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Abstract: The cross-roll piercing and elongation (CPE) is a forming process performed at high temper-
atures and high strain rates. The final product quality is strongly dependent on its microstructure. In
this study, a finite element method (FEM) model was developed to better understand plastic deforma-
tion effects on microstructure during CPE and to analyze alternative thermo-mechanical processing
routes. Specific models were used to simulate dynamic and meta-dynamic recrystallization (DRX
and MDRX) for the processing of superaustenitic stainless steel (SASS). In addition, the CPE of SASS
was investigated experimentally. The microstructure, mechanical properties, and chemical changes
of the final product were assessed using optical microscopy, hardness testing, X-ray diffraction, and
SEM-EDS. The results revealed higher temperatures and strain rates in the exterior area of the shell
after piercing, and MDRX occurred in the whole thickness. However, an average grain size reduction
of 13.9% occurred only in the shell middle and inner diameters. During elongation, the highest values
of the strain rate and DRX were observed in the inner region, exhibiting a grain size reduction of 38%.
Spread in terms of grain size and grain shape anisotropy was found to be less accentuated for tube
samples as compared to the pierced shells.

Keywords: seamless tube; FEM; superaustenitic stainless steel; quenching; recrystallization;
microstructure

1. Introduction

Superaustenitic stainless steel (SASS) is widely used in aerospace, nuclear power,
chemical, oil, and other industries due to its high strength and excellent corrosion resis-
tance [1–3]. This group includes 904L, which is a low-carbon, high-alloy, non-magnetic
SASS. Due to the increased corrosion resistance, which is provided by the high content of
Cr, Mo, and Ni in the chemical composition, this steel is used for operations in aggressive
environments, including at elevated temperatures [4]. Therefore, these properties make this
material highly suitable for the production of SASS tubes intended for long-term service
conditions under high temperatures and pressures, mechanical loads, and self-weight [5].

There are several industrial manufacturing processes available to produce seamless
pipes and tubes. Among the most prominent are pressing methods, such as forward and
backward extrusion [6]. Other methods have been investigated, such as tubular channel
angular pressing (TCAP) [7], that lead to ultrafine grained products but are limited to
laboratory scale conditions [8]. However, in large tubular diameters, the hot cross-roll
piercing and elongation method (CPE) is considered to be the most widespread [9,10]. In
the CPE process, it is important to understand the microstructure formation and properties
of the finished product. With regard to mechanical properties such as tensile strength, yield
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strength, and other characteristics, finer-grain-size structures play an important role [11].
Thus, data on the deformation behavior of a material under industrial conditions can be
useful for reducing production costs, optimizing deformation parameters, and obtaining
products of the required quality. In addition, dynamic (DRX), meta-dynamic (MDRX),
and static (SRX) recrystallisation occur during such hot rolling and multi-stage drilling
processes. These phenomena also contribute significantly to the formation of a certain grain
structure and the required level of mechanical properties and, therefore, must be taken
into account when developing the manufacturing process [12–16]. At the moment, a large
number of studies have been carried out on the features of the stainless-steel tube piercing
and rolling processes [17–19]. However, most of them have been aimed at studying the wear
resistance of the tool, the accuracy of pipes, or the piercing parameters to be selected [20–22].
Those who focus their analysis on the microstructure of the material do so through the
experimental study of samples collected after the process. This is the case of Ding et al. [23]
who analyzed the resulting microstructure of magnesium alloyed seamless tubes, showing
how the CPE process improved the UTS and elongation of the material.

Nevertheless, an alternative approach for assessing and improving tube-piercing
processes is simulation. Zhang et al. [24] investigated the problems associated with the
piercing of thick-walled tubes of bimodal titanium. With this aim, a finite element method
(FEM) model of the CPE process was developed to analyze the deformation conditions,
and experiments were performed afterward to conclude that the resulting bimodal struc-
ture is influenced by reduction rate and rolling speed. In a posterior study, the CPE of
nickel alloys [25,26] was assessed by developing FEM simulations of the process. From the
simulation results, a set of optimum process parameters to control the external separation
layer defect in thick-walled tubes was proposed. Regarding the association between FE
simulation and material restoration during the CPE process, Murillo-Marrodán et al. [27]
developed an incremental constitutive model that allowed for the identification of the
regions of the material that were exhibiting DRX, but no experiment confirmed the conclu-
sions. Other contributions have established an indirect connection between the simulated
deformation conditions and experiments by analyzing the microstructural changes of
pierced tubes of nickel-based alloys [28].

In the case of austenitic steels, it is known that one of the effective methods of hard-
ening is ageing; however, when hardened, such steels have a tendency of showing low-
strength properties [29]. Therefore, depending on the product requirements, it may be pos-
sible to implement thermomechanical treatment (with quenching performed immediately
upon hot deformation) of pipes with high ductility and low strength for the subsequent
stage of the cold deformation of thin-walled pipes, or a full cycle including hot deformation
followed with ageing of pipes, to increase strength.

The purpose of this study was to investigate the changes in the microstructure and
properties of the SASS AISI 904L during CPE and quenching in the stages of piercing and
elongation. The development of a FEM model and the experiments carried out were used
to understand the deformation mechanisms and chemical changes of the material during
the manufacturing process. The final goal was to assess the possibility of implementing
such industrial technology for producing seamless tubes from this steel grade.

2. Materials and Methods
2.1. Tube Material

In this study, a SASS bar was used as tube material. The tube material was provided
from a local market, and its chemical composition was evaluated in the laboratory. The
composition is presented in Table 1.

Table 1. Chemical composition of AISI 904L steel.

