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ABSTRACT

In-Situ synchrotron X-ray diffraction experiments were conducted on pearlitic steel sample with
a carbon content of 0.74% by weight. Specimens were subjected to shear deformation in two-
dimensional diffraction patterns were acquired during uniaxial loading to investigate the
crystallographic changes. Rietveld refinement was used to analyze the evolution of Dislocation
Density, Lattice Microstrain in the ferritic phase and the crystallographic texture was
investigated in both phases. The analysis revealed that texture from {110}<113>, component to
{113}<121>, component and then, stabilizing in {013} <uvw>, fiber components. The cementite
showed a {100, 010, and 001} texture planes and one strong preferential reorientation to planes
close the same directions. Additionally, dislocation nucleation of interface a/0 promotes the
amorphization of cementite and the activation of slip along non-compact directions in {310},
planes due to meeting interfacial defects. The orthorhombic phase orientation limits the rotation
in the a-BCC, does not possibility the accommodation of defects to activation new reflections
more stable. The increase of Dislocation Density promoted by activation of slip systems in
ferrite, contributes to the macroscopic hardening of the pearlite. The influence of microstructural

changes on mechanical properties is discussed.

Keywords: Pearlitic Steel, Pure Shear Stress, In-Situ Texture of Cementite, In-Situ Synchrotron

X-ray Diffraction.



RESUMO

Foram realizados experimentos de difracdo de raios-X em radiacdo sincrotron In-Situ em
amostras de aco perlitico com teor de carbono de 0,74% em peso. As amostras foram submetidas
a deformacao por cisalhamento em padrées de difracdo bidimensionais adquiridos durante o
carregamento uniaxial para investigar as alteragOes cristalograficas. O refinamento de Rietveld
foi usado para analisar a evolu¢do da densidade de discordancias, da microdeformacdo da fase
ferritica, e também para a investigacdo da textura cristalografica em ambas as fases. A andlise
revelou que a textura passou do componente {110}<113>, para o componente {113}<121>, e,
em seguida, estabilizou-se nos componentes de fibra {013}<uvw>,. A cementita apresentou
planos de textura {100, 010, and 001}y e uma forte reorientagdo preferencial para planos
proximos as mesmas direcdes. Além disso, a nucleacdo de discordancias na interface o/0
promove a amorfizagdo da cementita e a ativacdo de sistemas de deslizamento ao longo de
dire¢cdes ndo compactas nos planos {310}, devido ao encontro de defeitos interfaciais. A
orientagdo da fase ortorrdmbica limita a rotacdo no a-BCC e ndo permite a acomodaciao de
defeitos para a ativacdo de novas reflexdes mais estdveis. O aumento na densidade de
discordancia promovido pela ativacdo de sistemas de deslizamento na ferrita contribui para o
encruamento da perlita. A influéncia das altera¢cdes microestruturais nas propriedades mecanicas
¢ discutida.

Palavras-chave: Aco perlitico, tensdo de cisalhamento puro, textura In-Situ da cementita, In-Situ
sincrotron difracdo de raios-X.



Figure 1 -

Figure 2 —
Figure 3 —

Figure 4 —

Figure 5 —

Figure 6 —

Figure 7 —

Figure 8 —

LIST OF FIGURES

Engineering tensile stress-strain curves for the different pearlitic steel
WITES - ettt ettt ettt et et e e ettt
Heterogeneous deformation generated by tensile loading........................
(a) TEM bright field with the shear band and the interfacial defects in
interphase boundary (b) a HRTEM shows the lamellae of cementite with
the amorphous pattern to high deformation......................ooiiiiniienne
(a) The shear sample with the dimensions and the (b) test scheme for
acquiring In-Situ diffraction patterns. ............cooevieiiiiiiiiiiiiiniiiiee,
The True Shear Stress and True Shear Strain with the sections describing

the crystallographic interaCctions..........c.vvvuiiiiiiiiie i eneenn,
(a) and (b) Synchrotron X-Ray Diffractograms during true shear strain
evolution, and initial data, respectively (c) enlarged profiles surround by
base of peaks with initial and the last one data and (d) are the counts for
phase fraction to @ phase. ..........oviiiiiiiiii i
(a) Above the Full Width at Half Maximum and below the Dislocation
density evolution during Shear deformation, (b) relative Lattice Spacing
and relative Lattice Microstrain above and below respectively,(c)
Dislocation Density evolution for {310, 113 and 321} family planes
together the friction Shear Stress (T°). .oovvvvviiiiiiiii e
(a) and (b) The IPF’s (Z)//ND by Band Contrast map with undeformed and
deformed region respectively, signaling a white circle the < 001 >//ND
reflection, (c) and (d) Kernel Average Misorientation maps following the
graphics with Local Misorientation versus Frequency, (e) Bright Field TEM
image with the dislocation interface between lamellar of cementite and (f)
Scanning Electron Microscopy (SEM) image with points of Shear Bands

and the morphology of cementite after deformation.

15
16

17

23

24



Figure 9 —

Figure 10 -

Figure 11 -

a), (c) and (d) are the Bright Field TEM image, the phase map and Inverse
Pole Figure map acquired by transmission Electron Backscatter Diffraction
(t-EBSD) account a and 6 phases. In (b) is the Selective Area Electron
Diffraction (SAED) pattern with the Orientation Relationship between « /6
phases. The right side is the verification of the OR using the pole figures
from t-EBSD. ...
In-Situ Synchrotron ODF’s ¢2 = 0° and 45° for a with the table
components of right side and the legend below .......................onl.
The the legend of @2 = 0°,45°90° and 135° showed the more intensity
components of 8 phase to In-Situ analysis. Below of the left side is the In-
Situ  Synchrotron calculated ODF Functions for 6 during Shear
Deformation Evolution. In the right side were comparing the initial and
final ODF’s components for . The middle is the scheme of how the sub-

