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In this paper the effects of rollers-billet friction coefficient (RFC) and plug-billet friction
coefficient (PFC) during the skew rolling piercing process are investigated. The piercing
process has been simulated and the plastic deformation, temperature evolution, and
surface twisting of pierced tube analysed. Results show that the plastic deformation of
super-martensitic Cr13 stainless steel increases at higher RFC and decreases at higher PFC.
The same trend has been observed for material strain rate, which increases with higher
RFC but decreases with increasing PFC. In addition, it has been found that friction coeffi-
cient does not affect the temperature evolution of the billet. In fact, the material heating
during piercing is related to plastic deformation. Comparison of the fracture surfaces of the
hot tension test samples at 0.01 s~ and 10 s~ * confirm this point. The RFC increases the
forward material velocity, and PFC decreases the forward material during the skew rolling
piercing process. The PFC decreases the material velocity due to the ductile fracture growth
obstacle inside the tube. More plastic deformation at higher PFC leads to higher surface
twisting. The maximum surface twisting was 68° at RFC = 0.6 and PFC = 0.06, and the
minimum surface twisting was 12° at RFC = 0.2 and PFC = 0.15.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

rollers, a piercing plug start to pierce and stretch the billet all
along its length [2]. At the same time, two big disks, called
Dieschers, control the geometry of pierced billet to increase

During the production of seamless tubes in a factory, the skew
rolling piercing phase is an early stage that creates an inner
cavity in a cylindrical (bar) shape [1]. Before this piercing, the
billetis heated up in a furnace, and the hot billet is transferred
into the piercing setup. The working temperature is usually
higher than 70% of the billet melting temperature. For this
reason, this process is categorized as a hot deformation pro-
cess. In this phase, a push bench moves the hot billet forward,
and two big rollers push the hot billet forward. Between two
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https://doi.org/10.1016/j.jmrt.2023.07.167

geometrical accuracy [3]. The piercing phase of seamless tube
production is very short, which makes this process extremely
complicated [4]. Ultra-high strain rate at high temperature
puts the billet in extreme condition. Understanding thermo-
mechanical phenomena to find the best process parameters
is very difficult and expensive [5]. Finding optimum process
parameters would be the most critical point to increase the
tooling system working life and minimizing energy con-
sumption in this process [6]. Simulation of the skew rolling

2238-7854/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http:/

creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:h.aghajani@deusto.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2023.07.167&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2023.07.167
https://doi.org/10.1016/j.jmrt.2023.07.167
https://doi.org/10.1016/j.jmrt.2023.07.167
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:7254—-7272

7255

piercing process can help researchers to understand the
thermo-mechanical phenomena related to raw material
(billet) behavior. The material (billet) behavior can affect the
final product quality and working life of the tooling system.
Urbanski and Kazanecki [7] were early researchers that used
the two-dimensional (2D) FEM method for piercing process
simulation. They modeled the process by axially-symmetric
state of strain to monitor the strain changes in the longitu-
dinal direction of the tube. Mori et al. [8] analyzed the piercing
phase using the 2D-FEM method and considered the process
as a plane state of strain without friction contact between the
billet and piercing plug contact surface. Mori [9], developed a
model by considering the influence of friction on the billet-
piercing plug interface. Ceretti et al. [10] applied the billet
material model to predict cracks during the piercing process.
They used the maximum tensile stress criterion to predict
AISI1020 grade steel crack formation using the 2D-FEM
method. They did not consider plug piercing in their simula-
tion domain. The early attempts at a three-dimensional (3D)
piercing process was not a comprehensive model with various
details. Pietsch and Thieven [11] used a 3D-FEM model to
simulate the process. They presented the stress and strain
distribution in the longitudinal section of the pierced tube. In
their simulation, the thermal aspects of the process were
neglected. The same approach was used for the plug posi-
tioning during the piercing process by Ceretti et al. [12].
Berazategui et al. [13] simplified the piercing phase process
simulation with the FEM method and compared the simula-
tion results with experimental test. For the first time, Pater
et al. [14] modeled all parts of the piercing phase, including
rollers, Diescher disks, and plug, and included the heat phe-
nomena in their model. After that, an analysis of the load of
the piercing plug was developed by Pater and Kazanecki [15].
Pater et al. [14] developed a model to calculate temperature
changes and distribution of surface pressure on the surface of
the piercing plug. Zhao [16], studied the effects of rollers feed
angles on the piercing process by the FEM method. The output
results revealed that with increasing rollers feed angles, the
rolling process's effectiveness increased, but the product
quality decreased. Murillo-Marrodan et al. [17] analysed the
effect of various friction models at the interfaces of tools and
billet using a 3D FEM model. They used mainly Coulomb,
Tresca, and viscoplastic friction models. They stated that the
Tresca and viscoplastic models provide conditions similar to
actual experimental tests. Fernandes et al. [18] investigated
the effects of friction coefficient (at the tools—billet interface)
on the stress and strain state using the 3D FEM method. They
used the Tresca friction model at interfaces. They showed that
the friction coefficient directly impacts billet feed efficiency,
tube twist angle, and piercing plug force. The feed efficiency is
defined as a ratio that shows the roll's capacity to push the
billet forward. This ratio is introduced as a parameter that is
related to the axial speed of Rolls. Aghajani Derazkola et al.
[19] investigated the effects of friction coefficient on energy

consumption during the piercing process. They optimized the
friction coefficient at the interface of tools and billet to mini-
mize energy consumption during the piercing process.

