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Abstract: In this study, a design method has been developed to manufacture support rings in a pure-radial vertical profile ring rolling

process, based on a feasible forming condition and a uniform volume distribution element technique (UVDET). First, a mathematical

model for the pure-radial ring rolling process was developed, assuming the volume constancy of the metal and the growth rate of the

ring outer diameter. Second, the feasible forming conditions were derived based on mathematical modeling that comprehensively deals

with metal plastic penetration and force equilibrium. Finally, the material flow during the profile ring rolling process was controlled

through initial ring blank redesign using UVDET. To verify the proposed process, we carried out finite element (FE) simulations by

developing reliable three-dimensional FE-analysis models using Forge Nxt 3.2 commercial software. The results of FE-analysis show

that the designed process leads to a successful support ring shape, higher dimensional precision, and efficient plastic penetration.

Keywords: Vertical profile ring rolling, Feasible forming condition, Uniform volume distribution element technique, Support ring,

Finite element analysis

1. Introduction

Ahot ring rolling is a representative progressive metal forming
process, and various types of ring mills exist, including vertical,
horizontal, and multi-mandrel ring rolling mills. Early horizontal
ring rolling mills were primarily pure-radial ring rolling mills,
which performed only radial deformation using a main roll and
mandrel. Currently, most ring rolling mills are radial-axial ring
rolling mills, which utilize a pair of axial rolls to reduce the ring
height in addition to circumferential forming using a main roll
and mandrel. Recent research has also focused on radial-axial
ring rolling mills [1]-[5]. However, this research aims to develop
a ring rolling process control algorithm applicable to pure-radial
ring rolling mills, which are widely used by domestic small and
medium-sized enterprises to produce small-scale ring supports,
and to design a ring rolling process that minimizes fishtail de-
fects.

In a conventional plain ring rolling process, the outer surface of

the rolls is flat, so that the ring's thickness and outer diameter can be
adjusted without altering the ring's outer surface shape, while still
producing a ring product of the required diameter. A typical ring roll-
ing mill consists of a main roll that transmits torque to the ring blank
to rotate it circumferentially, a mandrel that rotates without driving
and applies a forming load in the radial direction to the material, and
a pair of axial rolls that deform the upper part of the material to con-
trol axial plastic deformation. Using this equipment, the initial ring
blank is placed between the mandrel and the main rolls. As the main
rolls rotate and apply compressive force to the mandrel, the distance
between the rolls narrows, thereby thinning the ring. Since the vol-
ume of the material remains constant during deformation, the ring's
thinning is compensated for by an increase in its diameter. In this
study, a pure-radial vertical ring rolling mill was used, omitting a pair
of axial rolls, which made it difficult to control axial plastic defor-
mation. Accordingly, it is necessary to establish a roll control stand-

ard to ensure the stability of the ring rolling process along with a
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pure-radial ring rolling process control algorithm [6].

The profile ring rolling process is an extremely challenging metal
plastic forming process that requires simultaneously achieving the
required ring cross-sectional shape while the initial ring blank's outer
diameter is deformed to reach the required dimensions. Furthermore,
the support ring, a product developed in this research and develop-
ment with a vertically asymmetrical cross-section, has a short diam-
eter that does not allow for a sufficient forming section. Bending de-
fects and over/under-filling defects present significant challenges in
process control and ring blank shape design. Typically, ring rolling
dies (main roll, mandrel) and ring blank shape design have relied
heavily on field experience. Moreover, the process design of a profile
ring rolling using finite element (FE) analysis can be inefficient due
to the difficulty of constructing sound FE-analysis models and ex-
tremely long computational times [7]-[10].

Therefore, this study first proposes a mathematical model of the
feasible forming conditions that determines the mathematical corre-
lations among the rolls and the reasonable ranges of the main roll
feed rate, based on the mean thickness-to-length ratio of the plastic
deformation zone. Second, the influence of principal design varia-
bles, such as the main roll rotation speed and roll radius, on the main
roll feed rate was evaluated using the Taguchi method. Finally, a the-
oretical analysis-based design method utilizing the uniform volume
distribution element technique (UVDET) was proposed to design the
initial ring blank shape for the ring rolling process, considering metal
flow. The proposed design method was inspected by profile ring roll-
ing FE-analysis for manufacturing support rings using S45C steel al-
loys.

