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Abstract An accurate prediction of the ring diameter growth
rate of a large L-section ring during radial-axial ring rolling
(RARR) by a shape axial roll is quite essential because it
determines the stability of the process and thus influences
the quality of the rolled ring. In this paper, a mathematic
model predicting the ring diameter of the large L-section ring
during the new RARR process is first established. Then, 3D
thermo-mechanical coupled rigid-plastic finite element (FE)
models of the new RARR process are developed based on the
implicit code DEFORM-3D to verify the mathematic model.
By setting and adjusting the movements of the work rolls,
large L-section rings are rolled. The effective strain distribu-
tion of the rolled ring is analyzed. Comparisons between the
FE simulated and the mathematic predicted parameters includ-
ing external diameter, growth rate of external diameter, and
rotational speed of the rolling ring are made. The simulated
and the predicted parameters are in good agreement, indicat-
ing that the mathematic model accurately predicted the size of
the rolling ring and thus can be used to provide a guideline in
real manufacturing of large L-section rings.

Keywords Large L-section ring - Shape axial roll -
Radial-axial ring rolling - Diameter growth rate - FE
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V' Volume of the ring
Dy External diameter of the billet
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D  Instantaneous external diameter of the ring

D, Diameter of the drive roll

ho Initial height of the ring

hs  Instantaneous height of the small ring

h,  Instantaneous height of the big ring

dy Internal diameter of the billet

ds  Instantaneous internal diameter of the small ring
dy, Instantaneous internal diameter of the big ring
by Initial thickness of the billet

by  Thickness of the big ring

n  Instantaneous rotational speed of the ring

np  Rotational speed of the drive roll

n, Rotational speed of the shape axial roll

L Length of the work shape axial roll

68  Cone angle of the axial roll

R, Working radius of the shape axial roll

vy  Withdraw speed of the shape axial roll

vp  Growth rate of the external diameter

v Feed speed of the shape axial roll

t Total rolling time

1 Introduction

Radial-axial ring rolling (RARR) is an advanced plastic de-
formation technique which reduces ring thickness, enlarges
ring diameter, and forms ring cross section. As the advantages
of load and energy saving, high material yield, small equip-
ment tonnage, and little vibration, RARR has been increas-
ingly employed to manufacture precise seamless annular
rings with a variety of diameters, materials, and cross sec-
tions, which are widely used in all kinds of industries, such as
machine, astronautics, railway, automobile, etc. [1]. Until
now, researches on RARR have mainly been carried out by
experiments [2—5] and theoretical methods [6—8]. Because of
the advantages of revealing deformation law, illustrating
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forming defect, and debunking microstructural evolution his-
tory, various attempts have been made to apply finite element
(FE) methods to ring rolling [9—16]. However, most researches
focus on large rectangular section rings or small profiled rings,
as they are the basis.

An L-section ring is a typical profiled ring, which con-
sists of a big rectangular section ring and a small rectangular
section ring [17]. Traditionally, an L-section ring is rolled
using a shape mandrel when the groove is in the inner layer
or a shape drive roll when the groove is in the outer layer.
Hua et al. [17, 18] studied the deformation behavior and
biting condition of this ring rolling technique. In addition,
Hua et al. [19] pointed out that the material flow between
the big ring and the small ring is disadvantageous because it
can lead to material accumulation at the step surface, which
can hinder the step formation and ring enlargement.
Moreover, the height of the groove is so low in some cases
that it cannot be rolled using a shape mandrel or a shape
drive roll.

