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a  b  s  t  r  a  c  t

As  an  incremental  forming  process  of  bulk  metal,  ring  rolling  provides  a cost  effective  process  route  to
manufacture  seamless  rings.  In  the  production  of  hot  rolled  rings,  defects  such  as  porosity  can  sometimes
be  found  in  high  alloyed  steel,  manufactured  from  ingots  having  macro-segregation.  For  the  reduction
of  the  waste  of material  and  improvement  of product  quality,  a better  understanding  of the  relations
between  parameters  in  the hot  ring  rolling  process  and  the occurrence  of  porosity  is  needed.

In this  study  round  bars  were  used  to manufacture  rings  on an  industrial  ring rolling  mill.  Different
ring  growth  rates  were  applied  to  investigate  the influence  on  the  occurrence  of  porosity  in the  final
rings.  The  hot  rolled  rings  were  inspected  by ultrasonic  testing,  of  which  the  results  were  also  validated
by  metallographic  investigation.

In addition  to  the  experimental  investigations,  coupled  thermo-mechanical  multi-stage  finite  element
(FE)  analysis  was  performed  with  integrated  adaptive  motion  control  of the  rolls.  A  damage  indicator
was  implemented  in a user-defined  elasto-viscoplastic  material  model.  The  deformations,  stresses  as
well as temperature  history  from  preform  forging  were  included  as  initial  conditions  for  the rolling

stage.  Damage  indication  from  the  numerical  model  matches  the  experimental  result  in the  considered
process  conditions.

In  spite  of the  suggestion  of  a more  careful  process  when  a low  ring  growth  rate  is used in hot  ring
rolling,  experimental  and  numerical  studies  demonstrate  that  with  a  low  ring  growth  rate  there  is  an
increased  susceptibility  to damage  as  compared  to application  of  a high  ring  growth  rate.
. Introduction

Forming a metal above its recrystallization temperature
equires much less force and power than cold forming does because
f its reduced yield strength and limited strain hardening. The
ormability and ductility of a metal increase at high temperature.
herefore through hot ring rolling a larger deformation and a wider
ange of ring cross sections can be achieved than by cold ring rolling.
iedemann et al. (2007) determine the material flow distribution

or radial profile ring rolling. Their investigations on wax-based

odel material show a high flexibility of the hot ring rolling
rocess.
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A typical hot ring rolling process includes preform forging and
ring rolling as shown in Fig. 1. The billet is heated to a tempera-
ture above the recrystallization temperature of the material. The
forming process begins with the upsetting of the hot billet. Next
a punch forms a cavity and leaves only a thin web of metal at the
hole bottom. In the piercing step, another punch pierces the billet
to remove the web  of metal. The billet with a complete hole in the
center is referred to as preform and is then rolled on a ring rolling
mill.

During radial–axial ring rolling, two rolling processes are done
simultaneously, radial and axial rolling. In the radial stage, the ring
thickness is gradually reduced by reduction of the gap between
the main roll and the mandrel (see Fig. 1). The axial stage serves to
control the final height of the ring by feeding the upper axial roll
towards the lower axial roll. Both processes involve local defor-

mation increments in perpendicular directions which are applied
typically between 10 and 100 times to produce one ring. At the same
time, the ring cools down at the surface and heats up due to dissi-
pation of heat generated during plastic deformation and friction
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Df final ring outer diameter
�v viscous stress
ṗ equivalent plastic strain rate
�eq equivalent stress
r isotropic hardening variable
�f flow stress
p equivalent plastic strain
T temperature
�∗

0 strain and strain-rate independent stress
�w work hardening stress
�0 initial yield stress at room temperature
�∗
u saturated value of exponential hardening
�u0 saturated value of exponential hardening at room

temperature and at quasi-static threshold rate
CT temperature dependence coefficient
Cp rate dependence coefficient
ṗ0 quasi-static threshold rate
pf fracture strain
�h hydrostatic stress

 ̋ damage indicator
t time point, current
�T mean velocity of ring at inlet of radial roll gap
S ring thickness at inlet of radial roll gap
�t mean velocity of ring at outlet of radial roll gap
s ring thickness at outlet of radial roll gap
�H mean velocity of ring at inlet of axial roll gap
H ring thickness at inlet of axial roll gap
�h mean velocity of ring at outlet of axial roll gap
h ring thickness at outlet of axial roll gap
�M tangential velocity of main roll
Dm mean diameter of ring
�A tangential velocity of axial rolls
Lm mean circumference of ring
Li half mean circumference between inlet of radial roll

gap and outlet of axial roll gap
Lo half mean circumference between outlet of radial

roll gap and inlet of axial roll gap
D outer diameter of ring
�r feed rate of mandrel
t0 time point, start of ring rolling
si initial ring thickness
Vi initial ring volume
ıs ring thickness reduction per pass
ıh ring height reduction per pass
�a feed rate of upper axial roll
Ḋ ring growth rate
�htotal total ring height reduction
�stotal total ring thickness reduction
sf final ring thickness
hi initial ring height

 ̨ opening angle of guide roll arms
Dg guild roll diameter
R0 initial ring radius
R current ring radius
Ra radius of rotation plane of axial rolls at mean radius

of ring
Rm mean radius of ring
Sx coordinate of sensor node
� velocity of sensor node
x

nA rotation speed of axial rolls

nM rotation speed of main roll
�Ar radial velocity of axial rolls
˛A semi-vertical angle of conical axial rolls
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between ring and rolls. As a consequence, the material experiences
a very complex thermo-mechanical deformation history.

