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A B S T R A C T

Severe shot peening (SSP) as a surface severe plastic deformation (S2PD) process over a wide range of coverages
was applied to generate gradient microstructures with the grain size increasing from nanometer- and micron-
scale to initial grain size on the surface layers of 321 stainless steel. The microstructural evolutions including the
grain size distribution and phase transformation were systematically investigated in-depth for different surface
coverages. GI-XRD, FE-SEM and TEM techniques were used to reveal the microstructure modification me-
chanisms as a function of the surface coverage. Experimental results show that dislocation slip plays a key role in
the grain refinement of this alloy so that with increasing the surface coverage, different structures including
dislocation walls, dislocation tangles, and lamella-shaped cells sequentially appear in the initial coarse grains.
The results confirmed that these dense dislocation structures during ultrahigh plastic deformation produce ul-
trafine- (115–192 nm) and nano-grains (68–82 nm) to minimize the total energy of the system. In line with the
grain refinement, the γ (austenite) → α′ (straininduced martensite) phase transformation is more affected as the
plastic strain increases. So that the volume fraction of α′ phase increases to 58.4% for ultrahigh strains. Gradient
variation of microhardness with the depth was also obtained for various samples.

1. Introduction

Corrosion, wear, fretting fatigue and corrosion fatigue are among
the major causes of failures in machinery, structures, and equipment.
Since these failures originate from the surface, microstructure and
properties of the surface layers play a key role in retarding or pre-
venting the initiation of mentioned failures [1–3]. Many researchers
claimed that a decrease of the grain size can improve and modify nearly
all aspects of the physical and mechanical behaviors of polycrystalline
metallic materials as well as their electrochemical and even biomedical
responses to the surrounding media [4,5]. In this way, synthesis of ul-
trafine- and especially nano-grained structures in the surface layers of
bulk metallic materials is known as an effective surface modification
method for improving the surface properties of different metallic ma-
terials such as steel [6,7], aluminum [8], copper [9], nickel [10] and
other metals [11,12]. Among different methods, surface severe plastic
deformation (S2PD) can be successfully applied to synthesize such mi-
crostructures up to about 200 μm below the topmost surface [13].

In recent years, different S2PD processes including severe shot

peening (SSP) [14–16], surface mechanical attrition treatment (SMAT)
[17], cold rolling [18], ultrasonic impact peening [19], severe wire
brushing [2], high-speed machining [20] and laser shock peening (LSP)
[21] have been extensively used to refine the surface grain size by
imparting large plastic strains with high strain rates (sometimes around
106 s−1 [22,23]). Based on the TEM observations, for the above-men-
tioned processes, a common feature is the creation of 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 dislocations, and afterwards formation of subgrains
with small and/or large misorientations in the initial grains [24].

Since the stacking fault energy (SFE) plays an important role in the
deformation process of most metals and alloys, it is more convenient to
attribute the grain refinement mechanism of metallic materials after
S2PD processes to this parameter [25]. In general, based on SFE values
two different grain structure evolutions can be considered. The first one
deals with the materials with higher SFE such as iron (about 200 mJ/m2

[26]) and the second one is related to the materials which have lower
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SFE such as austenitic stainless steels (about 78 mJ/m2 [27]). For the
first case, the grain refinement is involved in the formation of dense
dislocation walls (DDWs) and dislocation tangles (DTs) in the original
grains which are subsequently transformed into sub-boundaries and
high angle grain boundaries that subdivide the original grains into ul-
trafine- or nano-grains [28]. On the other hand, in the case of the
second grain structure evolution process, original grains are sub-di-
vided by lamellar grains, twins, and micro-twins with nanometer-sized
thickness [29]. In both cases, dislocation density and residual stresses
are gradually decreased from the topmost surface to subsurface layers,
and after reaching a certain depth (dependent on the kind of S2PD
process and its intensity, working material, etc.), the grains are com-
pletely coarse (just like the surface before the S2PD process).

Among different S2PD processes, SSP which is extensively used in
industry has increasingly attracted research interest in the fabrication
of nanocrystalline and ultrafine-grains on the surface of bulk materials.
Bagherifard et al. [30] reported that nanocrystalline surface layer in
cast iron via SSP improved the fatigue strength and crack initiation
resistance. Wang et al. [31] 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 re-
sistance is increased after surface nanocrystallization (SNC). Zhong
et al. [32] showed that SNC on the processed surface layer of iron via
SSP increased the diffusion coefficient of Al atoms in Fe structure by 4
orders of magnitude.

