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The microstructure/texture evolution and strengthening of Received 17 August 2018

316 L-type and 304 L-type austenitic stainless steels during Accepted 6 November 2018

cold rolling were studied. The cold rolling was accompanied

by the deformation twinning and micro-shear banding A b .
. . X ustenitic stainless steel;

followed by the strain-induced martensitic transformation, deformation twinning; shear

leading to nanocrystalline microstructures consisting of bands; strain-induced

flattened austenite and martensite grains. The fraction of martensite; ultrafine grains;

ultrafine grains can be expressed by a modified Johnson- texture; strength

Mehl-Avrami-Kolmogorov equation, while inverse

exponential function holds as a first approximation between

the mean grain size (austenite or martensite) and the total

strain. The deformation austenite was characterised by the

texture components of Brass, {011}<211>, Goss, {011}<100>,

and S, {123}<634>, whereas the deformation martensite

exhibited a strong {223}<110> texture component along

with remarkable y-fibre, <111>||ND, with a maximum at

{111}<211>. The grain refinement during cold rolling led to

substantial strengthening, which could be expressed by a

summation of the austenite and martensite strengthening

contributions.
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1. Introduction

Austenitic chromium-nickel steels are one of the most important and fre-
quently used stainless steels because of their good combinations of ductility,
toughness, formability, weldability and corrosion resistance [1]. The most
widespread representatives of the austenitic stainless steels are types of
316 L/304 L steels. The conventional heat treatment of austenitic steels con-
sisting of solution treatment at 1273-1373 K followed by rapid cooling
results in a carbide-free microstructure with a homogeneous distribution
of the alloying elements that provides excellent corrosion resistance. On
the other hand, austenitic stainless steels with well annealed/recrystallized
microstructures exhibit relatively low yield strength [2]. The yield strength
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strain hardening, deformation twinning and strain-induced martensite. The
deformation microstructures and the dislocation densities in the cold
worked steels depend on stacking fault energy (SFE) [1,3,4]. Austenitic
stainless steels are characterised by relatively low SFE ranging from
approx. 20 mJ/m* to 50 mJ/m* [5]. Low SFE promotes the partial slip
and, therefore, suppresses dynamic recovery. Following rapid increase in
the dislocation density, the deformation twinning and the strain-induced
martensitic transformation may occur in austenitic stainless steels during
cold deformation. The strain-induced martensite readily develops.in defor-
mation micro-shear bands, which result from in-grain localisation of the
plastic flow, or deformation twins and, especially, at twins/microbands inter-
sections [6,7]. The frequent deformation twinning and strain-induced mar-
tensitic transformation during cold working of austenitic stainless steels
result in subdivision of original microstructures into ultrafine crystallites
with a size of below 0.1 um [8-12]. Such microstructure refinement along
with high dislocation density in the cold worked steels provides substantial
strengthening. The strength of cold worked stainless steels may exceed
2 GPa [8,10,13-16].

The deformation textures that develop in austenitic stainless steels during
cold rolling also depend on SFE. Namely, the high value of SFE leads to a
Copper-type texture ({112}<111>), whereas low SFE results in a Brass-type
texture ({011}<211>) [17,18]. The developed textures are closely related to
the deformation microstructures/substructures [19,20]. The shear-banding,
which starts from micro-shearing within a grain and progressively propagates
over neighbouring grains that may lead to macro-shear bands with an increase
in rolling reduction, is-accompanied by an increase in the fraction of y-fibre
texture .component - (<111>||[ND) involving the E ({111}<110>) and F
({111}<211>) orientations in low SFE austenitic steels [21-24]. It should be
noted that the effect of cold rolling on the textural changes was clarified on
rather stable austenite, whereas meta-stable austenitic stainless steels have
not been studied in sufficient detail. The development of strain-induced mar-
tensite during cold working may significantly alternate the deformation tex-
tures. The strain-induced martensite may itself contribute remarkably to
overall properties of the cold worked semi-products, which are made of
meta-stable austenitic stainless steels. However, the microstructure and
texture evolution in strain-induced martensite during large strain cold
rolling have not been elaborated comprehensively. Thus, the aim of the
present work is to study the relationship between structural changes, texture
evolution and strengthening of chromium-nickel meta-stable austenitic stain-
less steels processed by large strain cold rolling. Two typical steel representa-
tives with different austenite stability are used to reveal undoubtedly the effect
of strain-induced martensite on the regularities of microstructure/texture
development and work hardening.
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2. Experimental