An important parameter in the ring rolling process is the ring
growth rate, the rate of growth of the ring’s outer diameter. The
main roll usually rotates at a constant speed throughout the entire
process. Therefore, the desired ring growth rate is controlled by the
feed rates of the mandrel and the upper axial roll.

While the thickness of the ring is being reduced in the radial
stage, simultaneously a slight increase of the height is observed. A
similar effect is observed in the axial stage, where height reduction
is accompanied with a slight increase in thickness. This phe-
nomenon is referred to as the spread.

The ring rolling process has been subject of a number of exper-
imental and numerical studies. Allwood et al. (2005) describe the
development of the ring rolling technology in a thorough literature
review. With increasing demand on product life time, optimization
of process parameters to improve damage tolerance of the product
in service becomes one of the key challenges in ring rolling.

The feed rate is a critical process parameter in the ring rolling
process because the relative motions of radial and axial rolls must
be controlled to achieve stable rolling, efficient reduction, and accu-
rate final geometry. Many studies have been done to investigate the
influence of the feed rate defined rolling schedule on the quality of
the final ring. Using slip line theory, Hawkyard et al. (1973) find that
in cold ring rolling a sufficiently high feed rate should be applied to
avoid tensile stresses in the center of the ring’s cross section. Tensile
stresses predispose the material to internal cracking. Mamalis et al.
(1976) examine the deformation mode of tellurium lead and alu-
minum alloy rings. They conclude that higher feed rates produce a
more rectangular spread. Ryoo et al. (1986) find that as the feed rate
increases, the torque of the main roll increases and the force on the
mandrel decreases. The influence of feed rate on the mandrel force
is less than that on the roll torque. Boucly et al. (1988) simulate
the ring rolling with wax-based model materials. From the occur-
rence of fish tails (uneven spread) it is found that for a certain ring
geometry and feed rate of the mandrel, the ratio of radial to axial
rolling as well as the rolling curve have to be adjusted. Kluge et al.
(1994) develop a new radial–axial rolling strategy to prevent over-
heating of the spread bulges and to make strain distribution more
even. Radial and axial feeding are applied alternately in the pro-
posed rolling schedule. Lin and Zhi (1997) analyze the maximum
and minimum feed rates. The minimum feed rate is determined by
plastic penetration and the maximum feed rate is determined by
bite condition. Yan et al. (2007) propose a mathematical model to
plan feed rate for a constant ring growth rate. They conclude that
the ring grows uniformly and stably when the ring growth rate is
constant. Sun et al. (2008) investigate strain and temperature dis-
tribution of the hot rolled ring using a FE model and conclude that
a high feed rate improves the strain and temperature uniformity.
Sun et al. (2010) analyze the effects of feed rate on micro struc-
tural evolution during hot ring rolling of AISI 5140 steel by a FE
model. They show that increase of feed rate enlarges the regions
of recrystallization. In addition, the distribution of recrystallization
becomes more uniform. Zhou et al. (2011) study forming defects in
hot rolling of aluminum alloy using FE simulation and find that a
high ratio of axial to radial feed per revolution leads to less uniform
deformation.

Under some process conditions defects such as porosity can be
found in rings produced from high alloyed steels. High alloyed steel
ingots tend to contain macro segregations (Campbell, 2003). In
none of the aforementioned studies on the effect of feed rate, its
influence on damage development in the bulk of the ring has been

subject of investigation.

In this work the influence of ring growth rate on the occurrence
of macro defects in the bulk of the ring is studied. Billets were
hot forged and then ring rolled with different feed rate programs,
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Fig. 1. Process chain of hot ring rolling: (a) preform forging and (b) ring rolling.

trong porosity indications and (b) a bar appearing healthy.
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Table 1
General dimensions after each operation.

Height (mm) Outer diameter (mm) Ring thickness (mm)

Billet 205.0 80.0 –
Upsetting 83.0 125.7 –
Fig. 2. Ultrasonic testing images of (a) a bar having s

hich are determined by specification of different desired constant
ing growth rates. The porosity (damage) in the final rings, was
dentified with the help of ultrasonic inspection. Additionally the
nfluence of ring growth rate is investigated numerically to explain
he experimental results.

. Test design

The tests were designed for the purpose of investigating the
ffect of the ring growth rate on final quality of the rolled rings. For
he ring rolling stage, three different conditions were prescribed
ith respect to the feed rate program of the mandrel and the upper

xial roll.

.1. Sample selection

The steel used in this research is AISI 52100 type alloy. One
f the inevitable sources of damage in metal forming processes
s the existence of defects in the billet material. Campbell (2003)
escribes that casting ingots usually have macro-porosity and
acro-segregation as two major defects. A macro-porosity is either

 gas entrapment or a void in the casting product, which is big
nough to be detected by ultrasonic inspection. Macro-segregation
s a spatially uneven distribution of alloying elements due to solid-
fication during casting.

For the tests, steel billets were first cut from the ingots near the
egregation area (center section) of the chosen ingot. Next, round
ars of 80 mm in diameter and 205 mm in height were machined
ut of the center line of the billets. All the bars were then inspected
y ultrasonic testing so as to identify the initial quality of the
amples. A great difference in terms of indications that are signs

f macro-porosity and non-metallic inclusions was observed in
ltrasonic testing imaging. An impression of billets with weak and
trong indications is given in Fig. 2. The samples for the tests were
elected from the billets in which no macro-porosity was identified.
Punching 83.0 133.1 40.6
Ring rolling 50.0 405.4 16.0

2.2. Test conditions

The selected samples were used to manufacture rings on a ring
rolling machine. The tests included all operations as in a typical
hot ring rolling production system involving heat treatment and
machining. The dimensions of the billet, preform and final ring are
given in Table 1.

