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Ultrasonic shot peening (USP) is a surface treatment technique widely employed in the
automotive, aerospace, and marine industries to enhance the mechanical and metallurgical
properties of components. This enhancement is achieved by inducing compressive residual
stresses on material surface using spherical shots resonated by a vibrating body, known as the
sonotrode. The controllability of USP, with variables such as shot properties (material and size),
peening distance, peening duration, peening intensity, peening coverage, and the amplitude of
sonotrode vibration, has attracted significant attention from engineers and researchers. To
ensure the industrial reliability of USP, a thorough investigation of the process is necessary.
This paper aims to review relevant research conducted since 1999 to shed light on the effects of
USP on different material properties, including grain size, fatigue strength, corrosion behavior,
hardness, and other mechanical, metallurgical, and electrochemical characteristics. A review of
the pertinent literature demonstrates that USP can effectively reduce surface grains of materials
to a range of 10 to 100 nm while producing surface compressive residual stresses up to 900
MPa. It also significantly enhances fatigue resistance at low strain amplitudes by retarding crack
initiation and growth. Although USP increases surface roughness, it can improve corrosion
resistance when applied with an optimal peening duration. Additionally, USP can substantially
increase hardness, yield strength, tensile strength, and wear resistance.

© Shiraz University, Shiraz, Iran, 2024

1. Introduction

According to DIN 8200, peening involves a mechanical

workpiece [1]. Shot peening is a process that impacts the
surface of materials with spherical balls, hence

method for hardening the surface of materials. This
process utilizes the peening media of a particular shape
and material, which are activated within various peening
devices. This media then interacts with the surface of the
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producing a compressive residual stress (CRS) layer on
the surface of the material. As a result, the impacts from
the shot peening process lead to plastic deformations,
thereby causing alterations in the material surface
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properties [2]. As depicted in Fig. 1, shot peening can be
implemented through various systems, including
rotating wheel, compressed-air, injector, and injector
gravitational setups. These systems are differentiated by
their specific methods for accelerating the spherical
shots [1].

Intensity is a major parameter of the shot peening
process. John Almen observed that shot peening caused
the exposed surface of sheet metals to stretch and bend.
In response, he devised the Almen strip as a means to
gauge the compressive stresses induced in the metal by
the shot peening process. Almen also established a
standardized procedure to measure the kinematic energy
imparted to the material surface by using the shot stream.
This energy is commonly referred to as the intensity at
saturation in shot peening specifications. Measurement
of the peening intensity is achieved by assessing its
impact on standardized Almen strips, using a specialized

tool called the Almen gauge. Almen's method for
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measuring the peening intensity has been widely
embraced and incorporated into the engineers' design
processes. The following components are necessary for
determining the peening intensity according to the
Almen method [2]:

e Almen test strips

e Almen gage

e  Test strip holding fixture (Almen holder)

Three types of Almen strips are specified, consisting
of standard test strips made from spring steel SAE1070
tempered to 44-50 HRC. These strips vary in thickness
for use at different intensity levels. Fig. 2 demonstrates
the procedure for measuring peening intensity using the
aforementioned tools. After the strip is exposed to the
shot stream and removed from the holding fixture, the
gage stem is positioned against the untreated surface.
The measured strip deflection indicates a single arc
height corresponding to the exposure time [2].

a)

b)

o,
Y

2

/Tl

Fig. 1. Different methods of shot peening implementation: (a) rotating wheel, (b) compressed air, (c) injector and (d) injector
gravitational peening devices [1].
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Fig. 2. Schematic of the Almen method and tools for measuring the peening intensity [2].
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Intensity is defined as the arc height of a shot-peened
test strip at its saturation point. The saturation point
refers to the earliest point on the saturation curve where
if the exposure time is doubled, the arc height increases
by 10% or less. To determine peening intensity, it's
essential to establish a saturation curve, achieved by
peening a series of Almen strips with different exposure
times while keeping all other peening parameters
constant. By plotting the arc height deflection of these
strips against exposure time, a curve similar to that
shown in Fig. 3 is achieved. The saturation time (T) is
identified as the earliest point on this curve where
doubling the exposure time (2T) results in no more than
a 10% increase in the arc height. The Almen intensity
corresponds to the specific arc height obtained at the
saturation time [2].

Another important parameter in shot peening is
surface coverage, which represents the percentage of the
surface that has been impacted at least once and affected
by the shot blast stream, taking into account the angle of
the stream relative to the workpiece surface [2].