Recently, a new RARR process in which a shape axial roll
is used to form large a L-section ring has been proposed. In
this method, as shown in Fig. 1, the shape axial roll both feeds
downward and withdraws with the growth of the deformed
ring. Because of the complexity of the deformation process,
the match between the withdraw speed and the feed speed of
the shape axial roll is extremely hard to promise. Li et al. [20]
rolled a profiled heavy disk, and Hirt et al. [21] rolled a ring
with a bulge on the axial end plane of the ring using a shape
axial roll. In their experiments, the withdraw speed of the
shape axial roll is controlled according to the measured rolling
pressure or the measured diameter. However, the experiments
are expensive and difficult to control. And, FE simulation is
time consuming. Furthermore, the size parameters of L-
section rings vary so that it is almost impossible to conduct
FE simulations or experiments to investigate the ring diameter
growth rate for every L-section ring. Therefore, an accurate
prediction for the growth rate of the ring diameter is essential
for this new technique.

Shape axial roll ower axial roll Ring

Mandrel

Drive roll

Fig. 1 Forming principle of the new RARR process
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In this paper, the mathematic model, in which the slip
between the shape axial roll and the ring, the penetration
condition, and the biting condition are all taken into consid-
eration, for predicting ring diameter during this new RARR
process is proposed. Then, FE models are developed and
verified. At last, the simulated ring diameters and rotational
speeds are compared with the predicted ones. Also, the distri-
bution of effective strain is analyzed.

2 Mathematic derivations of steady forming condition
2.1 Forming principle of the new RARR

RARR is an extremely complicated incremental, nonlinear,
unstable plastic deformation process. Figure 1 shows the
forming principle of RARR using a shape axial roll: the drive
roll takes active rotation, and the mandrel takes passive rotation;
the shape axial roll and the lower axial roll withdraw with the
same speed and rotate along their axis with the same rotational
speed but contrary directions; also, the shape axial roll feeds
downward to form the profiled cross section of the ring.

During RARR, the ring is dually drawn into and rolled in
the axial roll gap (formed by the lower axial roll and the shape
axial roll) and the radial roll gap (formed by the mandrel and
the drive roll). For a traditional RARR process, the ring rotates
continuously because the drive roll rotates and the mandrel
feeds toward the drive roll. In this new RARR process, the
drive roll still rotates, but the mandrel does not feed toward the
drive roll. However, the radial roll gap eliminates the spread
produced by the axial roll gap, meaning that there is real feed
amount for the mandrel. Therefore, the ring can be bitted into
the roll gaps and can rotate continuously in this new RARR
process.

The variation of the cross section before and after this new
RARR process is shown in Fig. 2. The cross sections of the
big ring and the small ring are both considered rectangular
during the whole RARR process. In order to keep the RARR
process steady, the shape axial roll should withdraw with the
speed which is exactly equal to the growth rate of the external
diameter of the deformed ring. Otherwise, the shape axial roll
either prevents the ring from growing in the radial direction
when the withdraw speed of the shape axial roll vy, is less than
the growth rate of external diameter of the deformed ring vy, or
pulls the deformed ring to make the ring an ellipse when v,, is
greater than vp.

2.2 Establish mathematic correlations of key variables

In order to minimize or even eliminate the dynamic collisions
and vibrations between the deformed ring and the shape axial
roll, it is essential to develop a proper mathematic model for
the prediction of ring diameter.
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Fig. 2 Cross-section variation of B ab |
the ring before and after RARR ‘ ds o
; do - -
hs
A
hO \ hs
A Y
b Y
0 D [Cross-section of ring blank]
- o

> [Cross-section of rolled ring|

D -

2.2.1 Diameter of the deformed ring

For this new RARR process, the feed speed of the shape axial
roll is relatively small and the mandrel does not feed toward
the drive roll. Therefore, it is acceptable to assume that the
deformed ring is comprised of two rectangular-section rings
during the whole new RARR process. According to the vol-
ume constant principle during ideal plastic deformation, we
have the following correlations:

. w(Dg;dé)ho 0

_ 7(D*~(D-2b,)* ) h
V:w(D24df,)hs+ (D (D4 1)) b )

Here, V' represents the volume of the ring. D and d; are the
instantaneous external diameter and the instantaneous inner
diameter of the small ring, respectively. The height of the big
ring Ay, is equal to the feed amount of the shape axial roll, and
the total height of the ring /4, keeps unchanged. Moreover, the
thickness of both the big ring b, and the small ring which is
equal to the thickness of the billet b, both keep constant.

t
hy = J vdt 3)
0
t
hy = ho— J vdt (4)
0
_ Dy-dy _ D—d,
hh=—"5—=" (5)

Substitute Egs. (3), (4), and (5) into Eq. (2), and then
substitute Eq. (2) into Eq. (1), the instantaneous external
diameter of the deformed ring can be obtained.