C Cr Ni Si Mn Mo P S Cu Ti Fe

0.047 23.4 28.7 0.7 0.57 2.95 0.032 0.009 3.25 0.79 rest
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In order to document AISI 904L properties before CPE, the microstructure of the
provided bar was evaluated using optical microscopy. The microstructure of the external
and central area of the bar transverse section was analyzed. The initial material had a
heterogeneous microstructure with various kinds of inclusions. The average grain size in
the external area of the bar was 20 µm, and it was 76 µm in the central zone. The optical
microscopy images of the external and central areas of the provided AISI 904L SASS are
presented in Figure 1a and 1b, respectively. The Vickers hardness of the billet in the central
area was ~40 HV, while ~60 HV was measured in the external area.
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Figure 1. Microstructure of the incoming billet cross section (a) on the external area and (b) in the
central area.

2.2. Cross-Roll Piercing and Elongation Process

The CPE process was performed experimentally to analyze the tube material’s mi-
crostructural changes during plastic deformation. This process consists of two phases: first,
the piercing phase, and second, the elongation phase. The schematic view of both piercing
and elongation phases are presented in Figures 2a and 2b, respectively.

Both phases were carried out with a MISIS-130D pilot mill (Figure 3a). The machine
included working rolls, guiding tools, and power supplement sections. The barrel-shaped
working rolls of the mill had a biconical gauge with an entry angle of roll cone ϕ1 = 2.5◦

and exit angle ϕ2 = 3◦, respectively. The feed angle of the rolls was β = 14◦. The gorge
of the rolls (zero position of the deformation zone) was at the section of the maximum
diameter of the roll. The material of the rolls was steel 45 with roll surface hardness of
200 HB. The rotational speed of the working rolls was set to 57 rpm, similar to those used
in industrial processing of other steels. Guide shoes were made of high-nickel cast iron
with hardness of 60–62 HRC. For the piercing stage, a plug of a 57 mm diameter with a
taper angle of 6.5◦ was used. For the rolling stage, a cylindrical plug of a 57 mm diameter
was used. The material of both mandrels was a high-Ni-based alloy. The temperature of the
tool during piercing was equal to the ambient temperature (20–25 ◦C). The tool was cooled
with water between passes. A forged round bar with a diameter of 80 mm and length of
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220 mm was used as the incoming billet. A centering recess of 20 mm diameter and 30 mm
depth was drilled in the center of the billet head end. Before deformation, billets (bars or
shells) were heated in a chamber-type electric resistance furnace up to a temperature of
1170 ◦C for 60 min and 15 min, respectively. The transportation time of the billets from the
furnace to the inlet of the piercing mill was ~8 s.
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Figure 3. The rolling stand (view from the output side) of the (a) MISIS-130D piercing mill and
(b) the cooling system.

The dimensions of the resulting shells and pipes, the current load on the main drive
electric motor, and the process time for piercing and elongation were recorded during the
experiment. The wall thickness (WT) was measured at four points within 100 mm away
from the pipe head and tail ends. The shell after piercing and the pipe after elongation
were subjected to cooling with water at the exit of the pilot mill during the manufacturing
process. For that purpose, several nozzles for water supply were installed at the exit of the
stand at a distance of ~200 mm from the rolls end (Figure 3b). The time between exiting
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from the deformation zone and cooling with water was no more than 0.7 s in both stages
of the process. The mandrel extraction operation took approximately 15 s in both stages;
during this period, the section of interest of the shell/pipe was positioned under the water
nozzles to cool down that region rapidly. Then, the pipe/shell was completely immersed
in a container with water at a temperature of 20–25 ◦C. For further research, branch pipes
100 mm long were cut out from the area 100 mm away from the pipe head end, for which
the time, temperature, and deformation conditions of rolling and cooling along the length
can be considered the same.

2.3. Characterization

The microstructure was analyzed using Carl Zeiss Axio Lab. A1 optical microscope
equipped with ImageJ (National Institute of Mental Health) program [27]. For microstruc-
ture evaluation, three zones across the pipe wall thickness were selected: external surface,
mid-wall thickness, and near the internal surface. In addition, images of the microstructure
were taken in the longitudinal section of the samples on the “flat spots” made on the
external and internal surfaces as shown in Figure 4. The samples were polished using a
diamond suspension cloth, followed with electrochemical etching in oxalic acid solution
(the solution concentration was saturated) with a voltage of 3–4 V for 5 to 30 s.
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Hardness measurements were carried out on a DUROLINE MH-6 hardness tester
using the Vickers scale on both transverse and longitudinal specimens near the external
and internal surfaces in the longitudinal section; the following parameters were used: load
of 300 kgf, holding time of 10 s. The distribution of hardness in the cross-section of the
pipe’s WT was created with steps of ≈0.5 mm; the number of measurements per point
was ≥5.

X-ray structural analysis was performed on longitudinal samples using a DRON-8
general-purpose diffractometer. The scanning area corresponded to a distance of no more
than 0.3 mm from the internal and external surfaces of the sample (Figure 4). Scanning
parameters: radiation—CoKα; measurement range 2θ, from 25 to 120◦; voltage, 40 kV; cur-
rent, 20 mA; scanning step, 0.05◦; exposure time, 4 s—discrete mode, processing performed
using the PDF-2 database Release 2014 ICDD.
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3. Modeling and Simulation of the Process

In this study, CPE was modeled and simulated using FEM. The FEM model of the
piloting mill, including the stages of piercing and elongation, was developed in FORGE
NxT. Firstly, the mathematical expressions implemented in the FE software to determine
the material flow stress and microstructural changes during the CPE process are presented.

