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Abstract

Skew rolling is a manufacturing process in which two or three rolls are used to reduce the diameter or modify the shape of
a cylindrical workpiece, which is used to manufacture mechanical components such as shafts, rods or balls. Hot conditions
are used to overcome limitations related to material ductility, residual stress and machine capacity. In this paper, the warm
skew rolling (WSR) process of 42CrMo4 rods is modeled by the finite element method. The effects of forming parameters,
namely initial temperature and roll rotational velocity, on the material strain rate, thermal properties, microstructure and
hardness were analyzed. Simulation results were validated by experimental process data, while hardness tests and SEM-EBSD
microscopy were used to assess mechanical properties and microstructure, respectively. The WSR resulting microstructure
is different from the normalized ferritic—pearlitic initial one. The degree of spheroidization (DoS) of cementite increases
with temperature. The maximum DoS of 86.5% occurs at the initial temperature of 750 °C, leading to the highest material
softening. Rolling from lower temperatures favors grain fragmentation and the achievement of incomplete spheroidization,
which, in combination with the highest proportion of high-angle boundaries, contributes to a higher hardness of the rods with
respect to those rolled at higher temperatures. The highest reduction in hardness takes place at 750 °C and 30 rpm, leading
to 209.4 HV1 (30.7% reduction) and 194.1 HV1 (35.7% reduction) in the near-surface and internal regions, respectively.
The driving factor is the transformation of cementite precipitates into a spheroidal form characterized by the greatest degree
of dispersion.
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1 Introduction

Skew rolling technologies are widely employed in the manu-
facturing process of mechanical components such as shafts,
tubes, cylindrical bars and balls [1]. This process is carried
out by means of two or three rollers (barrel-shaped or coni-
cal) arranged obliquely to the axis of the bar to be manufac-
tured. In the case of round bar manufacturing methods, the
process is generally conducted in hot instead of cold condi-
tions to overcome limitations related to material ductility,
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residual stress and machine capacity [2]. In fact, one of the
major limitations is the development of ductile fractures in
the axis of rolled products, although the use of high feed
angles has been shown to help eliminate this problem [3].
Nevertheless, there are alternatives such as warm forming,
which reduces some of the aforementioned limitations and
presents advantages compared to hot formed ones, namely
better tolerances achieved, the reduced roughness of the sur-
faces, there is no scale, and decarburization is reduced [4].
In addition, there is a reduction in the overall process energy
consumption [5]. However, there are some drawbacks. The
force required is the major one. Huang et al. [6] stated that
forces were up to three times higher in a warm skew rolling
(WSR) process compared to the equivalent process in hot
conditions.

Among the materials commonly used to manufacture
cylindrical bar and tubular products by rolling methods, the
41XX high-strength low-alloy family is very prominent due
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Table 1 Chemical composition C Cr Mn
of 42CrMo4 steel

Si P S Ni Mo Fe

0.42 0.96 0.89

0.18 0.006 0.007 0.12 0.17 Rest

to its good mechanical properties, toughness and fatigue
strength [7]. These steels are commonly formed at high
temperatures, ranging between 900 and 1250 °C [8], fol-
lowed by quenching in oil [9] or water—air [10] systems and,
after that, a subsequent tempering heat treatment to get the
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final desired properties. When machining or cold-forming
is required, annealing heating processes are performed [11].
It is therefore a long and energy-intensive process and, as
mentioned above, efforts are being made to investigate the
warm fabrication of structures with very different objectives,
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Fig. 1 Results of the EBSD analysis of initial microstructure: (a) misorientation profile map and (b) grain boundary misorientation
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Fig.2 Schematic view and geometrical dimensions of rolls and guiding elements
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Fig.3 The skew rolling stand
(a) view from the input side and
(b) bar twisting experimental
measures

on the one hand refined-grain structures that compete with
hot-processed, quenched and tempered ones [12], and soft
structures that can be machined and cold-formed without
prior annealing [13]. Within the WSR of 41XX steels, the
most researched variants are warm cross wedge rolling
(WCWR), warm forging (WF) and warm skew rolling of
steel balls (WSRB).

In the WCWR of 42CrMo steel, a dispersing spheroidized
cementite on ferrite matrix was found, which resulted in
lower hardness and tensile strength, but higher elongation
and machinability [6]. Shu et al. [14] investigated the effect
of WCWR parameters on the surface quality of 42CrMo
shafts. The reduction ratio was directly linked to worse sur-
face quality of the workpiece, and the optimum working
temperature for this material was in the range of 700-800°C.
The WCWR has also been analyzed for high carbon steel
rods, the desired output of the WCWR was the develop-
ment of a microduplex ferrite—cementite structure, starting
from pearlite [15]. In the outer region, fully spheroidized
cementite particles were found, while in the interior, par-
tial fragmented lamellar cementite was observed [13]. In
addition, dynamic continuous recrystallization of ferrite
was observed in the whole cross-section but with different
degrees depending on the location, which generated dif-
ferences in the mechanical properties (yield strength and
plasticity).

