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Complementary Shear Banding During Warm Rolling ®

Check for

of Alloy 625 Leads to Uncharacteristic Development

of y-Fiber Texture

ASHWIN KUMAR GODASU, SUMEET MISHRA, UJJWAL PRAKASH,
ARUNANSU HALDAR, and SUHRIT MULA

In the present study, we propose a novel interpretation of y-fiber (111)||ND development during
warm rolling of superalloy 625 solely based on reaction stresses generated across the shear
bands (SBs) in contrast to the typical twin rotation mechanism suggested in low-SFE materials.
Alloy 625 develops a weak Cu-type texture up to intermediate rolling stages with planar
dislocation slip as the dominant deformation mechanism. Thereafter, a drastic shift in the
deformation mode from the planar slip to extensive non-crystallographic shear banding is
observed. The micro-SBs that primarily originated in Cu-oriented grains have extended into
neighboring grains upon further deformation and some of them ceased only after reaching the
sample scale. Moreover, concurrent nucleation of new sets of complementary micro-SBs (£ 30
to 40 deg) has subdivided the grains into rhomboidal fragments. At large strains, the sample
scale SBs experience reaction stresses caused by roller contacts and undergo rigid body rotations
toward compression plane. This mechanism has contributed to further mesoscopic shearing
along micro-SBs and change in orientation of adjacent matrix regions. Furthermore, we find
that the geometry of reaction stresses developed across complementary micro-SBs has
manifested in strain path change of entrapped grain fragments from plane strain to pure shear,
leading to the development of y-shear fiber. The textural changes induced by shear banding are
comprehended by microstructural investigations (through SEM-EBSD & TEM) and crystal

plasticity simulations.
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I. INTRODUCTION

NICKEL-BASED superalloy 625 is a solid solution
strengthened alloy consisting of 35 to 40 wt pct of
solute, of which Cr, Mo, and Nb are the major
constituting elements. The composition of this alloy is
adjusted in a way to impart high-temperature strength
alongside excellent oxidation and corrosion resistance.!"!
Owing to the significant work-hardening capacity of
alloy 625, its plastic deformation behavior is usuali?f
studied under hot and warm working conditions.>
However, deformation micromechanisms operating in
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alloy 625 during warm deformation and their correla-
tion with microstructural features such as micro- &
macroscale shear bands (usually observed in concen-
trated solid solution alloys®® ® at intermediate to later
stages of deformation) are lacking in the literature. It is
well known that crystallographic texture carries the
signature of deformation micromechanisms.””? There-
fore, systematic tracking of crystallographic texture
evolution as a function of plastic strain could establish
the interconnection between the active deformation
modes and microstructural development in alloy 625.
In most cases, the texture evolution in FCC materials
during plastic deformation is directly linked to the
material’s stacking fault energy gSFE), i.e., on the extent
of cross-slip of dislocations.”'? Accordingly, two
different kinds of rolling texture formation in FCC
materials are reported: (1) Copper (Cu) type in
medium-to-high-SFE materials that consists of equally
intense Cu {112}(111), Bs {110}(112) , and S
{123}(634) components; and (2) Brass (Bs) type in
low-SFE materials with strong Bs and Goss {110}(100)
components. Several theories have been developed to
comprehend the texture transition from Cu type to Bs
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type.l'> " Dillamore er al'® have proposed the cross-

slip theory, where intensity & stability of Bs orientation
are defined based on extent of the cross-slip. In another
attempt, Wassermann et al.l'¥ suggested a positive role
of deformation twinning in near Cu-oriented grains on
final Bs-type texture evolution. The twinning shear
would generate twinned Cu {552}(115)-oriented
regions, which further undergo normal slip to rotate
toward metastable Goss and finally to Bs orientation.
Correspondingly, some of the studies have incorporated
twinning system {111}(112) in simulations for predict-
ing rolling texture and were successful in tracking the
observed texture transition.!">'® However, later exper-
imental investigations have shown that the volume
percentage of twins is too low to affect the overall
texture and most importantly, their evolution stagnates
after a certain amount of deformation.'"¥ Instead,
Leffers er all'"'¥ suggested that selective coplanar slip
parallel to twin lamellae inside the grains due to latent
hardening of other intersecting slip systems could better
explain the obtained crystal rotations and subsequent
Bs-type texture formation.

Irrespective of SFE, microstructural investigations of
concentrated solid solution alloys of Cu—Zn,”
Cu-Mn,'™ Ni-Co,"" and austenitic stainless steel®™ have
revealed the presence of extensive shear bands (SBs)
from intermediate to higher rolling reductions. SBs
generate as a consequence of non-uniform accumulation
and migration of dislocations during plastic flow, which
corresponds to a state where the material experiences

local plastic instability (d‘T/d8 < 0)[17,18] Two types of

SBs have been reported, namely Cu type and Bs type.!'!
The difference arises from pre-existing dislocation struc-
ture responsible for resisting further dislocation move-
ment. Cu-type SBs develop in medium-to-high-SFE
materials where prior dislocation cell walls resist dislo-
cation movement, and Bs-type SBs form in low-SFE
materials, where the resistance is offered by pre-existing
deformation twin stacks. Due to significant shear
banding observed in solid solution alloys, their presence
is often held responsible for the observed Cu to Bs-type
texture transition via latent hardening effects. The role
of short-range ordering (SRO) in promotion of planar
dislocation slip and subsequent shear banding in solid
solution alloys was investigated by Engler® using
Cu—Mn alloy as a model material. It was observed that
SRO becomes prevalent after 8 pct of Mn concentra-
tion, which advanced the onset of shear banding and
resulted in Cu to Bs-type texture transition. In another
study, although no SRO was observed by Madhavan
et al"" in Ni-40 pct Co alloy, still the grain scale
micro-SBs were observed after an extremely large
reduction (98 pct) possibly due to the exhaustion of
active slip systems. Moreover, it is reported that there is
subgrain development via dynamic recovery within SBs
and they are preferentially oriented toward Goss.
Consequently, the shift of intensity toward Goss posi-
tion has accounted for the texture transition. The
progressive recovery-mediated dislocation arrangement
inside SBs is attributed to lower solute strengthening
offered by Ni—Co alloys owing to a marginal misfit in
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atomic size of Co and Ni atoms. Therefore, both solute
concentration and nature of solute elements influence
deformation microstructure and resulting texture evo-
lution. Overall, shear banding could be considered as an
ultimate mode of deformation when further work
hardening is not sustained by FCC materials under
rolling conditions.

The above studies suggest that inhomogeneous defor-
mation due to micro- or macroscale shear banding plays
an important role in controlling crystallographic texture
evolution of concentrated solid solution alloys like
superalloy 625. Therefore, for elucidating the underlying
deformation micromechanisms in alloy 625, it is neces-
sary to characterize the microstructure at different levels
of plastic deformation and correlate it with crystallo-
graphic texture evolution. In this regard, the current
study investigates the microstructure and texture
changes in alloy 625 through X-ray diffraction and
optical/electron microscopy techniques. The investiga-
tion focuses on various warm rolling reductions up to a
true strain of 2.3 (about 90 pct reduction). The exper-
imental work is further supplemented by crystal plas-
ticity simulations using the viscoplastic self-consistent
(VPSC) model.

