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Abstract
The radial cold rolling process is widely used in industry due to the advantages of chip removing processing. In this study,
circular complex profiles were formed by cold-rolling with radial feed, using a patented device with two roller-tools. By
achieving several numerical simulations of the radial rolling process, the study aimed to establish the influence that the max-
imum set force and the diameter of the workpiece have on the productivity of the process and the quality of the formed
trapezoidal and metric grooves. The numerical simulations were performed with ABAQUS/Explicit software and by using a
previously validated finite element model. The penetrationcurve of the roller-tools in the material was introduced in the
simulation as an analytical function and was determined based on experimental researches. To express the dependency of
the penetration curve coefficients on other rolling conditions,a multivariable analysis using a design of experiments tech-
nique was performed. The parameters that result from numerical simulations and were analyzed in this study are the pro-
file forming time, the maximum radial force, the distribution of the equivalent strains in the axial section of the profiles, and
the profile dimensions. The conclusions that were drawn from the analysis of the results regarding the influence of the set
maximum force and the workpiece diameter on the analyzed parameters of the numerical simulations, together with the
definition of efficient process criteria, allowed also the identification of the optimal conditions of the rolling process.
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Introduction

Cold forming presents major advantages compared to
the cutting processes1…6: (i) more productive, (ii) no
production of chips, and (iii) high quality of the gener-
ated surface. Moreover, because the deformation
occurs at ambient temperature, the initial properties of
the material are irreversibly changed, forming a contin-
uous fiber in the material of the part, which ensures
better mechanical properties,7…9 such as: roughness,
micro-hardness, and fatigue resistance.

Radial cold rolling with two roller-tools is increas-
ingly used in industry to obtain parts with complex
profiles (threads, grooves, etc.) on revolution pieces,
generally for series production,2…6and are in continu-
ous development and competition concerning the qual-
ity and cost of products. The trend is oriented toward
developing and implementing numerical modeling
which represents a very useful and efficient tool for suc-
cessful the experimental researches.

The finite element modeling of the cold rolling pro-
cess started in the 1990s by Rowe et al.,10 but the high

volume of calculations and the limited capacity of com-
puters to handle a large amount of data, within a rea-
sonable time, restricted these studies to the
understanding of the deformation process. Martin11,12

used finite element analysis based on MARC finite ele-
ment code and, using a 2D plane strain finite element
model, has established an adequate mesh to investigate
the residual stress for a thread profile obtained by
radial cold rolling. This process was also investigated
by Domblesky and Feng through several numerical
models and methods implemented in the finite element
code DEFORM. First, by using a 2D plane strain finite
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element model, Domblesky and Feng13 analyzed the
effect of workpiece diameter, friction on thread forma-
tion, flow stress, and thread form on material flow and
thread profile in external thread rolling of large dia-
meter workpieces. Furthermore, they have developed a
three-dimensional numerical model for fat-die thread
rolling to incorporate the effects of both groove orien-
tation and workpiece movement in the simulation.14

Kamouneh et al.15 investigated the work hardening
effect of flat rolling on the critical regions of gear
through the use of hardness maps, grain-flow photo-
graphs, and finite element models developed in
ABAQUS and DEFORM. Also, using numerical simu-
lations, they have optimized the shape and the size of
the workpiece,16 to reduce the negative effects such as
the ••rabbit ear•• phenomenon. Song et al.17 used
numerical simulations to study the influence of process
parameters on small threads obtained by rolling.
Kowalik and Trzepieciński18 estimated the deformation
force and the influence of friction on the material flow
in the rolling process of the longitudinal channels using
numerical simulation and MARC software. Kukie1ka
et al.19 have developed an application of numerical
analysis in the ANSYS program to both determine and
analyze the effects of friction coefficient, initial yield
stress, and plastic hardening modulus that are used in
the numerical simulation of the cold rolling of the
external round thread. Cui et al.20 have investigated the
deformation mechanism and have improved the spline
shaft performance obtained by axial-infeed incremental
rolling by using 3D DEFORM software. Ma et al. 21,22

