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Metastable austenitic steels having ultrafine grained (UFG) microstructures can be fabri-
cated by conventional cold rolling and annealing processes by utilizing the deformation-
induced martensitic transformation during cold rolling and its reverse transformation to
austenite upon annealing. However, such processes are not applicable when the austenite
has high mechanical stability against deformation-induced martensitic transformation,
since there is no sufficient amount of martensite formed during cold rolling. In the present
study, a two-step cold rolling and annealing process was applied to an Fe-24Ni-0.3C
metastable austenitic steel having high mechanical stability. Prior to the cold rolling, a
repetitive subzero treatment and reverse annealing treatment were applied. Such a
treatment dramatically decreased the mechanical stability of the austenite and greatly
accelerated the formation of deformation-induced martensite during the following cold
rolling processes. As a result, the grain refinement was significantly promoted, and a fully
recrystallized specimen with a mean austenite grain size of 0.5 um was successfully
fabricated, which exhibited both high strength and high ductility.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Ultrafine grained (UFG) metallic materials usually exhibit
quite high strength owing to the Hall-Petch effect but poor
tensile ductility due to the lack of strain hardening capability
at a high stress level [1]. However, substantial tensile ductility
could still be maintained in some alloys that exhibit
transformation-induced plasticity (TRIP) phenomenon even
when the microstructures are refined to the UFG scale [2,3]. It
has been revealed that the formation of the hard deformation-
induced martensite during the deformation can increase the
strain hardening rate and prevent necking, leading to high
ductility [4,5]. Thus, creating UFG microstructures in TRIP al-
loys is one of the promising strategies to realize both high
strength and high ductility in those alloys.

UFG microstructures can be fabricated by the SPD pro-
cesses, such as high-pressure torsion (HPT) [6], accumulative
roll bonding (ARB) [7,8], and equal-channel angular pressing
(ECAP) [9]. However, the SPD processes are usually compli-
cated and high-cost, and the sizes of specimens are quite
limited. Besides the SPD processes, it has also been reported
that UFG metastable austenitic steel can be fabricated by
conventional rolling and annealing processes [10—12]. The
principle is to utilize deformation-induced martensitic trans-
formation during deformation. The formation of martensite
variants with different orientations could effectively subdi-
vide the original austenite grain. Moreover, the formed
martensite plates provide high density of nucleation sites for
reverse austenite formation in the subsequent annealing.
Succeeded cases can be widely found in Fe-Cr-Ni ASSs such as
301 [3], 304L [13], 304 [14] and 316LN [15] as well as in Fe-Cr-Mn
ASSs like 201 and 202 [16,17]. However, the feasibility of this
method is based on a premise that a large amount of
martensite could be introduced during deformation, i.e., the
metastable austenite has low mechanical stability against
deformation-induced martensitic transformation. When the
austenitic steels have relatively high mechanical stability,
such processes are not applicable.

Fe-Ni-C alloys are traditional model alloys for studying the
martensitic transformation and corresponding TRIP effect in
austenitic steels, and the stability of the austenite greatly
varies depending on the nickel or carbon content [18]. Previ-
ous researches demonstrated that the austenite grain size of
the Fe-24Ni-0.3C steel could not be refined down to sub-
micrometer range unless using the SPD processes in which a
huge amount of plastic strain was introduced [2,19,20]. Jafar-
ian [2] showed that fully recrystallized fine-grained austenitic
Fe-24Ni-0.3C was fabricated by 6-cycle of the ARB process with
subsequent annealing and the smallest austenite grain size
achieved was 2.5 um. Chen et al. [19,20] performed HPT pro-
cess followed by annealing on the Fe-24Ni-0.3C, and the
smallest recrystallized austenite grain size was 0.42 pm. More
recently, the present authors refined the grain size of Fe-24Ni-

0.3C down to 1.3 um by a conventional two-step cold-rolling
and annealing processes [21]. However, microstructures with
sub-micrometer grain size still have not been achieved in Fe-
24Ni-0.3C by the cold-rolling and annealing processes,
because the austenite has high mechanical stability and
limited martensite was formed during the cold-rolling. In the
present work, the two-step cold-rolling and annealing process
was modified by applying a prior repetitive subzero quench
followed by a short-time annealing process. It was revealed
that such cyclic thermal treatment dramatically decreased the
mechanical stability of the austenite in the Fe-24Ni-0.3C and
enhanced the formation of deformation-induced martensite
in the subsequent cold rolling, thereby facilitating an ultra-
grain refinement in the processes. A fully recrystallized
microstructure having an average grain size of 0.5 pm was
achieved in the Fe-24Ni-0.3C, which exhibited very high yield
strength and good tensile ductility.

