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ARTICLE INFO ABSTRACT

Keywords: Annealing effects on microstructure and mechanical properties of the cryorolled Fe-25Cr-20Ni austenitic

Cryorolling stainless steel were investigated by means of optical, scanning and transmission electron microscopy, X-ray

Annealing diffraction, microhardness and mini-tensile testing. After 90% cryorolling, the grains of austenitic stainless steel

&l;raﬁ;t‘eﬁ:zi“d austenitic stainless steel were refined to the nanometer scale, and the nano-level grain size increased to the submicron scale after sub-
Crostr re

sequent annealing. The recrystallization temperature of the cryorolled Fe-25Cr-20Ni steel was about 730 °C.
After annealing for 10 min at 800 °C, the microstructure was fully recrystallized, and the grain size was about
500 nm. The growth of recrystallization grains occurred with further annealing temperature increase. After
annealing for 10 min at 1000 °C, the grain size increased to about 2 um. Meanwhile, the elongation was nearly
the same as the original un-deformed sample, but the yield strength and tensile strength is 2.3 and 1.5 times of
the original un-deformed sample, and the toughness increased by 27%. Tensile fracture morphology changed
from a mixture of quasi-cleavage and ductile fracture (before annealing) to typical ductile fracture (after an-

Mechanical properties

nealing).

1. Introduction

Grain refinement can increase metals strength, as it improves
toughness. Therefore, grain refinement has been attracting considerable
leaning from material engineering science [1]. In recent years, there has
been an interest in developing nano/ultrafine grain metal materials to
get high strength/good ductility alloys. For this purpose, several tech-
niques including severe plastic deformation [2-4] and advanced
thermo-mechanical processes [5,6] have been used. Austenitic stainless
steels are widely used in chemical and petrochemical industry due to
their excellent toughness, plasticity and corrosion resistance. Since
austenitic stainless steels have relatively low strength, it is difficult to
use them as structural materials. Due to the single phase austenite,
phase transformation does not take place during heating or cooling
processes. Thus, the austenitic stainless steels are often refined by se-
vere plastic deformation. At present, ultrafine-grained austenitic
stainless steels are produced by equal channel angular pressing (ECAP)
[71, accumulative rolling [8], cold rolling [9], cryorolling [10], sub-
sequent annealing and cyclic thermal processing [11]. Recent studies
focus on austenitic stainless steels with the occurrence of martensitic
transformation during deformation. Huang et al. [7] found that the

304L austenitic stainless steel was refined due to the occurrence of
martensitic transformation induced by ECAP. Shen et al. [12] obtained
the 304 austenitic stainless steel with grain size of about 270 nm and
tensile strength of 2 GPa prepared by accumulative rolling and short
time annealing. According to Shakhova et al. [13], martensitic trans-
formation occurred in 316 and 304 austenitic stainless steels after cold
rolling, and the subsequent high temperature annealing lead to the
reversal transformation of deformation-induced martensite, which
caused austenitic grain refinement. Ma et al. [14] reported that severe
cold rolling in the range of 75-90% introduces 200-300 nm o'-lath
martensite in 304L stainless steels, which finally recrystallized into
300 nm size y-grain upon reversed annealing at 640 °C for 10 min, re-
sulting in the yield strength improvement from 120 MPa to 708 MPa
without loss of macroscopic plasticity. Wu et al. [15] also showed that
the ultrafine-grained 316L austenitic stainless steel was prepared by
cold rolling and annealing. In their studies, the austenitic grain size
distribution was bimodal and the source of the bimodal distribution was
discussed. However, there are only a few reports dealing with the grain
refinement of austenitic stainless steels with no martensitic transfor-
mation during deformation.

Compared with traditional room temperature rolling, cryorolling
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can effectively suppress dynamic recovery, improve distributed uni-
formity of the structure, and refine the grain size [16,17]. To date,
cryorolling and annealing have been applied by many researchers for
producing ultrafine-grained Al, Cu, Mg and their alloys with the aim of
increasing strength [18-21]. However, the reports of cryorolling and
annealing are limited for the nonferrous metals and only a few studies
[10] are devoted to the microstructure and mechanical properties of
ferrous metals after cryorolling and annealing. In our previous work
[22], microstructure and mechanical properties of the Fe-25Cr-20Ni
austenitic stainless steel after cryorolling with different reductions were
investigated. When the cryorolling was 90%, the grain size was refined
to the nanometer scale. The microhardness and the strength of the
austenitic stainless steel increased with the rolling deformation, while,
the corresponding elongation decreased sharply. In order to obtain the
austenitic stainless steel with excellent comprehensive mechanical
properties, in the present paper, microstructure and mechanical prop-
erties of the Fe-25Cr-20Ni austenitic stainless steel are studied by
cryorolling with 90% deformation and subsequent annealing at dif-
ferent temperatures. The results discussed in this paper can provide
useful experimental support for development and applications of ul-
trafine-grained austenitic stainless steels.