2. Design of Pure-radial Vertical Profile Ring
Rolling Process

2.1 Development of FE-analysis Model

Using field data gathered from an actual on-site manufacturing fa-
cility, a FE-analysis model of the hot vertical ring rolling process for
support ring manufacturing was developed, and forming analysis
was performed. The hot ring rolling mill is currently in use, and its
initial settings are shown in Figure 1. This pure-radial ring rolling
mill consists of a main roll, a mandrel, and a pair of centering rolls.
The ring rolling mill is a mandrel-mounted type, with the upper main
roll rotating and moving downward at a constant speed. The hot ring
rolling process was analyzed using Forge Nxt 3.2 software, and the
FE-analysis results were compared with the experimental results,

thereby verifying the validity of the FE-analysis model.
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Figure 1: Pure-radial vertical hot ring rolling mill
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Figure 2: 3D FE-analysis model for profile ring rolling process

2.1.1 FE-analysis Model

A 3D FE-analysis model of a pure-radial vertical profile ring roll-
ing process was constructed, as shown in Figure 2, by applying the
rolls and process conditions currently used by an actual on-site man-
ufacturing facility for manufacturing support rings. Each roll is set as
a rigid body. The main roll rotates at a constant rotational speed of
30 rpm and moves at a maximum speed of 2.25 mm/s in the thick-
ness direction of the ring blank. The mandrel rotates idly around its
axis but is stationary. The centering roll option, which restricts the
movement of the ring blank during the ring rolling process, is acti-
vated. The Coulomb friction model is applied to the friction at the
contact surface between the main roll and the ring and is set to the
no-lubricant friction condition for the hot forging of Forge Nxt 3.2.
Since the mandrel rotates at the same linear speed as the ring blank,
it is assumed to have a smooth surface in most ring rolling process
analyses.

To resolve convergence issues during the forming analysis and
minimize computational time, the arbitrary Lagrangian-Eulerian
(ALE) approach and a four-node coupled thermomechanical tetrahe-
dron element were adopted for model calculations. The number of

nodes and elements in the ring blank is 7,104 and 32,256,
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Figure 4: Stress-strain curves of S45C under different tempera-

tures and strain rates

respectively. The angle step in the circumferential direction of the
ring blank for the ALE approach is shown in Figure 3. The minimum
value of 1 was set between the driving roll and the mandrel, which

are the main deformation regions.

Table 1: Input parameters for FE-analysis

Parameter Value
Ring material S45C
Friction coefficient 0.3

Outermost radius of main roll 339.4 mm
Innermost radius of main roll 317.85 mm
Outermost radius of mandrel 56.03 mm

Innermost radius of mandrel 50 mm

Temperature of ring blank 900°C

Temperature of rolls 250°C

Rotational speed of main roll 30 rpm

The material used in the FE-analysis, S45C, has an elastic modu-
lus and Poisson's ratio of 200GPa and 0.3, respectively, and a density
of 7,850kg/m>. Figure 4 shows the stress-strain curve according to
temperature and strain rate. The hot deformation behavior of S45C
steel alloy represents a material property embedded in FORGE Nxt
3.2 and is modeled by the Hensel-Spittel constitutive equation. The
temperature-dependent physical properties confirmed by Metal Sup-
plier Online of America are as follows: specific heat of 778 J'’kg™'-°C,
thermal conductivity of 35.5 W-m!-C-!, and emissivity of 0.88. The
initial ring blank and each roll temperature were set to 900°C and
250°C, respectively. The main process variables of ring mills used in

industrial settings are shown in Table 1.