The aforementioned studies have focused on the grain refinement
and nanocrystallization in the top surface and not illuminated the mi-
crostructure/grain evolution in the sub-surface layers; however, in-
depth microstructural evolutions (especially nanocrystallization and
ultrafine-graining) during SSP can be more important than the topmost
surface. In fact, this matter should be considered that the surface
roughness increment is the perforce change after SSP. Since larger
surface roughness can lead to higher stress concentration and wor-
sening in mechanical properties, sometimes the top surface must be
ground or polished to achieve a smooth surface. Thus, a thick nano-
crystalline/ultrafine layer on bulk metallic materials with a small sur-
face roughness will be the ideal state after SSP.

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 with different surface coverages as a S2PD method
was applied to fabricate ultrafine-grained and nanocrystalline surface
layers on the surface of 321 stainless steel (321SS). Our purpose is to
present a systematical study on the effect of surface coverage of shot
peening on the in-depth microstructural evolutions in the severely shot
peened samples via X-ray diffraction (XRD), field-emission scanning
electron microscopy (FE-SEM) and transmission electron microscopy
(TEM). The microstructure characteristics including grain size dis-
tribution and phase analysis are thoroughly studied in depth. In addi-
tion, microhardness variations of the shot peened samples are analyzed.

2. Experimental procedure

As-received 321SS alloy bar containing (wt%) 0.021C, 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 was purchased from STOOSS Company. The bar with
80 mm in diameter had been solution annealed 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
hardness of 45–50 HRC were used. This 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 0.31 MPa. In order to study the in-depth mi-
crostructural evolutions as a function of the coverage (shot peening
time), SSP processes were performed with different coverages: 200
(conventional shot peening, CSP), 400, 600, 800, and 1000%.
According to SAE J442 [33] and SAE J443 [34], these SSP treatments
meet Almen intensities between 0.53 mm C and 0.55 mm C. It should
be noted that the coverage during shot peening can be related to the
peening time. For example, the time needed to reach a coverage of
400% is four times the time needed to reach a 100% coverage (for a
given set of peening parameters) [13]. To generate reproducible plastic
strains, the shot angle and stand-off distance were set to 90° and
400 mm, respectively. The cross-sections of shot peened samples for FE-
SEM observations 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 10 kV. The grazing incidence XRD studies were

Fig. 1. (a) The original microstructure of 321SS alloy be-
fore SSP and (b) the corresponding XRD pattern, (c) the
bright field TEM image of primary γ phase and corre-
sponding SAED pattern shown as the inset, (d) the grain
size distribution of γ phase after solution annealing.
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carried out using an X'Pert Pro MPD X-ray diffraction instrument op-
erated with Cu-Kα (λ = 1.54060 A°) radiation and grazing angle of 2°.
Average austenite grain size in the surface and different depths was
estimated according to Williamson-Hall equation [35]:

= ⎛
⎝

⎞
⎠
+β θ kλ

D
μ θcos sinr (1)

where D is the grain size, k is the Scherer's factor which is usually
considered 0.9, μ is representative of strain, λ and θ are the wavelength
of the irradiated x-ray and Bragg's angle, respectively. The βr in Eq. (1)
is equal to peak broadening of diffraction peaks due to SSP. In fact, βr is
equal to −β βi

2
0
2 , in which βi and β0 are full widths at half maximum

(FWHM) of diffraction peaks of shot peened and non-treated sides of
321SS samples, respectively. The volume fraction of strain-induced
martensite (α′) phase was also determined by Rietveld refinement using
the GSAS software. Structural models with Fm-3m and Im-3m space
groups were considered for austenite (γ) and for ferrite (α′) phases,
respectively. The background was subtracted using the shifted Cheby-
shev polynomials and the diffraction peak profiles were fitted with a
parametrized pseudo-Voigt function. In the last refinement cycles, all
the parameters (relative cell parameters, isotropic thermal parameters,
phase fractions, background and etc.) were refined. In-depth grain re-
finement of the treated samples was also characterized by transmission
electron microscopy (TEM) and selected area electron diffraction