2. Materials and experimental procedure
2.1. Materials

Vacuum induction furnace was used to manufacture the in-
vestigated 150 kg steel ingot with the following chemical composition
(in wt%): 0.06 C, 0.3Si, 0.6Mn, 0.02P, 0.005S, 25Cr, 20Ni, 0.25N,
0.5Nb and balance Fe. After the electro-slag remelting (ESR) process,
the 150 kg ingot was hot forged down to a 5 mm thick slab. The samples
were then cryorolled in the strain rate range of €= 0.6-1.5s5" ! from 5
to 0.5 mm thickness, i.e. an accumulated strain of ¢ = 2.32, with a
reduction of ~ 5% per pass. Cryorolling was performed by immersing
the samples into liquid nitrogen for 10-15 min before and after each
rolling pass, and liquid nitrogen was sprayed on the surface of rollers
and samples. The cryorolling temperature ranged from —130°C to
—90 °C. A sketch map of the cryorolling process was shown in Fig. 1.
The samples after cryorolling were annealed at 500 °C, 600 °C, 700 °C,
800 °C, 900 °C and 1000 °C, respectively. The holding time was 10 min,
which was chosen based on the Etienne et al. study [4]. Then the
samples were air-cooled to room temperature. In order to determine the
recrystallization temperature of the Fe-25Cr-20Ni steel after 90%
cryorolling, annealing temperatures of 730 °C, 750 °C and 770 °C were
selected with the holding time of 10 min.

Fe-25Cr-20Ni steel

!

Immersing the sample into

liquid nitrogen for 10-15 min
Repeat l
Cryorolling (a reduction of
~5% per pass)
A 4

90% cryorolled sample

Fig. 1. A sketch map of the cryorolling process.
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2.2. Experimental procedure

Microstructure characterization was carried out using optical mi-
croscopy (OLYMPUS PMG3) and transmission electron microscopy
(TEM, JEM-2010). For metallographic examination, samples were
prepared by electrolytic etching using chromic acid solution with 3 V
applied voltage. For the TEM study, mechanically thinned 50 um discs
were prepared using twin gun precision ion polishing system (Gatan,
model 691). The operating voltage of TEM was 200 kV. X-ray diffrac-
tion (XRD) experiments were carried out using the DBADVANCE X-ray
diffractometer. The tube voltage and current were 35 kV and 40 mA,
respectively. The tube anode was CuK,; (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. The dislocation density was estimated by the W-H method
[23]. 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 previous work [22]. The mini-tensile test was conducted using the
Instron 5948 R micro material testing machine with a chuck moving
velocity of 0.1 mm/min. Strain was measured using a video-type ex-
tensometer and three experiments were conducted in each case to check
the results repeatability. The morphology of the fracture surfaces was
observed using scanning electron microscopy (SEM, JSM-5610LV),
operated at 20 kV.

3. Results and discussion
3.1. Microstructure

Fig. 2 shows microstructure of the Fe-25Cr-20Ni steel before and
after cryorolling. A single phase austenite with homogeneous micro-
structure and obvious grain boundaries before deformation is observed,
and the grain size is about 60 um, as seen in Fig. 2a and b. After 90%
deformation in Fig. 2¢, the grain boundaries become blurred and the
grains are elongated, contributing to the fibrous structure formation.
From the corresponding TEM image in Fig. 2d, it can be seen that the
grains of austenitic stainless steel are almost completely broken after
90% deformation. The selected area electron diffraction pattern (SAED)
of the samples after 90% deformation exhibits diffraction rings, in-
dicating that the grains of austenitic stainless steel refine to the nan-
ometer scale. The corresponding grain refinement mechanism and the
mechanical properties of the samples after cryorolling were discussed in
previous work [22].