The flow stress of the material is dependent on the working conditions, namely,
temperature, strain rate, and strain, according to:

σ = 3660.84·exp−0.0028T ·ε−0.066· .ε0.1027exp
−0.0387

ε , (1)

where σ is the flow stress, T is the temperature, ε is the strain, and
.
ε is the strain rate. The

prediction of the required conditions for the onset of dynamic softening mechanisms is
considered to be one of the most relevant aspects of the microstructural changes. The Zener–
Hollomon parameter Z was used to determine the deformation conditions (temperature
and strain rate) at which DRX occurred.

Z =
.
εexp

(
Q

RT

)
, (2)

where
.
ε is the strain rate, Q is the activation energy of 443 kJ mol−1 [28], R is the universal

gas constant, and T is the temperature. If Z exceeds the limiting condition Zc = 8.34·1018,
the probability of DRX becomes very low, while for Z values lower than Zc, DRX occurs.

Moreover, once the previous condition is satisfied, the values of peak strain εp and
critical strain εc for every deformation condition can be calculated according to [28]:

lnεp = −11.21 + 0.24lnZ, and (3)

lnεc = −12.39 + 0.25lnZ, (4)

where Z is the Zener–Hollomon parameter. After calculating both the peak and the critical
strain, the dynamically recrystallized volume fraction Xdrx can be estimated using the
kinetics model, resulting in

Xdrx = 1− exp

[
−0.0654

(
ε− εc

εp

)1.73
]

. (5)

In the case of MDRX, the onset depends on the simultaneous fulfilment of several
conditions: the material presents plastic deformation higher than the critical value to
initiate DRX ε > εc, there is previous dynamic recrystallization in the region Xdrx > 0,
and the material is not being deformed (

.
ε = 0

)
. In addition, the onset of MDRX also takes

place whenever the material volume fraction recrystallizes dynamically reaches at least
95% ( Xdrx > 0.95)[29].

The calculation of the meta-dynamically recrystallized volume fraction Xmdrx was
performed using Avrami-type equations based on the experimental work conducted by
Zhang et al. [30]. For this purpose, firstly, the time required for a 50% meta-dynamically
recrystallized volume fraction t0.5 was calculated:

t0.5 = 4.57·10−15 .
ε
−0.35exp

(
385.85

RT

)
. (6)

The time t0.5 is mainly dependent on the chemical composition of the material and
the deformation conditions. Then, the kinetic equation for calculating the volume frac-
tion yields

Xmdrx = 1− exp

[
−0.693

(
t

t0.5

)0.53
]

, (7)
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where t is the time interval elapsed since the end of the plastic deformation. The higher
the temperature, the greater the strain rate, and the faster the MDRX. The procedure chart
implemented in Forge NxT for the determination of the microstructural changes is shown
in Figure 5. The macroscopic field variables obtained from the FE simulation were used as
the input data for the calculation in that subroutine.
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The tools of the mill were defined as rigid, while the billet was considered to be
elastic-viscoplastic according to Equation (1), which has been previously introduced. For
the elements modeled as rigid, 2D triangular elements were used, while 3D tetrahedral P1+
linear elements with the bubble node were assigned to the deformable ones. The element
size was 5 mm for the rolls, 2 mm for the shoes, and 1–2.5 mm for the plug at both stages of
the manufacturing process (finer mesh in the plug tip). The resulting mesh for both the
piercing and elongation phases can be observed in Figure 6. The thermal expansion of the
billet was not considered during heating and piercing/elongation operations. However,
the cooling of the pipe and its contraction were considered to compare the dimensional
measures with the experimental ones. In addition, the cooling phase using the system
described in Figure 3b was simulated, incorporating the initial cooling of the billet with a
water jet directed to the pipe surface at the exit of the piercing mill and the pipe immersing
into water at room temperature 15 s later.
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Moreover, the initial temperature of the billet was 1170 ◦C, which corresponded to the
in-furnace temperature prior to both piercing and elongation stages. In addition, billets
cooling during transportation between the furnace and the mill guide was simulated in
order to obtain a more accurate initial temperature distribution. The ambient temperature
was set to 25 ◦C, the temperature of the dies was set to 50 ◦C for the shoes and the plug,
while the rolls temperature was determined to be 80 ◦C. There was no initial load in terms
of stress or strain on the billet. The friction conditions within the contacting areas and the
heat transfer through radiation, convection, and contact between solids were taken into
consideration. Regarding friction conditions, a constant-shear-friction model was used for
the simulation of friction between the billet and other components [30]. The shear stress
was determined using

τ = m·K, (8)
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where m is the friction factor, and K is the material consistency, which is determined using

K =
σeq√

3
. (9)

The friction coefficients were m = 0.8 for the rolls and m = 0.2 for the shoes and the
plug. 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. For the surface of the pipe in contact with the water jet at the exit of the
mill, the HTC value was 1.420 W/m2K, while the value of 2.600 W/m2K was used when
the pipe was totally submerged into water for final cooling.

4. Results and Discussion
4.1. Geometrical Analysis

A geometrical analysis of the produced tubes was performed at the end of each of the
following stages:

• Stage 1: heating up, piercing, and quenching
• Stage 2: heating up, piercing, heating up, elongation, and quenching

Piercing and elongation were carried out with the stable natural grip of the billet by
the rolls, involving the stable movement of the rolling stock at the stationary stage of the
process and a free exit out of the deformation zone. The experimental results of the pierced
and elongated samples are shown in Figure 7a,b, with the simulation results in Figure 7c,d,
respectively. The length of the initial billet was 220 mm. The geometrical analysis of
the pierced shell shows a total length of 520 mm after piercing, which corresponds to an
elongation rate of 2.36 times. In the case of the measured tube after elongation, it showed
a final length of 490 mm (starting from an initial length of 320 mm), which leads to an
elongation rate of 1.53 times. In the simulation, the elongation rates of both the piercing
and elongation stages yielded a value of 2.2 and 1.54 times, respectively.