have investigated the gear roll-forming process with
axial-infeed using Finite Element Method (FEM) simu-
lations (3D DEFORM software), have developed an
analytical model for predicting the pitch error of gear,
and also have optimized the geometric design of rolling
tool to reduce the deflection and root stress of rolling
tool•s teeth, to both eliminate the scratches on tooth
flank of the formed gear and to reduce the height of
rabbit ear. Kramer and Groche23 have modeled the
thread rolling process using Simufact Forming v13 and
have made a systematic study of the influence of the
process configuration and the specimen preparation
toward the occurrence of defects in rolling processes.
Results show that the tribological system influences the
rolling process. Yuan et al.24 have investigated the
influence of roller motion on profile and hardness of
T2 worm using numerical modeling (software Forge� )
and experiments. Zhang et al.25 have investigated the
deformation mechanism in the self-infeed rolling

process of thread shaft using DEFORM 3D software,
showing the behavior of material flow and material
hardening. They also investigated26 the protrusion gen-
eration in the forming process of long threads by axial
self-infeed rolling process, establishing that to reduce
the protrusion height, the pre-rolling angle should be
20.

In concluding this survey, it may be stated that
numerical analysis is a powerful and reliable tool for
manufacturing process investigation. The accumulated
knowledge has enabled the forming industry to improve
process competitiveness, product performance, and ser-
vice life.

Through numerical simulation in the ABAQUS
environment, this paper examines the influence that the
maximum set force and diameter of the workpiece have
on both the process productivity and the quality of cir-
cular profiles obtained by radial cold rolling with a
patented device. The elements that are analyzed in the
study are the profile forming time, the maximum radial
force, the profile dimensions, and the equivalent strains
distribution in the axial section of the profiles. Three
criteria are defined to evaluate the process efficiency: (i)
process productivity, (ii) material hardening, and (iii)
profile dimensions.

Experimental work

Processed material and profiles
The material used in this investigation was AISI 1015.
Its chemical composition and mechanical characteristics
are given in Table 1. The workpieces were obtained by
turning and grinding from a hot extruded bar.

The profiles formed by radial cold rolling using two
roller-tools and in-feed method were a concentric chan-
nels surface as in Figure 1(a), with five similar grooves
in axial section for metric thread M20x2, respectively,
for trapezoidal thread Tr20x2. Geometric characteris-
tics of the two types of profiles are shown in Figure 1(b)
and (c).

Experimental system
The radial cold rolling process was performed by
applying the kinematic scheme in Figure 2(a) on a lathe
using an experimental system represented schematically
in Figure 2(b). The patented device, Ungureanu et al.,27

is shown in Figure 2(c) and is described in detail by
Iordache et al.28

Table 1. Chemical composition and initial mechanical characteristics of the steel AISI 1015.

Chemical composition (wt %) Mechanical characteristics

C Mn Cr Si Ni Mo p, S Rp0,2 (N/mm2) Rm (N/mm2) A5 (%) HV0,3 (MPa)

0.15 0.65 0.11 0.27 0.08 0.01 \ 0.035 298 475 15 139
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This device is fixed on a lathe carriage and the work-
ing cycle (performed by the two roller-tools) is semi-
automated: penetration, calibration, withdrawal. The
roller-tools (RT) are entrained in rotation by the work-
piece at the speed (nr) (rpm) as a result of the contact
between the rolls and the workpiece. The radial feed of

the roller-tools (sr), the same for the two rolls, but in
the opposite direction, is generated by two hydraulic
motors Figure 2(d). The maximum force developed by
each hydraulic engine, denoted as maximum set force
(Fm), can be adjusted by setting an equivalent pressure
(ph) in the two hydraulic engines.

Figure 1. Form of the cold rolling profiles: (a) 3D drawing, (b) X detail, and (c) dimensions and deviations of the two types of
profiles.

Figure 2. Experimental system for the radial cold-rolling: (a) kinematic scheme, (b) general scheme, (c) general photography,
(d) CAD model of the rolling device, and (e) positioning of transducers.
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The rolling speed (v) can be adjusted by the lathe
speed setup (nw), while the radial feed of the roller-tools
(sr) cannot be directly adjusted, except through the
pressure p in the hydraulic motors. The penetration
depth of the roller-tools (h) can be limited using buf-
fers. When this depth is reached (hmax), the calibration
of the profile can be performed by maintaining in rota-
tion the roller-tools in the final position to give the
piece a high geometrical and surface quality.

