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Effect of Ausforming on the Macro- and Micro-texture
of Bainitic Microstructures

ADRIANA ERES-CASTELLANOS, LUCIA MORALES-RIVAS,
JOSE ANTONIO JIMENEZ, FRANCISCA G. CABALLERO,
and CARLOS GARCIA-MATEO

The reason why variant selection phenomena occur in ausforming treatments is still not known.
For that reason, in this work, the effect of compressive deformation on the macro and
micro-texture of a bainitic microstructure was analyzed in a medium-carbon high-silicon steel
subjected to ausforming treatments, where deformation was applied at 520 °C, 400 °C and 300
°C. The as-received material presented a very weak (3 3 1) fiber texture along the rod axis, due to
prior thermomechanical processing. For the samples isothermally heat-treated, it was detected
that the bainitic ferrite inherited a (1 00) fiber texture from the (1 1 0) fiber texture present in the
prior austenite. The intensity of this transformation texture was more pronounced as the
deformation temperature decreased. Also, variant selection was examined at different scales by
combining Electron-Backscattered Diffraction and X-ray Diffraction. The quantification of the
fraction of crystallographic variants under certain conventions for every condition revealed
variant selection in samples subjected to ausforming treatments, where these phenomena were
stronger as the deformation temperature was lower. Finally, some of the theories proposed so
far to explain these variant selection phenomena were tested, showing that variants were not
selected based on their Bain group and that their selection can be better described in terms of
their belonging to packets, if these are defined according to a global reference frame. This
suggests that the phenomena might have to do with the effect of deformation mechanisms on the
prior austenite.

®

Check for
updates

ADRIANA ERES-CASTELLANOS is with the Department of
Physical Metallurgy, National Center for Metallurgical Research
(CENIM-CSIC), Gregorio del amo, 8, 28040, Madrid, Spain and also
with the Materials Testing, Technische Universitit Kaiserslautern
(TUK), Gottlieb-Daimler-Stralle, 67663 Kaiserslautern, Germany.
LUCIA MORALES-RIVAS is with the Materials Testing,
Technische Universitdt Kaiserslautern (TUK). Contact e-mail:
rivas@mv.uni-kl.de JOSE ANTONIO JIMENEZ, FRANCISCA G.
CABALLERO, and CARLOS GARCIA-MATEO are with the
Department of Physical Metallurgy, National Center for
Metallurgical Research (CENIM-CSIC).

Manuscript submitted February 4, 2021; accepted June 15, 2021.

Article published online July 15, 2021

METALLURGICAL AND MATERIALS TRANSACTIONS A

VOLUME 52A, SEPTEMBER 20214033


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-021-06363-w&amp;domain=pdf

PURE ISOTHERMAL

Toer =520 °C Toge = 400 °C Toer =300 °C

990°C - 240s

AUSTENITE

FERRITE

Temperature /°C

300°C —i1h

25°C/s

THEORETICAL
FERRITE

Time

<001>

4l

<001> <011>

<011> <001>

Pure isothermal Baln Group:

n
]

N
S

)

P1 P2 P3 P4

S

o @

T

"rrl‘ e i b

Area percentage /%

Variant number

1.2 3 4 5 6 7 8 91011 12131415161718192021222324‘

Hlm2m3 = o
Tyer = 300°C
[ ]
Plm P2 P3 P4
i om - o .
""""""" | R Sty i el Gl |
| mE am By g™ N S
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Variant number

https://doi.org/10.1007/s11661-021-06363-w
© The Author(s) 2021

I. INTRODUCTION

DEFORMING austenite before the start of the
bainitic reaction, by the so-called ausforming treat-
ments, has been shown to lead to many benefits,
including the acceleration of the bainitic transformatlon
and the refinement of the microstructure.!' ¥ However,
this processing route is also associated with some
microstructural changes that could be relevant to the
properties of the materlal such as the austenite mechan-
ical stablhzatlon,[ I'the formation of phases during the
deformation step™ or the selection of crystallographic
variants.[>? 14!

Because bainitic transformations are displacive, the
bainitic ferrite keeps a given orientation relationship
(OR) with the prior austenite, characterized by the
parallelism of planes and directions of the parent and
the daughter phase. Usually, there are 3, 12 or 24
bainitic ferrite orientations that form for a given prior
austenite orientation, depending on the OR of the steel
of study. The aggregates of parallel plates, also called
sub-units and connected in three-dimensions, are named
sheaves. From a purely crystallographic approach,
based on the single-phase crystal orientation of bainitic
ferrite, plates are grouped into blocks—groups of plates
with the same crystallographic orientation—and
packets—groups of blocks which share the same
close-packed plane parallel relationship with austenite.
Variant selection phenomena occur when not all the
expected ferrite crystallographic orientations appear.
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These phenomena have also been proven to affect the
mechanical properties, as the final microstructure is less
chaotic and the blocks and packets are coarser.[")

Many authors have estimated the area percentage of
variants in single PAGs®?'?'¥ in high-carbon steels
subjected to isothermal treatments at low temperatures.
Most of them have affvreed on the fact that some variants
were missing.? Some of them also have tried to
further descrlbe the variant selectlon phenomena by
studying its effect on macrotexture’® or by looking for
trends regarding the belonging of the selected variants to
specific Bain Groups (BGs)!'? or Packets (Ps).'!
Finally, few authors have tried to explain the mecha-
nisms governing variant selection, claiming that they are
associated with the dislocations”™'” or to residual
stresses.l'®!7! Although these works have focused on
the variant selection phenomenon, none of them have
used statistical methods with large data to make their
conclusions nor have extensively reviewed the literature,
discussing about the relationship between their results
and other results obtained by other authors on the same
topic. Therefore, a general picture describing why
variant selection occurs and how it affects both, the
macro and micro-textures, is still lacking.

In the current work, the effect of the ausforming
temperature on the final bainitic microstructure was
studied in a medium-carbon (C) silicon (Si)-rich steel, in
terms of macro and micro-texture. The steel was the
same as the one used in the previous work,"'” in which
strong variant selection phenomena had been detected,
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accompanied by an anisotropic dilatometric relative
change in length signal along the radial and the
longitudinal directions. The thermal and thermome-
chanical treatments of the mentioned work were repli-
cated, intending to perform a more detailed
characterization in terms of crystallography. To do so,
the techniques of X-ray diffraction (XRD) and elec-
tron-backscattered diffraction (EBSD) were used. The
variant selection phenomena were approached from a
macro- and a micro-point of view, firstly studying how
variant selection affects the macrotexture, then analyz-
ing samples at the microscale. The study enabled to test
some hypotheses that could explain the reason of the
selection of crystallographic variants, drawing some
conclusions about what its cause is.

II. EXPERIMENTAL METHOD

Dilatometry samples were machined from bars of the
Sidenor’s commercial steel SCM40 (0.4 wt pct C and 3
wt pct Si, among other alloying elements), which had
been previously hot-rolled. Samples were machined so
that their long axis was parallel to the rolling direction
(RD), from now on called Z axis. They were 10 mm long
and their diameter was 4 mm (for the pure dilatometry
treatments) or 5 mm (for the thermomechanical treat-
ments). The dilatometer was a modified BAHR DIL
805A/D high-resolution quenching and deformation
dilatometer, where tests were performed under high
vacuum. This equipment uses an induction heating coil
and blown He to control the heating and cooling steps
during the test, with the assistance of a type K
thermocouple, welded on the surface of the specimen.
Subsequently, samples were subjected to a pure isother-
mal treatment and to three different ausforming treat-
ments, whose sketches are shown in Figure 1,
accompanied by the abbreviations of the different
phases present at each stage.