A 316 L-type austenitic steel, Fe-0.04%C-17.3%Cr-10.7%Ni-1.7%Mn-0.4%Si-
0.04%P-0.05%S-2%Mo (all in wt.%), and a 304 L-type austenitic steel, Fe-
0.05%C-18.2%Cr-8.8%Ni-1.65%Mn-0.43%Si-0.05%P-0.04%S (all in wt.%),
were chosen in the present investigation as typical representatives of widely
used austenitic stainless steels with different austenite stability. According
to an empirical relation, SFE = -53 + 6.2%Ni + 0.7%Cr + 3.2%Mn + 9.3%Mo,
proposed by Schramm and Reed [5], SFE were calculated as 50 mJ/m?> and
24 mJ/m> for the present 316 L-type and 304 L-type steels, respectively.
Note here that Schramm and Reed considered only major alloying elements
for steels with carbon from 0.03% to 0.08% and nickel below 20%. The steels
were hot forged at 1373 K followed by air cooling to produce a uniform
microstructure with the mean grain size of 21 pm in 316 L steel and 24 pm
in 304 L steel. The plate rolling was carried ‘'out on the samples with an
initial thickness 30 mm at room temperature to various total true strains of
e=In (hy/h,), where hy, and h, are the initial-and final thickness of the
rolled samples.

The microstructural characterisation was performed using a JEM-2100 trans-
mission electron microscope (TEM) operating at 200 kV and a Nova Nanosem
450 scanning electron microscope (SEM) equipped with an electron back-scat-
tered diffraction (EBSD) detector on-the sample sections normal to the trans-
verse direction (TD), ie. on ND-RD planes, where ND and RD are the
normal and rolling directions, respectively. The EBSD patterns were acquired
from arbitrary selected representative areas of the deformation microstructures
with step sizes of 200 nm after total strains of 0.5, 60 nm after total strains of 1.0,
50 nm after total strains of 2.0, and 40 nm after total strains of 3.0. Each EBSP
map, which was used in the present study to characterise the microstructure
evolved at total strains of 1-3, covered at least 3000 grains. The TEM foils
and the SEM specimens were prepared from 3.0 x 1.5 mm® rectangular plate
samples by electro-polishing at room temperature using a solution of 10% per-
chloric acid in glacial acetic acid with Struers Tenupol-5 double jet unit at a
voltage of 20 V. The volume fractions of the strain-induced martensite were
averaged through X-ray analysis, magnetic induction method and EBSD tech-
nique. The microstructure and micro-texture measurements were carried out
using an orientation imaging microscopy (OIM) with TSL OIM Analysis 6 soft-
ware. The OIM images were subjected to cleanup procedure setting a minimal
confidence index of 0.1. In addition to OIM, the orientations and misorienta-
tions among the deformation grains/subgrains were analysed by conventional
TEM Kikuchi-line method with a technique of converged beam [25]. The mech-
anical properties of processed samples were evaluated by means of tensile tests
using flat specimens with a gauge length of 16 mm and a cross-section of 3.0 x
1.5 mm” with the tensile axis parallel to RD. The tensile tests were carried out at
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4 M. ODNOBOKOVA ET AL.

room temperature using an Instron 5882 testing machine recording the load and
the crosshead displacement with a crosshead rate of 2 mm/min (initial strain
rate of 2x 10> s ").

3. Results
3.1. Deformation microstructures

Typical deformation microstructure developed in the 304 L austenitic stainless
steel during cold rolling to a strain of 0.5 is shown in Figure 1. The cold
working leads to an elongation of original grains toward the rolling direction
that is accompanied by the development of high dislocation densities and defor-
mation twinning. The selected area electron diffraction. pattern in Figure 1
clearly shows the evolution of high density deformation twins with {111} twin
planes aligned at about 45° to the rolling direction (RD). The active twinning
system in each grain has been shown to depend on the grain orientation with
respect to the rolling direction [17], whereas an increase in rolling reduction
has been accompanied by an alignment of twins along the rolling plane [21-
24]. The operation of deformation twinning at an early deformation results in
rapid subdivision of original grains into fragments separated by thin (about
40-50 nm) twins, followed by the evolution of lamellar microstructure as the
number of twins increases.

