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ABSTRACT

This article deals with the local plastic deformation analysis after cold forming. The technology of drawing
seamless steel tubes was used to obtain cold-formed samples. The tubes were manufactured by a Tinius Olsen 300ST
tensile tester with a 6 © and 12 ° die drawn without and with an inner mandrel. Based on orientation size recalculated
by stereology and applying Monte Carlo method, a mathematical conversion model was developed. The implemented
model together with surface measurements and structure characteristics was used to get the orientation to the size of
the deformation. Thus, the actual (logarithmic) deformations and local stresses were determined. The comparison of
experimentally measured values of the actual local plastic deformation with the deformation calculated found on the
model simulation in the Deform program defined the significance of the differences assessed by means of a statistical
T-test. All differences in the values of the local plastic deformation with respect to the position were evaluated as
statistically insignificant, and therefore, the difference between the experimental calculation and the simulation is
random.
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INTRODUCTION

The changes in structure that occur during the deformation process are related to the material's anisotropic
properties. The extent to which the 3D microstructural characteristics can be obtained from cross-sectional
observations remains unclear. Miyoshi, E. et al. also pay attention to this problem, claiming that there additionally
exists some disagreement as to whether a cross-sectional view of 3D grain growth can be fully approximated by 2D
growth (Miyoshi, 2018). To clarify the development of the texture, it is important to understand the deformation
process, and it cannot be achieved without knowing the changes that occur throughout the volume of material. From
a macroscopic point of view, the deformation determination is usually relatively simple by the change in the sample
dimensions after deformation. However, the size of the deformation and the change in structure may vary
microscopically in the sample volume (Matousek, 2015). Several ingenious methods, including stereological ones,
are used to create a model of the material microstructure in various simulation programs and quantitative monitoring
of the microstructure or material properties. These methods can significantly help in the precise investigation of
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grained structures (Martinkovi¢ et al., 2020). Stereology provides practical techniques for extracting quantitative
information about three-dimensional material from measurements made on two-dimensional planar sections of
material (Baddeley et al., 2005). It is promising, extremely simple, cheap (Martinkovic et al., 2020), and an important
and effective tool in many microscopy applications. Stereology utilizes statistics and stochastic geometry (especially
in the deduction of sampling) (Renn-Nielsen ef al., 2017). As Martinkovic, M. et al. presented, the most convenient
way for estimation of the local plastic deformation is the measurement based on stereological principle enabling to
determine the degree of grains orientation. Using stereological method an oriented test lines enables to determine the
degree of grains orientation in any area of polycrystalline pieces (Martinkovi€ ez al., 2020). Because there are several
stereological techniques, according to Gokhale, it is necessary to compare the results obtained with another,
independent method (Gokhale, 2019). For this study, a simulation model was developed in Deform program.

EXPERIMENTAL PROCEDURE

Material Characteristics

The drawing semifinished product is a cold drawn steel type 11353 (EN SPT360) with a diameter of 28 mm and
a wall thickness of 4 mm. This material is a single-purpose steel to produce seamless tubes (Table 1, Table 2) suitable
for tubular structures of statically stressed components (also welded), pipelines for oil, diesel, water, steam, air, gas,
pipe fittings, etc. (Steel grades, 2019).

Table 1. Chemical composition (in wt.%) (Steel tubes, 2019).

C [%] P [%] S [%]

max 0,18 0,05 0,05

Table 2. Mechanical properties (Steel tubes, 2019).

