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ARTICLE INFO ABSTRACT

Article history:

Microstructure and mechanical properties of the Fe-25Cr-20Ni austenitic stainless steel after cryorolling
with different reductions were investigated by means of optical, scanning and transmission electron microscopy,
X-ray diffraction and mini-tensile testing. High density tangled dislocations and a small amount of deformation
twins formed after 30% deformation. After 50% strain, a large amount of deformation twins was generated. Mean-
while, interactions between the twins and dislocations started to happen. As the strain increased to 70%, many
deformation twins were produced and the interactions between the twins and dislocations were significantly
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Austenitic stainless steel enhanced. When the cryorolling was 90%, the grain size was refined to the nanometer scale. XRD analysis indi-
Cryorolling cated that the diffraction peaks of the samples became broader with the strain increase. The yield strength and

the ultimate strength increased from 305 MPa and 645 MPa (before deformation) to 1502 MPa and 1560 MPa
(after 90% deformation), respectively. However, the corresponding elongation decreased from 40.8% to 6.4%.
The tensile fracture morphology changed from typical dimple rupture to a mixture of quasi-cleavage and ductile
fracture. After 90% deformation, the microhardness was 520 HV, which increased by 100% compared with the
original un-deformed sample.
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1. Introduction

Austenitic stainless steels are widely used in chemical and petro-
chemical industry due to their excellent toughness, plasticity and corro-
sion resistance. Since austenitic stainless steels have relatively low
strength, cold work hardening is used to meet requirements for practical
applications. Most studies have shown that obvious work hardening oc-
curs during the cold working process due to the deformation-induced
martensitic transformation [1-3]. The amount of the martensite phase
increases with deformation, along with the hardness and strength. Re-
cent studies focus on austenitic stainless steels with metastable micro-
structure [4-6], where the martensitic transformation often occurs
during deformation. However, there are few reports dealing with micro-
structure and mechanical properties of austenitic stainless steels, since
martensitic transformation does not take place during deformation.

Dynamic recovery often occurs in the deformed structures during tra-
ditional cold working processes with the increased deformation resis-
tance at higher strain, so the requirements for processing equipment are
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quite high. Decreasing the deformation temperature leads to suppression
of dynamic recovery (since recovery processes are thermally activated),
resulting in higher defects density and consequently higher strength [7].
Cryorolling has been applied by many researchers for producing ultra-
fine-grained Al, Ni, Cu, Ti and their alloys with the aim of increasing
strength [8-12]. Compared with traditional room temperature rolling,
the effect of the grain refinement is greatly improved by cryorolling. The
reports of cryorolling are limited for the nonferrous metals and only a
few studies are devoted to the microstructure and mechanical properties
of austenitic stainless steels after cryorolling. In the present paper, the ef-
fects of cryorolling with different deformations on the microstructure and
mechanical properties of the Fe-25Cr-20Ni austenitic stainless steel have
been studied. The results discussed in this paper can provide useful exper-
imental support for the development and applications of the ultrafine/
nano-grained austenitic stainless steels.

2. Materials and experimental procedure
2.1. Materials

A vacuum induction furnace was used to manufacture the investi-
gated 150 kg steel ingot with the following chemical composition
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295 (in wt.%): 0.06C, 0.3Si, 0.6Mn, 0.02P, 0.005S, 25Cr, 20Ni, 0.25N, 0.5Nb
[ - and balance Fe. After electrical slag re-melting (ESR) process, the

5.0 | 10.0 | | 5.0 120 kg ingot was hot forged down to a 5 mm thick slab. The slab was
i i |‘ "l | then heat treated at 1230 °C for 45 min, followed by water cooling to
T R T N room temperature, and cryorolling was conducted shortly after the
sample preparation.