TEElECTION APPEATS. .. .ttt e

27

28

30



W N =

4.1
4.2
4.3

44

5
5.1
5.2
6

CONTENTS

INTRODUCTION ......oooiiiiiiieiieeeteeteie ettt seesae s aeennans 13
LITERATURE REVIEW ..ottt 15
MATERIALS AND METHODS ......ccoooiiiiieee e 19
RESULTS ...ttt ettt et sb et st be et et 22
Shear Stress and Shear Strain. ...............c..coccoiiiiiiiiee 22
Rietveld Refinement ... 23
FWHM (Full Width at Half Maximum), Lattice spacing, Microstrain and
Dislocation Density Irn-Situ .................cccooeeeiviiiiiiiiieeecciee e 24
Crystallographic features of tested sample and Synchrotron Macro-

BEXEUL@. ...ttt ettt ettt e et e e bt e e et e e ettt e sabteesabbeesbeeesbeeenas 26
DISCUSSIONS ...ttt sttt sttt et st be s 31
Texture and crystallographic behavior of a-Ferrite........................c..oooee. 31
Influence of cementite texture to strain - hardening ...................................... 34
CONCLUSIONS ...ttt sttt et sttt e seeeesaeenseeneen 37

REFERENCES ......co.oiiiiiite ettt sttt sttt e 38



13

1. INTRODUCTION

Pearlitic steels, constituting a remarkable category of metallic materials, play a crucial
role in diverse industrial applications due to their unique mechanical properties. The distinctive
microstructure, known as perlite, is formed by a ferritic matrix housing alternating layers of
ferrite a-BCC and cementite 6-BOC, imparting exceptional characteristics crucial for variet
industrial applications. Beyond its structural stability, perlite introduces a distinctive combination
of toughness and hardness, providing significant resistance to crack propagation. This renders
pearlitic steels prominent in scenarios where maintain structural integrity is paramount. Yet,
devil deeper into the mechanical behavior of these steel, we explore additional critical factors
that contribute to their overall performance.

The response to mechanical stress in pearlitic steels is intricately linked to the complex
arrangement of phases present. Examining phenomena such as shear, where forces act parallel
but in opposite directions within layers of pearlite, become essential. Understating shear
mechanisms is integral to predicting and enhancing the material’s resilience in applications
subjected to de varied stress patterns how like friction or torsion stress (S. Suwas et al., 2019).
Therefore, the phenomenon under study and the possibility of applying this morphology are
perfectly associated with its use in breaking cables or wires for tensile reinforcement in flexible
pipes for oil extraction.

With this, the dislocation density within the crystal lattice describes a role of the
mechanical behavior of pearlitic steels. Dislocations, being defects in the crystal structure,
significantly influence properties like strength and ductility. A nuanced exploration of
dislocations density provides knowledge into the material’s deformation mechanisms, aiding in
the optimization of its mechanical response under different loading conditions. In parallel, the
crystallographic texture of pearlitic steels, representing the preferred orientation of grains, and
this can describe and determine the mechanical properties mentioned above. Because, variations
in texture influence anisotropy, affect how the material responds to mechanical forces in
different directions. Understating and manipulating crystallographic texture offer avenues for
tailoring the mechanical behavior of perlitic steels to meet specific industrial requirements.

In this sense, to comprehensively explore the mechanical characteristic of pearlitic steels,
we delve into advanced characterization techniques. X-ray diffraction (XRD) allows for detailed

examination of the crystallographic structure, providing valuable information about, phase
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fraction and grain orientation. Complementary, macro-texture studies, which investigate the
orientation distribution of grains, offer insights into how these materials behave under different
lading conditions. Moreover, Electron Backscatter Diffraction (EBSD) emerges as a powerfully
tool for mapping crystallographic orientations as the micro scale. EBSD enables a detailed
understanding of the material’s microstructure, including grain boundary and defects.
Additionally, investigating orientation relationship between different phases can be done with the
TEM techniques and becomes crucial for predicting mechanical behavior under specific
conditions.

Many authors [C. P. L. Rodrigo, 2021; M. Dollar, 1988; Vaibhav N. Khiratkar, 2021;
Ning Guo, 2015; Jairo Alberto Muiioz, 2021; Mohammad Masoumi, 2022; Pablo B. P Ledo et al,
2023) have research the failure of pearlitic steel and a few research’s explain the crystallographic
aspects (A. Mussi, 2016; H. K. D. H. Bhadeshia, 2018) of cementite phase. Still, no work has
been developed to analyze the crystallographic behavior, with an In-Sifu macro-texture of both
phases. In this work, the mechanism to deformation of pearlitic steel was analyzed through
specimens with uniaxial tension subjected to X-rays diffraction in transmission by Synchrotron
light radiation. Additionally, the Scanning Electron Microscopy (SEM), Electron Backscatter
Diffraction (EBSD), Transmition Electron Microscopy (TEM) and Transmission Electron
Backscatter Diffraction (t-EBSD) techniques was employed. The lattice behavior, microstrain,
dislocation density for ferritic phase and Macro Texture Evolution In-Situ for both phases is

discussed
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2. LITERATURE REVIEW

This pealitic steel, can achieve a yield stress of 700 MPa at 1600 MPa and an ultimate
tensile stress of 1000 MPa at 2300 MPa. However, for drawn wires tested in laboratory
conditions, a stress of approximately 7 GPa was recorded (Steffen Scherbring, 2024; Lichu
Zhou, 2022; Yujiao Li, 2014). Below, is the graphic (Fig. 1) with different situations of pearlitic

steel shows the stress x strain mechanical properties.

Figure 1 - Engineering tensile stress-strain curves

for the different pearlitic steel wires.
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Source: Edited from Lichu Zhou (2022).