Cold rolling to total strains of 1 flattens the original grains and leads to the
development of micro-shear bands (Figures 2(a) and 3(a)). The latter ones
have been considered as preferential nucleation sites for the strain-induced

Figure 1. Deformation twinning in a 304 L stainless steel during cold rolling to a strain of 0.5. ND
and RD indicate the normal and rolling directions, respectively. The insert shows selected area
electron diffraction pattern and its schematic representation.
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Figure 2. Typical deformation microstructures evolved in a 316 L stainless steel during cold
rolling to total strains of 1 (a), 2 (b), 3 (c). The colours in the upper images correspond to the
crystallographic orientations along the normal direction (ND). The colours in the lower images
show the austenite/martensite-phase distribution. The portion of micro-shear bands selected
by the white rectangle in (a) is enlarged in Figure 15.

martensite [6,26,27]. Thus, the martensite fraction rapidly increases during cold
rolling to strains of 1-2. The grain flattening and micro-shearing result in the
wavy microstructure at large rolling strains (Figures 2 and 3). The largely
strained 316 L steel consists of highly elongated austenite grains separated by
nanocrystalline martenisite layers (Figure 2(c)). On the other hand, the largely
strained 304 L steel consists of highly elongated wavy martensite grains inter-
leaved with chains of ultrafine austenite grains (Figure 3(c)). The flattened aus-
tenite grains are indicated by green colour in the OIM images in Figures 2 and 3
suggesting a rather strong deformation texture with <011>||ND. In contrast, the
flattened martensite grains, which are coloured by red and blue in Figures 2 and
3, are characterised by a strong deformation texture with <001>||[ND and
<111>||ND.

Figure 4 shows details of micro-shear bands (indicated by arrows in Figure 4),
which pass over a grain and shear the nano-twinned lamellae. The micro-shear
bands appear as narrow regions (about 500 nm in thickness) of localised shear.
The micro-shear bands consist of alternating elongated martensite and austenite
crystallites with the transverse size of about 100 nm. Inside the micro-shear band
in Figure 4, the austenite crystallites are oriented with (111)||[ND and (011)||RD,
while the martensite crystallites are oriented with (112)||RD. Note here that
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Figure 3. Typical deformation microstructures evolved in a 304 L stainless steel during cold
rolling to total strains of 1 (a), 2 (b), 3'(c). The colours in the upper images correspond to the
crystallographic orientations along.the normal direction (ND). The colours in the lower images
show the austenite/martensite phase distribution. The portion of micro-shear bands selected
by the white rectangle in (a)'is enlarged in Figure 15.

Figure 4. Micro-shear bands (indicated by arrows) in a 304 L stainless steel after cold rolling to a
total strain of 1. The insert shows selected area electron diffraction pattern obtained from the
indicated portion.



245

250

255

260

265

270

275

280

PHILOSOPHICAL MAGAZINE (&) 7

these orientations may belong to so-called E ({111}<110>) and F ({111}<211>)
texture components located on the y-fibre [21,22]. The lamellar-like ultrafine
grained microstructures consisting of austenite and martensite grains that
develop during cold rolling are shown in Figure 5. The elongated crystallites
are bounded by high-angle boundaries, which may result from various variants
of martensitic transformation [28]. Not all but most of inter-variant boundaries
are high-angle ones [28]. Another origin of the high-angle boundaries is-associ-
ated with some strain inhomogeneities leading to geometrically-necessary
boundaries exhibiting rapidly increasing misorientations during plastic defor-
mation [29]. The electron diffraction patterns obtained by using converged
beam technique (Figure 5) suggest that the austenite grains-are frequently

Figure 5. Fine structures in 316 L (a) and 304 L (b) stainless steels subjected to cold rolling to a
total strain of 2. The numbers indicate the boundary misorientations in degrees.
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aligned with {011}<211> (Brass), whereas the martensite orientations are often
close to {111}<110>.

The strain effect on the volume fraction of martensite is shown in Figure 6.
The equilibrium ferrite fractions as calculated by ThermoCalc (TCFE6) are
also indicated in Figure 6 by the dashed lines for reference. The present steels
are characterised by different austenite stability. The martensitic transformation
develops more readily in the 304 L steel samples. The martensite fraction com-
prises about 0.15 in the 316 L steel after cold rolling to a strain of 1.0, while that
in the 304 L steel is above 0.3. The strain-induced martensite rapidly develops in
the strain range of 0.5<e<2.0. The martensite fraction increasesto about 0.2 and
0.7 in the 316 L and 304 L steels, respectively, with an increase in the rolling
strain to 2.0. Further rolling to large strains is characterised by-a gradual decrease
in the martensitic transformation activity that leads the martensite fraction to
about 0.25 (316 L) and 0.8 (304 L) at a large total strain of 3. Olson and
Cohen [6] have proposed the following sigmoid relationship for the strain-
induced martensitic transformation, assuming that shear band intersections
are preferential sites for the martensite nucleation.

Fyy=1—exp(—B(1 = exp(— Ag))"). (1)

In the present study, B=0.3, A=18, n=4 and B=17, A=1.2, n=4 are
obtained for the 316 L and 304 L steels, respectively. A decrease in the marten-
sitic transformation kinetics at large strains may result from a re-distribution of
alloying elements assisted by large strain cold working similar to the phase trans-
formation driven by severe plastic deformation [30].