The initial hot working temperature is set to T = 1150 ◦C. The
temperatures were recorded by an infrared camera in order to
know the temperature history and its distribution on the work-
piece.

Three feed rate programs had to be determined in advance
by specification of three constant ring growth rates as the inputs
for the tests and simulations. A high, an intermediate and a low
ring growth rate are considered. The radial–axial ring rolling
involves two roll gaps. The rotational and translational motions
of both roll pairs are related. Koppers and Kopp (1991) derive
analytical equations for the geometry and kinematics of the
radial–axial ring rolling process. The adaptive control model, which
they developed, has been successfully adopted in industrial rolling
mills. Yan et al. (2007) describe a mathematical relationship
between the ring growth rate and the feed rate of the mandrel
in radial ring rolling. For this study an analytical model, used in
conjunction with adaptive motion control of the rolls, was built to
determine the feed rate program in the radial–axial ring rolling

process (see Appendices A and B). Assigning process conditions
(see Section 2.2) to Eq. (A.21) and specifying a linear relation in
Eq. (A.20), the feed rate programs can be determined for the three
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Fig. 3. Feed rate programs.

onsidered ring growth rates. In Fig. 3 the feed rates of the mandrel
nd of the upper axial roll, as functions of the actual ring thickness
eduction, are plotted for a high feed rate program (FRP A), an inter-
ediate feed rate program (FRP B) and a low feed rate program (FRP

).

.3. Ultrasonic testing of final rings

After cooling, the rings were finely ground to increase the pre-
ision of the ultrasonic testing. The ultrasonic immersion method
as used for the detection of subsurface defects. The rolled ring
as carefully centered and mounted on a rotating table before

eing sunk in the immersion tank. The automated scanning was
erformed with an immersion transducer, which has a center fre-
uency of 10 MHz  and crystal diameter of 19 mm.  The transducer
as focused spherically on a 145 mm spot in water and its posi-

ion was adjusted by a servo-motor’s integrated motion controller.
ig. 4 shows schematically the ultrasonic testing set-up. The 45◦

efracted shear wave in steel was produced to visualize the results.
he circumferential and axial resolution are 0.3 mm  and 0.2 mm
espectively.

. Finite element analysis

A coupled thermo-mechanical multi-stage FE model was built
n the commercial code LS-DYNA to simulate the preform forging
nd the ring rolling. Explicit time integration is used for mechanical
alculations and implicit time integration is used for thermal calcu-
ations. Both solvers are connected in a staggered solution scheme.

 damage indicator is implemented in a user-defined material
odel with temperature dependence.

.1. Material model

The preform forging as well as the ring rolling are executed at
igh operating temperatures. To model the strain rate dependence
f the material response, an elasto-viscoplastic von Mises material
odel is used.

.1.1. Viscoplasticity
An over-stress type viscoplasticity model was chosen. The vis-

ous stress, �v, contains a dependence on the equivalent plastic
train rate ṗ. Moreover, ṗ, the plastic multiplier for a von Mises
aterial, is determined through the use of a viscoplastic constitu-
ive equation as opposed to being determined by the consistency
ondition:

˙  =  (�eq, r), (1)
Fig. 4. Sketch of the ultrasonic testing set-up.

where �eq is the (von Mises) equivalent stress and r is the isotropic
hardening variable. This is described in Dunne and Petrinic (2005).

3.1.2. Flow stress
The flow stress �f is a measure of the resistance to (further) plas-

tic deformation of a material. Experiments performed in advance
at operating temperatures of hot ring rolling, show that the flow
stress in AISI 52100 type alloy depends on the temperature and
strain rate. In this study, the flow stress is defined as a function
of equivalent plastic strain p, equivalent plastic strain rate ṗ and
temperature T. The model starts with a decomposition of �f into a
temperature dependent yield stress �0, a work hardening term �w
and a viscous stress �v:

�f = �∗
0(T) + �w(p, ṗ, T) + �v(ṗ). (2)

Apart from the viscous stress (see Fig. 5), the effect of strain rate on
work hardening is also included to be able to describe the experi-
mental observations (see Fig. 5).

The yield stress �∗
0 is expressed as

�∗
0 = �0CT,1, (3)

where �0 is the initial yield stress at room temperature and CT,1 is
the temperature dependent coefficient.

The work hardening part �w is described by a double exponen-
tial (Voce) hardening, as

�w = �∗
u1(1 − exp(−m1p)) + �∗

u2(1 − exp(−m2p)), (4a)

with

�∗
u1 = �u0CT,2Cp,1, (4b)

�∗
u2 = �u0CT,3Cp,2, (4c)

where m:s are the material parameters of Voce hardening, �∗
u:s

is the saturated values of exponential hardening, �u0 is the sat-
urated value of exponential hardening at room temperature and
at quasi-static threshold rate, CT,:s is the temperature dependent
coefficients, and Cp,:s is the strain rate dependent coefficients.

Finally, the viscous stress �v has to be determined. Knowing Eqs.

(1) and (2), �v is then formulated by the inverse of function  

ṗ =  (�v) =  (�eq − �w − �∗
0) =  ̨ sinh ˇ(�eq − �w − �∗

0), (5)

where  ̨ and  ̌ are material parameters.
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Fig. 5. Strain rate dependence of (a) viscous stress and (b) work hardening.