Of course, these properties are linked to its morphological characteristics such as grain
size, size of pearlite colonies, previous austenite, spacing and shape of cementite lamellae (A.M.
Elwazri, 2005; T. Shinozaki, 2006; C. Lei, 2007; Lichu Zhou, 2022). Thus, the managing these
characteristics can provide applicability, for example, bridge cables and frames for oil extraction
industry.

In this sense, the influence of both phases on strain hardening was researched for
different types of deformation (Vaibhav N. Khiratkar, 2021; Habib Sidhom, 2015). With torsion
and tensile loading, they showed that coarse and fine pearlite will influence the misorientation
between interlamellar spacings and fracture behavior. To Confirms the importance of lamellar
morphology, H. P. L. Pedro (2023), showed in X-rays analysis, that spheroidized (globular)
cementite will accumulate less deformation than mixed (globular and lamellar) morphology.

That happens because the cementite lamellar will pile-up at interfacial defects, preventing the
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movement of dislocations, contributing to strain hardening (Ning Guo, 2015). In the Fig.2 is the
deformed pearlite, with the shear bands highlighted. As can be seen, the microstructure consists
of alternating cementite lamellae with an orthorhombic structure bathed in a body-centered cubic

ferritic matrix.

Figure 2 - Heterogeneous deformation generated by tensile loading.

(b) -

LIM 20.0kV 15.8mm x4.00k SE(M)

Source: from Habib Sidhom (2015)

Previous TEM analysis has already reported that ferrite it is responsible for control work
hardening in pearlite, and fracture will occur to higher stress values with the breakage of
cementite plates (M. Dollar, 1988). Additionally, in In-Situ diffraction, M. L. Young (2007)
(Neutron and Synchrotron) and E. Gadalinska (2020) (Synchrotron), in analyzing lattice
parameter behavior, showed that both phases are similar in elastic properties and the ferrite will
transfer load to cementite, explain that, due your hardness, the orthorhombic phase is elastically
deformed until failure. Also with In-Situ diffraction studies for hypereutectoid compositions, it
was possible to find an amorphization in the cementite phase with true strain evolution (Akira
Taniyama, 2017). This factor arises from cementite decomposition that contributes to annihilate
the interfacial dislocations (Y. T. Zhou, 2022). In Fig. 3a-b it is possible see the failure of

cementite and the amorphization to higher deformations.
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Figure 3 - (a) TEM bright field with the shear band and the interfacial defects in
interphase boundary (b) a HRTEM shows the lamellae of cementite with the

amorphous pattern to high deformation.

Shear band

Source: modify of M. Dollar (1987) and modify of Y. T. Zhou (2022).

Nonetheless, all interactions between phases, have a direct connection with the preferred
orientations between them. Pablo B. P Ledo et al.,, (2023) conducted the Digital Image
Correlation in fully pearlitic steel, showing that strain concentration occurs in the colony with
parallel to the tensile direction. The same author, Pablo B. P Ledo et al., (2023), but in another
work with the crystallographic texture, reported that cracks and micro-cracks will nucleate
between small recrystallized grains inside the {111} < 112 > pearlitic blocks. Mohammad
Masoumi et al., (2020), Jairo Alberto Mufioz (2021) and H. P. L. Pedro (2023) separately, with
texture analysis, shows that the cold work in pearlitic steel can increase of crystallographic
defects, promoting the formation of ferritic/pearlitic sub-grains, increasing the mechanical
resistance due the less mobility of dislocations.

With this in mind, C. P. L. Rodrigo (2021) in study of failure by environmentally assisted
cracking, suggested that, the refined microstructure prevents growth and can deflect crack,
maintaining free propagation to (223)[110] and (111)[112]. It is clear that the mean free path
of dislocation will be influenced by lamellae morphology/crystallinity and the size of sub-grain
following the classical Hall-Petch relationship (Equation 1) (Jairo Alberto Muiioz, 2021; H. P. L.
Pedro 2023; Pablo B. P Ledo et al., 2023; E. Gadalinska, 2020; C. P. L. Rodrigo, 2021),

_poy X 1
T=rt (1)
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where, k is the Hall-Petch constant, d is grain size, t° is the friction shear stress to move a

dislocation, and t is shear stress (C.S. Pande, 2009; George E. Dieter, 1981).

Despite the influence of cementite deformation in pearlitic steel being widely studied, the
crystallographic behavior is still unknown due to the high complexity of the structure. Giving a
structural and crystallographic characterization, H. K. D. H. Bhadeshia (2018) elucidates that the
orthorhombic structure can develop defects such as dislocations, faults and vacancies, and score
another’s physical properties. E. Gadalifiska (2020) using modeling and compare with
experimental data, found the Young modulus (Ejk;) of cementite to be between 160-260 GPa
and 220 GPa for pearlite. However, with different volumes of unit cell Fe;C (Pnma) and
pressures, values were calculated between 174 GPa and 276 GPa for the Young modulus (Ep;)
and 74 GPa at 106 GPa for the Shear modulus (Gpy;) (M, Nikolussi, 2008). The Poisson’s ratios
were measured as 0.33 and 0,35 (v) (M. L. Young, 2007; H. K. D. H. Bhadeshia, 2018).

With these mechanical properties, given the plastic anisotropy of cementite, the
morphology of the pearlitic microstructure has great importance for strain hardening (A. Mussi,
2016). Discussing about five ORs (Bagaryatsky, Isaichev, Pitsch—Petch, Near Bagaryatsky and
Near Pitsch—Petch), K. Jaemin (2016), shows that, depending on the interfacial formation
energy, misfits of dislocations will change. Therefore, the dislocation motion of the
orthorhombic phase, also depends on the nucleation of interfacial defects in the ferrite/cementite
boundary. This strain hardening in the interface of phases will give the energy to activation slip
systems in ferrite and promote crystallographic changes to cementite (Akira Taniyama, 2017; Y.