The grain refinement in the present steels during large strain cold rolling is
illustratedin Figure 7, which shows the grain size distributions evolved at
different rolling strains. Note here that the area fractions shown in Figure 7

Figure 6. The strain effect on the martensite fraction in 304 L and 316 L stainless steels.
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Figure 7. The’grain size distribution in 316 L and 304 L stainless steels subjected to cold rolling
to various total strains (g).

are from the EBSP maps. The grain size distributions after relatively small strains
of about 1 are characterised by two huge peaks against small (below 0.5 um) and
large (above 8 pm) sizes. The small grain size peak is mainly composed of
ultrafine martensite grains, while the large grain size peak consists of austenite.
This difference is associated with different kinetics of grain refinement in auste-
nite and martensite. The deformation martensite frequently appears as crystal-
lites with ultrafine dimensions [31]. In contrast, the austenite should experience
rather large strains to obtain a large fraction of ultrafine grains [32]. The fraction
of ultrafine grains with a size of below 0.5 pm progressively increases with
increasing the rolling strain, whereas the coarse grains disappear. It should be
noted that both austenite and martensite contribute to increasing the fraction
of ultrafine grains, although martensite exhibits much faster refinement kinetics
than austenite in the 316 L steel.


Changes
Deleted Text
z


365

370

375

380

385

390

395

400

10 M. ODNOBOKOVA ET AL.

Recently, the grain refinement kinetics during cold to warm working has been
suggested to obey a modified Johnson-Mehl-Avrami-Kolmogorov (JMAK)
equation similar to kinetics of dynamic recrystallization under conditions of
hot working, i.e.

Fyrg = 1 — exp ( — k&"), (2)

where Fygg is the fraction of ultrafine grains, € is the total strains, k and n are
constants, which depend on material and processing conditions [33-35].
Taking the area fractions of the grains with a size below 0.5 um as the
ultrafine grain fractions (Fygg), the grain refinement kinetics in the present
steels are represented in Figure 8, which shows the change in the area fractions
of ultrafine grains during cold rolling. Note here that measured ultrafine grain
fractions are indicated by open (austenite) and closed (martensite) symbols,
whereas those calculated by Eq. 2 using the indicated in Figure 8 parameters
are shown by solid lines.

3.2. Deformation textures

The orientation distribution functions (ODF) for the samples subjected to cold
rolling to various total strains are shown in Figure 9. For reference, ideal orien-
tations of texture components are shown schematically for ODF sections at ¢, =
0°, ¢, =45° and ¢, = 65°in Figure 10 and defined in Tables 1 and 2 [20,36,37].
Note here that E ({111}<110>) and F ({111}<211>) components are shown for
martensite just to illustrate some difference in the texture intensity along the
y-fibre. Austenite ODF that develop during cold rolling are characterised by
an increased pole ‘density around the (- and y-fibres, ie. <110>|ND and
<111>|IND, respectively. The y-fibre is stronger in the 316 L steel, whereas the
(-fibre is ' more pronounced in the 304 L steel. A clear maximum located close
to Brass texture component, {011}<211>, and Goss texture component,
{011}<100>, develops in the both steels at a relatively small strains followed

Figure 8. The effect of cold rolling on the fraction of ultrafine grains (Fyrg), i,e. those with a size
below 0.5 um, in 316 L and 304 L stainless steels.
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Figure 9. The sections of orientation distribution functions (ODF) at ¢, =0°, ¢, =45° @, =65°
for 316 L (a) and 304 L (b) stainless steels cold rolled to total strains (g) of 1:3.

by its strengthening with an increase in the rolling reduction. The y-fibre with
maximums corresponding to E ({111}<110>) and F ({111}<211>) texture com-
ponents rapidly develops at strains of 1-2. Then, the y-fibre gradually weakens,
especially, in the 304 L steel with increasing the total strain.