The geometrical analysis of the pierced shell shows that the mean diameter of the
pierced product at 100 mm from the tip was 77.8 ± 0.1 mm, and the mean diameter at
100 mm from the tail of the pierced shell was 77.5 ± 0.1 mm. On the other hand, the
geometrical analysis of the elongated tube shows that the mean diameter of the elongated
tube at 100 mm from the tip was 73 ± 0.2 mm, and the mean diameter at 100 mm from
the tail of the elongated tube was 72.3 ± 0.2 mm. The simulation results of the product
diameter after the piercing and elongation phases were 79.2 mm and 73.07 mm, respectively.
After piercing, the shells had a higher WT and diameter deviation from the tail end than
from the head one. It was due to the short length of the shell, and, as a consequence, there
was no centering of the shell by the rollers on the outlet side when exiting the deformation
zone. After rolling, tube dimensions at the head and tail ends were similar. The deviation
in the WT did not exceed 5%, and the deviation in the diameter was no more than 0.55%.
The experimental measurement of the WT of the pierced and elongated tubes shows that
the mean WT of the pierced tubes at 100 mm from the tip and at 100 mm from the tail
was 9.3 ± 0.1 mm and 9.7 ± 0.3 mm, respectively. The mean WT of the elongated tube
at 100 mm from the tip and at 100 mm from the tail was 6.4 ± 0.1 mm and 6.3 ± 0.1 mm,
respectively. The comparisons between the experimental and simulation results of the tube
thickness and wall thickness are presented in Figure 8a,b, respectively.
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4.2. Microstructural Evaluation of Piercing Phase

First, the results of the first piercing stage are presented. Measurements were taken at
three different points within the section of the shell at the outer, middle, and inner radii. In
addition, the times when the material first contacted with the plug, completed its contact
with the plug, and completed its contact with the mandrel were provided. The deformation
conditions, namely, temperature and strain rate at each of the three points, were recorded
and are presented in Figure 9a,b as related to the position in the rolling axial direction,
where the gorge was (x = 0).
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Figure 9. Change in temperature (a) and average strain rate (b) within the external, middle, and
inner areas across the shell thickness.

The temperature in the outer and middle sections of the shell was increased due to the
friction with the rolls and plastic deformation energy dissipation. However, the internal
region was initially cooled down when it contacted the plug. The reason was the low
temperature of this element and the low friction and reduced plastic work at this moment.
Afterward, the internal region was heated up as long as the strain was increased. According
to the results of the temperature and strain rate measurements shown in Figure 9, the Zener–
Hollomon parameter was calculated and used to analyze the deformation conditions. It can
be pointed out that, as shown in Figure 10a, the Zener–Hollomon parameter did not reach
the critical value Zc in the three areas of the shell thickness beyond which the dynamic
recrystallization did not occur.
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Firstly, dynamic recrystallization occurred in the material during deformation at the
stage of the piercing operation. The strain rate had a higher value within the outer area
of the shell, and the temperature was slightly higher than in the middle and inner areas.
Thus, theoretically, the strain required for developing a similar DRX fraction in the material
decreased with the increase in temperature and decrease in the strain rate. At the stage
of the piercing operation, the strain was first concentrated within the outer area of the
shell, and as soon as the shell transverse area was reduced, the deformation extended
to the middle and inner areas. As can be seen in Figure 10b, the DRX fraction was first
increased within the outer shell area, but as long as the material was subjected to piercing,
the lower strain rate in the middle and inner areas (see Figure 9b) contributed to a higher
DRX fraction within the aforementioned areas. Figure 11 shows the microstructure and
histograms of the grain size distribution for the outer surface (exterior) and middle and
inner surfaces (interior) of the pierced tube.
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Figure 11. Optical microscopic image from microstructure of outer, middle, and inner areas of
pierced samples. Histograms of average grain size distribution in outer, middle, and inner areas of
pierced samples.

The results indicate that the grain size of the pierced shell at some sections (interior
and middle) was smaller than the raw material. This was not the case for the external
region. As a result, the internal microstructure was finer in different parts of the pierced
tube than in other areas. The results show that the average grain size on the pierced tube’s
interior, middle, and exterior surfaces was 26 µm, 65 µm, and 66 µm, respectively. The
average grain size of AISI 904L steel in the exterior area (initial value of 20 µm) increased
by 30%. The average grain size of AISI 904L steel in the middle (initial value of 76 µm) and
interior (initial value of 76 µm) areas decreased by 14.5% and 13.2%, respectively. Despite
the higher strain rate in the exterior area of AISI 904L steel during piercing, the grain size
in the middle and interior areas of the tube had grain refinement.