The WF of bevel gear of 42CrMo4 steel was investigated
by Lee et al. [16]. The forming temperature was set between
A3 and Al, which lead to a final refined ferrite—pearlite
grain structure, with a more homogeneous microstructure
compared to conventional hot forging. Cui et al. [17] ana-
lyzed the same material in a variation of the WSR of spline
shafts. The optimum forming temperature was determined
(700 °C) as a compromise between tool precision and

billet

longitudinal notch

twisted notch

process efficiency. Concerning low carbon steels, Serajza-
deh [18] investigated the dynamic strain aging under 360°C
and at low rolling speeds, leading to serrated flow stress. The
kinetics of static strain aging could be mainly affected by the
rolling speed [19]. In a posterior research, it was also high-
lighted the importance of temperature, rolling speed and area
reduction on the microstructure developed in low carbon
warm-rolled steels [20]. The variation in the rolling speed
modified the yield strength of the material, as it altered the
dislocation pattern and subsequent nucleation rate during
early stages of recrystallization.

Regarding WSRB, Huo et al. [21] investigated possibility
of producing spherical components by finite element analy-
sis (FEA) of the process. In a posterior research [22], a novel
material model for 52100 bearing steel allowed identifying
the carbide phase volume fraction and its spheroidization.
In some regions, rectangular carbides were found due to
incomplete carbide spheroidization. Under some deforma-
tion conditions, carbide agglomeration was detected.

From the literature reviewed, one of the most challenging
issues in warm forming is the correct understanding of the
relationship between forming conditions and the final mate-
rial microstructure and properties. An important aspect that
has not been investigated in depth is the impact of contact
conditions in warm forming, as they alter the strain, strain
rate and temperature distributions in the cylindrical bar sec-
tion. In this article, experiments and simulations are used
to evaluate the impact of friction and forming parameters,
namely temperature and rolling speed, on the 42CrMo4
warm skew rolled rod with the aim of achieving a final
microstructure ready to be machined or cold-formed with-
out prior annealing.
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Fig.4 Mesh used in the
FEM model of WSR (left shoe
is not represented)

2 Materials and methods of research
2.1 Rod material

In this study, the rod has been manufactured from a
42CrMo4 steel bar provided from local market. The com-
position is presented in Table 1.

The initial microstructure of the bar was analyzed using
scanning electron microscopy (SEM) and electron back-
scatter diffraction (EBSD). In order to characterize differ-
ent regions, the microstructure of external, mid-radius and
central area of the bar transverse section was analyzed. The
EBSD analysis of the initial material as-received is pre-
sented in Fig. 1. The initial material state presents a homo-
geneous microstructure without different kinds of inclusions.
The microstructure of 42CrMo4 steel in the normalized
state has a ferritic—pearlitic structure and consists of regu-
lar grains, in the interior of which finely lamellar pearlite
and ferritic areas occur. The hardness of the bar in both the
internal and external area was~307.1 HV1 and~301.8 HV1,
respectively.
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2.2 Warm skew rolling process

The WSR process was performed experimentally in a two-
roll set skew rolling mill in Lublin University of Technology,
using barrel-shaped rolls and shoes as guiding elements. The
schematic view of the process and associated geometrical
dimensions used in this research are given in Fig. 2.

The skew rolling mill counts with two working rolls and
two guiding shoes (see Fig. 3a). The rolls present a biconi-
cal gauge with entry angle ¢, = 5° and exit angle ¢, = 3°,
respectively. The feed angle of the rolls was set to f=8°. The
separation of the rolls at the gorge (region of minimum sepa-
ration between them) was 34 mm. The material of the rolls
was 55NiCrMoV6 with roll surface hardness of 40 HRC and
roughness Ra=1.7 pym. Two different rotational speeds were
used for the working rolls, namely 15 and 30 rpm. Guide
shoes were made of 55NiCrMoV6 with hardness of 40 HRC.
A rolled round bar with the diameter of 36 mm and length
of 300 mm was used as the initial bar. The heating process
of the bar took place on a chamber-type electric resistance
furnace up to the working temperatures of 650 and 750 °C
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Table 2 List of the cases simulated and the conditions used

Case N° Initial tempera- Rotation velocity, Friction coef-
ture, T (°C) N (rpm) ficient m (—)

1 650 15 0.55

2 650 15 0.6

3 650 15 0.65

4 650 30 0.55

5 650 30 0.6

6 650 30 0.65

7 750 15 0.55

8 750 15 0.6

9 750 15 0.65

10 750 30 0.55

11 750 30 0.6

12 750 30 0.65

for 15 min. The transportation time of the billets from the
furnace to the inlet of the skew rolling mill was~ 15 s.

