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a b s t r a c t

The gradient nanocrystalline structure from the top surface to the subsurface layers of 321 austenitic
stainless steel alloy was fabricated by means of severe shot peening. The microstructural evolutions
including the grain size distribution and phase transformation were investigated in-depth. Experimental
results showed that the dislocation slipping plays a key role in the grain refinement of this alloy and
depend on the amount of imparted plastic strain, different structures including dislocation walls,
dislocation tangles, mechanical twinning, lamella-shaped cells are sequentially appeared in the surface
and/or subsurface grains. Due to imparting ultrahigh plastic deformation in the topmost surface,
mentioned structures are converted to the nano-grains (68e82 nm) to minimize the total energy of the
surface layer. In line with the grain refinement, austenite to strain induced martensite phase trans-
formation is more affected as the plastic strain increases so that the volume fraction of latter phase
reaches to 65% in the topmost surface. As a result of these evolutions, microhardness values are
decreased from 281 to 120 HV in the surface layers.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years near-surface severe plastic deformation (NS-
SPD) processes have attracted considerable attention in both of
industry and academia [1]. NS-SPD processes are successful in
forming the ultrafine-grains (UFGs) and nano-grains (NGs) on the
surface of different classes of metallic materials including steel
[2,3], aluminum [4], copper [5], nickel [6] and other alloys [7,8].
Formation of UFGs and NGs in the surface layers of mentioned
metallic materials usually leads to considerable improvements in
different chemical, physical, tribological and mechanical properties
of mentioned materials [4]. The common feature of all NS-SPD
processes is the imparting large plastic strain with high strain
rates (sometimes around 106 s�1 [9]) on the surface of materials.
Severe shot peening (SSP) [10,11], surface mechanical attrition
treatment (SMAT) [12,13], cold rolling [14], high-frequency
impacting [15], high pressure surface rolling [16], ultrasonic
impact peening [17], sliding friction treatment [18,19], severe wire
brushing [20], fast multiple rotaion rolling [21], and laser shock
Rashid).
peening [22] are among the most reproducible NS-SPD processes.
Based on the TEM observations, mentioned processes are common
in the creation of the high dislocation density areas during the first
stages of the process. After imparting further plastic deformation or
higher strain rates, more dislocations are created and the structure
evolution is followed by recombination and rearrangement of dis-
locations and afterward formation of subgrains with small and/or
large misorientations in the initial grains [23].

SSP is extensively used in industry to create compressive
stresses and nanocrystalline layers on the surface of different alloys.
Many researchers have studied the surface nanocrystallization
(SNC) via SSP during recent years. Bagherifard et al. [24] reported
that nanocrystalline surface layer in cast iron via SSP improved the
fatigue strength and crack initiation resistance. Wang et al. [25]
produced a nanocrystallized surface layer with an average grain
size of 18 nm through SSP on the 1Cr18Ni9Ti stainless steel and
pointed out that the chloride induced corrosion resistance is
increased after SNC. Hassani-Gangaraj et al. [26] studied the SNC of
a low alloy steel and developed a model linking finite element
simulation of SSP to dislocation density evolution to predict the
grain size distribution in the surface layer. Zhong et al. [27] showed
that SNC on the processed surface layer of iron via SSP increased the
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diffusion coefficient of Al atoms in Fe structure by 4 orders of
magnitude. Jin et al. [28] predicted the strain rate distribution in
commercially pure titanium treated by SSP and assessed the effect
of strain rate on the SNC of CP-Ti.

