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Abstract: Thermomechanical deformation is one of the most efficient and facile
routes to tailor microstructure in structural materials for mechanical property
enhancement. In this work, the Ce-modified SAF2507 super duplex stainless steels
(Ce-SAF2507) were systematically subjected to various deformation levels of
30%-90% at cryogenic temperature (-196 °C) to achieve superior mechanical
performance. Cryogenic rolling rose fiber texture and induced ultra-fine grain
refinement with size ~ 10 nm in the selected steel. The high-density dislocations and
deformation twins in the cryogenically rolled Ce-SAF2507 led to the nucleation and
growth of martensite. An increase in the martensite volume fraction and the nanoscale
grain refinement occurred at higher deformation levels. The higher hardness
increment of austenite-martensite dual-phase compared to that of ferrite was due to
the austenite-martensite’s higher work hardening ability. Cryogenically rolled
deformation resulted in the overall increase of the Ce-SAF2507 hardness. Further, the
ultimate tensile strength and yield strength increased with the deformation level, but
the elongation decreased with the same. Observed microstructural evolutions induced
by cryogenic rolling enunciated the superiority of the same over conventional

deformation methods to promote steel’ mechanical properties.
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1. Introduction

Requirements for advanced materials' performance are escalating to save
resources and tackle global demand for greenhouse gas reductions. In this regard,
duplex stainless steel (DSS) has turned out a winner. The DSS is categorized in the
high-alloyed steels with a biphasic microstructure simultaneously consisting of
austenite and ferrite at an equivalent volume fraction. The presence of austenite phase
reduces brittleness and grain growth tendency of high chromium ferrite. As a result,
the fracture toughness is enhanced. This has also been demonstrated by Sieurin and
Sandstrém [1], wherein the facture toughness of base and weld material of 2205 DSS
was found to be more suitable for possible pressure vessel. It was found that the base
material gave a very high fracture toughness at subzero temperature with ductile
behavior. The chromium-rich ferrite, on the other hand, provides resistance to
intergranular corrosion and stress corrosion in DSS. For instance, Adams et al. [2]
performed a detailed investigation on the corrosion behavior of 2205 and 2507 DSS in
the presence of organic acid/chloride environments and temperature effects. Better
corrosion resistance was found for the 2507 DSS. The DSS owns a lower nickel
content, but a higher pitting resistance equivalent numbers (PREN) compared to the
austenitic counterparts. The high PREN and strength enable the DSS’ applications in
harsh industrial fields. As proposed by Nilsson and Wilson [3], the super duplex

stainless steels (SDSS) are a subset of DSS with the PREN > 40. Among various



available SDSS, SAF2507 represents the third generation DSS. Its excellent
mechanical and anticorrosive properties make it widely used in petrochemical,
papermaking, wastewater treatment, and other tough industrial fields.

To date, the mechanical deformation of the SAF2507 SDSS are mainly
performed at high temperatures. Such hot rolling deformation changes microstructures
of the SAF2507 SDSS and varies its properties to meet users’ requirement. Mishra et
al. [4] performed isothermal hot compression tests on DSS to study its microstructural
evolution. The dynamic recovery and continuous dynamic recrystallization were
found in the ferrite phase while the discontinuous dynamic recrystallization occurred
in the austenite. Hot torsion tests on DSS was also reported by Duprez et al. [5]. The
yielded mechanical behavior was found dependent on the dynamic recovery of the
ferrite phase and ductility of DSS correlated with the amount of dynamic softening
following the austenite recrystallization. As a result, the significant microstructure
modifications and corresponding dynamic softening mechanism of SAF2507 SDSS
have systematically been studied under hot processing. However, heat treatments of
DSS can also deteriorate its properties due to the appearance of unwanted phases at
elevated temperatures. As reported by Hosseini et al. [6], precipitation of the ¢ phase
with different morphology (blocky and fine coral shape) was found to occur between
630 and 1010 °C during hot deformation. Pitting corrosion testing along with
thermodynamic calculations showed the initiation of corrosion near the fine coral
shaped o phase in heat treated DSS. Further, complications also arise from the