T Zhou, 2022; Changyu Wang, 2022; Lun-Wei_Liang et al., 2020 and 2023).
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3. MATERIALS AND METHODS

The material used in this study was AISI 1075 pearlitic steel sheet 7 mm in thickness. A
heat treatment at 1200 °C to austenite solubilization and colling with 1°C/second was
conducted. From heat treated steel, samples with dimensions in Fig. la were extracted using an
electric discharge machine. The chemical was obtained Optical Emission Spectroscopy
Spectrometer, model PDA 7000. The determined chemical composition was 0.74C-0.65Mn-
0.27Si-0.18Cr-(Bal)Fe.

In-Situ synchrotron x-ray diffraction measurements (SXRD) were conducted by the
PETRA III Deutsche Elecktronen-Synchrotron DESY (Hamburg/Germany), with an energy of
86 kev which corresponds to a wavelength of 0.144 Angstrém. A Beam size of 0.7 mm x 0.7
mm was used to acquire Debye-Scherrer diffraction rings using a Perkin Elmer amorphous
silicon two-dimensional detector rings using a resolution of 200 pm x 200 um, with sample to
detector distance of 1220 mm. For calibration of the experimental setup and to determine

instrumental values, a LaBg powder standard (NIST SRM660) was used.

Figure 4 - (a) The shear sample with the dimensions and the (b) test

scheme for acquiring In-Situ diffraction patterns.

Source: Own elaboration.

The acquired data, were analyzed using GSAS-II software applying Rietveld method
refinement (R. A. Young, 1993). With the refinement it was possible to estimate the incomplete

pole figures through the series of harmonical coefficients modeling (V. Randle, 2010; S. Suwas
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et al., 2014; H.J. Bunge et al., 1982 and 1993) (Equation 2).

Nl l

4
AW, 6.8) = 1+;21’+’1 > Elclm“km,y)k? .5 @

l
m=—Iln=—

In this equation, the two harmonic terms k;" (3, y) and k*(¢, B) are measured by sample
and crystal symmetry, respectively and C/™" are tabulated Harmonical Coefficients. Both
harmonic terms sample coordinates estimated by diffractometer and crystal reflection
coordinates determined by reflections {hkl} (R. B. Von Dreele, 1997). These pole figures were
transferred to the MTex open-source program MatlLab toolbox through an algorithm that was
used to calculate the ODFs (Orientations Distribution Functions). The calculated ODFs were
compared with ODFs obtained from EBSD maps. For further details concerning this analysis,
the reader is referred to references (Zifan Wang, 2022; Dan-dan Ma, 2020).

The lattice spacing obtained was used to determine value the of Burgers vectors (b) and
the obtained value was applied in calculation of Shear Friction Stress (7°) by Peierls-Nabarro

(Equation 3).

2 . 2m
T° ~ G e [(1—17)b]
1—v

(3)

where (G) is calculated Shear Modulus using Hook’s law for low deformation values and
v = 0.33 is Poisson’s ratio.

The Dislocation Density evolution (p) derived from (Equation 4), where the values of
activation slip systems were analyzed, and the Shear Friction Stress (7°) and magnitude of

Buggers vector (b) for each family plane were employed (George E. Dieter, 1981),

T=1°+ aGbMODF\/E 4

were @ = 0.3 is a dislocation hardening constant and Mypr = 2.57 is the average Taylor factor
calculated using with three more intense ODF’s components in initial state. Obtained values are
similar to that described in literature for BCC materials (William F. Hosford et al., 1993 and

2010). Value obtained for the EBSD map in undeformed state was Mggsp = 2.8. The slip
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system was applied using the pure shear tensor (Christian Thiel, 2019).
The Full Width at Half Maximum was estimated from the Pseudo-Voigth function and
then Lattice Microstrain values (&) for a-BCC ferrite, were estimated using the Stokes and

Wilson Method (Equation 4).

_ B.cos(m/180)
£ = 4. sin(w/180) (4)

where (f3), is the Full Width at Half Maximum and (7 /180) is the Bragg Angle in radians (R. A.
Young, 1993; B. D. Cullity, 2001; Leonid V. Azaroff, 1968).

Secondary electron (SE) micrographs and Electron Backscatter Electron Diffraction
(EBSD) data were collected using FEI ® Quanta 450 and FEI ® Quanta 650 Scanning Electron
Microscopes. S. Sample was prepared applying standard metallographic preparation procedure
consisting of grinding and polishing. Then, a chemical etching with 2% Nital for 3 seconds and
final polishing with colloidal silica for 30 minutes was used. EBSD maps were acquired with an
accelerator voltage of 15 kV with a tilt angle of 70° degrees.

In addition samples for Transmission Electron Microscopy (TEM) were prepared by
twin-jet electron-polishing. The sample preparation consisted of careful grinding to produce
metallic foils with a thickness of 60 um. From the foils, disc samples with 3 mm in diameter
were cut. Finally, twin-jet electron-polishing using solution of 10% perchloric acid in ethanol at
15V was carried out utilizing Struers Tenupol 3 equipment. Prepared samples were examined
using TEM model FEI ® Tecnai G2 S-Twin equipped with ASTAR system for EBSD data
acquisition. The Electron Diffraction patterns, transmission Electron Backscatter Electron
Diffraction and Transmission images used were acquired at 200 kV in bright field mode. The

collected EBSD data were analyzed Channel 5 and MTex open-source program MatlLab.
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4. RESULTS
4.1. Shear Stress and Shear Strain

Fig.5 shows the True Shear Stress — True Shear Strain curve, indicating the Ultimate
Shear Strength (7,,,4,). Consider the shape geometry of sample (Fig. 1a), stress is concentrated at
a 45° degree of the uniaxial load, characterizing the pure shear load. The Shear Modulus can be
calculated using Hooke’s law (t = G.y) with ¢ = 67.00 GPa and the maximum Shear Stress
(Tmax) closely matches those seen in carbon steels subjected to pure shear deformation for
ECAP (Jairo Alberto Mufioz, 2021). The curve reveals three stages: stage I with short easy glide,
IT with hardening stage and an III for interfacial defects saturation stage. Three points between
stages are highlighted. Around y;,. = 0.06 occurred the first activations, at ¥¢pye = 0.21 the
strain accommodation happened and y;,,. = 0.51 the crack propagation. The explanations will
be given together with macro-texture in section 4. These behavior account for the changes that
happened in ODF evolution and explanation follow (Willian F. Hosford et al., 2010; George E.
Dieter, 1981)