The experimental system allows monitoring the
roller-tools displacement, the radial force, and the cali-
bration time. Measurement of the roller-tools displace-
ment is carried out with a displacement transducer
WAL20, Figure 2(e), and with a resolution of 1mm.
The radial force (force evolution in the displacement
direction of the roller-tools) (Fr) is measured using a
force transducer KMR 200 WAL20, Figure 2(e), whose
measurement error is equal to 1%. The calibration
phase is controlled by a proximity transducer PY 152,
allowing the adjustment of the roller-tools to be held in
time in this position.

Penetration curve of the roller-tools
In the finite element model, it is necessary for the
numerical simulation of the rolling process, to define
the penetration curve of the roller-tools in the material.
Our rolling process is performed with variable radial
feed (sr) because the time required to reach the set maxi-
mum pressure in the experimental system is comparable
to the time required to obtain the profile. The experi-
mental shapes of the penetration curves of the roller-
tools into the material, Figure 3, are similar to the two
processed profiles, three areas are being highlighted:

- first area (I) with progressive acceleration, at the
beginning of the process, is associated with the elas-
tic deformation of the system;

- second area (II) with an almost constant evolution
speed and associated with the plastic deformations
of the workpiece;

- third area (III) with a deceleration to a possible
saturation and which appears when the profile of
the piece has been made or the tool-holder sledge
reached the buffer.

The penetration depth of the roller-tools in the
material (h) depends on several factors and the most
important are the rolling speed (v), the maximum set
force (Fm), and the maximum penetration depth of the
roller-tools (hmax). The form of the law that best
describes the evolution of the roller-tools penetration in
the workpiece was established after several attempts as
follows29:

h t, v, Fmð Þ= hmax(1 � exp( � b(v, Fm) � ta v, Fmð Þ)) ð1Þ

where:t is the process time and the coefficientsa(v, Fm)
and b v, Fmð Þdepends on the rolling conditions. The
values of the coefficientsa(v, Fm) and b v, Fmð Þwere
determined by regression analysis using the experimen-
tal curves of the penetration of the roller-tools in the
workpiece. The values of the coefficient of determina-
tion R2 were over 0.98, thereby confirming the accuracy
of the proposed model.

To express the dependency of the coefficientsa and
b on other rolling conditions (v, Fm), we performed a
multivariable analysis using a design of experiments
technique,30,31 aiming to determine the parameters of
functions as:

a(v, Fm) = Ca � vXa Fm
Ya ð2Þ

b(v, Fm) = Cb � vXb Fm
Yb ð3Þ

For each type of profile, 12 experiments were per-
formed consisting of the variation of the rolling speed
(v) and the set maximum force (Fm). First, the a and b
coefficients for each experimental case were determined
by regression analysis. Thus, based on the values of the
coefficientsa and b previously determined, the six coef-
ficients Ca, Xa, Ya, Cb, Xb, Yb were identified (the con-
fidence bound was set to 95%), Table 2.

Thus, the curve of penetration of the roller-tools
used in the numerical model can be obtained through

Figure 3. The penetration curves of the roller-tools for rolling conditionsn= 1600 rpm,p= 36 bar: (a) metric profile and (b)
trapezoidal profile.
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equation (1), in which the coefficientsa and b are
obtained by setting the values of the process para-
metersv and Fm in the functions (2) and (3).

Numerical procedure

Numerical model
The numerical simulations were performed with
Abaqus/Explicit software. The numerical model used
in this study was presented in detail by Nitu et al.32 A
synthetic overview is presented hereafter.

The workpiece used in the simulation has the same
(cylindrical) shape and dimensions (diameter and
length) as the one used in the experiments. The best
compromise between computing resources and results
accuracy consists of a different meshing in the axial
and radial direction, depending on the profile deforma-
tion degree. In the deformed areas C3D8R (8-nodes
solid hexahedral elements with reduced integration) are
used while in the middle of the workpiece (undeformed
area) C3D4R (4-nodes solid tetrahedral elements with
reduced integration) are used for the meshing. The dif-
ferent dimensions of the elements in these areas were
established based on the profile stepp.