The multi-pass unidirectional cryorolling was carried out in the two-
high rolling mill. The strip was rolled by about 10% reduction at each
pass, and the deformation was 30%, 50%, 70% and 90%, respectively.
The samples were cryorolled after immersing them in liquid nitrogen
for about 10-15 min before each pass. The cryo-rolling temperature
ranged from — 130 °Cto —90 °C.
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2.2. Experimental procedure

0,51

The microstructure characterization was carried out using optical

Fig. 1. The dimensions of the mini-tensile sample. microscopy (OLYMPUS PMG3), scanning electron microscopy (SEM,
JSM-5610LV) and transmission electron microscopy (TEM, JEM-2010).

For metallographic examination, samples were prepared by electrolytic
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Fig. 2. Metallographic structure of the austenitic stainless steel before and after cryorolling: (a) the original austenite structure; (b) after 30% deformation; (c) after 50% deformation;
(d) after 70% deformation; (e) after 90% deformation.
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etching using the chromic acid solution with the 3 V applied voltage. For
the TEM study, mechanically thinned 50 pm discs were prepared using
twin gun precision ion polishing system (Gatan, model 691). X-ray dif-
fraction (XRD) experiments were carried out using the D8 ADVANCE X-
ray diffractometer. The tube voltage and current were 35 kV and 40 mA,
respectively. The tube anode was CuKa1 (A = 0.15406 nm), and the X-
ray beam diameter was about 2 mm. The scan rate was 0.02°/s with 1 s
per step. Microhardness was measured using the MH-3 Vickers micro-
hardness tester with 200 g normal load and 10 s holding time on the
as-polished regions. An average microhardness value was determined
based on 5 indentation measurements. Mini-tensile test specimens
with a gage length of 10 mm, 2.5 mm wide and 0.51 mm thick were pre-
pared along the longitudinal direction, considering that the steel sheet
was elongated along the longitudinal direction during rolling, as
shown in Fig. 1. The mini-tensile test was conducted on the Instron
5948R micro material testing machine, with a chuck moving velocity
of 0.1 mm/min. The morphology of the fracture surfaces was observed
using JSM-5610LV SEM, operated at 20 kV.

3. Results
3.1. Microstructure

Fig. 2 shows optical micrographs of the Fe-25Cr-20Ni steel before and
after cryorolling. It can be seen that the degree of grain deformation in-
creases with the strain. A single austenite phase with homogeneous mi-
crostructure and obvious grain boundaries before deformation is
observed, and the grain size is about 60 pm, as seen in Fig. 2a. After 30%
deformation, in Fig. 2b, a small amount of slip bands is found in the aus-
tenite grain, which has also been observed in brass after cryorolling by
Kumar et al. [13]. As the strain increases to 50%, the number of slip grains
increases rapidly, and the slip bands in the grain are along the rolling di-
rection, found in Fig. 2c. With further increasing the strain to 70%, the
grain appearance changes greatly and most austenite grains exist in the
form of long strips or flats. Meanwhile, obvious interactions occur be-
tween the adjacent slip bands and the original grain is refined, as seen
in Fig. 2d. At the time, when the strain reaches 90% in Fig. 2e, the grain
boundaries become blurred and the grains are elongated, contributing
to the fiber texture formation.

X-ray diffraction patterns of the specimens before and after
cryorolling are shown in Fig. 3. New diffraction peaks are not found
after cryorolling, compared with the samples without deformation, in-
dicating that the deformation-induced martensitic transformation did
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Fig. 3. Changes of XRD peak positions of the austenitic stainless steel before and after
cryorolling.

not occur in the Fe-25Cr-20Ni austenitic stainless steel during
cryorolling. Meanwhile, the diffraction peaks of the samples
after cryorolling become broader, probably due to the large residual
stress in the samples after cryorolling. The full width at half
maximum (FWHM(111)) of the Fe-25Cr-20Ni steel increases from
0.324 (before cryorolling) to 0.388 and 0.424 when the deformation in-
creases to 30%, 50%, respectively. With further strain increase peaks
broadening becomes more obvious. The FWHM(y11) increases from
0.456 to 0.496 with the increase of the deformation from 70% to 90%,
which is increased by 40.7% and 53.1%, respectively compared with
the samples without deformation. This is mainly due to the interaction
of large residual stress and grain refinement after cryorolling [14]. A
similar phenomenon was observed in pure Zr after cryorolling by
Zhang et al. [15].