The main key factor in the skew rolling piercing process is
the relation between physical phenomena during actual pro-
cesses and simulation processes. The available literature
shows that simulation of material behavior during the
piercing process is very hard due to the complexity of the
process. A billet is ruptured, twisted, and elongated simulta-
neously to obtain a seamless tube. During this process, fric-
tion plays a critical role in producing a sound tube. As
mentioned earlier, this process involves high strain rates,
since the billet is transformed quickly into the tube. For this
reason, various metallurgical phenomena cannot be analyzed
in a real production line. In this regard, material behavior
analysis is necessary to describe seamless tube production.
This article combines the material behavior results of super-
martensitic Crl3 stainless steel hot tensile test with the 3D
FEM simulation of the skew rolling piercing process to
describe the thermo-mechanical phenomena during the
actual seamless tube production process.

2. Experimental procedure

2.1. Raw material

In this study, super-martensitic Cr13 stainless steel is used as
raw material. The raw material was provided by Tubos
Reunidos [20] and was used for material behavior testing
procedure and seamless tube process. The chemical compo-
sition of super-martensitic Cr13 stainless steel tested is pre-
sented in Table 1.

2.2. Hot tensile test

To compare the effects of strain rate on microstructure and
fracture properties of super-martensitic Cr13 stainless steel, a
hot tensile test was carried out. The testing temperature was
1100 °C, with 0.01 s7%, 0.1 s7%, 1 s7%, and 10 s~ ! strain rates.
With various trial and error tests and with the help of simu-
lation results detailed in the next section, it can be found that
the raw billet (with 1250 °C) had a heat transfer with the
piercing process tooling system. The internal temperature of
the hot billet diminished to 1100 °C. For this reason, the hot
tensile test was carried out at 1100 °C to reproduce the fracture
process at the plug's tip. In this case, the plug starts to rupture
internally of hot material at 1100 °C. The tensile sample was
prepared according to the standard ASTM E21-09 (2020). The
hot tensile test samples were put in cold water (~0 °C)
immediately after the test to freeze the microstructure
changes and prevent the fracture surface of samples from
oxidation. Fig. 1a and b depicted pictures of the hot tensile test
machine and tensile sample.

Table 1 — Chemical composition of super-martensitic Cr13 stainless steel.

Element C Cr Ni Mn

Si

Mo P S Ti \Y% Fe

Wt.% 0.03 11.5-13.5 4.5-6.5 0.5

0.5

1.5-3 0.03 0.005 0.01-0.5 0.5 Bal
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(b)

Fig. 1 — (a) Image of hot tensile test setup, (b) image of hot tensile test sample.

2.3. Sample evaluations

The fracture surface of the hot tensile test sample was eval-
uated by scanning electron microscopy (SEM) equipped with
Energy-dispersive X-ray (EDS). Microstructure of hot tensile
samples was evaluated by optical microscope (OM). For better
analysis of the effect of the piercing process on the micro-
structure changes, the hot tensile test carried out, and the
samples were put in cold water immediately after the test was
finished—accordingly, the tensile test was cut, and evaluated
by optical microscopy. Grain size is typically measured and
classified using standardized methods. In this research, the
ASTM E112 standard has been used for super-martensitic Cr13
stainless steel.

2.4.  Tube piercing process

The industrial piercing process of the cylindrical bar of super-
martensitic Crl3 stainless steel is described hereafter. In this
research, the experimental part of tube piercing was carried
out by Tubos Reunidos. In this study, two rollers piercing mill
has been used.

It means that two rollers placed up and down of tube and
two disks (Dieschers) placed on the sides of the tube are the
responsible for guiding the billet through the process, while a
plug placed in the center created the tube piercing [20]. The
billet material was super-martensitic Cr13 stainless steel with
a cylindrical shape of 202 mm diameter and 600 mm length.
The raw material (billet) was heated up from room tempera-
ture to 1250 °C in a furnace. Then, the hot billet is moved from
the furnace to the piercing process chamber with a guide of
208 mm. A thrust bench pushes the billet into the piercing mill
at 100 mm/s traverse velocity. Two rollers push the hot billet
forward (against the plug) by friction. Fig. 2a and b shows the
piercing process tooling system and produced tube after
piercing. The plugis fixed at the system's center and can freely
rotate on its axis. For increasing friction between tools and
piercing tube, the roller and plug surfaces are machined or
hatched. The upper and lower rollers had the same geometry

with 900 mm diameter with 1.5° profile angle, 0° cross angle,
and 12° feed angle, respectively. The rollers were mirrored
according to the middle of the super-martensitic Crl3 stain-
less steel billet. During the piercing process, the rollers had
111 rpm angular velocity. A schematic view of the piercing
process is depicted in Fig. 2c.