Fig. 2. XRD analysis at different depths of severe shot peened sam-
ples: (a) 200, (b) 400, (c) 600, (d) 800 and (e) 1000% coverage.
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(SAED) methods (Tecnai G2 operating at 200 kV). For XRD examina-
tion, shot peened 321SS samples were polished from the treated surface
to reach to the given depths (≈40 μm, ≈80 μm, ≈120 μm and
≈160 μm below the shot peened surface) and then the grazing in-
cidence XRD test was run. The thickness of samples was regularly
measured by a screw thread micrometer. After XRD analysis, the un-
treated surface of these samples was ground and polished to get an
overall thickness of about 50 μm. Afterwards, prepared foils were per-
forated by dimpling and ion-milled for TEM microscopy. For each

depth, five identical samples (i.e. with similar SSP coverage) were
considered to study the microstructure at a certain depth. It is worthy to
note that for low coverages or high depths (e.g. more than 150 μm [13])
for which the grain refinement/microstructure evolution is not con-
siderable, 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 micro-
hardness measurements were also done by a Buehler Vickers micro-
hardness tester at a load of 20 g and dwell time of 10 s.

3. Results

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 γ grains (austenite) as matrix phase and
α′ phase (strain-induced martensite) as fine needles inside of γ grains.
According to the Rietveld refinement, Vα′ value is about 10.2% 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 are only few dislocation
lines in the coarse γ grains of 321SS alloy, and the corresponding SAED
pattern reveals that there is no remarkable misorientation in the γ
grains and they are approximately perfect FCC crystals. The grain size
distribution of primary γ phase measured by microstructural image
processing (MIP) software is shown in Fig. 1d. It can be seen that the
average grain size of primary γ phase is about 380 μm.

Fig. 3. Williamson-Hall analysis from the surface of severe shot peened samples.

Fig. 4. Bright field TEM images and corresponding SAED
patterns from the surface of different samples: (a) 200, (b)
400, (c) 600, (d) 800 and (e) 1000% coverage.
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3.2. XRD analysis after SSP with different coverages

XRD patterns of various samples from the top surface to different
depths after SSP are shown in Fig. 2. These patterns can be studied from
two different points of view: (i) transformation of present phases to
each other or new ones, and (ii) peak broadening after SSP. As can be
seen from Fig. 2a (CSP), although all of Bragg diffraction peaks at dif-
ferent depths well correspond with those of γ and α′ phases before shot
peening, the Vα′ value is increased up to 15.7% in the surface layers (up
to 100-micron depth). With increasing the coverage of SSP to 600%,
new diffraction peaks of α′ (200) and α′ (220) gradually appear up to
40-micron depth (Fig. 2b and c). Meanwhile, comparing the CSP sample
at same depths (up to 120-micron depth), the intensity of γ (111) and α′

(110) peaks are decreased and increased, respectively. In both 400 and
600% coverages, the maximum Vα′ value belongs to the top surface
(about 29.5%). This parameter is suddenly dropped in depth so that
after reaching to a depth of 120 μm, its value (about 13.6%) is com-
parable with the conventional one. The mentioned phase transforma-
tion in the surface layers is more remarkable in the case of 800 and
1000% coverages. As can be seen from Fig. 2d and e, the intensity of α′

peaks significantly increases on the surface of these samples indicating
an extraordinary growth in the Vα′ values (about 58.4%). Similar to the
other samples, with increasing the depth, these transformations are
decreased so that after reaching to the 160-micron depth, XRD patterns
are completely similar to the CSP sample. On the other hand, com-
paring the XRD patterns of various samples at different depths reveal
the broadening in diffraction peaks in near top surface layers (up to
120 μm below the top surface) of severely shot peened samples. As can
be seen in Fig. 2, with increasing the coverage of SSP process to 1000%,
peak broadening clearly occurred from the topmost surface to about

40 μm (for 400 and 600% coverages) and about 120 μm (for 800% and
1000% surface coverages) below the topmost surface. According to Eq.
(1) this broadening is mostly attributed to grain refinement and an
increase in microstrain. The results of the Williamson-Hall analysis of
the top surface of treated samples are presented in Fig. 3. In this way,
the average surface grain size of the 321SS samples which were shot
peened with 400, 600, 800 and 1000% coverages are 355, 190, 87 and
53 nm, respectively. It should be noted that the Eq. (1) is applicable for
the ultrafine grains but not for micron-scale or coarser grains as CSP
sample. Thus, based on XRD analysis it can be claimed that the γ→ α′

phase transformation in the surface and subsurface layers of 321SS
alloy will be severely affected by increasing the SSP coverage. In ad-
dition, these results clearly verify the formation of ultrafine- and/or
nano-grains on the surface and subsurface layers of the severely shot
peened 321SS alloy.