2. Material and methods

An Fe-24Ni-0.3C (wt.%) alloy was used in the present study and
its chemical composition is shown in Table 1. The as-received
plate having 20 mm in thickness was austenitized at 700 °C
for 10 min and used as the starting material. The fabrication
process of the material is illustrated in Fig. 1. The starting
material was firstly quenched into a liquid nitrogen bath to
obtain thermal martensite and then annealed at 600 °C in a salt
bath for 30 s to obtain austenite through reverse trans-
formation (Af temperature: 500 °C measured by dilatometry).
Such a subzero quench followed by a short-time annealing
treatment was referred to as one transformation cycling. Five
cycles of such transformation cycling were applied to the
starting material and then a typical two-step cold rolling and
annealing process was conducted. In the first step, the material
was cold-rolled to 10 mm in thickness corresponding to a 50%
thickness reduction and then annealed at 600 °C for 30 s. After
the first annealing, the sample was cold-rolled to 1 mm by 90%
thickness reduction and annealed at 650 °C for 30 s, which re-
fers to the second step.

The microstructural observation was carried out by field
emission scanning electron microscopy (SEM) and electron
backscatter diffraction (EBSD) measurement with a step size
of 300 nm on the transverse section parallel to the rolling di-
rection. The specimen for the microstructure observation was
prepared carefully by mechanical polishing to avoid the for-
mation of deformation-induced martensite, followed by
electropolishing using a 5% perchloric acid +95% ethanol
electrolyte at 20 V for 2 min at room temperature. X-ray
diffraction (XRD) using Cu-Ko irradiation (wavelength
1.5406 A) was performed on the section plane parallel to the
surface of the specimens to evaluate the volume fraction of
the deformation-induced martensite in the cold-rolled

Table 1 — Chemical composition of Fe-24Ni-0.3C steel (wt.%).
Ni C Si Mn S

<0.0005

<0 005 0.0008 0.0006 Bal.
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Fig. 1 — Schematic illustration of the modified two-step cold rolling and annealing process on the Fe-24Ni-0.3C austenitic

steel.

specimen and the dislocation density of austenite in the
specimen after the reverse annealing treatment. The volume
fraction of martensite was evaluated from the integrated in-
tensity of diffraction profile using the following equation [22],

1N \7hkl hkl
g /RY
=
1N 1hkl hkl | 1N NThR hkl
LR JRIN -+ 3y /Ry

(1)

where I'f and I" are the integrated intensities of diffraction

peaks (hkl),r and (hkl), of martensite and austenite, and R'¥!
and R"™ are the corresponding material scattering factors. In
the present study, only the (111) , and (110) ,» peaks were used
to roughly estimate the volume fraction of martensite since
the intensities of other diffraction peaks of austenite and
martensite were too weak to be quantified precisely due to the
strong fiber texture of the cold-rolled specimen. The disloca-
tion density of the austenite after the reverse transformation
was estimated by XRD using the classical Williamson-Hall
method [23,24],

wcosf 0.9 2esind

A D2 @
where o is the full widths at half maximum (FWHM), ¢ is the
angle of diffraction, 1 is the X-ray wavelength, D is the crys-
tallite size, and ¢ corresponds to the distortion related to the
dislocation density. The dislocation density was estimated
from the ¢ by the following equation

2
=1 ®
where b is the Burgers vector (b = 0.253 nm) and k is 16.1 for
face-centered cubic metals [24].

The M, temperature of the specimens was measured by
differential scanning calorimeter (DSC) with a cooling rate of
1 °C/min. The hardness of specimens was determined using
the Vickers hardness test by applying a 0.2 kg loading with a
dwell time of 10 s. Tensile tests were performed at room
temperature at an initial strain rate of 8.3 x 10~* s, using
bone-shaped specimens with 10 mm gauge length, 2 mm
gauge width, and 1 mm thickness. The tensile elongation
was precisely measured by a digital image correlation
method described in [25].