II. MATERIALS AND METHODS
A. Material & Warm Rolling Schedule

Ni-based superalloy 625 in the as-cast state is pro-
vided by MIDHANI Ltd., Hyderabad, India. The
average alloy composition as obtained from energy-dis-
persive X-ray spectroscopy (EDS) analysis is 62.3Ni,
22.8Cr, 8.98Mo, 3.84Nb, 0.54(Al + Ti), and 1.51(Fe +
Si). The alloy was homogenized and subsequently
hot-rolled at 1150 °C to produce a recrystallized grain
structure. The hot-rolling schedule was according to the
best working zone established from hot compression
studies of the same alloy reported in our previous
work."®] Rectangular slabs of size 30 x 15 x 6.5 (all in
mm) were cut from the hot -rolled plate using a
wire-electric discharge machine (EDM) and were then
subjected to warm rolling at 500 °C. The warm rolling
temperature was chosen in a way not to incur any
precipitation during rolling. The samples were unidirec-
tionally rolled up to three thickness reductions of 30, 60,
and 90 pct, corresponding to a true strain (g) of
approximately 0.36, 0.92, and 2.3, respectively. The
desired thickness is achieved by applying a rolling
schedule with each pass consistent with a true strain of
0.105. The experiment was conducted using a 4-high
rolling mill featuring work rolls having 65 mm diameter
and operating at a constant angular velocity of 8.5 rpm.

B. Microstructure and Texture Characterization

Microstructure at different rolling reductions was
characterized by optical, scanning, and transmission
electron microscopy (SEM & TEM). Orientation imag-
ing microscopy (OIM) of the rolled samples was carried
out in Zeiss Gemini FE-SEM equipped with an electron
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backscatter diffraction (EBSD) detector. The EBSD
scans of deformed samples were taken from the trans-
verse plane (RD-ND) and rolling plane (RD-TD). The
required surface finish of samples was attained by
emery-paper polishing followed by electropolishing in
a solution containing 20 pct perchloric acid in methanol
maintained at 5 °C to 10 °C. The scans were obtained
using a step size of 0.2 um for 30 and 60 pct rolled
samples. For a 90 pct rolled sample, a finer step size of
60 nm was used. Post-processing analysis of scanned
data was carried out in the TSL-OIM software. Samples
for optical microscopy were prepared by electrolytic
etching in Lucas’s reagent (50 mL lactic acid + 150 mL
HCL + 3 g oxalic acid) at 1.6 V for 10 seconds. Fur-
ther, dislocation structures and their characteristics in
the rolled samples were studied using JEM 3200FS
HR-TEM operated at 300 kV. The TEM samples were
prepared using a twin-jet electropolishing unit; experi-
mental details are discussed elsewhere.*"!

The bulk texture of rolled samples is measured on the
RD-TD plane at the mid-thickness level to avoid any
shear deformation caused by friction generated between
sample surfaces and the rollers. A near plane strain
condition is mostly achieved at this mid-section level.
Texture measurements were carried out by collecting
three incomplete pole figures (111), (200), and (220)
using an X-ray goniometer (Rigaku SmartLab) with Cu
K-alpha radiation. The measured incomplete pole fig-
ures are then post-processed by importing them into
MATLAB toolbox—MTEX to compute the orientation
distribution function (ODF). Ghost correction was
performed on pole figure data for calculating ODF.
The MTEX is a free open-source software that allows to
analyze and model texture deduced from the experi-
mental EBSD/pole figure data.”'! The ODF plots
project the frequency of orientations occurring in 3D
Euler space, which describes the three consecutive
rotations (¢, ¢, ¢,) required to align the crystal axis
along the specimen axis. In the present work, as rolling
experiments were conducted unidirectionally, the ODF
plots are generated by imposing orthotropic specimen
symmetry. Throughout the article, texture is represented
by plotting ODF ¢, sections = 0, 45, and 65 deg, as
most of the deformation texture components developed
during rolling of FCC material can be identified on these
@, sections.”'® The texture intensities displayed on
ODF plots are represented as multiples of a random
distribution (m.r.d.).

C. Texture Simulation

The Viscoplastic self-consistent (VPSC) model is used
in the present study to simulate the experimental rolling
textures. The VPSC model accounts for the anisotropic
deformation behavior of individual grains inside a
polycrystalline medium when subjected to high strains
and strain rates. It achieves this by defining each grain as
an inhomogeneous ellipsoidal inclusion embedded inside
a homogenous equivalent medium (HEM) carrying
average properties of the polycrystalline aggregate.
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The model allows each grain to deform differently by
considering certain linearization schemes to describe
relative stiffness of the grain with respect to the HEM.
Lastly, the VPSC model relies on the fact that iterations
are performed at each step of the simulation such that
self-consistency is maintained as described in
Figure 1(a). It was first proposed by Molinari et al.**
and a further full mathematical model was established
by Lebensohn and Tome.*” Details of mathematical
approach adopted in the VPSC model are provided in
the appendix.

Initially, VPSC simulations were performed to iden-
tify the single crystal Voce hardening parameters
(70,71, 69, 01) of alloy 625. This is achieved by establish-
ing a decent fit between the simulated Von Mises
stress—strain curve and the experimental flow stress
curve recorded from a uniaxial compression [Fig-
ure 1(b)]. The compression experiment was carried out
in a Gleeble 3800 thermomechanical simulator at 500 °C
with 1/s strain rate using a cylindrical sample of 6 mm
diameter and 9 mm length (the deformation conditions
are similar to that adopted in warm rolling). VPSC
simulations are performed using the intermediate inter-
action scheme (n°T = 10) by imposing a compression
velocity gradient tensor as specified in Figure 1(b). The
input texture used for simulation studies was obtained
by discretizing the ODF of initial base material to 5000
single orientations. All simulations were run by enforc-
ing deformation in incremental steps of 0.01 up to the
desired true strain. Values of hardening parameters
corresponding to the best fit are indicated in Figure 1(b).
These parameters are then utilized throughout the study
to describe the self-hardening behavior of octahedral
slip systems while simulating the rolling texture.

III. RESULTS

A. Microstructure and Textural Characteristics
of the Base Material

Microstructure and texture of the hot-rolled base
material are indicated in Figure 2. The microstructure
reveals the presence of equiaxed recrystallized grains with
a higher density of annealing twin boundaries (~ 52 pct
as obtained from orientation imaging). Statistical grain
size of the base material measured using ImageJ software
by excluding twin boundaries is around 82 + 30 um. The
material also contains carbide 1t[>articles that were devel-
oped primarily during casting®® and remained undis-
solved upon further homogenization/hot rolling.
Nevertheless, these carbide particles get redistributed
into banded structures during hot rolling. These bands are
visible on the transverse section as they have formed in
planes parallel to the plate surface [Figure 2(b)]. Coming
to the initial texture, the ODF sections indicated in
Figure 2(d) represent the presence of near-random texture
in the base material (Max intensity: 1.6 m.r.d.), whichis a
consequence of dynamically recrystallized grain structure
developed during hot rolling.!'®)
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Fig. 2—Microstructural characteristics of the base material. (¢) and (b) Optical micrographs captured from RD-TD and RD-ND planes. (c)
Inverse pole figure map (twin boundaries are marked with white). (d) ODF ¢, sections 0, 45, and 65 deg show nearly random texture (max

intensity: 1.6 m.r.d.) exhibited by the base material (textural studies were

B. Deformation Texture Evolution in Studied Alloy 625

The ODF sections ¢, = 0, 45, and 65 deg of all the
warm-rolled samples are shown in Figure 3. The
positions of main deformation texture components
developed are labeled, and the corresponding Miller
indices are listed in Table I. It can be noticed from the
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carried out on RD-TD plane at mid-thickness level).

ODF plots that alloy 625 displays a signature of Cu-type
texture up to 60 pct rolling reduction [Figures 3(a, b)].
Correspondingly, there was a gradual rise in the texture
intensity for all the major FCC rolling components.
However, the texture strengthening is sluggish as the
maximum intensity of only 3.3 m.r.d is obtained even
after 60 pct rolling reduction. Thereafter, the increase in
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Fig. 3—¢, = 0-, 45- and 65-deg ODF sections plotted from experimental bulk texture obtained at different rolling reductions: () 30 pct, (b)
60 pct, and (¢) 90 pct. The difference in ODFs of 90 and 60 pct reduction samples are plotted in (d).

Table I. Euler Angles of Different FCC Deformation Texture Components Representing Their Position in 3D Euler Space (Under
Orthorhombic Specimen Symmetry)”!