Fig. 4 shows the microstructure of austenitic stainless steel at different
degrees of deformation after cryorolling. It can be seen that at the initial
deformation stage (30% strain), due to the dislocations motion, lots of dis-
location lines are produced and high density tangled dislocations are ob-
served in Fig. 4a. The motion of the dislocations was blocked, causing
stress concentration in local regions. Thus, some deformation twins
were formed. The number of deformation twins increased as the defor-
mation increased to 50%. The distance between twins became smaller,
and an interaction between the twins and the dislocations started to hap-
pen, as seen in Fig. 4b. By further increasing the strain to 70%, more twins
were observed with a decrease of thickness owing to an increased plastic
strain [16]. It is interesting to note that inside the twin-matrix lamellae,
high density dislocations exist and lamellae are further refined by disloca-
tion arrays or walls. As shown in Fig. 4c, several dislocation walls (as
marked with arrows), roughly perpendicular to the twin boundaries,
are formed in the lamellae [17]. Meanwhile, twin-twin intersections in
different directions formed rhombic blocks with the 50-70 nm size, as
seen in Fig. 4d. As the strain reached 90%, the grains of austenitic stainless
steel refined to the nanometer scale, as seen in Fig. 4e (bright-field
image), and f (dark-field image). The selected area electron diffraction
pattern (SAED) of the samples after 90% deformation is shown in
Fig. 4g. The corresponding ring pattern shown in Fig. 4g clearly points
out that the average grain size is at the nanometer level (<100 nm). The
SAED patterns showing diffraction rings are typical for polycrystals dom-
inated by large misorientation angles [18]. Fig. 4h shows statistical grain
size distribution of Fig. 4e and . It can be clearly seen that there are plenty
of nano-grains in the 90% cryorolled samples and the average grain size is
about 20 nm.

Therefore, the strain accumulation resulted in different microstruc-
ture. During cryorolling, the dynamic recovery of dislocations was re-
strained by the deformation, leading to the formation of many
dislocations. The dislocation density increased and high density tangled
dislocations were formed with more deformation. Local stress concen-
tration occurred once the dislocation movement was hindered,
and the deformation twins continued to coordinate severe plastic
deformation. When the strain is low, the plastic deformation was in
the form of dislocation propagation and slip, while mechanical twinning
became the main plastic deformation mode at high strain. By further in-
creasing the strain, development of high-density mechanical
twins leads to the reduction of the thickness of the corresponding ma-
trix down to the nanometer scale, as seen in Fig. 4c and d. Apparently,
formation of high-density twins introduced a large amount of
twin boundaries that subdivide the original coarse grains into twin-
matrix lamellae. With strain increasing, dislocation activities become
functional inside the twin-matrix lamellae for accommodating further
plastic deformation when formation of mechanical twins becomes
more difficult within the thin lamellae. For minimizing the strain
energy, dislocations in the thin twin-matrix lamellae arrange them-
selves into dislocation walls. As strain increases further, formation of
sub-boundaries originating from the dislocation walls subdivides
twin-matrix lamellae into nanometer-sized blocks with misorienta-
tions [19,20].
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Fig. 4. Microstructure of the austenitic stainless steel at different degrees of deformation after cryorolling: (a) after 30% deformation; (b) after 50% deformation; (c) and (d) after 70% de-
formation, showing the formation of dislocation walls (as indicated by arrows) inside the twin lamellae; (e) and (f) after 90% deformation; (g) the corresponding selected-area electron
diffraction of Fig. 4e and f; (h) statistical grain size distribution of Fig. 4e and f.
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3.2. Mechanical properties

