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Electron backscatter diffraction (EBSD) was employed to establish microstructure evolution in type 321
metastable austenitic stainless steel during rolling at a near-liquid-nitrogen temperature. A particular emphasis was
given to evaluation of microstructure-strength relationship.

As expected, cryogenic rolling promoted strain-induced martensite transformation. The transformation was
dominated by the y—a’sequence but clear evidence of the y—&—a’ transformation path was also found. The
martensitic reactions were found to occur almost exclusively within deformation bands, i.e., the most-highly strained
areas in the austenite. This prevented a progressive development of deformation-induced boundaries and thus
suppressed the normal grain-subdivision process in this phase. On the other hand, the preferential nucleation of
martensite within the deformation bands implied a close relationship between the transformation process and slip
activity in parent austenite grains. Indeed, the martensite reactions were found to occur preferentially in austenite
grains with crystallographic orientations close to Goss {110}<100> and Brass {110}<112>. Moreover, the martensitic
transformations were governed by preferential variant selection which was most noticeable in ¢-martensite. The
sensitivity of the martensitic reactions to the crystallographic orientation of the austenite grains resulted in
re-activation of the transformation process after development of a deformation-induced texture in the austenitic
phase at high strains. Both martensitic phases were concluded to experience plastic strain which resulted in
measurable changes in misorientation distributions. Cryogenic rolling imparted dramatic strengthening resulting in a
more-than-sixfold increase in yield strength. The main source of hardening was the martensitic transformation with

lesser contributions from dislocations and subboundary strengthening of the austenite.
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1. Introduction

The opportunity to obtain significant improvements in the mechanical properties of
structural materials has prompted considerable interest in ultrafine-grain microstructures.
Typically, such structures are produced by severe plastic deformation, but these techniques are
relatively laborious and difficult to scale up for commercial applications. For metastable
austenitic steels, however, substantial grain refinement can be achieved by conventional cold
rolling followed by appropriate heat treatment. This effect is based on the phenomenon of
strain-induced  martensitic  transformation during cold working and subsequent
martensite-to-austenite reversion during annealing [1, 2]. In view of the potential advantages of
this approach, it has attracted considerable interest, and a large volume of literature on the
subject has been published recently [3-15]. An examination of these publications suggests
however that the main emphasis in prior work has been the martensite-to-austenite reversion
step. On the other hand, surprisingly little attention has been given to the strain-induced
martensitic transformation despite the fact that the resulting microstructural changes heavily
impact the final ultrafine-grain structure.

Microstructure evolution during the cold deformation of metastable austenitic stainless
steels may be summarized briefly as follows: Due to the relatively-low stacking fault energy
(SFE) of such materials, plastic straining typically leads to the dissociation of perfect dislocations
into Shockley partials and stacking faults [16]. In turn, this results in planar slip and deformation
banding [17]. With increasing dislocation density, the stacking faults may overlap, and,
depending on the specific character of the process, this may lead to either twinning [18] or the
formation of hexagonal-close-packed e-martensite [19]. Once formed, the s-martensite may
undergo straining [3] which may lead to its transformation to body-centered-tetragonal
o'-martensite [20-26]. On the other hand, the direct transformation of austenite to o’-martensite
is also thought to be possible [19-22, 24-30]. In this case, the o'-martensite may nucleate at
dislocation pileups [20, 19, 22, 27], mechanical twins [20, 25-30], or deformation bands [20-22,
24-25, 30]. It is well accepted that o’-martensite originates from a complex interplay between
dislocations, stacking faults, and/or e-martensite, but the mechanism is not completely clear. It is
sometimes believed that the activation of a particular transformation sequence, i.e., y —» ¢ -’
versus vy — o/, is governed by the SFE. Specifically, lower SFE favors the formation of the
e-phase, whereas higher SFE promotes mechanical twinning [25]. The austenite and martensitic
phases are typically found to be related through the orientation relationship {111}, || {0001}: ||
{110}« and <110>, || <11-20>¢ || <111>« [1, 4], although substantial deviations are sometimes
reported [29]. The characteristic size of the strain-induced martensite particles as well as
mechanical twins and deformation bands is usually found to be in the nanoscale range [23-36].
Therefore, even relatively-low strains imparted during conventional rolling are sufficient for the
formation of ultrafine-grain structures in metastable austenitic steels [26, 29, 32-34, 36-37].

It is often suggested that lowering the rolling temperature to the cryogenic range may
further enhance grain-refinement. Specifically, a reduction in temperature tends to lower the SFE
and thereby promote mechanical twinning as well as e-martensite transformation [24, 26, 34].
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Moreover, the slip/twinning threshold stress ratio also tends to decrease with temperature, thus
contributing to twinning activity [36]. Last, a reduction in the deformation temperature should
increase the driving force for the o'-martensitic transformation. In view of these benéefits,
cryogenic rolling of metastable austenitic steels has recently attracted considerable interest [26,
32-33, 36-38].

Current understanding of strain-induced martensitic transformations is still primarily based
on microstructural observations from transmission electron microscopy (TEM). Despite the
excellent spatial resolution of TEM, the statistical significance of such results may be questioned.
In this regard, further insight into the pertinent phenomena may be provided by electron
backscatter diffraction (EBSD) techniques which enable the quantification of microstructural
details over a much larger scale. This can enable the systematic examination of microstructure
changes not only in austenite but also in both of the martensitic phases, thereby providing insight
into the complex interplay between these processes. However, due to the heavily-deformed
character of the resulting microstructures, such observations are relatively difficult and thus still
limited in number. To meet this need, high-resolution EBSD was implemented in the present
work to quantify microstructure evolution during cryogenic rolling of typical metastable austenitic
steel. Particular emphasis was also given to the evaluation of the broad dependence on resulting
strength and microstructure.