Deformation Texture Components Cu Bs S Goss Shear

{hkl} <uvw> {112} <I11> {110} <112> {123} <634> {110} <001> {111} <112>

Euler Angles ¢, ¢, ¢, in Degrees (Bunge 90, 35, 45 35,45, 0 59, 36.7, 63 0, 45,0 90, 55, 45
Notation)

656—VOLUME 55A, FEBRUARY 2024 METALLURGICAL AND MATERIALS TRANSACTIONS A



rolling reduction to 90 pct has not much contributed to
further texture sharpening as the maximum intensity has
only raised to 3.4 m.r.d. Additionally, the ODF sections
of the 90 pct rolled sample [Figure 3(c)] also indicated
an occurrence of texture transition represented by the
loss in texture intensity around Cu and S positions. The
loss/redistribution of intensity could be better visualized
by plotting the difference between the ODFs of 90 and
60 pct rolled samples [Figure 3(d)]. The difference plot
indicates that the loss in the intensity of Cu orientation
has not much influenced the texture intensity of existing
Goss or Bs orientations; instead, there is a new texture
intensity evolved along the y-shear fiber ((111)||ND).
The axis along ¢, at constant ¢ = 55 deg depicted in
the ODF ¢, = 45 deg section [Figure 3(c)] is known as
y-fiber.””) The observed shear texture evolution is unnat-
ural for FCC materials to develop under plane strain
conditions. It is reminded again that texture data were
collected from the mid-thickness section, where shear
effects from friction and roll gap geometry are
negligible.

To further emphasize the texture evolution during
warm rolling, the classical f and t-fibers used for
studying texture transitions in FCC materials are
plotted in Figure 4. The fiber texture plots quantitatively
assess variation in texture intensity/orientation density
(f(g)) along an axis connecting various texture compo-
nents.”) The p-fiber elucidates f{g) distribution over the
orientation path connecting Cu, S, and Bs components,
which is the axis inclined at 60 deg from ND toward RD
and running along ¢, = 4590 deg."” From the
p-fiber plot [Figure 4(a)], it can be seen that there is a
gradual evolution of f{g) of Cu and Bs components up
to 60 pct reduction. However, upon an increase in
rolling reduction from 60 to 90 pct, there is no clear
evidence of texture intensity shift from Cu to Bs position

as reported previously in the case of concentrated solid
solution alloys.[5’6’8] Instead, texture intensity decreases
at both Cu and Bs positions after 90 pct rolling
reduction. The trend is similar for the S component
but with marginal intensity changes. The Cu and Goss
orientations indicated in the ODF section ¢, = 45 deg
are connected through the t-fiber that runs along ¢ at
constant ¢; = 90 deg.””! The z-fiber plot [Figure 4(b)]
indicates that there is no change in texture intensity at
the Goss position from 60 to 90 pct rolling reduction.
Nonetheless, there is a significant decrease in texture
intensity at the Cu position accompanied by a simulta-
neous rise at ¢ = 55 deg position, which correspond to
the (111)[112] shear texture component.

C. Microstructural Characterization of Deformed State
at Different Rolling Reductions

The inverse pole figure (IPF) map and the grain
reference orientation deviation (GROD) map plotted
from the EBSD data of 30 pct rolled sample are shown
in Figures 5(a) and (b), respectively. The micrographs
indicate significant orientation deviation inside the
grains with no observable deformation twinning. Mea-
sure of the deviation can be recorded from the GROD
map [Figure 5(b)], which gives misorientation of each
pixel inside a grain with respect to the grain average
orientation. It could be seen that misorientation builds
from the grain interior toward the grain boundary, with
a sharp rise observed in regions closer to the boundary.
These regions are usuall4y known as grain boundary-af-
fected zones (GBAZ).**! During deformation, com-
plex lattice rotations near grain boundaries to ensure
compatibility between neighboring grains lead to devel-
opment of large-scale misorientations. An extreme case
is shown in Figure 5(b), where a misorientation as high

Cu S Bs Cu Goss
{112}<111> {123}<634> {110}<112> {112}<111> {110}<001>
! | A ! 6 i ] 2

s B fiber 7 fiber |
iy ;. (1113}<112>

0%
0 T T T T T T 1 T 1 T 1 1
50 60 70 80 90 0 10 20 30 40 50 60 70 80 920
Phi2 (degrees) Phi (degrees)
(a) (b)

Fig. 4—Comparison of texture fiber plots at different rolling reductions, (a) p-fiber and () t-fiber. Different positions of deformation texture

components along the fiber are indicated.
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Fig. 5—OIM micrographs of sample rolled to 30 pct reduction, (a) Inverse pole figure map superimposed by high-angle grain boundaries, (b)
Grain Reference Orientation Deviation (GROD) map indicating the generation of higher misorientations near grain boundaries (scale bar is
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map as shown in the insert (Color figure online).

as 38 deg is observed for one of the GBAZ regions.
Development of such high misorientations is usually
accommodated by generation of geometrically necessary
dislocations (GNDs) that address local lattice curvature
and by the formation of geometrically necessary bound-
aries (GNBs) that account for large strain hetrogeni-
ties.??”1  The point-to-point and point-to-origin
misorientation profiles along line O marked on the
GROD map [Figure 5(c)] indicate emergence of a
partially developed new high-angle (~ 28 deg) boundary
in the above-mentioned GBAZ region. Building of new
GNBs by more and more accumulation/storage of
GNDs during ongoing deformation would ultimately
result in grain fragmentation.?”-**

After 60 pct rolling reduction, there is an increase
[Figures 6(a) and (b)] in fraction of deformation
heterogeneities such as irregular low-angle GND bound-
aries, fragmented grains, and heavily strained/lat-
tice-distorted regions. Most of these heterogeneities are
developed in the vicinity of grain boundaries and
carbide particle band regions as a result of inhomoge-
neous plastic strain accommodation. Moreover, it is
noticed that advent of grain elongation and fragmenta-
tion is pronounced near carbide particle bands and the
corresponding zone extends to larger volumes [marked
in Figure 6(b)]. Apart from aforementioned structures,
the microstructure also revealed the presence of
~ 35 deg sharp band-like features within some of the
grains. Based on their geometrical inclination to RD,
these parallel bands are identified as micro-SBs that
represent intense plastic strain-localized regions formed
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by a non-crystallographic slip of dislocations.['”*"!

Furthermore, some of the micro-SBs can be seen
extending into adjacent grains [Figure 6(a)], suggesting
that they could be converted into macroscale SBs upon
subsequent rolling reductions. Crystal orientation map
shown in Figure 6(c) indicates that microshear band
formation is primarily taking place inside the grains
having Cu orientation [region 1 in Figure 6(d)]. This is a
common observation because it is well known that Cu
orientation inherently suffers from shear banding due to
its asymmetrical slip distribution on equally stressed slip
systems.®” On the other hand, some of the grains with
near Bs orientation are seen to develop Goss-oriented
deformation band regions near the grain boundaries
[region 2 in Figure 6(d)]. Deformation bands are usually
generated as a consequence of activation of a different
set of slip systems across the grain.['®!

Figure 7 shows microstructure and microtextural
characteristics of the sample rolled to 90 pct reduction.
Optical micrograph [Figure 7(a)] depicts large-scale
development of complementary SBs at different length
scales (micro-, macro-, and sample scale). The positive
and negative SBs inclined at 30 to 40 deg to RD have
subdivided the grains into distorted rhomboidal prism
regions, whose axis is parallel to TD [Figure 7(b)]. Such
intense banded structure usually develops due to con-
tinuous generation and extension of micro-SBs into
neighboring grains to form macro- and sample scale
SBs. The significant rise observed in shear band volume
after 90 pct rolling reduction implies that after interme-
diate rolling stages, the deformation is dominated by
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Fig. 6—Microstructure and microtextural features of the sample rolled to 60 pct thickness reduction. (a) Optical micrograph, (b) Inverse pole
figure map superimposed on the band contrast image (low-angle boundaries are marked in white), (¢) crystal orientation map presented on
RD-TD plane with different components represented by the given color code aside (here, microstructure still represents RD-ND plane), (d)
Enlarged view of the regions 1 and 2 marked in (c) demonstrating the development of two kinds of microstructural inhomogeneities at grain
scale after 60 pct rolling, one at the grain boundaries and other in Cu-oriented grains (Color figure online).

intense dislocation movement along shear band planes
in the band direction.