The microhardness of the original austenitic stainless steel was
260 HV. The microhardness increased to 410 HV for the 30% cryorolled
samples (Fig. 5). By further increasing the deformation to 50%, the mi-
crohardness increased by 10.5%, from 410 HV to 453 HV. The micro-
hardness enhanced to 497 HV upon further deformation of 70%. The
maximum reduction in area achieved by the cryorolling was 90% with
the corresponding microhardness value of 520 HV. The hardness im-
proved by 100% compared with the original un-deformed sample. The
results are in agreement with Milad et al. [21], but contradict Kain
et al. [22]. It can be seen that the hardness enhancement is mainly due
to the grain size effect and accumulation of large plastic strain achieved
by cryorolling. Rolling of metals and alloys at cryogenic temperatures
suppresses dynamic recovery and recrystallization [23], leading to
high dislocation density. Thus, at the initial deformation stage, micro-
hardness of the samples increases rapidly because of the work harden-
ing. With further increase in the strain, the density of accumulated
dislocations reaches its highest saturation level and the interactions of
the dislocations are significantly enhanced, giving rise to the formation
of large amounts of deformation twins in the austenite structure, which
is beneficial for the grain refinement. Therefore, hardness increases due
to the strain hardening, along with the grain size reduction during
cryorolling [24].

Fig. 6 shows the engineering stress-strain curves from the mini-
tensile tests of the austenitic stainless steel before and after cryorolling.
The un-deformed sample shows low yield strength of about 305 MPa
and the tensile strength of about 645 MPa. The yield strength and tensile
strength increased to 568 MPa and 994 MPa for the 30% cryorolled sam-
ples. After 50% deformation, the yield strength and tensile strength
greatly increase to approximately 1380 MPa and 1441 MPa. As the
strain reached 70%, the yield strength and the tensile strength increased
slightly to about 1460 MPa and 1514 MPa, respectively. By further in-
creasing the strain to 90%, the yield strength reached 1502 MPa and
the tensile strength reached 1560 MPa, which is respectively 4.9 and
2.4 times higher than the un-deformed sample. The increase of the
strength tends to be smooth. Therefore, the yield strength and the ten-
sile strength of the samples increased with deformation. When the
strain increased to 50%, the strength increased drastically, however,
with further increase of the strain, the strength increased slightly and
became stable. From Fig. 6, it can be also seen that the elongation fol-
lows a path opposite to that of the strength. The elongation of the pri-
mary sample is 40.8%. After 30% and 90% deformation, the elongation
of the samples decreased to 14.8% and 6.4%, respectively. The relation
between the Vickers hardness and the ultimate tensile strength at dif-
ferent locations after rolling obeys the empirical formula, where the
Vickers hardness value is about 1/3 of the ultimate tensile strength
value [25]. The corresponding ratio of yield strength to tensile strength
increases from 0.47 (no deformation) to 0.96 (90% deformation), and as
the deformation increases over 50%, the ratio of yield strength to tensile
strength is almost unchanged and remains at 0.96. This is different from
the austenitic stainless steel with the metastable microstructure, where
the ratio of yield strength to tensile strength increases significantly with
strain due to the deformation-induced martensitic transformation.
However, the deformation-induced martensitic transformations did
not occur in the Fe-25Cr-20Ni austenitic stainless steels during
cryorolling. Thus, as the deformation increased to some extent, the
ratio of yield strength to tensile strength became stable. With the in-
crease of the deformation, the dislocation proliferation was aggravated,
which lead to the formation of the high density tangled dislocations. As
a result, the dislocation motion was hindered. Meanwhile, as the defor-
mation rose, a large number of deformation twins appeared in the
grains and the interaction between the twins and the dislocations was
significantly enhanced, contributing to the grain refinement. Thus, the
strength of the samples increased, while the elongation decreased
with larger deformation.
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Fig. 5. Relationship between the microhardness and the cryorolling deformation.