Ultrasonic shot peening (USP) differs from
conventional shot peening (CSP) by the way the impact
media is excited. Instead of relying on constant air flow,
gravity, or the high-speed rotation of a turbine, USP
employs acceleration of a vibrating body known as the
sonotrode. The frequency of the vibration of the
sonotrode falls within the ultrasonic wave range,
typically between 18 and 20 kHz [3]. Schematic of USP
process and its main components are illustrated in Fig. 4.
According to Fig. 4, the transducer converts the
electrical signals produced by the ultrasonic generator
into low-amplitude reciprocating motions, which are
boosted by the amplitude transformer and then
transmitted to the shots through the sonotrode.
Consequently, the shots gain kinetic energy and begin to
impact the surface of the workpiece multiple times in a
short period due to their stochastic motion, in an
enclosure called the peening chamber, leading to the
formation of surface CRS. The main controllable USP
parameters are:

e  Shot material

e  Shot size (diameter)
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e Number of shots

e  Workpiece material

e Peening distance: the distance between the
surface of the workpiece and the face of the
sonotrode

e  Peening duration

e Peening coverage

e  Sonotrode amplitude of vibration

e Peening intensity

2. Literature Review

One of the most effective ways to understand how a
strain hardening process affects materials and to
determine its industrial efficiency and reliability is to
review relevant research conducted over the years. This
paper reviews the pertinent research conducted on USP
process from 1999 to 2024. The studies conducted
during the mentioned period could be categorized into
the following topics:
e Surface nanocrystallization and generation of
compressive residual stresses
e Impact of USP on fatigue properties
e Influence of USP on surface characteristics,
mechanical properties, corrosion behavior, and
microstructure of materials
Therefore, to enhance clarity and comprehensibility,
the literature review is divided into the aforementioned
subsections. This division provides a comprehensive
understanding of the effects of the USP process on
material properties.

2.1. Surface nanocrystallization and generation of
compressive residual stresses

Materials featuring nanograins have demonstrated
superior properties compared to those with standard
grain size [4]. This implies that the average grain size of
a material plays a significant role in determining its
strength, as reflected in the well-known Hall-Petch
relation [5]:

o, =0y + kd™*/? 1)

In the Hall-Petch relation, o, represents the yield
strength of the refined-grain material, o, denotes the
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initial yield strength of the material, d stands for the
average grain size, and k is the yielding constant. As per
this relation, when the average grain size decreases, the
yield strength increases [5].

As previously stated, the primary goal of USP is to
induce formation of CRS, which in turn results in surface
grain refinement, also referred to as surface
nanocrystallization (SNC). Tao et al. [6] reported the
formation of a nanocrystalline structure on the surface of
pure iron plate after USP. The average grain size in the
nanograined region was found to be as small as 10 nm.
It was also noted that augmenting the peening duration

A. Omidi Hashjin, M. Vahdati & R. Abedini

did not notably impact the grain size but did result in an
increase in the thickness of the nanograined layer. The
scanning electron microscopy (SEM) image of the
surface of the coarse-grained Fe specimen, depicted in
Fig. 5, shows that the grain size of the as-received
material ranges between 20-150 pm. Bright-field and
dark-field transmission electron microscopy (TEM)
images of the surface of the 450-second USP-treated
sample, illustrated in Fig. 6, reveal that the application
of USP process resulted in the formation of uniform
ultrafine equiaxed grains with random crystallographic
orientations on the surface of the pure iron plate.
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Fig. 3. Variation of arc height with respect to exposure time (saturation curve) [2].
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Fig. 4. Schematic of USP process and its components [26].
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Fig. 6. (a) Bright-field and (b) dark-field TEM images of the surface of the 450-second USP-treated Fe specimen [6].

Liu et al. [7] noted the development of a hardened
layer approximately 30 pm thick on the surface of 316L
stainless steel subsequent to the application of USP.
They observed a nanocrystalline layer around 5 pm
thick, comprising grains as small as 10 nm. Beneath this
layer, a region with refined grains ranging in size from
10 nm to over 100 nm was formed, extending to a depth
of 30 um. The SEM image of the cross section of the
810-second USP-treated steel sample, shown in Fig. 7,
demonstrates that deformations extend approximately
100 pm deep from the surface following the application
of USP.