The roller-tools have a profile associated with the
profile to be obtained and are modeled by analytical
rigid surfaces (Figure 4). The workpiece is free and in
contact with the piece-support, and the roller-tools has
two degrees of freedom: a rotation around its axis
(given by the rolling speedv), and an in-feed translation
defined by the curve of penetrationh(t), equation (1).

The type of contact between the surfaces is a ••sur-
face-to-surface•• one, the friction coefficient between

the rolls and the workpiece was set at 0.3, and 0.01
between the workpiece and the base. These values were
chosen based on the literature review33,34 and prelimi-
nary simulations.

The behavior of the material is defined as follows:

- the elastic behavior of the workpiece is modeled by
assuming isotropic elasticity, with the values of
Young•s modulus,E = 210 GPa and Poisson•s ratio,
n= 0.3.

- the plastic behavior is described using the von Mises
criterion with the assumption of isotropic hardening.
Accordingly, the yield function is given by:

f =

�����������
3
2

sijsij

r

� �s ð4Þ

where sij are the deviatoric stress components,�������������������
3=2ð Þsijsij

p
is the von Mises equivalent stress, and�s is

the current yield stress.
The current yield stress�s can be calculated using the

constitutive equation at the deformation of the mate-
rial. A five-parameter constitutive equation that com-
bines Hollomon and Voce•s laws was used:

�s = Ken + S(1 � A exp (� Be))½ � ð5Þ

whereK, n, S, A, and B are material parameters, ande
is the effective strain.

The identification of the five parameters, equation
(5), was performed by fitting the compression test data
with a gradient method implemented in a FORTRAN
program.32 It was obtained: K = 542.5 MPa, n = 0.135,
S = 217.6 MPa,A = 0.99, andB = 9.91.

Table 2. The functions of the coefficientsa andAof penetration curves of the roller-tools.

Profile a b

M 20 a = 0.316601�v0.1981�Fm
0.6257 b = 4.92E2 08�v0.8455�Fm

5.0172

Tr 20 a = 0.738448�v0.3142�Fm
0.3334 b = 5.99E2 16�v2.1117�Fm

9.6635

Figure 4. Overview of ABAQUS model for numerical simulation: (a) the roller-tools and (b) kinematic of the process.
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The numerical model validation was performed by
comparing the simulation results with the experimental
ones, under the rolling conditions presented in Table 3,
whered0 is the diameter of the workpiece.

The compared output parameters were: profile
dimensions (de and di), depth of deformation (hd), pro-
file height (H), maximum radial force (Fr max), and the
HV 0,3 microhardness level, which is measured in the
axial section in the zone of maximum hardening (the
transition region of the flanks with the base of the
profile).

hd = d 0 � dið Þ=2 ð6Þ

H = d e � dið Þ=2 ð7Þ

A Toolmaster 310-P profile projector, with an accu-
racy of 6 0.5 mm, was used to measure the geometric
parameters of the profile (d0, de, and di).

Micro-hardness measurements were made by the
Vickers method (300 g load) in the axial section of the
tooth, using a Zwick Roell ZHV equipment. These val-
ues were expressed in (MPa) by multiplying them with
the gravitational acceleration value (9.81 m/s2)). The
HV 0,3 (micro-hardness measurements) and�e(equivalent
strains … PEEQ) have been converted based on some
assumptions, Tabor,35 in the quantities directly compa-
rable, in stress respectively, by expressing them in the
same unit (MPa).

A summary of the comparisons between simulated
results versus experimental ones is shown in Table 4
and Figure 5. Thus, based on these comparisons it is
concluded that all calculated outputs were in very good
agreement with their experimental values.

Simulations plan
The developed numerical model in the ABAQUS envi-
ronment was used to analyze the influence of the maxi-
mum set force (Fm) and the diameter of the workpiece
(d0) on the productiveness and the quality of circular
profiles. The penetration curves of the roller-tools used
in this model are defined by the equation (1), the values
of the coefficientsa(v, Fm) and b(v, Fm) being calculated
with the formulas presented in Table 2.