The mentioned reports have focused on the nanocrystallization
in the topmost surface and not illuminated the microstructure
evolution in the sub-surface layers; however, in-depth micro-
structural evolutions during SSP can be more important than the
topmost surface. In fact, this matter should be considered that after
SSP and other NS-SPD processes the surface roughness is inevitably
increased [29,30]. Since higher surface roughness can be led to
higher stress concentration, sometimes it is needed to grind the
topmost surface to obtain a smooth surface. Thus, a thick nano-
crystalline layer on the bulk metallic materials with a small surface
roughness will be the ideal state after SSP and/or NS-SPD processes.
Hence, knowledge of the in-depth grain refinement of metallic
materials during SSP processes helps in better understanding of
their microstructure and performance for subsequent applications.
In this paper, SSP process as a NS-SPDmethod was used to fabricate
a gradient nanocrystalline structure on the surface of 321 stainless
steel (321SS) alloy. The surface layers are analyzed by X-ray
diffraction (XRD), field-emission scanning electronmicroscope (FE-
SEM) and transmission electron microscopy (TEM). The grain
refinement, phase transformation and microhardness variations
are investigated in-depth.
2. Experimental procedure

The chemical composition of as-received 321SS alloy bar with a
diameter of 80 mm was composed of 0.021 C, 0.557 Si, 1.485 Mn,
18.104 Cr, 0.113 Mo, 9.697 Ni, 0.016 P, 0.011 S, 0.461 Ti and balance
Fe (wt.%). In order to get a homogeneous chemical composition, the
bar was solution annealed in argon atmosphere at 1100 �C for 2 h.
Cylindrical specimens of 6.0 mm thickness were sectioned from the
bar and subjected to SSP process using an air blast apparatus (KPS
SHOT Co.). For the SSP, standard high carbon steel shots (S230) with
a nominal diameter of 0.58 mm and hardness of 45e50 HRC were
used. SSP process was carried out by a peening nozzle with a
diameter of 30 mm, mass flow rate of about 8 kg/min and air
pressure of 0.30 MPa for 60 min (this condition meets a surface
coverage of 1000%). To generate reproducible plastic strains, the
shot angle and the distance between the nozzle and top surface
were set to 90� and 400 mm, respectively.

The cross-sections of shot peened samples for FE-SEM obser-
vations were mechanically ground, polished and afterward etched
in a solution containing 2.5 ml H2O, 2.5 ml HNO3 and 5 ml HCl. FE-
SEM images were provided by a TESCAN MIRA3 field emission
scanning microscope at 15 kV. The grazing incidence XRD studies
were carried out using an X'Pert Pro MPD X-ray diffraction instru-
ment operated with Cu-Ka radiation and grazing angle of 2�.
Average grain size in the surface and different depths was esti-
mated according to Williamson-Hall equation [31]:

brcosq ¼
�
kl
D

�
þ m sin q (1)

where D is the grain size, k is the Scherer's factor which is usually
considered 0.9, m is representative of strain, l and q are the wave-
length of the irradiated x-ray and Bragg's angle, respectively. The br
in Eq. (1) is equal to peak broadening of diffraction peaks due to SSP.
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half maximum (FWHM) of diffraction peaks of shot peened and
non-treated sides of 321SS samples, respectively. The volume
fraction of strain induced martensite (a’) phase was also calculated
using the following formula [32]:
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where n, I and R are the number of peaks of the phase used in the
calculation, the integrated intensity of the reflecting planes and the
material scattering factor, respectively. Based on the XRD results,
only two phases in each sample were considered for calculations.
In-depth grain refinement of the treated samples was also char-
acterized by transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) methods (Tecnai G2 operating at
200 kV). For XRD examination, shot peened 321SS samples were
polished from the treated surface to reach to the given depths
(z40 mm,z80 mm,z120 mm andz160 mmbelow the shot peened
surface) and then the grazing incidence XRD test was run. The
thickness of samples was regularly measured by a screw thread
micrometer. After XRD analysis, the untreated surface of these
samples was ground and polished to get an overall thickness of
about 50 mm, afterward prepared foils were perforated by dimpling
and ion-milled for TEM microscopy. For each depth, five samples
were considered to study the microstructure at a certain depth. It is
worthy to note that for high depths (e.g. more than 150 mm [26])
which the grain refinement/microstructure evolution is not
considerable, it is difficult to use TEM because of the relatively
coarse grains and correspondingly limited view of the relevant
structural scales, which are coarser than the TEM observations. So,
in these cases FE-SEM was applied to evaluate the microstructure.
In-depth microhardness measurements were also done by a
Buehler microhardness tester at a load of 20 g and dwell time of
10 s. In order to eliminate the probable effect of each indentation on
the microhardness values of neighboring ones, microhardness
measurement was done by a certain procedure in which the dis-
tance between two neighboring indentations was above 30 mm and
the vertical distance between indentation point and topmost sur-
face was measured via optical microscope [33].
3. Results and discussion