2. Material and Experimental Procedures

The program material comprised type 321 metastable austenitic stainless steel with
nominal™ chemical composition shown in Table 1. Preliminary experiments indicated that
quenching of this material into liquid nitrogen produced no martensite, and therefore it was
suitable for the investigation of strain-induced martensitic transformations under cryogenic
conditions.

The material was received as a cold-swaged bar with a cross-sectional area of 22x22
mm?Z. Prior to cryogenic deformation, it was subjected to rolling to an 85-pct. thickness reduction
at 950°C followed by annealing at 1200°C for 1 hour. This resulted in a fully-recrystallized
austenitic grain structure with a mean grain size of ~100 um, a high fraction of annealing twins,
and a weak {111}<uvw> y-fiber texture (supplementary Fig. S1). Microstructure observations (via
backscatter electron imaging) revealed no evidence of large-scale chemical heterogeneity.
Therefore, the pre-processing employed in the present work likely eliminated any possible
segregation of nickel and chromium. This process produced what is referred to as the base
material for the research described herein.

The base material was cryogenically rolled to various reductions in thickness, i.e., 5 pct.
(true strain = -0.05), 10 pct. (true strain = -0.11), 15 pct. (true strain = -0.16), 23 pct. (true strain =
-0.26), and 30 pct. (true strain = -0.36). In all cases, the reduction was performed in a single pass
using a rolling speed of 160 mm/s in a cluster mill with 65-mm-diameter work rolls. Higher
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reductions were found to lead to significant (undesirable) deformation heating and roll-separating
forces which exceeded the capacity of the laboratory equipment. To provide cryogenic
deformation conditions, the rolling preform was soaked in liquid nitrogen and held for 15 minutes
prior to rolling. The total time of the rolling process (i.e., the exposure time of the workpieces
under ambient conditions) was only a few seconds. After rolling, each specimen retained a frosty
appearance, thus providing evidence that deformation had indeed occurred at cryogenic
temperatures. The typical flat-rolling convention was adopted in this work, i.e., the rolling,
long-transverse, and thickness/normal directions were denoted as RD, TD, and ND, respectively.

To prevent static recovery and thus preserve the deformation-induced microstructures,
cryogenically-rolled samples were stored in a freezer at ~-20°C prior to examination.
Microstructural characterization and texture analysis was performed on the mid-thickness rolling
plane (i.e., the RD-TD plane) using EBSD. For this purpose, samples were prepared using
conventional metallographic techniques followed by electro-polishing in a 95-pct. acetic acid + 5
pct. perchloric acid solution at near-zero-temperature (in an ice bath) with an applied potential of
30v*. For EBSD, JSM-7800F and Hitachi S-4300SE field-emission-gun microscopes, both
equipped with a TSL OIM™ EBSD system and operating at an accelerated voltage of 25 kV,
were employed.

To determine the microstructures at different length scales, several EBSD maps were
acquired for each level of reduction (supplementary Table S1). Specifically, low-magnification
(“overview”) EBSD maps were obtained using scan step sizes ranging from 5 to 1 um, whereas
higher resolution maps were acquired with scan step sizes of 0.2, 0.1, or 0.05 um. For each
diffraction pattern, nine Kikuchi bands were used for indexing to minimize errors. The
o'-martensite was indexed as a body-centered-cubic phase; this approach is believed to be
feasible for EBSD of steels [39]. To ensure the reliability of the EBSD data, all grains comprising
two or fewer pixels were automatically removed from the maps using the grain-dilation option of
the OIM™ software. Furthermore, a lower-limit boundary-misorientation cut-off of 2° was used to
eliminate spurious boundaries caused by orientation noise. A 15° criterion was applied to
differentiate low-angle boundaries (LABs) from high-angle boundaries (HABs).

To provide a thorough analysis of microstructural changes occurring during rolling,
various microstructural characteristics were systematically examined; these included
morphology, crystallographic texture, misorientation distribution as well as orientation
relationships between phases. To obtain additional insight into microstructure evolution,
misorientation-angle distributions obtained in this work were expressed in terms of
grain-boundary density, i.e., the measured grain-boundary length for a given misorientation
angle divided by the area of the EBSD map. From prior experience, this metric provides a direct
comparison of grain-boundary characteristics, thus enabling more reliable interpretation of the
key physical mechanisms governing microstructure evolution.

tTo remove the artificial martensite which could be introduced during the mechanical polishing, relatively long-term

electropolishing (~1 min) was utilized for sample preparation.
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Texture data were derived from low-resolution maps; the analyzed area ranged from 1 to
21 mm? depending on the particular material condition (supplementary Table S1). However, due
to the coarse-grain character of the base material, these maps typically contained a limited
number of austenite grains, thus enabling qualitative analysis only. Texture calculations were
performed assuming orthotropic sample symmetry and employing either a 16%-order
harmonic-series-expansion method or a discrete binning approach with a bin size of 5°. In both
cases, Gaussian smoothing of 5° was applied and Bunge convention was utilized for Euler
angles.

To establish the effect of cryogenic rolling on mechanical behavior, tension specimens
were machined from the base material as well as the cryo-rolled materials. These specimens
had a gauge section measuring 15-mm length (RD), 6.7-mm width (TD), and 1.0-mm thickness
(ND). Each specimen was pulled to failure at ambient temperature in an Instron 5982 testing
machine using a nominal strain rate of 10 s'. Two tensile specimens were tested for each
material condition.

3. Results
3.1. Broad aspects of strengthening and microstructure evolution
3.1.1. Strengthening behavior

Measurements of the evolution of material strength as function of strain provided indirect
insight into microstructural changes during rolling (Fig. 1). As expected, rolling led to significant
hardening (Fig. 1a). Specifically, the yield strength increased more than six-fold after 30 pct.
reduction (Fig. 1b). The hardening rate 6c/6e (in which 6c denotes the increase in yield strength
for an increment in true strain ée) further quantified the hardening effect (Fig. 1c). The peak
hardening rate was noted for the low levels of deformation (i.e., 10-pct. reduction) and then
gradually decreased with imposed strain. However, an additional strengthening peak was
observed after 30 pct. reduction. In greater details, the underlying strengthening mechanisms
are discussed in Section 4.4.