For the maximum set force (Fm), we selected three
values in geometric progression 42, 63, and 94.5 kN
that are higher than those used in the experiments. For
the workpiece diameter (d0), we selected two values that
are symmetrically arranged around the one used in the
experiments (determined by the law of volume con-
stancy1): 18.75 and 18.85 mm for the metric profile,
respectively, 18.82 and 18.92 mm for the trapezoidal
profile. The different numerical simulations are detailed
in Table 5.

Results and discussions

The simulations results that were analyzed in this study
are:

- the profile forming time (td), the maximum radial
force (Fr max), and the distribution of equivalent
deformations �e(PEEQ) in the axial section of the
profiles, for the simulations in which the maximum

Figure 5. The part obtained by radial cold-rolling: (a) experimental shape and (b) FE simulated shape.

Table 3. The rolling conditions to validate the numerical
models.

Profile d0 (mm) v (m/min) Fm (kN)

M 20 18.80 94.50 28
Tr 20 18.87 94.85

Table 4. Synthesis of the comparisons: simulated results versus experimental results.

Profile de (mm) di (mm) hd (mm) H (mm) Fr max (kN) HV (MPa)

exp. sim. exp. sim. exp. sim. exp. sim. exp. sim. exp. sim.

M 20 19.858 19.934 17.818 17.831 0.491 0.484 1.02 1.051 22.94 22.13. 2370 . 2440
Tr 20 20.232 19.838 17.481 17.495 0.694 0.682 1.375 1.171 30.14 27.91. 2470 . 2440
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set force (Fm) was varied (simulated cases 3…6, see
Table 5);

- the profile dimensions (internal diameter di and
outer diameter de), the depth of deformation (hd),
and the equivalent strain distribution �e(PEEQ) in
the axial section of the profiles, for the simulations
in which the workpiece diameter (d0) was varied
(simulated cases 1…3, see Table 5).

Influence of the maximum set force
The profile forming time (td) was estimated by impos-
ing in equation (1) the condition of forming a depth as
close as possible to the theoretical maximum (hmax).
For a forming degree of the profile of 99%
(h= 0.99 �hmax), this condition leads to the following
relation:

td = �
ln 0:01

b

� � 1
a

ð8Þ

The dependence of the profile forming time (td) on
the maximum set force (Fm) is obtained by inputting in
the relation (8) the values of the coefficientsa and A
that are expressed by the relations (2) and (3):

td = �
ln 0:01

C � vXb Fm
Yb

� � 1
Ca �vXa FmYa

=
C1

Fm
Yb

� � C2
FmYa

ð9Þ

whereC1 and C2 are invariable in relation to the maxi-
mum set forceFm:

C1 = �
ln 0:01
C � vXb

and C2 =
1

Ca � vXa
ð10Þ

Considering the values expressed in Table 2 for the
six coefficientsCa, Xa, Ya, Cb, Xb, Yb it results that
the dependence oftd on Fm follows a hyperbolic shape,
which is represented graphically in Figure 6.

The analysis of these dependencies allows drawing
the following conclusions:

- For a given value of the maximum set force (Fm)
the trapezoidal profile forming time is lower than
the metric one. Because deformation during thread

rolling closely resembles the indentation of a semi-
infinite body,13,36 the favorable geometry of the
trapezoidal profile (lower flank angle) explains this
evolution, leading to the rapid penetration of the
roller-tools in the workpiece.

- There is a slight flattening trend of the two curves,
which is found at the values of the maximum set
force Fm greater than 60 kN for the metric profile,
respectively, 90 kN for the trapezoidal profile. This
finding is related to the hyperbolic shape of the
dependence betweentd and Fm (see equation (10)).
These evolutions of the profile forming time are due
to the behavior of the material, namely its harden-
ing: in the plastic deformation domain, according to
the constitutive equation of the material,37 the
increase in tension becomes smaller and smaller as
the deformation increases, thus slowing down the
intensity of the deformation process and, conse-
quently, the increase of the profile forming duration.

The dependency of the maximum radial force
(F r max) on the maximum set forceFm is shown graphi-
cally in Figure 7.

Table 5. Variation of the process parameters in the numerical
simulations.