V t
— + hobg—(bg—b7) J vdt
™
- (6)
hobo + byvt—by J vdt
0

D=

According to Eq. (6), it can be known that the instantaneous
external diameter of the deformed ring can be known if the
feed speed of the shape axial roll v is given. As v is a constant
in this new RARR process, Eq. (6) can be rewritten as

; + hoby—(bg—b7 ) vt

D= 7
hobo + byvt—byvt )

2.2.2 Movements of the shape axial roll

Figure 3 shows the relative position of the shape axial roll and
the ring billet and its variation before and after the new RARR
process. As shown in Fig. 3, the shape axial roll feeds down-
ward, withdraws, and rotates with increasing ring diameter.

In order to guarantee the stability of the RARR process, the
withdraw speed of the shape axial roll vy, should be the same
with the growth rate of external diameter vp. Therefore, the
withdraw speed of the shape axial roll can be expressed as
follows:

Vp = d—D (8)
Vi = Vp 9)

Substitute Egs. (7) and (8) into Eq. (9), the withdraw speed
of the shape axial roll, which is equal to the growth rate of
external diameter of the deformed ring, can be expressed as
follows.

V

v(bi1—by) (hob0b1—>
T
(hobo + byvi—bovt)*

(10)

Vyw =

It can be known from Eq. (10) that the withdraw speed
changes during the whole RARR process. In order to simplify
the control system of the ring rolling mill, the withdraw speed
of shape axial roll is fitted into a polygonal line, i.e., the
withdraw speed is a constant during every time increment
and differs for different time increments. Theoretically, the
smaller the time increment AT is, the more accurate the
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Fig. 3 Variation of shape axial
roll before and after RARR

[Cross-section after RARR

withdraw speed will be. The withdraw speed of the shape
axial roll during every time increment can be expressed as
follows:

+  AD
V. =

w AT (11)

Here, v,, is the average withdraw speed of the shape axial
roll during the time increment A7, Considering the ability of
the control system, A7 should be appropriately chosen during
the real RARR process.

In order to obtain a relative minimum slip between the
shape axial roll and the ring, the linear velocity of the shape
axial roll at the contact points should be equal to or greater
than that of the rotating ring. Generally, the linear velocities
of the shape axial roll at the contact region are greater than
that of the deformed ring when the linear velocity of the
shape axial roll at the outermost layer of the ring is equal to
or greater than the linear velocity of the ring at the outermost
layer. That is, as illustrated in Fig. 3, at point a, the linear
velocity of the shape axial roll should be equal to or greater
than the linear velocity of the deformed ring during the whole
RARR process. Assuming that there is no slide between the
ring and the drive roll, the linear velocity of the outermost
layer of the deformed ring is equal to the linear velocity of the
drive roll. We have:
nD = I’lDD1 (12)

As the diameter of the drive roll D, and the rotational speed
of the drive roll np are given and the instantaneous external
diameter of the deformed ring D can be known from Eq. (7),
the rotational speed of the ring can be expressed as

"= npD; (h()b() + b]Vt_b()Vt)
v
— + hoby—(bg—b7) vt
™

(13)

In order to make sure that the linear velocity of the shape
axial roll is equal to or greater than the linear velocity of the
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deformed ring at point a, the following equation should be
satisfied:

D
naR,>n (;—bl)

Here, n, is the rotational speed of the shape axial roll. R, is
the working radius of the shape axial roll at point a, and R, can
be expressed as follows:

(14)

R, = Lsin 4 (15)
2
Here, L is the length of the work shape axial roll, and 6 is
the angle of the shape axial roll. Substitute Egs. (13) and (15)
into Eq. (14), the rotational speed of the shape axial roll n, can
be written as follows:

D
(5)
> 7

Lsin—
sin >

Nq

2.2.3 Reasonable range of the feed speed v

During this new RARR process, the ring should meet the
penetration condition (the required minimum amount of
height reduction per revolution) and the biting condition (the
allowed maximum amount of height reduction per revolution)
in the axial roll gap to make sure that the process can be
accomplished successfully. According to Pan [22] and Zhou
[23], we have

Ahamin = Aha =< Ahamax

1.31 x 107242
Ahgmin = . :

(L—b() + by )tang
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Ahgmax = 452Ltan§ (19)

where 3 is the friction angle (the half of the contact angle
between the axial roll and the ring) in the axial roll gap, and
Aha is the axial feed amount of the shape axial roll per
revolution. Al and Ahyg .y are the permitted minimum
and maximum feed amounts per revolution of the axial roll
gap, respectively. Assuming that there is no slide between the
ring and the drive roll, Ak, can be described as

D
A/’la _ v
nDDl

(20)

Substitute Egs. (18), (19), and (20) into Eq. (17), the range
of the feed speed of the shape axial roll can be deduced.

0
4nDD1 ﬁthan E

v< - (21)

1.31 x IO’ZnDDlhﬁeS
wD(L—by + bl)tani

During the new RARR process, the axial rolling force and
vibration augment with increasing feed speed [1]. Therefore,
the feed speed of the shape axial should be as small as possible
on the premise that the penetration condition is met.

3 3D coupled thermo-mechanical FE model
3.1 Developing FE model

In order to verify the mathematic model, 3D thermo-
mechanical coupled rigid-plastic FE models are developed
on the platform of general-purpose commercial FE software
of DEFORM. The simulation parameters are summarized in
Table 1, and the size parameters of the billet and the rolled
ring are presented in Table 2. Actual sized FE models, as
shown in Fig. 1, are developed to verify the reliability of the
mathematic model. Both the size of the ring and the feed

Table 1 The common simulation parameters

Parameter Value
Diameter of the drive roll, D; (mm) 1,100
Diameter of the mandrel, D, (mm) 280
Cone angle of the axial roll, 6 (°) 35
Rotational speed of drive roll, np (rad/s) 22
Temperature of the billet, (°C) 1,200
Temperature of the environment, (°C) 20
Temperature of the rolls, (°C) 150
Feed speed of the shape axial roll, v (mm/s) 0.2/0.3

Table 2 The different simulation parameters

Parameter Geometry A Geometry B
External diameter of the billet, Dy (mm) 2,985 2,385

Inner diameter of the billet, dy (mm) 2,368 1,768
Thickness of the billet, by (mm) 308.5 308.5
External diameter of the ring, Dy (mm) 3,574 2,838

Inner diameter of the small ring, dgs (mm) 2,957 2,221

Inner diameter of the big ring, dyr (mm) 3414 2,678
Height of the big ring, /¢ (mm) 50 50

Height of the small ring, Ay (mm) 150.5 150.5

speed of the shape axial roll are changed to further validate
the mathematic model.

The main features of the FE models are described as
follows:

1. A Ring-Rolling solver in DEFORM-3D, which increases
the mesh density in the roll gap region and decreases the
mesh density in other regions during the FE simulation
process, is adopted to improve the simulation accuracy
and efficiency.

2. The coupled thermo-mechanical brick element with eight
nodes is adopted to discretize the ring. The fully automatic
Arbitrary Lagrangian and Euler adaptive remeshing tech-
nique is employed to guarantee a high-quality mesh dur-
ing the whole FE simulation process.