The texture of deformation martensite is characterised by the development of
n- and y-fibres, i.e. <100>|[ND and <111>||ND, respectively. The n-fibre with
maximums corresponding to the rotated cube component, {001}<110>, develops
at strains of 1-2. The y-fibre intensity gradually increases during cold rolling,
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450 Figure 10. Characteristic texture components [20,36,37].
Table 1. Definition of texture components in austenite.
Euler angles
455 Component {hkl} <uvw> ¢ [0} [0
Brass (B) {011} <211> 55 90 45
Goss (G) {011} <100> 90 90 45
S {123} <634> 59 37 63
Copper (Cu) {112} <111> 90 35 45
Rotated Goss (RtG) {011} <110> 0 90 45
E {111} <110> 0/60 55 45
F {111} 211> 30/90 55 45
460 C—ﬁbreA <110> parallel to ND
y-fibre | <111> parallel to ND
tfibre | <110> parallel to TD
Table 2. Definition of texture components in martensite.
465 Euler angles
Component {hkl} <uvw> [on [0} ©
Cube (C) {001} <100> 45 0 45
Rotated cube (H) {001} <110> 0/90 0 45
I* {223} <110> 0 43 45
E {111} <110> 0/60 55 45
F {111} <211> 30/90 55 45
470 Goss (G) {110} <001> 90 90 45
n-fibre | <001> parallel to ND
a-fibre | <110> parallel to RD
y-fibre <111> parallel to ND
. leading to the sharp fibre texture with nearly the same pole density along the
fibre at a large strain of 3. Both the n- and y-fibres are more intense in the
304 L steel than in the 316 L one. The deformation martensite is characterised
by the development of strong I* texture component, {223}<110>, which is also
more intense in the 304 L steel. The difference in the martensite texture intensity
150 between the 304 L and 316 L steels can be associated with the different volume

fractions of the deformation martensite in these steels.
The effect of cold rolling on the development of characteristic texture com-
ponents in austenite and martensite is quantitatively shown in Figure 11. The
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Figure 11. Fractions of the main texture-.components evolved in 316 L and 304 L stainless steels
by cold rolling to different strains.

austenite in the 316 L steel is characterised by the development of E, F, Goss,
Brass and S ({123}<634>) components with almost the same fractions at small
to moderate strains of 1-2. An increase in the rolling strain to 3 is accompanied
with a drastic increase in the Brass component, while those belonging to y-fibre,
i.e. E and F components, weaken. In contrast, the Brass component fraction in
the 304 L steel exceeds other textural components developed in a wide range of
total strains from 1 to 3. This difference can be attributed to the difference in
SFE. Commonly, a decrease in SFE promotes the development of Brass com-
ponent in fcc-metals/alloys during cold rolling [38,39]. The deformation mar-
tensite in the both steels exhibits similar distribution of texture component
fraction with a predominance of F ({111}<211>) and I* (223}<110>) com-
ponents, although the latter develops faster in the 316 L steel.

3.3. Tensile properties

The tensile stress-elongation curves for the 304 L and 316 L stainless steels sub-
jected to cold rolling to different total strains are shown in Figure 12. The tensile
behaviour of the both cold rolled steels is commonly characterised by a rapid
increase in the flow stress to a peak stress at relatively small strains correspond-
ing to quite small uniform elongation of 1-2% followed by necking leading to a
gradual decrease in the flow stress until fracture. The tensile strength increases,
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Figure 12. Tensile stress-elongation curves for 316 L and 304 L stainless steel samples processed
by cold rolling to different total strains (g).

while the total elongation decreases with an increase in the previous rolling
strain. Cold rolling to a strain of 3 results in significant increase in the ultimate
tensile strength from about 600 MPa in the initial annealed conditions to
1785 MPa and 1830 MPa in the 304 L and 316 L steels, respectively, whereas
total elongation decreases to approx. 5% in the both steels. The trouble with
ductility can be remedied by an appropriate heat treatment, although the
strengthening should be partially lost after annealing.

The 316 L steel samples exhibit higher strength as compared to the 304 L steel
samples after cold rolling to the same strain levels, although the initial annealed
samples were characterised by almost the same strength. It should also be noted
that the cold rolled 316 L steel samples exhibit remarkably higher tensile flow
stresses in-the necking strain range, i.e. after the peak-stress, leading to larger
total elongations than those in the 304 L steel samples. This suggests that in
spite of higher SFE in the 316 L steel, this steel is more susceptible to work hard-
ening than 304 L one during both the cold rolling and the subsequent tensile tests.

4. Discussion
4.1. Grain refinement

The grain refinement during large strain cold working has been discussed in
terms of grain subdivision or continuous dynamic recrystallization that
implies the strain-induced continuous reactions as the mechanisms of new
ultrafine grain development [40-44]. Namely, the development of new grains
is closely associated with the appearance of strain-induced grain boundaries.
The present results suggest that the new ultrafine grains appear heterogeneously
in the austenitic stainless steels subjected to cold working, although the high-
angle grain boundaries gradually evolve in continuous manner during straining.
The new austenite grains readily develop in the places of high structural
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heterogeneity, which results from deformation twinning and micro-shear
banding, followed by ultrafine grain propagation throughout the sample as
the density of structural heterogeneities increases during plastic working.
Also, the strain-induced martensite consisting of ultrafine crystallites develops
heterogeneously at micro-shear bands/twins and their intersections, and the
number of ultrafine martensite grains progressively increases with increasing
the density of micro-shear bands/twins during deformation. The heterogeneous
grain refinement during cold rolling of the austenitic stainless steels is illustrated
in Figure 7, which shows a gradual increase in the fraction of ultrafine grains
while the coarse grain fraction decreases.