3.3. TEM analysis after SSP with different coverages

3.3.1. Topmost surface
Fig. 4 exhibits the TEM micrographs of the microstructure of top

surface of treated samples. Considering the SAED pattern of the CSP,
this sample exhibits an austenitic microstructure with some dislocation
lines with low density (Fig. 4a) inside the γ grains. In this case, it is
obvious that the imparted plastic strain is not enough for significant
microstructure evolution. As can be seen in Fig. 4b and c, a duplex
microstructure containing large dislocation tangles and ultrafine-grains
has appeared for the 400 and 600% coverages. With increasing the
coverage to 800%, enhanced introduced stresses lead to the formation
of few nano-grains among the ultrafine-grains and small dislocation
tangles (Fig. 4d). A nearly full surface nanocrystallization is obtained in

Fig. 5. SEM and TEM micrographs at about 40 μm below
the treated surface of different samples: (a) 200, (b) 400, (c)
600, (d) 800 and (e) 1000% coverage.
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the case of 1000% coverage, so that equiaxed nano-grains with ran-
domly crystallographic orientation and mean size of 75 nm are ob-
served in the whole microstructure. This value is larger than the XRD
result. In fact, the crystallite size obtained by XRD analysis is defined as
the size of the coherently scattering domains, consequently XRD can
distinguish the subgrains 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.

Thus, with increasing the coverage of SSP a complete surface grain
refinement evolution (from several microns to several tens of nan-
ometer) is obtained in the surface layer. This microstructural refine-
ment is also reflected in the SAED patterns shown in Fig. 4, where the
ordered points (CSP) gradually changed to streak points (400, 600 and
800%) and after that continuous rings (1000%). Considering the proper
lattice parameters (aγ = 3.575 A°, aα′ = 2.868 A°), observed diffraction
streak points and rings can be directly assigned to both γ and α′ phases
(see Fig. 4). Similar observations have also been reported for compar-
able surface treatments [29,36].

3.3.2. At ≈40 μm below the topmost surface
Fig. 5 shows the cross section SEM and TEM images taken from the

≈40-micron depth of treated samples. For the CSP sample, micro-
structure difference between the deformation zones and matrix is dis-
tinct and a transition from the finer grains to coarser ones is clearly
observed (Fig. 5a). With increasing the coverage to 400%, the density of
dislocations and their interactions compared with as-solution annealed
sample has been remarkably increased; however, the imparted plastic
strain is not enough for considerable microstructure evolution (Fig. 5b).
The corresponding SAED pattern, which is related to a nearly perfect

crystal, is an evidence for this claim. In the case of 600% coverage
(Fig. 5c), dislocation walls and dislocation tangles are directed toward
the high angle grain boundaries and pile up against them. The streak
point SAED pattern of this sample is an indication of its grain refine-
ment in this depth. For the higher coverages (800 and 1000%), the
main microstructural feature is the formation of lamella-shaped cells.
As is obvious from Fig. 5d and e, the boundaries of these cells are not as
straight as those of the mechanical twins and many dislocation pile ups
are observed in these boundaries. The corresponding SAED patterns
(imperfect rings) also exhibit a microstructural evolution and transition
to coarser grains compared with the ultrafine- and nano-grains on the
surface.

3.3.3. At ≈80 μm below the topmost surface
At this depth, CSP sample does not show a well-defined micro-

structure but it can be stated that a grain growth compared with the 40-
micron depth has been obtained (Fig. 6a). For the 400% coverage
(Fig. 6b), the interaction of some sparse dislocations is the main mi-
crostructure characteristic. Nearly perfect SAED pattern and lack of
dense dislocation areas reveal that the grain refinement is negligible. As
can be seen from Fig. 6c–e, the microstructure of 600, 800 and 1000%
coverages at about 80 μm deep from the top surface is characterized by
the formation of large dislocation tangles and local mechanical twining
inside large elongated lamellas. With increasing the coverage of SSP,
due to imparting higher strains, the density of dislocations within the
tangles, twins and close to their boundaries is increased. So, local
twinning is an additional deformation process that competes with dis-
location activities as the strain increases. In this depth, streak spots in
the SAED patterns of 800 and 1000% coverages, demonstrate that the
elongated lamella are subdivided by the dislocation interactions. These

Fig. 6. SEM and TEM micrographs at about 80 μm below
the treated surface of different samples: (a) 200, (b) 400, (c)
600, (d) 800 and (e) 1000% coverage.
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results are in good agreement with the report by Roland et al. [37]
dealing with SMAT of 316 austenitic stainless steel.