Consequently

v = � (ṗ) = 1
ˇ

ln

(
ṗ

˛
+ 2

√(
ṗ

˛

)2

+ 1

)
, (6)

The temperature and strain rate dependent terms in above equa-
ions are defined as follows:

T,i = exp
(

−ai
T − T0

Tm

)
, i = {1, 2, 3}, (7)

p,j = 1 + bj ln
(
ṗ

ṗ0

)
+ dj

(
ln
ṗ

ṗ0

)2

, j = {1, 2}, (8a)

here the equivalent plastic strain rate normalized by the quasi-
tatic threshold rate ṗ0 and ai, bj and dj are material parameters.

Although some of the material parameters of this model can be
etermined beforehand, the majority of them have been obtained
y fitting experimental results of 12 hot compression tests (4 strain
ates and 3 different temperatures). In Fig. 6a comparison between
he experimental and the fitted numerical true stress-strain curves
an be seen. The strain rates in the deformation zones of ring rolling
each values up to 20 s−1.

.1.3. Damage indicator
Damage is the progressive mechanical degradation leading to

acroscopic fracture. In case of ductile metallic materials, fracture
onsists of three stages:

Initiation of cavities by breaking interface bonds.
Growth of cavities up to a critical dimension.
Coalescence of these cavities leading to the final rupture.

he damage is modeled by an uncoupled model, in which the dam-
ge has no influence on the stress–strain relation. Porosity is a
raction of the volume of voids over the total volume. Density of the

aterial decreases when porosity increases. The volumetric strain
an thus be a good measure for describing ductile fracture. From
he equations from plasticity theory for porous materials Oyane
t al. (1980) derive a criterion for the ductile fracture of pore-free
aterials as
pf

0

(
1 + �h

A�eq

)
dp = C, (9)

here �h is the hydrostatic stress, pf is the fracture strain and
 is the critical damage value. Parameters A, and C are mate-
ial constants to be determined from experimental measurements

hen fracture is observed. This criterion provides satisfactory

esult for upsetting with open dies. Metal materials are sensitive
o hydrostatic tension when micro voids are present. Comprising
yane’s method to account for triaxiality, an evolution equation for
ing Technology 227 (2016) 268–280

the damage indicator  ̋ based on the plastic strain, is proposed in
this work as

d  ̋ = 〈�h〉
�eq

dp, (10a)

with

〈�h〉 = 1
2

(�h + |�h|), (10b)

Only the hydrostatic tension is assumed to contribute to the dam-
age indicator.

The computed indicator value is only intended for comparison
between different process conditions. A critical damage value will
not be defined.

3.1.4. Implementation into LS-DYNA
The aforementioned model is written in a FORTRAN subroutine

that is called by the LS-DYNA user material interface. Based on the
actual temperature calculated by the implicit thermal solver, the
temperature dependent constitutive material properties are calcu-
lated in the explicit mechanical solver. The plasticity constitutive
equations are fully integrated for finite increments of strain. The
Newton–Raphson method is used to determine the equivalent plas-
tic strain increment iteratively. The damage indicator is updated at
the end of each time increment.

The ring undergoes large rotations in the ring rolling pro-
cess. Second order objective stress updates are thus necessary
here despite employing the explicit time integration scheme with
small time steps. The Jaumann rate equation is used and the
strain–displacement matrix is computed at the mid-point config-
uration. The local material coordinate system is invoked for the
material routines.

3.2. FE simulation of preform forging and 2D to 3D mapping

Simulations of the preform forging stages (upsetting, punch-
ing and piercing) are carried out by 2D axisymmetric model with
high mesh density. Adaptive remeshing is applied to avoid element
distortion and small characteristic element size is controlled to
achieve good results. The element erosion technique is employed in
the piercing step to punch out the web  of metal, left after the punch-
ing step, as shown in Fig. 1a. The details can be found in Wang et al.
(2013).

After the preform forging, the cooling during the transport from
the preform forging station to the ring rolling mill is also consid-
ered by the thermal solver. The convection boundary condition is
simulated by using a temperature dependent heat transfer coeffi-
cient.

The results of the 2D preform forging simulation are mapped
to a target 2D mesh tailored for simulation of the rolling stage. A
3D preform is then obtained by sweeping the 2D cross section. All
the stresses, strains, damage, state variables and temperatures are
mapped onto the 3D solid elements.

3.3. FE simulation of ring rolling

The ring rolling model built in this study contains all the parts
as shown in Fig. 1b. The complete billet height is modeled, the sup-
port plane and gravity are also taken into consideration. Water
cooling is applied to the rolls of the rolling mill. Therefore, it is
assumed that the rolls keep their initial temperature (25 ◦C). The
ring temperature changes due to the thermal contact with the

rolls. Heat generation from plastic work and heat generated by
sliding friction are included in the thermal calculations. The maxi-
mum  friction force is limited by the shear strength of the material.
For a detailed prediction of the damage level and an adequate
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Fig. 6. Calibrated numerical true stress–strain curves com

escription of the profile filling behavior, the ring is finely meshed
ith 170,640 solid elements (8-noded hexahedron with reduced

ntegration).

