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Severe shot peening of AISI 321 with 1000 %
and 1300 % coverages: A comparative study
on the surface nanocrystallization,

phase transformation, sub-surface microcracks,

and microhardness

In this study, AISI 321 austenitic stainless steel samples
were surface treated using severe shot peening (SSP) with
1000 % and 1300 % coverages. Microstructural features in-
cluding the grain size, phase transformation, and formation
of sub-surface microcracks were investigated at the rough
top surface and about 40 um depth (top surface after grind-
ing and removal of initial rough surface layer created by
SSP). In addition, microhardness variations were thor-
oughly analyzed in-depth. Experimental results demon-
strated that for both 1000% and 1300% coverages, the
microstructures of top surface and 40 pm depth are respec-
tively composed of equiaxed nano-grains and lamella-
shaped cells; however, enhanced imparted strain in the case
of 1300 % coverage leads to the formation of considerable
amounts of strain-induced martensite (o) phase in the sur-
face layers and consequently, due to strength increase and
lack of deformability, some microcracks are created in the
sub-surface layers (up to 20 um depth).

Keywords: 321 stainless steel; Severe shot peening; Sur-
face nanocrystallization; Microhardness; Sub-surface mi-
crocracks

1. Introduction

Higher hardness and strength, improved fatigue behavior,
enhanced electrical resistivity, higher thermal expansion
coefficient, improved corrosion and tribological properties,
better low temperature plasticity and higher adsorption ca-
pacity are the main properties that distinguish nanocrystal-
line (NC) materials from their coarse-grained counterparts
[1-5]. There are different techniques to develop bulk NC
materials including severe plastic deformation (SPD) [6],
chemical vapor deposition (CVD) and physical vapor de-
position (PVD) [7], crystallization of amorphous precursors
[8], ball milling [9], electrodeposition [10], etc.; however,
development of an ideal bulk NC material (free of porosity
and contamination, bulk in size, uniform and ultrafine in
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grain size) is still a challenge in materials science [11]. It
is well known that most material failures are initiated from
the topmost surface and completely dependent on the prop-
erties and structure of the material surface [12]. So, in many
cases, surface modification can serve as an effective way to
prevent and/or postpone material failure. In this way, sur-
face nanocrystallization (SNC) as a renowned surface mod-
ification method has attracted considerable attention in both
academia and industry. Severe shot peening (SSP) [13, 14],
surface mechanical attrition treatment (SMAT) [15, 16],
cold rolling [17], ultrasonic impact peening [18, 19], severe
wire brushing [20], high-speed drilling [21], and laser shock
peening (LSP) [22] are among the most applicable pro-
cesses for the SNC of different metallic materials. In these
techniques, large plastic strains with high strain rates are
imparted to initial coarse grains in order to create a large
number of crystallographic defects (vacancies, dislocations,
grain boundaries, etc.) and consequently refine the grains.
Among the mentioned techniques for SNC, SSP is a
common surface treatment in industry, which enables the
formation of nanocrystalline layers on the surface of bulk
metallic materials and improves their applicability. Bag-
herifard et al. [23] produced a nanocrystalline surface layer
on cast iron via SSP and reported that this layer can im-
prove the fatigue strength and crack initiation resistance.
Raja et al. [24] reported that the nanocrystalline surface
layer in an Ni-Cr—-Mo-W alloy fabricated through SSP
leads to superior corrosion resistance and claimed that this
improvement is attributed to the better electronic properties
in the presence of dense grain boundaries and dislocations.
Ma et al. [25] reported that the tribological properties of
1Cr18Ni9Ti stainless steel were greatly enhanced after
SNC by the SSP. They pointed out that this enhancement
is directly related to change in wear mechanism of original
1Cr18Ni9Ti stainless steel from abrasive/adhesive wear to
fatigue wear. Hassani-Gangaraj et al. [26] studied the effect
of coverage of SSP on the SNC and the ultrafine-graining of
sub-surface layers of a low alloy steel and developed a
model linking finite element simulation of SSP to disloca-
tion density evolution. These researchers used severe shot
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peening (more than 1000 % coverage) to refine the initial
grains.