3. Results and discussion

The starting material was composed of fully austenitic struc-
tures having a mean grain size of around 40 um, as shown in
Fig. 2. By the first subzero treatment 80 vol% thermal
martensite was formed in the material, as shown in Fig. 3(a).
The IPF (Inverse pole figure) map of the martensite in the
specimen shown in Fig. 3(b) revealed that the martensite
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Fig. 2 — Grain boundary map superimposed with phase
map of the starting material obtained by EBSD
measurement. The low angle boundaries (LABG:

2° < 0 < 15°), high-angle grain boundaries (HAGB: 6 > 15°),
annealing twin boundaries (TB, =3) are respectively drawn
in red, black, and blue lines. In the phase map, austenite
and martensite are indicated by white and green,
respectively.
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Fig. 3 — (a) Grain boundary map superimposed with phase map of the starting material after subzero-treatment at liquid
nitrogen, and (b) Corresponding IPF map of the martensite. The grain boundary of one prior austenite grain was marked by
the white dashed line, which was determined according to the orientation of the retained austenite.

blocks with different variants were formed within the marked
prior austenite grain. Figure 4 shows the microstructures of the
specimen after a complete transformation cycling. The spec-
imen consisted of 100% austenite phase having equiaxed
morphologies with a mean grain size of 40 ym which is almost
the same as that of the starting material. In sharp contrast to
the starting material, however, severe lattice distortions were
noticed in the interior of reverse transformed austenite, which
are manifested by the large number of low angle grain
boundaries in Fig. 4(a) as well as by the gradient orientation
distributions in the IPF map shown in Fig. 4(b). It has been
known that the martensite to austenite reverse transformation
in iron-based alloy takes place upon heating by two competing
mechanisms: diffusional reversion and martensitic shear
reversion. In diffusional reversion, the austenite grains
nucleate and grow by a thermally activated atomic diffusion
process, resulting in equiaxed austenite grains having low
lattice distortion [26]. In contrast, martensitic shear reversion

= 250<15° gy pcc

- 150
— 53 1 Fcc

is a non-diffusional displacive transformation and the just
reversed austenite grains contain a high density of dislocations
that are generated during transformation to accommodate the
transformation shear strain [26—28]. The microstructural fea-
tures of the reversed austenite shown in Fig. 4 suggested that
the reverse transformation took place via martensitic shear
reversion, which was in line with the previous study of Aida
et al. [29] by ex-situ observations in the same alloy.

The microstructural evolution of the specimen by trans-
formation cycling was shown in Fig. 5. The phase map and
grain boundary map in Fig. 5 (a)—(d) did not reveal a notable
change in the morphology of reverse austenite grains by the
transformation cycling. However, the misorientation within
the austenite grains, characterized by the low angle grain
boundaries and the kernel average misorientation (KAM)
measured by EBSD, significantly changed by the trans-
formation cycling. The starting material exhibited quite small
internal distortions as shown in Fig. 5(a). After the first

(b) : o

20 um

Fig. 4 — (a) Grain boundary map superimposed with phase map and (b) IPF map of the specimen after 1 cycle of martensitic

transformation and reverse transformation treatment.
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Fig. 5 — (a)—(d) Phase and grain boundary maps (upper) and KAM maps (lower) of the starting material and the specimens
after 1, 3, and 5 cycles of the transformation cycling, respectively, in which the color scale from blue to red indicates the KAM
value from 0 to 4; High angle grain boundaries are indicated by black solid lines. (e) Increase in the average KAM value of the
specimen with increasing the number of the transformation cycling. The KAM is the average value of the misorientation
between a center pixel with all the first nearest neighboring pixels in the EBSD mapping.

transformation cycling, the internal distortion within the
austenite grains significantly increased. With further
increasing the transformation cycling, the low angle grain
boundaries within the austenite greatly increased and the
KAM map of the specimen became mostly green or yellow,
indicating that there was dramatic misorientation within the
reversed austenite grains, as shown in Fig. 5 (c) and (d).
Figure 5(e) shows that the average KAM value significantly
increased from 0.32 to 0.57 b y 1 cycle of transformation
cycling and further increased rapidly to 0.92 b y 2 cycles. After
2 cycles the average KAM value did not increase very much
and it seemed to level off after 4 cycles. Figure 6(a) shows the
XRD profiles of the starting material and the specimen after 5