The dimensions of the bar after skew rolling, the torque
exerted by the working rolls, the velocity of the bar at the
exit of the rolling mill, and the material surface twisting
were recorded during the experiment. The average diameter
was measured at four different points along the length of the
bar. The cable displacement transducer WODbit was used for
recording the velocity of the bar during the rolling opera-
tion. The twisting of the material along the length of the bar
was measured by generating a longitudinal notch in the bar,
which was measured after rolling (Fig. 3b). Then, bars were
cooled down to ambient temperature under natural air con-
ditions. For further research, sections were cut out from the
area 100 mm apart from the bar head end, where the process
has reached steady temperature and deformation conditions.

From the bar sections, hardness measurements were taken
at different positions of the bar radius using the FM800
Futuretech equipment, covering from the outer region to
the central axis. In addition, SEM images were taken from
these regions, in some of the tested conditions, to analyze
the effect of working rolls rotational velocity (V) and initial
temperature (7)) on the microstructure. Microstructure stud-
ies were carried out on metallographic scrap produced on
cross sections of the warm-rolled bars. The specimens were
cut using an abrasive cutting machine with water cooling.
The specimens were grinded on abrasive papers with grits
of 80, 220, 320, 600, and 1200, respectively, and then the
specimens were polished using 3 pm diamond suspension
and 0.05 pm colloidal silica suspension. Nital 4% was used
to etch the microstructure. The near-surface region, located
at mid-radius, and the central region of the warm-rolled bars
were analyzed. Furthermore, in the near-surface region,
EBSD was used to study crystallographic orientation and
grain boundaries.
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Fig.5 Results of (a) rod velocity in the rolling direction, (b) torque
exerted by the rolls and (c) radial force in the rolling mill

2.3 Process modeling and simulation

The WSR process was modeled and simulated by finite ele-
ment method (FEM). The FEM model of the skew rolling
mill was developed in FORGE NxT. The flow stress of the
42CrMo4 steel is dependent on the working conditions,
namely temperature, strain rate and strain according to:
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«Fig.6 Results of longitudinal surface twisting (a) experiment and
simulation measurement, (b) 650 °C and 15 rpm, (c¢) 650 °C and
30 rpm, (d) 750 °C and 15 rpm and (e) 750 °C and 30 rpm

o = 1872.07 . ¢~00029T | —0.1123 | -0.1437 _ ,~0.0488/¢ (1)

where o is the flow stress, T is the temperature, € is the
strain and ¢ is the strain rate. The billet was considered to
be elastic-viscoplastic according to Eq. 1, while working
rolls and guiding shoes were defined as rigid. Those ele-
ments modeled as rigid used 2D triangular elements, while
3D tetrahedral P1 + linear elements with bubble node were
assigned to the deformable ones. The element size was 6 mm
for the rolls, 10 mm for the shoes and 3 mm for the billet.
The resulting mesh is shown in Fig. 4.

The thermal expansion of the billet was considered during
heating and WSR by updating the initial geometry of the billet
according to a linear expansion coefficient of 1 - 107> °C [23].
Furthermore, the initial billet temperature before WSR was
defined considering the cooling of the bar during the transport
period between the furnace and the skew rolling mill (using
natural convection with air). The two initial temperatures con-
sidered in this study were 650 and 750 °C, which correspond
to the in-furnace temperature. The ambient temperature was
set to 20 °C, and the temperature of the dies was set to 250 °C
for the working rolls and 20 °C for the guiding shoes. There
was not any initial load in terms of stress or strain on the bil-
let. The heat transfer through radiation, convection and con-
tact between solids were taken into consideration. Regarding
friction conditions, two different friction models were con-
sidered initially for modeling the skew-roll and billet contact,
namely viscoplastic and shear friction models. The election of
these two models is due to the fact that both showed the best
performance under hot rolling conditions [24]. After several
simulation tests and comparisons with experimental results,
the viscoplastic friction model was not considered because
at a similar billet velocity to the experimental one, the torque
of the rolls was underestimated, and the material twisting
overestimated. Thus, the shear friction model was used for
the simulation of friction between the billet and other compo-
nents under warm forming conditions [17]. The shear stress
was determined by

t=m-K 2)
where m is the friction factor and K is the material consist-

ency, which is determined by

K=—2 G)

The contact conditions between rollers and billet vary
according to the temperature and relative velocity. In order
to test the effect of contact conditions on material flow and

mechanical properties and to identify which friction coefficient
reproduces the different test conditions, it was initially set to
m=0.55, m=0.6 and m=0.65. The friction with the guiding
shoes was set to m=0.3 and kept constant during this study.
Regarding the heat transfer coefficients used for the simulation,
free convection with ambient media was assumed, emissivity
was set to 0.5, and the contact conductance HTC was 10.000
W/m2K. In summary, two rotational speeds of the working
rolls, two different initial temperatures and three friction
coefficients per condition have been simulated. The simulated
cases are listed in Table 2.