Figures 7(c) and (d) show the crystal orientation map
and its enlarged view, which describes local textural
distribution in and around the SBs. After 90 pct
reduction, it has been observed that SBs are not limited
to Cu-oriented grains, but have also spread into
Bs-oriented neighbors as a result of their propagation
to the sample scale. In contrast, Goss orientation has
shown more resistance to shear banding. Moreover,
neighboring Cu-oriented matrix regions enclosed
between complementary SBs undergo lattice rotations
toward the shear orientations [Figures 7(c) and (d)]. The
(111) pole figure [Figure 7(e)] represents — 20 deg TD
rotation of Cu (112)[111] regions toward (111)[112]
shear orientation. The developed shear components also
undergo some degree of rotation around ND, producing
orientations spread along the y-fiber ((111)||ND). These
microtextural observations are coherent with the macro-
texture results. Here, (111) pole figure is plotted after
partitioning out regions with Cu and shear orientations
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from the total orientation data considering a 30 deg
tolerance. Coming to orientations inside SBs, a major
part of the bands show non-indexed portions with a
small fraction of Goss-oriented crystals engulfed inside
them [Figure 7(d)].

D. Grain Misorientation Distributions

The difference between correlated (based on first
neighbors) and uncorrelated (based on random neigh-
bor) grain misorientation angle distributions has been
used to understand the mode of deformation.P" It is
reported that if correlated and uncorrelated grain
misorientation distributions more or less coincide,
deformation follows the upper-bound Taylor’s model
with no evolution of GNDs. However, an increase in
disparity between these distributions would suggest that
deformation is occurring more heterogeneously and at a
higher deviation, it can be said that the deformation is
moving toward the lower bound Sachs-type deforma-
tion (single slip activity).
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Fig. 7—Microstructure & microtextural features of the sample rolled to 90 pct reduction. (a) Optical micrographs showing intense shear banding
at both micros and macroscales. (b) The IPF map taken from the RD-ND plane indicates the large-scale division of grains due to SBs. (c)
Orientation image obtained from rolling plane (here, both microstructure and orientation image correspond to the RD-TD plane). (d) Enlarged
view of the region marked in (c). (¢) (111) Pole figure representing the positive rotation of Cu-(1 12)[1 lﬂ oriented grains along TD toward
shear-(111) [1 lﬂ orientation (pole figure was obtained after partitioning out the Cu and shear orientation with 30 deg deviations from the total

orientation data).

Grain misorientation distributions computed from
orientation micrographs of different rolled samples are
indicated in Figure 8. There is some deviation between
correlated and uncorrelated misorientation distributions
for the 30 pct rolled sample. Thereafter the deviation
strongly builds up as rolling reduction increases. At
90 pct reduction, a substantial difference is observed
between the two misorientation distributions discerned
by a sharp rise in fraction of grains with lower correlated
misorientation angles. This significant deviation cannot
be simply associated with the Sachs mode of
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crystallographic slip in the present study, as microstruc-
tural investigations have indicated the presence of
large-scale shear banding after intermediate rolling
stages. As shear banding is associated with non-crystal-
lographic deformation, it does not inherently contribute
to lattice rotations or GND evolutions. Instead, the
deviation in grain misorientation distributions could be
attributed to grain fragmentation that occurred by
intensive shear banding [Figure 8(d)], which usually
produces lower correlated misorientation angles
[marked in Figure 8(c)] as most of the time the
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(b) 60 pct, and (¢) 90 pct. (d) The grain size distribution of the 90 pct rolled sample indicating large-scale grain fragmentation due to intense

shear banding.

neighboring grain fragments belong to same parent
grain.

E. Simulation of Experimental Texture Using VPSC

As mentioned in the previous section, discrepancy
between correlated and uncorrelated misorientation
distributions from early stages of rolling contemplates
that deformation in alloy 625 is intermediate to the
upper-bound Taylor’s and lower bound Sach’s models.
Accordingly, the usage of #° scheme would be more
appropriate. However, both #° and tangent schemes are
adopted in the present study to model the experimental
texture. Moreover, the effectiveness of simulation is
identified by computing the error between simulated and
experimental ODFs. The L1 loss function given by the
following equation is utilized to compute the error:

L1loss function = Z‘f(g)exp — 1(&)sim 1]
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In conjunction with the interaction scheme, the
neighboring grain interactions have a decisive role in
setting up different reorientation paths within a grain,
leading to texture weakening. To account for these
effects, in the present study, the reorientation of each
grain has been coupled with the reorientation of a single
random neighbor (i.e., NEIGH = 1 in the VPSC input
file). This ensures different rotation paths of grains with
the same initial orientation due to a different neighbor,
which ultimately slows down the texture evolution. The
imposed plane strain velocity gradient matrix and the
single crystal Voce hardening parameters are listed in
Table II (see Figure 1 in Section II-C for more
information on parameters). The initial texture for
simulations is obtained by discretizing the base mate-
rial’s ODF into 5000 independent orientations. In the
initial set of simulations, only octahedral slip
({111} <110>) is considered, as there is no observation
of deformation twinning from microstructural investi-
gations. Moreover, only isotropic hardening is consid-
ered for all the slip systems inside the grain, i.e., latent
hardening of secondary slip systems due to the active
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Table II. Single Crystal Voce Hardening Parameters of Slip and Partial Slip Systems Employed in the Present Study (See Fig. 1)

T0 T1 0() 01
Slip {111} <110> 80 135 390 115 (all are in MPa)
Partial Slip {111} <112> 100 135 390 115
1 0 0
Imposed Velocity Gradient = |0 0 0
0 0 -1

Table III. Error Between the Experimental and Simulated ODFs Computed Using the 1.1 Loss Function Indicated in Equation [1]

Rolling Reduction

30 pct 60 pct 90 pct
S.No. Simulation Parameters (6= —-036) (6= -09) (6=-23)
L. ™ scheme (n = 10) only octahedral slip {111}[110] 0.068 0.19 0.387*
2. tangent scheme (n = 20) only octahedral slip 0.074 0.194 0.39%*
3. nl scheme octahedral slip {111} <110> + partial slip on 0.105 0.28% 0.52%

(111} <112>

*The simulated texture deviates both quantitatively and qualitatively from the experimental texture.

slip system is not considered. As expected, the n®"

scheme was slightly more accurate in tracking experi-
mental texture evolution in alloy 625 than the tangent
scheme; the corresponding error is listed in Table III.
However, simulated texture obtained from either
scheme would only be able to track the experimental
texture up to 60 pct reduction. At 90 pct reduction,
simulated texture deviates qualitatively and quantita-
tively from the corresponding experimental texture as
texture evolution nearly stagnates after the onset of
large-scale shear banding (Figure 3). ODF sections of
simulated texture obtained from running the »°f"
scheme up to desired rolling reductions are indicated
in Figures 9(a) through (c).

Incorporation of deformation heterogeneities like
stacking faults or deformation twins (shear on
{111} <112>) as the second deformation mode along-
side octahedral slip in VPSC was considerable in
tracking the Cu to Goss/Brass transition.””) However,
in the present study, incorporating partial or twin shear
has shown texture deviating from experimental results
from the initial rolling stages. ODF sections at 90 pct
reduction obtained by including partial slip are indi-
cated in Figure 9(d), and the corresponding error at
various reductions is listed in Table I1I. As SBs form due
to non-crystallographic slip of dislocations, they are yet
to be modeled and incorporated in the VPSC code.
Some studies®>* have developed modified constitutive
equations that consider shear banding and fed them into
crystal plasticity-based finite element modeling. It was
successful in tracking stress—strain response and corre-
sponding textural changes. However, this method is
time-consuming and requires much computational
energy and hence was not considered in the present
study. On the other hand, a simple description can be
adopted for the alloy 625 to qualitatively predict
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evolution of y-fiber at 90 pct reduction, which is
addressed in the Section IV.