The as-received microstructure—microstructure A—
was quenched and tempered, consisting of ferrite (o) and
cementite (0). After fully austenitizing the steel at 990 °C
for 240 seconds, the microstructure was fully austenitic
(7). Then, in the case of the pure isothermal treatment, y
was cooled from 990 °C down to 300 °C, cooling during
which no phase transformation was detected. The
microstructure obtained after such cooling—microstruc-
ture B—consisted of only 7. In the case of the ausform-
ing treatments, after austenitization, y was cooled from
990 °C down to the deformation temperature Tyer,
which took the values of 520 °C, 400 °C and 300 °C. No
phase transformation was detected on those cooling
steps either.

Then, samples were held at T4 for 10 seconds, after
which the compression step took place. All samples were
deformed up to 10 pct at 0.04 s~'. In a previous work, in
which the same steel and the same austenitization and
deformation conditions were used, it was observed that
bainite and martensite formed during the deformation
steps at 400 °C and 300 °C, respectively, induced by the
energy introduced by the stress.® The effect of these
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Fig. 1—Sketch of the thermal (dashed line) and thermomechanical
(solid line) treatments performed in Ref. [10] and replicated in this
work. Ty.r stands for deformation temperature. The abbreviations of
the different phases at each stage are indicated. The stages A, B, and
C are described in the main text of the manuscript.
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phases on the macro- and micro-textures of the final
microstructures was considered negligible. After
deforming the samples, the temperature was held for
other 15 seconds, after which samples were cooled down
to 300 °C, stage during which no phase transformation
was detected. Under the assumption previously made,
the microstructures obtained after cooling—microstruc-
tures B—only consisted of deformed austenite (yger).
The so-called microstructures B are usually referred to
as prior austenite in the literature.

Finally, regardless of the treatment, samples were held
at 300 °C for 1 hour, holding stage during which the
bainitic transformation occurred: bainitic ferrite (o)
plates grew supersaturated in carbon and, after their
growth, they expelled carbon to the surrounding
austenitic phase. After this holding, some high-carbon
austenite ()" /yqer ) remained in the microstructure,
besides the formed op plates. Samples were finally
cooled down to room temperature, stage during which
no martensitic transformation was detected. The final
microstructures obtained at room temperature were
called microstructures C. Further details on the dilatom-
etry equipment and on the selection of the parameters
describing those treatments can be found in Reference
10.

The microstructures obtained by the described treat-
ments were characterized by metallographic examina-
tion and by XRD and EBSD measurements. For those
studies, the specimens were sectioned and polished
following a conventional metallographic technique,
including standard grinding with abrasive papers up to
2500 grid and a final polishing stage with 1 um diamond
paste. Some polished specimens were etched with a 2 pct
Nital (2 pct nitric acid in ethanol) solution and the
revealed microstructures were analyzed by optical and
scanning electron microscopy. The preparation
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procedure used for the samples subjected to EBSD and
XRD measurements included etching and polishing
cycles and a last polishing step with a 50 nm colloidal
silica suspension, to remove any martensite that could
have been formed during the grinding step by Trans-
formation Induced Plasticity (TRIP) effect.

XRD measurements were performed by a Bruker
AXS D8 X-ray diffractometer, with a Co X-ray tube
working at 40 KV and 30 mA in parallel-beam geometry
and equipped with a LynxEye Linear Position Sensitive
Detector. Conventional diffraction patterns were col-
lected in Bragg—Brentano geometry, over a 26 range of
45 to 135 deg, with a step size of 0.01 deg. These XRD
profiles were analyzed for phase quantification and
crystallographic information determination according
to the Rietveld method, by using the 4.2 version of the
program TOPAS (Bruker AXS). For this task, the
instrumental functions were empirically parameterized
from the diffraction pattern of a corundum sample. The
mentioned diffractometer was also used to perform
global texture measurements of o, 7" /yqer and ag. To
do so, three incomplete pole figures (PF) were measured
in the back reflection mode, in the range of pole distance
from 0 to 70 deg. The measured PF corresponded to
planes (200), (211) and (110) for «; (200), (211) and
(220) for ag; and (200), (220) and (311) for y " /Pger.
Note that the mentioned oz and y " /y4er PF were selected
to avoid the interference between the (11 1) reflection of
7" /74er and the (110) reflection of o, which cannot be
separated at high tilt angles, when extensive peak
broadening occurs due to defocusing effect. In all cases,
the use of a collimator of 1 mm diameter and the a lineal
detector centered at the 20 position of these reflections
enabled the collection of the whole diffracted intensity
distributed over the angular range in the vicinity of the
ideal focusing point. As the whole peak profile was
covered at the ideal Bragg angle positions, the loss of
intensity due to defocusing was compensated. On the
other hand, the background contribution was eliminated
using measurements taken far enough from the peak
edge on the side of each reflection. From the experi-
mental PF, the orientation distribution function (ODF,
f(g)); was derived by the use of the Bunge’s series
expansion method and subsequently ghost corrected.['®!

Electron-backscattered diffraction (EBSD) measure-
ments were performed by a Zeiss Auriga Compact
FIB-SEM, operating at 20 kV, to study the bainitic
microstructures. In all cases, 230 x 173 um?® areas were
scanned on the transverse section, using a step size of
0.35 um. For all cases, only the ag (bcc) structure was
considered, since 7 * (fcc) is mostly present as thin films,
difficult to be correctly indexed.

The subsequent analyses of the XRD and the EBSD
data were performed by means of MTEX,!"”) a Matlab®
toolbox, and by the Channel 5 EBSD software (HKL
Technology).
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III. RESULTS AND DISCUSSION

In the following sections, the microstructures
obtained by performing the described thermal and
thermomechanical treatments, i.e., microstructures C
in Figure 1, are studied in terms of macro and
micro-texture. To do so, some aspects of the microstruc-
ture A (as-received microstructure) and the microstruc-
tures B (7 /yaer ) are also analyzed.

A. Preliminary Microstructural Characterization
and Macro-texture Analysis

The aim of this subsection is to preliminary charac-
terize microstructures A and C, according to their
microstructure (revealed by optical microscopy or scan-
ning electron microscopy) and their volume percentages
and global texture (measured by XRD).

Figure 2(a) shows the volume percentages of the
different phases identified by XRD for microstructures
A and C. The as-received material, as mentioned, was
quenched and tempered after hot rolling, Figure 2(b). It
presents a completely globalized microstructure without
residual lamellar pearlite colonies. This microstructure
consists of fully recrystallized equiaxial grains of o and a
large fraction of iron carbides 6, both at grain bound-
aries and within grains. The volume percentages of «
and 0 were 95 £ 3 and 5 £ 3 pct, respectively. The
bainitic microstructures, shown in Figure 2(c) through
(f), obtained by either a pure isothermal treatment or by
ausforming treatments, are composed of o plates and
9" /yaer .~ thin films and blocks. The thin films lie
between the oy plates, while blocks separate the o
sheaves. Carbides are not clearly visible in these
microstructures, but its presence is restricted due to
the high Si concentration in the alloy. The volume
percentages of 7" /74er " lay between 16 + 3 and 26 + 3
pct, according to XRD, being the 7" /yger” volume
percentage lower as Tg4.r decreased, as reported else-
where.'”7 The effect of ausforming on some crystallo-
graphic parameters (lattice parameters, tetragonality,
crystallite size and microstrain) was also studied and it
was shown that they barely changed with deformation.