3.1.2. Low-resolution EBSD observations

The broad features of microstructure evolution during rolling were revealed in
low-resolution EBSD phase maps (Fig. 2). For simplicity, only selected portions of the acquired
maps are shown in the figure. In the maps, austenite, a’-martensite and e-martensite are colored
white, red, and yeIIow§, respectively, whereas HABs (as well as phase boundaries) and X3
misorientations are depicted as black and green lines, respectively; LABs are omitted for clarity.
The fractions of the martensitic phases as a function of strain derived from the low-resolution
maps are shown in Fig. 3; the analyzed areas are given in supplementary Table S1. Considering
the relatively coarse scan step size for these scans (i.e., 1 or 2 um) as well as the fine scale of
the martensitic constituents, the measured contents were likely underestimated.

§ Here and hereafter, the reader is referred to the online version of this paper to view the figures in color.
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The original microstructure was dominated by relatively-coarse grains containing
annealing twins (Fig. 2a). Rolling to a 5-pct. reduction led to relatively-minor changes at the grain
scale (Fig. 2b)**. A transformation of the original annealing-twin boundaries within the austenite
grains into random boundaries was the only feature of note; an example is indicated by the arrow
in Fig. 2b. This effect is well described in the scientific literature [e.g., 40-42] and is usually
attributed to strain-induced crystallographic rotations of adjacent twin/matrix material from their
original orientations. Almost no evidence of strain-induced martensitic transformations was found
at 5-pct. reduction (Fig. 3).

An increase in the rolling reduction to 10 pct. promoted a noticeable amount of martensitic
transformation (Figs. 2c & 3). Both o’ and € martensitic phases were found. These phases were
interspersed and consisted of two different morphologies (Fig. 2c): (i) series of nearly-parallel
bands within prior-austenite grains (circled example) and (ii) relatively-coarse domains
resembling the original equiaxed austenite grains. The possible origin of the martensite
morphology is discussed in Section 4.2.4. For now, it is worth noting that the fraction of
o/-martensite greatly exceeded that of e-martensite (Fig. 3). Remarkably, the simultaneous
presence of both martensitic phases in the studied AlISI 321 austenitic stainless steel has been
confirmed recently by TEM and X-ray diffraction techniques [43, 44]. This effect was perhaps
attributable to relatively low stacking fault energy of this material, i.e., ~20 mJ/m? at ambient
conditions.

Further increases in reduction to 15 pct. and 23 pct. provided only limited changes in both
morphology (Figs. 2c-e) as well as martensite fractions (Fig. 3). However, the additional strain
led to an increase in the volume fraction of o’-martensite at the expense of e-martensite (Fig. 3).
This effect may be explained at least partially in terms of an e—a’ phase transformation which is
often observed during cold deformation of metastable austenitic alloys [20-26]. An increase in
the fraction of £3 twin boundaries within austenite grains (circled example in Fig. 2f) was also
observed. Considering the fine morphology of such twins, this observation likely indicated the
activation of mechanical twinning.

Remarkably, no clear evidence of shear banding was found for the entire range of strains
investigated here.

3.1.3. High-resolution EBSD observations

Additional insight into microstructural changes was obtained from high-resolution EBSD
scans (Fig. 4). To facilitate microstructure interpretation, Kikuchi-band-contrast (image quality)
maps were superimposed with the martensitic phases in these figures; moreover, EBSD
orientation maps are also given in supplementary Fig. S2. In Kikuchi-band-contrast maps, the
sharpness decreases in regions with crystal defects, thus providing images comparable to
conventional metallography. In addition to the martensitic phases, LABs, HABs, and X3 twin

™ In view of the relatively-low rolling reduction (5 pct.), the elongated grain morphology observed in Fig. 2b was

most likely associated with local variations of grain shape in the original microstructure (supplementary Fig. S1).
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boundaries are indicated in Fig. 4 as blue, black, and green lines, respectively; the traces of
several important crystallographic planes are also shown in the maps as dotted lines.

The microstructure of the material rolled to a 5-pct. reduction comprised regular arrays of
intersecting bands (Fig. 4a). The dark color of the bands indicated an increased concentration of
crystal defects. Such bands, consisting of dislocations and/or stacking faults, are often observed
in lightly-deformed low-SFE metals and are termed deformation bands throughout the
manuscript. The traces of the deformation bands in the present work were typically aligned with
111, 110 or 100 crystallographic planes.

As mentioned in the previous section, a further increase in reduction resulted in
martensitic transformations. Of particular interest was the observation that both martensitic
phases were concentrated almost exclusively within the deformation bandsT (Figs. 4b-d). This
presumably indicated a preferential nucleation of martensite in regions of high strain and agreed
with previous reports in the literature [20-22, 24-25, 30]. In addition to the martensitic phases, the
bands also contained sporadic nanoscale twins (Figs. 4b-c). Mechanical twinning became
particularly pronounced by 30 pct. reduction (Fig. 4d).

Importantly, the deformation bands were rarely outlined by LABs (Fig. 4), thus indicating
that the orientation difference between the bands and the austenite matrix was below the EBSD
resolution limit (i.e., 2°).

3.2. Microstructure evolution in the austenite phase
The fundamental aspects of microstructure evolution in the austenite phase were
examined in terms of the development of texture and misorientation distribution.

3.2.1. Texture

Texture evolution in the austenite phase was quantified in terms representative sections
(p2= 0°, @2= 45° or (2= 65°) of orientation distribution functions (ODFs) (Fig. 5). The base
material had a very weak crystallographic texture with a peak intensity of ~2.4 times random
(Fig. 5a). Nevertheless, some crystallographic preference of a {111}<uvw> y-fiber as well as a
{001}<100> Cube texture was noted.