IV. DISCUSSION

A. Deformation Mechanisms: Low to Intermediate
Levels of Rolling

Deformation in initial stages of rolling in alloy 625
occurred predominantly by dislocation slip ({111}(110))
as there are no indications of microstructural features
pertaining to other deformation modes after 30 pct
rolling [Figure 3(a)]. The corresponding development of
Cu-type texture reconfirms dominance of octahedral
slip-mediated deformation.® The microstructure also
revealed existence of large misorientation deviations
inside the grains, which are captured from the GROD
map [Figure 4(b)]. Intra-grain misorientations associ-
ated with GNBs are usually developed during deforma-
tion to maintain microscopic strain compatibility
between neighboring grains.*’** In general, neighbor-
ing grain interactions generate strain heterogeneities by
disrupting uniform lattice rotation of the grain, primar-
ily near boundary regions. Strain heterogeneities then
impose local variation in dislocation slip activity from
grain boundaries to the interior, resulting in various
reorientation paths across the grain. However, with
increase in deformation, a simultaneous crystallographic
texture sharpening is expected as more grains/regions of
grains with unstable orientations are transformed into
relatively stable orientations.!”’

As rolling reduction reaches an intermediate level of
60 pct, it is evident from ODF plots [Figure 3(b)] that
the alloy attains a characteristic Cu-type texture with a
moderate rise in textural intensity (f(g)max = 3.3
m.r.d.). The sluggish texture strengthening observed

METALLURGICAL AND MATERIALS TRANSACTIONS A



0
Max:2.7 Max:1.8

0 - 0
Max:27 | ~— | ®

30

N

30%
Reduction =Y

4
13
60 2
w/_\ (Min:
0.32 @ 0.34 / 1

Max:3.6 Max:3.2

9
45
30 60% @ 30

o Reduction o

5 4
'3
‘ 60 60 2
inf Min: /\ Min:
ol /] o 0.071 fh\ 0.072 /__& 1
(c)] | Max:4.7 a Max:5.8

30
90%

Y Reduction

60

1
IS d|

e 90
90 0 30 60 90 0 30

®1
0

Max:11 o Max:11 & Max:3.8 o 10

30 % 30 8
Reduction @
Considering dislocation partial slip in addition
to octahedral slip 4
ou ou
2
Min: Min: — Min: /
0.0022 0.0022 0.0022
90 90 { 90 ] 0
0 30 60 90 0 30 60 90 0 30 60 20
o1 P1 #1

Fig. 9—(a) through (¢) ODF sections ¢, = 0-, 45- and 65-deg of the simulated texture obtained by employing 7 scheme with only octahedral
slip activation for 30, 60, and 90 pct reduction, respectively. (d) The n*" simulated texture obtained at 90 pct reduction by considering
dislocation partial slip as a second deformation mode.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 55A, FEBRUARY 2024—663



could be correlated to synergetic effect of severe
work-hardening and neighboring grain interactions.
Alloy 625 possesses a higher work-hardening rate as it
is a concentrated solid solution alloy with a wider misfit
in atomic radius of solute (Nb, Mo, and Cr) and matrix
Ni atoms.*® It is to be noted that although the
substantial amount of solute in alloy 625 lowers SFE,
it is the nature of solute atoms that have imparted even
more strong dislocation—solute interactions, thereby
further hindering dynamic recovery processes. This
accounts for the simultaneous rise in self & latent
hardening of active slip systems during deformation,
ultimately retarding lattice rotations & weakening the
entire texture. Besides textural implications, the corre-
sponding effects of solute strengthening in alloy 625
could also be inferred from microstructural features that
evolved up to this intermediate rolling stage.

The optical & orientation micrographs taken from the
RD-ND plane of the sample rolled to 60 pct (Figure 6)

L

Microshear |
‘ bands |

RD-ND plane

Plausibly influenced by ~35° microshear bands

revealed traces of micro-SBs in some of the grains
alongside the increased fraction of GNBs and associated
grain fragmentation throughout the microstructure.
Generally, it is believed that heterogeneous dislocation
structures that precede shear banding play a crucial role
in their nucleation. In this regard, the STEM micro-
graphs (Figure 10) collected from the RD-ND plane of
60 pct rolled sample are utilized to understand the origin
of shear banding in alloy 625. From these micrographs,
it is apparent that the grains develop intense planar
dislocation walls/ microbands with diffuse dislocation
networks in the background. The microbands are
usually formed by slip clustering on one of the {111}
slip planes to accommodate small misorientation
(~ 2 deg) changes between adjacent regions.'" The
lamellar structure of microbands is comparable to
microtwin stacks that develop in low-SFE materials
but the presence of the latter is discarded in the present
study as no twin-related extra diffraction spots were

5 S
Branching of deformation band

evolving in Cu oriented grain

\

SAED pattern obtained from
Microband regions in two different
grains marked in (a) and (b)

No observation of twin related spots

10 1/nm

Fig. 10—STEM micrographs obtained from the RD-ND plane of sample rolled to 60 pct reduction (@) Stitched micrograph representing intense
microbanding within the grains along with the deformation band at the diffused boundary; this whole region is similar to that shown in
Fig. 6(d). (b) Micrograph of one of the grains, where micro-SBs are activated and found cutting through the intensive microbanded regions. (¢)
SAED patterns acquired from the microband regions marked in (a) and (b).
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observed in corresponding SAED patterns [Figure 10(c)].
Therefore, microbanding could solely be held responsi-
ble for inhibition of dislocation mobility and further
activation of SBs in alloy 625. It has also been reported
that during rolling of single crystals, microbands could
act as precursors for nucleation of SBs.*”! Overall, it
could be said that the rolling deformation sequence
observed in alloy 625 under warm conditions is planar
dislocation slip — microbanding — shear banding.

Several researchers®>*%3) who performed single crys-
tal rolling experiments have suggested that the tendency
of microbanding and subsequent shear band formation
is a function of crystal orientation besides the material
properties. Unlike single crystal rolling, there are limited
studies on polycrystalline materials where additional
effects of neighbors on reorientation path of individual
grains and associated heterogeneities are considered. In
this regard, a crystal orientation map [Figure 6(c)]
plotted from EBSD data of 60 pct rolled sample is
utilized to demarcate the major rolling components
whose deformation characteristics are addressed sepa-
rately in the following subsections.

1. Goss {110} <001> & Bs {110} <112> Orientations

The Goss single crystal under plane strain compres-
sion (PSC) generally deforms by uniform slip distribu-
tion on the four active slip planes (Table IV) and is
stable up to a significant thickness reduction. However,
it has been reported that at higher deformation strains,
the Goss crystal splits along a-fiber into complementar
Bs orientations by undergoing rotations about ND.%3%
In an attempt to describe the ND rotations, Becker*”!
has shown that restricting RD-TD shear component
(erp_Tp) Would make Goss crystal unstable and pro-
mote orientation gradient along a-fiber. In Comparison
to single crystals, deformation of Goss-oriented grains
in a polycrystalline material is difficult to assess, as
initial deviation of the grain from ideal Goss position
and neighboring grain interactions have a strong influ-
ence. Nevertheless, some degree of interpretation can be
made between lattice rotations in Goss-oriented grain
with orientation of the neighboring grains.