The fracture surfaces morphology of the austenitic stainless steel
before and after cryorolling is shown in Fig. 7. Fig. 7a shows the frac-
ture surface of the original austenitic stainless steel, which is typical
ductile fracture. Many large and deep dimples with the average size
of about 8 pm can be found. In Fig. 7b, after cryorolling with 30% de-
formation, the number of large and deep dimples decreased and the
average size of the dimples was about 6 pum. When the deformation
increased to 50%, the size and number of the dimples decreased fur-
ther with the average size of about 4 um, found in Fig. 7c. As seen in
Fig. 7d, by further increasing the deformation to 70%, only a small
amount of large and deep dimples can be observed and the average
size decreased to about 3 pm, showing quasi-cleavage fracture char-
acteristics in the local area. When the deformation reached 90%, the
sample fracture surface was smooth and the cleavage surface could
be observed in most regions. Meanwhile, many small and shallow
dimples with the size less than 1 um can be found in other areas, as
seen in Fig. 7e. This indicates that the austenitic grain of the austen-
itic stainless steel can be obviously refined after cryorolling and the
grain size was refined to the nanometer scale with higher deforma-
tion. Compared with the original austenitic stainless steel structure,
the plasticity of the austenitic stainless steel apparently decreased
after cryorolling and the fracture morphology transformed from typ-
ical ductile to a mixture of quasi-cleavage and ductile fracture. Sim-
ilar phenomenon was observed in fractographs of the high nitrogen
austenite stainless steel after cold compression by J.H. Shin and
J.W. Lee' [26].
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Fig. 6. Engineering stress-strain curves of the mini-tensile sample before and after
cryorolling.
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4. Discussion

It is well known that mechanical twinning and dislocation slip are
the dominant plastic deformation mechanisms, which depend on the
stacking fault energy (SFE). The materials with high SFE deform by
means of dislocations movement, while materials with low SFE deform
by mechanical twinning. Under the experimental conditions, the SFE of
the Fe-25Cr-20Ni austenitic stainless steel is calculated to be 43.8 m]J/
m?, according to the following empirical formula [27]:

SFE [mJ/m?] = 25.7 + 2Ni + 410C—0.9Cr—77N—13Si—12Mn. (1)

Considering the effect of the Nb alloying element, the SFE of the Fe-
25Cr-20Ni austenitic stainless steel is over 43.8 mJ/m?, which is much
higher than that of the AISI 304, AISI 301, AISI316 and AISI 201 austen-
itic stainless steels [28]. Thus, the microstructure change of the Fe-
25Cr-20Ni austenitic stainless steel during cryorolling is different
from the austenitic stainless steel with lower SFE. Hadji [29] suggested
that the deformation mechanism is closely related to the SFE of

austenite. For the lower SFE values (the case of 304 stainless steel), a
mixture of e-martensite and mechanical twins appear as intermediate
phases before the formation of the o phase. Upon increasing the SFE
values (the case of 316 stainless steel), mechanical twinning becomes
the dominant deformation mode, and no e-martensite is detected in
this steel. However, Morikawa's [30] showed that in face centered
cubic (fcc) pure metals with a high SFE, such as aluminum, the promi-
nent structures are dense dislocation walls and micro bands, while, in
fcc alloys with low SFE, such as a-brass, deformation twinning has an
important role. After cold rolling dense twin matrix lamellar structure
develops, which is then destroyed by the shear bands forming the
fine-grained structure. Sarma [31] studied the effects of SFE on fcc
metals after cryorolling, such as Al, AA6061, Cu, Cu-4.6 at.%Al, Cu-9
at.%Al and Cu-15 at.%Al The results showed that high SFE metals de-
formed by dislocation slip and low SFE metals deformed by twinning
during cryogenic temperature (CT) rolling and room temperature (RT)
rolling. Metals with intermediate SFEs deformed by twinning during
CT rolling, but by dislocation slip during RT rolling. This makes CT rolling
more effective than the RT rolling in terms of the strength enhancement.