The final grain size, which can be attained at sufficiently large strains, has
been shown to depend on the processing conditions in a wide range of defor-
mation temperatures and strain rates from cold to het werking [44]. Figure
13 shows the change in the size of ultrafine grains in the stainless steels
during cold rolling, counting austenite and martensite grains all together. It is
clearly seen that the size of the ultrafine grains, i.e. those with a size below 0.5
pm as selected in Figures 7 and 8, tends to approach 100 nm with an increase
in the total strain. Assuming that new grains with a size of Dygg evolve in a
microstructure with an initial grain size of Dy, the mean grain size during the
grain refinement process can be expressed as follows [45].

Dy =((1 — Fyrc)Dy* + FuraDyrg) ™. (3)

Substituting the fraction of ultrafine grains (Fygg) from Eq. 2, the mean grain
size reads

Dy =Duyrc(1 + ((Durc/Do)* — 1) exp ( — k&™) 2. (4)

Taking Dyrg =100 nm and ignoring (Dyra/Do)* because Dypg << Dy (in the
present study Dyrg/Dy is about 0.005), the change in the mean grain size as cal-
culated by Eq. 4 is shown in Figure 14 (dotted lines) along with the experimental
values of austenite and martensite grain sizes. Note here that k and n are used in
Eq. 4 with their values indicated in Figure 8. Some difference between the calcu-
lated and measured grain sizes at relatively small strains is caused by smaller
Dy = 100 nm used for a sake of simplicity for calculation by Eq. 4 as compared
to the mean Dygg (s. Figure 13). On the other hand, the grain sizes calculated by
Eq. 4 match well the experimental ones at rather large strains. The present
relationships (Figure 14) suggest faster kinetics of the overall grain refinement
in the 304 L steel as compared to 316 L one. This is attributed to the different
martensitic transformation kinetics in these steels. The 304 L steel samples sub-
jected to cold rolling exhibit larger fractions of deformation martensite than the
samples of 316 L steel processed to the same cold strain levels (Figure 6). The
rapid development of ultrafine grained martensite, therefore, leads to the
rapid grain refinement in the 304 L steel samples.
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Figure 13. The strain effect on the size of ultrafine grains (Dygg), i;e. those with a size below 0.5
um, in 316 L and 304 L stainless steels subjected to cold rolling.

Figure 14. The strain effect on the mean grain size in 316 L and 304 L stainless steels subjected
to cold rolling.

It should be noted that similar approach to evaluate the grain size during large
strain cold working has provided a good correspondence between the exper-
imental and calculated grain sizes in a copper alloy processed by equal
channel angular pressing [46]. It is worth noting that Eq. 4 was derived assuming
heterogeneous manner of the microstructure evolution, which has been con-
sidered as a common feature of continuous dynamic recrystallization in
metals and alloys under conditions of warm working. Thus, the speculation
above including Eqs. 2-4 can be used to predict the grain refinement in
various metallic materials subjected to large strain cold-to warm working.

4.2. Texture evolution

The textures that develop in the steels during cold rolling are closely related to
the microstructural changes, which are characterised by the development of
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deformation twins at small strains followed by micro-shear banding and mar-
tensitic transformation. Generally, the rolling textures in fcc-metals/alloys
consist of an orientation tube with a skeleton line stretching along the p-fibre,
<110> tilted by 60° from ND to RD, from the Copper texture component,
{112}<111>, over the S component, {123}<634>, to the Brass component,
{011} < 211 >, followed by the {-fibre [46,47]. The latter consists of all orien-
tations lying between the Goss component, {011}< 100 >, and the Brass com-
ponent and defined by <110> being parallel to ND. The orientation' density
along the tube (p-fibre) depends on concurrent operations of dislocation slip,
deformation twinning and shear banding. These contributions, in turn,
depend on SFE. A decrease in SFE promotes the development of deformation
twinning followed by shear banding and, therefore, leads to-a reduction of the
Copper component intensity, while the fraction of Brass component increases
[39,46-48].