3 Results and discussion
3.1 FE model results

The experimental area reduction of the rod in the skew roll-
ing process (from initial diameter of 36 to final 30 mm) and
final length of 432 mm have been compared to the simula-
tion results. The average final diameter of the simulation is
30.59 mm, while the average final length is 440.5 mm. These
results that were analyzed under warm conditions (without
considering the posterior cooling to ambient temperature)
confirm the validity of the model. In addition, recorded
radial force, torque and velocity of the rod in the rolling
direction are compared to simulation results in Fig. 5.

The results of velocity show a similar trend for all the
simulated cases. The higher is the friction coefficient m, the
closer are the results to the experiment. When the coefficient
of friction reaches a certain value, increasing it does not
substantially increase the velocity because the slip within
the deformation zone is no longer reduced. This explains
the small differences between the cases with m=0.6 and
m=0.65. At low roll rotational velocities, the error com-
pared to the experimental result is lower, while differences
between the simulated cases are also minimum. Regard-
ing those simulations with m=0.65, the highest deviation
is shown for the temperature of 650 °C and rolls velocity
of 30 rpm with a relative error (RE) of 10%. Simulation
9 shows the best accuracy with a RE of 4% (750 °C and
15 rpm).

Regarding torque, results put into evidence that the model
is more accurate at the temperature of 750 °C. At this tem-
perature, simulations with friction coefficient m=0.55 show
the most accurate prediction (RE=1% in Simulation 7),
while at temperatures of 650 °C, simulations with m=0.65
are closer to the recorded values. Concerning rolls radial
force, the difference between the simulated cases is neg-
ligible as the radial force is associated with compressing
the material and reducing its cross section, which is not so
closely linked to the contact conditions. The temperature has
been found to be determinant, while the rotational velocity
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Fig.7 Temperature evolution
during warm skew rolling of (a)
case 1, (b) case 4, (¢) case 9 and
(d) case 12

Temperature [°C]

825
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T = 650°C I
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shows a minimum impact. Simulations at 750 °C show good
results, while at 650 °C radial forces are underestimated. It
could be associated to a more accurate description of the
material flow behavior at higher temperatures.

In order to understand the effect of friction on the mate-
rial flow during the warm skew rolling process, the mate-
rial surface twisting has been measured and compared to
the simulations. This redundant deformation is linked to a
different rotational velocity of the rod before and after the
area reduction during the skew rolling. It is driven by the
shear stress distribution in the contact area and leads mainly
to differences in the sliding velocity in the contact regions
during the manufacturing process. Surface twisting results
are shown in Fig. 6.

As it can be observed, at 750 °C Simulations 9 and 12
(m=0.65) replicate the surface twisting of the material.
Moreover, the higher is the friction coefficient, the higher
is the surface twisting. It is explained by the lower sliding
velocity at the contact (higher shear stress) that leads to a
more severe material flow at the external layers of the rod

Table 3 Temperature before and after the area reduction in the warm
skew rolling mill

Case N° Temperature after skew Initial tempera- AT (°C)
rolling (°C) ture (°C)

1 723.1 634.2 88.9

4 774.7 634.2 140.5

9 780.2 725.2 55

12 824.9 725.2 99.7

@ Springer
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section. On the other hand, those simulations with lower
friction and thus, higher sliding velocities, underestimate the
surface twisting and, consequently, material flow.

At a temperature of 650 °C, Simulations 2 (m=0.6) and
4 (m=0.55) show the lowest deviation for rolling velocities
of 15 and 30 rpm, respectively. The trend shown is similar
to that previously explained for 750 °C. The higher the fric-
tion, the higher the surface twist. If we compare the twisting
values, we can see that they are higher the higher the work-
ing temperature. This is related to the greater resistance to
flow of the material at lower temperatures. With regard to
rotational speed, it does not show direct influence on the
surface torsion. The analysis of the rotation times (number
of times the material contacts the rolls during its skew roll-
ing) puts into evidence that it is not dependent on the roller’s
rotational velocity and thus, the contact with rollers takes
place at similar positions. As a result, the material flow in
the surface is not modified by increasing or decreasing roll-
ers rotational speed.

3.2 Process parameter analysis

In order to analyze the impact of process parameters on the
mechanical properties and microstructure developed in the
material, a series of simulations are analyzed. The selec-
tion of the simulation case that best reproduces each process
condition (N, T) has been based on the twisting result, since
the differences in terms of speed, radial force and torque
are not substantial. This means that the friction of m=0.55
has been chosen for the 650 °C temperature, while m =0.65
for the 750 °C processes. The parameters to be studied are
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Fig.8 Warm skew rolling mill
(a) lateral view, (b) position
of the three points in the billet
section and (c¢) upper side view
of the contact region with the
upper roll and exterior contact
point evolution

(a)

Section A-A

Exterior point position

Contact with upper roll

Right shoe

L LA

oL

| Left shoe |

| |

| | > X
X, =-19 mm X; =66 mm

temperature, strain and strain rate. First, the temperature
evolution in the surface of the rod is presented in Fig. 7.