The orientation micrograph of 60 pct rolled sample
[Figures 6(c) and (d)] represents that the Goss appears in
microstructure as two distinctive features, (a) as a grain,
which is initially oriented/reoriented during deformation
and (b) as a deformation band (DB) region near the
boundaries of grain that has been reoriented toward Bs.
In order to describe the neighboring grain interactions,
three different Goss regions surrounded by Bs and
Cu-oriented grains are selected and their enlarged views
with corresponding (111) pole figures plotted onto the
RD-TD plane are depicted in Figure 11. The primary
observation is that part of the Goss regions undergoes
lattice rotations around ND, which are similar but only
occur at a significant strain in case of single crystal
rolling experiments. The key observations made from
these micrographs are listed below
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(a) When the Goss-oriented region (as grain) con-
tains Bs on one side and Cu on the other, the
lattice rotations around ND are seen to be
confined near the grain boundaries that are
shared with the Bs-oriented grain [Figure 11(a)].

(b) The Goss-oriented region (as grain) surrounded
by Cu on both sides has undergone grain splitting
by producing two complementary Bs orientations
[Figure 11(b)].

(¢) The Goss-oriented regions (as DBs) observed near
the boundaries of Bs-oriented grains are also seen
to undergo lattice rotations around ND toward
Bs [Figure 11(c)].

(d) Alongside significant ND rotations, some TD
rotations are also developed in the Goss regions.

In general, only two slip systems are activated in Bs
grains under PSC and uniform slip on them produces a
grain scale erp_1p shear component (Table IV).[25] It has
been observed that the Bs grains during rolling deforma-
tion enforce this egp_Tp shear onto the neighboring grains
probably as Bs orientation is a hard and energetically
favorable orientation on o-fiber in low-to-medium-SFE
materials.***!! In such a scenario, the neighboring
Goss-oriented grains which experience the RD-TD shear
would trytorestrictitand thereby develop reaction stresses
that mediate Goss regions near the grain boundaries to
undergo ND rotations toward Bs. Nevertheless, the
rotation path set toward Bs stays incomplete in most cases
due to the formation of GNBs and associated grain
fragmentation. This could be a possible reason for the
observed rise in intensity of orientations spread between
Goss and Bs positions along a-fiber as rolling reduction
increases (Figure 3). In another instance, where Goss grain
is surrounded by Cu grains on both sides, grain splitting
into complementary Bs orientations is seen. Here, rota-
tions around ND are not just limited to grain boundaries
but are extended into the grain interiors. Therefore, as
described by Becker,[*”! the varying degree of constraints
arising from interior to the boundaries of Goss-oriented
grains (most notably, RD-TD shear) would always pro-
mote lattice rotations along ND toward stable Bs
orientation.

In contrast to the Goss orientation, the Bs-oriented
grains are less susceptible to lattice rotations.*>! How-
ever, in the present study, it is noticed that in most of the
cases, the Bs grains besides the Cu neighbors were
influenced to develop Goss-oriented DBs in some parts
of the grain boundary regions (Figure 6). It should be
noted that Cu is a relatively hard orientation compared
to Bs under PSC due to the higher value of Taylor factor
(M) (Table IV). Therefore, reaction stresses generated at
interfaces of Cu & Bs-oriented grains are forced back
onto the Bs side, leading to activation of a different set
of slip systems near grain boundary regions of Bs grains.
It can be contemplated that this new set of slip systems is
responsible for the evolution of Goss-oriented DBs.
Moreover, preference for a Goss-oriented neighbor by
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Table IV. The Active Slip Systems in Goss, Bs and Cu Single Crystals Under Taylor’s Fully Constrained Plane Strain Condition

(FC PSC) and the Corresponding Development of Macroscopic Shear Component per Unit Slip on Activated Slip Systems'

125]

Active Slip Systems Under FC PSC Condition (At a Given Taylor Factor

Sample Scale Shear Compo-
nents Generated per Unit
Imposed Strain ¢

Orientation Orientation, All Slip Systems have Equal Schmid Factors) M= Zs% RD-TD éND-RD  £TD-ND

Goss {111}(01T), {111}(To1) {TT1}(0TT), {TT1}(01T) 245 0 0 0

Brass (Bs) {111}(110), {111}(101) 2.45 —0.289% 0 0

Copper {U301T), {1113(T01) {T11}(TT0Y, {1T1}(TT0) 367 0 —0481* 0
(Cu)

*The generation of the shear components makes Bs and Cu unstable under FC PSC mode.

both Cu and Bs grains implies that Goss is a soft
orientation that consumes the stresses generated from
neighbors and undergoes local lattice rotations with
minimum geometrical strain hardening.

2. Cu {112} <111> Orientation

The orientation micrograph of 60 pct rolled sample of
alloy 625 indicated occurrence of micro-SBs in some of
the Cu-oriented grains. An enlarged view of one of the
grains with SBs is shown in Figure 12(a). Numerous
studies?>3%3337 on rolling deformation behavior of
FCC single crystals have concluded that the Cu orien-
tation has a higher tendency of shear band formation
than others. This behavior has been interconnected to
uneven slip distribution on active slip system pairs due
to their asymmetrical inclinations to the RD. Geometry
of slip systems in Cu crystal under PSC condition is
shown in Figure 12(b). As described in the schematic,
the Cu-oriented crystal deforms by producing shear on
coplanar (CP: slip on {111} plane in (011) and (101)
directions) and co-directional (CD: slip on {111} and
{111} planes in (110) direction) slip system pairs with
an equivalent Schmid factor.* However, due to asym-
metry, the shear on the CP pair is twice that of the CD
pair leading to the early formation of inhomogeneous
dislocation structures. Further, successive activity of
these slip system pairs during deformation would
stabilize Cu orientation, but only at the expense of
producing a macroscopic enp_rp shear component
(Table V). Wagner e al.,”% in their study on rolling
deformation of Cu-oriented single crystals, have sug-
gested that restriction of enp_rp component at initial
stages of rolling deformation (following FC condition)
would preferentially promote dislocation slip on CD
pair resulting in + TD lattice rotation toward Dillam-
ore orientation {4411}(11118). However, for Dillamore
orientation, the Schmid factor for CP pair becomes
greater than that of CD, thereby redirecting most
dislocation slip back onto the CP pair. This slip transfer
from CD to CP pair would then produce — TD
rotations and set up a reorientation path back toward
the original Cu orientation. At this deformation stage,
Wagner et al. hypothesized that the material with a
lower propensity of dislocation cross-slip develops
microbands on the CP due to dominant slip activity.
Further, it is understood that microbands would latent
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harden the CD pair and ultimately raise the local
stresses to a state where nucleation of SBs occurs.

STEM micrograph taken from RD-ND plane of the
60 pct rolled sample [Figure 12(c)] gives microstructural
evidence of microbanding on the CP slip plane alongside
micro-SBs that run through them. Further, it may be
noticed that the micro-SBs exist as colonies of fine bands
separated with intermediate matrix regions, where
dislocation activity is also seen on a new slip system
different from CP and CD pairs (depicted in schematic
adjoining the STEM micrograph). Generally, it is
believed that compatibility issues raised at grain bound-
aries by large positive shear in the bands could be
relaxed to some extent by producing a negative shear in
these intermediate regions.*® Therefore, stacks of finer
bands with intermediate regions constitute a microshear
band. Microstructure development inside SBs captured
in TEM [Figure 12(d)] indicates an avalanche of
dislocation slip within the bands, constituting a heavily
distorted medium along with some less distorted regions
entrapped in it. The SAED pattern collected from these
less distorted regions shows a different zone axis
compared to matrix regions adjacent to the SBs,
suggesting that these regions underwent large-scale
lattice rotations either through dislocation slip or by
rigid body rotations.*” Moreover, these regions are
distributed randomly inside the SBs.