The texture of deformation austenite in the present steels is characterised by
the rapid development of rather strong Brass and S components, which are
typical of cold rolled low-to-moderate SFE fcc-materials susceptible to defor-
mation twinning and shear banding [38,49-52]. In addition, the E and F com-
ponents develop at moderate rolling strains of about 1, when the micro-shear
banding is enhanced. Typical examples of various texture components in defor-
mation austenite are shown in Figure 15, which represents enlarged images of
the selected portions in Figures 2(a) and 3(a). The major components are
Goss, Brass and S; and their relative fractions depend on SFE in the studied
steels. The Goss component evolves in relatively large remnants of original
flattened grains (s. the red portions in Figure 15) that may be associated with
their stable orientation during plate rolling. In contrast, the Brass and S com-
ponents-develop in the grains with high density of micro-shear bands, when
the rather large portions with Brass and S orientations (purple and blue in
Figure 15) are interleaved with the ultrafine grains/subgrains belonging to E
and F components (green and yellow in Figure 15). The micro-shear banding
in low SFE austenite during cold rolling has been shown to result in the devel-
opment of E and F components [24]. In the present steels, an apparent decrease
in the fraction of E and F components during rolling to large total strains can be
caused by the martensitic transformation, which develops in the micro-shear
bands and, therefore, decreases the shear-band-related orientations in austenite.

The strain-induced martensite is characterised by the development of a strong
y-fibre, with a maximum at {111}<211> followed by an increase in I*
({223}<110>) component (Figures 9 and 11). Similar textures have been fre-
quently observed in body centred cubic metals after large strain cold rolling
[37,53,54]. The development of strong I* ({223}<110>) component has been
attributed to the main operative slip systems of {011}<111>-type [53]. It
should be noted that the martensite textures in the present 316 L and 304 L
steels are almost the same. Somewhat stronger martensite texture in the 304 L
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Figure 15. Orientation maps of austenite and martensite in 316 L and 304 L stainless steels after
cold rolling to a total strain of 1. Different texture components are indicated by different colours,
i,e. Brass ({011}<211>) - purple, Goss ({011}<100>) - red, S ({123}<634>) - blue, E ({111}<100>)
- green, F ({111}<211>) - yellow in austenite and Rotated cube ({001}<110>) - red, F
({111}<211>) - yellow, I* ({223}<110>) - dark blue, E ({111}<110>) - green in martensite.

steel may be associated with larger martensite fraction in this steel. The micro-
shear bands serve as preferential nucleation sites for the strain-induced marten-
site. It is clearly seen in Figure 15 that most of the martensite in the micro-shear
bands exhibits either F ({111}<211>) or I* ({223}<110>) orientations.

The strain-induced martensite should inherit the orientation of deformation
austenite. Assuming that the austenite-to-martensite transformation takes place
by a shear mechanism, the developing martensite orientations should generally
follow Kurdjumov-Sachs or Nishiyama-Wasserman orientation relationships
[55,56]. Note here that both of them predict similar orientations, with a differ-
ence of about 5° [57]. The deformation austenite in the cold rolled samples is
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characterised by strong Brass, Goss and S components (Figure 11). Figure 16
shows the martensite orientations, which should result from Brass, Goss and S
oriented austenite in accordance to Kurdjumov-Sachs (24 variants) or
Nishiyama-Wasserman (12 variants) orientation relationships. It is clearly
seen in Figure 16 that most of the transformed martensite orientations are
located close to the y-fibre. It is worth noting that the martensite transformed
from Brass oriented austenite is concentrated close to F ({111}<211>) com-
ponent. Therefore, the transformed martensite is characterised by the large frac-
tion of F ({111}<211>) component, which is dominant at relatively small strains,
followed by gradual increase in the I* ({223}<110>) component with an increase
in the total strains (Figure 11).

4.3. Deformation strengthening

The strengthening during cold working is commonly attributed to an increase in
the density of dislocations including those in dislocation subboundaries (dislo-
cation strengthening) and grain boundaries including strain-induced grain
boundaries (grain size strengthening): [27,32,58]. Both the dislocation and
grain size strengthening were combined in'a modified Hall-Petch-type relation-
ship, which demonstrated good agreement with experiments [27,32,58]. The
trouble with this approach is that the dislocation density is hard to be measured
accurately. Recently, thedislocation density in cold worked metals and alloys has
been shown to correlate with the density of grain boundaries, leading to a linear
dependence between the dislocation strengthening and the grain size strength-
ening [59]. Thus, the strengthening by cold working can be evaluated by
using either dislocation density or grain size. The latter has a certain advantage.
In contrast to the dislocation density, the grain size (or grain boundary spacing)

Figure 16. Orientations of martensite transformed from austenite with Brass, Goss and S orien-
tations through Kurdjumov-Sachs (a) or Nishiyama-Wassermann (b) orientation relationships.
Some characteristic orientations on ¢, =45° section are also indicated for reference. The
dashed lines indicate y-fibre.
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can be easily measured much more correctly. This approach has been success-
fully applied for the yield strength evaluation in stainless steels subjected to
warm to hot working, using the relationship between the dynamically recrystal-
lized grain size and the dislocation density [60].