Regarding the global texture, the as-received
microstructure—microstructure A in Figure 1—was
firstly studied. The as-received o global texture was
measured by XRD and its most important texture
components were identified. Figure 3 shows the ferrite
texture in the as-received state and after the pure
isothermal treatment. In this figure, the ¢, = 0 deg and
the ¢, = 45 deg ODF sections are represented, where
the Euler angles are in Bunge convention and the color
scale is included in the right hand side. A schematic
representation showing some common textures compo-
nents is also included. It can be observed that both
textures are very weak, since the maximum intensity of
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Fig. 2—(a) Volume fractions obtained by XRD for microstructures A and C (see Fig. 1); (b to f) micrographs of the same microstructures: (b)
as-received microstructure; (¢) pure isothermal microstructure; (d to f) ausformed microstructures with T4 equal to (d) 520 °C; (e) 400 °C; and
(f) 300 °C. All micrographs correspond to the longitudinal section, where the compression was applied (if applied) vertically.

the ODF is only 1.37. The presence of a weak texture in
the as-received material arises from a texture random-
ization, due to the austenite-ferrite transformation
during the hot-rolling processing. Hence, as observed
in Figure 3(a) and (b), the most important texture
components in the as-received material are a (33 1) fiber
texture along the sample bar axis and some minor
components of the (100) fiber texture.

Secondly, the global texture of the phases present in
the sample subjected to the pure isothermal treat-
ment—microstructure C—were analyzed. The XRD
77" global texture is shown in Figure 4(b), where it can
be seen that there is some weak texture, characterized by
two peaks around (001) and (122), where the former
one is the most predominant component. This texture is
similar to the one typically obtained in hot-rolled steel
bars subjected to a bainitic transformation (‘“‘cylindri-
cal” textures, formed by a mixture of a (00 1) fiber and a
(I11) fiber, where the relative amount of these two
components depend on the stacking fault energy”).

The XRD ap global texture, although weak (see
Figures 3(c) and (d) and 4(j)) is composed of two fibers:
a (33 1) fiber along the Z axis and a fiber texture which
appears in all ¢, sections on a line parallel to the ¢, axis
at ¢ angles in the range 10 to 15 deg. This fiber
orientation represented a (100) fiber separated 10 to 15
deg from the Z axis. According to the Bain®®'' and
Kurdjumov-Sachs*? OR, the {100} and {111}
austenite planes align respectively with the {100} and
{110} ferrite planes and, thus, it was expected that the
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effect of the y — ap phase transformation on the texture
produced a mixture of (001) and (110) fiber textures,
where the bainitic ferrite texture is weaker than the
parent phase texture. However, the obtained texture is
similar to the o global texture observed for the
as-received state (see Figures 3(a) and (b) vs (c) and
(d) and Figures 4(a) vs (j)). Texture inheritance phe-
nomena have been observed in previous works in which
the ap global texture was either completel?f preserved
after austenitization'>>*¥ or just weakened.!*>?®! These
phenomena have been observed regardless of whether
the initial material was bainitic/martensiticl®*>>?" or
pearlitic®® and it has been proven that only austeniti-
zations at high temperatures for prolonged times enable
to suppress the memory effect.” Especially, previous
works by Castro Cerda et al. have elucidated the
inheritance of op global texture after treatments in
which pearlitic microstructures were subjected to inter-
critical austenitization and subsequent quenching to
form martensite.?”) Castro Cerda er al. suggested that
this phenomenon had to do with the oriented nucleation
of 7 in the intercritical austenitization step,*”! as the ap
global texture differed more from the initial one as they
increased the austenitization temperature and, in turn,
the level of austenitization. However, as, mentioned,
these phenomena have also observed in other fully
austenitized steels which transformed to martensite and/
or bainite.”*?*! The role of variant selection on the
texture inheritance phenomena is studied in a subse-
quent section.
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Fig. 3—ODF cuts at ¢, = 0 deg and ¢, = 45 deg for the ferrite in the (a, b) as-received material and (¢, d) after the pure isothermal treatment.
The MRD ranges for the as-received material and for the isothermally treated sample are 0.60 to 1.35 and 0.49 to 1.37, respectively; (e, f)
Schematic representation of the ¢, = 0 deg and the ¢, = 45 deg sections of bcc ODF showing some common textures components.
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Finally, the global texture of the phases of the
ausformed microstructures—microstructures C—were
studied. With regard to their yq¢  global texture, it
can be seen that, considering the axial symmetry
imposed by the macroscopic deformation, the samples
exhibit a fiber texture with the compression axis as the
fiber axis. This texture is stronger as T4.r decreases: the
texture around (011) and (114) increases, whereas it
decreases around (1 11), see Figures 4(c) through (e).
This texture is in good agreement with previous research
on fcc materials subjected to uniaxial compression, with
the (110) directions parallel to the sample bar axis.

The op global texture varies as Tg.r decreases, see
Figures 4(k) through (m). For the ausformed sample
with Tgr = 520 °C, Figure 4(k), there is an intensity
peak around (122), besides scatter from (001) to
(113), similar to the texture obtained for the pure
isothermal treatment, see Figure 4(j). For lower Ty, the
peak around (12 2) becomes weaker, whereas the scatter
from (001) to (113) becomes more pronounced.

In this section, a microstructural characterization and
a macro-texture analysis have been carried out. Some of
the most important conclusions are: (a) the as-received
microstructure consists of « and 0, where the ferrite is
slightly textured; (b) the austenitization step was not
enough to remove the as-received texture completely,

although the texture is weak; (c) the microstructures
obtained by the pure isothermal treatment and the
ausforming treatments are all bainitic, consisting of thin
films and blocks of 7" /yqer” and op plates. Regarding
the texture of 97 /yqer ", it seems to be similar to the one
expected according to the processing route, although the
role of the bainitic transformation on the " /e’
texture will be deeply addressed in Section III-C. The
texture of ap seems to be partially inherited from the
as-received o texture. For the ausformed samples, the op
texture evolves as T4 decreases.

B. y/y4er Reconstruction and OR Determination

The aim of this subsection is to reconstruct the
microstructures B (see Figure 1), which only consisted of
P/7der, and to determine the OR between y/yqger and ap,
corresponding to the isothermal treatment and the
ausforming treatments. From these data, it is possible
to study the effect of deformation on the shape of the
prior austenite grains (PAGs) and to see what the effect
of deformation on the OR is. Moreover, both, the
reconstructed 7/y4of and the OR, are used in later
subsections.

The 7y/y4er Were reconstructed from the oy EBSD
maps, corresponding to microstructures C in Figure 1.

AS-RECEIVED PURE ISOTHERMAL  Tpe=520°C Tper=400°C Tpee=300°C
il i <111> <111> <111>
b) c) d) e) 12
g 1.0
3
y, A d I
w 1
E <001> <011> <001> <011> <001> <011> <001> <011>
w
&
e} f <111> <1311> h <111> . <1115
2 ) g) ) )
o 15
wv
[=a]
w 1.0
0.5
<001> <011> <001> <011> <001> <011> <001> <011>
<111> J) <111> k) <111> |) <111> m <111>
1.5
g
< 1.0
@ 0.5
E <011> <00]; <011> <001> <011> <001> <011> <001> <011> )
[
<111> <111> <111>
w n) a) 15
o
2
] 1.0
<001> <011> <011> <001> <011> 0.5
<111>
=4 r) 11
O w
EE
4
o 1.0
o &
W
T
- 0.9

Fig. 4—Inverse Pole figures along the compression axis (IPFZ) obtained: (¢) by XRD, corresponding to the as-received ferrite, (b to ¢ and j to
m) by XRD; and (f'to i and n to ¢) by selecting some areas of the EBSD maps for austenite (3 /4" » from a to d; and y/yger, from f to m) and
for ap (j to q). The theoretical ag IPFZ obtained by applying the experimental OR to the XRD 7/yq4cr global texture is also shown (r to u).