The initial temperature is increased in the surface of the
rod in all the analyzed cases. The temperature values before
and after the area reduction in the skew rolling mill are
shown in Table 3.

Results show that the initial temperature is the most deter-
minant parameter defining the temperature rise in the surface
of the rod during the skew rolling process. Cases 1 and 4
show a temperature increment of 88.9 and 140.5 °C, while
cases 9 and 12 an increment of 65 and 99.7 °C, respectively.
Despite the fact that the cases in which the initial tempera-
ture is higher present a higher friction coefficient value and,
therefore, a higher heat generation in the interface, it can be

seen how the surface heating is lower. This is mainly due
to two factors: on the one hand, a higher temperature pro-
motes a higher thermal interaction with the tooling (accel-
erates heat loss). On the other hand, it confirms that the
heating is mainly due to the adiabatic heating caused by the
higher plastic deformation energy of the material at lower
temperatures.

In order to analyze what happens inside the material,
it was decided to record the evolution of the deformation
conditions, namely temperature, strain rate and equivalent
strain, at three points of the billet section, as illustrated in
Fig. 8.

As it can be observed, the regions correspond to the
surface, the mid-radius zone and the center, exactly at the
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Fig.9 Temperature evolution of the exterior, mid-radius and center with (a) starting temperature of 650 °C, (b) starting temperature of 750 °C.
Furthermore, the temperature of the cross sections of (¢) case 9 and (d) case 12 is provided

same locations where the microstructure of the material was
initially measured. As previously introduced, the material
contacts in barely the same axial position of rolls, indepen-
dently on the temperature or rotational velocity considered.
Therefore, instead of using the time frame to compare the
different cases, the temperature evolution of the three points
recorded during the WSR of the billet (shown in Fig. 8b)
with respect to the X position is shown in Fig. 9, as well as

@ Springer

two sections of the temperature distribution in the section
of cases 9 and 12.

According to the temperature evolution plots in Fig. 9a,
it can be seen how, at lower temperatures, the heating effect
due to a higher rotation speed is significant. This is espe-
cially noticeable in the temperature difference in the exterior
zone, although it also occurs in the mid-radius zone, in the
core of the billet the heating is independent of the rotation
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Fig. 11 Strain rate distribution in (a) mid-radius region and (b) center of the billet
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Fig. 12 Equivalent strain evolution during warm skew rolling of (a) case 1, (b) case 4, (¢) case 9 and (d) case 12

speed. This is explained by the influence of the higher strain
rate in the outermost layers of the billet section.

If results at 650 °C are compared with those at 750 °C,
some differences can be appreciated. On the one hand, the
outer zone shows a lower heating at 750 °C. This can be
attributed to the high sensitivity of the material flow with
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Fig. 13 Vickers hardness of the bars rolled at different conditions
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respect to temperature, leading to a lower plastic deforma-
tion work transformed into heat. Regarding the homogene-
ity of the temperature distribution, it is observed that in the
cases at 15 rpm both present similar values, while if we
compare cases 4 and 12 (both at 30 rpm), a more homogene-
ous distribution is observed the higher the initial temperature
of the rod.

Figure 9c and d shows the difference in temperature distri-
bution after WSR of cases 9 and 12, both starting at 750 °C,
but with different strain rates. In case 9, a higher temperature
loss can be observed in the core of the workpiece, while the
distribution is more homogeneous. If the temperature distri-
bution corresponding to case 12 is observed, the outer layers
undergo a higher heating, despite the higher initial tempera-
ture loss, due to the effect of the strain rate. To examine the
strain rate distribution during the process, Fig. 10 shows
both the contact zone and the section at the point where the
rollers have the lowest gap between them.

The first thing to note about the strain rate distribution
during the process is that the strain rate values are much
higher at the surface compared to the inner areas of the billet
section. Therefore, it has been decided to use different scales
in order to be able to analyze them independently.
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Fig. 14 SEM micrograph of
microstructure of bars rolled at
650 °C

Near-
surface
region

Mid-
radius
region

Central
region

On the outer surface, in the area of contact with the roll,
it is observed that between cases 1 and 9, as well as between
cases 4 and 12, there are no appreciable differences. In cases
1 and 9, the strain rate is approximately 20 s~!, while in
cases 4 and 12, it is 40 s~'. Therefore, the main parameter
defining the strain rate is the rotational speed, while the ini-
tial temperature does not play such an important role. This
differs if we focus on the inner area of the billet, as it can
be seen that for similar values of rotational speed, there are

650 °C 15 rpm

650 °C 30 rpm

differences between the strain rate distribution in the sec-
tion. In order to evaluate this in greater detail, Fig. 11 shows
a comparison of the values in the area of the core and the
mid-radius.