Microstructure of the Fe-25Cr-20Ni steel after 90% cryorolling and
10 min annealing at different temperatures is shown in Fig. 3. With the
increase of the annealing temperature, static recovery occurs, along
with static recrystallization and grain growth, leading to the formation
of equiaxed austenitic grains with clear boundaries. Based on Fig. 3,
steel microstructure after annealing at 600 °C remains fibrous (Fig. 3a)
and the corresponding area electron diffraction (SAED) pattern of the
samples shows diffraction rings (Fig. 3b), indicating that the austenitic
grain size is still at the nanometer scale and the average grain size is
about 35 nm. Thus, the cryorolled samples are at the stage of recovery
when annealed at 600 °C. As the annealing temperature increases to
700 °C, most of the fibrous structures disappear and the subgrains with
the size of about 80 nm are formed. In local areas, some dislocation
cells or dislocation walls are present, as seen in Fig. 3c and d. This
indicates that the cryorolled samples are still at the stage of recovery
when annealed at 700 °C. With further increase of annealing tempera-
ture to 800 °C, the fibrous structures completely disappeared and a
large number of small equiaxed recrystallized grains appeared, as seen
in Fig. 3e. From the TEM image in Fig. 3f, the dislocation density
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decreased significantly and the recrystallization completed. The grain
boundaries of the recrystallized grains are flat and smooth, and the
corresponding grain size is about 500 nm. When the annealing tem-
perature is 1000 °C, the recrystallized grains grow to about 2 pm, as
seen in Fig. 3g and f. Meanwhile, the SAED pattern of the samples
changed from concentric rings to scattered spots with the annealing
temperature increase. TEM images in Fig. 3f and h also indicate intra
and inter-granular nano-precipitation of a M,3C¢ carbide and sigma-
phase after annealing at 800 °C and 1000 °C [24]. The grain size of the
precipitates increases with annealing temperature.

Etienne et al. [4] studied thermal stability of the 316 austenitic
stainless steel with the grain size of 40 nm. Their results showed that
the samples exhibited excellent thermal stability when the annealing
temperature was lower than 700 °C, and the grain size was about 60 nm
at 700 °C for 10 min annealing. When the annealing temperature ex-
ceeded 700 °C, the grain size increased to 380 nm (800 °C) and 780 nm
(900 °C), respectively, which indicated that the recrystallization tem-
perature of the nanocrystalline 316 austenitic stainless steel was 700 °C.
In order to determine the recrystallization temperature of the nano-
crystalline Fe-25Cr-20Ni steel, annealing temperatures of 730 °C,
750 °C and 770 °C were selected in this study. The corresponding mi-
crostructure is shown in Fig. 4. In Fig. 4a, a large amount of re-
crystallized grains with the size of about 100 nm are formed at 730 °C
for 10 min annealing, and annealing twins are present in some re-
crystallized grains. As the annealing temperature increases to 750 °C,
the grains grow to 150 nm with flat grain boundaries, and the width of
the annealing twins increases, as seen in Fig. 4b. When the annealing
temperature is 770 °C, the grain size increases to 200 nm and the an-
nealing twins get wider, as seen in Fig. 4c. Thus, it can be deduced that
the recrystallization temperature of the nanocrystalline Fe-25Cr-20Ni
steel is about 730 °C.

It can be seen from Fig. 4 that the width of the annealing twins
increases from 30 to 40 nm to 80-100 nm with annealing temperature.
During the recrystallization, the interface migration decreases the in-
terfacial energy and the existence of the stacking faults leads to the
formation of flake twins in the semi-coherent matrix, which reduces the
interfacial energy and results in the formation of the annealing twins
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Fig. 2. Microstructure of the Fe-25Cr-20Ni steel be-
fore and after cryorolling: (a) and (b) original aus-
tenite structure; (c) and (d) after 90% deformation.

[25]. Kumar et al. [21] studied the microstructure of the brass pro-
cessed by cryorolling followed by short annealing. They reported that
the annealing twins were formed after 90% cryorolling and annealing
at 300 °C for 20 min.

3.2. XRD analysis

The XRD patterns of the cryorolled Fe-25Cr-20Ni steel after 10 min
annealing at different temperatures are shown in Fig. 5. As the an-
nealing temperature increases from 500 °C to 1000 °C, the diffraction
peaks become sharper. The full width at half maximum (FWHM) of
(111) austenitic stainless steel is 0.429 (500 °C), 0.410 (600 °C), 0.403
(700 °C), 0.310 (800 °C), 0.296 (900 °C) and 0.295 (1000 °C), respec-
tively. The FWHM of the samples before and after cryorolling is 0.324
and 0.496, respectively [22].