Intensity in MRD (multiple of random density).
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The 7y/y4er reconstruction can only be performed from
martensitic or bainitic microstructures, which have a
displacive nature, meaning that the bcc structure has a
given correspondence with the fcc structure of the prior
austenite grain (PAG) that it belongs to, the OR.
Although reconstructive transformations also show an
OR, this OR is given between bce and adjacent PAGs
and the reconstruction is, therefore, not possible.
Different OR appears depending on the steel chemical
composition and choosing the OR inaccurately could
lead to error in the 7/y4er reconstruction. For that
reason, different methodologies and pieces of software
were tested to choose the one which presented the best
results in terms of y/yqer texture and PAG morphologies.

First of all, the piece of software Channel 5 was used
to manually identify the PAGs, by making sure that the
og PF of the selected area consisted of certain single
features that could be predicted by the theoretical
OR.P?' The data corresponding to each of the PAGs
were exported to MATLAB® to be analyzed by its
toolbox MTEX. For every PAG, all possible parent
orientations were calculated for every op grain, assigning
the most probable parent orientation to each grain. To
make this calculation, the Greninger—Troiano (GT) OR,
ie., (0.120.180.98) 44.26 deg,*" previously observed in
steels with similar carbon content as the one of this
study,®! was assumed (and later corroborated).

The PAGs were automatically reconstructed by dif-
ferent pieces of software: ARPGE[32]; an in-house
program; and PAG_GUI, a program developed by
Nyyssonen et al.**! The comparison between the results
obtained by the mentioned programs and by the manual
reconstruction revealed that PAG_GUI is the most
reliable option, as its reconstruction is the closest to the
manual one in terms of grain morphology and local
texture. The outstanding performance of the program
PAG_GUI is mainly due to a prior stage implemented in
the code for the determination of the experimental OR,
which is achieved by refining the Kurdgumovaachs
(KS) OR, ie., (0.180.180.97) 42.85 deg.*”! Therefore,
all subsequent reconstructions were carried out by using
PAG_GUL

The experimental OR is extremely close regardless of
the sample, see Table I; the maximum misorientation
angle between all of them is 0.87 deg, which shows that
the OR did not vary significantly because of the applied
plastic deformation, in good agreement with previous
studies.**!

The observed differences between the OR for the four
samples can be explained based on the ap orientations
scattering. Figure 5 shows the (110) PF of four
randomly selected PAGs, each of them corresponding
to one of the conditions. In each PF, the theoretical op
orientations, calculated by applying the corresponding
OR to the reconstructed y/y4cr Orientation, are depicted
in black. As can be seen, for the pure isothermal
condition, see Figure 5(a), most of the orientations are
barely misoriented with respect to the theoretical orien-
tation, i.e., the scattering is not pronounced, in good
agreement with the assumption of the OR not changing
with the 77 /pqer” carbon content during the
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transformation, as stated by Smith and Mehl.*>) How-
ever, as Tg.r decreases, see Figures 5(b) through (d), the
scattering is more noticeable, most likely because of the
deformation in the lattice structure.*® In addition, some
experimental variants seem to be missing, which would
impair the optimization made by PAG_GUI. For that
reason, from now on, the OR determined for the pure
1sothermal condition is assumed, as it is the most reliable
one. This experimental OR is only misoriented by 0.27
deg with respect to the GT-OR, whereas the misorien-
tation angles with the Nishiyama—Wassermann OR
(NW-OR), i.e., (0.20.080.98) 4598 deg and the
KS—OR are 2.63 and 2.67 deg, respectively.

The reconstructed y/y4er EBSD maps can be useful to
evaluate the effect of deformation on the shape of the
PAGs, by comparing their equivalent diameter (PAG-
D.q) on the transverse section. Note that compressing 7y
along the Z axis ideally increases PAG-D.q, when
measured on the transverse section. With that aim,
PAGs were defined as regions within which the nearest
neighbor (correlated) misorientation angle values were
lower than 10 deg, i.e., PAG boundaries were defined by
misorientation angles higher than 10 deg. For this
analysis, all boundaries whose misorientation angles lay
between 58 and 62 deg were not considered as PAG
boundaries but as annealing twins, since annealing twins
are characterized by a 60 deg misorientation about the
(111) axis, according to Carpenter and Tamura.®”)
Figure 6 shows ap maps, displayed in Z axis—inverse
pole figure (IPF) coloring, where those two types of
boundaries are shown. The equivalent diameter relative
frequency histograms are superimposed on the maps
and the calculated average PAG-D.q values correspond-
ing to each sample can be found in Table I, by their
standard deviations. As can be seen, the effect of the
applied deformation on the value of PAG-D.q is
negligible, as all average values are similar, considering
the associated error, and as the histograms are similar in
terms of intensity and shape. Most likely, the applied
plastic deformation (below 8.5 pct in all cases) was not
high enough to lead to significant changes in the y4cr
microstructure in terms of morphology. Moreover, the
value obtained for the pure isothermal condition is
consistent with the one measured in Reference 10 by
thermal etching in the same steel and for the same
austenitization temperature, 18 um.

As a summary, in this subsection, the y/yqer EBSD
maps (representative of microstructures B in Figure 1)
were reconstructed from the EBSD maps of the bainitic
microstructures (microstructures C in Figure 1) by using
the piece of software PAG_GUI, which led to the best
results and enabled to refine the OR. The next conclu-
sions are drawn: (a) the OR does not change with
deformation; small fluctuations are associated with the
deformation in the lattice structure; (b) the steel OR was
assumed to be the one obtained for the pure isothermal
condition, as it is the one subjected to the lowest lattice
deformation, i.e., (0.130.180.97)44.41 deg. This OR is
only misoriented by 0.27 deg with respect to the GT-OR
and (c) the applied plastic deformation, always below
8.5 pct, was not high enough to lead to significant
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Table I. Data Obtained From the y/yq.r Reconstruction, Done by PAG_GUI, Where the Orientation Relationship (OR) is in
Axis-Angle Convention and SD Stands for Standard Deviation

Sample OR PAG-D¢q &+ SD (um)
Pure Isothermal (0.130.180.97)44.41 deg 158 £ 84
T4er = 520 °C (0.130.180.97)44.67 deg 142 £73
Tyer = 400 °C (0.120.170.98)44.76 deg 143+ 7.1
Ter = 300 °C (0.130.160.98)44.59 deg 142 +£ 89

The ausforming treatments can be identified by their deformation temperature 7ger.

(b)

(d)

Experimental o, orientations

® Theoretical a orientations according to the experimental OR

Fig. 5—ap (110) pole figures of randomly selected PAGs, where the blue circles are the experimental op orientations and the black circles are
the theoretical ap orientations for the corresponding PAG considering the corresponding experimental OR output by PAG_GUI (close to the
GT OR). Data correspond to: (a) pure isothermal treatment; (b) ausforming at 520 °C; (c) ausforming at 400 °C and (d) ausforming at 300 °C

(Color figure online).

changes in the 7y4of microstructure in terms of

morphology.

C. Evolution of the Austenite Global Texture During
the Isothermal Step: Comparing 7/} 4oy to y+/ydef+

When the study of the global texture of a given phase
is aimed, reliable statistics are required. XRD is more
appropriate than EBSD, since the latter measures the

METALLURGICAL AND MATERIALS TRANSACTIONS A

structure at the very surface of the sample. However,
one question arises: whether it is correct to assume that
the 7 " /yqer - global texture obtained by XRD—global
texture of the austenite present in microstructures C in
Figure 1—is statistically equivalent to the y/yqer global
texture—global texture of the austenite present in
microstructures B in Figure 1. Although, in Sec-
tion ITT-A., the texture of 7 /p4er is apparently similar
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Fig. 6—Transverse ag IPF-Z maps, where the PAG boundaries, represented by blue lines, and the twin boundaries, represented by red lines,
have been superimposed. Note that all pixels are indexed as the data has been subjected to noise reduction techniques for a cleaner
representation. The maps correspond to (a) pure isothermally treated sample; (b) ausformed sample with Tyer = 520 °C; (¢) ausformed sample
with Ty4er = 400 °C; and (d) ausformed sample with Tgr = 300 °C. The equivalent diameter relative frequency histograms are superimposed on
the images, where the units of the horizontal axis are um (Color figure online).

to the one expected according to the processing route,
some discrepancies were found.