difference in the hot deformation behavior of two phases and elude microstructure
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evolution. As a mature processing technology, facile room temperature cold
deformation has come out as the effective steel processing technology with
characteristics of high dimensional accuracy and stable structure. Breda et al. [7]
studied cold rolled SAF2205 DSS to probe the strain induced martensite in the DSS.
Despite the presence of austenite phase with low stacking fault energy, the DSS was
found more stable than AISI 304L. Further, the extent of martensitic transformation
was found significantly lower than in the metastable austenite stainless steel. The Ce
modified SAF2507 was cold rolled in a latest work of Zhou et al. [8]. Along with the
formation of strain induced martensite phase, increase in the strength index and
decrease in the plasticity index were observed. Despite these progresses, dynamic
recovery is bound to happen in the deformed microstructure during the room
temperature cold rolling. This inevitably weakens the work hardening and
strengthening effect. An alternative deformation route was referred at cryogenic
temperatures such as the work reported by Xiong et al. [9]. A higher yield strength
and ultimate tensile strength were noted in cryogenically rolled austenite stainless
steel compared to the cold rolled ones. This enhancement was attributed to the
effective suppression of the dynamic recovery at cryogenic temperatures.

Compared to scarcely reported cold rolling of SAF2507 (Zhou et al. [8]), the
cryogenically rolled deformation of the SDSS has not been seen in the literature, to
the best of our knowledge. Aiming to a cost-effective processing and superior thermal
processing performances, Ce-modified SAF2507 SDSS (Ce-SAF2507) with an

increased N content are selected in the present study. The key improvement of
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Ce-SAF2507 is to reduce the consumption of precious element Ni by increasing the
content of comparatively cheaper N element appropriately. Further, the inclusion of
rare earth element Ce has turned out to yield optimized microstructure and superior
mechanical performances as reported in the work of Zhou et al. [8]. In the present
work, Ce-SAF2507 has been subjected to cryogenic rolling under the deformation
level in the range of 30% - 90%. Microstructural evolution such as ultra-fine grains,
high austenite to martensite transformation and suppressed dynamic recovery have
been noticed. Thanks to the microstructural evolution, the mechanical properties have
been substantially enhanced. The present microstructure and mechanical property
evolution are hoped to serve support and test guidance for the industrial application of
SDSS in various fields such as in cold and corrosive environments.
2. Experimental procedures

Components of the Ce-SAF2507 were measured (in wt%) as a balance Fe
matrix with 0.023 C, 0.35 Si, 0.8 Mn, 25 Cr, 5.4 Ni, 3.4 Mo, 0.5 N, and 0.08 Ce. In
order to obtain qualified plates, Ce-SAF2507 SDSS ingot was forged and hot rolled.
The plates were cut into 100x30x5 mm? sheet specimens and divided into 5 groups
for the preparation. All specimens underwent a solution treatment at 1050 °C for 1 h,
and subsequently, a water quenching to room temperature. Four groups of specimens
were cryogenically rolled, with the deformation level of 30%, 50%, 70% and 90%. It
should be noted that the specimens need to be soaked in liquid nitrogen (~10-15 min)
prior to each rolling pass in order to cool the specimens homogenously. The rolling

speed was fixed to 0.2 m/s and rolling reduction to 5% during the cryogenic rolling
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(without any lubricant).

Microstructure measurements were carried out via ZEISS Z1M optical
microscopy (OM) and JEM-2010 transmission electron microscopy (TEM). To
prepare samples for OM, specimens were etched for 3s in aqua regia (LHNOz: 3HCI)
on the longitudinal sections. The TEM samples were ion-beam thinned from the 3mm
disks punched from the rolling plane of the specimens. The phase fraction and strain
distribution analysis were carried out from the X-ray diffraction (XRD) patterns of
samples examined by Bruker D8 Advance X-ray diffractometer. This experiment was
performed in the theta-2theta step scan mode with a step size of 0.02° and angular
range 40° - 100° utilizing Cu Ka source. Subsequently, the hardness of the two phases
under different deformations was measured by NHT2 nanoindentor. During the
nano-indentation, the load was kept at 100mN, and the holding time was 10s. In order
to obtain an accurate hardness value, a minimum of 20 indentations was performed
for each phase. Meanwhile, the overall Vickers hardness of Ce-SAF2507 was also
measured by MH-3 Vickers microhardness tester under a 100g weight load and 10s
loading time. By employing the above methods, the microstructural evolution of
cryogenically rolled Ce-SAF2507 and its corroboration with the mechanical property
were carried out systematically.