3. Four contact pairs are defined between the ring and the
rolls, and the friction coefficient is set as 0.35 [23-25].
Compared with the ring, the variations of deformation and
temperature of the rolls are so small that the rolls are
treated as analytically rigid and isothermal bodies. There
is internal heat generation caused by plastic work and

Table 3 Parameters of radial-axial ring rolling model

Parameters Values
External diameter of the billet (mm) 1,252
Internal diameter of the billet (mm) 952
Height of the billet (mm) 230
External diameter of the rolled ring (mm) 2,000
Internal diameter of the rolled ring (mm) 1,800
Height of the rolled ring (mm) 200
Radius of main roll (mm) 450
Radius of idle roll (mm) 150
Angle of conical roll (°) 35
Friction coefficient 0.35
Feed rate of idle roll (mm/s) 1.5
Feed rate of conical roll (mm/s) 1
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Fig. 4 Comparisons of diameters between simulation and experiment
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friction and heat transfer at the contact surfaces of the ring.
Moreover, there are heat convection and thermal radiation
from all the surfaces of the ring.

The ring material is 42CrMo alloy steel. Its variation of
heat capacity within the rolling temperature range, 800 to
1,400 °C, is taken into consideration. The coefficients of
heat convection, heat radiation, and heat transmission are
0.02, 0.7, and 10 N/s/mm/K, respectively.

The material’s flow stress is determined by tempera-
ture, strain rate, and strain. During the FE analysis, the
variation of flow stress under a temperature range of 800
to 1,400 °C, a strain rate range of 1.6 to 40, and a strain
range of 0 to 1 is considered. The conversation rate of
plastic work to heat is assumed as 0.9.

The axial height of the big ring augments while that of the
small ring reduces as the shape axial roll feeds downward.
Moreover, the shape axial roll withdraws with a speed
which is equal to the growth rate of the external diameter.
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Fig.5 Comparisons of the simulated and the predicted external diameters: a Geometry A, v=0.2 mm/s; b Geometry A, v=0.3 mm/s; ¢ Geometry B, v=

0.2

mm/s; d Geometry B, v=0.3 mm/s
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Therefore, the radial thickness of the big ring keeps con-
stant. After the external diameter reaches the desired
value, the shape axial roll stops feeding and the ring
rolling process stops.

3.2 Verification of FE model

In order to validate the prediction capability of the developed
FE models, an FE model, which corresponds to the ring
rolling experiment of Xu [25], is developed on the same
platform, and comparisons between the simulated ring diam-
eters and the measured ones are made. The process parameters
are summarized in Table 3.

As presented in Fig. 4, the FE simulated internal and
external diameters show good agreement with the ex-
perimental ones, meaning that the FE model developed
to verify the mathematic model can also be considered
reliable.
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4 Results and discussion
4.1 Growth rate of the external diameter

Figure 5 shows the comparisons of the predicted and the
simulated external diameters of the deformed ring under dif-
ferent conditions. It can be seen from Fig. 5 that the predicted
external diameters grow smoothly and regularly and that the
simulated external diameter matches well with the predicted
results with the progress of RARR in all conditions. In addi-
tion, Fig. 5 shows that the simulated external diameters of the
rolled rings are slightly greater than the predicted ones after
the rings are rolled. This is because the cross sections of the
rolled rings are not ideal during the RARR process, leading
the growth rates of the external diameters to increase faster
than the predicted ones.

It can be seen from Fig. 5a, b that the external diameters of
geometry A have increased more than 600 mm after the shape

(7]
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Fig. 6 Comparisons of the simulated and the predicted growth rates of external diameter: a Geometry A, v=0.2 mm/s; b Geometry A, v=0.3 mm/s; ¢

Geometry B, v=0.2 mm/s; d Geometry B, v=0.3 mm/s
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axial roll has fed 50 mm. And, as presented in Fig. 5c, d, the
external diameters of geometry B have increased less than
500 mm after the shape axial roll has fed 50 mm. Comparing
Fig. 5a, b with Fig. 5c, d, it can be known that the increasing
amount of external diameter increases with augmenting billet
diameter.