Present micro-segregation can make the austenite
texture vary as the bainitic reaction progresses. In such a
case, the T, curve, which indicates the carbon content
for which the bainitic transformation should stop (and,
thus, the volume fraction of op to form[38’39]), could
locally vary. Hence, some PAGs could transform to a
lower extent—they could have lower volume fractions of
ag—than other PAGs. This phenomenon would lead to
a change in the 7" /yqr " global texture in comparison
with the y/yqer global texture, as the ‘predominant’ y "/
vaer | orientations would correspond to the PAGs with
the lowest carbon contents at 7.

There are also some reasons why the austenite texture
could change during the bainitic transformation in
ausforming treatments. During the compression step,
the deformation applied to the PAGs is inhomogeneous,
because the plastic deformation that a PAG undergoes
depends on the orientation of the sli&o system with
respect to the deformation direction.*”! As a conse-
quence of the plastic deformation, y4.f can get mechan-
ically stabilized against bainitic transformation,®”
therefore, it is reasonable to think that the PAGs with
higher plastic deformations could have lower volume
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fractions of ag than other PAGs that have not under-
gone such a big plastic deformation. This phenomenon
would lead to a change in the yqr " global texture in
comparison with the y4.r global texture, as the ‘predom-
inant’ yq.¢ ~ orientations would correspond to the most
mechanically stabilized PAGs. Such effects have been
traditionally assumed to be negligible and both, y/yger
and 77 /yaer global textures, have been assumed to be

similar, 4%

In this subsection, the global textures of /yqerand ™/
vaer . are compared in order to know whether they are
equivalent or whether the austenite global texture
evolves during the transformation. If it is proved that
the austenite global texture does not vary during the
bainitic transformation, the ™ /yqer - texture (which was
obtained by XRD and is, thus, much more reliable) can
be used as representative of y/yqer in latter subsections
which require a deeper analysis.

As mentioned, to confirm whether the mentioned
assumption is correct or not, it is necessary to compare
the global texture of 7/74er to the 7™ /p4er global texture.
Whereas the latter one was obtained by XRD, obtaining
the former one is not straightforward by y reconstruc-
tion. The EBSD maps were shown not to be represen-
tative of the global microstructure, as the op local
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texture obtained from them was not representative of
the op global texture obtained by XRD—a larger EBSD
area should have been scanned. Therefore, to obtain the
global y/y4er textures, areas from the EBSD maps were
selected in such a way so that their ag local textures
(EBSD) were similar to the ap global textures (XRD),
see Figures 4(j) through (m) vs (n) through (q). The y/
v4er local textures of a selected area whose local op
texture was the same, or similar to, the global ap texture
can be assumed to be representative of the global y/yger
texture too. The y/yqer local textures of the selected
EBSD areas, assumed to be equal to the y/y4er global
textures, are shown in Figures 4(f) through (i). If these y/
vaer global textures are compared to the XRD 9™ /pqer
global textures, see Figure 4(b) through (e) vs (f) through
(1), it can be proved that the global texture of the yger
phase remained unchanged during the transformation.
Note that differences in terms of intensity can be due to
the different resolutions of the applied techniques: XRD
enables to obtain a better picture of the 7™ /pger”
texture, whereas resolution limitations of the EBSD
technique or y/yqer reconstruction errors could lead to
lower texture intensities. Therefore, the discrepancies
shown in Section III-A with respect to the expected
textures could be due to small inhomogeneities during
the hot-rolling process which made the as-received
texture not to be exactly the expected one.

In this section, it was proved that the austenite global
texture was not modified during the bainitic transfor-
mation, regardless of whether it was previously plasti-
cally deformed or not. Hence, in the next section, whose
aim is to study the global texture of y/y4er and ag, only
XRD data are used, as their reliability is much higher
than the one of EBSD in this matter.

D. Variant Selection Analysis

1. Qualitative study of variant selection

The aim of this section is to qualitatively assess the
phenomenon of variant selection by using XRD diffrac-
tion measurements, once it was proved that the global
texture of both 7y/yq.r—austenite belonging to
microstructures B in Figure 1—is equivalent to the
global texture of 7" /yger” in microstructures C in
Figure 1, see Section I1I-C.

Firstly, in Section III-A., it was shown that the global
texture of ap in the pure isothermal specimen resembled
the one of « in the as-received material. The role of the y
texture on the ap texture was studied by calculating the
expected ap global texture under no variant selection
conditions, by applying the experimental OR to the
corresponding XRD 7" global texture and forcing all
possible crystal orientations of ap to be equally prob-
able. The so-calculated textures are referred to as
theoretical ag global textures from now on. The exper-
imental vs. theoretical ap global textures can be found in
Figure 4(j) and (r), respectively. While, as mentioned,
the experimental XRD og global texture is characterized
by two peaks around the directions (133) and (001),
the theoretical ap global texture has its maximum
intensity around the (0 1 1); and besides, its lowest
intensity can be found around (11 1). This comparison
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proves that the transformation occurred anisotropically,
although probably not very pronounced, based on the
low texture intensities. In a previous study, Bhadeshia
et al* also found out that samples isothermally treated
at different temperatures present anisotropic behaviors
in terms of the dilatations observed during the isother-
mal holding, i.e., samples were not expanding in the
same amount along the radial and the longitudinal
directions, i.e., isotropic. These results were replicated in
the current study and, although the dilatation along the
transversal direction was only slightly longer than the
dilatation along the rolling direction, they were differ-
ent. Bhadeshia e al.** explained that this behavior had
to be forcedly accompanied by a variant selection event,
as an isotropic transformation could not lead to
differences in dimensional changes, even though the
parent austenite was textured. The reason given for the
observed changes was that y texture favored the nucle-
ation of specific ag variants. The results of the present
work support this hypothesis, showing its link with the
inheritance of the ap global texture.

Lastly, the role of the y4.r global texture on the
bainitic transformation in the ausformed samples was
also studied by calculating the theoretical ag global
textures in the same way as for the pure isothermal
treatment, see Figures 4(s) through (u). It can be seen
that the experimental op global texture of the sample
ausformed at the highest temperature is the only one
similar to the theoretical one, which proves that there is
a macroscopic variant selection effect governing at least
the remaining phase transformations, especially for the
ausforming treatment with T4.r.= 400 °C. This is in
good agreement with the results by Gong et al.,”) where
differences in the ap global texture after an ausforming
treatment with respect to the theoretical one were also
observed for a high-carbon bainitic steel. These results
also agree with the ones obtained in Reference 10, which
showed a positive intensity of the dimensional changes
in length vs time, obtained during the isothermal holding
of the ausforming treatment at 520 °C; whereas negative
intensities were obtained for the two other Tg4.r, where
the effect was more pronounced in the case of Ty =
400 °C. Although the ausforming treatment with 7Tgep. =
300 °C was expected to have both the lowest signal and
the strongest variant selection, the possible formation of
martensite during the compression step might have
affected the bainitic transformation, as reported in
Reference 8.