The FWHM of the annealed Fe-25Cr-20Ni steel is less than the
cryorolled, which indicates obvious sharpening of the diffraction peak.
When the annealing temperature is below 700 °C, the FWHM reduces
slightly with the annealing temperature, while the FWHM decreases
quickly as the temperature exceeds 700 °C. The decrease of FWHM is
mainly due to the release of internal stress and grain growth. These
results are consistent with the findings in Etienne's work [4]. They re-
ported that the FWHM of the peaks decreased when the annealing
temperature increased. Behjati et al. [26] found a similar phenomenon
in the Fe-18Cr-12Mn-0.25 N austenitic stainless steel.

Based on the XRD results, the dislocation density was calculated, as
listed in Table 1. The dislocation density is 4.3 x 10'®> m™? after 90%
cryorolling. When the annealing temperature is below 700 °C, the dis-
location density is on the scale of 10'®m~2 and reduces to 1.4 x
10'*m~2 at 800 °C annealing. The dislocation density decreases to the
10"® m™~2 scale with further increase in annealing temperature. The
change of the dislocation density is similar with the Shakhova's results
[13]. They found that rapid structural refinement at early deformation
stages is accompanied by the increase in dislocation density and mar-
tensitic transformation during subsequent cold rolling leads to further
increase in dislocation density.
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Fig. 3. Microstructures of the Fe-25Cr-20Ni steels
after 90% cryorolling and 10 min annealing at dif-
ferent temperatures: (a) and (b) 600 °C; (c) and (d)
700 °C; (e) and (f) 800 °C; (g) and (h) 1000 °C. White
arrows in (f) and (h) indicate precipitates inside
grains and at grain boundaries.

Grain boundary

3.3. Mechanical properties

Fig. 6 shows engineering stress-strain curves of the Fe-25Cr-20Ni
steel annealed at different temperatures for 10 min. It can be seen that
when the annealing temperature is below 700 °C, the strength of the
annealed sample is higher than cryorolled, but the elongation is slightly
lower than the cryorolled. When the annealing temperature is above
700 °C, the strength of the annealed sample is lower than of the
cryorolled, but the elongation is significantly higher.

Mechanical properties of the annealed samples are shown in Fig. 7
and the data are listed in Table 1. After annealing at different tem-
peratures, the strength and elongation change significantly. The
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changes of the strength are the same as the microhardness, but contrary
to the elongation. Previous results show that the tensile strength and
the elongation of the Fe-25Cr-20Ni steel before cryorolling are 645 MPa
and 40.8%, respectively, and the corresponding toughness is about
268 MPa. After 90% cryorolling, the yield strength and the tensile
strength increase to 1502 MPa and 1560 MPa, respectively, while
elongation and toughness reduce to 6.4% and 18 MPa [22]. The yield
strength and the tensile strength increase further to 1597 MPa and
1685 MPa after annealing at 500 °C, while elongation and toughness
are close to the cryorolled samples. When the annealing temperature
rises to 600 °C, the tensile strength reduces, but the elongation and the
toughness have no obvious change. When the annealing temperature is
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Fig. 4. Microstructure of the Fe-25Cr-20Ni steels
after 90% cryorolling and annealed at: (a) 730 °C; (b)
750 °C; (c) 770 °C.
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Table 1
Grain size, dislocation density and mechanical properties of austenitic stainless steels before and after cryorolling and subsequent annealing.

Sample Grian size (nm) Dislocation density (m~2) Yield strength (MPa) Tensile strength (MPa) Elongation (%) Toughness (MPa)
before cryorolling 60,000 — 305 645 40.8 268
after 90% cryorolling 20 4.3 x 10'° 1502 1560 6.4 18
annealed at 500 °C — 1.8 x 10*° 1597 1685 6.0 20
annealed at 600 °C 35 1.2 x 10'° 1428 1623 6.1 26
annealed at 700 °C 80 1.0 x 10'® 1295 1598 7.2 36
annealed at 730 °C 100 — 1175 1446 7.7 68
annealed at 750 °C 150 — 1165 1305 8.6 85
annealed at 770 °C 200 — 1138 1274 12.3 150
annealed at 800 °C 500 1.4 x 10 915 1015 26.3 257
annealed at 900 °C — 3.2 x 10"3 849 1012 31.0 296
annealed at 1000 °C 2000 2.5 x 10'% 693 994 37.3 341
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Fig. 7. Mechanical properties of the cryorolled Fe-25Cr-20Ni steels after 10 min an-
nealing at different temperatures.