Figure 12a shows the values of the DRX volume fraction during piercing. As it was
previously described, the DRX fraction in the inner and middle areas of the shell was higher
than that within the external area. The external area was deformed first within the contact
area with the rolls; however, no full DRX occurred within these areas, reaching the values
of 80–100%. On the contrary, the inner area showed full recrystallization within the section
near the plug tip: during material rolling, prior to the transverse area reduction, full DRX
was achieved under the impact of the low strain rate within that area.
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Based on Figure 12a, it can be shown how DRX occurred within the area where the
material contacted the plug, and once the material reached the gorge position, the softening
mechanism was completed. On the contrary, MDRX started upon the completion of the
transverse area reduction, once the material DRX had already occurred. It is important to
notice that the FE model describes the potential for developing MDRX in the remaining
volume fraction that has not reached full DRX. Thus, for the regions that reach full MDRX,
it would mean that the material completes both the dynamic and postdynamic recrystal-
lization. Differences between the change in the MDRX fractions in different areas of the
shell section are shown in Figure 12c.

The SEM image of the microstructure evolution of the pierced tube is presented in
Figure 13. The results consist of low and high magnifications from the interior area of the
tube (Figure 13a) and exterior area of the tube (Figure 13b).

The results show grains with different sizes in both cases. It confirms that the growth
rate of the DRX grain is not very high in this steel during the piercing process. The
microstructure of different areas is inhomogeneous due to various mechanical stresses
(compression, tension, and shear) during the piercing phase of the raw material. Lamellar
colonies and the high percentage of dynamic recrystallization cannot be detected in a high
magnification of the microstructure. The DRX grains and small percentage of MDRX can
be detected in the high magnification of the microstructure depicted in Figure 13a,b. By
comparing the interior and exterior areas of the pierced tube, it can be concluded that
MDRX in the exterior area is lower than in the interior area. Due to the higher cooling rate
of the exterior area with air and rolls, the exterior area of the tube experienced a higher heat
loss. Therefore, DRX growth decreases, and DRX nucleation for MDRX is limited. A closer
analysis of the exterior area (Figure 13c) revealed that DRX nuclei did not grow during
piercing, which is the main reason for the difference in MDRX between the interior and
exterior areas.

Both the inner and middle areas had a higher MDRX rate and reached full meta-
dynamically recrystallized volume fractions at the exit of the mill; however, the outer area
showed lower values and required more time to achieve a full MDRX volume fraction.
The MDRX change of the shell is shown in Figure 14a,b. The inner and middle areas were
subjected to MDRX upon DRX completion. Therefore, as can be seen in Figure 14, MDRX
occurred within the area between the plug tip and the rolls gorge, where the material
was rotating without being deformed by the rolls. However, the external area of the shell
showed a lower MDRX rate before the material exited the rolling mill (200 mm after the
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rolls gorge). At that point, the MDRX rate increased until reaching the position of the water
jets to cool the external area of the pipe after piercing (250 mm after the rolls gorge).
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As soon as the shell exited the piercing mill, the quenching process started through
the action of the water jets as illustrated in Figure 3b. The water jets cooled down the shell
surface upon exiting the piercing mill at that stage, and once the shell was completely
pierced, the quenching process started. Water jets were used for the local cooling of one
area only for 15 s. This is the time required to extract the plug from the inside, and once the
plug is extracted, the shell is submerged into water. A total of four equally spaced points
within the area of investigation were used to monitor the temperature change throughout
the shell thickness during quenching. The results are shown in Figure 14c.

Figure 14c shows that the material quenching resulted in various cooling rates through-
out the shell’s WT areas under analysis. We considered quenching at temperatures from
1200 ◦C to 200 ◦C to analyze the cooling rates, and these average cooling rates, as measured
within the external, inner, and middle areas, are specified in Table 2.

Table 2. Cooling rates of the external, middle, and inner areas during quenching.

Time (s) External (◦C/s) Middle out. (◦C/s) Middle in. (◦C/s) Inner (◦C/s)

0–15 31.5 27.9 24.7 22.8
15–25 38.5 41.0 44.9 50.4
25–35 17.4 19.4 19.8 17.8
35–45 7.7 8.7 8.8 7.9

Based on the values listed in Table 2, it could be concluded that the action of the
water-cooling jets on the external surface at the beginning of the quenching process resulted
in a higher cooling rate (31.5 ◦C/s) as compared to other areas, while the inner area showed
the lowest value of 22.8 ◦C/s. Fifteen seconds later, there was a temperature difference
of 130 ◦C between the external and internal surfaces of the shell. Then, the shell was
submerged into water, and the cooling rates showed the opposite distribution behavior:
with the inner area showing the highest cooling rate throughout the entire quenching
process with the value of 50.4 ◦C/s. Twenty-five seconds later, both the external and inner
areas of the shell showed the same cooling rate. Regarding the middle points, both the
external and inner middle points showed the same cooling rate during the entire quenching
process. The cooling treatment applied to the pierced tube after the piercing phase had no
significant effect on the chemical structure of 904L steel. This cooling procedure was used
mainly due to the release of internal stress. The most considerable effect of the selected
cooling rate was on the grain growth of the pierced tube. The EDS map from the internal
and external parts of the pierced tube after the cooling stage shows the uniform chemical
distribution. The selected chemical elements percentage tables and EDS map are presented
in Tables S1 and S2 and Figures S1 and S2 in the Supplementary Electronic Document at
the end of the manuscript.

4.3. Microstructure Evaluation of Elongation Phase

The second stage of the pipe production process included measurements taken at
three different points across the finished pipe section at the outer, middle, and inner radius,
similar to those taken at the previous stage. The results of the temperature change and the
average strain rate are shown in Figure 15.