In this section, the phenomenon of variant selection
was qualitatively addressed. Some of the drawn con-
clusions are: (a) for the pure isothermal treatment, the
ap global texture cannot be explained by the observed
y/y" global texture and has to be associated with
variant selection effects; and (b) the measured ap global
texture in ausformed specimens only can be explained
by the observed yp/yp " global texture in the case of
the ausforming at 520 °C, whereas the ap global
texture observed in the specimens ausformed at 400 °C
and 300 °C cannot be explained by the observed yp/
o' global texture, phenomenon linked to variant
selection.
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2. Micro-texture analysis and quantitative study
of variant selection

In this section, variant selection is approached from a
quantitative point of view. The microstructures obtained
by the pure isothermal treatment and the ausforming
treatments—microstructures C in Figure 1—were fur-
ther analyzed by using the EBSD areas sclected in
Section III-C, which are representative of every condi-
tion. Statistically, the number of variants in the PAGs of
every condition and the area that they occupied were
estimated to know which treatment is associated with
the most severe variant selection. Using this approach
enables to study variant selection independently, not
having to choose any convention related to the global
system.

To quantify variant selection, selected areas of the
EBSD maps were divided into MTEX ap grains. A
MTEX op grain was defined as a group of pixels with
neighbor-to-neighbor misorientation angle below 3 deg.
Lower misorientations than 3 deg were not considered
as they correspond to local misorientations, i.e., small
misorientations due to deformation within the same
crystallographic sub-block. By comparing the crystallo-
graphic orientation of a given ap grain to the y/y4er
orientation of its corresponding PAG, it is possible to
identify its crystallographic variant. In order to use a
common convention for any PAG, each y/yqr orienta-
tion was substituted by its crystallographic equivalent
for which the Z-axis was contained in the triangle
delimited by the crystal directions [0 0 1]-[1 1 1]-[0 1 1].
The reason lying beneath this convention is discussed in
a latter section. Table II shows the 24 crystallographic
variants of the experimentally estimated OR, besides the
set of planes and directions that must fulfill parallelism
and the groups of variants that form a block (B), a P and
a BG.

For every ith variant (Vi), belonging to a jth PAG
(PAG.)), its area (Ay;;) was determined as the summa-
tion of the area of all the blocks in PAG_j. The area
percentage of each variant (4Py;;) relative to the area of
PAG_j (Apsc_j) was calculated as:

Ay
7100 1]
PAG_j

APy;; =

A PAG which is not governed by any variant selection
effect should ideally have 24 variants, each with the
same area APy;;, ie., 42 pct. In each PAG, the n
variants whose area APy;; exceed 4.2 pct are named
predominant variants from now on. A sample with
strong variant selection should present a small average
n, i.e., there are few variants that are predominant,
accompanied by an increase of the average area of any
predominant variant. In this way, even though there are
few variants with a larger APy;; than 4.2 pct, those
variants occupy most part of the PAGs. Figures 7(a),
(¢), (e), (g) shows histograms of the number of
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predominant variants n in a PAG, i.e., the relative
frequency RF, vs n; where RF, was defined as:

RE, = N,/N, x 100 2]

N, is the number of PAGs with n predominant vari-
ants; and N, is the total number of analyzed PAGs.
Figures 7(b), (d), (), (h) depicts the histograms of the
area of the most predominant variant in a PAG, i.e.,
the relative frequency RFap, .. vs APy _max,, where
RFap, ., and APy .y, were defined by Egs. [3] and
[4]. N, is the number of PAGs whose most predomi-
nant variant area is APy_pmay ;.

RFAPV—maX,/ = an/N, x 100 [3]

APmeax.j = max{ (APV,'J') [4]

i:lm24}

Although only the histograms corresponding to
APy_nax,; are shown in this work, the trend for any
other predominant variant follows the same behavior as
explained below.

It can be seen that a certain degree of variant selection
is already found even for the pure isothermal treatment,
see Figures 7(a) and (b), as most of the PAGs have §
predominant variants and the most predominant one
has, on average, about a 20 pct of the total PAG area, in
good agreement with the results obtained in Sec-
tion III-D-A. Regarding the ausforming treatments,
variant selection is stronger as Ty decreases, since there
are less predominant variants that take most of the area
percentage, see Figures 7(c) through (h), ie., few
variants occupy most the PAG area. These results are
in good agreement with previous works, which reported
variant selection by estimatin% the area percentage of
variants in single PAGs.>%!1%1%]

The present results indicate that the variant selection
phenomenon observed in the ausformed samples is a
product of two different mechanisms and that they affect
global texture in a different way. The first of the
mechanisms is the one that controls the transformation
during the pure isothermal treatment and is dependent
on the as-received global texture. However, the second
type of mechanisms depends on the plastic deformation
applied during the compression stage in ausforming
treatments. As already discussed in Section III-D-A.,
no effect of variant selection on the global texture was
detected for the sample ausformed at 520 °C, which
suggests that both effects were cancelled out at the
macroscopic scale. For deformations applied at lower
temperatures, the effect of the plastic deformation
predominates over the global texture memory effect.

Therefore, in this section it is concluded that all the
microstructures, obtained after conducting either the
pure isothermal or the ausforming treatments,—C in
Figure 1—show variant selection. This conclusion was
met after statistically studying how many variants are
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Table II. Experimental OR Variants, Showing the Parallel Planes and Directions Correspondence

OR Parallelism

Packet Block. Variant Bain Group Parallel Planes Parallel Directions
Pl Bl 14 BGl (111),//(0.0031.2521.24), [17512] //[0.4421.636 1.652],
V2 [17125] //[0.4421.6361.652],
B2 V3 BG2 5121 ]}//W16361652]a
V4 [12517],//[0.4421.636 1.652],
B3 Vs BG3 [12175]. //[o 4421.6361.652],
V6 [51712], //[044216361652]1
P2 B4 V7 BG1 (111),//(0.0031.2521.24),,, [17512],//[0.4421.6361.652],
V8 [17125],//[0.4421.6361.652],
BS V9 BG2 [51217],//[0.442 1.636 1.652],
V10 [12517],//[0.4421.636 1.652],
B6 28 BG3 (1217 ]//[0 4421.6361.652]
V12 [51712],//[0.4421.6361.652] ,
P3 B7 V13 BGI (T11),//(0.0031.2521.24),, [17512],//[0.442 1.636 1.652]
Vi4 [17125],//[0.442 361652]y
B8 V1s BG2 [51217] [0 4421.6361.652]
V16 [12517]. //[04421 6361.652],
B9 V17 BG3 [12 75] //]0.4421.6361.652]
V18 [51712],//[0.4421.6361.652],
P4 B10 V19 BGl (111),//(0.0031.2521.24),,, [17512], //[0 4421.6361.652]
20 [17125], //[0 4421.6361.652],
Bl11 121 BG2 [51217]. //[0.442 1.6361.652]
V22 [12517 ],//[0‘4421.6361.652]&(
B12 V23 BG3 [1217 5], //[0.442 1.636 1.652],
V24 [51712],//[0.4421.6361.652],

v

present in the PAGs of all microstructures and how
much area they are taking from the corresponding
PAG area. In addition, this conclusion agrees with
many authors who quantified variant selection by
estlmatmg the area percentage of variants in single
PAGs.>%1213] Results prove that variant selection
occurred even when prior deformation was not
applied, although it became stronger as deformation
was applied at a lower Ty The results also suggest
that there are two types of mechanisms affecting
variant selection: the ones that are related to the
texture inheritance phenomenon explained in Sec-
tion III-D-A, which explain why variant selection is
found for the pure isothermal condition, and those
related to the applied plastic deformation. The lower
Tger 18, the more predominant the latter mechanisms
are over the former ones. This is the reason why no
effect variant selection on the global texture was
detected for the sample ausformed at 520 °C, see
Section III-D-A.