3. Piercing process modelling

For this study a 3D FEM of the above described piercing pro-
cess has been developed. Tool dimensions and locations were
designed according to the experimental procedure. The billet
material was selected as super-martensitic Crl3 stainless
steel with Hansel-Spittel constitutive law:

o =AeMTT™ M (1 + g)"Temegms zmeT (1)

In Equation (1), A, m,, m,, ms, My, Ms, Mg, M, and mg are
super-martensitic Crl3 stainless steel constant, T is temper-
ature, ¢ and ¢ are presents the strain and strain rate.

The material flow behaviour was provided by Tubos
Reunidos laboratory. With this model, the raw material
behavior can be predictable at various temperatures and
strain rates. A sample of super-martensitic Crl3 stainless steel
flow stress at various temperature with 0.05 s™* and 10 s™*
strain rates are presented in Fig. 3a and b, respectively.

3.1 Contact and friction model

This study considered smooth contact without friction for the
thrust bench and guide contact surfaces with billet. The fric-
tion is considered in the interface of rollers, plug, and Die-
schers with billet. The viscoplastic friction model is
considered for rollers and billet interfaces:

o\ WD
T= (IK( Hvrel ” + U?eg) Vrel (2)

where «is the viscoplastic friction coefficient (0 < « < 1), whose
value is dependent on the normal stress, K is the material
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~lungel

Thrust bench moving phase

(c)

Rollers-billet contact phase
—>

lungel

Piercing phase

Fig. 2 — (a) Heating up of billet, (b) Pierced tube. (c) Schematic view of skew rolling piercing process.

consistency and pf the sensitivity to sliding velocity, with a
value similar to the strain rate sensitivity index of the rheo-
logical model. V., is relative velocity, and the v, is regular-
isation velocity. In this model the Roller-billet interface is
consider as a viscoplastic layer. The Tresca friction model is
considered for plug and Dieschers interfaces that were in
contact with billet:

Vrel

\ ‘VYEI|2 + U?eg

The Tresca friction model is used when shear stress (r)
exceeds the shear strength (k) of the raw material. In the
Tresca friction model, the coefficient (m) stands for the friction
factor, and its value ranges between 0 < m < 1. Due to higher
contact friction and high rotational velocity at the Roller-billet
interface, the viscoplastic friction model was selected for this
area. For other regions, the Tresca friction model was selected.
In this model the Roller-billet interface is consider as a shear
layer. The more details of the friction model selection are
described in previous research published by authors [19].

This study selects a friction coefficient range for rollers and
plug interfaces with the billet. These ranges are selected

T=mk

(3)

according to the producibility of the tube and optimum energy
consumption during the process [19]. These ranges were
selected after arranging by the physical phenomenon
collected from the actual process. The friction coefficient at
the rollers and billet interface (RFC) is between 0.1 and 0.6, and
the friction coefficient at the plug and billet interface (PFC) is
between 0.06 and 0.15. Table 2 summarizes the friction co-
efficients considered in this study.

3.2. Finite element model

This process is simulated by the finite element method (FEM)
using the commercial software FORGE® NX (Version 3.2).
This software is specifically developed for hot and cold metal
forming processes. For the heating phase, the billet tem-
perature is increased up to 1250 °C; the thrust bunch is
pushed forward the billet for the piercing process. The tool
system kinematics are selected according to the experi-
mental test.

The billet is defined as a deformable object, using the
constitutive model Hansel-Spittel above described, and the
tooling system is a rigid body with thermal conductivity
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Table 2 — Friction parameters.

Roller—Billet Interface

Plug—Billet Interface Diescher -billet Interface

Friction Model
Friction Coefficient

Viscoplastic
0.1, 0.2, 0.3, 0.4, 0.5, 0.6

Tresca Tresca
0.06, 0.1, 0.15 0.1

properties. The tools are meshed which different sizes and
uniform mesh sets for billet. The rollers, Dieshers, plug, and
guide were meshed by 2D triangular elements.