3.1. The microstructure prior to SSP

Fig. 1 shows the microstructure characteristics of 321SS alloy
prior to SSP. Considering the chemical composition of 321SS alloy
especially Ni and Mn contents (austenite stabilizer elements) and
Fig. 1a and b, the microstructure consists of g grains (austenite) as
matrix phase and a’ phase (strain induced martensite) as fine
needles inside of g grains. According to Eq. (2), Va’ value is about
10% which in turn shows that the austenite is the main phase in the
solution annealed 321SS alloy. As can be seen from Fig. 1c, there is
only few dislocation lines in the coarse g grains of 321SS alloy and
corresponding SAED pattern reveals that there is no remarkable
misorientation in the g grains and they are approximately perfect
FCC crystals. The grain size distribution of primary g phase
measured by microstructural image processing (MIP) software has
been shown in Fig. 1d. It can be seen that the average grain size of
primary g phase is about 380 mm.
3.2. Surface roughness

Fig. 2 shows the surface roughness profile and surface rough-
ness values of severely shot peened 321SS obtained by non-contact
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Fig. 1. (a) The original microstructure of 321SS alloy before SSP and (b) corresponding XRD pattern, (c) The bright field TEM image of primary g phase and corresponding SAED
pattern shown as the inset, (d) The grain size distribution of the g phase after solution annealing.
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3D optical profilometer. The surface roughness values are not as
high as [2,34]. Some researchers stated that surface roughness
Fig. 2. Surface topography and surface roughness values of severely shot peened
321SS.
increases as the coverage (plastic strain) increases [11]; however, it
can be claimed that for high coverages, surface roughness is lower
than low coverage ones. In fact, in the initial stages of shot peening,
due to local deformation, surface roughness and surface hetero-
geneity remarkably increase but after over peening (high cover-
ages), due to enhanced work hardening of surface layers, surface
roughness decreases and the surface homogeneity increases. This
argument is in full agreement with [35].

3.3. XRD analysis after SSP

Fig. 3 shows the XRD patterns at different depths from the
topmost surface to matrix of 321SS after SSP. These patterns can be
studied from two different points of view: (i) transformation of
existing phases and (ii) peak broadening after SSP. As can be seen
from Fig. 3, with approaching the top surface layer new diffraction
peaks of a’ (200), a’ (211) and a’ (220) are gradually appeared and
intensified. In this way, Va’ values at 160-, 120-, 80-, 40-mm depths
and the top surface are 11%, 23%, 39%, 48% and 65%, respectively. On
the other hand, comparing the XRD patterns at different depths
reveals the broadening in diffraction peaks in near top surface
layers (up to 120 mm below top surface). The smaller the treated
layer depth is, the larger the peak broadening degree, which in turn



Fig. 3. XRD patterns at different depths of severe shot peened sample: (a) topmost
surface and (b) z 40 mm, (c) z 80 mm, (d) z 120 mm and (e) z 160 mm below the top
surface.
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implied that the grain refinement degree decreased with the
increasing of treated layer depth. According to equasion (1) this
broadenign can bemainly attributed to the grain refinement and an
increase in microstrain. The results of the Williamson-Hall analysis
of the top surface of treated sample are presented in Fig. 4. In this
way, the average surface grain size of the treated 321SS sample is
calculated to be 53 nm. Thus, based on XRD analysis it can be
claimed that the g / a’ phase transformation in the surface and
subsurface layers of 321SS alloy will be severely affected by
increasing the imparted plastic strain. In addition, these results
clearly verify the formation of UFGs and NGs on the surface and
subsurface layers of the severely shot peened 321SS alloy.