For elongation, the temperature change involved a lower heating of the material
as compared to the previous piercing stage, and regarding the strain rate, the values
were slightly lower, and the distribution was the opposite. The higher strain rates were
concentrated within the inner area, while the external area contacting the rolls showed the
lowest strain rate. The thermal softening due to DRX tended to occur within the entire
pipe section given that the critical value Zc was not exceeded at that stage in any of the
analyzed areas as shown in Figure 16a. The dynamically recrystallized fraction evolution
was different for the external, middle, and inner areas of the pipe thickness. The evolution
of the dynamically recrystallized volume fraction is shown in Figure 16b.
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Figure 17 shows the microstructure and histograms of the grain size distribution for
different zones of the cross-section of the elongated pipe: near the external surface, in
the middle of the wall thickness, and near the internal surface of the pipes. Meanwhile,
the microstructure and histograms of the average grain size value in the longitudinal
section were analyzed in the external and internal regions of the shell and pipe. The largest
effect of the grain structure refinement was observed on the pipe samples upon elongation.
This seemed to be natural since the finer-grained structure after piercing was subjected
to deformation. Short-term heating to the same temperature did not cause grain growth.
At the same time, a finer grain contributed to the earlier (in terms of hot deformation
degree) development of recrystallization. Therefore, it could be more likely for the dynamic
recrystallization to occur during elongation than during piercing. Moreover, under the
given conditions, the final structure could be affected by post-deformation, the so-called
static processes. The microstructure and histogram of the longitudinal section of the pierced
and elongated samples show the same trend by cross-section. The longitudinal section of
the pierced and elongated samples’ microstructures are presented in Figures S3 and S4 in
the Supplementary Electronic Document at the end of the manuscript. The results show
that the average grain size in the elongated tube’s interior, middle, and exterior surfaces
were 27 µm, 36 µm, and 41 µm, respectively. The thermo-mechanical action during the
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elongation process changed the microstructure of the pierced tube. The average grain size
of the elongated tube compared to the pierced tube had a similar structure in the exterior, a
45% decrease in the middle, and a 38% decrease in the interior area.
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A comparison of the specific features of the grain structure in the transverse and
longitudinal sections proved the occurrence of a greater development of recrystallization in
the rolled pipe: the average grain size decreased significantly in both sections. Based on
the ratio of the grain size average value in the cross-section to the grain size average value
in the longitudinal section of the samples D⊥/D‖ (Table 3), which showed the anisotropy
of the grain shape to some extent, no full recrystallization occurred; and the extent of
recrystallization propagation increased from the internal to the external surfaces, which
was specifically noticeable for the pierced shells.

Table 3. Ratio of the grain size average value in the cross-section to the one in the longitudinal section.

Sample

¯
D⊥/

¯
D‖ Ratio

External Surface Internal Surface

Pierced shell 1.2 2.2
Elongated pipe 1.6 1.7

The inner area was fully recrystallized before reaching the rolls gorge, showing higher
recrystallization kinetics. The external area started showing DRX at the point where the
material first contacted the rolls, but the kinetics of DRX were low as compared to the
external or middle areas. Concerning the middle area, it exhibited DRX after the other
two areas exhibited theirs; however, it reached a fully recrystallized volume fraction at the
same location (in the gorge). The kinematics of DRX were higher within the external area
due to the higher strain rates, while the middle area showed high kinetics of DRX due to
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the higher local temperature as compared to the other two areas. The material DRX volume
fraction evolution at the elongation stage is shown in Figure 18.
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In Figure 18, we can see how DRX occurred in the area of material contact with the roll
within the external area and also in the area of contact with the plug in the pipe cavity. In
the middle area of the tube’s WT, it occurred at a later stage; thus, a V-shaped distribution
was found across the pipe thickness. Once the material approached the gorge position, the
DRX softening mechanism was completed. For MDRX, it started upon the completion of
the transverse area reduction when the material DRX was completed. Figure 18c shows
differences existing between the change in the MDRX fractions in different areas of the shell
section. As can be seen in Figure 19c, MDRX started first in the inner area as compared to the
middle and external areas. The MDRX rate in all areas was similar given that the differences
in the temperature and strain rate were not significant. However, a higher MDRX was
found in the inner area due to the higher strain rate within that area. The microstructure
of the elongated tube is presented in Figure 19. The microstructure in the interior and
exterior areas shows that many DRX grains are refined and are near the original grain
boundaries. In addition, equiaxed grains with straight boundaries was detected in both
areas. According to the results, the forming temperature and strain rate in the elongation
phase were lower than in the piercing phase. The process temperature had a direct effect
on the MDRX grain size. The lower temperature of the material in the elongation phase
compared to the piercing one led to a smaller MDRX grain size. The higher temperature in
the piercing phase accelerated the dislocations’ motion and sped up the recovery process.
During MDRX, grain growth was the primary process of the microstructure variation.
Throughout the tube-forming process, the temperature varied the grain growth velocity.
A higher temperature increased the grain growth velocity. As a result, the difference in
temperature between the interior and exterior areas of the tube affected the grain growth
velocity and led to differences in MDRX in these areas. Furthermore, a higher strain rate
also led to increasing deformation energy along the tube. A higher deformation energy
reduced the dynamic recovery and increased the driving force for MDRX. MDRX and DRX
grains (Figure 19c) show that the strain rates and temperatures of all tube parts were not
uniform. The simulation results indicated these phenomena and are discussed in advance.
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Figure 19. SEM image of tube microstructure after elongation in (a) interior and (b) exterior areas.
(c) High magnification of tube exterior area.