From the mid-radius results shown in Fig. 11a, it can be
observed how by increasing the rotation speed from 15 to
30 rpm, the strain rate doubles its value each time the sec-
tion comes into contact with the roller (strain rate peaks in
the graph). Regarding the initial temperature, it can be seen

@ Springer



90 Page 14 of 20

Archives of Civil and Mechanical Engineering

(2024) 24:90

Fig. 15 SEM micrograph of
microstructure of bars rolled at
750 °C

Near-
surface
region

Mid-
radius
region

Central
region

that it has an influence on the strain rate, although it is lower
compared to the rotation speed of the roll. In the cases cor-
responding to 750 °C, the strain rate values are higher for
equal rotation speed, slightly displacing the contact points
of the material with the rolls.

Figure 11b puts into evidence that the strain rate distribu-
tion shows less oscillations with a lower amplitude in the
central area of the rod. Similar to the mid-radius region,
higher strain rate values are observed the higher the tempera-
ture and rotational speed of the rollers. Finally, to investigate
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750 °C 15 rpm

750 °C 30 rpm

the effect of strain rate fluctuations on the resulting strain
distribution in the material, Fig. 12 is shown.

From results of Fig. 12, it can be concluded that equiva-
lent strain in the outer radius of the rod shows a similar
distribution and value in all the analyzed cases. This can be
explained by the balance existing among the material strain
rate and contact time, given that in all the examined cases
the rotation times and position where material contacts the
roll are similar. However, some differences can be appre-
ciated in the internal region of the rod. Since the higher
the rotational speed, the more similar the strain rate values
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Table 4 DosS of the resulting WSR microstructure

Temperature  Rotational veloc- Zone DoS
) ity (rpm)
- - Initial microstructure 0.144
650 15 Near-surface 0.544
Mid-region 0.332
Central 0.176
650 30 Near-surface 0.493
Mid-region 0.193
Central 0.169
750 15 Near-surface 0.792
Mid-region 0.608
Central 0.356
750 30 Near-surface 0.865
Mid-region 0.589
Central 0.514

are between the outer and inner regions and thus the more
homogeneous the strain distribution becomes. Nevertheless,
the initial temperature does not affect it in the same way, as
greater homogeneity is observed at lower temperatures, with
the effect being less noticeable.

3.3 Mechanical properties and microstructure

The mechanical properties of the rolled bars were character-
ized by means of hardness measurements performed on the
cross section of the bars: initial and rolled bars under dif-
ferent conditions. Hardness tests were carried out using the
Vickers method at a load of 1000 g. It was deliberately not
tested using lower loads so that the tests were macroscopic
and the results averaged out the structural composition of
the material. Testing was carried out along a path from the
surface toward the core of the bar with varying spacing. A
smaller distance was used at the surface due to the nature
of the strain. The results of the hardness measurements are
summarized as a graph in Fig. 13.

The analysis of the hardness measurement results shows
that the material in the initial state has the highest hardness
among the samples tested. The hardness ranges from 294
to 308.6 HV1 with an average value of 302 HV1. Despite
slight fluctuations in the hardness level occurring close to
the surface, no significant changes were observed over the
cross-section of the sample.

The hardness obtained for the rolled samples is signifi-
cantly lower compared to the initial sample. In all cases, a
decrease in hardness was observed from the surface toward
the core to a depth of 3—4 mm, where the results stabi-
lize. Samples rolled at 650 °C, compared to those rolled at
750 °C, obtained higher hardness results at all measurement

points. Samples that were rolled at a lower roll rotational
velocity (15 rpm) also have a higher hardness.

The decrease in hardness in the sample cores is thus
dependent on the process temperature and the rotational
velocity of the rollers. The higher these parameters are, the
greater the decrease in hardness relative to the initial sample
is observed. Although lower than the initial value, there is a
higher hardness at the near-surface region compared to the
mid-radius and core regions, which corresponds to the high
strain zone according to the simulation for all the analyzed
cases (see Fig. 12). In general, for all the cases analyzed, a
marked decrease in hardness was observed and, in order to
investigate its relationship with the resulting microstructure,
SEM micrographs were done in the external, mid-radius and
core regions of the rod. Figures 14 and 15 present, respec-
tively, the microstructure of bars rolled at 650 and 750 °C.