3.4. SEM and TEM analyses after SSP

Fig. 5 displays the typical SEM images of the cross-section of
severe shot peened 321SS alloy. As can be seen from high magni-
fication images, the microstructure difference between the defor-
mation affected zone (not well-defined) and the matrix (similar to
Fig. 1a) is completely distinct; however, there is not a sharp
boundary between them. The total thickness of the deformation
affected layer is about 120 mmwhich is muchmore bigger than that
of reported for LSP [36] and SMAT [37] of austenitic stainless steels.
To methodically investigate the in-depth microstructure evolu-
tions, high magnification SEM and TEM observations at different
depths were conducted (Fig. 6.). As can be seen from Fig. 6a, A
nearly full SNC is obtained on the surface of treated sample so that
equiaxed NGs with randomly crystallographic orientation and
mean size of 75 nm are obseved in the whole of microsture. This
value is larger than the XRD result. In fact, the crystallite size ob-
tained by XRD analysis is defined as the size of the coherently
scattering domains, consequently XRD can distinguish the sub-
grains with small misorientations and give the average size of
subgrains; However, the conventional TEM imaging provides the
average size of the grains with higher angle grain boundaries. This
microstructural refinement is also reflected in the SAED pattrern
shown in Fig. 6a, where the continous rings are appeared.
Considering the proper lattice parameters (ag ¼ 3.575 A� ,
aa’ ¼ 2.868 A�), observed diffraction rings can be directly assigned
to both g and a’ phases (Fig. 6a). Similar observations have also
been reported for comparable surface treatments [38,39]. TEM
images, including bright field (BF) image and corresponding SAED
pattern at about 40 mm below the topmost surface, are shown in
Fig. 6b. The main microstructural feature at this depth is the for-
mation of lamella-shaped cells. As is obvious from Fig. 6b, the
boundaries of these cells are not as straight as those of the me-
chanical twins and a lot of dislocation pile-ups are observed in
these boundaries. The corresponding SAED pattern (imperfect
rings) also exhibits a microstructural evolution and transition to
coarser grains compared with the NGs on the surface. The micro-
structure at about 80 mmdeep from the top surface is characterized
by the formation of large dislocation tangles and local mechanical
twining inside large elongated lamellas (see Fig. 6c). In this depth,
streak spots in the SAED pattern, demonstrate that the elongated
lamella are subdivided by the dislocation interactions. These results
are in good agreement with the report by Roland et al. [40] dealing
with the SMAT of 316 austenitic stainless steel. As can be seen from
Fig. 6d, TEM image and corresponding SAED pattern of treated
surface at about 120-mm depth, density of dislocations has been
significantly decreased compared with shallower depths. A nearly
refined microstructure is retained and some dislocation walls and
dislocation tangles are observed at this depth which are piling up
near the grain boundaries. In the case of about 160-mm depth, the
density of dislocations compared with lower depths has been
remarkably decreased (see Fig. 6e). In addition, corresponding
SAED pattern also confirms that the nearly perfect crystals
distributed in the whole of microstructure. As can be seen from
Fig. 6f, as one moves toward deeper zones the microstructure of
321SS in the solution-annealed state is gradually appeared.

Based on the experimental data and numerical calculations, the
plastic strain is decreased from the top treated surface toward
deeper layers with a trend dependent on the material and intensity



Fig. 4. Williamson-Hall analysis from the surface of severe shot peened sample.