METALLURGICAL AND MATERIALS TRANSACTIONS A

E. Theories on the Variant Selection Phenomenon
in Ausformed Samples

In this section, some of the variant selection theories
described in the literature for the formation of bainite
under ausforming conditions are discussed. Although,
as mentioned, those models apply for transformations
occurred during ausforming treatments, for the sake of
discussion and trends, results are also compared with the
ones obtained for the pure isothermal treatment.

Some authors have suggested that, for ausforming
treatments, the selected variants belong to the same
BG!"? or to the same P, whereas others suggest that
the variant selection phenomenon is associated with the
formation of dislocations during the deformation stage.
In this case, each variant would correspond to a specific
slip system and the variants whose associated SS
contained a higher amount of dislocations would appear
more frequently.'” All premises are tested in the
following paragraphs.
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Fig. 7—Histograms from o EBSD maps representative of the global texture showing (a, ¢, e, g) RF, vs n and (b, d, f; h) RFap,_, vs
APy _max,;. Variables are defined in the main text. Data corresponds to: (a, b) a pure isothermal treatment; (c, d) an ausforming treatment with
Taer = 520 °C; (e, f) an ausforming treatment with T4 = 400 °C and (g, h) an ausforming treatment with T4.r = 300 °C.

1. Relationship among the observed variants

In order to test the first premise—the selected variants
belong to the same BG,!"? variants were numbered as
explained. First, for each PAG, BGs were arranged
according to their area percentage (APggy,) in descend-
ing order. Then, within each BG, the corresponding
variants were arranged according to their APy;; in
descending order. Under such a convention, variant 1 is
the most frequent variant belonging to the BG with the
largest APggy, , variant 2 is the second most frequent
variant from the BG with the largest APggy j, and so on.
Each BG and each variant under such an order are
referred to as BGkgg and Vigg, respectively. Therefore,
the area percentage of the kggth BG in the jth PAG is
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APgGr,;; and the area percentage of the iggth variant in
the jth PAG is APy, ;. The average area percentages of
the variants, considering all PAGs from the selected
EBSD maps, where variant numbers (igg) were assigned
as explained before (APy;, ), were calculated by Eq. [5].
Additionally, the average area percentages of the three
BGkpg (APggi,;) were calculated by using Eq. [6].

SNV APy
AP i = == B 5
VBG N[ [ ]
N,
Y AP ;
APy, — =00 6]

N,
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variables have been defined in the main text.

While APy;,, can be found in Figure 8 as a function
of igg by their standard deviations, APpgk,, are
depicted in the same figure by horizontal lines. It can
be observed that variants with the highest area percent-
ages (APyy,., APy, and APy,7,.) do not belong to the
same B@G, but they are present in all three BGs. It is
worth noting that the difference between APpg,, and
APpG3,, increases as Ty.r decreases, owing to a larger
value of APy, for the most predominant variant in
every BGkgg (Vlsg, V98 and V17gg), as discussed in
Section I1I-D—A, whereas APy, values for other Vipg
in the BGkpg remain similar. The theory suggested by
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He et all'? found a different trend in a high-carbon
high-silicon steel subjected to ausforming treatments at
T4er = 300 °C, same temperature at which the isother-
mal treatment for bainitic transformation took place. In
that work, all variants belonging to the predominant
BGs contributed to the area percentage supremacy of
the corresponding BG, unlike it was observed in the
present work.

The second premise is based on Miyamoto et al.’s
work,!""" who performed ausforming treatments in a
low-alloy low-carbon steel. In that work the deforma-
tion steps at 700 °C were followed by quenching or a
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Fig. 9—APy; of variant i formed by («) a pure isothermal treatment; (b) an ausforming treatment with Tgr = 520 °C; (¢) an ausforming

treatment with Tyor = 400 °C and (d) an ausforming treatment with Ty =

300 °C. Dashed lines represent the area percentage that would be

expected without variant selection. The grey areas show which packets the variants belong to, whereas the marker colors change depending on

the BG to which the variant belongs (Color figure online).

pure isothermal holding at 400 °C, obtaining martensitic
or bainitic structures, respectively. Miyamoto showed
that variants showing the parallelism (111)//{011} or
(111)//{011} and, thus, belonging to P1 or P3 (sce
Table II), were more prone to appear. In that work, to
identify the variants, they indexed the austenite orien-
tations so that the Z-axis was contained in the triangle
delimited by the directions [0 0 1]-[1 1 1]-[0 1 1], same
methodology that was followed in the present work. In
this way, the primary compression SS is always
(111)[101], whereas the secondary SS for this state
can be either (111)[110], (T11)[101] or (111)[011].
Moreover, the variants of each PAG were numbered
according to a global coordinate system. To prove the
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premise by Miyamoto et al., the average area percent-
ages (APy;) of each of the variants of the selected EBSD
maps mentioned in Section I1I-B., numbered according
to Table II, were estimated by Eq. [7] and are shown in
Figure 9.

> APy
Ny

APy; = [7]

The expected values of APy; for each of the variants,
in a random distribution (APy; equal to 4.2 pct for
i=1...24), is depicted by a horizontal dashed line; the Ps
are identified by shadowed areas and the color of the
markers depends on the BG to which the variant
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Table II1. Bishop and Hill Slip Systems, Corresponding KS Rotation Axes and Rotation Axes of the Experimental OR
Determined in This Work

BH SS Slip Plane Slip Direction KS OR Rotation Axis Experimental OR Rotation Axis Experimental Variant
al (rrn [01T] [21T1] [0.831 0.379 0.408] Vs
-al [0T1] 211] [0.8310.408 0.379] |
all [T01] [T27] [0.408 0.831 0.379] Vi
-all [101] [121] [0.379 0.8310.408] va
alll [1T0] [112] [0.379 0.408 0.831] V3
-alll [T10] [112] [0.408 0.379 0.83T] V6
bl (1171) [011] 211] [0.831 0.3790.408] V19
-bl [011] [211] [0.831 0.408 0.379] V22
bl [TOT] [127] [0.408 0.831 0.379] 121
-bII [101] [121] [0.379 0.831 0.408] V24
bIII [1T0] [112] [0.379 0.408 0.831]] 123
-bIIT [T10] [112] [0.408 0.379 0.831]] 120
cl (T11) [011] [211] [0.831 0.379 0.408] V16
-cl [0T1] [2171] [0.8310.408 0.379] Vi3
cll [101] [121] [0.408 0.831 0.379]] V14
-cll [TOT] [121] [0.379 0.831 0.408]] V7
cII [1T0] [112] [0.379 0.408 0.831] V18
-cIlI [110] [112] [0.408 0.379 0.831]] V1s
dI (111) [0TT1] 211] [0.8310.3790.408]] V12
-dl [011] [211] [0.831 0.408 0.379]] V9
dIn [T01] [121] [0.408 0.831 0.379) V10
-dIT [10T] [127] [0.379 0.831 0.408] V7
dIr [110] [112] [0.379 0.408 0.831] V8
-dIIT [110] [T12] [0.4080.379 0.831] 48!

The variants to which the experimental OR rotation axes correspond, according to Table II, can be also found.

belongs. The obtained results agree with the ones of
Miyamoto et al., as it is shown that variants in P1 and
P3, specially V4 and V16, are more frequent as Tyer
decreases. Moreover, as Tyer is lowered, the values of
APy, corresponding to the variants in P2 and P4
decreased way below 4.2 pct, except for the values
corresponding to 9 and V21, which remain close to 4.2
pct.