The (111) pole figures of Cu-oriented grains with and
without SBs [Figures 12(e) and (f)] show that the lattice
rotation path from Cu to Dillamore reported by Wagner
et al.BP® was also followed by Cu-oriented grains in the
studied polycrystalline alloy 625. The only new obser-
vation is that in addition to TD rotations, the ND
rotations were also prevalent due to neighboring grain
interactions from Goss and Bs-oriented grains. More-
over, corresponding orientation micrograph of the shear
banded Cu grain shown in Figure 12(a) also depicts that
the part of Cu matrix region on the side of SBs is
transforming toward Bs orientation, which usually takes
place in low-to-medium-SFE materials. However, lattice
rotation rates are so weak in alloy 625 that they only
lead to orientations intermediate to the Cu and Bs,
represented by large intensity spread in the correspond-
ing (111) pole figure [Figure 12(f)]. In regard to
orientations that form inside the bands, it was reported
that regions within the bands undergo large-scale
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Fig. 11—Deformation characteristics of Goss-oriented grains/DBs surrounded by different neighbors. Orientation micrographs and
corresponding (111) pole figures of (a) Goss-oriented grain surrounded by Cu on one side and Bs on the other, (b) Goss-oriented grain
surrounded by Cu on both sides, (¢) Goss-oriented DBs emerged at the grain boundary of Bs-oriented grain. All Goss-oriented grains/DBs
undergo lattice rotations around ND (~ 25 deg). In most cases, the lattice rotations are seen to be restricted to the boundary regions on the side
of Bs neighbor, promoting grain fragmentation. Without Bs neighbor, the lattice rotations spread into the grain.

positive and negative rotations around TD to achieve
Goss (— 55 deg TD rotation) or Cube (+ 35 deg TD
rotation) orientations.”>*”) However, in the present
study, orientation changes occurring inside the bands
are not adequately captured from orientation micro-
graphs as they are mostly non-indexed due to a largely
distorted area. Although a few indexed regions with
Goss orientation are seen within the bands, which may
correspond to the less distorted regions as mentioned
earlier from TEM micrographs.
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In the present study, SBs formed in Cu-oriented
grains are nearly inclined at £ 35 deg to the RD, which
is a common observation in cold-rolled FCC materials.
Generally, SBs evolve on principal shear stress planes
that are inclined at 45 deg to loading axis, for example,
shear band formation due to localized adiabatic heating
during hot deformation. The reason behind deviation
from 45 deg and the specific inclination near 35 deg
observed in cold-rolled materials was first established by
Dillamore er al.® They proposed that SBs generate
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111 poles on to RD-TD plane indicate the position of different orientation components generated by + TD rotations of Cu-oriented crystal®®.

inside the grains of textured polycrystalline aggregate as
a consequence of geometrical softening (negative dM/
de) arising from plastic anisotropy. The instability
condition for shear banding for a particular grain could
be derived from Taylor’s strain hardening equation.

o= Mr, 2]
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where ¢ is the macroscopic stress, M is the Taylor fac-
tor, and 7y is the microscopic shear stress on active slip
systems. Differentiation of equation [2] gives

do dM dry  dM 5 drs _dy
& @t T M T My, (M_ds> 3]
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The above equation explains that when the strain

hardening rate, d—fj tends to 0, plastic instability through
.

dM
hg.
negative values earliest. This approach also predicts the
tendency of Cu-oriented grains to develop SBs at
intermediate level of deformation compared to the
others. This can be confirmed by considering the
following points

shear banding occurs in those grains in whic attains

(a) Cu orientation exhibits a comparatively large M
of 3.65 (Table IV). This indicates that it requires
more plastic work on individual slip systems per
unit amount of external strain, suggesting that
dislocation—dislocation interactions are more
prominent in Cu-oriented grains and result in a
higher strain hardening rate at the initial stages of
deformation followed by early saturation.

(b) Taylor factor calculations for orientations lying
on f-fiber have shown that M is largest for Cu
orientation and drops drastically as one moves
away from this orientation toward Cube or
Goss.?”) Therefore, 4 attains negative values
faster for Cu orientation due to + TD rotations
during deformation.

Moreover, it should be noted that a direct correlation
of geometrical softening mechanism for formation of a
shear band cannot be applied when there are neighbor-
ing grain interactions, as the M value varies from grain
boundaries to grain interior due to the formation of
GNBs. However, Cu being a hard orientation, it
sustained less degree of orientation spread compared
to others giving the scope for geometric softening.
Furthermore, SBs in the present alloy are seen to be
emerging from heavily strained grain boundary regions
or those regions where grain fragmentation has taken
place [Figure 12(a)]. Therefore, local stress variations
caused due to irregular strain accommodations near
grain boundaries would lead to stress concentrations,
which inherently trigger the nucleation of SBs.

B. Deformation Mechanisms: Intermediate to High
Levels of Rolling

Deformation after intermediate stages of warm rolling
was dominated by shear banding. An extensive banded
structure is evident from micrographs of the 90 pct
rolled sample (Figure 7). Both sets of positive and
negative SBs have emerged and most of them are seen
extended along the band direction becoming sample
scale. Usually, in concentrated solid solution alloys,
after initiation of micro-SBs in Cu-oriented grains, a
certain amount of shearing takes place parallel to the
bands until deformation on regular octahedral systems
resurfaces with some restrictions.'!! Further, intermit-
tent shear contributions from shear banding and
non-intersecting slip systems would influence lattice
rotations of Cu-oriented grains, ultimately accounting
for Cu to Bs-type texture transition.[*') However, the
near saturation of texture evolution observed in alloy
625 after 60 pct rolling reduction (Figure 3) indicates
that dislocation mobility on active slip systems is mostly
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getting exhausted and could not compete with meso-
scopic shear occurring along the SBs. The peak gener-
ated at lower correlated grain misorientation angles for
the 90 pct rolled sample [Figure 8(c)] further supports
the above proposition of the occurrence of predominant
non-crystallographic deformation. Heavy strain local-
ization through shear banding resulted in grain frag-
mentation with fragmented regions undergoing limited
lattice rotations [Figures 8(c) and (d)], leading to lower
correlated grain misorientations.

Another crucial result of the present study is the
apparent loss of intensity at Cu position with a parallel
rise in the intensity spread over the y-fiber ((111)||ND)
after 90 pct rolling [Figure 3(c)]. It was previously
reported that the y-fiber appeared as metastable orienta-
tions in low-SFE materials during rolling, and their
existence was attributed to the progressive rigid body
rotations of twin lamellae to align along the RD plane as
a consequence of latent hardening effects in surrounding
matrix.[>#>*! In contrast, the present alloy 625 does not
develop deformation twins at any rolling stage. In
another study, Engler et al** have demonstrated that
rolled materials develop through-thickness texture gra-
dient due to shear generated by small/extremely high roll
draughts (i.e., when the ratio of contact length to mean
thickness is < 1 or it is > 5), which would ultimately
produce rotated Cube ({001} <110>) and y-fiber com-
ponents in addition to the standard FCC rolling texture
components. Then, they modeled this phenomenon
through VPSC by incorporating geometry and fric-
tion-induced shear into the variable plane strain velocity
gradient matrix (deviating strain path from PSC). But,
in the present study, firstly, the roll draught was
maintained above 1 in all rolling steps [Figures 13(a)
and (b)], and secondly, texture studies are only made at
the mid-thickness level, where friction effects are the
minimum. Therefore, y-fiber development observed after
90 pct rolling for the present case cannot be simply
correlated to rolling draught as described by Engler.
Instead, reaction stresses generated along both positive
and negative sets of sample scale SBs have played a
significant role in texture transition as discussed in the
following paragraph.