800 °C, the yield strength and the tensile strength decrease to 915 MPa
and 1015 MPa, respectively, which is 3 and 1.6 times of the Fe-25Cr-
20Ni steel without cryorolling. The elongation and toughness increase
to 26.3% and 257 MPa, which are much higher than for the samples
annealed at 500-700 °C, but close to the samples without cryorolling.
By further increasing annealing temperature to 1000 °C, yield and
tensile strengths decline to 693 MPa and 994 MPa, respectively, which
is 2.3 and 1.5 times of the sample without cryorolling. The elongation
rises to 37.3%, which is close to the sample without cryorolling
(40.8%). The toughness increases to 341 MPa, which is 18.9 and 1.3
times of the samples after 90% cryorolling and without cryorolling,
respectively.

TEM characterization of the samples subjected to 1000 °C annealing
has shown the formation of fully recrystallized and coarse grains, which
causes reduction in strength and increase in elongation. Thus, it can be
seen that excellent comprehensive mechanical properties can be ob-
tained at the annealing temperature above 800 °C. When the annealing
temperature increases to 1000 °C, the grain size of the austenite stain-
less steel is only about 2 pm. The strength and the elongation are
greatly improved.

Fig. 8 shows microhardness of the cryorolled Fe-25Cr-20Ni steel
samples after 10 min at different temperatures. When the annealing
temperature is 500 °C and 600 °C, the microhardness is 549 HV and 534
HV, respectively, which is higher than for the cryorolled samples at
about 520 HV [22]. This may be attributed to the Cottrell atmosphere
formed in the process of cryorolling, and the strain aging during sub-
sequent heat treatment due to the Cottrell atmosphere making the
dislocations movement much harder, thus the microhardness increased
with the strength. These results are consistent with the findings in

550 -
500 + @ .
N\
S after 90% cryorolling |
T 40} ! |
z : -
Q '
= ' '
o ' '
S 400 | i o o .
—§ lliecrystalhzatlon reglon: Grain growth region
13} ' |
= 350 - X \\
X Recovery region |
300 + . [ |
1 1 P! | 1 1

I
400 500 600 700 800

Annealing temperature ('C)

900 1000

Fig. 8. Relationship between the microhardness and the annealing temperature.
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reference [27]. M. Eskandari et al. [9] studied the effect of strain-in-
duced martensite on the formation of nanocrystalline 316L stainless
steel after cold rolling and annealing. They also found that the hardness
followed a trend of initial rise followed by a fall, and stated that in-
creased hardness was related to the production of the nano-grained
structure, while decreased hardness was due to the grain growth. As the
annealing temperature increases to 700 °C, the microhardness is 503
HV, which is lower than the cryorolled samples. The microhardness
decreases mainly due to the full release of the strain aging and the
reduction of dislocation density with the annealing temperature.
However, large amounts of subgrains with the grain size of about
100 nm are formed (Fig. 3d), and the microhardness increases as a
result of grain refinement. Thus, under the combined effects of the
above reasons, the microhardness slowly declines. When the annealing
temperature increases to 730 °C, 750 °C and 770 °C, the microhardness
is 485 HV, 426 HV and 392 HV, respectively. At the early stage of re-
crystallization, the recrystallized grain size is at the nano-level, and the
dislocation density is reduced compared to the recovery stage, leading
to the slow decrease of the microhardness. The degree of re-
crystallization improves with annealing temperature and the disloca-
tion density further reduces, thus, the microhardness declines sig-
nificantly. When the annealing temperature is 800 °C, the
microhardness is about 331 HV. When the annealing temperature in-
creases to 900 °C and 1000 °C, the microhardness is 321 HV and 314
HV, respectively.

The microhardness decreases with the annealing temperature, and
the trend is composed of the three distinct regions in Fig. 8. The first
region is from 500 °C to 730 °C, where microhardness falls slowly,
meaning no recrystallization, only recovery. Therefore, the first region
is referred to as the “recovery region”. The second region is from 730 °C
to 800 °C. This region is characterized by a large decrease in micro-
hardness and is referred to as “recrystallization region”. A large number
of new recrystallized grains without distortion form and dislocations
disappear completely, leading to a sharp drop in mircohardness. The
third region is above 800 °C and is called “grain growth region” ac-
companied by a slight decrease in microhardness [28]. In this region,
the recrystallized grains obviously grow, and equiaxed austenite
structures with uniform, straight and clear grain boundaries eventually
formed, so the microhardness gradually reduced. The change of the
microhardness shows good agreement with Rao's results [29]. They
reported that during recrystallization the hardness decreased rapidly,
but during grain growth, it remained constant. Similar phenomenon
was also observed in 6082 Al alloy after cryorolling and annealing by
Kumar et al. [30]. Ren et al. [31] stated that the main factors influen-
cing the microhardness are dislocation density, grain size and disloca-
tion mobility. With the increase of the annealing temperature, the
austenitic grains grow bigger, and the number of dislocations available
for gliding is lower, and even completely disappeared. As a result, the
microhardness of the Fe-25Cr-20Ni steel decreases tremendously.