.3.1. Time stepping in a staggered solution scheme
The critical implicit thermal time step is usually some orders

f magnitude larger than the critical explicit mechanical time step.
owever, in a staggered solution scheme the thermal time step has

o be small enough to capture the mechanical motion. In this work,
utomatic time stepping is used for the thermal solver by defining

 proper maximum allowed temperature change per step, which
equires a preliminary study on convergence. For the mechani-
al time step, the selective mass scaling implemented in LS-DYNA
s invoked for the ring. In many processes the energy content in
he high frequency domain is much smaller than that in the low
requency domain. Olovsson et al. (2005) propose methods that
dd artificial mass on high frequency domain to increase the crit-
cal time step without significantly affecting the low frequency
ehavior. This approach, referred to as selective mass scaling, opti-
izes computational efficiency of the explicit simulation of the

ing rolling process effectively, on account of the high rotation
peed of the ring and a small volume fraction of the plastic defor-
ation zones. No additional stress due to rotational inertia is

ntroduced.

.3.2. Adaptive motion control
This FE model is dedicated to delivering simulations of the hot

ing rolling process with a desired constant ring growth rate by
daptive control of the rolls’ motion. Bulging is observed after pre-
orm forging (see Fig. 7). The cross section of the preform has an
rregular shape instead of being rectangular. The ring outer diame-
er decreases slightly at the initial rolling stage because the material
ows to the unconstrained spaces, as mentioned in Wang et al.
2013). Therefore, in this model, the control algorithm has two
tages to take the irregular preform shape into account. In the first
tage, the initial feed rate of the radial feeding curve in Fig. 3 (see
ection 2.2) is applied for the mandrel while the upper axial roll
olds its axial position. The second stage (main stage) begins when
he rectangular cross section is reached.

An explicit expression of the function in Eq. (A.21) is gener-
ted for �r(t) off-line. This expression is then written in a FORTRAN
ubroutine and implemented in the FE model. The feed rates of the
andrel �r(t) and of the upper axial roll �a(t), are then adaptively

ontrolled as function of the actual ring thickness s(t), which results

rom the simulation response (see Appendix A). As mentioned in
ection 2.2, the control model of the feed rate program functions
n conjunction with the adaptive motion control of the rolls (see
ppendix B).
d to experimental ones: (a) T = 1000 ◦C and (b) ε̇ = 5 s−1.

4. Results

4.1. Simulation results of preform forging

FE modeling of plastic forming processes provides increased
process understanding as the distribution of stress, strain and
temperature can be examined. Fig. 7 shows the temperature dis-
tribution, the equivalent plastic strain distribution and the damage
indication after the preform forging simulation. The temperature
distribution shown here was obtained after simulation of trans-
port from the preform forging station to the ring rolling mill. In
Fig. 7a, the chilling effect due to the contact with the cold punch is
still visible. The large strain region is located in the inner side of the
billet where the punching and piercing happen, as shown in Fig. 7b.
Fig. 7c shows that relatively high damage value is indicated at the
onset of fracture zone during the piercing process. In the bulging
area there is an area of high damage due to the action of the conical
punch.

4.2. Ring rolling simulation results

Fig. 8 shows the temperature distribution and the equivalent
plastic strain distribution in the virtually rolled ring. The ring is
warmer in the center of the cross section and colder on the sur-
face due to the contacts with cold tooling. The outer ring surface
is heated by friction from the main roll while the inner surface is
cooled by the idle mandrel. High strain peaks are observed in the
cross section’s corners due to the constant formation and deforma-
tion of the spread bulges in the radial–axial ring rolling. This portion
of material is normally milled away.

To obtain accurate results on temperature dependent con-
stitutive material properties in this coupled thermo-mechanical
analysis, it is crucial to predict an accurate temperature distribution
in the simulation. The thermal material properties, like heat capac-
ity and thermal conductivity, were taken from the data sheet of
the material provider. However, for the heat transfer coefficient no
reliable values are available. In this study, trial simulations were
first performed with a range of thermal coefficients. Then those
coefficients were calibrated by comparing the temperature distri-
bution to the experimental references, which are infrared images
captured during the tests. The heat transfer coefficients used for
the different contact pairs (between the ring workpiece and the
tooling) are listed in Table 2.

Under the premise of convergence, larger time steps should be
used for computational efficiency in the implicit thermal solver.
However, as mentioned in Section 3.3.1, for a staggered solution
scheme of this model the thermal time step has to be small enough

to capture the mechanical motion. It should thus be noted that the
ratio of thermal to mechanical time step has to be controlled within
a critical value when automatic time stepping is adopted. In this
study, it is recommended to limit the ratio to 20. This gave rise
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Fig. 7. Contour plots of (a) temperature, (b) equivalent plastic strain and (c) damage indicator in the preform.

Fig. 8. Contour plots of (a) temperature and (b) equivalent plastic strain in the ring.

Table 2
Heat transfer coefficients between the ring workpiece and the tooling.

Tooling in contact Heat transfer coefficients (kW/m2 K)

Main roll 6.0

Mandrel 6.0
Axial rolls 18.0
Support plane 1.0

to the computational time of approximately 80 h on 24 processors
(Intel(r) Xeon(r) CPU X5650@2.67GHz), performed with the MPP
(massively parallel processing) execution of a single ring rolling
simulation.