Simulated case nb. Profile M20 Profile Tr20

Fm (kN) d0 (mm) Fm (kN) d0 (mm)

1 28 18.75 28 18.82
2 18.85 18.92
3* 18.80 18.87
4 42 42
5 63 63
6 94.5 94.5

*Experimental case.

Figure 6. The dependence between the profile forming time,
td, and the maximum set force,Fm.

Figure 7. The dependency between the maximum radial force
Fr maxand the maximum set force,Fm.
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It is found that for the same value of the maximum
set force (Fm), the maximum radial force (Fr max) is
higher for the trapezoidal profile than for the metric
one. This is because the flat base of the trapezoidal
indenter (roller-tools) leads to deeper penetration and
hardening of the workpiece.14

There is a trend of flattening for the two curves
which appears when the maximum set force (Fm)
exceeds 42 kN. The levels of these flattenings are 2 kN
for the metric profile and 32 kN for the trapezoidal
profile. This flattening is because the maximal radial
force depends on the penetration depth of the tool into
the workpiece (h) and this maximum penetration depth
is limited to a required value (hmax) which depends on
d0 and di (see equation (6)).

Figure 8 showsthe distribution of the equivalent plas-
tic strains �e(PEEQ) in the axial section of the profiles
and the dependence between the maximum values
PEEQ and the maximum set force value. Values and
distribution of the PEEQ in the formed profile give
information about the degree of deformation of the
profile and its hardness level, and its analysis allows us
to draw the following conclusions:

- The largest strains always appear at the bottom of
the profile (the maximum value being in the root of
the flank) and are propagated radially toward the
interior of the material. Although these strains

within the tooth are lower, the tooth is hardened
(�e ø 0.5) HV ø 2130 MPa).

- For the metric profile, the material hardening is sig-
nificantly influenced by the maximum set force (Fm).
For example, the most hardened area
(�e ø 2) HV ø 2440 MPa), (i) differs in terms of
size and position: it is greater and more present in
the bottom of the profile and at the root of the
flank, when processing with a lower maximum set
force, and (ii) it becomes smaller and smaller and
localizes at the root of the flanks with the increase
of the maximum set force.

- For the trapezoidal profile, the material hardening
is less dependent on the maximum set force, the area
strongly hardened (�e ø 2) varying less.

- The maximum material hardening is obtained in the
cold rolling process with lower maximum set forces,
meaning that the penetration of the roller-tools is
performed at lower feeds. The material hardening is
greater in the cold rolling process for the trapezoidal
profile than the metric one and this can be explained
by the greater forming depth of the profile.13,14

Influence of the workpiece diameter
The profile•s dimensionsobtained by simulations when
the workpiece diameter was varied are presented in
Figure 9. The increase in the workpiece diameter (d0)

Figure 8. Distribution of the equivalent plastic strains (PEEQ) with respect to the maximum set forceFm.
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leads as expected, considering the volume conservation
law and the constant position of buffers, to the increase
in both the deformation depth (hd) and the outer dia-
meter (de).

Regarding the tolerance margin of both the inner
and the outer diameters of the profiles, it can be seen
that:

- For the metric profile, the resulted dimensions are
adequate if using a workpiece with a smaller or
equal diameter to the one determined by the law of
volume constancy (d04 18.80 mm);

- For the trapezoidal profile, the obtained dimensions
are appropriate if using a workpiece with a diameter
smaller than the one determined by the law of vol-
ume constancy (d0 \ 18.87 mm).

The distribution of the equivalent plastic strains
�e(PEEQ) in the axial section of the profiles and the
dependence of the maximum values PEEQ with respect
to the workpiece diameter are shown in Figure 10. A
slight increase can be noticed in the maximum level of
the equivalent plastic strains as well as in the depth of
the zone strongly deformed when increasing the work-
piece diameter. This fact is due to the increase in the
deformation depth (hd) (see equation (6)), which leads
to an increase in the degree of deformation of the
profile.38

Summary and conclusions

The research presented in the paper consisted of run-
ning several numerical simulations of the cold-rolling
process with two roller-tools, of radial grooves with
metric and trapezoidal profile, using a numerical model
previously validated. The penetration curve of the
roller-tools in the material was introduced in the simu-
lation as an analytical function and was determined
based on experimental researches. The dependence of
the curve penetration coefficients on the rolling condi-
tions (rolling speed,v, and maximum set force,Fm) was
established by a multivariable analysis using the design
of the experiment technique.