The mentioned reports have focused on the beneficial ef-
fect of SSP, i.e. nanocrystallization/ultrafine-graining in
the surface layers and were less concerned about the side ef-
fects of SSP. According to the nature of the SSP process
(imparting high energy and creating some crystallographic
defects in the initial grains), this issue should be more con-
sidered in that using the SSP may introduce some side ef-
fects including the formation of sub-surface microcracks,
phase transformation(s), enhancement of the surface brittle-
ness, a considerable change in the surface roughness, etc.
Such changes are not negligible because they can signifi-
cantly influence all the benefits of grain refinement. Actu-
ally, a thick nanocrystalline surface layer on the bulk metal-
lic materials with a small surface roughness and without
any microcrack is the ideal state after SSP. Hence, having
a proper understanding of the side effects of SSP will be
helpful in the performance of treated parts for subsequent
applications. In this paper, two SSP processes with 1000 %
and 1300% coverages were used to fabricate a gradient
nanocrystalline structure on the surface of 321 stainless
steel (321SS) alloy. The reason for choosing 1000 % and
1300 % coverages was that these levels of coverage have
been successfully used to create an integration of ultra-
fine-/nano-grains on the surface of Fe-based alloys [13, 14,
26-33]; however, the mentioned side effects of SSP have
not been experimentally studied for these coverages. Ac-
cording to the surface roughness values, in order to get a
smooth surface after SSP, it was necessary to grind the shot
peened samples up to 40 pm depth. So, the topmost surface
and ~40 pm depth (topmost surface after grinding) of the
treated samples were analyzed by grazing incidence X-ray
diffraction (GI-XRD), field-emission scanning electron mi-
croscopy (FE-SEM) and transmission electron microscopy
(TEM). In line with the grain refinement examination, side
effects of the SSP including the phase transformation, sur-
face roughness, sub-surface microcrack formation, and mi-
crohardness variations were also comparatively investi-
gated.

2. Experimental procedure

The material used in the present study was a hot rolled/cold
finished 321SS alloy bar (STOOSS Co., Switzerland) with
a diameter of 80 mm and the following chemical composi-
tion (wt.%): 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.
In order to get a homogeneous chemical composition, the
bar was solution annealed at 1100 °C for 2 h and after that
quenched in water. Cylindrical specimens of 6.0 mm thick-
ness were sectioned from the bar, ground (up to 1200 grit),
polished (up to 1 um) and subjected to SSP using an air
blast apparatus (KPS SHOT Co.). For the SSP, standard
high carbon steel shot (S230) with a nominal diameter of
0.58 mm and hardness of 45—50 HRC were used. The SSP
process was carried out by a peening nozzle (diameter of
30 mm), mass flow rate of about 8 kg min~!, and air pres-
sure of 45 psi with 1000 % and 1300 % coverages. To gen-
erate reproducible plastic strains, the shot angle and the dis-
tance between the nozzle and top surface were set to 90°
and 400 mm, respectively.
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The cross-sections of shot peened samples for SEM ob-
servations were mechanically ground, polished and after-
ward etched in a solution containing 2.5 ml H,O, 2.5 ml
HNO; and 5 ml HCI. SEM images were taken on a TES-
CAN MIRA3 field emission scanning microscope at
15 kV. The GI-XRD studies were carried out using an
X’Pert Pro MPD X-ray diffraction instrument operated with
Cu-K,, radiation and grazing angle of 2°. Average grain size
in the surface and different depths was estimated according
to the Williamson—Hall equation [34, 35]:

/)’rcos0:<%)—|—,usin0 (1)

where D is the grain size, k is the Scherrer factor which is
usually 0.9, u is representative of strain, A and 0 are the wa-
velength of the irradiated X-ray wavelength and Bragg’s
angle, respectively. The 3, in Eq. (1) is equal to peak broad-
ening of diffraction peaks due to the SSP. In fact, f, is equal