The austenite volume fraction of Ce-SAF2507 before and after cryogenic rolling
can be quantitatively obtained as follow. De et al. [10] performed detailed XRD
studies to quantify the deformation induced martensite phase and derived the

following equation,
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wherein, n, | and R are defined as peak number of XRD peaks in a particular phase,
the integral intensity from the reflecting plane, and the scattering factor of the material,
respectively. The same equation has also been implemented here in this work to
calculate the phase fraction.

Williamson—-Hall (W-H) method is used to estimate microstrain variation
following the cryogenic rolling process. As per W—H method, the diffraction peak

broadenings are described as [11]:
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In these equations (i.e. Egs. 2-5), o is the FWHM of the Bragg peak (in radian), 26 the
Bragg angles, /4 the wavelength of the X-ray source (1.5406 A), | the average
crystallite size in nm, and ¢ the microstrain. Here, o in counts for the instrumental
broadening. It can be retrieved from the diffraction broadening of the reference
sample (original solid solution sample) for further W-H analysis. The slope of the
fitted line obtained from the linear plot of o2cos?6 vs. 4sin?d (Egs. 2-5) gives 2.

3. Results

3.1. Metallographic structure



Microstructure analysis of cryogenically rolled Ce-SAF2507 has been carried to
shed light on correlations between microstructure evolution and mechanical behaviors.
Fig. 1 shows the microstructure evolution of pre- and post-cryogenically rolled
Ce-SAF2507. As mentioned in the experimental section, the specimens are etched
before carrying out the OM measurements. Due to the corrosion resistance differences
in austenite and ferrite phase, the ferrite is etched profoundly into a dark phase,
whereas lesser etching of the austenite phase led to a brighter region. As-cast
Ce-SAF2507 microstructure is shown in Fig. 1(a) and 1(b). Numerous casting flaws
are also expected to exist, resulting in the poor mechanical performance [12]. A
specimen submitted to solutioning heat treatment shows the austenite phase is evenly
distributed in the ferrite matrix (Fig. 1(c)). Compared with the as-cast microstructure,
the casting flaws are vanished, and the grain size is significantly reduced in the solid
solution state.

Post 30% deformation, the austenite grains were significantly elongated along the
rolling direction and uniformly distributed (Fig. 1(d)). With the further increase in
deformation level to 50%, the deformation degree of ferrite and austenite increases.
Rod-like shape grains were formed in austenite and ferrite phases with increased
aspect (length to width) ratio (Fig. 1(e)). At a deformation level of 70% (Fig. 1(g)),
the ferrite and austenite grains intercalate with each other in bands due to the
continuous effect of stress. The resulting deformation also induces the
austenite-martensite transformation, further reducing the bandwidth and leading to

denser interlacing of the two phases. As the deformation level reaches to 90%, Fig.
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1(i), the grains are stretched into interwoven slender spicules, indicating that the
microstructure is transformed into a fibrous texture. Similar observation of wavy
banded grains have also been reported in cold rolled DSS by Ry$ and Cempura [13],
which occur due to strain localization in biphasic materials and act as strong obstacles
for the dislocation motions. In general, the wider band grains are mainly induced by
the normal stress, leading to the continual decrease in the bandwidth. On the contrary,
the narrower band grains are susceptible to shear stress. Thus, they are curved in a

wavy shape (Fig. 1(i)).
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Fig. 1 Optical micrographs of Ce-SAF2507 in as-cast condition (a,b), solid
solution state (c), and cryogenically rolled by 30 % (d). Optical micrographs and
corresponding frequency histogram of rolled Ce-SAF2507 by 50% (e,f), 70%
(9,h) and 90% (i,)).

A comparison of the distribution of deformed grain bandwidth of the two phases
in the range of 50% - 90% deformation level shows that the grain bandwidth of the
two phases is generally more than 3 um at 50% deformation. Whereas, elevation of
the deformation level to 90% leads to a gradual decrease in grain bandwidth down to
<1 um. Under a high deformation level, the grain refining effect of austenite is more
evident than that of ferrite. This refinement is due to the deformation-induced
martensitic transformation, which significantly reduces the bandwidth and
dramatically enhances the grain refinement.