3.4. Fractography analysis

Fig. 9a shows the fracture surface of the original austenitic stainless
steel, which is typical ductile fracture. Many large and deep dimples
with the average size of about 8 um can be found. After 90% cryorol-
ling, the sample fracture surface transforms from typical ductile to a
mixture of cleavage and ductile fracture, as shown in Fig. 9b. The
fracture surfaces morphology of the 90% cryorolled Fe-25Cr-20Ni steel
after 10 min annealing is shown in Fig. 9c-h. At 500 °C annealing, the
tensile fracture is flat and mixed with a few small and shallow dimples,
as seen in Fig. 9c, indicating a mixture of quasi-cleavage and ductile
fracture, which are similar to the cryorolled sample [22]. When the
annealing temperature is 600 °C, the sample fracture surface is smooth
and the tear ridges are observed in some regions. Meanwhile, a small
amount of the dimples can be found in Fig. 9d. As the annealing tem-
perature rises to 700 °C, the number and the size of the dimples
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increase, as seen in Fig. 9e. When the annealing temperature increases
to 800 °C, large and deep dimples with an average size of about 4 pm
can be found in Fig. 9f, which is typical ductile fracture. By further
increasing the annealing temperature to 900 °C and 1000 °C, the
number of the dimples rises and the size of the dimples increases to
5 pm and 7 um, respectively, found in Fig. 9g and h. This indicates that
annealed specimens exhibit improved ductility with the annealing
temperature increase. Therefore, the elongation of the samples sharply
increases from 6% annealed at 500 °C to 37.3% annealed at 1000 °C,
and the fracture morphology transforms from a mixture of quasi-clea-
vage and ductile fracture to ductile one. Baghbadorani et al. [32] stated
that the fracture mode in the cold rolled sample was brittle with

Materials Science & Engineering A 703 (2017) 68-75

Fig. 9. Fracture surface morphology of the Fe-25Cr-
20Ni steels: (a) original austenite structure; (b) after
90% cryorolling; the cryorolled Fe-25Cr-20Ni steels
after 10 min annealed at: (¢) 500 °C; (d) 600 °C; (e)
700 °C; (f) 800 °C; (g) 900 °C and (h) 1000 °C.

cleavage facet-type morphology, and further annealing resulted in the
formation of dimples and the dimple size increased with the holding
time, as a result of increase in ductility of the samples. Meanwhile, the
change of the fracture morphology in the present work shows good
agreement with Kumar's results [21]. They stated that the samples after
90% cryorolling showed almost brittle type fracture with a limited
number of smaller size dimples. The annealed samples exhibited an
improved ductility with the increase in the annealing temperature due
to recrystallization. Meanwhile, with the increase of the annealing
temperature, the austenitic grains grew bigger, as seen in Fig. 9e-h. As a
result, the elongation of the samples sharply increased with the an-
nealing temperature.
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4. Conclusions

In the present study, annealing effects on microstructure and me-
chanical properties of the cryorolled Fe-25Cr-20Ni steel were system-
atically characterized and analyzed. The results are as follows:

1. The ultrafine-grained Fe-25Cr-20Ni steel is successfully prepared by
cryorolling and subsequent annealing. Excellent comprehensive
mechanical properties can be obtained when the annealing tem-
perature is higher than 800 °C with the holding time of 10 min. After
annealing, the strength increases significantly, meanwhile the
elongation and toughness are quite close to that of the original
undeformed sample.

2. The recrystallization temperature of the cryorolled Fe-25Cr-20Ni
steel is about 730 °C. With the increase of annealing temperature,
the austenitic grains are fully recrystallized and the grain size in-
creasingly grows.

3. Tensile fracture morphology of the cryorolled Fe-25Cr-20Ni steel
changes from a mixture of quasi-cleavage and ductile fracture (be-
fore annealing) to typical ductile fracture (after annealing).
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