to 4/ /)’12 — ﬁ%, in which f; and f3, are full widths at half max-

imum (FWHM) of diffraction peaks of shot peened and
non-treated sides of 321SS samples, respectively. The vol-
ume fraction of martensite phases was also determined by
Rietveld refinement using the GSAS software [36]. Grain
refinement of the treated samples was also characterized
by transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) methods (Tecnai G2 oper-
ating at 200 kV). To validate the grain size values obtained
from XRD measurements, this parameter was also statisti-
cally determined through dark-field TEM imaging. GI-
XRD and TEM analyses at the topmost surface were done
similar to [26]. For the GI-XRD examination atx40 pm
depth, shot peened 321SS samples were wet micro-
ground/polished from the treated surface to reach this depth
and then the GI-XRD test was run. After that, these samples
were ground and polished from the untreated surface to get
an overall thickness of about 50 um, afterward prepared
foils were perforated by dimpling and ion-milled for the
TEM microscopy at &40 um depth. The thickness of sam-
ples was regularly measured by a screw thread micrometer.
For each position (topmost surface and ~40 um depth),
five specimens were considered to study the corresponding
microstructure. In-depth microhardness measurements were
made on a Buehler microhardness tester at a load of 20 g
and dwell time of 10 s. In addition, a non-contact optical pro-
filometer (NewView™ 8000 3D optical surface profiler,
Zygo Corporation, Ohio) was used to measure the surface
roughness of different samples.

3. Results and discussion
3.1. The microstructure prior to SSP

Figure 1 shows the microstructural characteristics of 321SS
alloy prior to the SSP. Considering the chemical composi-
tion of 321SS alloy, especially Ni and Mn contents (auste-
nite stabilizer elements) and its XRD pattern (Fig. 1c), the
microstructure consists of y grains (austenite) as the matrix
and martensite phase as fine needles inside of the y grains.
According to the Rietveld refinement, the V., ensie Value
is about 10 % which in turn shows that the austenite is the
main phase in the solution annealed state of 321SS alloy.
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Fig. 2. Three dimensional surface roughness and surface appearance (SEM images) of severely shot peened samples: (a) 1000 %, and (b) 1300 %
coverages.
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The grain size distribution of primary y phase measured by
microstructural image processing (MIP) software is shown
in Fig. 1b. It can be seen that the average grain size of
primary y phase is comparable with the annealed state of
321 SS (about 380 pum).

3.2. Surface roughness

Figure 2 and Table 1 show the surface roughness profiles/
surface morphology and surface roughness values, respec-
tively. All values are based on the definition of ISO 4287
[37]. The arithmetic-mean (R,) is oftenly considered as the
representative parameter of surface roughness; however,
largest peak to valley height (R;) is more important in the
case of shot peened surfaces. This is due to the necessity
of grinding of these surfaces and removal of a surface layer
as thick as R, after the SSP to get a smooth surface. As can
be seen from SEM images in Fig. 2, the appearance of
rough surfaces generated by both 1000 % and 1300 % cov-
erages are quite similar. Both surfaces show evidence of a
flaky surface with overlaps and microscaling. The borders
of some overlaps have a white color which indicates that
the surfaces of both samples have been strongly plasticized
[31]. Surface roughness parameters (R,, Ry, and R)) are also
comparable (Table 1). Although some researchers have sta-
ted that the surface roughness increases as the coverage in-
creases [38], for the high coverages due to enhanced work
hardening in the surface layers, surface roughness profile
shows nearly stable values. As numerically modeled by La-
beas et al. [32], there are three stages in the surface rough-
ness evolution. In the first stage (low coverages), some
areas are not covered and the peak-to-valley roughness
(R) has the highest possible value. In the second stage
(middle coverages), more areas are covered and the sharp
lips formed in the first stage become smoother. Finally, in
the third stage, the surface roughness decreases and comes
to a stable profile (similar to Fig. 2). This profile is mainly
dependent on the material and shot peening parameters
[39, 40].

3.3. XRD analysis

XRD patterns of the shot peened samples at the topmost
surface and 40 pm depth are shown in Fig. 3. Comparing
these patterns with Fig. 1c reveals significant changes in
the volume fractions of phases and full width at half maxi-
mum (FWHM) of different peaks. As can be seen from
Fig. 3, the intensity of o' peaks remarkably increases for
the surface of both 1000% and 1300% coverages; how-
ever, this increment is more obvious in the latter case.
Based on the Rietveld refinement, the V,, (o": strain induced
martensite) value at the surface of shot peened 321SS is in-
creased to 80% and 65% for 1300% and 1000% cov-

Table 1. Surface roughness parameters of the severely shot pee-
ned 321SS samples.