Figure 6 provides the comparisons of the predicted and the
simulated growth rates of the external diameter of the ring for
different feed speeds of the shape axial roll v and different
sizes of the billets. It can be known from Fig. 6 that the
simulated growth rates are slightly slower than the predicted
ones at first and then become slightly faster than the predicted
ones. In general, the simulated growth rates of external diam-
eter under all conditions match well with the corresponding
mathematic prediction.

Comparing Fig. 6a with b or ¢ with d, it can be inferred that
the diameter growth rate climbs with increasing feed speed of
the shape axial roll. Furthermore, it can be known from Fig. 6
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that the diameter growth rate decreases with decreasing billet
diameter.

4.2 Rotation of the deformed ring

Figure 7 compares the simulated and the predicted rotational
speeds of the deformed ring under different conditions. It can
be seen from Fig. 7 that the predicted rotational speeds of the
deformed ring decrease almost linearly with the progress of
RARR in all conditions. It also can be known from Fig. 7 that
the simulated rotational speeds of the deformed ring first
exceed the predicted ones slightly and become less than the
predicted ones later. Combining with Fig. 6, it can be known
that the simulated external diameters are first smaller than the
predicted ones and become larger than the predicted ones later.
As the linear velocities of the outmost layer of the deformed
rings are constant, the simulated rotational speeds are slightly
greater than the predicted ones at first and become smaller
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Fig.7 Rotational speeds under different conditions: a Geometry A, v=0.2 mm/s; b Geometry A, v=0.3 mnv/s; ¢ Geometry B, v=0.2 mm/s; d Geometry

B, v=0.3 mm/s
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a Die stroke 2

Strain - Effective (mm/mm)

c Die stroke 33

Strain - Effective (mm/mm)

d Die stroke 50

Fig. 8 Configurations and contours of effective strain at different feed amounts of shape axial roll (Geometry A, v=0.3 mm/s)

than the predicted ones at last. Generally, the simulated results
match well with the predicted ones under different conditions.

Comparing Fig. 7a with b or ¢ with d, it can be known that
the initial and the final rotational speeds of the ring are the same
for the same billet. However, the total rolling time decreases
significantly with increasing feed speed of shape axial roll,
leading the average rotational speeds to decrease sharply with
increasing feed speed of the shape axial roll. Comparing
Fig. 7a with ¢ or b with d, it can be known that the rotational
speeds increase with decreasing diameter of ring billet.

4.3 Distribution of effective strain

Figure 8 shows the configurations of the deformed ring and the
contour of effective strain at different feed amounts of the
shape axial roll. It can be known from Fig. 8 that the distribu-
tion of the effective strain is inhomogeneous in the hoop
direction at first and gets homogeneous after several rotations,
which indicates that the ring is drawn into the roll gaps con-
tinuously and rotates smoothly in this model. Furthermore, the
effective strain mainly focuses on the end plane of the small
ring as it is compressed by the axial roll gap continuously. The
spread is produced and eliminated repeatedly by the radial roll
gap and the axial roll gap in the inner layer of the small ring, so
that the biggest effective strain occurs here.

5 Conclusion

A mathematic model of a new RARR process for a large L-
section ring, in which the variation of the cross section, the

steady forming condition, and the penetration and biting con-
ditions are all taken into consideration, for the prediction of
ring diameter has been established. In order to validate this
mathematic model, 3D thermo-mechanical coupled rigid-
plastic FE models are developed on the platform of
DEFORM-3D. The simulation results show that deformation
mainly occurs at the small ring and that the distribution of
strain is homogeneous in the hoop direction in this new RARR
process. Furthermore, both the FE simulated growth rate of
the ring diameter and the rotational speed of the deformed ring
match well with the mathematic predicted results, meaning
that the mathematic model can accurately predict the size
parameters of the rolling ring.
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