(b) 50

(@ 4 (),
v 14 = Starting material
12 f| 312 (111)y | == Starting  material
s 1 after 5-cycle of the
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cycles of the transformation cycling. It can be seen that the
XRD profile of the reverse transformed specimen only con-
sisted of the diffraction peaks of austenite, indicating a com-
plete reverse transformation from martensite to austenite.
This result was consistent with the EBSD observation shown
in Fig. 4. In addition, it was noted that the diffraction peaks of
the specimen broadened after the transformation cycling, as
can be clearly observed in the inset in Fig. 6(a) in the case of
the (111), peak. Such a diffraction peak broadening was
caused by the non-uniform microstrain associated with the
dislocations generated by the phase transformation by the
transformation cycling. By using the Williamson-Hall method,
the dislocation densities in the reversed austenite of the
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Fig. 6 — (a) XRD profiles of the starting material and the starting material after the 5-cycle of the transformation cycling. The
embedded figure is the enlarged view of (111), peaks of the two profiles. (b) Dislocation density in the austenite as a function

of the number of the transformation cycling.


https://doi.org/10.1016/j.jmrt.2022.02.031
https://doi.org/10.1016/j.jmrt.2022.02.031

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;17:2690—-2700

2695

specimens were calculated and plotted in Fig. 6(b). The dislo-
cation density of the starting material is about 4 x 10> m~2,
which is a typical value for a fully recrystallized microstruc-
ture [30]. After one transformation cycling, the dislocation
density dramatically increased to 2.3 x 10" m 2. The dislo-
cation density further increased to about 3 x 10*> m~?2 after the
second transformation cycling, and then it seemed to level off
from the third cycle to the fifth cycle. These results are qual-
itatively in line with the changes of the average KAM value
shown in Fig. 5(e).

It has been reported that the cycling of forward martensitic
transformation and diffusional reverse transformation could
be utilized to directly refine the microstructures of the steels
without post deformation and annealing processes [31-33].
That is because the high density of lattice defects such as
grain boundaries and dislocations in martensite can act
as substantial nucleation sites for the diffusional reverse
transformation to austenite, resulting in an effective grain
refinement by the transformation cycling. However, the
transformation cycling does not refine the grain size when the
reverse transformation occurs in the non-diffusional type,
because the non-diffusional reverse transformation leads to
the identical austenite grain size to that before the trans-
formation cycling, just as observed in Fig. 5 (a)—(c) in the
present Fe-24Ni-0.3C steel. This was due to the so-called
“austenite memory effect” [34] by that the reversed austenite
reconstructed the structures of the original austenite. The
austenite memory effect was possibly associated with the
residual internal stress built up during the forward martens-
itic transformation, which can in turn assist the reverse
transformation through the same pathway, but the mecha-
nism has not been fully clarified yet.

Although the transformation cycling did not change the
grain size of the reversed austenite, it significantly affected the
deformation-induced martensitic transformation in the
following cold rolling process. Figure 7 compares the XRD
profiles of the 50% cold-rolled specimens with and without the
transformation cycling prior to cold rolling. A great impact of
the transformation cycling on the amount of deformation-

3.5
(110),
3t v
25 | Starting material after 5-cycle of
’ (111)V transformation cycling + 50% CR
. 70 vol.% Martensite

(200),

Intensity, (a.u.)

Starting material + 50% CR

15 vol.% Martensite

05 (110) 200
| ( ¢)v
0 1 I L 1 L 1 1L L I

40 42 44 46 48 50 52 54 56 58 60
20 / degree

Fig. 7 — X-ray diffraction profiles of the 50% cold-rolled
starting material with and without transformation cycling
prior to cold rolling.