Figure 5 - The True Shear Stress and True Shear Strain with the

sections describing the crystallographic interactions.
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Source: Own elaboration.
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4.2. Rietveld Refinement

The Rietveld refinement was performed on eight diffractograms, each representing
significant change points during deformation (Fig. 6a). The initial data quality was Rwp =
5.3% corresponding to 94,7% parameter alignment, and two phases were quantified. Both
phases, a-Ferrite (csp:9o0sszs) and 0-Cementite gcsp: 1008725y both clearly visible (Fig. 6b).
However, when comparing the initial diffractogram with the last one in (Fig 6¢), remarkable
evolution in O phase is evident. The peak width of the 6 phase, increase during Shear
deformation evolution particularly visible in the last diffractogram. Some reflection
{102,112 and 211}y planes lose peak definition as do family planes around the {211},
reflection. Considering the 6 phase fraction (Fig. 6d) obtained through refinement Rietveld, it

was initially 10.38%, decreasing to 3.8% in the final failure state.

Figure 6 - (a) and (b) Synchrotron X-Ray Diffractograms during true shear strain
evolution, and initial data, respectively (c) enlarged profiles surround by base of

peaks with initial and the last one data and (d) are the counts for phase fraction to 6

phase.
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43. FWHM (Full Width at Half Maximun), Lattice spacing, Microstrain and
Dislocation Density In-Situ.

Fig. 7 displays the Full Width at Half Maximum (f), Dislocation Density (p), relative
Lattice Spacing and relative Microstrain In-Sifu. Notably, during True Shear Strain,there is a
significant increase in 8 to {310}, compared to the others five family planes (Fig. 7a). However,
this outcome aligns with expectations for these family planes, as they exhibit a lower tendency to
activate slip systems, due to their low atomic density. Considering this, the {110}, family planes
(Fig. 7b), show no significant change in f. Nevertheless, these planes activate slip systems,
indicating a more pronounced alteration in Relative Lattice Spacing than others. The calculation

involved the difference between the final d and initial d° Lattice parameter.

Figure 7 - (a) Above the Full Width at Half Maximum and below the
Dislocation density evolution during Shear deformation, (b) relative
Lattice Spacing and relative Lattice Microstrain above and below
respectively,(c) Dislocation Density evolution for {310, 113 and 321}

family planes together the friction Shear Stress (7°).
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The surge in the Lattice Microstrain values (Fig. 7b) becomes apparent in crystal planes
with lower atomic density, increasing of up to 1.6x10~3 radians. The pronounced Dislocation
Density (Fig.7 b-c) manifests more prominently in planes with higher atomic packing,
exemplified by {110 and 200}, reflections, with magnitude ranging from 1013 m=2 to
10 m=2 . Some family planes, shows a decrease in the dislocation density between e =
0.20 and Y¢prye = 0.40 and they are {310 and 113} . It can be associated to activation of slip
system and the explanations will be there in 5.1 section .It’s worth to note that the values of
dislocation increase with the lattice compression dynamics in relative lattice spacing (Fig. 7a).

The Dislocation Density (p) evolution and friction Shear Stress (7°) was measured across
an others family planes that interacted in ODF’s (Fig. 7c). In the initial state, the {113 and
321}, exhibited an accumulation of defects. These reflections have substantially higher
frictional stress values 750 MPa and 1500 MPa respectively, than others family planes. The
measurements for these planes, absent in the In-Situ reflections, were derived from calculated

lattice parameter.
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4.4. Crystallographic features of the tested sample and Synchrotron Macro-texture.

Figure 8 - (a) and (b) The IPF’s (Z)//ND by Band Contrast map
with undeformed and deformed region respectively, signaling a
white circle the < 001 >//ND reflection, (c) and (d) Kernel
Average Misorientation maps following the graphics with Local
Misorientation versus Frequency, (e) Bright Field -TEM image
with the dislocation interface between lamellar of cementite and

(f) Scanning Electron Microscopy (SEM) image with points of

Frequency
Frequency

L‘ ’ 9

080 25 =0 25 50

Local Misorientation Local Misorientation

Source: Own elaboration.

Microstructural characterization was made in both deformed and unreformed situations.
The Inverse Pole Figure is accounted for in (Fig. 8a-b), revealing fragmentation in reflections

after deformation. These heterogeneities, form additional sub-reflections near the < 112 >//ND
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and < 102 >//ND. The < 110 >//ND reflection does not exhibit any sub-orientation, as well
as minimal sub-directions in < 111 >//ND have been observed. The analysis presented in (Fig.
8c-d), reveals that < 001 >//ND reflection, before deformation, indicates a greater
accumulation with low angle defects than < 110 >//ND reflection. After deformation, the high
fragmentation area with the < 001,102 and 112 >//ND sub-reflections exhibits low
misorientation. In Fig. 8e, the bright field TEM micrograph, illustrates the path of dislocation
and a point of their meeting, following the < uvw >//TD. In this case, these defects will be
moving perpendicular to the higher tension direction of the plane. Fig. 5f shows the bending of
cementite below, in the middle, crack propagation in lamellar cementite perpendicular at shear
band activation. The arrow above indicates a possible activation slip system on the cementite

plate counter direction to the shear band (Fig. 8f).