2.1.2 Results of FE-analysis

The shape changes of the support ring product formed under
FE-analysis conditions identical to the field operation conditions
are shown in Figure 5. The effective strain distribution at each
step was set to the auto range, and the minimum and maximum
strain values at the last step (15 sec) were observed to be 0.776
and 3.726, respectively. Sound deformation proceeded without
any significant defects up to the step (10 sec) of two-thirds of the
total travel distance of the main roll. As can be seen in the plastic
zone distribution in Figure 5, deformation first begins at the
outer protrusion (Part A) of the support ring. Thereafter, the con-
tact (deformation) zone gradually increases toward the lower part
(Part B) of the support ring. During the ring rolling process, the
ring blank thickness is reduced by the compressive force in the
thickness direction as it begins to contact the main roll (or man-
drel). As the thickness is reduced, the ring blank must exhibit ma-
terial flow in the axial and circumferential directions. The axial
material flow was restricted by the end of the drive roll (Part C)
used in this analysis model, while the circumferential flow was
accelerated. This difference in diameter growth rates between the
upper and lower ring sections resulted in a lifting defect in the

support ring after the analysis was completed (15 seconds). The
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Figure 5: Plastic zone distribution of deformed support ring dur-
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diameter growth rate and material flow along the ring height
should be considered during redesign.

Figure 6 shows the experimental results of the hot vertical ring
rolling process for manufacturing support rings. Lifting defects iden-
tical to those observed in the FE-analysis result were observed in the
try-out process, and the stability of the ring rolling process was de-

graded, resulting in uneven support ring thickness and
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overfilling/underfilling defects.

2.2 Mathematical Model for Pure-radial Vertical Ring
Rolling Process

The principal design parameters for developing a control algo-
rithm for a pure-radial vertical ring rolling process are as follows.
The ring rolling process is driven by the complex interaction of the
dimensions of an initial ring blank, final product, and each roll, the
rotational speed of the main roll, the feed speed of the main roll, and
the position of centering rolls. The effects of gravity are ignored dur-
ing process control.

This research proposed a mathematical model based on the roll
feed speed and the ring diameter growth rate and used it to design a
ring rolling process that minimizes material defects. For the initial
ring blank temperature, industrial field data were analyzed and ap-
plied to the process design within the allowable temperature range.
A typical pure-radial vertical ring rolling process control algorithm
is as follows. Additionally, when applied to a profile ring rolling pro-
cess, the cross sections of the ring blank and the final product can be
assumed to be rectangular using the equivalent sphere conversion
method, allowing the same control algorithm to be utilized [5]-[6].

(1) Input the initial values for the ring rolling mill, ring blank di-
mensions, and the rotation speed of the main roll. The outer diameter
of the initial ring blank, Dy, thickness(width), So, and height, Ho; the
outer diameter of the ring-rolled product, Dy; thickness, Sy, and height,
Hy; the radius of the main roll, Ruain; the radius of the mandrel, Ryan-
arel; the rotation speed of the main roll, Muain; and the increase speed
of the ring outer diameter, dDydt.

(ii) If the mass loss due to oxide scale generated during the ring
rolling process is ignored, the volume of the ring is always constant.
Cpand C; are the initial and instantaneous volumes of the ring blank,

respectively.
Co = (Do —S0) " So-Ho=C; (1)

(iii) Calculate the instantaneous thickness, S;, height, H;, and outer
diameter of the ring blank, D; during the pure-radial vertical ring roll-
ing process. Therefore, for i = 1, 2, ..., n, the following equation

holds:

Si=Sii1+ (S —So)/n
H; = Hy = Hy
Dy =Ci/(m-S;-H)+S; )

(iv) Calculate the time, ¢, based on the ring outer diameter growth
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rate and the ring dimensions calculated in the previous step.
t; = ti-y + (D; — D;_1)/(dD/dt;) 3)

(v) The feed rate of the main roll, Viuain, is calculated based on the
thickness, height of the ring blank, and the time that changes during

the ring rolling process.

= L[ (Six=Si SizSiz1
Vmain'i T2 [(ti+1_ti) + (ti_ti—l)] (4)
2.3 Feasible Forming Condition for Pure-radial Vertical

Ring Rolling Process

During the pure-radial ring rolling process, changes in the plastic
deformation zone of the ring blank and the occurrence of material
defects are closely related to the feed amount and feed rate. If the
feed amount per rotation of the main roll is too small, the plastic zone
will only occur at the contact area with the rolls. The deformation
zone cannot sufficiently penetrate, limiting plastic deformation to the
center of the ring thickness. Consequently, the ring's outer diameter
cannot expand, which can lead to maternal defects. It is necessary to
define the minimum required feed amount and the corresponding
minimum feed rate of the main roll to ensure a plastic zone across

the entire ring thickness [5]-[6].