induced martensite is noticed by the peak intensity. The
calculation on the phase fraction revealed that about 70 vol%
martensite formed in the transformation-cycling-treated
specimen while only 15 vol% martensite was formed without
prior transformation cycling. Generally, the stability of
austenite can be enhanced by the repetition of martensitic
transformation and its reverse shear transformation, since the
austenite matrix is strengthened by the dislocations generated
during transformation [35—37]. However, results in the present
study clearly showed that the formation of deformation-
induced martensite in Fe-24Ni-0.3C steel was promoted by
the transformation cycling prior to deformation, suggesting
that the austenite was destabilized, rather than stabilized, by
the high density of dislocations introduced by the trans-
formation cycling. To further confirm this, the austenite sta-
bility of the specimens with and without transformation
cycling was evaluated by using DSC and the results are shown
in Fig. 8. The heat flux in the DSC cooling curve indicated the
occurrence of martensitic transformations which are
exothermal reactions, and the M temperature was defined by
the temperature at which the first flux starts to appear [38].
Despite that the M; temperature was almost identical (about
—25 °C) in both specimens, the specimen without trans-
formation cycling showed one major peak followed by several
distinct but smaller exothermal peaks when the temperature
decreased from —25 °C to —80 °C, while the transformation-
cycling-treated specimen showed a much more pronounced
major exothermal peak that spanning from —25°C to ~ —38°C
followed by several tiny peaks from —38 °C ~ —48 °C. These
results indicated that the transformation kinetics upon cooling
was dramatically enhanced due to the destabilizing of
austenite by the transformation cycling.

Previously, Danilchenko et al. [39] investigated the effect of
the cyclic y < o transition on the thermal stability of an Fe-
20.2%Ni-2.9%Mo-0.58%C alloy, and found that the formation
of carbides in the reverse o’ — y transformation reduced the
stability of the austenite. However, this explanation might not
apply to the present study. The TEM observation performed by
Chen et al. [20] shows that in the Fe-24Ni-0.3C steel precipitate

0.25
= Starting material Cooling rate: -1 °C / min
02 | = Starting material
after 5-cycle of the
transformation
b) 0415 cycling
=
b 0.1
z O
<2 M,: -25 °C
3 005 /
T
0
-0.05 - . . .

-80 60 -40 20 0 20
Temperature, T/°C

Fig. 8 — DSC cooling curves of the starting material and the
transformation cycling treated starting material.
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did not form when annealed at 530 °C for 600 s. In the present
study the two annealing temperatures were both higher than
530 °C and the possibility of substantial precipitations of car-
bide can be excluded. As mentioned before, the stability of
austenite could be increased by the strengthening of austenite
due to dislocations. However, meanwhile, it is generally
believed that dislocations in austenite act as favorable
nucleation sites for the martensite and thus decrease the
stability of austenite. It has been reported that the My tem-
perature in Fe-Ni-C alloys increases by the austenite pre-
strain [40—43]. Kajiwara et al. [43] found that even small pre-
strain could significantly destabilize the austenite and in-
crease the M temperature of the Fe-Ni and Fe-Ni-C alloys, and
he proposed an alternative explanation that the dislocations
introduced by the pre-strain can help to accommodate the
transformation strain of martensite nucleation. Therefore, it
is considered that in the present Fe-24Ni-0.3C steel the dislo-
cations in austenite generated by the forward and reverse
transformation were exactly the proper dislocations that can
assist the austenite in plastically accommodating the trans-
formation strain of the nucleating martensite and decrease
the stability of austenite, although the nature of those dislo-
cations remains to be investigated. On the other hand, as
shown by Alaei et al. [29] the yield strength of the Fe-24Ni-0.3C
steel was dramatically increased by the transformation
cycling. It was considered that in the present study a higher
mechanical driving force might have been acted on the
transformation-cycling-treated specimen by the cold rolling,
which may be another reason for the significant increase in
the kinetics of martensitic transformation in the cold rolling.

After 50% cold rolling the specimen was annealed at 600 °C
for 30 s, and the microstructures after annealing are shown in
Fig. 9. The specimen fully consisted of austenite having
partially recrystallized microstructures. The unrecrystallized
region was characterized by the abundant deformation-
induced low angle grain boundaries and the recrystallized
region possessing equiaxed grains with a surprisingly small
mean grain size of only 1.5 pm given that only 50% cold rolling
was applied. Such a significant microstructures refinement by
cold rolling and annealing was associated with the fact that
the martensite introduced by the cold rolling lost its
“austenite memory” because the internal stresses that had
been generated by the transformation were completely per-
turbed by the applied plastic deformation [34]. As a result,
upon annealing the martensite variants that had formed in
one prior austenite grain transformed to austenite grains with
different orientations, by which the original austenite grains
were subdivided into much smaller grains [26,44]. Subse-
quently, recrystallization occurred in the reversed austenite
having high dislocation densities and the mean grain size was
further reduced to as small as 1.5 pym. Meanwhile, the
deformed microstructures were maintained in the retained
austenite since the driving force for recrystallization was
much smaller than that of the reversed austenite [45].