After rolling to relatively-low reductions, the original texture was broken into an irregular
pattern (e.g., Fig. 5b for 10-pct. reduction). The development of a distinct rolling texture was
found only after 30-pct. reduction (Fig. 5¢). To a first approximation, this latter texture comprised
the superposition of two partial fibers: a dominant o {110}<uvw> and a relatively-weak f (Fig.
5c). Within the a-fiber, strong Goss {110}<100> and Brass {110}<112> components were
developed, whereas the B-fiber was dominated by near-Copper {112}<111> and S {123}<634>
orientations (Fig. 5c). Generally, the measured texture was broadly similar to that typically
observed in moderately-rolled face-centered-cubic metals with low SFE [17, 45].

T For the material with a 30-pct.-reduction, a small fraction of martensite was also found within mechanical twins.
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3.2.2. Misorientation distribution

The effect of rolling reduction on the misorientation-angle and misorientation-axis
distributions in austenite is shown in Figs. 6a and 7, respectively. For clarity, the high-angle
portion of the misorientation-angle distributions is shown as an insert in the top right corner of
Fig. 6a; statistical data derived from the distributions are presented in Figs. 6b-e.

As expected, the microstructure of the annealed base material was dominated by X3 twin
boundaries which produced a sharp peak at 60° in the misorientation-angle distribution (Fig. 6a)
and a dense cluster near <111> in the misorientation-axis distribution (Fig. 7a). The 5-pct.
reduction led to a small increase in LAB area fraction (Figs. 6a, b) and a marked decrease in the
mean LAB misorientation (Fig. 6¢). Both these effects presumably originated from the formation
of deformation-induced dislocation boundaries. In addition, a slight reduction in the proportion of
>3 twin boundaries was observed (Figs. 6a, b). As mentioned in Section 3.1.2, this behavior can
be ascribed to the gradual (strain-induced) transformation of twin boundaries into random HABs.
In fact, the measured misorientations of twin boundaries was found to deviate substantially from
the ideal twin-matrix orientation relationship (Fig. 6d) and the misorientation axes of the twin
boundaries were widely scattered around <111> after 5-pct. reduction (Fig. 7b).

A reduction of 10 or 15 pct. resulted in a marked increase in the proportion of LABs (Figs.
6a, b) thus providing evidence of the extensive development of deformation-induced boundaries.
Furthermore, the increase of mean LAB misorientation (Fig. 6¢) suggested the progressive
evolution of such boundaries, as is normally observed in cold-worked metals due to the
operation of the grain subdivision mechanism [e.g. 46]. Remarkably, the misorientation axes of
LABs were preferentially clustered near <110> (Figs. 7c, d); the reason for this effect is not clear.
On the other hand, twin boundaries almost completely disappeared (Figs. 6a-b), thereby
indicating their elimination with relatively small levels of imposed strain (Fig. 6d). An increased
fraction of 36°<302> and 44°<115> misorientations was also noted (indicated by the arrows in
Figs. 6a and 7c-d, Fig. 6e). These boundaries were typically found within deformation bands (not
shown).

A yet further increase in reduction to 30 pct. gave rise to substantial changes, principally a
reduction in LAB fraction (Fig. 6b). This effect can be ascribed to the large increase in new X3
twin boundaries (Fig. 6b) with misorientation very close to that of the ideal £3 (Fig. 6d). All these
observations thus provided evidenced of the activation of mechanical twinning, as suggested in
Section 3.1.2. On the other hand, the 36°<302> and 44°<115> misorientations disappeared
almost completely from the microstructure at the highest rolling reduction (Figs. 6a, 7e-f, and Fig.
6e).

3.3. Microstructure evolution in ao'-martensite

Insight into the o’ martensitic transformation was obtained by quantifying the orientation
relationship with the parent austenite as well as the texture and misorientation distributions within
the o’ as a function of imposed deformation.



3.3.1. Orientation relationship

The orientation relationship between adjacent o'-martensite and parent austenite was
established via 111 and 110 pole figures derived from high-resolution EBSD data; typical
examples are shown in Fig. 8. For clarity, crystallographic directions in austenite that are close to
those in the o’-martensite are circled.

Shortly after initiation of the martensitic transformation (i.e., 10-pct. reduction), the <111>
and <110> directions of the austenite were typically found to be very close to the respective
<110> and <111> directions of the o’-martensite (Fig. 8a). This correspondence indicated a
Kurdjumov-Sachs (K-S) relationship between the phases, viz. {111}, || {110}« and <110>, ||
<111>«, in agreement with numerous reports in the literature [19-20, 23, 27-28, 33].

After rolling to higher reductions, however, the respective directions in the austenite and
the o’-martensite were found to deviate substantially from each other (Fig. 8b). These deviations
exceeded the EBSD resolution (i.e., 2°) thus probably reflecting a real phenomenon. Considering
the significant texture changes in the austenite at higher rolling reductions (Figs. 5b, c), the
divergence was likely associated with strain experienced by the austenite and/or o’-martensite
following the phase transformation.

3.3.2. Texture

ODF# data for various levels of reduction shed more light on the o’-martensitic
transformation (Fig. 9). Overall, the ODFs revealed that the texture of the martensitic phase was
not random. Shortly after initiation of the martensitic transformation (i.e., after 10-pct. reduction),
the ODF was dominated by a (0°; 0° 0°), i.e., Cube {001}<100>, component (Fig. 8a). A
relatively-weak (45°;0°;0°;) component was also present in the ODF (Fig. 8a). By contrast, after
30-pct. reduction, the (45°;0°;0°), i.e., {001}<110> orientation had become dominant, whereas
the Cube component had disappeared (Fig. 8b). The development of the {001}<110> texture in
the strain-induced martensite has been recently reported by Szpunar, et al. [14-15, 38]. This
texture component was suggested to originate from the martensitic transformation occurring in
austenite grains with a Copper {112}<111> orientation [14].