The billet meshed by 3D tetrahedral P1+ linear elements
with a bubble node, size factor of 0.7, volumic size factor of 2.2,
and minimum mesh size of 1.5 mm. The simulation domain,
and the meshed components are presented in Fig. 3c and d,
respectively. For better visualization, one Roller and one Die-
scher have been removed. Two sensors were put at the tip and
middle of the tube during the simulation to collect the results
after the simulation. After finish the simulation, the mean
value results from sensors reported. For better visualization
observation, the contact area at the end stage of the simula-
tion is selected and presented. Fig. 3e presents a cross-section
picture of the piercing process, sensors, contact zone, and
visualization area.

4. Results and discussions
4.1. Plastic deformation analysis

Plastic deformation can be used to determine whether a tube
is producible or not [21].

Plastic deformation is the permanent change in the shape
of a raw material when subjected to a force or stress beyond
its elastic limit. The total power during the skew rolling pro-
cess consists of elastic power, plastic power and friction
power. Plastic power is the rate of energy required to deform a
material plastically. During the skew rolling process, plastic
deformation occurs due to the application of heat and stress
and the plastic power needed to deform the super-martensitic
Cr13 stainless steel. In general, the plastic power of super-
martensitic Crl3 stainless steel decreases due to the
increased ductility at high temperatures compared with
room-temperature plastic deformation. The required plastic
power to deform the super-martensitic Cr13 stainless steel
depends on various factors such as process temperature,
process strain rate, and raw material properties. During the
skew rolling process, the plastic power required to deform the
metal depends on the material properties and the deforma-
tion conditions, and the plastic deformation that occurs is a
result of the application of the necessary plastic power. In this
research, the simulation results are validated by experimental
data. A sample of pierced super-martensitic Crl3 stainless
steelis presented in Fig. 4a. As mentioned, during the piercing
process, the total power that leads to seamless tube formation
is the sum of elastic power, plastic power, and friction power.
An example of simulation results from power during the
piercing process of RFC = 0.5 and PFC = 0.15 is depicted in
Fig. 4b. All power components (Elastic, plastic, and friction
powers) are linked with super-martensitic Cr13 stainless steel
flow stress. The elastic power does not change dramatically by

changing the friction. The plastic power is related to strain
rate (which the friction power is not), but the plastic power is
related to friction factor and tool speed (which the plastic
power is not). The plastic power can effect on microstructural
changes, and friction power can effect on frictional shear at
the interface of materials and tools.

The effects of friction coefficient on power and energy are
described in detail in a previous research of the authors [22].
For evaluation of various power calculated by FEM during the
piercing process, the elastic, plastic, and friction power trends
are presented in Fig. 4c—e, respectively. The trend shows that
the elastic power increases from RFC = 0.01 to RFC = 0.5, and
after that, it decreases slightly. The results revealed that the
friction power has a sharp decrease from RPC = 0.1, and after
that, it slightly increases after RFC = 0.5. The results of the
plastic power of various samples (different RFC and PFC) are
presented in Fig. 4d. According to the obtained results with
increasing PFC, the plastic power increases in all samples. The
increasing trend before RFC = 0.5 is more, and after RFC = 0.5,
the plastic power trend is slightly moderated. It has been
shown that plastic power increasing trend diminished due to
the vast increase of frictional power in RFC of more than 0.5.
The significant point in this result is that with increasing PFC,
the progress in tube piercing debases and plastic deformation
of super Cr 13 increases, and the plastic power increases [23].

4.2.  Thermal analysis

The plastic deformation affects the temperature of super-
martensitic Cr13 stainless steel during the piercing process.
As mentioned before, the plastic power is the rate of energy
required to deform super-martensitic Cr13 stainless steel with
applied stress by the tooling system [24]. The changing friction
coefficient at interfaces leads to changes on applied stress and
plastic deformation on super-martensitic Cr13 stainless steel.
The applied stress and plastic deformation can change the
tube temperature during the piercing process. When a force is
applied to a super-martensitic Cr13 stainless steel to cause it
to deform (during the piercing process), the energy of the
applied force is changed into strain energy. The strain energy
is stored within the super-martensitic Crl3 stainless steel.
However, not all this energy can be stored indefinitely, and
some are converted into heat because the deformation pro-
cess involves the movement of atoms [25]. The super-
martensitic Crl3 stainless steel atom's movements generate
frictional forces that convert mechanical energy into heat.
The movements of atoms could be described with dislocation
and microstructure analysis [25]. The analysis of temperature
changes during the skew rolling process is essential for tooling
system life, Control of forming process, properties of the tube
after piercing, and quality control. The amount of heat
generated after deformation can affect the material's micro-
structure, which in turn can affect the mechanical properties
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of the finished product. The sufficient temperature during
piercing can be adjusted to ensure that the super-martensitic
Cr13 stainless steel remains ductile and can be shaped
without fracturing at the tube's surface or along the tube's