3.2. TEM observations

Fig. 2 depicts the observed TEM images of cryogenically rolled Ce-SAF2507. At
10



a strain level of 30% (Fig. 2(a, b)), the deformed microstructure of Ce-SAF2507
shows the presence of large number of interleaved twins in the austenite phase with a
low stacking fault energy (SFE) (Fig. 2(a)). The nucleation sites are provided for
deformation-induced martensite therein. Due to the high SFE, ferrite does not support
the twin formation (Fig. 2(b)). Whereas the dislocation groups in the ferrite phase
were formed from the intertwined high-density dislocations. When the deformation
was increased to 90% (Fig. 2(c-f)), the austenite is found to be interwoven with the
ferrite, blurring the grain boundary. In addition to the formation of twins, one can also
notice the presence of ladder-like Moiré fringes (Fig. 2(d)). The formation of Moiré
fringes is attributed to an accumulation of high-density stacking faults during the
deformation process [14,15]. During the rolling process, extensive plastic deformation
provides enough driving force for deformation-induced martensitic transformation.
Increase in the volume fraction of deformation-induced martensite due to the
interactions between dislocations and deformation twins further happens. A large
amount of martensite grows as nucleation in the austenite, as shown in the bright (Fig.
2(e)) and dark (Fig. 2(f)) field images. On the other hand, in the ferrite phase,
dislocations move mainly by slip and cross slip. The interaction between dislocations
results in the formation of many substructures in the ferrite, which results in the
significant fragmentation of ferrite grains (Fig. 2(g)). Fig. 2(h) shows the dark field
image of 90% deformed Ce-SAF2507 indicating the ferrite grain breakage. Selected
area electron diffraction pattern presents a ring structure, indicating that the grain has

significantly been refined to the nanoscale [10,12], even up to about 10 nm.
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Fig. 2 Observed microstructure of Ce-SAF2507 SDSS cryogenic rolled using
TEM, (a, b) cryogenic rolled by 30%, and (c-h) cryogenic rolled by 90%.
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3.3. Macrostructural changes: XRD evolutions
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Fig. 3 X-ray diffraction patterns of cryogenically rolled Ce-SAF2507 at different

deformation levels.

The XRD patterns of cryogenically rolled Ce-SAF2507 are presented in Fig. 3.
Diffraction pattern of solid solution mainly shows a (111), a (200), and o (211)
diffraction peaks corresponding to ferrite and y (111), y (200), vy (220), y (311), and y
(222) peaks corresponding to the austenite phase [16,17]. Intensities of peaks
corresponding to austenite phase gradually decrease with the deformation level.
Further, few peaks, such as y (311), v (200), and y (222), disappeared completely. This
observation is inferred to the stress-induced phase transformation from austenite to
martensite during the deformation process. The increase in the deformation level leads
to the increase in the volume fraction of deformation-induced martensite and the
corresponding decrease of the austenite. According to formula (1), the austenite and

13



ferrite volume fraction of solid solution Ce-SAF2507 is 51.6% and 48.4%,
respectively. Whereas, at 90% deformation, the volume fraction of austenite decreases
to 8.2%. This missing austenite is replaced by deformation-induced martensite with a
volume fraction of 43.4% and a relative transformation rate of 84.1%. However, even
at higher level of deformation (90%), the austenite phase was not able to reach an
entire martensitic transformation. The austenite to martensite transformation of

Ce-SAF2507 at different deformation levels is shown in Fig. 4.
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Fig. 4 Martensitic transformation of cryogenically rolled Ce-SAF2507 at different
deformation levels.

3.4. Strain analysis

Apart from the observed changes in the intensity of diffraction peaks, change in
the full width at half maximum (FWHM) has also been noticed and therefore
analyzed here. This change in FWHM for cryogenically rolled Ce-SAF2507 can be

correlated with the microstrain generated in Ce-SAF2507. Microstrain is known as the
14



local distortion in the crystal lattice, such as dislocations in ferrite or twins in the
austenite phase. It introduces variations in the lattice parameters and also leads to
higher FWHM of the diffraction peaks [18,19]. Utilizing Egs. 2-5, the calculated
microstrain is plotted in Fig. 5 as a function of various deformation level. As noted, a
higher level of strain is observed for austenite phase compared to ferrite, indicating its
higher work hardening ability. During the deformation process, the metastable
austenitic phase is transformed into the martensitic phase, resulting in the higher
concentration of strain in the austenite. The strain increases with the deformation level
for both phases. The strain increment of austenite is higher than that of ferrite, which

is further corroborated with the observed microhardness.
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Fig. 5 Calculated microstrain in the ferrite and austenite phases in cryogenically
rolled Ce-SAF2507 at different deformation levels.

