et al. [14], but there exists difference relative to the
location of the rich § zone. Yeom et al. [14] observed in
experiment that the rich 3 zone locates at the ML instead of
the SL predicted by the study. The reason may be that under
the forming conditions in the study, the plastic deformation
does not completely penetrate the radial thickness of the
ring, so the large deformation zone occurs in the SL, causing
the SL to have higher temperature [20]. In contrast, the
plastic deformation completely penetrates the radial thick-
ness in the experiment of Yeom et al. [14], and thus the large
deformation zone occurs in the ML, making the ML have
higher temperature.

3.3 Final microstructures of titanium alloy large ring
under different processing parameters

3.3.1 Characterization indexes of microstructure
The paper adopts the following characterization indexes to

evaluate the quality of the final microstructure of the large ring.

1. Average (3 grain size of the ring, d,

da:i(dtVl)/iVl

i=1 i=1

here N is the number of elements of the ring, and d; and V;
are the (3 grain size and volume fraction at element i,
respectively. The smaller the d,, the finer the [ grain size
of the ring overall.

2. The uniformity of § grain size distribution, SDD

N N
SDD = | >~ ((d—du)’*- V,-)/ZV,-
i=1

i=1

The less the SDD, the more uniform the 3 grain size
distribution.

3. Average [ volume fraction of the ring, Vi,
N N

Vfa=Z<Vfi~V,->/ZV,»
i=1 i

here V7; is the volume fraction at element i. The less the Vg,
the less the (3 phase of the ring overall.
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4. The uniformity of 3 phase distribution, SDV

i=1

N N
SDV = | > (Vi = Vi) m)/z Vi
i=1

The less the SDD, the more uniform the 3 phase
distribution.

3.3.2 Rotational velocity of driver roll n;

Figure 8 shows the variation of the (3 grain size d with n;. In
Fig. 8a, both the average [3 grain size d, and the uniformity
of 3 grain size distribution SDD increase with #; increasing,
which indicates that the [ grain size of the ring becomes

a
5.240 -
—=—d - 0.055
- 0.054
- 0.053
q0052
=2
a
40051 O
»
- 0.050
- 0.049
- 0.048
5.200 ; ; ; ; ;
4 6 8 10 12 14
n /rad/s
5.34
5.31 1
5.28 -
5.25
€ 522
—
© 4
5.19
] —o0— 4.21 rad/s
5.16 4 —A— 6.21rad/s
] —v— 8.21 rad/s
5134 —e—10.21rad/s
] —<—12.21rad/s
5.10 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

4

Fig. 8 Variation of 3 grain size d with rotational velocity of driver roll
ni. a average grain size d, and uniformity of 3 grain size distribution
SDD; b d distribution along radial direction of ring
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larger overall, and meanwhile its distribution tends to
become more non-uniform. This is due to that as n;
increases, the d in the SL increases while that in the
ML nearly holds unchanged, as shown in Fig. 8b. This
change of d distribution along the radial direction under
different n; is the combined effects of the changes of
temperature, strain and strain rate distributions according
to Egs. (2) - (6).

The variation of the 3 volume fraction V; with n; is
shown in Fig. 9. It can be seen from Fig. 9a that both the
average volume fraction Vi, and the uniformity of 3 phase
distribution SDV increase with n; increasing, which implies
that the 3 phase increases, and its distribution tends to be
non-uniform. The reason for this is that as »; increases, the
SL rises while the ML slightly drops in temperature [20],
causing the Vin the SL to increase while that in the ML to
decrease a little, as shown in Fig. 9b.

a
— 0.100
0.70]
- 0.095
0.68
- 0.090
= a
> 0.66 %)
- 0.085
0644 - 0.080
A
0.62 Y - r . ; . " . Y - 0.075
4 6 8 10 12 14
n /rad/s
0.75 4
<
0.70
0.65
> 0.60
—0— 4.21rad/s
—A— 6.21rad/s
0.55
—v— 8.21rad/s
—e—10.21rad/s
—<—12.21rad/s
0.50
T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

v

Fig. 9 Variation of 3 volume faction V; with rotational velocity of
driver roll n;. a average 3 volume fraction Vg, and uniformity of 3
phase distribution SDV; b V¢ distribution along radial direction of ring
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3.3.3 Feed rate of idle roll v

The variation of the d with v is shown in Fig. 10. From
Fig. 10a, it is observed that as v increases, the d, slightly
increases and the SDD has a little change. This demonstrates
that the ( grain size of the ring increases a little and its
distribution almost remains unchanged, which is caused by
the fact that with v increasing, the d in the SL slightly
increases while that in the ML holds nearly unchanged, as
shown in Fig. 10b.

Figure 11 shows the variation of the V¢ with v. In Fig. 11a,
the V5, increases and the SDV decreases with v increasing.
This implies that the 3 phase increases, and its distribution
tends to be more uniform, which arises from that as v
increases, the SL has a smaller temperature rise than the
ML [20], making the SL have a smaller increase of V; than
the ML, as shown in Fig. 11b.
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Fig. 10 Variation of 3 grain size d with feed rate of idle roll v. a
average grain size d, and uniformity of (3 grain size distribution SDD; b
d distribution along radial direction of ring
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3.3.4 Initial temperature of ring Ty

The variation of the d with T is shown in Fig. 12. It is found
from Fig. 12a that the d, increases and the SDD decreases
with T rising, which indicates that the (3 grain size of the
ring increases overall and its distribution tends to be more
uniform. This may result from the SL having a smaller
increase of d than the ML as Ty rises, which is not obvious
in Fig. 12b. This is because the change of d with Tj is
considerably larger than that with the radial location.

The variation of the V; with T}, is shown in Fig. 13. It can
be seen from Fig. 13a that the V7§, increases and the SDV
decreases with T rising, which demonstrates that the (§
phase increases and its distribution tends to be more uni-
form. This is caused as T rises, the SL is smaller in tem-
perature rise than the ML [20], leading to the V¢ in the SL
having a smaller increase than that in the ML, as shown in
Fig. 13(b).
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4 Conclusions

The microstructure evolution model and the rate-/tempera-
ture-/microstructure-dependent elastic—plastic constitutive
model of titanium alloy are implemented in ABAQUS/Ex-
plicit through the user material subroutine VUMAT by using
the implicit integration algorithm, thus realizing microstruc-
ture evolution simulation coupled with mechanical and ther-
mal behaviors. The developed microstructure evolution
subroutine is imbedded into a coupled thermomechanical
3D-FE model for hot rolling of Ti-6Al-4V large ring. The
evolution characteristics of 3 phase grain size and volume
fraction of titanium alloy are revealed and the final micro-
structures of the large ring under different processing param-
eters are explored. The results obtained are as follows:

1. Microstructure evolution follows the trend with the
process progressing: the fine grain zone transfers from
the SL to the ML of the ring; the poor 3 zone extends

@ Springer

Fig. 13 Variation of (3 volume fraction V; with initial temperature of
ring 7y. a average (0 volume fraction Vg, and uniformity of 3 phase
distribution SDV; b V¢ distribution along radial direction of ring

from the outside of the SL to the end-plane of the ML,
and the rich § zone always locates at the SL.

2. Decreasing the rotational velocity of the driver roll ny,
or increasing the feed rate of the idle roll v or the initial
temperature of the ring 7, contributes to more uniform
distributions of 3 phase and its grain size, but results in
the increase in the 3 phase volume fraction and grain
size.

The study can provide a theoretical basis for microstruc-
ture control and performance improvement of titanium alloy
large ring in hot ring rolling, and may serve as a guide to
microstructure evolution modeling for relevant metal-
forming processes.
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