4.3. Results of damage indication from experiment and simulation

Ultrasonic immersion scanning was used for detection of
defects. Both the ring and the ultrasonic transducer were
submerged in water and the entire ring volume was inspected by
automated scanning. The images from ultrasonic scanning indicate
whether any defects are present in the ring. The equipment shows
the peak response within the time or depth interval of interest as a

function of the transducer position. Any discontinuity is indicated
in the image with different gray scale compared to the base mate-
rial. The defects are presented as dark areas on a lightly gray colored
background.
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Fig. 9. Ultrasonic testing images of rings rolled with (a) feed r

Fig. 9 shows the ultrasonic testing results of the rolled rings
rom performed experiments. The short edge of the image is the
rolonged thickness of a ring which is the real wall thickness cor-
ected for the refraction angle of the ultrasonic testing, while the
ong edge represents the ring circumference. From these images,
t can be observed that the FRP C with the low ring growth rate
eveloped considerable macro voids that are concentrated around
he center of the ring thickness. In contrast, the FRP A and FRP B with

 high and an intermediate ring growth rate, display low amounts
f macro voids. No macro voids were observed in the billets of any
f the rings (see Section 2.1).

To validate the output from the ultrasonic testing, metallo-
raphic investigation of critical ring sections (dark areas) has been
erformed subsequently. Specimens for the inspection were sec-
ioned from the rolled rings and examined by light microscope.
ig. 10 shows the results of a specimen made in transverse direc-

ion for the ring rolled with FRP C. Several clusters of voids located
n near proximity (Fig. 10a) show the characteristic distribution
attern of voids in the ring. Fig. 10b shows the voids detected in
he zoomed-in image.

Fig. 10. Microscope images of specimen from ring rolled with low ring growth rate: (a
ogram A, (b) feed rate program B and (c) feed rate program C.

In addition, mapping of the voids distribution in the transverse
direction has been performed using the x–y table on the light optical
microscope. Fig. 11 shows that the voids in the ring rolled with the
low ring growth rate are located around the center of the examined
cross section. The distribution corresponds to the location of defects
in the ultrasonic image (see Fig. 9c). Two  different cross sections
were investigated.

For the simulation results, the nodal values of damage indica-
tor and the nodal coordinates have been extracted to generate the
damage indication map  as shown in Fig. 12. The intention of this
post-processing is to reproduce a damage inspection image simi-
lar to the one from ultrasonic testing. The x-axis on those images
is the circumferential coordinate and the y-axis is the normalized
wall thickness. The domain of a ring is then divided into a number of
boxes in circumferential and radial direction. Each box represents
a bulk volume of that ring. The gray scale indicates the logarithmic

mean damage indicator value of each box. The darker color repre-
sents stronger damage indication, similarly to the representation in
the ultrasonic testing images. The values of 0.1–0.9 (0–1 equals the
entire ring thickness) in the y-axis mean that regions at most inner

) overview showing several clusters of voids and (b) voids in zoomed-in image.
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ig. 12. Damage indication from rings simulated with (a) high ring growth rate, (b)
ntermediate ring growth rate and (c) low ring growth rate.

nd outer surfaces are excluded to avoid the effects of repetitive
ormation and deformation of spread bulges.

Similarly to the experimental observations, FE simulations for
he FRP C, with the low ring growth rate, indicate the highest dam-
ge values concentrated around the center of the ring thickness.

. Discussion

The formulation of the damage indicator (see Section 3.1.3)
mplies that the low ring growth rate leads to a triaxial tensile stress
tate in the center of the ring. Therefore, macro voids are formed by
he coalescence of neighboring micro voids. Fig. 13 illustrates the
ross-sectional distribution of positive stress triaxiality when ring
hickness reduction has reached 20%. High positive stress triaxial-

ties are observed in the simulations with the low ring growth rate
Fig. 13b).

Hawkyard et al. (1973) describe that a triaxial tensile system
xists in the central section of the ring when the ratio of current
Fig. 13. Contour plots of stress triaxiality in ring cross section after 20% reduction:
(a)  high ring growth rate and (b) low ring growth rate.

ring thickness to roll contact length is larger than 4.85. To avoid
this condition it would be necessary to roll at a high feed rate to
ensure that the ratio is smaller. This ratio was also calculated from
the FE simulations in this study. The highest value, 4.38, was found
in the simulations with the low ring growth rate (FRP C). For the
simulations with the intermediate ring growth rate (FRP B) and the
high ring growth rate (FRP A), they are 4.13 and 3.87, respectively.
It appears that the criterion by Hawkyard et al. is not conservative
for this study. Moreover, it is not very discriminate.

Specification of a low ring growth rate during ring rolling will
promote generation of defects in the bulk of the ring. The reason for
this is that the low feed rate associated with a low ring growth rate
causes only superficial plastic deformation of the rolled surfaces.
The bulk of the ring is forced to stretch in a state of tensile stress.
This effect is also known in cold rolling of sheet metal where a final
‘skin pass’ is often applied to induce compressive stresses in the
sheet’s skin. A second effect of applying a low feed rate is that the
ring cross section is submitted to more deformation passes com-
pared to rolling with a high feed rate. The high number of tensile
stress cycles apparently causes nucleation and growth of voids in
the center of the ring cross section.

Moreover, application of a high feed rate causes more uniform
deformation of the ring cross section. The spread is more ‘rectan-
gular’. As a consequence the ring surface is subjected to less severe
deformations with fewer cycles. The surface quality is better and
less material has to be milled away.

6. Conclusion

A coupled thermo-mechanical multi-stage FE model has been
built in the commercial FE code LS-DYNA to simulate the hot ring
rolling process including the preform forging. A user-defined vis-
coplastic material model has been implemented. An uncoupled
damage indicator has been included to evaluate the chance of gen-
erating porosity (damage) during the ring manufacturing process.
The ring rolling simulations have been carried out with integration
of a control algorithm using simulation response data.