Figure 20 shows the evolution of MDRX in the pipe during the elongation stage. In
the inner area, MDRX started upon the completion of DRX; thus, as can be seen, there was
a meta-dynamically recrystallized volume fraction at the rolls gorge. However, the middle
and external areas of the pipe showed a lower MDRX rate until the material had already
advanced beyond the rolls gorge. At that point, the MDRX rate increased until reaching the
position of the water jets that cooled the pipe’s outer area after elongation (250 mm after
the rolls gorge). There, the meta-dynamically recrystallized volume fraction was the same
throughout the entire pipe sections and did not reach 90%.
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When the pipe exited the piercing mill, the quenching process followed a scheme
similar to that previously detailed during piercing. The water jets cooled down the pipe
surface, and upon the completion of the pipe piercing, pipe quenching started. Water jets
were used for the local cooling of only one area for 15 s; then, the pipe was immersed into
water. Four equally spaced points were used to monitor any changes in the temperature
throughout the pipe’s WT within the area under investigation. The results are shown in
Figure 20c. As can be noticed, the material quenching process resulted in various cooling
rates within the areas of pipe’s WT. The quenching process at temperatures from 1150 ◦C
to 100 ◦C was considered to analyze the aforementioned cooling rates. To this aim, the
average cooling rates measured for the external, middle external, middle inner, and inner
areas are specified in Table 4. Based on the listed values, it can be concluded that the action
of the water-cooling jets on the external surface at the beginning of the quenching process
resulted in a higher cooling rate (33.9 ◦C/s) as compared to the rest of the areas. However,
the difference at this stage was lower than the one found during piercing. Fifteen seconds
later, the temperature difference between the external and internal surfaces was 61.4 ◦C.
Then, when the pipe was submerged into water, the inner area showed the highest cooling
rate with the value of 47 ◦C/s. Therefore, the trend is similar to the quenching process
performed after piercing. However, the differences in the cooling rates across the pipe
thickness were found to be lower compared to the ones determined during the previous
quenching process. Therefore, it can be stated that the quenching process performed after
elongation was quite uniform. Finally, 25 s later, both the external, middle, and inner
areas showed a similar cooling rate that resulted in a uniform temperature distribution
throughout the pipe’s WT.

Table 4. Cooling rates of the external, middle, and inner areas during quenching.

Time (s) Outer (◦C/s) Middle out. (◦C/s) Middle in. (◦C/s) Interior (◦C/s)

0–15 33.9 34.6 33.9 33.1
15–25 40.2 42.4 44.7 47.0
25–35 11.8 12.9 12.9 11.9

The cooling rate of the elongated tube had similar effects after the piercing phase. The
chemical structure of the element distribution of 904L steel after elongation was uniform.
The EDS map of the internal and external parts of the elongated tube after the cooling stage
is presented in Tables S3 and S4 and Figures S5 and S6 in the Supplementary Electronic
Document at the end of the manuscript. Both dynamic and meta-dynamic recrystallization
occurred simultaneously during deformation in the stages of piercing and elongation due
to a combination of a high temperature and strain rate. Upon deformation, as well as
during accelerated cooling, partial static recrystallization can occur until the temperature
reaches 750 ◦C. The decrease in grain size found in the fabricated samples, the preservation
of grain size differences across the shell section, and the anisotropy of the grain shape
are all typical of the inner surface where recrystallization was not complete. Incomplete
recrystallization could even be appreciated in the parameters of grain distribution by
size. For the inner layers of shells, the distribution width and left-side asymmetry were
noticeably larger. After elongation, the SRX process was interrupted at the initial stage
due to the higher cooling rate of the thin-walled pipe, as judged by the preserved D~Z
correlation throughout the pipe cross-section. The existing differences in the structure and
hardness across the shell section, detected after piercing, were difficult to control due to
differences in temperature and deformation conditions attributed to the shell wall thickness.
The differences in processes parameters and structural changes observed for various shell
areas (particularly, less recrystallization within the inner layers of the shell) are likely to
be related to the initially larger grain size as well as to a higher temperature as compared
to elongation.
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4.4. X-ray Diffraction Analysis

A preservation of the deformation structure, i.e., incomplete recrystallization, was
found with the minor increase in the X-ray diffraction line widths, which was generally
characteristic of hot deformation. The rapid quenching of thinner rolled pipes contributed
to the preservation of a more uniform grain size across the section as well as made it
possible to prevent decomposition and preserve solid solution alloying. The results of the
X-ray diffraction analysis are shown in Figure 21. According to the results, the austenite
lattice period for the shells samples after piercing systematically proved to be less than
that of the samples hardened after pipe rolling. There was only one case (a pierced shell
sample at a distance of 0.3 mm from the external surface) of the value being larger, and it
was the maximum value achieved during the experiments (γ = 3.6033 Å), which apparently
corresponded to the maximum dissolution of excess constituents that could occur under
the given heating conditions (1170 ◦C, 60 min). With the decrease in temperature, the
decomposition of the solid solution (aging) and decrease in the austenite lattice period could
occur. Depending on the stage and intensity of the processes, various options for properties
(strength, plasticity, viscosity, corrosion resistance, etc.) changing could be implemented.
The strain aging processes are dependent on the temperature–time conditions of cooling
and on the deformation structure. As a rule, there is a range of temperature and holding
time values corresponding to the significant increase in the material alloy strength when
hardening due to the dispersion of particle through precipitation exceeds solid solution
softening due to the decrease in its alloying, which is used in practice for alloy hardening.
The hardening effect of particles was found to decrease due to the particles’ enlargement in
the case of over-aging, and a general decrease in strength was observed.
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4.5. Hardness

The analysis of the level and nature of the hardness distribution across the section
of the rapidly cooled samples of shells and pipes after piercing and elongation phases
(Figure 22 and Table 5) confirmed the structural changes under observation. The lowest
hardness (140–150 HV) and uniform hardness were observed in the samples of pipes
quenched after elongation. The minor fluctuations (≤10 HV) within less than 2 mm from
the external pipe wall could be caused by the weaker development of recrystallization and
greater preservation of the deformation structure, i.e., additional aging could be carried
out for pipe strengthening.
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Table 5. Hardness of samples for pipes’ external and internal surfaces.