3.3.4. At ≈120 μm below the topmost surface
Typical SEM and TEM images at about 120 μm below the top sur-

face of treated samples are shown in Fig. 7. Compared with the lower
depths than about 120 μm at a given coverage, it is clear that the dis-
location density is significantly decreased. SEM micrograph of CSP
sample (Fig. 7a) demonstrates the typical microstructure of a solution-
annealed 321SS alloy at high magnification. With increasing the cov-
erage of SSP to 400 and 600%, the density of dislocations is increased
and some dislocation interactions have also appeared for 600% cov-
erage; however, this strain is not enough for grain refinement (Fig. 7b
and c). A nearly refined microstructure is retained only for 800 and
1000% coverages. As can be seen in Fig. 7d and e, some dislocation
walls and dislocation tangles are observed at this depth which are piling
up near the grain boundaries.

3.3.5. At ≈160 μm below the topmost surface
Fig. 8 shows the SEM and TEM observations at the 160-micron

depth from the top surface. There is no indication of grain refinement in
various samples treated with different coverages. For 200, 400 and
600% coverages the microstructure consists of coarse austenite and/or
martensite grains so that no grain boundary is observed at high mag-
nifications (Fig. 8a–c). Fig. 8d and e reveal that the density of dis-
locations as compared with lower depths has been remarkably de-
creased. In addition, corresponding SAED patterns also confirm nearly
perfect crystals distributed in the whole microstructure. The micro-
structural features of all samples are comparable at this depth. Com-
paring these results with Fig. 1 (prior to SSP) shows that the maximum

affected depth after ultrahigh energy shot peening (e.g. 1000% cov-
erage) is about 160 μm and for the deeper depths initial microstructure
gradually appears.

3.4. In-depth microhardness variations after SSP with different coverages

Fig. 9 depicts the variation of microhardness with the depth from
the top surface to the matrix for different treatment conditions. 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. The microhardness values in the surface layers and
the total thickness of hardened layer, dependent on the coverage, is
different; however, a similar behavior is observed for various samples.
In this way, for each treated sample, the top surface possesses the
highest microhardness and with moving away from the top surface this
parameter is gradually decreased and finally reaches the matrix hard-
ness. The average hardness of the 321SS alloy before SSP is about
120 HV (solution annealed state), this value at a depth of about 10 μm
is increased by 25, 48, 71, 129 and 134% for the 200, 400, 600, 800 and
1000% coverages, respectively. The thickness of hardened layer is also
increased from about 61 μm (200%) to about 173 μm (1000%). By
comparing the electron microscopy images/XRD data and microhard-
ness results at different depths, it can be stated that with higher strains
(i.e. higher coverages), thicker affected surface zone, higher micro-
hardness and finer grains at identical depths are simultaneously ob-
tained. This fact can be also studied in the terms of Hall-Petch re-
lationship [38], i.e. larger reduction in grain size is reflected in an
increase of the hardness. On the other hand, both TEM and XRD results
showed that the higher coverages promote the γ→ α′ transformation
which in turn can increase the microhardness of 321SS alloy. Thus,

Fig. 7. SEM and TEM micrographs at about 120 μm below
the treated surface of different samples: (a) 200, (b) 400, (c)
600, (d) 800 and (e) 1000% coverage.
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observed variations in the microhardness for each sample can be at-
tributed to a certain level of grain refinement as well as to α′ phase
induced by SSP impacts.

4. Discussion

As reported by many researchers [39,40], in all S2PD processes,
high strain with high rate is considered as a prerequisite for a re-
markable microstructural evolution at surface or subsurface layers. So,
the key issue is how much plastic strain is introduced to a coarse grain

during SSP independent if the grain is on the surface or in subsurface
layers. Based on the experimental data and numerical calculations, the
plastic strain is decreased from the top surface toward deeper layers
with a trend depending on the material and the coverage of SSP [13].
Hence, by considering the results of XRD and TEM analyses for various
samples at different depths that accordingly experienced different levels
of plastic strain, it is reasonable to present a sequence for the micro-
structural evolutions in terms of imparted plastic strain. In this way,
Fig. 10 presents the physical mechanisms of the grain refinement of
321SS alloy during SSP process with different coverages (i.e. different
plastic strains). For the sake of convenience, a single coarse grain has
been taken as an example. The microstructural evolutions (namely
changes in dislocation density and grain size) probably occur in the
following sequence:

(I) First of all, multidirectional stresses of shots lead to activation of
slip systems and consequently the density of dislocations is gra-
dually increased.