thickness. The relationship between plastic deformation and
temperature in the skew rolling processes depends on several
factors, such as billet microstructure, the rate of deformation,
and the temperature of the billet at the piercing phase. In
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general, increasing temperature during the skew rolling pro-
cesses can increase the amount of plastic deformation the
super-martensitic Crl3 stainless steel can undergo before it
fails. For this reason, it is necessary to analyse the tube tem-
perature evolution during piercing process and its relation-
ship with deformation. A longitudinal-section view of
temperature distribution in the pierced tube (RFC = 0.5 and
PFC = 0.15) at the last step is presented in Fig. 5a. There it can
be seen that the part of the tube that is starting the piercing is
around 1100 °C, that is 150 °C cooler than the already pierced
part. It means that the heat transfer of super-martensitic Cr13
stainless steel with air and tooling system decreases the
temperature of super-martensitic Crl3 stainless steel near
150 °C form the 1250 °C which is the furnace set point tem-
perature. After piercing, the temperature of raw material in-
creases again up to the initial temperature. This phenomenon
is related to plastic deformation. The temperature in the
exterior and interior areas of the pierced tube uniformly
increased. The surface temperature distribution of RFC = 0.1,
0.3, and 0.5 with PFC = 0.15 are presented in Fig. 5b—d,
respectively. In the case of RFC = 0.1, the tube did not pierce,
and the process was not finished. The reason was that the RFC
could not push the hot metal forward and form the internal
crack. Because the billet was heated previously, the super-
martensitic Crl3 stainless steel was hot (around 1100 °C),
and Rollers increased the temperature of the surface of the
tube. In this case, the plastic deformation was not complete to
pierce the tube, but local plastic deformation increased the
heatlocally. The results of case RFC = 0.1is plotted at one step
before the simulation stops—this plot aims to show how the
temperature is distributing in failed samples. The RFC = 0.1
was unable to finish the process, but for friction values above
RFC = 0.1, the piercing process was completed. As it can be
seen, the tube temperature before contact with rollers and
Diesher disks was near 1100 °C and then increased.

At the end of the tube, the temperature decreased again.
This behavior is detectable for all samples. The comparison
results between maximum temperature and friction co-
efficients are presented in Fig. Se. Results show that the billet
temperature increase occurred in all samples up to a range
between 1200 °C and 1250 °C. The difference between low
friction coefficient and high friction coefficient was not sig-
nificant. Therefore, it can be concluded that the increasing
temperature of the billet during forming is due to plastic
deformation power, and the effect of friction is this regard is
negligible. Higher plastic deformation led to higher plastic
power leading to internal heat generation inside super-
martensitic Crl13 stainless steel. The root of increasing tem-
perature can be found in plastic deformation. The analysis of
super-martensitic Crl3 stainless steel microstructure at
various strain rates can help to describe plastic heating
phenomena.

In subjecting plastic deformation, the temperature of the
material increases due to the energy dissipation associated
with the deformation process.

Microstructural changes do not directly cause an increase
in temperature during plastic deformation, but they can
indirectly influence the temperature through their effect on
the deformation behavior of the super-martensitic Crl3
stainless steel [26]. Super-martensitic Crl3 stainless steel is

categorized as high stacking fault material with many stack-
ing faults within its crystal structure. This property can in-
crease the probability of dislocation formation and
accumulation, leading to a higher dislocation density. Higher
dislocation density can increase the resistance of a material to
deformation, which in turn can lead to a higher temperature
during plastic deformation. This is because a greater force is
required to deform the material, converting more energy into
heat [27].

4.3. Strain rate analysis

The strain rate analysis during the piercing process gives in-
formation about the quality of the process and process time.
The applied strain rate and its relationship with super-
martensitic Crl3 stainless steel properties during the
piercing process is considered in this section. During the
piercing process, the maximum strain rate is applied to the
tube at the interface of the tooling system. The Diescher disks
have geometrical control roles, and Rollers do the push for-
wards. It can be concluded that the maximum strain rate is at
the Roller-billet interface.

The contact area is where the Roller is in touch with the hot
billet during the piercing process. A longitudinal-section view
of the applied strain rate on the super-martensitic Crl3
stainless steel pierced by RFC = 0.5 and PFC = 0.15 are pre-
sented in Fig. 6a. The top view of this sample is presented in
Fig. 6b. In the simulation process, the contact area between
Roller and billet (which is depicted in Fig. 6b) consists of
maximum strain rate area. The hot billet is tolerated this
maximum strain sate from the piercing process until
finishing.

As mentioned, after contacting hot billet the Rollers push it
forward. At the early stage the contact area (which is consider
as " X in Fig. 6¢c) is not complete. After the contact area
increased by 50% (which is consider as 1.5 X'in Fig. 6d), the
plug start to piercing (which is consider asP'in Fig. 6d) and the
Diescher disk control the geometry of piercing area (which is
consider as'D'in Fig. 6d).