Therefore, the yield strength of the present steel samples after cold rolling to
various strains can be expressed using the grain sizes in austenite (D) and mar-
tensite (Dy;) as follows.

002 = Fa(ooa + keaD ") + Fri(oom + ket D37), (5)

where Fj = 1-Fy is the austenite fraction, ops and ogy; are the strength of aus-
tenite and martensite, respectively, with infinite grain size, k.5 and k., are
strengthening factors for austenite and martensite, respectively. The relationship
between the strengthening and grain sizes of austenite and martensite for the
present steels are shown in Figure 17, taking opx =180-MPa and ogy =
120 MPa [27]. The experimental data points in Figure 17 can be interpolated
by a plane function with k.4 = 635 MPa um®> and keyy= 470 MPa um®”. Note
here, apparently large values of strengthening factors as compared to other
studies on Hall-Petch strengthening [61] are associated with the dislocation
strengthening contributions, which are incorporated in Eq. 5 as portions of
grain size strengthening. Taking, the grain sizes from Eq. 4, the flow stresses
of the cold rolled steel samples can be expressed by a function of total strain
as shown in Figure 18, where k., = 745 MPa um®” and key = 510 MPa um®”
are used as strengthening factors. The higher value of the strengthening factor
for austenite implies higher rolling strengthening for steel with larger austenite
fraction, i.e. for the 316 L steel in the present study. This is associated with a high
austenite susceptibility to work hardening. The work hardening has been con-
sidered as the main contributor to the overall strength of the cold rolled stainless

Figure 17. Relationship between the yield strength and the grain sizes of austenite and marten-
site in 316 L and 304 L stainless steels subjected to cold rolling.
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Figure 18. The strain effect on the strength of 316 L and 304 L stainless steels subjected to cold
rolling. The solid lines represent the experimental stress-strain curves and-the dotted lines cor-
respond to those calculated by Eq. 5.

steels [27,32]. Similar results on the austenite and martensite strengthening have
been obtained in other studies on stainless steels subjected to large strain cold
rolling, when the deformation martensite. itself has not led to any additional
strengthening [10,62]. Good agreement between the experimental and calculated
stresses in Figure 18 validates the proposed approach, which can be used to predict
the strengthening of meta-stable austenitic steels during cold rolling.

5. Conclusions

The deformation microstructures/textures and mechanical properties of 304 L/
316 L-type austenitic ‘stainless steels subjected to large strain plate rolling at
ambient temperature were studied. The main results can be summarised as follows.

(1) Cold rolling is accompanied by deformation twinning, micro-shear banding
and martensitic transformation. The 316 L steel samples are more stable
against martensitic transformation than 304 L steel samples. The martensite
fraction comprises 0.25 and 0.8 in the 316 L and 304 L steels, respectively,
after cold rolling to a total strain of 3.

(2) Cold rolling results in rapid grain refinement, which is assisted by grain sub-
division owing to deformation twinning, micro-shear banding and marten-
sitic transformation. The fraction of ultrafine grains with a size of below 0.5
um can be expressed by a modified Johnson-Mehl-Avrami-Kolmogorov
equation. The fractions of ultrafine austenite and martensite grains in the
304 L steel samples are about 0.6 after total strain of 3. In contrast, the frac-
tions of ultrafine grained austenite and martensite in the 316 L steel samples
comprise 0.4 and almost 1.0, respectively, after straining to 3. The strain
dependence of the mean grain size can be expressed as D, =Dyrg (1 -
exp(—ksn))iw, where Dypg is the final size of ultrafine grains, k and n are
constants depending on material and processing conditions.
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)

(4)

The austenite deformation textures are characterised by the development of
Brass ({011}<211>), Goss ({011}<100>) and S ({123}<634>) components
with nearly the same fractions at small to moderate strains followed by an
increase in the Brass component with an increase in total strains, especially,
in the 304 L steel samples. On the other hand, the deformation martensite is
characterised by the large fractions of F ({111}<211>) and I* ({223}<110>)
components. The F ({111}<211>) component is associated with martensitic
transformation of the Brass oriented austenite, when the transformed mar-
tensite exhibits near F ({111}<211>) orientations in accordance with auste-
nite-martensite orientation relationships, whereas the I* ({223}<110>)
component tends to increase with increasing the rolling reduction due to
operative slip systems of {110}<111>-type.

The grain refinement during cold rolling leads to substantial strengthening,
which can be expressed by a summation of the austenite and martensite
strengthening contributions. Both the austenite and martensite strengthen-
ing contributions can be calculated through the respective mean grain size
evolved during cold rolling.
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