Due to extensive shear banding, positive SBs that
reach sample scale would interact with roller contacts
and build-up reaction stresses that eventually make
them undergo rigid body rotations toward the compres-
sion plane [Figure 13(a)].?>*” However, with the onset
of negative SBs, rotations of positive SBs get obstructed.
Further, to comply with microscopic boundary condi-
tions, reaction stresses are transferred to complementary
micro-SBs and ultimately to the rhomboidal prism
regions enclosed between them. In this process, the
corresponding regions become independent and would
now be constricted to deform according to stresses
enforced by the SBs. Furthermore, the geometry of
reaction stresses across a rhomboidal region resembles a
state of pure shear, where reaction stresses can be
resolved along principal stress directions that act par-
allel and perpendicular to the compression plane [Fig-
ures 13(c) and (d)]. This stress state is characterized by
material compression in ND direction and tension along
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Fig. 13—(a) Roll gap geometry and schematic showing reaction stresses generated at the sample scale SBs due to interaction with the rolls, (b)
Roll draught (ratio of contact length to mean thickness) computed for different steps of rolling in the present study, (¢) Orientation micrographs
taken from RD-TD and RD-ND sections indicating the transformation of Cu-oriented rhombohedral regions trapped in between the SBs to
shear orientation, (d) Schematic indicting the change in strain path of entrapped rhombohedral regions from plane strain to pure shear resulting
in homogeneous flattening by compression in ND and tension in both RD and TD directions. ODF section ¢, = 45 deg of (e) unimodal Cu
with a Gaussian width of 7.5 deg and (f) Simulated texture at ¢ = — 1.38 obtained by imposing pure shear velocity gradient on unimodal Cu in

the VPSC tool.

both TD and RD directions. Therefore, it could be
reasonable to assume that regions enclosed by comple-
mentary SBs would undergo a local change in strain
path from the bulk-imposed plane strain to the pure
shear condition, that ultimately result in the homoge-
neous flattening of these regions. With combined effects
of significant reaction stresses and subsequent change in
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strain path, the enclosed regions would independently
deform by dislocation slip on new octahedral slip
systems, thereby imparting textural changes. Since
Cu-oriented enclosed regions are predominant in the
microstructure due to their tendency to form SBs as seen
from orientation micrographs [Figure 13(c)], lattice
rotations of this orientation under pure shear would
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majorly contribute to the final texture. To comprehend
the rotation path of independent Cu-oriented regions
under pure shear, simulation using the VPSC model was
performed. Texture representing unimodal Cu with a
Gaussian width of 7.5 deg [Figure 13(e)] was fed as input
to track textural changes when a pure shear strain
velocity gradient is imposed. Simulation outcome
through ODF ¢,= 45deg section is shown in
Figure 13(f). The simulated texture changes qualitatively
resemble experimental texture intensity rise over y-fiber
observed in the present study and prove that Cu-ori-
ented regions surrounded by SBs indeed undergo strain
path change from plane strain to pure shear. It is to be
noted that simulations are carried out without consid-
ering prior hardening and the subsequent latent hard-
ening of new slip systems, hence no quantitative relation
is seen between the experimental and simulated inten-
sities. Quantitative texture predictions are targeted in
our future studies.

V. CONCLUSIONS

In the present work, the crystallographic texture
evolution in alloy 625 during warm rolling and the
underlying deformation micromechanisms were investi-
gated. The experimental results are complemented by
detailed microstructural examination and crystal plas-
ticity simulations. The major findings are summarized as
follows:

1. Alloy 625 develops a weak Cu-type texture up to
intermediate rolling levels with planar dislocation
slip as the dominant deformation mechanism. The
development of weak texture is attributed to the
sluggish lattice rotations caused by the higher
work-hardening rate of the alloy.

2. Microband structures followed by planar disloca-
tion slip is identified as the precursor for the
nucleation of micro-SBs in the alloy 625. It is seen
that micro-SBs are originated in Cu-oriented grains
and further extended to the sample scale by crossing
Bs grains. Accordingly, there is a loss in the texture
intensity around both Cu and Bs positions. How-
ever, Goss grains were found to be more resistant to
shear banding.

3. The higher propensity of shear banding in alloy 625
has led to the concurrent nucleation of new sets of
complementary micro-SBs (+ 30 to 40 deg), which
has subdivided the grains into rhomboidal frag-
ments. Moreover, at large strains, the SBs undergo
rigid body rotations toward compression plane due
to the action of reaction stresses caused by roller
contacts. This phenomenon influences further ori-
entation changes of adjacent matrix regions.

4. Though alloy 625 is a concentrated solid solution
alloy, Cu — Bs -type texture transition mediated by
synergetic activation of shear banding and non-in-
tersecting slip systems is not observed in it. Instead,
the deformation after intermediate stage of rolling
(~ 60 pct) is predominantly carried forward by
extensive shear banding, leading to overall texture
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saturation. The drastic shift in the deformation
mode is correlated to the large initial work-harden-
ing rates and early exhaustion of active slip systems
in the studied alloy.

5. A new intensity around y-fiber (111)||ND texture
observed after 90 pct rolling reduction in alloy 625
is attributed to a change in the strain path of
fragmented grains (surrounded by complementary
micro-SBs) from plane strain to pure shear. The
strain path change is conceptualized based on the
geometry of reaction stresses and further validated
by performing VPSC simulation.
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APPENDIX

Basic Formulation of the VPSC Model

The VPSC model considers the slip inside the grain to
be rate dependent, and correspondingly, the strain rate
(&;) and stress (o) states inside the grain are related by a
viscoplastic constitutive law as follows:

: : [ rhss | s [miion]”
b =70 )My | =0 M| o [A]]
N N

TCRSS TCRSS

where j, is the reference strain rate corresponding to
the initial critical resolved shear stress; exponent n is
the inverse of strain rate sensitivity; suffix s refers to
the slip system; m; is the symmetric part of Schmid

i
tensor given by
Lo o s
iy = = (b3 + by A2]

Here, b and n are burgers vector and slip normal of
the system, respectively. In Eq. (Al), theg= my,0on is
the resolved shear stress on the respective slip system,
which evolves during the deformation. Slip on a given
system takes place when resolved shear stress g on
that system exceeds the critical shear stress tgpgg. In
addition, due to work hardening, the t¢gqg for disloca-
tion slip to take place on a particular slip system rises
with the increment in strain and is given by the
extended Voce hardening law!*>* as follows:
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s =%+ (G + 00 (1-ep(-T) ) a3
1
Here, 7} is the initial CRSS; 73 is the back-extrapolated
shear stress; 0 and 0] are the initial and asymptotic
hardening rates and I' = [} dy® is the accumulated
shear strain in the grain.
Further, the linearization of Eq. (Al) within the
framework of the grain gives

S 1008 n—1
.. Mgy [my, o
&j =37 E = |=

[A4]
< TCrss LTCRss

ok = Mo

Here, M, is the viscoplastic compliance modulus of
the grain. Similarly, at macroscopic level, the average
response of a polycrystal represented by HEM [Fig-
ure 1(a)] can be described as follows:

e =M : g%

[A5]

where &% and ¢°¢ are the macroscopic strain rate and
stress state of HEM, respectively; M is the macro-
scopic compliance moduli. The heart of the VPSC
model resides in the following localization equation
that describes the interaction of the inhomogeneous
inclusion with the surrounding HEM medium.

i—i=nI—E)":E:M:(c—d¢") [Af]
where 7 is the identity matrix and E is the Eshelby
tensor. The VPSC supports the implementation of
various linearization schemes to describe the grain level
interaction. The n is the tuning parameter that controls
this behavior, which ranges between two extreme values
of 0 and co. From Eq. (A6), if n = 0, then the grain
scale strain rates are equal to the macroscopic ones
describing the iso-strain Taylor theory. If n = oo, the
grain scale stress state is equal to the macroscopic stress
state, indicating the iso-stress Sachs model. In general,
neither Taylor’s nor Sach’s theory is entirely followed by
the deforming material, and correspondingly intermedi-
ate n values are prescribed that are more suitable.
Different intermediate schemes like secant (n = 1),
tangent (n = 20), and #°(n = 10) are available in the
VPSC code for describing the interaction of the grain
with the HEM medium. Finally, in the VPSC, iterations
are performed at each step of the simulation such that
the self-consistency is maintained. It explains that the
stress and strain rate states of individual grains are
allowed to vary, but their average response should be
consistent with the macroscopic ones. Correspondingly,
the lattice reorientation and the change in the shape of
the grain (i.e., inclusion) are updated at each incremen-
tal strain during simulation.
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