The FE simulations have been performed with process sett-
ings identical to the experiments. The selected samples have been
forged and hot ring rolled with different feed rate programs. These
feeding scenarios have been recreated by the analytical control
mentioned above (with desired ring growth rates). Different feed-
ing rates were supposed to give different amounts of porosity
(damage) in the manufactured rings.

The billets and the rolled rings have been inspected by ultrasonic
testing to identify the damage levels. The ultrasonic testing results

have been subsequently validated by the metallographic investi-
gations. The damage results indicated in the simulations match
the experimental results well for the presented process conditions.
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ogether, they reveal the hidden danger of inappropriate low ring
rowth rate in the process of hot ring rolling.
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ppendix A. Kinematics of ring rolling

The geometry and kinematics of radial–axial ring rolling, which
re being considered in this model is illustrated in Fig. A.1. The
haded regions in the figure represent the deformation zones. All
uantities are assumed to be given at current time t, unless indi-
ated otherwise.

Some assumptions are made in this study to simplify the model.
he cross section of the ring is rectangular and the spread of the two
nrestrained sides of the cross section is neglected in both radial
nd axial roll gaps. In Fig. A.1a, �T and S are the mean velocity of
he ring and the ring thickness at the inlet of the radial roll gap,
espectively. Correspondingly, �t and s are the mean velocity of
he ring and the ring thickness at the outlet of the radial roll gap.
he continuity of metal flow in the roll gap gives

T = s

S
�t, (A.1)

H = h

H
�h, (A.2)

here �H and H are respectively the mean velocity of the ring and
he ring height at the inlet, �h and h are the mean velocity of the
ing and the ring height at the outlet, respectively. The tangential
elocity at the outer diameter of the ring at the outlet of the radial
oll gap is equal to the tangential velocity of the main roll �M, if
t is assumed that slip between the main roll and the ring can be
eglected. By assuming also that the velocity distribution is linear
long the radial roll gap, the geometry in Fig. A.1a indicates that �t

s proportional to the velocity at the outer diameter:

t = Dm
Dm + s

�M, (A.3)
here Dm is the mean diameter of the ring.
Likewise, for no slip

h = �A, (A.4)

ig. A.1. Assumed geometry and kinematics of radial–axial ring rolling: (a) top view,
b)  segmentation of ring’s mean circumference and (c) radial view at axial roll gap.
ing Technology 227 (2016) 268–280 277

where �A is the tangential velocity of the axial rolls. As shown in
Fig. A.1b, the two roll gaps partition the mean circumference of
the ring Lm into two  sections, i.e., the half between the inlet of the
radial roll gap and the outlet of the axial roll gap Li, and the other
half between the inlet of the axial roll gap and the outlet of the
radial roll gap Lo. The ring enlargement can then be formulated by
the changes of the mean velocities:

�Ḋm = L̇m = L̇i + L̇o (A.5a)

with

L̇i = �h − �T, (A.5b)

L̇o = �t − �H. (A.5c)

From the requirement that the ring must always grow symmet-
rically to the rolling mill’s axis, i.e., the symmetry condition, the
equality of the growth rate of the ring between two sections is
inevitable:

�h − �T = �t − �H (A.6)

Combining this with Eqs. (A.1) and (A.2) gives

�h = H (S  + s)
S (H + h)

�t. (A.7)

This prerequisite of the symmetry condition is satisfied when veloc-
ities from Eq. (A.4) become known, by controlling the rotation speed
of axial rolls. This is introduced later in Appendix B. On  account of
the small reduction per pass, the outer diameter of the ring

D = Dm + s. (A.8)

A relationship between current ring thickness s and the feed rate
of the mandrel �r can be obtained as

s = si −
∫ t

t0

�r(�) d�. (A.9)

Deriving Eq. (A.8) and using Eq. (A.9), as done by Yan et al. (2007),
then gives

Ḋm = Ḋ+  �r. (A.10)

Substituting Eqs. (A.2), (A.6) and (A.10) into Eqs. (A.5a), (A.5b)
and (A.5c) gives

�(Ḋ + �r) = 2
(
�t − h

H
�h
)
. (A.11)

Combining this with Eqs. (A.3), (A.7) and (A.8), gives

Ḋ = 2�M (D − s)
�D

(
1 −

h
(

2s + ıs
)(

s + ıs
)  (

2h + ıh
)
)

− �r, (A.12a)

with

ıs = S − s, (A.12b)

ıh = H − h, (A.12c)

where D can also be related to s, h and the initial volume of the ring
Vi as

D = Vi
�hs

+ s. (A.13)

If it is assumed that slip between the main roll and the ring can
be neglected, a relationship between the ring thickness reduction

in the radial roll gap per pass, ıs, and the feed rate of the mandrel
�r is obtained in Hawkyard et al. (1973) as

ıs = �D

�M
�r. (A.14)
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Fig. A.2. Rolling curves.

imilarly, a relationship between the ring height reduction in the
xial roll gap per pass, ıh, and the feed rate of the upper axial roll
a is

h = �D

�M
�a. (A.15)

The tangential velocity of the main roll �M is known when the
ain roll rotates at a constant speed nM, as mentioned in the intro-

uction. Ring growth rate Ḋ can then be related to s, h, �r and �a by
ombining Eqs. (A.12a), (A.12b), (A.12c), (A.13), (A.14) and (A.15),
iving

˙
 = f (s, h, �r, �a, Vi). (A.16)

Once the loading path is designed, a certain rolling curve is
etermined. Fig. A.2 shows schematically that the different rolling
urves can be selected for the same ring geometry. The initial cross
ection (ICS) is squeezed into the final cross section (FCS) by the
ressure rolls, with a total ring thickness reduction �stotal and a
otal ring height reduction �htotal.