These results show that the selection of variants can
be better described in terms of their belonging to
packets, if variants are defined according to a global
reference frame, rather than by the activation of certain
Bain groups. The fact that variants corresponding to the
packets P1 and P3 are more prone to appear suggests
that the phenomena might have to do with the effect of
deformation mechanisms in p4.r. The next subsection
reviews some of the models explaining variant selection
based on deformation mechanisms.

2. Mechanisms governing variant selection

Sum and Jonas!'™ proposed that the presence of
dislocations in prior austenite previously subjected to
deformation (in their case, through rolling) is directly
related to the occurrence of variant selection in marten-
sitic structures. They proposed a model based on the SS
slip activity and they claimed that their model was able

METALLURGICAL AND MATERIALS TRANSACTIONS A

to predict global transformation textures in the presence
of variant selection accurately. This model relies on the
one-to-one correspondence between the Bishop and Hill
(BH) SS of austenite, {111}(110),**) and the
twenty-four variants of the KS OR. The KS OR was
represented by 90 deg rotations about all austenite
(112) axes, which were equal to the cross product of the
corresponding slip direction and slip plane normal. The
model by Sum and Jonas was later verified to be
accurate for hot-rolled austenite by other authors.*¢ %!
In addition, the model was also extrapolated to the
NW-OR by considering the presence of partial disloca-
tions,*?! which was proven to accurately predict the
global textures of martensite and bainite grown from
hot-rolled austenite.***! Gong er al”) used a simplifi-
cation of this model to explain variant selection in
ausformed nanobainite with a NW-OR, by analyzing
three PAGs in which they showed that the formed
variants were the ones corresponding to the austenite SS
with the highest Schmid factor (SF). Note that the
deformation was applied through compression, as in the
present work. Table IIT includes all BH SS and their
correspondence with the KS rotation axes. The model
states that the nucleation of variants is affected by the
dislocations remaining on the slip planes; some of them
are active dislocations, and some of them (called
unstressed dislocations) can be formed by in-plane
reactions involving at least one active dislocation.
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A study homologous to Gong et al.’s! was performed
for the current microstructures by using the recon-
structed y/yqer data and the op data from EBSD.
Although, in this case, the OR is considered to be
neither the KS nor NW OR. Instead, a rotation close to
<axis>90 deg and in agreement with the experimental
OR was determined, according to Bishop and Hill.** +*!
In this case, the rotation meeting this criterion is
(0.3790.408 0.831) 90.20 deg. In this way, each of the

24 crystallographic variants was associated with a slip

system so that the experimental OR rotation axis is as
close as possible to the cross product of the slip direction
and the slip plane normal. For the given rotation, the
result of such cross product is only misaligned by 1.88
deg with respect to the calculated rotation axis. The
experimental OR rotation axes that corresponds to each
of the BH SS are also included in Table III.

For the selected EBSD maps, for each variant i, the
Schmid Factor (SF) Weighted Average (SF;,_wa) were
calculated as follows:

Pure |sothermal

a)g 0s
L 'l!‘

054 | 1 1 |
T

def

=520 °C

SF Weighted Average

SF Weighted Average

_0.5\ 1 I I
4 5 6 7 8 9

SF Weighted Average

N
N
w

10 1

1
12 13 14 15 16 17 18 19 20 21 22 23 24
i

Fig. 10—SF;_wa (black bars) and SF; nvs (white squares) as a function of i for the EBSD maps representative of the global texture. Data
correspond to: (a) pure isothermal treatment; (b) ausforming at 520 °C; (¢) ausforming at 400 °C and (d) ausforming at 300 °C.
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SN Avij - SFy
vaz’l Apac_j

where SF;; is the SF of the BH SS associated with the
ith variant in the PAG_. These SF,_wa values were
compared to the ones that would be obtained if no
variant selection occurred (SF;_nvs), calculated as:

S, (Arac, - SF.)
2450 Apac

SFi_wa = 8]

SFi_nvs = 9]

Note that, because the y/yqer texture is not random,
not all SF;,_nvs values are equal. Figure 10 shows
SF,_wa and SF,_nvs as a function of the variant number
i

Since variants were indexed with respect to the global
coordinate system, as explained before, the sign of both
SF;_wa and SF; nys for a given variant 7 is always the
same and there are also some trends with respect to their
intensities. Therefore, SF; is always the highest SF;; for
any PAG PAG_j, followed by SF¢ ;, SF14; and SFi9, not
always in the same order. The lowest SF;; is always SFy ;,
which has the most negative value for any PAG PAGj,
followed by SF3;, SF7; and SF», in a different order
depending on the y/yqer orientation. According to the
previously explained study by Gong er al.,”’ variants
associated with highly active SS should appear in a higher
fraction. However, neither APy APys, APy 14 nor APy
exceed 4.2 pct in any case, see Figure 9. In addition, as
previously shown, variant selection in ausformed samples
led to an increase of APy and APy¢, especially, whose
corresponding SF4_wa and SFs_wa is negative, i.e., the
corresponding SS (-all and cl, respectively) are not active.

Therefore, the simplified model by Gong er all”’
cannot explain the present experimental results, which
could be due to the fact that the accuracy of the model is
not good and, thus, applying another dislocations-re-
lated model—such as Sum and Jonas!"*—would be
enough to explain the phenomena. Another possible
explanation can be that the reason lying underneath the
variant selection is not related to dislocations but to
residual stresses remaining in the microstructure. In this
sense, some authors have concluded that macroscopic
stresses do not })lay a role in variant selection during
ausforming.'"**! However some other works have
argued that variant selection in plastically deformed
austenite could be the result of intergranular or intra-
granular residual stresses. Such stresses would interact
with the volume and shear strains associated with the ap
plates as it occurs during martensitic/bainitic transfor-
mations subjected to stress.'®!'”! A further study is
required in order to elucidate whether either dislocations
or residual stresses govern the selection of crystallo-
graphic variants during ausforming processes.

IV. CONCLUSION

The orientation relationship between y/y4cr and the agp,
close to the one evidenced by Greninger—Troiano, is not
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altered by plastic deformation in the studied steel.
Possible differences may be due to the deformation of
the crystal lattice.

The austenite texture is not modified during the
bainitic transformation in ausforming treatments, indi-
cating that possible inhomogeneus plastic deformation
coming from the y polycrystalline structure does not
affect significantly the volume fraction of ap. As
expected, the austenite texture does not change during
the bainitic transformation in pure isothemal treatments
(without prior deformation) either.

A variant selection phenomenon is detected for the
microstructure obtained by a pure isothermal treatment.
This variant selection is due to a texture memory effect:
the global texture of the oy is slightly inherited from the
global texture of the o present in the as-received
material, hot-rolled bars.

The bainitic transformations occurred during aus-
forming treatments are also controlled by variant
selection phenomena, which are more pronounced as
the deformation temperature decreases. The mecha-
nisms driving variant selection during the pure isother-
mal treatment still govern the transformation, although
they are cancelled out by new mechanisms related to the
applied plastic deformation.

A quantitative study has revealed that variants are not
selected based on their Bain group, neither during the
pure isothermal nor during the ausforming treatments, as
opposed to what was suggested by other authors. For an
EBSD indexing convention based on the global coordi-
nate frame, where the sample Z-axis lies within the
triangle delimited by the 7/y4¢¢ crystal directions [0 0 1]-[1
1 110 1 1], it has been observed that the variants
corresponding to certain packets are more prone to
appear, in good agreement with Miyamoto et a/.l'!!

The simplification of the model of Sum and Jonas
applied by Gong et al., which links every crystallo-
graphic variant with a given y/y4e¢ SS, predicting that
variants corresponding to SS with the highest SF are
more favored to form, is not able to explain the
observed variant selection. A further study is required
in order to make conclusions on whether either dislo-
cations or residual stresses govern the selection of
crystallographic variants during ausforming processes
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