Microstructural modifications were observed as a result
of rolling, the extent of which depends on the process con-
ditions. Rolling at 650 °C resulted in a significant break-
down of the cement platelets in the near-surface region for
both 15 and 30 rpm rolling velocities. This can be related
to the strain rate peaks occurring in the area outside the
roller contact under all conditions studied according to the
simulation (see Fig. 10). In both cases, the banded structure
obtained is visible. With a roller velocity of 30 rpm, signifi-
cant fragmentation of the cementite platelets and deforma-
tion (flattening) of the ferritic areas extends to the mid-zone.
In Fig. 11a, simulation showed high strain rate values con-
centrated in the middle zone only in the case of 30 rpm and
650 °C, which could explain the flattening phenomenon. In
the central zone, only minor structural changes are visible,
relative to the original material. This aligns with the low
strain rate values located in the core, with the lowest val-
ues occurring at the lowest temperature and rotational speed
of the roll (see Fig. 11b). For specimens rolled at 750 °C,
significant degradation of the pearlitic platelet structure
and mixing of the fine particles with the ferritic matrix is
observed in the near-surface zone. Again, banding can be
observed. In the intermediate zone, significant structural
changes were observed for both velocities considered; how-
ever, the extent of mixing of the components is noticeably
greater for the 30 rpm roll velocity. In the central zones,
the effect of the rolling process on the structural morphol-
ogy was also observed. The pearlite plates are degraded to
a degree similar to that observed in the intermediate zones
for each strain rate. From the simulation results of strain
rate, it was observed that the higher was the temperature, the
higher were the values of strain rate in the mid-radius and
core (see Fig. 10). Therefore, this could favor the mixing of
the components.

In order to analyze the microstructure in more detail,
additional micrographs were taken. The degree of
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Fig. 16 Cementite precipitates, in the near-surface zone of samples: (a) initial, (b) 650 °C and 15 rpm, (¢) 650 °C and 30 rpm, (d) 750 °C and

15 rpm, (e) 750 °C and 30 rpm. Etched with picral 5%, then with Nital 4%

spheroidization (DoS) was determined based on the ratio
of the average width of cementite particles to their length
and was determined in the areas near the surface, in the
middle of the radius and in the central zone. Measurements
were made based on the aforementioned SEM micrographs.
Approximately 100 measurements were considered for three

@ Springer

reference areas of 10X 10 um in each of the analyzed zones.
The results of spheroidization from 0 (lamellar) to 1 (sphe-
roidal) are listed in Table 4.

From results of Table 4, it can be stated that both an
increase in temperature, and roll velocity, increase the extent
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of structural modification in the steel under test. Neverthe-
less, an increase in temperature has a greater effect on this
extent. As a result of the breakdown of the cementite plate-
lets, the modified microstructure is not similar to that of the
initial pearlite. The warm-rolled modified microstructure
shows great similarity to the spheroidal microstructure. In
order to assess the morphology of the resulting precipi-
tates, SEM captions with higher magnification are shown
in Fig. 16.

Detailed observations of pearlitic precipitates presented
in Fig. 16 reveal significant morphological differences
between the rolled samples and the initial sample. Thanks
to the use of two-stage etching, conglomerates of pearlite
plates with angular shapes were revealed for the initial sam-
ple (Fig. 16a). Precipitates of this type are related to the
classic pearlitic transformation during steel normalization.
The morphology of cementite precipitates after rolling tests
(Fig. 16b—e) differs significantly due to their greater frag-
mentation and progressive spheroidization of shape with
increasing temperature and roll rotational speed during
WSR. The mechanism of fragmentation and spheroidization
of cementite may occur with the participation of divorced
eutectoid transformation and may be supported by defor-
mation-induced transformation. Both in the case of samples
rolled from an initial temperature of 650 and 750 °C, at the
end of the process, the outer layers of the bar are above the
temperature Al.

A large share of fragmented but not dissolved cementite
precipitates promotes divorced eutectoid transformation,
which upon cooling results in approximately spherical
precipitates with rounded shapes. A greater roll rotational
speed during the process (Fig. 16c, ) increases strain rate,
which favors mixing of the material and thus the share of
small precipitates arranged in rows (one after the other) is
sensibly smaller compared to these samples rolled longer
time (Fig. 16b, d). The highest DoS and dispersion of pre-
cipitates were obtained for the sample rolled at 750 °C
and 30 rpm.

In order to assess crystallographic orientation and grain
boundaries, an analysis of the near-surface areas, at a dis-
tance of approximately 4 mm from the surface of the bars,
was performed using the EBSD. The results are illustrated
in Fig. 17.

The grain size homogeneity of the initial sample (Fig. 1)
is clearly the largest for the area analyzed. Rolled samples
17a—d are characterized by larger grain size differences. The
average grain size determined by the EBSD method is at a
similar level for the initial sample and the samples rolled at
30 rpm. In the case of the samples rolled at 15 rpm, smaller
grain sizes of approximately 40% were observed compared
to the other samples. This is most likely due to the highest
temperature reached at the end of the higher speed rolling
process.