Fig. 5. (a) Cross-sectional morphology of the severe shot peened 321SS alloy and high-
magnification images from (b) deformation affected zone and (c) matrix of 321SS alloy.
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of SSP (imparted plastic strain) [26]. Thus, by considering the re-
sults of XRD and TEM analyses for different depths which experi-
enced different levels of plastic strains, it is reasonable to present a
sequence for the grain refinement in terms of imparted plastic
strain. In this way, Fig. 7 generalizes physical mechanism of grain
refinement in the surface layers of severe shot peened 321SS alloy.
First of all, the slip systems are activated and density of dislocations
are gradually increased. With the continuous increase in the plastic
strain, density of dislocations are increased and some duplex and
triplex structures containing dislocation tangles, dislocation walls
and mechanical twinning are gradually appeared. Formation of
mechanical twinning can help to further plastic deformation;
however, their contribution is not as considerable as dislocation
slipping. With the progression of plastic strain, in addition to
densification of dislocation structures, original grains are sub-
divided into subgrains with elongated dislocation tangles and
lamella-shaped cells. In the final step for ultrahigh strains, forma-
tion of NGs is only way to minimize the total energy of the system.
In these conditions, equiaxed NGs (68e82 nm) are observed over
the whole of microstructure (Fig. 6a). Thus, according to the
amount of introduced plastic strain to each grain, it will experience
a fraction or whole of mentioned evolutions. For instance in the
case of zones below than 120 mm from the topmost surface, only the
first step of grain refinement, activation of slip systems, is occurred.
On the other hand, in the case of topmost surface, a complete
microstructure evolution from the slipping activation to formation
of NGs can be observed. In addition to in-depth grain refinement,
based on the SAED and XRD patterns in line with this phenomenon
from the top surface to subsurface layers, the g / a’ phase trans-
formation is also occurred. Since, the formation of a’ phase is
completely influenced by the amount of imparted plastic strain, it
can be claimed that the Va’ values experience similar sequence.
3.5. In-depth microhardness variations after SSP

Microhardness variations with the depth from the topmost
surface to the matrix of severe shot peened sample of 321SS alloy is
shown in Fig. 8. The value of each data point is the arithmetic mean
value of at least three single indentations at the same depth, and
the error bars show the mean standard deviations. As can be seen,
the top surface possesses the highest microhardness and with
moving away from the top surface this parameter is gradually
decreased and finally reaches to the matrix hardness. Although the
average hardness of the 321SS alloy before SSP is about 120 HV
(solution annealed state), this value at a depth of about 10 mm is
increased by 134% after SSP. By comparing the electron microscopy
images/XRD data and microhardness results in different depths, it
can be stated that with higher plastic strains (i.e. lower depths),
higher microhardness and finer grains are simultaneously ob-
tained. This fact can be studied in the terms of Hall-Petch



Fig. 6. Bright field TEM (aee) and SEM (f) micrographs taken from: (a) topmost surface and (b) about 40 mm, (c) about 80 mm, (d) about 120 mm, (e) about 160 mm and (f) about
200 mm below the top surface of severe shot peened sample.

Fig. 7. Schematic diagram of the in-depth microscopic structure of the severe shot peened 321SS alloy.
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relationship [41] i.e. larger reduction in grain size is reflected in an
increase of the hardness. On the hand, both TEM and XRD results
showed that the higher strains promote the g / a’ transformation
which in turn can increase the microhardness of 321SS alloy. Thus,
observed variations in the microhardness can be attributed to a
certain level of grain refinement and a’ phase induced by SSP
impacts.
4. Conclusion

In this work, in-depth microstructural evolutions during SSP
were assessed by means of XRD, SEM, TEM and microhardness
tester. The main conclusions are drawn as follows.
(1) A gradient nanocrystalline microstructure with the grain size
increasing from nanometer-scale to initial grain size was
successfully fabricated on the surface layers of 321SS alloy by
means of SSP.

(2) With increasing the amount of imparted plastic strain, from
the subsurface layers to the topmost surface, degree of
microstructural evolutions (grain refinement and g / a’
transformation) are increased. In fact, according to the
amount of imparted plastic strain to a given grain, different
structures including dislocation walls, dislocation tangles,
mechanical twinning, lamella-shaped cells and finally NGs
are sequentially appeared.



Fig. 8. Variations of microhardness with the depth in the severe shot peened 321SS alloy.
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(3) Both of dislocation slipping and deformation twinning have
contributed in the NS-SPD induced by SSP; however, the role
of deformation twinning is nearly negligible.

(4) The average grain size of the surface of treated sample
measured by XRD and TEM analyses are 53 and 75 nm,
respectively.

(5) The microhardness from the 10 mm below the top surface to
the matrix of treated 321SS alloy gradiently decreases from
281 to 120 HV (by 134%). These variations are attributed to
the amount of grain refinement and a’ formation.
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