Re (MPa) Rm (MPa) A (%)
min 235 340 25
max 440

Drawing Machine and Equipment

The tubes were drawing on the Tinius Olsen 300ST tensile testing machine with maximum force of 300kN, test
speed 0.001-500 mm/min, and maximum crosshead travel 1198mm (Tinius Olsen, 2020). During the drawing
process, dies were used with a calibrating cylinder with a diameter of 25mm and drawing angles of 6° and 12°. The
process was carried out using the mandrel and without one as well. The tubes were recrystallized annealed before
drawing.
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Sample Preparation

To capture the whole drawing process, the tube was cut into three sections (Figure 1). The samples were cut in
orthogonal, tangential, and longitudinal planes of the deformed tube (Figure 2a), similar to Necpal et al. (2019).
Metallographic cuts were chosen that on one longitudinal plane of the section there was only a linear orientation, and
on the other longitudinal plane of the section, there was a superposition of linear and planar orientation. The planar
orientation was captured on the cross section. Metallographic preparation of samples was performed according to the
standards for macroscopic and microscopic analysis of samples STN EN ISO 17639: 2014. The pressed samples
were etched in 3% Nital, and the microstructure was analyzed using a light microscope (NEOPHOT 32).

(l
O

Figure 1. Crosswise sections of (a) final work size, (b) bearing surface,
(¢) initial state (Groover, 2011).

In each section (Figure 1), the sample was observed in three positions, that is, surface, center, and interior, as
shown in Figure 2b, and the spacing between them was 1mm, starting 1mm from the inner edge.

Tangential plane

Surface

‘ Centre

Interior

Longitudinal plane

Orthogonal plane

Figure 2. a) Metallographic cuts and planes (Necpal et al., 2019).
b) Example of positions observed on the sample.
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Calculation

The local strain was evaluated from the microstructure by stereological measurement of the degree of grain
boundaries orientation. The anisotropic microstructure was decomposed into isotropic and planar oriented
components using quantitative metallography (Saltykov stereology methods with oriented test lines) (Martinkovic et
al., 2016). However, the orientation is not the same as deformation; a model of changing the orientation of grain
boundaries to deformation was used (Martinkovi¢, 2017).

The approach is based on three basic equations:

- Definition of the deformation:
1

¢ = [ Ldl M

lo

- Definition of the degree of orientation in a given direction: 0 = Bvor )
Sv)ToT

(Sv)or specific surface of the oriented part of the grain boundary;

(Sv)tor the total specific surface area of the grain boundary.

- Volume conservation law: Vo= Vaer, (3)
from which follows a true deformation ¢; + ¢, + @5 = 0[10]. 4)

The numbers of intersections of the test lines with grain boundaries in both the orthogonal and parallel directions
(Figure 3) at 90% confidence were converted to the degree of orientation using equations (1-4).

0um
Figure 3. Test lines (a) parallel direction, (b) orthogonal direction.
The absolute measurement error was calculated based on the following equation:
Kt

Jp

t =1,6449 (table value for a probability value of 90%)
K=1

&
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The value of & ranged between 0.03 and 0.09. The length of test lines was 0.16 mm (400x magnification). The
oriented test lines were placed random, and their number ranged from 20 to 30 in one direction.

The mathematical model created using the Monte Carlo method allows the estimation of local plastic
deformation from the estimation of the anisotropy of the microstructure at any place of the body with any state of
initial deformation (Martinkovi¢, 2016). Before the final calculation of the local deformation, it was necessary to
know the values in each direction and section, as follows (Martinkovi¢ ef al., 2018):

- Total length of all lines:

L = length of test line x number of lines. (6)

- Number of intersections per unit length of test line:

PL = number of all intersections on the line / L. 7

- The degree of orientation is calculated separately for the linearly oriented system (Or) and the area-

oriented system (Op) of the sample:

T
0 — 2 [(PLO) - (PLP] (8)

L P + 2D (Pu)

Po—P
0 LO LP

—_Lo °LP 9
P = B0+ Pur ©

PLo — number of points per unit in linear section and orthogonal direction;
PLp - number of points per unit in linear section and parallel direction.

Based on the values of the degree of orientation (Op a OL) for individual systems, the quantities “@2 - ¢3” and
¢1 were calculated using the Monte Carlo conversion method.

The mathematical relation @1 + @2 + @3 = 0 was used to calculate the remaining transformations. The specific
values of @1, @2, @3 are presented in Figures 6a, 8a, and 10a in chapter Results.