As mentioned, the results show that the strain rate is
maximum at the areas of piercing and high deformation. In
other words, the strain rate at the contact area of raw material
with plug and Rollers is maximum. During the simulation, the
friction model at the Roller-billet interface consider a visco-
plastic model, and at Plug-billet, consider a Tresca model. In
this situation, the rotational movement of the Rollers pushed
the viscoplastic layer downward and forward. As mentioned,
the plug does not have any movements (like an actual piercing
process) and acts like a barrier for the internal shear layer. For
this reason, the movement of the upper layer of the hot billet
is more than the internal layer. A schematic view of piercing
layers is presented in Fig. 6e. After piercing, the material does
not handle any strain rate, because there is not any contact
between tools and pierced tube. A sample of contact area and
maximum strain rate from simulation results of PFC = 0.15
and RFC = 0.1, RFC = 0.3 and RFC = 0.5 are presented in
Fig. 7a—c, respectively.

As it can be seen, the maximum strain rate is on the con-
tact area between rollers and tube. A comparison between
friction coefficient and maximum strain rate at contact area is
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presented in Fig. 7d. The results indicate that the strain rate
increases with increasing RFC and decreases with increasing
PFC. With increasing RFC, the rollers can push the super-
martensitic Cr13 stainless steel forward faster, while
increasing PFC acts like a barrier. The higher friction coeffi-
cient of the plug increases the processing time and the strain
rate of forming process. Apart from RFC = 0.1 that tube
piercing was not completed, the lowest value strain rate
(~71 57" was predicted in the piercing case with RFC = 0.2 and
PFC = 0.15. The value of highest strain rate (~162 s~%) that
obtained in piercing case with RFC = 0.6 and PFC = 0.06.

The strain rate directly affects the phases and grain sizes of
super-martensitic Crl3 stainless steel during and after the
piercing process. Super-martensitic Crl3 stainless steel grain
size refers to the size and arrangement of the grains within
the microstructure. The microstructure of super-martensitic
Cr13 stainless steel is composed of phases of martensite ma-
trix, austenite, and d-ferrite. The grain size of steel refers to
the average dimension of these grains. The mentioned phases
are formed during the piercing process, and after cooling
down, their size may change due to static recrystallization
phenomena.
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The histography of the microstructure of super-
martensitic Crl3 stainless steel at 1100 °C at 10 s~' and
0.01 s7! is presented in Fig. 8a and b, respectively. As
mentioned in the experimental section, the microstructure of
the hot tensile sample was analyzed after the test and cooling
down in cold water. The results indicate that the average grain
size of super-martensitic Cr13 stainless steel was 7.8 um and
9.0 um for 10 s~! and 0.01 s~ strain rates, respectively. At
higher strain rates, the grain size of super-martensitic Cr13
stainless steel decreases near 1.2 pm. There is an inverse

relationship between average grain size and steel dislocation
density [28]. When the grain size is small, there are more grain
boundaries, and dislocations tend to accumulate at these
boundaries, leading to a higher dislocation density. When the
grain size is large, there are fewer grain boundaries, and dis-
locations tend to pile up and form larger cell structures within
the grains [29].

More dislocations increase the energy required to deform
the material, making it more difficult. For this reason, at
higher RFC, the strain rate grows and increases the
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Fig. 11 — (a) BSE-SEM image of hot tensile test fracture surface after 0.01 s~* strain rate and (b) EDS analysis from precipitates
and oxide inside the fracture surface. (c) BSE-SEM image of hot tensile test fracture surface after 10 s~ strain rate and (d) EDS
analysis from precipitates and oxide inside the fracture surface.

temperature of the tube after the piercing process. The
microstructure of super-martensitic Cr13 stainless steel, as a
low carbon steel at testing temperatures between 950 °C and
1250 °C, is consists of y-austenite (FCC structure) and 3-ferrite.
After cooling to room temperature, martensite transformation
leads to the formation of a full martensite matrix in the super-
martensitic Crl3 stainless steel microstructure [30]. The low
and high magnification of super-martensitic Cr13 stainless
steel microstructure tensile samples tested at 10 s~ and
0.01 s* are presented in Fig. 8c—f, respectively. The results
revealed that the microstructure of super-martensitic Cr13
stainless steel in both cases almost consists of coarse lath
martensite, fine lath martensite (FLM), and 3-ferrite.

During the piercing process, the plug pierced the hollow
section of super-martensitic Cr13 stainless steel. The results
indicate that the strain rate during the piercing process in-
creases at higher RFC and lower PFC. This phenomenon is
related to crack growth at the front of the plug. The sche-
matic view of internal piercing and crack growth are pre-
sented in Fig. 9a. The SEM image analysis from the fracture
surface of hot tensile tests with 0.01 s~ and 10 s~ ! strain
rates are presented in Fig. 9b. The results consist of both
secondary electron detector (SE) and the Backscattered
electrons detector (BSE) results. The observation of the
fracture surface analysis indicates that the fracture type in
both cases was ductile. High-magnification BSE-SEM images
from fractured surfaces are presented in Fig. 9c and d.

