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Abstract: In hot rolling of large rings of titanium alloy (LRTs), the ratio of roll radii Ri/R,, i.e., the ratio of the radius of the driver

roll R, to that of the idle roll R,, has a significant effect on the geometric shape of the deformation zone (GSDZ) which plays a deci-

sive role in achieving LRTs with high quality. In the study, an analytical description of the GSDZ is presented, and quantitative rela-

tionships between the GSDZ and R;/R; are determined. Then a validated coupled thermo-mechanical 3D-FE model of the process is

developed in the dynamic explicit code ABAQUS/Explicit. Finally, an investigation is conducted regarding the effects of Ri/R, on

the quality of LRTs from the view point of GSDZ using FE simulation. The results show that there is an optimized range of Ri/R; for

obtaining LRTs with better end-plane quality and more uniform strain and temperature distributions.
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The large rings of titanium alloy (LRTs) with outer diame-
ters greater than 1 m have been found wide applications in in-
dustry fields. Hot ring rolling is an advanced forming tech-
nology and a main processing method for producing LRTs due
to its advantages such as considerable saving in energy and
material costs, high quality and high efficiency.

In hot rolling of a LRT, the quality of the ring strongly re-
lies on the geometric shape of the deformation zone (GSDZ)
because the latter controls the mechanical and thermal behav-
iours of the ring. Of all the factors governing the GSDZ, the
ratio of rolls’ radii R,/R,, i.e., the ratio of the radius of the
driver roll R; to that of the idle roll R,, is a crucial one. There-
fore, optimized values of R,/R, are helpful to obtaining LRTs
with high quality. However, an insight into the effects of Ri/R,
should be gained first in order to achieve the optimized R,/R..
Xu et al.'"! adopted the upper bound method to make a pre-
liminary analysis of the effects of Ri/R, on force and power
parameters, etc., but they did not clarify the mechanism of the
effects. Other literatures available concerning with the effects
of Ry/R; on ring rolling are scant.

Actually, hot rolling of LRTs is a large-scale and highly
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nonlinear problem with coupled thermal-mechanical effect, so
it is quite difficult and cost-consuming to accurately analyze
the process with analytical and/or experimental methods.
Since the dynamic explicit FEM can efficiently deal with
large-scale and highly nonlinear problems, it was applied for
hot ring rolling by Xie et al.” and Wang et al."”); but they did
not consider the coupled effect of mechanical and thermal
behaviors.

In the study, an analytical description of the GSDZ is pre-
sented, followed by the establishment of a validated coupled
thermal-mechanical 3D-FE model for hot rolling of LRTs. An
investigation is finally conducted regarding the effects of
Ri/R; on the ring quality using FE simulation, and thus opti-
mized values of R;/R, are achieved. The achievements can
serve as a guide to the design and optimization of roll sizes
for the practice of relevant processes.

1 Analytical Description of the GSDZ

Fig.1 illustrates the 2D schematic diagram of hot ring rolling
of a large ring, where the shadow region is just the deformation
zone of the ring. In terms of deformation characteristics
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Fig.1 2D schematic diagram of hot ring rolling of a large ring

of hot ring rolling, two parameters are put forward to describe
the GSDZ.
1.1 Average shape parameter G

The shape parameter G is defined as

G=(L/hy)’ )
where L and h, are the length and average thickness of the de-
formation zone, respectively.

hs=(h;+h)/2=h+Ah/2~h 2)
where h; and h are the thicknesses at the entrance and at the
exit of the deformation zone, respectively; Ah is feed amount

per revolution of the ring.
L can be described by !

3)

where R; and R, are the radius of the driver roll and idle roll,
respectively; R and r are the outer and inner radius of the de-
formation ring, respectively.

For hot rolling of large ring, %—l is such a small value
r

compared to Ri + RL that it can be neglected and, as a result,
1 2
Eq. (3) can be expressed by

4

Assuming no spread and no relative sliding between the ring
and the driver roll, we havel
v (R,+r)h
Ah=—" IR DL (5)
2nR, h
where V is the feed rate of the roll; n, is the rotational speed of

the driver roll; hy is the initial thickness of the ring; R, and r,
are the initial outer and inner radius of the ring, respectively.

Substituting Egs. (2) , (4) and (5) into Eq. (1) gives

G:ﬂ- 1 . R0+r0)ho+l (6)
n 1+R//R, h’ h

For a given rolling process, G is an instantaneous variable,
changing monotonously with time, so its average value over
the total rolling time T can be used for mathematical conven-
ience, namely

T —

§:J'(ﬂ. ! .(RO + Zo)ho +1J)dt/T (7
)0 1+ R /R, h h
;

v:jvdt/T ®)
0

h=h0—\7t (9)

where V is the average feed rate over T, and t is the time
variable.