3.3.3. Misorientation distributions

The reduction dependence of the misorientation-angle and misorientation-axis
distributions in the o’-martensite are shown in Figs. 10a and 11, respectively. For clarity, the
high-angle portion of the misorientation-angle distributions is shown as an insert in the top right
corner of Fig. 10a; statistical data derived from the distributions are presented in Figs. 10b-d.

Shortly after initiation of the martensitic transformation, the misorientation distribution
exhibited a very specific form (Figs. 10a and 11a). Assuming that the o'-martensite had
undergone limited straining at the low reduction at which it first formed, it can be concluded that
the measured misorientations arose from the phase transformation per se and were thus
associated with crystallographic variants. Due to the crystal symmetry of the y and o' phases,

+ For bce metals, ODF sections of Euler space usually comprise either to g1=constant or to g2=constant. In this

work, the former approach is shown in Fig. 9, whereas the latter sections are given in supplementary Fig. S3.
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there are 24 possible variants that obey the K-S relation; the misorientations between given pairs
of variants are very specific (supplementary Table S2). For a semi-quantitative analysis of the
degree of variant selection during the martensitic transformation, inter-variant misorientations
are often expressed as those between V1 and other variants (supplementary Table S3). Hence,
the relationship between the measured misorientation distribution and variant selection was
established from plots of the area fractions of variant boundaries (Figs. 10b-c). At the low
reduction at which the o/'—martensite formed, the inter-variant boundaries comprised ~50 pct. of
the total grain-boundary area (Fig. 10c), thus confirming the transformation origin of the
misorientation distribution. In addition, there was a clear preference for V1/V2 and V1/V6 variant
boundaries (Fig. 10b), thereby indicating substantial variant selection during the martensitic
transformation.

In addition to the inter-variant boundaries, a measurable proportion of 30°<111> and
36°<302> misorientations was also found (indicated by arrows in Figs. 10a and 11a; Fig. 10d).
These boundaries were not associated with the K-S orientation relationship; their origin is
unknown at present.

In samples deformed to reductions greater than 10 pct., the inter-variant boundary fraction
gradually decreased (Figs. 10b-c). The 30°<111> and 36°<302> misorientations also tended to
disappear (Figs. 10a, 10d and 11b-d). On the other hand, the proportion of LABs increased
significantly (Figs. 10a & c). The possible origin of these observations is discussed in Section
4.3.

It is also worth noting that a 30-pct. reduction led to a large increase in V1/V2, V1/V3 (or
V1/V5), VINT7, and V1/V8 variant boundaries (Fig. 10b). This result is discussed in Section
4.2.3.

3.4. Microstructure evolution in e-martensite

Microstructure evolution in e-martensite was quantified via its orientation relationship with
austenite and o’-martensite as well as texture and misorientation distributions as function of
strain.

3.4.1. Orientation relationship

The orientation relationship between adjacent austenite, e-martensite, and o'-martensite
phases was established via 111, 110, 0001, and 1120 pole figures derived from high-resolution
EBSD data; typical examples are shown in Fig. 12. For clarity, crystallographic directions in
austenite and o’-martensite that are close to those in the e-martensite are circled.

Unfortunately, the orientation relationship between e-martensite and the other phases was
confounded by significant experimental scatter. Very often, no clear relationship between the
phases was found (e.g., Fig. 12a). In some cases, on the other hand, a nearly ideal {111}, ||
{0001} and <110>, || <11-20>; Shoji-Nishiyama orientation relation was observed between
austenite and e-martensite (e.g., Fig. 12b). In such instances, all of the orientation peaks for the ¢
phase coincided with the corresponding directions in the austenite as indicated in Fig. 12b. This
suggests the formation of only one specific crystallographic variant of the e-martensite among
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four possibilities. That is to say, variant selection was very pronounced. The ¢ phase in such
cases was also related with the a'-martensite via the Burgers orientation relationship, viz. {0001}
|| {110}« and <11-20>; || <111>«, (Fig. 12b). This observation thus provided evidence that the
y—e—a' transformation sequence also contributed to the formation of o’-martensite.

3.4.2. Texture

Texture data in the form of 0001 and 1120 pole figures for two levels of reduction shed
more light on the e-martensite transformation (Fig. 13). Shortly after initiation of the
transformation, the e-martensite was characterized by a distinct texture which can be
approximately described as 0001 poles lying at + 40° to the RD (Fig. 13a). After 30 pct.
reduction, however, the texture peaks had moved toward the ND, thus forming 0001 components
at £ 25° to the RD (Fig. 13b). Each of these “split” textures was relatively strong with peak
intensities of 5 - 10 times random.

The development of similar 0001 components at + 20° to the RD in e-martensite during
cold rolling of metastable austenitic stainless steel has been reported by Lu, et al. [3].

3.4.3. Misorientation distributions

The reduction dependence of the misorientation-angle and misorientation-axis
distributions in the e-martensite are shown in Figs. 14a and 15, respectively; statistical data
derived from the distributions are presented in Figs. 14b-c.

Shortly after nucleation, the e-martensite was characterized by a complex misorientation
distribution (Figs. 14a and 15a). Among the preferential misorientations, 86° <1120 >
boundaries were likely attributable to {1012} twins [48]; the origin of the other peaks is not
clear. Considering the similarity between the crystal structures of e-martensite and magnesium,
the misorientation peaks near 50° and 60° (Figs. 14a and 15a) may be associated with
boundaries between crystallographic variants of the {1012} twins, whereas 30° <0001>
boundaries may be attributable to the split-basal texture (Fig. 13a). On the other hand, by
analogy with observations for o-titanium, increased proportions of ~ 90°<1010> and
~93° <16;4;12;3 > (Figs. 14a and 15a) may originate from {1123} twinning and {1012} —{1123}
secondary twinning, respectively. However, this possibility appears less likely due to the marked
difference of the c/a ratio in this material and e-martensite (1.587 vs 1.624). Surprisingly, the
misorientation distribution demonstrated no preference for 70.5°<1120> boundaries
associated with the crystallographic variants of the y—& martensitic transformation [49]. This
indirectly indicates strong variant selection during transformation in agreement with the remarks
in Section 3.4.1.