Results show that the fracture surface at 0.01 s~ strain rate
consists of fine and coarse dimples, and the fracture surface
at 10 s™! strain rate primarily consists of coarse dimples.
Coarse dimples indicate faster fracture growth during the
hot-forming process. On the other hand, the fracture sur-
faces show oxide particles and precipitates trapped inside
the dimples. The oxide particles have bright colors, and
precipitates have a dark color. In order to understand and
develop a better analysis regarding the chemical changes,
BSE image was used. It seems that the strain rate of the tube
during the piercing process affects the fracture type of super-
martensitic Crl3 stainless steel and the chemical inactions.
High friction coefficient leads to higher strain rates, and the
internal fracture growth increases inside super-martensitic
Cr13 stainless steel.

4.4.  Material velocity analysis

The material velocity during the piercing process means
how fast the hot cylinder can be pierced. This effect is
related to the super-martensitic Cr13 stainless steel flow-
ability, and the material velocity is directly related to pro-
cess strain rate. The material velocity determines the
processing time as well. A longitudinal-section view of
material velocity on the super-martensitic Cr13 stainless
steel that was pierced with RFC = 0.5 and PFC = 0.15 is
presented in Fig. 10a. As it can be seen, the velocity contour


https://doi.org/10.1016/j.jmrt.2023.07.167
https://doi.org/10.1016/j.jmrt.2023.07.167

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:7254—-7272 7269

75
70 [ Tube 1
65 [
60 |
55|
50 |
45 |
40 |
35
30f
25 |
20 |
15}
10

Twisting Angle (0)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
= (b) Length (mm)

RFC=0.2, PFC=0.1

RFC=0.2, PFC=0.2

(©) @ (€)

64 [ —H-PFC=0.06
60 |- @- PFC=0.1
56 | —A—-PFC=0.15 /l

Twisting Angle (0)
W
=N

0.1 0.2 0.3 0.4 0.5 0.6
) RFC (v

Fig. 12 — (a) Picture of twisted tube, (b) twisting angle along axis of pierced tubes. (c) Simulation results of twisting angle,
simulation results of twisted angle at various (d) RFC and (e) PFC. (f) The maximum twisting angle of pierced tube at various
friction coefficients.


https://doi.org/10.1016/j.jmrt.2023.07.167
https://doi.org/10.1016/j.jmrt.2023.07.167

7270

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:7254-7272

indicates that the material velocity on the surface of the
tube is higher than on the other areas. Due to the higher
friction coefficient of RFC compared to PFC, the forward
moving of raw material at the surface is faster than in the
inside. The simulation results of material velocity at
PFC = 0.15 and RFC = 0.1, RFC = 0.3, and RFC = 0.5 are
presented in Fig. 10b—d, respectively. The material velocity
at the contact area with the rollers increases dramatically
because the rollers push it forward by friction and conse-
quently the friction coefficient can affect the material ve-
locity. The super-martensitic Cr13 stainless steel velocity
after contact point with rollers became uniform. It means
that the tube is uniformly formed.

As mentioned, the simulation results show that the
maximum material velocity occurs at the roller's contact area.
The relation between friction coefficient and material velocity
is presented in Fig. 10e. The material velocity can be analyzed
using the effects of PFC and RFC. Similar to the strain rate,
increasing PFC decreases the material velocity. It means thata
higher friction coefficient of the plug increases the piercing
process time and tube formation. On the other hand,
increasing RFC increases material velocity and decreases the
piercing time by increasing material velocity. The simulation
results revealed that the minimum material velocity was
predicted at RFC = 0.2 and PFC = 0.15 (~650 mm/s), and the
maximum velocity was at RFC = 0.6 and PFC = 0.06
(~1120 mm/s), respectively.

As discussed in microstructure analysis, the elongated d-
ferrite was observed in the tensile test with a 10 s~ strain rate,
while the shorter d-ferrite existed in the tensile sample tested
with 0.01 s™%. From a metallurgical point of view, the 3-ferrite,
which is formed at high temperatures, is the main reason for
crack growth in low carbon Cr—Ni—Mo martensitic steels
during high temperature forming process [31]. The 3-ferrite
decrease the toughness of super-martensite steels at high
temperature because of a lack of cohesion with the sur-
rounding matrix [32]. At high temperatures and high strain
rate, the Cr content near 3-ferrite reduces, due to precipitation
of Cr-rich carbides (precipitates) in ferrite/martensite bound-
aries [33].

In general, the ferrite phase is weaker than other phases at
high temperatures, and the presence of this phase increases
the risk of hot rupture in super-martensitic steels [34]. The
BSE-SEM image from the fracture surface of the hot tensile
test at 0.01s~* with the perspective of precipitation analysis is
presented in Fig. 11a.