Considering the distribution of the angular disorienta-
tion of the grain boundaries, it can be observed that for all
samples there is a higher proportion of low-angle bounda-
ries. When comparing rolled samples that have cementite
in spheroidal form, the highest percentage of high angular
boundaries is found for samples rolled at a temperature of
650 °C and is approximately 32%. As the rolling temperature
increases, the proportion of high-angle boundaries decreases
and reaches, for the case of 750 °C and 30 rpm, the mini-
mum value of 21.3%. Highly angular boundaries are char-
acterized by increased dislocation density, which thus trans-
lates into increased mechanical properties [25]. The results
found are in line with the results of hardness measurements,
where a decrease in hardness was obtained with an increase
in rolling temperature.

An increase in temperature achieves a microstructure
morphology close to the original in terms of grain size
and shape while maximizing the softening effect. Rolling
from lower temperatures favors grain fragmentation and
the achievement of incomplete spheroidization, which,
in combination with the highest proportion of high-
angle boundaries, contributes to a higher hardness of the
bars with respect to those rolled at higher temperatures.
Despite the convergence of the morphological param-
eters of the grain microstructure for the initial sample
and that rolled at 750 °C and 30 rpm, the decisive fac-
tor that maximizes the softening effect is the change in
the form of the cementite precipitates to the spheroidal
form with the greatest degree of dispersion. WSR enables
cementite spheroidization by exploiting the phenomenon
of divorced eutectoid transformation. Compared to tradi-
tional softening annealing methods, the spheroidization
method of WSR can be much more efficient in terms of
time and energy savings.

4 Conclusions

In this article, the WSR process is modeled by the finite
element method. The effects of warm forming parameters,
namely initial temperature and roll rotational velocity, on
the material strain rate, thermal properties, microstructure
and hardness were analyzed. Experimental data validated
the simulation results. The initial microstructure consist-
ing of a ferritic—pearlitic structure with regular grains was
transformed by spheroidization of the cementite exploiting
the phenomenon of divorced eutectoid transformation and
the breakdown of the cementite plates. The conclusions
are presented below:

e The contact conditions in the warm skew rolling pro-

cess have been investigated. The material flow is highly
dependent on the existing friction with the rolls and
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«Fig. 17 Results of the EBSD analysis: misorientation profile map—
left, grain boundary misorientation right: (a) 650 °C and 15 rpm, (b)
650 °C and 30 rpm, (c) 750 °C and 15 rpm, (d) 750 °C and 30 rpm

temperature plays a fundamental role. It has been found
that the friction is higher at 750 °C (m=0.65) com-
pared to its value at 650 °C (m =0.55), leading to a
higher material twisting at higher temperature.

e The initial temperature plays a fundamental role in heat-
ing and temperature distribution. In the cases analyzed
with an initial temperature of 650 °C, the surface heating
is 88.9 °C (15 rpm) and 140.9 °C (30 rpm), while those
with an initial temperature of 750°C have 55°C (15 rpm)
and 99.7 °C (30 rpm), respectively. Moreover, the homo-
geneity is higher when the initial temperature is 750 °C.
This is due to the fact that the core heats up in a similar
way regardless of the rotation speed and temperature with
an average value of 47 °C. Regarding the rotation speed,
the 30 rpm cases favor a higher heating due to the shorter
operation time, as well as a higher strain rate, which is
mainly concentrated in the outermost layers of the rod
and results in adiabatic heating.

e The hardness levels attained after WRS consistently fall
below the average initial hardness of 302 HV1 across all
scenarios. Notably, greater softening is evident in the
mid-radius and core regions as compared to the near-sur-
face zone. Specifically, a more pronounced reduction in
hardness occurs at a temperature of 750 °C, with higher
rotational speeds of the roller contributing to increased
softening effects. The case corresponding to 750 °C and
30 rpm demonstrates the most substantial reduction
in hardness. In the near-surface region (external layer
within 2 mm), the average hardness diminishes to 209.4
HV1, representing a 30.7% decrease, while in the mid-
radius and central regions, the average hardness is 194.1
HV1, leading to a 35.7% reduction.

e Increasing the temperature yields a microstructure mor-
phology that closely approximates the original, char-
acterized by comparable grain size and shape, thereby
maximizing the associated softening effect. Conversely,
rolling at lower temperatures fosters grain fragmentation
and the attainment of incomplete spheroidization, accom-
panied by a higher prevalence of high-angle boundaries,
thereby contributing to elevated hardness in the resulting
bars in comparison to those subjected to higher tempera-
ture rolling.

e The DoS is increased with deformation, but mainly with
temperature. The maximum values of 86.5 and 79.2%
occur at an initial temperature of 750 °C in the near-
surface zone, which is heated the most. The DoS of core
and mid-radius are comparable to the near-surface zone
for cases starting at 650 °C, as they achieve similar tem-
peratures.

e Despite the convergence of morphological parameters
in the grain microstructure between the initial sample
and the specimen rolled at 750 °C and 30 rpm, the main
factor driving the maximization of the softening effect
lies in the transformation of cementite precipitates into a
spheroidal form characterized by the greatest degree of
dispersion.
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