RESULTS

For the analysis of local plastic deformation, nine samples were metallographically prepared and subsequently
evaluated by the Saltykov method of oriented test lines (each one in orthogonal, tangential, and longitudinal section),
representing 27 metallographic planes. Three samples were taken from a tube drawn without mandrel, three other
samples from a tube drawn with mandrel through a die with a drawing angle of 6 °, and the last three samples from
a tube drawn with mandrels through a die with a drawing angle of 12 °. Deformation of the initial state was evaluated
first for each analyzed tube before the drawing process because the deformations of manufactured semifinished
products were not zero value, and the calculated ones in the other sections were subtracted from the given values. To
compare the calculated values for local plastic deformation after cold drawing, a simulation model was developed in
Deform program. A similar method of calculation and subsequent comparison was used by Q. Zhu and his colleagues
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(Zhu, 2007). Considering the tube material as plastic and assuming isotropic hardening, yield function was set to Von
Mises. As the temperature stays lower in cold drawing, the forming material properties do not vary and, therefore,
can be supposed to be independent of temperature fluctuations. The forming tools (mandrel and die) were considered
as rigid bodies. The boundary condition that represents the speed of drawing is set to 9 m.min-1. The friction
coefficients between of the tube and die as well as the tube and mandrel under lubricated condition are determined
using FE modelling by comparing measured and simulated plug, die, and drawing forces, and the friction shear was
set to 0.05421. The tube domain was filed by tetrahedron mesh. The tube domain was divided into subdomain for
optimum meshing with the rib filling subdomain having the smallest elements. The tube section around rifling with
visible mesh is illustrated in Figure 4 (Necpal et al. 2020).

Figure 4. The section of the tube around rifling with visible mesh (Necpal ef al. 2019).

Similar to Foadian et al., the simulation was interrupted during drawing in certain steps in order to monitor the
development of deformation in various areas, for example, undeformed zone, partially deformed tube in the die, and
finally, deformed drawn tube. In these areas, three points were selected, that is, surface, center, and inside of the
material, and the amount of deformation was measured in them (Foadian et al., 2016). Based on the stereological
calculations mentioned in the Calculation chapter, the values of local plastic transformations for individual sections
were obtained (Figures 6 a; 8 a; 10 a) and are shown in black in the tables. The values of local plastic deformation
calculated by simulation in the Deform program are displayed in red, and the absolute values of their difference are
marked in blue. For each drawing method, the microstructures before and after drawing are compared (Figures 5, 7,
and 9). Figures 6 b, 8 b, and 10 b show the distribution of the local plastic transformations according to the simulation
in the Deform program.
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Tube Drawn Without Mandrel in the Inner Diameter

Figure 5. Microstructure of (a) material before deformation; (b) deformed material.

Microstructure before deformation (Figure 5 a) is characterized by an average grain size of 9,41 um, and the
microstructure of the final deformed tube (Figure 5 b) has an average grain size of 6,96 um.
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Figure 6. (a) Experimental values of local plastic deformation by stereology 1) drawn, 2) inside the die, and 3)
enter to die; (b) distribution of local plastic deformations by simulation.
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The green background of the value in the tables (Figure 6 a) represents the lowest value of the difference between
the calculated and simulated value (Figure 6 b) of the local plastic deformation. On the other hand, the blue
background displays the largest deviation. In the case of drawing, the deviation in 70% of the calculations was less
than 0.1. The significance of individual differences was assessed by means of a statistical T-test. All differences in
the values of local plastic deformation with respect to position were evaluated as statistically insignificant, and thus,
the difference between the experimental calculation and the simulation is random (P> 0.05).

Tube Drawn with Mandrel Through a Die with a Drawing Angle of 6 °

Fixed mandrel
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Figure 7. Microstructure of (a) material before deformation; (b) deformed material.