3.5. Mechanical properties
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The influence of deformation level on the microhardness of Ce-SAF2507 is
depicted in Fig. 6. In the solid solution Ce-SAF2507, the nano-indentation hardness of
ferrite and austenite comes out to be 4.516 GPa and 5.237 GPa, respectively, and the
overall Vickers hardness is HV 374. The hardness of both austenite and ferrite tends
to increase with the deformation level. When the deformation level reaches 90%, the
nano-indentation hardness of ferrite and austenite increased to 5.805 GPa and 7.612
GPa, respectively, and the overall Vickers hardness increased to HV 593. Thus, in the
process of cryogenic rolling, the overall microhardness of Ce-SAF2507 increases
gradually. Comparison of Fig. 5 and Fig. 6 shows a significantly larger amount of
strain and the hardness increment in the austenite, which indicates the higher work
hardening ability of austenite. Comparing Fig. 4 and Fig. 6, an increase in the
martensite volume fraction comes along with the hardness increase of the austenite
phase in Ce-SAF2507. Ran et al. [20] studied the microstructural evolution of cold
rolled 19Cr DSS and found that, the microhardness of materials is mainly affected by
dislocation slip in ferrite phase and dislocation slip in the initial stages of deformation
followed by mechanical twining, and martensite phase formation at higher
deformation levels. During the deformation process, the dislocation increment and
accumulation mainly occurs in the ferrite. Many dislocation cells or subgrain
boundaries are formed due to the continuous entanglement of dislocations, which
impedes dislocation motion and further refines ferrite grains to the nanometer level,
thus increasing the hardness of the material. While in the low SFE austenite, a large

number of twins are seen to be formed. Simultaneously, deformation-induced
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martensite continues to nucleate and grow at the defects, which combines twins to
anchor the dislocations effectively and hinder dislocation motion. The effect of lattice
distortion caused by austenitic transformation is higher than that caused by ferrite
grain refinement, which is also supported by the higher strain level of austenitic phase
during the deformation of Ce-SAF2507, as shown in Fig. 5. This interpretation is
further backed by Papula et al. [21], wherein the authors investigated the strain
hardening of cold rolled lean-alloyed DSS. Their nanoindentation results showed that
the susceptibility of work hardening increases with the decrease in SFE, thus,
explaining the higher work hardening ability of austenite compared to the ferrite
phase. These two different microstructure evolutions of the two phases contribute

significantly to the overall increase of the hardness.
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Fig. 6 Influence of deformation level on the microhardness of
Ce-SAF2507.

Fig. 7 depicts the influence of deformation level on the tensile properties of
17



Ce-SAF2507. The ultimate tensile strength, yield strength and elongation of
Ce-SAF2507 in the solid solution state are observed to be 781 MPa, 578 MPa and
15.2%, respectively. With the increase in the deformation level, the strength increases
continuously but the plasticity decreases. As the deformation level reaches 90%, the
ultimate tensile strength and yield strength increase to 1682 MPa and 1641 MPa,
respectively, while the elongation decreases to 2.9%. This phenomenon has been
attributed to the joint action of working hardening, grain refinement and
deformation-induced martensitic transformation. This is found to be consistent with
the previous studies (Zhou et al. [8]) on strengthening mechanism of cold rolling at
room temperature. Moreover, the strength evolution law confirms the microhardness

test results as well.
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Fig. 7 Influence of deformation level on the tensile properties of Ce-SAF2507.

4. Discussion

Numerous aforesaid interesting findings of cryogenically rolled Ce-SAF2507
over previously reported cold and hot rolled can be summarized in many aspects.
During the deformation process of cryogenic rolling, displacements accumulate and
rearrange to form the sub-structure in the ferrite phase of Ce-SAF2507, thus refining
the grain size to the nanometer level. At 90% deformation level, fine ferrite grains can
eventually reach to about 10 nm. Refinement of grain size has also been noted in
austenite-martensite dual-phase. Observed ultra-fine grains (Fig. 1) are highly
essential for high-strength steel when used in automobiles for better fuel efficiency.

Grain refinement down to nanoscale is further considered to be one of the critical
19
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parameters affecting the mechanical properties positively.