Sample R, (pm) Ry (um) R, (pm)
1000 % coverage 13.3+3.5 209+7.2 | 31.5+52
1300 % coverage 164 £2.6 193+54 | 32.8+4.8
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erages, respectively. With increasing depth, the imparted
plastic stain is dramatically decreased [26] and conse-
quently, V,, values are also decreased. So, this value drops
to 43% (1300% coverage) and 38 % (1000% coverage)
for 40 um depth. In addition to the phase evolution, com-
paring with the XRD pattern of annealed 321SS (Fig. 1c),
a considerable broadening in diffraction peaks of these sur-
face layers is observed. According to Eq. (1), this broaden-
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Fig. 3. XRD patterns from the surface and ~40 um below the rough
top surfaces of shot peened samples with (a) 1000 %, and (b) 1300 %
coverages.
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ing is mostly attributed to the grain refinement and an in-
crease in the microstrain. The results of the Williamson—
Hall analysis of the top surface and 40 pm below the top
surface of treated samples are presented in Fig. 4. In this
way, the average surface grain size of the 321SS samples
shot peened with 1300 and 1000 % coverages are 48.6 and
53.5 nm, respectively. These values increased to 87.2 nm
(1300% coverage) and 93.6 nm (1000% coverage) for
40 pm depth. Thus, based on XRD analysis, it can be
claimed that the y — o’ phase transformation in the surface
and 40 um depth of 321SS alloy will be severely affected
by increasing the SSP coverage from 1000 % to 1300 %.
In addition, these results clearly verify that the grain size
at the top surface and 40 pm depth in 1000 % coverage are
correspondingly comparable with the 1300 % coverage.

3.4. SEM and TEM analyses

Figure 5 displays typical SEM images from the cross-sec-
tion of severely shot peened 321SS samples. As can be
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Fig. 4. Williamson—Hall analyses from the surface and 40 pm depth of

severely shot peened samples with (a) 1000 %, and (b) 1300% cov-
erages.
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seen, microstructural differences between the deformation
affected zone and the matrix are distinct; however, there is
not a sharp boundary between them. The total thickness of
the deformation affected layer is about 120 pm which is
much bigger than that of reported for LSP [22] and SMAT
[15] of austenitic stainless steels. Based on the high magni-
fication images taken from the top surface layers of treated
samples (Fig. 5b, c, e, and f), severe microcracking is the
main microstructural feature for the 1300 % coverage (up
to 20 um below the rough top surface). Regardless of the
surface nanocrystallization, these microcracks can be con-
sidered as favorable sites for stress concentration and crack
nucleation. In this way, they can remarkably compromise
the mechanical and tribological properties [41]. In the case
of 1000% coverage, similar morphology without micro-
cracking is observed. In fact, high coverages of the SSP
(e.g. 1300%) lead to greater work hardening and conse-
quently microcracking in the surface layers. Figure 6 shows
bright field TEM micrographs and corresponding SAED
patterns of the microstructure of the top surface and
~40 pum below the top surface of treated samples. A nearly
full surface nanocrystallization is obtained in both 1000 %
and 1300 % coverages, so that extremely fine and equiaxed
nano-grains with random crystallographic orientation and
size of 70—75 nm are observed in the whole microstructure.
This value is larger than the XRD result. In fact, the crystal-
lite size obtained by XRD analysis is defined as the size of
the coherent scattering domains, consequently XRD can
distinguish the subgrains with small misorientations and
give the average size of subgrains. However, conventional
TEM imaging provides the average size of the grains with
higher angle grain boundaries. This microstructural refine-
ment is also reflected in the SAED patterns, where continu-
ous rings (1000 %) appear instead of streak points. Consid-
ering the lattice parameters (a, = 3.575 A°, a, = 2.868 A°),
observed diffraction rings can be directly assigned to both y
and o' phases (see Fig. 6). Similar observations have also
been reported for comparable surface treatments [42]. In
the case of 40 um depth (Fig. 6b and d), the main micro-
structural feature is the formation of lamella-shaped cells.
As is obvious from Fig. 6b and d, the boundaries of these
cells are not as straight as those of the mechanical twins
and many dislocation pile-ups are observed in these bound-
aries. The corresponding SAED patterns (imperfect rings)
also exhibit microstructural evolution and transition to
coarser grains compared with the nano-grains on the rough
top surfaces. Thus, it can be claimed that both the 1000 %
and 1300 % coverages show comparable grain structure at
the rough top surface and 40 pm depth.