Rolling to higher reductions resulted in an increase in the fraction of LABs (Fig. 14b) and a
decrease in the mean LAB misorientation (Fig. 14c), thereby indicating extensive formation of
deformation-induced LABs in e-martensite. On the other hand, the entire misorientation
distribution became relatively smooth (Figs. 14a & 15b-d) and the proportion of {1012} twin
boundaries was reduced (Fig. 14b) presumably due to strain-induced crystallographic rotations
of twins and surrounding matrix, as discussed in Section 3.1.2.
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4. Discussion
4.1. Grain refinement in austenite

The observed changes in microstructure in the austenite phase were broadly similar to
those often observed during cold working of low-SFE metals. Specifically, the early stage of
material flow was characterized by deformation banding (Figs. 4a-c), presumably due to
dissociation of perfect dislocations into Shockley partials and stacking faults. However, the
deformation bands were not solely parallel to {111} slip planes, but were often found to be
aligned with either {110} or {100} planes (Fig. 4). Assuming a dislocation origin of such bands,
their alignment with {110} or {100} may be explained in terms of interactions between several
different slip systems operating within the same grain. For instance, tangling of dislocations
gliding on (111) planes with those on (111) planes may result in a deformation band aligned
with (110) planes. On the other hand, the interaction of (111) and (11 1) dislocations may give
rise to deformation bands along (100) planes. If so, the deformation bands may not have been
slip bands but were rather dislocation walls (or LABs).

Increased rolling reduction led to the formation of extensive deformation-induced LABs
(Figs. 6a-b). However, their mean misorientation increased relatively slowly (Fig. 6¢), and almost
no LAB-to-HAB transformation was observed. This was likely due to martensitic transformations
within the deformation bands (i.e., the most-heavily deformed areas) which suppressed the
progressive development of deformation-induced boundaries. Thus, the strain-induced
martensitic transformation inhibited grain-refinement in the austenitic phase via the normal
grain-subdivision mechanism. On the other hand, mechanical twinning appeared to be the
dominant mechanism controlling HAB formation in austenite. As expected, this mechanism was
activated only after moderately-high rolling strains (~30 pct. reduction, Fig. 6b), which
presumably provided the necessary level of stress.

In addition to twinning, strain-induced 35°<302> and 44°<115> misorientations also
contributed somewhat to the development of HABs in the austenitic phase (Fig. 6e). Considering
a preferential concentration of such boundaries within deformation bands, they probably
originated from an interplay between stacking faults, but this conjecture requires further study.

4.2. Martensitic transformations
4.2.1. Transformation path

Per the results in Fig. 3, the early stages of straining were characterized by both y — o
as well as y— ¢ martensitic reactions, albeit the former sequence seemed to dominate. The
decrease in the fraction of the e-martensite at higher strains (Fig. 3) was most likely attributable
to the ¢ — o transformation. Therefore, both y — o’ and y — ¢— o’ sequences contributed to the
development o’ martensite. However, the mutual contributions of these two mechanisms are
unclear.
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4.2.2. Effect of crystallographic orientation of parent austenite on martensite formation

As mentioned in Section 3.1.3, the strain-induced martensite nucleated almost exclusively
within deformation bands (Figs. 4b-d). If so, the martensitic reactions should be closely related
with the underlying slip systems in austenite. This implies a sensitivity of this process to
crystallographic orientation of austenite grains [51-54]. Specifically, it has been shown recently
that e-martensite develops preferentially in austenite grains with Copper {112}<111> and S
{123}<634> orientations, and this results in the development of a texture characterized by 0001
poles at £ 20° to the RD in the ¢ phase [3].

To examine this possibility for the o transformation, several high-resolution EBSD maps
were obtained for o’ martensite domains with crystallographic orientations close to the dominant
texture components, i.e., either (0°,0°;0°) or (45°,0°;0%). A nearly-perfect K-S orientation
relationship between the o martensite and the remnants of the parent austenite was confirmed.
In addition, the orientations of the parent austenite grains were derived from such maps (Fig. 16).
It is apparent that the (0°;0°;0°) orientation of o’ martensite originated from the (0°;45°;0°) Goss
orientation of austenite (Fig. 16a). In terms of Miller indices, this means that the Cube
{001}<100> orientation of o martensite originated from the {110}<100> orientation of austenite.
On the other hand, the (45°;0°;0°;) orientation of o’ martensite was produced by austenite grains
with an orientation close to Brass (35°;45°;0°) (Fig. 16b). In terms of Miller indices, this means
that the {001}<110> orientation of o’ martensite originated from the {110}<112> orientation of
austenite. The K-S orientation relationship between the Brass orientation in austenite and
(45°;0°;0°) orientation in o’ martensite has been also recently reported by Souza Filho, et al. [55].

It can thus be concluded that o martensitic transformation at relatively low strains
developed primarily in austenite grains with near-Goss orientations. However, the formation of
deformation texture in austenite after 30 pct. reduction (Fig. 5¢) and the concomitant change in
slip activity resulted in preferential martensitic reaction in austenite grains with a Brass
orientation. However, the fundamental reason(s) for preferential o martensitic transformation in
austenite grains with Goss and Brass orientations warrants further research.

It should be noted that the {100}<110> orientation is also known to originate from rolling of
body-centered-cubic metals, i.e., it may be related to deformation of the o’ martensite. Therefore,
the origin of this textural component warrants further study.