After the first cold rolling and annealing, the material was
subjected to a second cold rolling with a 90% thickness
reduction and annealing process at 650 °C for 30 s. Figure 10(a)
shows that the annealed specimen had fully austenitic mi-
crostructures consisting of equiaxed austenite grains with a
measured grain size of 0.5 pm, and the corresponding size

.-.'4,““@- .

— é059 <“15°

— 15920

BN BcC [ FcC

Fig. 9 — Grain boundary map superimposed with phase
map of the 50% cold-rolled specimen after annealing at
600 °C for 30 s, observed in the transverse direction. The
average misorientation of the specimen was 26.4°, in
which the fraction of HAGB was 0.52 and that of annealing
TB was 0.11.

distribution of austenite grains is shown in Fig. 10(b). Figure 10
(c) and (d) are the corresponding KAM map and the grain
boundary misorientation distribution of the UFG specimen.
The KAM map of the UFG specimen is mostly blue, indicating
that the misorientation within austenite grains was quite
small. Figure 10(d) shows that the UFG specimen had 87%
HAGB and a fairly large fraction of annealing TB up to 0.23. The
misorientation distribution had higher fractions in the regions
of 5-26° and 50—60° compared with the Mackenzie distribu-
tion calculated for a random polycrystal [46], which might be
attributed to the texture generated during the cold rolling [47].
These results clearly indicated that a fully recrystallized
austenitic microstructure having submicrometer grain size
was successfully fabricated. Two- or multiple-step cold rolling
and annealing processes have been proposed for fabricating
UFG metastable austenitic steels by utilizing the deformation-
induced martensitic transformation and its reverse trans-
formation to austenite upon subsequent annealing. Succeeded
cases can be found in 301LN, 201, 304 stainless steels, and
some Mn steels [16,17,48—50]. The first step cold rolling pro-
cess usually results in mixed microstructures containing
50%—80% deformation-induced martensite and 20%—50%
deformed austenite depending on the mechanical stability
of the austenite. Upon the following annealing process, the
reversion of deformation-induced martensite results in
fine-grained austenite, while recrystallization takes place in
the deformed austenite region that results in a relatively
coarse austenite grain size [17,51]. Such bimodal microstruc-
tures of fine- and coarse-grained (CG) austenite could be
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Fig. 10 — (a) Grain boundary map superimposed with phase map, (b) grain size distribution, (c¢) KAM map and (d) distribution
of boundary misorientation of the finally obtained UFG specimen with a mean grain size of 0.5 pym, observed in the
transverse direction of the cold-rolled plate. The blue curve in (b) is the fitted results by the lognormal function. The red
curve in (d) indicates the MacKenzie distribution of misorientation angle in randomly oriented polycrystals.

further refined and homogenized by applying the second cold-
rolling and annealing processes in which the mechanically
less stable coarse austenitic microstructures are refined again
through deformation-induced martensitic transformation and
reverse transformation [52]. It should be emphasized that the
feasibility of achieving relatively homogeneous UFG micro-
structures by these processes vitally relies on the stability of
the austenite, since high densities of crystalline defects in
deformation-induced martensite provide substantial nucle-
ation sites for achieving fine-grained reversed austenite.
Therefore, direct two-step or multiple-step cold rolling and
annealing process inoperative for fabricating UFG Fe-24Ni-0.3C
steel, since austenite in Fe-24Ni-0.3C steel has high stability
against martensitic transformation during cold rolling due to
the high content of austenite stabilizing elements such as
nickel and carbon. In fact, in the authors’ previous study the
smallest grain size in Fe-24Ni-0.3C steel was limited to 1.3 pm
by two-step cold rolling and annealing [21] due to the lack of
the formation of deformation-induced martensite during cold
rolling. In the present study, the prior transformation cycling
greatly accelerated the deformation-induced martensitic
transformation during the subsequent deformation and
enhanced grain refinement efficiency, resulting in the forma-
tion of the fine-grained microstructure after the first cold
rolling and annealing. The second cold rolling and annealing
made the microstructure further refined to the UFG scale and
more homogeneous.