Figure 9 - (a), (c¢) and (d) are the Bright Field TEM image, the phase map and
Inverse Pole Figure map acquired by transmission Electron Backscatter Diffraction
(t-EBSD) account a and 0 phases. In (b) is the Selective Area Electron Diffraction
(SAED) pattern with the Orientation Relationship between a/6 phases. The right
side is the verification of the OR using the pole figures from t-EBSD.
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The Transmission Electron Microscopy micrographs were analyzed to establish a starting
point for the characterization of cementite macrotexture. The dislocation between cementite
phase lamellae can be observed. It should be noted that defects align perpendicular to the
lamellae, as shown in Fig. 8e, and both phases are accounted for in Fig. 9c. The SAED pattern
revealed that the habit plane associated with the normal diffraction vector< 111 >,//< 010 >4
is described to Isaichev Orientation Relationship, and correspond to {112},//{001}4. The
correlation between the habit plane and texture was analyzed, with t-EBSD taken into account. It
should also be noted that the (101) 4 plane is at an angle of 84° to the [101] g direction. In (Fig.
8d) a subset, is highlighted and the corresponding pole figures with {110}//ND for each phase,
these show the habit plane between {111},//{001}4 have the < 110 >,//< 110 >4//TD. It is
possible to have deviations between pole figure measurements due to cementite lattice
parameters and transmission sample positioning. Section 2 explains how the transmission sample

was acquired.

Figure 10 - /n-Situ Synchrotron ODF’s ¢2 = 0° and 45° for a with the table components of
right side and the legend below.
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The crystallographic texture results for ODFs are depicted in figures (Fig. 10 and 11).
These ODF’s were calculated from incomplete pole figures obtained from the refinement
through of the acquired patterns In-Situ explained in section 2. The legends are identified by
symbols for both phases in the respective legends. The ¢1 range of 0° to 360° was chosen in
both phases for its possibility to analyze all directions in the same family plane, because the
sample does not have orthorhombic symmetry to shear deformation evolution (S. Suwas et al.,
2019). The use of the family {hkl}, notation was motivated by the symmetry of cubic crystals,
whereas for {hkl}g the motivation was the symmetry in this particular phase which only permits
the joining of planes with the same Miller indices order but different signal. The ODF’s of a-
ferrite, sections of @2 = 0°,45° were chosen, because in cubic crystals, they exhibit the major
crystallographic interactions of interest. All directions to ODF in both phases were summarized
at //TD, because the reference sample system. In Fig. 10, components interact during Shear
Strain evolution for a-ferrite. Before y = 0.21 the components only change the intensities,
meaning the activation of the slip activated on existing system. In y = 0.31 there are new
components emerging with low intensities: {310}[1531]//TD and {113}[251]//TD. There are
also some interactions for same < 421 >//TD direction with distinct reflections. When the
failure started (y = 0.51), stabilization for {110,113 and 123} fiber components occurs. The
{310}[1531]//TD become more intensities and emerging {310}[15 31][113] and [113]//TD.

The O-cementite were taken @2 = 0°,45°90° and 135° that’s because, every interval
@2 = 180, the ODF’s sections are repeated and these sections summarized all major interaction
components shown (Fig. 11). The @2 = 135° has had changes in components directed at
Transversal Direction and the < uvw > close to then. Initially, the intensities in Synchrotron
ODF’s in secondary phase, accounted the same value with the a-ferrite and in (y = 0.51), these
up to 7.4. Follow the same perspective of the matrix interaction, at y = 0.21, the 8 only changes
the intensities to the same directions < uvw > with new reflections. It’s interesting to note, this
point the components{012}[13 8 4], {023}[432] @2 = 0°, {111}[2 1113] 92 = 45°, and
{hkl} <uvw >//TD @2 = 135° are stable. The {100,010 and 001} < 149 0 > are close to
same direction the stable components, decreases intensities with increasing deformation. These
phenomena registered with the appearance of {310}[1531]//TD and {113}[251]//TD in a-
ferrite. For the y = 0.31, the stable orientations explained above, go to more high intensities

keeping this behavior at start failure in y = 0.51.



Figure 11 - The the legend of 92 = 0°,45°90° and 135° showed the more
intensity components of 8 phase to In-Situ analysis. Below of the left side is the In-
Situ Synchrotron calculated ODF Functions for 6 during Shear Deformation
Evolution. In the right side were comparing the initial and final ODF’s components

for a. The middle is the scheme of how the sub-reflection appears.
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S. DISCUSSIONS

5.1. Texture and crystallographic behavior of a-Ferrite

It is known that crystallographic texture can describe the entire thermal and/or
mechanical history of metals through the tendency and changes in the preferential orientation
crystals. In this aim, for the y = 0.0, was found the {113} < uvw > close to the {112} fiber, the
{110} < 113 >< 112 > and {123} < 121 > family components. Taking this into account, Y.
Tian (2020) identified that rolling steel below the recrystallization temperature results in a strong
{113} and proximity to the {112} < 110 >< 131 > orientation. Nevertheless, Mehdi Sanjari
(2016) with quasi-In-Situ EBSD observed the same fiber {113} < uvw >, when studying the
annealing in IF steels after cold rolling. These crystallographic behaviors were identified as a
legacy of Cube texture after recrystallization (Ning Zhang, 2016). In addition, the {310} <
113 >< 15 31 > were also described in Fig. 10. Nonetheless, Zhegnhua He (2023) showed in
Fe-Ga alloy studies, the Goss texture {310} < 001 > arise from the secondary recrystallization
and Zhaoyue Liu (2022) shows the appearance of this texture kind in high-permeably grain-
oriented silicon steel after annealing. However, Haitao Jiao (2020), presented in analysis with
the cold rolling evolution the {013} < 131 > also originating from a Cube texture. These facts
summarizing that, the cold work process before recrystallization will influence the
crystallographic texture, because the phase transformation texture comes from the prior austenite
grain (R. K. Ray, 1990 ). All these interactions can be attributed to the interfaces between ferrite
and previous the austenite grain, which change in the portion of ferrite, preserving the history of
the crystallographic transformation in austenite portion. These discussions, arises only the initial
state for the sample study and it denotes that the material underwent a recrystallization process,
and as was normalized.