4.2.3. Variant selection

The close relationship between the martensitic transformations and the operative
austenite slip systems mentioned above suggests noticeable variant selection [51, 53], which
was indeed observed in the present work (Sections 3.3 and 3.4). This effect was particularly
pronounced for e-martensite, as shown by direct crystallographic measurements (Fig. 12b), the
formation of a relatively-sharp texture (Fig. 12a), and the variant-less character of the
misorientation distribution (Figs. 14a and 15a) in this phase.

In the context of the discussion in the previous section, the observed redistribution of
inter-variant misorientations in o martensite after 30 pct. reduction (Fig. 10b) may be attributed
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to the development of near-Brass texture in austenite and the resulting re-activation of the
martensitic transformation.

The sensitivity of the martensitic transformations to crystallographic orientation of
austenite grains as well as the marked variant selection governing this process resulted in the
development of relatively-strong textures in both martensitic phases (Figs. 9 & 13).

4.2.4. Martensite morphology

Due to the preponderance of martensitic formation within deformation bands, the resulting
phases can likely be characterized as lamellar in morphology. However, because of the arbitrary
orientation of the martensite platelets relative to the section plane (i.e, stereological effects), their
appearance might vary from a series of narrow bands to relatively-coarse grain-shaped domains.
This was indeed observed in low-resolution EBSD maps (Figs. 2b-d).

Considering the limited volume fraction of deformation bands, the martensitic reaction
should eventually have reached a saturation. This was also observed for the deformation range
comprising 10 to 23 pct. rolling reduction (Fig. 3). On the other hand, the formation of Brass
texture in moderately-rolled austenite (Fig. 5c) and the concomitant activation of new
deformation bands should re-activate the martensitic transformation, as mentioned above. This
effect, together with the ¢ — o’ transformation, promoted an increase of o’ proportion after 30 pct.
rolling (Fig. 3).

4.3. Deformation-induced changes in martensite

As mentioned in Section 3.1.2, the applied strain may transform twin boundaries into
random grain boundaries. Therefore, the twin boundaries as well as any other specific
misorientations, can serve as indicators of local strain. In this context, the elimination of the
unusual 30°<111> and 36°<302> misorientations in a’-martensite as well as the smoothing of
the misorientation distribution in e-martensite during rolling (Figs. 10d and 14a, respectively)
provide evidence that both martensitic phases underwent some plastic strain. This conclusion
was also supported by the gradual increase in LAB density (Figs. 10a and 14a) and LAB fraction
(Figs. 10c and 14b) as well the disruption of the ideal orientation relationships between the
martensitic phases and austenite (Figs. 8b and 12a). The latter effect was most pronounced for
e-martensite, thus suggesting that this phase experienced a relatively-large strain. The
noticeable strain experienced by the ¢ phase during cold working has been recently reported by
Lu, et al. [3] and Souza Filho, et al. [55].

4.4. Strain hardening

On the basis of the detailed EBSD characterization of microstructure changes in previous
sections, the strain hardening mechanisms can be deduced. Per Figs. 1a-b, a 5-pct.-reduction
nearly doubled material strength. Microstructural observations in this material condition revealed
only a minor increase in LAB density and virtually no martensitic transformations (Figs. 6a-b and
3, respectively); therefore, the very large strengthening effect was presumably attributable to
dislocation hardening and/or deformation banding (Fig. 4a).
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Rolling to a 10-pct. reduction provided the highest strengthening rate (Fig. 1c). This
phenomenon was associated with strain-induced martensitic transformations (Fig. 3). In addition,
a substantial increase in the LAB area in the austenite phase (Figs. 6a-b) also contributed
perhaps to strengthening some extent. The considerable decrease in hardening rate in the range
of 10 to 23 pct. reduction (Fig. 1c) was most likely due to the saturation of martensite content
(Fig. 3), as discussed in Section 4.2.4. In this strain interval, work hardening is thought to arise
primarily from sub-boundary strengthening in austenite (Figs. 6a-b) and strain hardening of the
martensitic phases, as suggested in previous sections.

The enhancement of the strengthening rate after 30 pct. reduction presumably originated
from a further increase in o martensite volume fraction (Fig. 3) due to ¢ — o transformation as
well as the development of a Brass texture in austenite as discussed in Section 4.2.4.

5. Conclusions

EBSD was applied to quantify microstructure evolution during cryogenic rolling of type
321 metastable austenitic stainless steel for thickness reductions between 5 and 30 pct. Based
on detailed microstructural characterization, the microstructure dependence of strength was
elucidated. The main conclusions from this work are as follows.

1. Microstructure evolution in the austenite phase is broadly similar to that normally
observed during cold working of cubic metals with low-SFE. Specifically, it is characterized by
extensive deformation banding, formation of poorly developed LABs, and activation of
mechanical twinning after a moderate degree of reduction.

2. As expected, cryogenic rolling induces a martensitic transformation. The martensite
nucleates almost exclusively within deformation bands, i.e., the most-highly strained areas in the
austenite phase. This prevents the continued development of deformation-induced boundaries in
austenite and thus inhibits grain-refinement of this phase via the normal grain-subdivision
process. Mechanical twinning is thus the sole source for HAB formation in austenitic phase at
high strains.

3. Evidence of two transformation sequences, viz., y—a’ and y—&—a’, are observed; the
former one predominates. Both transformation paths follow the general orientation relations
{111}, || {0001}: || {110} @and <110>y || <11-20>; || <111>« but are gradually destroyed with
additional strain.