ASpin =1x 1072 (R = 1p)? - (——+ ——+=— )

main Rmandaret Ri  Ti
(&)
- -2, . Rmain | 2, (1
AVinin = 1 X 107% - Nipgin (R; —11) +
R; Rmnain
1 1 1

REREY ‘
Rmandret  Ri T ( )

where R; and 7; are the instantaneous outer and inner radii of the ring
blank, respectively.

In the ring rolling process, the ring blank must be continuously fed
between the main roll and the mandrel. Therefore, the axial force in
the rolling direction must always be relatively higher than the press-
ing force in the thickness direction. Furthermore, the force in the feed
direction of the main roll must be balanced. Based on the above force
equilibrium equation, the maximum feed amount and the resulting

maximum feed rate of the main roll must be defined.

2(arctanp)?® Rmain ( 1 1 1 1 )
(1+Rmain/Rmandrel)

ASmax =

Rmain ~ Rmandret  Ri Ti

™

2(arctanp)?® Nomgin R2,4; Rmai Rinai
AVmax p— main main 1 + main + main —

Ri'(1+Rmain/Rmandrel) Rmandrel R;

Fnatn ) ®)

Ti
Therefore, the feasible forming condition for minimizing the
fishtail defects in a pure-radial vertical ring rolling process is cal-

culated as shown in Equation (9) below.
AVmin =< Vmain < AVmax (9)

2.4 Taguchi Design Analysis for Influence of Process Var-
iables

To investigate the influence of the main design variables on the
feasible forming conditions, the levels of the design variables were
set within the range actually applied in the field, as shown in Table
2. Table 3 shows a four-level orthogonal array table for the three de-
sign variables. Figure 7 shows the factor influence by level as a re-
sult of applying the Taguchi method. Among the three design varia-
bles (Nmain, Rmain, Rmandrer), the rotation speed of the main roll had the
greatest influence, and as the rotation speed increased, the mini-
mum/maximum feed rate increased. The influences of the remaining
design variables, the radius of the main roll and the radius of the man-
drel, were somewhat low, but the radius of the mandrel and the radius
of the main roll showed slightly stronger influences on the minimum

feed rate and the maximum feed rate, respectively.

Table 2: Values of design variables at each level

Variables Level 1 Level 2 Level 3 Level 3
Nnain [rpm] 10 20 30 40
Rinain [mm] 250 300 350 400

Rmandrer [mm] 40 50 60 70
Table 3: Lis(3%) orthogonal array
No. of case Vinin [mm/s] Vinax [mm/s]
1 0.532 13.899
2 0.490 19.778
3 0.455 26.251
4 0.425 33.135
5 0.846 32.266
6 1.242 33.991
7 0.766 57.226
8 1.016 61.768
9 1.051 54.050
10 1.022 72.299
11 2.130 60.30
12 1.874 81.292
13 1.194 78.404
14 1.612 88.507
15 2.230 93.735
16 3.197 92.839
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Figure 7: Main effects plot for means

For the support ring used in powertrain systems, the process de-
sign results indicate a relatively wide range of feasible forming con-
ditions. Therefore, the shape design of the initial ring blank (forging)
before the ring rolling process is considered a relatively more im-

portant factor than the optimization of individual design variables.