Addressing the texture evolution in a, y = 0.06, were only change the intensities for the
same components occur and this can be linked with the firsts activation slip system Fig. 5. The
activation also occurs in slip systems normal to ND how like {113}<121> and {210}<131>
family planes with the opposite direction. These activations will be occur together the
{110}<113> and {112}<152>. The Relative Microstrain shows that {310} a reflection has a
greater accumulation of deformations than others. In addition, the dislocation density before
deformation in {113}, {310} and {321} shows a possible pre-hardening in these specific

orientations Fig. 7a-c. Nonetheless, theses reflections have low atomic density, the frictions
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stress to move a dislocation (activation of slip system) will too higher (Fig. 7c), the activations
will depend on the direction of the component to a (C. Du, 2018; Toshihiko Teshima, 2017). If
the stress component for that direction is very high, the only plausible explanation for the
activation slip system with low Schmid Factor is, the existence of energy accumulated by rolling
process occurring in the prior austenite portion. Thus being able activates the systems with
different shear stress component (Pablo B.P. Ledo et al., 2023).

However, analyzing the Fig. 8, the shear deformation will conserve the <110> directions
in ¢ and the < 001 >//ND and < 111 >//ND will be rotate to < 013 >//ND, < 113 >//
ND, <123 >//ND. In Fig. 10 in y=0.21 at y = 0.31 it’s possible to see the ¢2 = 0°
components {210} < 421 > close to the {310} < 131 > generating a new {110} < 522 >
component and @2 = 45°, the {113} < 152 > go to {112} < 152 > . This rotation happens
precisely in final of stage II when strain hardening is maximum and in the beginning Strain
Accommodation region of Fig. 5. This happened because all energy (defects) acquired during
stage II of strain hardening will accommodate according to the normal direction < uvw > the
{hkl} reflection, rotating the grain in the same or close < uvw > to another {hkl}" dissipating
these energy with activation slip system, the Fig. 11 shows how this interaction occurs. To
corroborate of this result, M. Mohammad et al (2022) analyzing the texture of pearlitic steels,
reported the {112} reflections, rotate for more atomically dense reflections. H. P. L. Pedro
(2023) with bending spheroidized pearlitic steel the reduction of (001) fiber resulting a higher
mechanical resistance.

Nonetheless, analyzing the same behavior before y = 0.31 to another’s components in
Fig. 10, the interaction of {123}[121] and {123}[211] shows the activation for these systems
during accommodation of defects provides by the accommodation of interfacial defects.
However, the magnitude of activated slip systems (Fig. 7c) shows a little decrease to {321} and
{123}<112> there was an enlargement and approximation of the {110}<112> component
(y = 0.51 and 0.53) in Fig 10. This late activation and accommodation of defects in stage III is
due to you higher friction stress. For that, immediately after activation, the interfacial defects
will go give the energy to rotate the grain and the dislocation will follow {123}[121] to
{110}[112] (same direction) thus accounting for the lower values dislocations of {321} slip
systems. Studies carried out by Anik H.M. Faisal and Christopher R. Weinberger (2023), with
simulation to BCC crystals shows that the twins grow with stress relief, in other words, the

interfacial defects will be energy to activation slip systems. The {112}<152> become again to
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{113}<152> and the dislocation density go to higher after y = 0.35 for {113} reflection (Fig.
7c). Ning Guo et al (2014) showed that during torsion of wires that, the shear stress will cause
the change of orientations and then with increasing number of torsion revolutions, the intensity
of that texture will decrease to <110> fiber, returning to primary orientation.

In addition, a different way for dislocations were to stage III, the hardening of perlite
change the direction of {310}<113> to {310}<15 3 1> and this uncommon change indicates the
high fragmentation grain. These small grains were described initially in Fig. 8b-d arise due to the
activation of systems within sub grains originated from shear bands how like describe in the
scheme of Fig. 10. The change of direction has a great influence of mean free path and
interfacial defects to failure of pearlitic steel. P. Ledo et al (2023) shows that the high
fragmentation grain has low concentration of interfacial defects and they will align with the
shear direction. Nonetheless Y. Yasuda (2018), proved that to component with small Schmid
Factor and mean free path will have higher rates of strain-hardening. In studies with line
broadening, Fuling Jiang (2019) showed of that increase of deformation, small grains will be
sutured homogeneously of dislocations and heterogeneous pattern will arises with deformation
evolution.

What was observed in this aim is the rotations and activations of sub-orientations coming
from shear bands will generate highly hardened sub-grains how can be seen in the Fig. 8d with
arrows. Therefore, follow the Hall-Petch effect, these sub-grains will be saturated with
interfacial defects and with this, they will change the direction generating the high angle
misorientation. Because this the change of new direction appears more strongly after of stage III
iny = 0.51 and 53 to a phase. The strain saturation will undergo when these sub grains nucleate
more strain due your high strain hardening. In studies to cracking failure of pearlitic steel
reported that the refined microstructure prevents crack growth and deflect propagation (C. P. L.
Rodrigo, 2021). However, during shear evolution, the interface between the sub grains contains
grater accumulated energy, these boundary will change the direction of sub-grain for align the
strain of heterogeneous shape in sub-grain boundary. In another words, the change of direction
{310}<113> to same {310}<1531> fiber indicate that the a structure will nucleate a crack as a
way of relief strain energy. Because of this factor, the crack grows follow the grain boundary

path how likes reported by P. Ledo et al (2023).
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5.2. Influence of cementite to strain-hardening