3.5. In-depth microhardness variations

Microhardness variation with the depth from 10 um below
the topmost surface towards the matrix of severely shot
peened samples is shown in Fig. 7. The value of each data
point is the arithmetic mean of at least three single indenta-
tions at the same depth, and the error bars show the mean
standard deviations. As can be seen, the top surface of the
sample with 1300 % coverage possesses the highest micro-
hardness (=316 HV) and with moving away from the top
surface this parameter is gradually decreased and finally
reaches the matrix hardness. Although a similar trend is ob-
served for the 1000 % coverage, the highest microhardness
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Fig. 5. Cross-sectional SEM images of the severely shot peened samples with (a, b and c) 0 %, and (d, e and f) 1300 % coverages.
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is around 35 HV less than 1300 % one. Microhardness in-

crease in the surface layers after SSP is mainly due to the

following reasons:

1. In the terms of the Hall-Petch relationship [43], a larger
reduction in the grain size is reflected in an increase in
the hardness.

2. The presence of excessive amounts of o phase in the
surface layers of treated samples can reinforce the ¥ ma-
trix and consequently increase the microhardness of the
whole microstructure. This statement is in good agree-
ment with the reports by Mordyuk et al. [44, 45].

Both TEM and XRD results showed that the grain size at

the rough top surface and 40 pm depth are comparable in

both 1000 and 1300 % coverages. Thus, higher microhard-
ness in the surface layers of the treated sample with

1300% coverage is directly related to the formation of

more o phase which in turn can increase the microhardness

of 321SS alloy.

Many researchers have focused on the mechanism of na-
nocrystallization and ultrafine-graining after SSP [24-27,
46]; however, the mechanism of microcrack formation dur-
ing SSP was not investigated in detail. Figure 8 shows a
physical mechanism for the formation of microcracks. SSP
can be divided into three steps in total: (1) Plastic deforma-
tion is introduced to surface layers; (2) In order to minimize
the total energy of the system, surface grains are gradiently
refined and reduced to nano-size (topmost surface); (3) Mi-
crocracks form in the nano-layer under over processing. For
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321SS, the stacking fault energy (SFE) is about 78 mJ m~>
[47] and both dislocation slipping and formation of micro-
twins with nanometer-sized are responsible for deforma-
tion. With increasing SSP coverage to more than 1000 %,
the surface layer is processed into nano-grains and its
strength is sharply increased. At the same time, V values
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Fig. 7. Variation of microhardness with depth in the severely shot pee-
ned 321SS samples.
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Fig. 6. Bright field TEM micrographs and corresponding SAED patterns taken from the (a and c) topmost surface, and (b and d) ~40 pm depth of
the shot peened samples with (a and b) 1000 %, and (c and d) 1300 % coverages.
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are also increased. In this way, top surface layers are char-
acterized by nano-sized grains and o phase, both of which
induce high strength but decrease deformability. A high en-
ergy shot peening such as 1300% coverage, not only re-
fines the grains in the surface layers but also promotes the
brittleness of nano-grained layer and produces some micro-
cracks in the top surface layers (Figs. Se, f and 8).

4. Conclusions

On the basis of the results, the following conclusions can be

drawn:

1. Both 1000% and 1300% coverages are successful in
the formation of a nanocrystalline layer on the rough
top surface of 321SS alloy.

2. Formation of lamella-shaped cells at~40 um below the
top surface is the common microstructural feature for
both 1000 % and 1300 % coverages.

3. V, values for the top surface layer of 321SS treated with
1000% and 1300% coverages are increased by 65 %
and 80 %, respectively.

4. 1In the case of both 1000 % and 1300 % coverages, due
to enhanced work hardening in the surface layers, sur-
face roughness profiles show nearly stable values (R,
fluctuates between 26.3 and 37.6 pm).

5. Formation of a high strength layer with lack of deform-
ability on the surface of 321SS after SSP with 1300 %
coverage induced microcracks in the nano-grained sub-
surface layer.
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Fig. 8. The evolutionary process of the mi-
crostructure of surface layers of 321SS during
SSP with: (a) 1000 %, and (b) 1300% cov-
erages.
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