The tensile stress-strain curves of the UFG specimen and a
CG specimen (dgwe = 35 pm) are shown in Fig. 11(a). The CG
specimen shows a low yield strength of about 180 MPa, an
ultimate tensile strength of 1050 MPa, and large uniform
elongation of 70%. By contrast, the UFG specimen exhibited a
significantly higher yield strength of 680 MPa which is 3.7 times
higher than that of the CG specimen, due to the significant
grain size refinement strengthening. Surprisingly, a large uni-
form elongation of 70% was maintained in the UFG specimen
which was almost the same as that of the CG specimen. These
results indicated an overcoming of the strength-ductility
trade-off in the Fe-24Ni-0.3C steel by effective grain refine-
ment realized by the processes in the present study. Such an
excellent combination of tensile strength and elongation of the
CG and the UFG specimens were ascribed to the extra strain
hardening caused by the formation of deformation-induced
martensite during tensile deformation. Figure 11 (b) shows
the strain hardening rate curves and the true stress-strain
curves of the CG and the UFG specimens. The volume frac-
tion of martensite in the UFG specimen at different strain
stages obtained by SEM-EBSD measurement is superimposed
in Fig. 11(b), in which that of the CG specimen shown in
Ref. [21] is also plotted. Due to the formation of the martensite,
a significant increase in the strain hardening rate was observed
in both two specimens in the plastic region, which postponed
the onset of the necking in the tensile deformation and thus
resulted in the large uniform elongation as well as the high
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Fig. 11 — (a) Nominal stress-strain curves and (b) corresponding strain hardening rate curves and evolution of the volume
fraction of martensite during the tensile deformation in the UFG specimen (d,y. = 0.5 pm) and CG specimen (d,,e = 35 pm).
Since the stress-strain curves have severe serrations, the strain hardening rate curves in (b) were obtained from smoothing
processed true stress-strain curves, which only roughly represent the tendency of strain hardening.

tensile strength. It can be seen that as the austenite grain size
decreased, the initiation of the deformation-induced
martensitic transformation was delayed to a later strain
stage and its formation with the strain was greatly suppressed.
After tensile failure, 71% austenite transformed to martensite
in the CG specimen while that in the UFG specimen was only
36%. It was interesting that the increment in the strain hard-
ening rate caused by the martensite formation in the UFG
specimen did not decrease so much compared with that in the
CG specimen, even though the kinetics of deformation-
induced martensitic transformation was greatly suppressed
by the grain refinement. This might be the reason why the UFG
specimen could overcome the strength-ductility-trade-off
relationship. However, details of the deformation mecha-
nisms of the UFG specimen are still unclear at present, which
will be investigated in further studies.

4. Summary

In the present study, a UFG Fe-24Ni-0.3C specimen with a
mean grain size of 0.5 pm was successfully fabricated by a
two-step cold rolling and annealing process. Prior to the first
cold rolling, the material was subjected to 5 cycles of cryo-
genic treatment and annealing treatment, which was a crucial
step for the ultra-grain refinement in the process. During the
cyclic treatment, the martensitic transformation and its
reverse transformation to austenite repeatedly occurred. The
transformation cycling introduced high dislocation densities
that remained in the reversed austenite. The high dislocation
density greatly decreased the stability of austenite and
enhanced the kinetics of the deformation-induced martens-
itic transformation in the following cold rolling process. The
substantial amount of deformation-induced martensite
significantly promoted the efficiency of the grain refinement
in the process. A fine-grained microstructure with a mean
grain size of 1.5 pm in the recrystallized region was realized by
only 50% cold rolling with subsequent annealing. After the
second step of cold rolling and annealing, a fully recrystallized
UFG austenitic specimen with a mean grain size of 0.5 pm was
obtained. The UFG specimen exhibited an excellent balance of
strength and ductility, which was contributed to the combi-
nation of UFG structure and TRIP effect.
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