When a certain rolling curve is selected, the ring height h can be
xpressed as a function of ring thickness s, giving h = g(s), s ∈ [si, sf].
alculating the time derivative of h, gives

˙
 = dh

dt
= dg(s)

ds
ds
dt

= g′(s) ṡ, (A.17)

here g′(s) is the derivative with respect to s. Similarly to Eq. (A.9),
he current ring height h can be related to the feed rate of the upper
xial roll �a by

 = hi −
∫ t

t0

�a(�) d�, (A.18)

here hi is the initial ring height. Calculating the time derivatives
ields

˙  = −�r, (A.19a)

˙
 = −�a. (A.19b)

ombining these relationships and Eq. (A.17), �a can then be related
o �r as

a = g′(s)�r. (A.20)

t is now possible to define �r as a function of ring thickness s, ring

eight h, ring growth rate Ḋ and initial volume Vi by combining Eq.
A.16) and Eq. (A.20), giving

r = f1(s, Ḋ, Vi). (A.21)
ing Technology 227 (2016) 268–280

Among these input parameters, Vi is a constant that can be calcu-
lated from the preform geometry. The ring thickness s = s(t) is time
dependent, obtainable from a sensor response of the mandrel posi-
tion. Finally, putting in a desired constant ring growth rate (Ḋ), a
solution for �r can be obtained, as well as �a by using Eq. (A.20). The
feed rates of the pressure rolls are now integrated in the adaptive
motion control to give a constant ring growth rate.

Appendix B. Motion control

Wang (2010) developed an isothermal FE model of the hot ring
rolling process with adaptive motion control of the guide and axial
rolls, by utilizing Abaqus user subroutines. In this initial study, three
motions, i.e., the rotational displacement of the guide arms around
fixed hinges, the translational displacement of axial rolls in radial
direction and rotation speed of the axial rolls are adaptively con-
trolled by a sensor definition of the actual position of the measuring
roll.

In the present paper, the control algorithm in Wang (2010) is
further developed and adapted for controlling the feed rate pro-
gram. Fig. B.1 shows how the opening angle of the guide roll arms
˛, is defined as a function of the machine geometry and the ring
diameter change:

 ̨ = ˛1 + ˛2 = arctan

(
Lc + R

La

)
+ arccos

(
L2
a + (Lc + R)2 + L2

b
−
(
Dg
2 + R

)2

2Lb
2
√
L2
a + (Lc + R)2

)
,

(B.1a)

with

R(t) = D(t)
2

= R0 + Sx(t)
2

, (B.1b)

where Dg is the guide roll diameter, R0 is the initial ring radius, r is
the current ring radius and Sx is the coordinate of the sensor node
on the measuring roll. It is assumed that the ring always grows
symmetrically to the rolling mill’s axis and holds a good circularity.
The origin of the global coordinate system is defined at the initial
center of the ring workpiece. The measuring roll can only move
along the rolling mill’s axis with the ring.

Calculating the time derivative of ˛, gives

˙̨  = d
dt
˛(Sx(t)) = f ˙̨ (Sx(t), �x(t)), (B.2)

where ˙̨  can be expressed as a function of Sx and the velocity of the
sensor node �x. The rotational velocity of the guide roll arms around
the fixed hinge, ˙̨ , is then adaptively controlled using simulation
response.

As noted in Appendix A, to ensure the prerequisite of the sym-
metry condition in Eq. (A.7), the rotation speed of the axial rolls nA
has to be adaptively controlled. This is realized here in conjunction
with adaptive control of the translational displacement of the axial
rolls in radial direction. Fig. B.2 shows schematically the adaptive
motion control of the axial rolls from time point t0 to time point t.

Aiming at minimizing the slip between the ring workpiece and
the axial rolls, the virtual vertex of the conical axial roll coincides
with the actual center of the ring workpiece during the entire pro-
cess. In other words, when the mean velocity of the ring at the
outlet of the axial roll gap �h is driven by the tangential velocity of
the axial rolls �A (Eq. (A.4)), the same distribution of the tangential
velocity in radial direction is expected for the ring workpiece and
the axial rolls. The radial velocity of the axial rolls �Ar is thus equal

to half of the ring growth rate and implemented in the subroutine
as

�Ar(t) = �x(t)
2
.  (B.3)
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Fig. B.1. Motion contro

imultaneously, the rotation speed of the axial rolls nA is adaptively
ontrolled for current time t as
A = 30�h
�Ra

, (B.4a)

Fig. B.2. Motion contr
ild rolls (Wang, 2010).

with
Ra = Rm sin(˛3) = Dm
2

sin(˛A), (B.4b)

where Ra is the radius of the rotation plane of the axial rolls at the
mean radius of the ring Rm, while ˛A is the semi-vertical angle of

ol of axial rolls.
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he conical axial rolls, as shown in Fig. B.2. Combining this with Eqs.
A.3), (A.7), (A.8), (A.12b), (A.12c), (A.14) and (A.15), including the

achine information, gives

A = fnA (s, h, �r, �a, Sx). (B.5)

n the above function, the inputs s = s(t), h = h(t), and Sx = Sx(t) can
e obtained from the actual positions of the mandrel, the upper
xial roll and the measuring roll. The feed rates �r and �a are also
alculated simultaneously using the mentioned sensor response.
y knowing the explicit expression for the function fnA in Eq. (B.5),
he rotation speed of the axial rolls is thereby adaptively controlled
uring the entire process.
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