2.5 Cross-sectional Shape Design of Ring Blanks for Pro-
file Ring Rolling Process

The basic concept of the uniform volume distribution element
technique (UVDET) is to divide a ring blank into several regions us-
ing linear elements and to predict the metal flow between these re-
gions [11]-[12]. Throughout the ring rolling process, the cross-sec-
tional area of the ring gradually decreases at each forming stage, and
the ring diameter increases due to the incompressibility of the mate-
rial. The ring blank moves across the boundary of a linear element to

the adjacent-upper and lower elements while satisfying

= Vi,hl_/:/;+1,h =0 (10)
Vin = (R —124) Viern = T(RE 1 n — 1i1n) (1

the volume constant condition. The total volume of the ring blank is
calculated by summing the volumes per unit height of all linear ele-

ments. where, 7z represents the volume reduction per unit height, i.e.,
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Figure 9: 3D FE-analysis model for redesigned process

the volume distribution. V" and / represent the volume and height of
the ring blank, respectively. The subscript i indicates the number of
passes in the ring rolling process. Figure 8 below shows the cross-

sectional shape of the initial ring blank redesigned using UVDET.

3. Verification of Proposed Design Method

3.1 FE-analysis model

To validate the design of the profile ring rolling process, applying
a redesigned initial ring blank shape and main roll operating condi-
tions for stable support ring manufacturing, FE-analysis was per-
formed in the Forge Nxt 3.2 software environment. The 3D FE-anal-
ysis model was constructed similarly to “2.1.1 FE-analysis Model.”

Figure 9 shows the FE-analysis model for the redesigned process.
The number of nodes and elements in the initial ring blank is 7,000
and 32,100, respectively. Principal process variables are listed in Ta-
ble 1, and the feed rate of the main roll proposed under the feasible

forming conditions is shown in Figure 10.

3.2 Result of FE-analysis

The results of the FE-analysis performed with the proposed pro-
cess conditions using the feasible forming condition and UVDET are
summarized in Figures 11 and 12, which show the shape change,

effective strain distribution, and temperature distribution of the
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The effective strain distribution for each step was confirmed by
setting it to auto range, and the maximum strain of the support ring
was observed to be 2.1 in the last step (15 sec). As can be seen in the
plastic zone distribution in Figure 11, the plastic zone was first gen-
erated on the outer surface of the upper part (Part A) of the support
ring and the inner surface of the middle part (Part C) when the roll
feed was small. As the feed increased, the upper part (Part A) and the
middle parts (Parts B, C) of the support ring were filled, and then the
contact (deformation) zone was gradually created toward the lower
part (Part D). The stable forming was achieved without defects such
as lifting, under-filling, and over-filling at the lower part of the sup-
port ring that occurred under the existing field try-out conditions.
However, a slight under-filling defect appeared on the outer surface
of the support ring protrusion.

The temperature distribution in Figure 12 shows that the ring
temperature after the hot ring rolling process ranges from 876.2°C to
913.4°C. Arelatively high temperature distribution is observed in the
middle sections of the support ring (Parts B and C), where the great-
est plastic deformation is expected, and the temperature decreases
toward the lower part of the ring (Part D). However, due to the short
forming time, the initial ring blank temperature of 900°C did not
change significantly.

4. Conclusion

In this study, the process design method for the pure-radial vertical
profile ring rolling process is proposed. The effectiveness of the pro-
posed method was verified through 3D FE-analysis of the support
ring manufacturing process. Key conclusions are as follows.

(1) To reduce ring spreads and maintain process stability, we
developed the feasible forming condition for a single-
stage vertical ring rolling process. Based on mathematical
modeling that comprehensively considers plastic penetra-
tion and force balance, feasible forming conditions were
derived, which are expressed in Equations (6), (8), and
).

(2) To reduce ring spreads and maintain process stability, we
developed the feasible forming condition for a single-
stage vertical ring rolling process. Based on mathematical
modeling that comprehensively considers plastic penetra-
tion and force balance, feasible forming conditions were
derived, which are expressed in Equations (6), (8), and
).

(3) The cross-sectional shape design of the initial ring blank

for the profile ring rolling process was performed using
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the UVDET, and its effectiveness was confirmed by ob-
serving the expansion of the plastic zone during the whole
process. However, further research is needed to select the
ring blank shape in conjunction with the hot forging pro-
cess before the ring rolling process.

(4) The proposed design method ensured a successful ring
shape and excellent dimensional accuracy. These re-
search results can serve as basic guidelines for process

design during actual on-site try-out operations.
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ing the redesigned process
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