4. The occurrence of strain-induced martensitic phases within deformation bands implies
a close relationship between the transformation processes and slip activity in the parent
austenite grains. Specifically, the martensite reactions occur preferentially in austenite grains
with crystallographic orientations close to Goss {110}<100> and Brass {110}<112>. Moreover,
the martensitic transformations are governed by strong/preferential variant selection which is
most marked for the formation of e-martensite. The sensitivity of the martensitic reactions to the
crystallographic orientation of austenite as well as strong variant selection occurring during this
process results in sharp crystallographic textures in both martensitic phases.
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5. The preferential development of both martensitic phases within deformation bands
results in rapid saturation of martensite evolution thus giving rise to its near-sigmoid dependence
on strain. However, the development of a deformation-induced Brass texture in austenite and the
concomitant activation of new deformation bands re-activates the martensitic transformation.

6. Both martensitic phases experience plastic strain during rolling.

7. Cryogenic rolling imparts dramatic strengthening resulting in a more than six-fold
increase in yield strength for 321 stainless steel. The strain hardening is mostly due to the
martensitic transformations. However, dislocation- as well as LAB hardening also provide some
contribution to material strength.
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Figure Captions

Figure 1. Effect of rolling reduction on (a) engineering stress-strain curves, (b) yield strength,
and (c) hardening rate

Figure 2. Selected portions of low-resolution EBSD phase maps showing (a) original
microstructure and its evolution after a rolling reduction of (b) 5 pct., (c) 10 pct., (d) 15 pct., (e)
23 pct., or (d) 30 pct. The scale bar and phase color codes for all maps are given in (a).
High-angle (or phase) boundaries are shown as black lines and £3 boundaries are shown as
green lines. RD, TD and ND denote the rolling, transverse, and normal direction, respectively.

Figure 3. Effect of rolling reduction on the volume fraction of the martensitic phases

Figure 4. Selected portions of high-resolution EBSD Kikuchi-band-contrast maps showing the
microstructures developed during a rolling reduction of (a) 5 pct., (b) 10 pct., (c) 15 pct., or (d)
30 pct. The color codes for the martensitic phases are given in the top right corner of (a). In
the maps, low-angle boundaries are depicted as blue lines, high-angle (or phase) boundaries
as black lines, and 3 boundaries as green lines. The dotted lines indicate the traces of 111,
110 and 100 planes which are closest to the corresponding deformation-band trace

Figure 5. Selected sections (¢2= 0°, @2 = 45°, or ¢2=65°) of orientation distribution functions
(ODFs) showing the texture in the austenite (a) in the base-metal condition, (b) after 10 pct.
reduction (i.e. shortly after initiation of the martensitic transformation), or (c) after 30 pct.
reduction. For comparative purposes, several ideal rolling orientations are superimposed on
the ODFs

Figure 6. Misorientation measurements in the austenite phase as a function of rolling reduction:
(a) Misorientation-angle distributions, (b) area fractions of LABs and X3 twin boundaries, (c)
mean LAB misorientation, (d) mean deviation of twin-boundary misorientations from ideal 3,
and (e) area fractions of 36°<302> and 44°<115> misorientations. In (a), the insert in the top
right corner shows an enlargement of the high-angle section of the misorientation distributions

Figure 7. Effect of rolling reduction on misorientation-axis distribution in the austenite phase in
(a) the base material or after a rolling reduction of (b) 5 pct., (c) 10 pct., (d) 15 pct., (e) 23 pct.,
or (f) 30 pct.

Figure 8. Typical examples showing the local orientation relationship between austenite and o’
martensite as function of rolling reduction: (a) 10 pct. (i.e., shortly after initiation of martensitic
transformation) or (b) 30 pct. In the pole figures, the closest related directions in the austenite
and the o' martensite are circled

Figure 9. ODFs showing the texture in a” martensite as function of rolling reduction: (a) 10 pct.
(i.e., shortly after initiation of martensitic transformation) or (b) 30 pct.
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Figure 10. Misorientation measurements in «” martensite as a function of rolling reduction: (a)
misorientation-angle distributions, (b) variant-pairing frequency diagram according to the
Kurdjumov-Sachs (K-S) orientation relationship, (c) area fractions of LABs and inter-variant
boundaries, and (d) 30°<111> and 36°<302> misorientations. In (a), the insert in the top right
corner shows an enlargement of the high-angle section of the misorientation distribution

Figure 11. Effect of rolling reduction on misorientation-axis distribution in a“~martensite after a
reduction of: (a) 10 pct., (b) 15 pct., (c) 23 pct., or (d) 30 pct.

Figure 12. Typical examples showing the local orientation relationship between austenite, ¢
martensite, and o' martensite: (a) the lack of a clear orientation relationship between the
austenite and ¢ martensite, and (b) a nearly-ideal Shoji-Nishiyama orientation relationship
between the austenite and ¢ martensite. In the pole figures, the closest related directions in
the austenite, ¢ martensite, and o’ martensite are circled. In (a), the data were taken after
10-pct. reduction (i.e. shortly after initiation of the martensitic transformation), whereas the
data in (b) were obtained from the material subjected to 30-pct. reduction

Figure 13. 0001 and 11-20 pole figures showing the texture in e&-martensite as function of rolling
reduction: (a) 10 pct. (i.e., shortly after initiation of the martensitic transformation) or (b) 30 pct.

Figure 14. Misorientation measurements in s-martensite as a function of rolling reduction: (a)
misorientation-angle distributions, (b) area fractions of LABs and {1012} twin boundaries, and
(c) mean LAB misorientation

Figure 15. Effect of rolling reduction on misorientation-axis distribution in s-martensite after a
reduction of (a) 10 pct., (b) 15 pct., (c) 23 pct., or (d) 30 pct.

Figure 16. Selected sections (p2 = 0° and @2 = 45°) of ODFs illustrating the orientation
relationship between o’ martensite and austenite measured in the martensite domain with a
crystallographic orientation close to (a) (0°; 0°; 0°) or (b) (45°0°,0°). In both cases, the
orientation data were taken from material rolled to a 30-pct. reduction. Note: Subtle secondary
texture components are also present in the austenitic and martensitic phases in both cases.
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