Despite the structure of cementite it has been explored for decades, the macro-texture,
still needs to be refined. The analysis in SAED pattern reveal the Isaichev Orientation
Relationship between a/6 were < 111 > «a|| < 010 > 6 with the {112},||{101}4 were find.
This OR, brings with it a diffusion mechanism and consequently the thermal and/or mechanical
process history (Y.T. Zhou, 2022; D.S. Zhou, 1992). The analysis for t-EBSD with the pole
figures, reveal a different OR when used the same reference of SAED. Even with the difference
between analysis, this allowed find the mostly slip systems for the 6, these being belonging
{100,010 and 001} family planes (H.K.D.H. Bhadeshia, 2020; A. Mussi, 2016). Observing the
behavior of the 8 ODF’s in left side of Fig. 11, little activations of the slip systems were see in
the first activation stage for a. Probably these little activation occurs due the low deformation
capacity in plates of cementite how can be seen in the Fig. 8f. However, y = 0.06 , the sections
of 2 = 45°90° and 135°, shows the tendency of the components retract to {001 and 100}
family components for the close < uvw >, showing the same behavior of ferrite during strain
accommodation (Fig. 10).

The Already M. Dollar (1988) shows that the fracture process will be determined by
pearlite colonies with lamellae parallel to axis tensile and with the In-Situ SEM tensile test.
Habib Sidhom (2015) shows the same perspective, noted that the lamellae normal to slip
activation will incline to the tensile axis by heterogeneous deformation and the coarse lamellae
will be fracture to first activations in ferrite. Unlike the a phase, which reorients with the same
< uvw > to accommodate interfacial defects after the strain-hardening, the 8 phase will be
present the same behavior as consequence of activation a systems. Nonetheless, the change of
components for those with higher stress component in 6, it is the path to accumulate the strain
hardening between habit planes generated by a activation. Because, depending on the initial OR
between a /6, the energy needs top form misfit dislocation can be higher, and the small
misorientations angles can cause significant changes in the strain energy by change the
magnitude of the burgers vector of the dislocations and their spacing as the heterophase
boundary (K. Jaemin, 2016).

The stability of 8 phase during stage 1l provided the strain hardening of a phase. After
y = 0.21, the components of the cementite are already well defined. It is interesting to note, the
cementite keeping the same tendency to reorients to {001,010 and 100} with the true shear

strain evolution, but @2 = 0°, show the stability of {012} < 13 8 4 >, and these component
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stay vary close to the initial {001} < 14 9 0>. However, A. Mussi (2016) reported that the
transmission of plasticity into the cementite phase cane only be activated along of [010]
direction for (100) plane. Reinforce this, the atomic simulations to cyclic deformation, showed
occurrence of activation of ferrite slip systems, but no systems in cementite were activated (Lun-
Wei Liang, 2020). For this, the orientation of lamellae cementite and direction of pearlite colony
it must be taken into consideration. Due the heterogeneity of colonies, the change of 6
orientation needs more studies.

A contribution of strain hardening arises because the change of lamellae texture will
nucleate interfacial defects close the phase boundary. Analyzing influence of carbide in AISI
420 stainless steel, Changyu Wang (2022) reported, the carbide/matrix interface acts as an
effective site of dislocation nucleation and obstacle to the dislocation movement. Nonetheless,
this contribution of strain hardening will influence the crystallinity of 8. With the evolution of
y = 0.31,51 and 53, deformation, the intensities of 6 ODF go to higher in Fig. 11. Also, to Fig.
6¢-d, reenforce that the amorphization for orthorhombic phase. Akira Taniama (2017), noted,
that the increase of true strain, cementite fragments into small pieces and the change to
amorphous cementite. That amorphization, is correlate to the vacancies generated by cementite
decomposition, with this, the interfacial dislocations will annihilated and consequently relaxed
the strain hardening in a/6 boundary (Y.T. Zhou, 2022). It should be noted, that the rotations of
a phase in the y = 0.31 is limited by 6, being that, cementite will pile up interfacial defects
(Ning Guo, 2015; Mohammad Masoumi, 2022; Habib Sidhom, 2015; E. Gadalinska, 2020).
Vaibhav N Khiratkar (2021) suggested that, the bending and fragmentation of cementite lamellae
has better strain accommodation.

The change of texture, will forming the new interfaces formation energy, to the strain
hardening. The amorphization of orthorhombic phase irises with high values of strain in o/0
interface, contributed to the mean free path, and defects will follow sub grains boundary, due the
low interface energy for the new orientation relationship arising from the deformation of 6. With
In-Situ Synchrotron tensile of hypereutectoid steel, M. L. Young (2007) using finite-element
modeling, reported that, marked load transfer of a-Ferrite to the elastic FesC particles. In the
same perspective, E. Gadalinska (2020) founded that, both phases in pearlitic steel are loaded
similary due to the equal elastic properties, but the plastic deformation leads to significant load
transfer from ferrite top cementite. In Fig. 8e were indicate respectively the local meeting of

dislocation parallel to lamellar pattern (BFTEM). The crack propagation in deformed cementite
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into interface of activation slip system with the sub-grains highlighted with the yellow dotted

line (Fig. 8f).
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6. CONCLUSIONS

This study aimed to characterize the In-Situ crystallographic behavior of pure shear
during uniaxial stress. With this, the texture of both phases was analyzed and used to explain the
True Shear Stress x True Shear Strain curve of fully pearlitic steel. The initial orientation
relationship between a/0 was observed and used to explain the changes on the phase boundary.

The following conclusions were:

. The prior defects will give the energy to activated the slip system with the low Schmid
factor.
. The strain hardening will rotate the less density atomic planes for those with greater

crystallographic activation capabilities and the dislocation will follow the same or close
the directions as the initial reflection, like {310} <131 > to {011} <522 > and
{113} < 152 > goto {112} < 152 >.

J The o/0 boundary will nucleate the interfacial defects and depends on the change in
texture will influence of the strain hardening.

o The activation of 6 dislocation will depend on the a activation.

° The new orientations far from {100, 010 and 001} will amorphized due to low interface

energy thus allowing the formation of a high angle contour.
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