G describes the distribution state of plastic deformation
along the radial thickness of the ring. Under the stable form-
ing condition, with greater G, plastic deformation tends to
extend from the inside and outside layers to the middle layer
of the ring, thus causing the strain distribution to become
more uniform. Meanwhile, the restraint role of the middle
layer on the inside and outside layers weakens and it is ad-
vantageous for the metal in the inside and outside layers to
flow to the tangential direction of the ring, which makes the
spread distribution become more uniform.

1.2 Average distribution ratio of feed amount j

Actually, Ah is composed of Ah, feed amount per revo-
lution at the outside of the ring and Ah,, at the inside of the
ring. Ah; and Ah, are related by™"

Ah 1+R;/R
y=h e (10)
Ah, Ry /Ry —Ry/T

For a given rolling process, » is also an instantaneous

variable changing monotonously with time, so its average

value over T can be used for mathematical convenience,

namely
T
7_:,[ 1+R,/R dt/T (11)
o Ri/R, =R, /(R-h)
R:(ZRO_ho)ho +E (12)
2h 2

7 describes the distribution state of average feed amount
per revolution Ah . The greater the y , the greater the dis-
tribution proportion of Ah at the outside layer of the ring,
and the less the distribution proportion of Ah at the inside
layer of the ring. With increasing of the deformation and
spread in the outside layer, the deformation and spread in the
inside layer decrease.

1.3 Importance of G and 7

It is considered that each process corresponds to a set of
values of G and 7 . For different processes, different ring
quality attributes to the variations in G and 7 .
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It can be found from Eqs. (7) and (11) that both G and 7
are related to Ri/R,. Therefore, the change in R;/R, will result
in the variations in G and 7 and, as a result, affect the
rolling processes.

2 FE Modeling

In the dynamic explicit code ABAQUS/Explicit, a coupled
thermal-mechanical 3D-FE model is developed for simulating
hot rolling of LRTs, as shown in Fig.2. In Fig.2, the driver roll
rotates around its stationary axis at a constant speed n;, the
freely mounted idle roll advances at a constant feed rate v
towards the driver roll, and the guide rolls have a given motion
track in the rolling plane so that they always contact the ring
with appropriate pressure to maintain the stability of the op-
eration and the roundness of the ring.

The material of the ring in simulation is Ti-6Al-4V com-
monly used in large ring production. Its constitutive model
within the forging temperature range is given by Ref. [6]. The
thermal conductivity, specific heat, thermal expansion coeffi-
cient and Young’s modulus and their temperature dependence
are from Ref. [7].

The FE model has features as follows: (1) The elas-
tic-plastic dynamic explicit approach and mass scaling tech-
nology are adopted to greatly improve computational effi-
ciency without sacrificing computational accuracy. (2)The
rolls and ring are treated as dynamically isothermal rigid bod-
ies with analytical surfaces and a deformable body, respec-
tively. Because the ring is symmetric with respect to the roll-
ing plane, only the upper half is modelled. (3)The coupled
thermo-mechanical hexahedron element with eight nodes is
selected to discretize the ring, with finer mesh in the inside and
outside layers of the ring. Reduction integration as well as
hourglass control is applied to save computation time and
avoid the zero-energy mode caused by the bending mode of
deformation. The adaptive meshing technology is utilized to
reduce element distortion and maintain a high-quality mesh
throughout the analysis. (4) Contact pairs are defined between
the ring and the driver roll, idle roll and guide rolls. There is

Driver roll

3 Guide roll

Idle rol

Fig.2 Coupled thermal-mechanical 3D-FE model for hot rolling of
LRTs

friction and contact heat conduction at the interface of each
contact pair. Relative sliding existing between the ring and
rolls contribute to describe the friction with modified Cou-
lomb friction model ™

Tf:{up,rmrs (13)

T, T, =T,

where 7; is the frictional stress, P is the contact pressure,
and 7, is the shear yield stress. At all the surfaces of the
ring, convection and radiation are considered, while the
symmetry plane is assumed to be adiabatic. (5) The motion of
the guide rolls can effectively be realized by a simple
method!”.