Sample
Hardness HV

External Surface Internal Surface

Pierced shell 155 ± 3 140 ± 3
Elongated pipe 149 ± 3 140 ± 4

Slower and non-uniform cooling across the section and various structural conditions
of the thick-walled samples resulted in a large spread of hardness values for different shells,
as well as in the complicated and difficult-to-control nature of the hardness distribution
across the wall thickness. Hardness equalization was observed only at a large (more than
4.5 mm) distance from the external water-cooled wall, which obviously occurred due to
over-aging caused by slower cooling.

Ageing, which resulted in the precipitation of second-phase particles and material
strength enhancement, was observed during both shell and pipe cooling to the tempera-
ture of 400 ◦C. Based on the data obtained from X-ray diffraction analysis and hardness
measurements, ageing after piercing occurred extremely rapidly (<15–20 s) at quite high
temperatures. Spread in terms of grain size and grain shape anisotropy was found to be
less accentuated for pipe samples as compared to the pierced shell. Therefore, during
elongation, ageing occurred to a lesser extent and at lower temperatures.



J. Manuf. Mater. Process. 2023, 7, 185 23 of 25

5. Conclusions

In this study, an alternative procedure for manufacturing seamless SASS tubes through
thermomechanical processing based on the CPE process was assessed. This process was
executed using a pilot mill followed by accelerated cooling. To reproduce the real industrial
conditions during the manufacturing process, industrial-scale equipment was used. FEM
was used to simulate material behavior and microstructural transformations. An analysis of
the alterations in the microstructure and properties of the tube was carried out on the basis
of the experimental results and the FEM simulation results, and the following conclusions
were drawn:

• The pierced shell and elongated tube average diameters were 77.7 mm and 72.7 mm,
respectively. It shows a slight deviation from the FEM-predicted values of 79.2 mm
and 73.07. The pipes produced showed deviations of no more than 0.55% in diameter
and no more than 5% in wall thickness. The deformation of steel 904L involved an
increased slip within the deformation zone (axial rate factor of 0.6–0.7) that should be
considered when choosing rolling rate parameters.

• The simulation results enabled the selection of desired pipe properties, which can assist
industries in managing AISI 904L steel deformation, temperature, and processing
time to achieve a range of final pipe characteristics. The structure and properties of
the incoming material should be considered when using the model to provide more
accurate data.

• The calculated time, temperature, and anticipated parameters of recrystallization
during deformation and cooling were quite consistent with the actually performed
processes and made it possible to analyze the trends in structural changes and, conse-
quently, structure-sensitive properties of finished products. The exterior area of AISI
904L steel tube showed a higher homogeneous grain distribution but did not display
a reduction in its average grain size, which ranged between 20 µm and 27 µm. In
contrast, the middle and interior regions of AISI 904L steel experienced significant
reductions, especially after elongation, with average grain sizes starting at 76 µm,
which decreased by 52.7% and 46.1%, respectively.

• Dynamic and meta-dynamic recrystallization occurred during the deformation of
SASS 904L due to the combination of a high temperature and deformation rate. Upon
exiting the deformation zone, at the beginning of accelerated cooling, partial static re-
crystallization was found. Significant deformation heating during piercing (70–100 ◦C)
resulted in the enhancement of strength properties in most heated areas due to the
dispersion of particles through precipitation during ageing. The rapid cooling of
thin-walled pipes after elongation made it possible to preserve a more homogenous
cross-sectional microstructure as well as to prevent decomposition and retain solid
solution alloying.

• The average hardness measurements for the internal and external surfaces of the
pierced shell were 155 ± 3 HV and 140 ± 3 HV, respectively. Similarly, the average
hardness values for the internal and external surfaces of the elongated pipe were
determined to be 149 ± 3 HV and 140 ± 4 HV, respectively. Monitoring changes in
hardness can prove valuable to various industries, especially in subsequent processes
like cold deformation or welding. The proposed method, which includes accelerated
spray cooling as the pipes exit the deformation zone, holds promise for producing
pipes with consistent structural and property characteristics. This innovative approach
eliminates the need for additional heat treatments, enhancing production efficiency.
It is also crucial to ensure the uniform accelerated cooling of both the external and
internal surfaces of the pipes, which can be achieved by directing water through
specialized openings in the plug rod.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jmmp7050185/s1, Figure S1. EDS analysis map of internal part of pierced
tube; Figure S2. EDS analysis map of external part of pierced tube; Figure S3. Optical microstructure
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of samples, longitudinal section; Figure S4. Histograms of average grain size distribution within the
longitudinal section for (a) external surface, and (b) internal surface of pierced shell. Histograms
of average grain size distribution within the longitudinal section for the (c) external surface and
(d) internal surface of the elongated pipe; Figure S5. EDS analysis map of internal part of elongated
tube; Figure S6. EDS analysis map of external part of elongated tube; Table S1. EDS results of element
analysis of internal area of pierced tube; Table S2. EDS results of element analysis of external area
of pierced tube; Table S3. EDS results of element analysis of internal area of elongated tube; Table
S4. EDS results of element analysis of external area of elongated tube; Selected chemical elements
percentage tables, longitudinal section of pierced and elongated samples’ microstructures, and EDS
map of the internal and external parts of the elongated tube after the cooling stage.
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