In case of drawing the tube with a mandrel in the inner diameter through a 6 ° die, the difference between the
initial state before deformation and the state after deformation is more visible (Figure 7). A change in the orientation
of the grains in the direction of tension can be observed. It is in line with the scientific results of Karanjule et al.

(2018). The grain size of undeformed material is on average (Figure 7a) 11,43 pm. On the other side, the deformed
material (Figure 7 b) is characterized by an average grain size of 7,62 pm.
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Figure 8. (a) Experimental values of local plastic deformation by stereology 1) drawn, 2) inside the die, and 3)
enter to die; (b) distribution of local plastic deformations by simulation.

The maximum deviation between the experimentally calculated and simulated values (Figure 8 a) was
0.3706. The significance of the individual differences was also assessed by statistical T-test as statistically
insignificant, and therefore, the determined difference between the experimental calculation and the simulation
(Figure 8 b) is random (P> 0.05).

Tube Drawn with Mandrel Through a Die with a Drawing Angle of 12 °
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Figure 9. Microstructure of (a) material before deformation; (b) deformed material.
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In Figure 9, as in the previous case, a change in the orientation of the grains relative to the initial state can be
observed. The difference between the initial average grain size (Figure 9 a) and deformed grain size (Figure 9 b) is
firstly 13,3 um, and in the second case, 8 pm.
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Figure 10. (a) Experimental values of local plastic deformation by stereology 1) drawn, 2) inside the die, and 3)
enter to die; (b) distribution of local plastic deformations by simulation.

Up to 85% of the values of the differences (Figure 10 a, 10 b) do not reach the value of 0.1, and according to
the statistical T-test, all differences in the values of local plastic deformation were also evaluated as statistically
insignificant, random (P> 0.05).

CONCLUSION

The issue of studying the microstructure of a material after cold deformation within a volume is given extremely
little attention in the world. However, the research is often focused only on the surface of the sample or deals with
crystallographic orientation (structural anisotropy) and not the shape of microparticles (morphological anisotropy).
This can be seen in several scientific papers (Zhank ef al., 2018 & Ghadbeigi et al., 2012 & Saxena et al., 2015). In
this research, the local plastic deformation in cold-deformed materials was quantitatively analyzed by the stereology
method (Saltykov oriented test line method). More methods were developed to study structures by 2D imaging,
which, as Martinkovic€ et al. claim, are not always economically efficient and cannot be used in all situations. These
methods are not usually cheap, and their use can be more difficult, so it makes sense to look for simpler alternatives
(Martinkovic€ et al., 2020). Stereological analysis was performed manually to exclude the measurement of unwanted
artefacts in imperfect metallographic preparation. To solve numerical calculations of local plastic deformation, it was
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necessary, similarly to Miyoshi, E. et al., to use a mathematical model created by the Monte Carlo method (Miyoshi,
2018). For verification of the results obtained experimentally, simulations were implemented in the Deform
simulation program like Hatala et al. (2020). The local plastic deformation can be measured in various ways, but the
results described in this paper prove that stereology is a suitable and simple method to do that, which is confirmed by
Zhang et al. (2005). In addition to that, the possibility of using the above-mentioned quantitative analysis to describe
the local plastic deformation with a very small deviation was verified, resp. transformation at any point in the volume
of the deformed material, confirmed by the simulation in software Deform. Based on the obtained results, it was
confirmed that stereology is a suitable tool for evaluating local plastic deformation at any point in the volume of
metallic material. It corresponds with Ueda's findings (Ueda, 2018). Greater application of stereological methods is
documented in the field of biology or medicine and is even often used in technical fields due to its advantages. In this
article, excellent compliance of local plastic values from stereological measurement and Deform simulation was
achieved, as Karanjule et al. (2018). As Martinkovi¢, M. et al. suggest in their work, the results presented in this
article will be used in further research, where the value of local strain (c) will be obtained from the calculations of
the degree of orientation (O) (Martinkovic et al., 2020).
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