As it can be seen, dark points and shiny points are
detected in dimples. The shiny points are iron oxides prob-
ably formed after the test when the sample's surface was hot
and hot iron elements reacted with environment oxygen.
Due to the rapid cooling of the hot tensile sample, this oxide
is not much on the fracture surface. On the other hand, the
dark point indicates the carbides precipitates. A sample of
EDS point analysis from these points is presented in Fig. 11b.
The results indicate that the chemical composition of these
precipitates is Cry3Cs, @ common carbide precipitate in high
chromium steels. The BSE-SEM image from the fracture
surface of the hot tensile test after 10 s™* is presented in
Fig. 11c. A sample of EDS point analysis from precipitates is
presented in Fig. 10d. The results show that the bigger

precipitates are formed in the 10 s~! sample. This result

confirms that at a high strain rate and high temperature
precipitates are formed in the super-martensite matrix, and
d-ferrite leads to crack initiation and growth. The higher RFC
increases the piercing process strain rate, and the higher PFC
decreases the strain rate. Increasing the strain rate helps in
the formation of longer d-ferrite inside the hot billet and in-
creases the fracture growth inside the piercing tube. These
effects help to increase material velocity and thus lower the
process time.

4.5.  Tube twisting analysis

During the seamless tube piercing process, surface twisting
can occur if the tooling system and the billet material are
not correctly aligned or if the billet material is not uni-
formly deformed. Surface twisting is also known as a defect
that can lead to a non-uniform wall thickness. Twisting is a
surface phenomenon related to the strain rate and material
velocity. The tooling system interface's friction coefficient
can change super-martensitic Crl13 stainless steel's defor-
mation and consequently lead to tube twisting changes. A
sample of the pierced tube with the surface mark is
depicted in Fig. 12a. For this measurement, 25 points were
marked on raw billet, and after the piercing process, the
placement changes of the point at the surface of the tube
were investigated. For this purpose, the displacement
points connect and make a curve on the surface of the tube.
Then the curve angle with the longitudinal axis of the tube
was calculated, and the twisting angle was presented [35].
In this regard, twisting angles from top to bottom of the
tube surface were calculated, and the results are presented
in Fig. 12b. The results show that the twisting angle at
middle is maximum and at tip of is minimum. Conse-
quently, in the simulation the twisting at the center of the
tube (Fig. 12c) is considered. The surface tube twisting at
various RFC and PFC are presented in Fig. 12d and e,
respectively. The maximum surface twisting angle of tubes
pierced with different friction coefficients is presented in
Fig. 11f. The results indicate that with increasing RFC, the
twisting angle increase, and with increasing PFC, the
twisting angle decreases.

This behavior is expected because with increasing RFC
and decreasing PFC, the strain rate of the deformation pro-
cess increases. The experimental results show that the
maximum twisting angle was 69.1°. The simulation results
indicated that the maximum twisting was on RFC = 0.6 and
PFC = 0.06 (~58°), while the minimum twisting angle was
formed on the tube pierced by RFC = 0.2 and PFC = 0.15
(~13°).

5. Conclusion

In this article, the skew rolling piercing process is modeled by
the finite element method in three dimensions. The effects of
friction coefficients on the material velocity, strain rate, and
thermal properties were analyzed during the process. Exper-
imental data validated the simulation results. The materials'
behavior during the piercing process was analyzed, and
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compared to the results of hot tensile material characteriza-
tion tests. The conclusions are presented below:

1 The plastic deformation power is increased by increasing
RFC and decreasing by PFC. The increasing plastic defor-
mation at higher RFC increased the temperature of the
super-martensitic Crl3 stainless steel tube after piercing
around 100 °C. The tube in RFC = 0.1 was non-producible,
and the maximum plastic power was at RFC = 0.5 and
PFC = 0.15.

The maximum strain rate predicted at RFC = 0.5 and
PFC = 0.06 (162 s ) was 225% more than the minimum
strain rate (72s*) produced at REC = 0.2 and PFC = 0.15. The
higher strain rate leads to rapid ductile fracture at high
temperatures with the benefit of faster piercing during
skew rolling of super super-martensitic Cr13 stainless steel.
The maximum material velocity (~1120 mm/s) was 172%
more than the minimum material velocity (~650 mm/s).
The material velocity is result of strain rate and internal
crack growth during skew rolling. Higher RFC leads to
higher material velocity during the piercing process, and
higher PFC decreases the material velocity. The micro-
structural changes and formation of precipitates during
piercing process is effects the super-martensitic Cril3
stainless steel velocity during piercing process.

4 The RFC has significant effects on tube twisting during
piercing process. The higher RFC leads to more surface
twisting angles. The maximum surface twisting angle
produced at RFC = 0.6, PFC = 0.06 (58°), and the minimum
twisting angle produced at RFC = 0.2, PFC = 0.15 (13°).
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