In the austenite phase, the presence of a substantial number of twins existed in
cryogenically rolled Ce-SAF2507, and the interactions between those twins provide
nucleation sites for deformation-induced martensite at 30 % deformation (Fig. 4).
Further, an increase in the deformation level to 90% leads to an increase in the
amount of martensite (Fig. 4). Various deformation modes can initiate the
deformation-induced martensitic transformation. Shrinivas et al. [22] investigated the
deformation induced martensitic formation in cold rolled 304 and 316 stainless steel
and attributed shear band intersections to the preferential nucleation sites for
martensite. The other possible nucleation sites also include deformation twins,
stacking faults, and lath martensite. This transformation process is thus influenced by
various factors, including stress level, strain rate, and deformation temperature.

Free energy difference between the newly formed martensite and the parent
austenite also drives the martensitic transformation. It is well known that
strain-induced austenite-martensite transformation takes place through the nucleation
and growth process. This transformation occurs when the deformation-induced
mechanical along with the chemical driving force exceeds the chemical driving force
of phase transition. In the present case, the austenite-martensite transformation occurs
at a cryogenic temperature, which is far below the initiation temperature of martensite.
This suggests that the transformation is possible only because of the significant
suppression of dynamic recovery at the cryogenic temperature [23-25]. Thus, during

the process of deformation, large amounts of dislocations and stacking faults are
20



formed followed by the nucleation and growth of strain-induced martensite. Further,
the large strain applied during various levels of deformation leads to the continuous
generation of twins followed by interaction between different orientation twins, which
provides a large number of locations for the nucleation and continuous growth of
martensite [26,27]. Therefore, the higher deformation level is associated with the
larger volume fraction of strain-induced martensite.

Cryogenic rolling has been found superior in deformation-induced martensitic
transformation over the room temperature cold rolling. Previous studies (Zhou et al.
[8]) shows the martensitic transformation rate reached only 71.3% under 90%
deformation at room temperature. Whereas, cryogenic rolling can reduce austenite to
less than 10% leading to higher martensite volume fraction and significantly improves
the strength and hardness to meet higher industrial production needs. This betterment
is because of the higher work hardening ability of martensite, which significantly
reduces the crack propagation rate. This observation is further supported by a prior art
of Xiong et al. [9] towards the effect of room temperature cold rolling and cryogenic
rolling on the microstructure and properties of austenitic stainless steel. Both room
temperature and cryogenic rolling led to a remarkable enhancement in the hardness.
However, it was found to be higher for cryogenic deformation, which was attributed to
the observed higher volume fraction of martensite at same strain rate.

Further, comparison of strain analysis for cold (Zhou et al. [8]) and
cryogenically rolled Ce-SAF2507 shows similar trends, i.e., increase in strain with the

increase in deformation level. However, it is important to mention here that the strain
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accumulation of ferrite is lower (20x10#) than that of the room temperature cold
rolling (52x10#), which is rather intriguing. Whereas, the strain accumulation of
austenite is significantly higher (70x10*) than that of room temperature cold-rolled
austenite (48x10™*) and ferrite (cold and cryogenically rolled). Observed higher strain
accumulation of austenite phase can be understood due to the formation of the
strain-induced martensitic transformation and nano-grains, which further explains the
observed trends in the nanoindentation and hardness. Observed lower strain
accumulation of ferrite phase can further be due to nanocrystalline grains of the ferrite
phase.

5. Conclusion

The microstructural evolution of cryogenically rolled Ce-SAF2507 was
systematically investigated under various levels of deformation conditions.

1. During the cryogenic deformation process, ferrite and austenite grains were
squeezed into bands continuously and transformed into the fibrous texture gradually.
Many dislocations occur in the high SFE ferrite, which slip and cross-slip to direct
plastic deformation. The low SFE austenite mainly coordinates the plastic
deformation in the form of twins. At a high deformation level of 90%, the grain size is
significantly reduced to the nanoscale.

2. Deformation induces the martensitic transformation of austenite to the
martensite phase under the action of stress. Transformation rate increases substantially
with the deformation and a rate of 84.1% is seen at the 90% deformation level.

3. The hardness of ferrite and austenite was found to increase with the
22



increment in the deformation level. Higher work hardening ability of austenite leads
to larger hardness increment than that of ferrite. This observation corroborates well
with the microstructural evolution and microstrain calculations.

From the above conclusions, the cryogenic rolling has turned to be superior
compared to hot and room temperature cold rolling due to ultra-fine grains, higher
austenite to martensite transformation, less complicated microstructure evolution
during the deformation, and suppressed dynamic recovery in the austenite phase.
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