The varied parameters in the simulations were the max-
imum set force (Fm) and the diameter of the workpiece
(d0). The analyzed results were the profile forming time
(td), the maximum radial force (Fm), the distribution of
the equivalent plastic strains in the axial section of the pro-
files (PEEQ), and the profile dimensions (de and di).

The main conclusions drawn from this work can be
summarized as follows:

- rolling with higher maximum set forces leads to (i)
decreasing the profile forming time (td) up to a limit
level, (ii) increasing the radial maximum force (Fr

max) up to a limit level, and (iii) decreasing the area
strongly hardened and the maximum values of
equivalent plastic strains (PEEQ) in the axial section
of the rolling profiles.

- the use of workpieces with a smaller diameter than
the one determined by the law of volume constancy
leads to profiles with conforming dimensions (within
the specified tolerance field), while the inner diameter of
the profile is directly influenced by the adjusting dimen-
sion and the stiffness of the technological system.

To define the optimal process conditions, the following
criteria are considered:

- Productivity, which can be appreciated with the pro-
file forming time (td);

- Material hardening, which can be appreciated based
on the distribution and the level of the equivalent
plastic strains (PEEQ);

- Profile dimensions, described by the inside diameter
di and the outer diameterde.

Based on the results analyzed in section 4 and on the
optimality criteria defined above, we can establish the
optimum process conditions:

- to obtain a good compromise between high produc-
tivity (lower profile forming time) and a higher and
more uniform material hardening (PEEQ maxi-
mum), the value of the maximum set force (Fm)
should not be too high. In this study, the following

Figure 9. Dependence of the profiles diameters obtained by radial cold rolling with respect to the workpiece diameter: (a) metric
profile and (b) trapezoidal profile.
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values are considered as suitable:Fm between 40
and 50 kN for the rolling of the metric profile, and
Fm between 50 and 60 kN for the rolling of the tra-
pezoidal profile, respectively.

- to obtain dimensions of the profile within the speci-
fied tolerance field, the diameterd0 of the workpiece
must be between 18.75 and 18.80 mm for the rolling
of the metric profile, and between 18.79 and
18.84 mm for the rolling of the trapezoidal profile,
respectively.

Further research can be done by considering another
parameter of the process, for example, the radius of the
tip of the tool, or by extending the investigations to
other profiles or materials used in this field.
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Appendix

List of notations

Abbreviations Significance

ae max maximum deviation of the outer diameter
ae min minimum deviation of the outer diameter
ai max maximum deviation of the internal

diameter
ai min minimum deviation of the internal

diameter
de outer diameter
di internal diameter
d0 workpiece diameter
dwr workpiece gap
f yield function
h penetration depth of the roller-tools
hd depth of deformation
hmax maximum penetration depth of the roller-

tools
n coefficient of the Hollomon and Voce’s

law
nr Roller speed
nw workpiece speed
p thread pitch
ph pressure in the hydraulic engine
sij deviatoric stress components

sr radial feed of the roller-tools
t process time
td profile forming time
v rolling speed
A coefficient of the Hollomon and Voce’s

law
B coefficient of the Hollomon and Voce’s

law

(continued)

Appendix. Continued

Abbreviations Significance

Ca coefficient of thea function
Cb coefficient of theb function
E Young’s modulus
Fm maximum set force
Fr radial force
Fr max maximum radial force
H profile height
HV Vickers microhardness
K coefficient of the Hollomon and Voce’s

law
PEEQ equivalent strains
RS support ruler
RT roller-tools
R2 coefficient of determination (regression

analysis)
S coefficient of the Hollomon and Voce’s

law
WP workpiece
Xa coefficient of thea function
Xb coefficient of theb function
Ya coefficient of thea function
Yb coefficient of theb function
a coefficient of the curves of the

penetration of the roller-tools in the
workpiece, associated with the process
time variable

b coefficient of the curves of the
penetration of the roller-tools in the
workpiece, associated with the
exponential function

e effective strain
n Poisson’s ratio
u flank angle
�s current yield stress
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