The FE model has been verified to be reliable by a com-
parison with experimental results concerning with surface

temperature and geometry histories of the ring",

3 Results and Discussion

Under the calculation condition shown in Table 1, the ef-
fects of Rj/R, on the ring quality have been studied and opti-
mized values of R;/R, have been achieved.

3.1 Effects of Ri/R; on the ring quality
3.1.1 Relative spread

Fig.3 shows the variations of the average relative spread
(Bar) and the standard deviation of relative spread (SDBr)
with Ry/R,. The smaller the Bar, the less the metal flowing to
the axial direction of the ring; the smaller the SDBr, the more
uniform the spread distribution and the better the end-plane
quality of the ring. It can be seen that Bar and SDBr decrease
and then increase with increasing of Ri/R,, which can be
clarified from Fig.4.

Table 1 Calculation condition

Forming parameter Value

Ratio of radius of driver roll to radius of idle ~ Changing within

roll, Ri/R; [1.18,2.81]
Radius of guide rolls/mm 160
Initial outer radius of ring /mm 397.5
Initial inner radius of ring /mm 210
Rotational speed of driver roll/rad-s™ 4.21
Feed rate of idle roll/mm-s™ 8
Reduction ratio in radial thickness of ring 0.533
Friction coefficient 0.5
Initial temperature of ring/°C 880
Temperature of rolls/ °C 250
Temperature of environment/ °C 30
Contact heat conductivity/W-m>-°C ™ 4000 "1
Convection coefficient/W-m™>-°C ! 207
Emissivity 0.6
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Fig.3 Variations of Bar and SDBr with Ry/R;

Fig.4 shows the relative spread distributions along the radial
thickness of the ring under various R;/R;. It is found that when
Ri/R, is set as a relatively large value, the large spread occurs in
the inside layer of the ring (IL) and the small spread occurs in
the middle layer (ML) and that with decreasing of R/R,, the IL
decreases while the outside layer (OL) and ML increase in
spread, which is in agreement with the experimental result re-
ported by Xu et al."”and that when R,/R, decreases to a certain
value, the large spread transfers from the IL to the OL and the
small spread transfers from the ML to the IL. This can be ex-
plained from the viewpoint of GSDZ. First, the decrease of
R\/R, makes G increase by 74.77%, so the OL and IL de-
crease while the ML increases in spread. Second, the decrease of
Ri/R, causes 7 to increase by 436.32%, thus leading to the OL
increasing while the IL decreasing in spread. The variation in
the spread distribution is the balance of the above two aspects,
and it is clear that 7 has a stronger effect than G .

3.1.2  Strain

Fig.5 shows the variation of the standard deviation of
equivalent plastic strain (SDP) with R;/R,. Generally, the
smaller the SDP, the more uniform the strain distribution,
leading to the microstructure becoming more uniform. It is
found that SDP decreases and then increases with decreasing
of R/R,, which can be clarified from Fig. 6.
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Fig.5 Variations of SDP and SDT with R;/R,

Fig.6 shows the equivalent plastic strain (PEEQ) distri-
butions along the radial thickness of the ring under various
Ri/R,. It is found that when Ri/R, is set as a relatively large
value, the large deformation occurs in the IL and the small
deformation occurs in the ML and that with decreasing of
Ri/R,, the IL decreases while the OL and ML increase in
PEEQ and that when R|/R, decreases to a certain value, the
large deformation transfers from the IL to the OL. Also, this
can be explained from the viewpoint of GSDZ.

3.1.3 Temperature

Fig.5 also shows the variation of the standard deviation of
temperature ( SDT ) with Ri/R,. Generally, the smaller the SDT,
the more uniform the temperature distribution, leading to the
microstructure becoming more uniform. It is clear that with
decreasing of Ri/R,, SDT decreases and then increases. This
can be explained from Fig.7. Fig.7 shows the temperature dis-
tributions along the radial thickness of the ring under various
Ri/R,. It is found that the variation of the temperature distribu-
tion with R,/R, is similar to that of the strain distribution. In fact,
hot rolling of large ring is a plastic forming process with cou-
pled thermo-mechanical effect and most deformation energy is
dissipated in the form of heat energy, while titanium alloy has a
poor heat conduction property, so there is a similarity between
strain and temperature distributions.
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then become nonuniform.

2) There is an optimized range of Ri/R,, i.e., 1.5-1.8, within
1S 920r which the LRTs with better end-plane quality and more uni-
Og 900l form strain and temperature distributions can be obtained. The
g optimized range of R;/R, may be different under different cal-
g 8801 culation conditions, but the FE simulation method provides an
= effective means for its determination.
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