10 pm

Fig. 7. Fracture surface morphology of the austenitic stainless steel before and after cryorolling: (a) original austenite structure; (b) after 30% deformation; (c) after 50% deformation;

(d) after 70% deformation; (e) after 90% deformation.
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Present experiments provide impressive support for the Sarma's results.
Under low deformation conditions (30% deformation), the microstruc-
ture is mainly high density tangled dislocations with a small amount
of mechanical twins, seen in Fig. 4a. With increasing the deformation
to 70%, the microstructure turns to a large amount of mechanical
twins, dislocation walls and dislocation tangles. Meanwhile, the interac-
tion between the twins is significantly enhanced, leading to the forma-
tion of the nanometer-sized rhombic blocks, as seen in Fig. 4c and d. By
further increasing the deformation to 90%, the austenite grain is fully re-
fined to the nanometer scale, which can be also found in the SAED pat-
tern of Fig. 4g, showing clear and uniformly continuous diffraction ring
pattern. In summary, the SFE of the Fe-25Cr-20Ni austenitic stainless
steel belongs to medium SFE, which is between high SFE and low SFE.
Therefore, dislocation slip and mechanical twins are the dominant
models to coordinate the heavy deformation during cryorolling, which
is consistent with the results in Ref. [31].

In terms of the experimental observations and analyses, the grain re-
finement mechanism in the Fe-25Cr-20Ni stainless steel as a function
of cryorolling deformation can be summarized as follows. (i) In the
low strain region, lots of dislocation lines are produced and a small
amount of mechanical twins occur in the austenite grain. (ii) With fur-
ther strain increase, the interaction of high density dislocations results
in the formation of dislocation tangles and dislocation walls. Mean-
while, large amounts of mechanical twins are formed and the formation
of a high density of mechanical twins subdivides the original coarse
grains into twin-matrix lamellae. (iii) In the high strain region, develop-
ment of dislocation arrays and twin-twin intersections further subdi-
vide the twin-matrix lamellae into nanometer-sized blocks. (iv) These
nanometer-sized blocks evolve into randomly oriented nanocrystallites.
Formation of randomly orientated nanocrystallites requires a substan-
tial variation in the related orientations of these nanometer-sized blocks
(Fig. 4d). Possible mechanisms responsible for the formation of random
orientations may involve in grain boundary sliding and/or grain rota-
tion. When the grain size is reduced down to the nanometer range,
the grain rotation and grain boundary sliding will be much easier com-
pared with the coarse ones [32]. Grain rotation is an alternative process
accommodating plastic deformation of nanocrystallites, which may ef-
fectively increase the misorientations and result in the formation of ran-
domly orientated nanocrystallites [33].

5. Conclusions

The microstructure and mechanical properties of the Fe-25Cr-20Ni
austenitic stainless steels after cryorolling with different reductions
were systematically characterized and analyzed. The results are as
follows:

1. With the increase of the deformation, the austenite grains were elon-
gated along the rolling direction and appeared in the form of long
strips or flats. At the time when the deformation reached 90%, the
grain boundaries became blurred and the fiber texture was formed.
The diffraction peaks of the Fe-25Cr-20Ni austenitic stainless steel
became broader with the strain increase.

2. The dynamic recovery of dislocations was restrained by cryorolling.
After 30% deformation, high density tangled dislocations and a
small amount of deformation twins appeared in the steels. After
50% deformation, the number of deformation twins increases, and
the distance between twins becomes smaller, and the interaction be-
tween the twins and the dislocations starts to happen. With the in-
crease of the deformation to 70%, a large amount of deformation
twins was produced and the interaction between the twins and the
dislocations was significantly enhanced. When the deformation
was 90%, the grain size was fully refined to the nanometer scale.

3. The microhardness and the strength of the austenitic stainless steels
increased with the rolling deformation. The yield strength and the ul-
timate strength increased from 305 MPa and 645 MPa (no

deformation) to 1502 MPa and 1560 MPa (90% deformation ), respec-
tively. During the initial deformation stage, the strength drastically
increased. However, with further increase of the deformation, the
strength increased only slightly and became stable. The correspond-
ing elongation decreased from 40.8% to 6.4%. The tensile fracture
morphology changed from typical dimple rupture to a mixture of
quasi-cleavage and ductile fracture. The microhardness increased
with the deformation. After 90% deformation, the microhardness
was 520 HV, which is a 100% increase, compared with the original
un-deformed sample.
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