(II) With the continuous increase in the plastic strain, the density of
dislocations and their interactions are increased, and some dis-
location jungles are formed in the original grain.

(III) The increase of plastic strain on the 321SS alloy results in more
movements and significant accumulation of dislocations. This
procedure produces complex and completely random dislocation
structures in the form of dislocation walls and dislocation tangles.
As Grum et al. [41] claimed, formation of such structures is effi-
cient in blocking of dislocation slips at higher strains.

(IV) With the progression of plastic deformation, in addition to the
densification of dislocation structures, some mechanical twinning
is also formed. In fact, formation of the mentioned structures can
cause the critical resolved shear stress (CRSS) for dislocation slip

Fig. 8. SEM and TEM micrographs at about 160 μm below
the treated surface of different samples: (a) 200, (b) 400, (c)
600, (d) 800 and (e) 1000% coverage.

Fig. 9. Variations of microhardness with the depth for different samples.
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in some areas to be greater than the CRSS for deformation twin-
ning. So, deformation twinning is capable of taking place along
with the dislocation slip [40]. It should be noted that the role of
this deformation process in the grain refinement is not consider-
able compared with dislocation slipping (Fig. 6c–e).

(V) A further increasing amount of strain results in the subdivision of
original coarse grains into subgrains with elongated dislocation
tangles and lamella-shaped cells.

(VI) In the next step, the total energy of original grain is minimized by
dislocation annihilation and formation of ultrafine grains
(115–192 nm). In this state, a duplex microstructure containing
dense dislocation tangles and ultrafine grains is gradually ap-
pearing.

(VII) In the case of ultrahigh strains, formation of ultrafine and nano-
grains is the only way to minimize the total energy of the system.
Under these conditions, equiaxed nano-grains (68–82 nm) and
ultrafine grains are observed over the whole microstructure
(Fig. 1a and b).

Thus, according to the introduced plastic strain to each grain, it will
experience one of above evolutions. For instance, in the case of 200%
coverage, only surface grains will meet the first one and deeper layers
are immune. On the other hand, in the case of 1000%, a complete
microstructure evolution from (I) to (VII) can be gradiently observed
for grains down to about 120-micron depth to the topmost surface.

We have extensively studied the in-depth grain refinement in the
present study; however, based on SAED and XRD patterns in line with
this phenomenon from the top surface to subsurface layers, the γ→ α′

phase transformation also took place. Since the formation of α′ phase is
completely influenced by the amount of imparted plastic strain, it can
be claimed that the Vα′ values experience similar sequence.

5. Conclusions

In this work, in-depth microstructural evolutions during shot pe-
ening with different surface coverages were assessed by means of XRD,
SEM, TEM and microhardness tester. The main conclusions can be
drawn as follows:

(1) A series of gradient ultrafine-grained/nanocrystalline micro-
structures were successfully fabricated on the surface layers of
321SS alloy by means of SSP.

(2) As the coverage of SSP (plastic strain) increases, depth and degree
of microstructural evolutions (grain refinement and γ → α′ trans-
formation) are simultaneously increased. With increasing plastic
deformation, dislocation walls, dislocation tangles, mechanical
twinning, lamella-shaped cells, and finally ultrafine- and nano-
grains sequentially appear.

(3) Dislocation slip and deformation twinning are of great importance
in plastic deformation mechanisms; however, the role of deforma-
tion twinning in the grain refinement of 321SS during SSP is nearly
negligible compared with the dislocation slip.

(4) The average grain sizes measured by XRD at the surface of severely
shot peened samples are 355, 190, 87 and 53 nm for 400, 600, 800
and 1000% coverages, respectively. These values are in good
agreement with the size of cells (in 400 and 600%), ultrafine- (in
800%) and nano-grains (in 1000%) observed by TEM.

(5) Microhardness values at a depth of about 10 μm are increased to 25,
48, 71, 129 and 134% for the 200, 400, 600, 800 and 1000%
coverages, respectively. Meanwhile, the thickness of hardened layer
is increased from about 61 μm (200% coverage) to about 173 μm
(1000% coverage).

Fig. 10. Proposed schematic presentation of
the mechanism of the surface grain refine-
ment of 321SS alloy after SSP (LGs: large
grains, DLs: dislocation lines, DWs: disloca-
tion walls, DTs: dislocation tangles, UFGs:
ultrafine-grains, NGs: nano-grains).
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