Xing and Lu [8] employed Moire interferometry to
quantify the USP-induced residual stresses on the
surface and throughout the depth of soft steel. They
found that the surface CRS was approximately 309 MPa
in magnitude. The distribution of normal stress along the
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depth of the material is depicted in Fig. 8. Additionally,
they discovered the formation of a hardened layer
measuring 250 pm in thickness.

surface

Fig. 7. SEM image of the cross section of 810-second USP-
treated steel sample [7].

April 2024



80
150 1

100 f

i
=

A. Omidi Hashjin, M. Vahdati & R. Abedini

1 i i

=

=50

=100 1

-150 1

Residual stress (MPa)

=200

=250 1

=300

-350 *

600 800 1000

Position i cross section (micron)

Fig. 8. USP-induced CRS variation along the depth of soft steel [8].

Todaka et al. [9] conducted a comparison between
the nanocrystalline surface layer generated in steels by
USP and air blast shot peening (ABSP). They outlined a
comparison of the general conditions for ABSP and USP
processes in Table 1. Their findings revealed that at

equivalent coverage levels, the nanocrystalline region
created by ABSP is larger than that formed by USP.
Moreover, they observed that the deformed structure
region is thicker and the strain is smaller in ABSP
compared to USP.

Table 1. Process parameters of ABSP and USP [9]

Process type  Shot size (mm)  Shot velocity (mm/s)

Impact direction (degrees) Coverage rate (%0/s)

ABSP 0.05,0.3 >100

UsP 0.4 <20

90 100, 170

random 20

Sanda et al. [10] explored the influence of peening
duration, shot material, number of shots, and peening
distance on the CRS induced on the surface of Inconel
718 by the application of USP. They observed that
increasing the peening duration and reducing the
peening distance led to an increase in the surface CRS,
while increasing the number of shots resulted in a
decrease (due to the rise in inelastic collisions and
energy losses). Moreover, utilizing WC/Co shots instead
of steel shots amplified the surface CRS. Once a certain
peening duration was reached, the CRS attained a
saturation level, indicating that the system could not
induce further plastic deformations on the material. Fig.
9 illustrates the surface state of some USP-treated IN718

April 2024

samples with respect to peening duration (t), peening
distance (H), and shot material.

Yin et al. [11] documented the formation of a 70 um
thick nanograined layer on the surface of pure copper
after applying USP with peening duration of 600 s,
peening distance of 12 mm, 21 shots of 5 mm diameter,
and sonotrode amplitude of vibration of 50 um.

Zhu et al. [12] observed the formation of a
nanocrystalline-amorphous (NC-A) mixed layer upon
subjecting pure titanium to USP at room temperature.
They investigated the impact of process parameters on
the amorphization percentage of the NC-A mixed layer.
The process conditions for Zhu's tests are listed in Table
2. They found that the amorphization percentage in the
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NC-A mixed layer increased with an increase in peening 44.09%, corresponding to a peening duration of 100 s,
duration, shot diameter, and sonotrode amplitude of shot diameter of 3 mm, sonotrode amplitude of vibration
vibration, or with a decrease in the peening distance. The of 40 um, and a peening distance of 7.5 mm.

maximum reported amorphization percentage was

Table 2. USP process conditions [12]
Specimen  Peening duration (s) Shot diameter (mm) Sonotrode amplitude (um) Peening distance (mm)

1 5 2 32 7.5
2 10 2 32 7.5
3 20 2 32 7.5
4 50 2 32 7.5
5 100 2 32 7.5
6 200 2 32 7.5
7 400 2 32 7.5
8 800 2 32 7.5
9 100 1.4 32 7.5
10 100 3 32 7.5
11 100 3 40 7.5
12 100 3 40 10
13 100 3 40 12.5

H=12mm
t=1min

H=12mm
t=13min

H=38mm
t=1 min

H=38mm
t=15min

WC/Co balls

Fig. 9. Surface state of IN718 after USP with different parameters (an extended topograpghy of 3.2 x 2.4 mm area has been
measured in each treated sample) [10].
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Mahobia et al. [13] examined the influence of
peening duration and shot diameter on the grain size of
the nanograined region induced on the surface of nickel
free high nitrogen austenitic stainless steel by USP. They
utilized hardened steel shots with diameters of 2 and 3
mm, along with peening durations of 2 and 8 minutes.
Nanograins ranging from 13 to 18 nm were identified on
the material's surface. The grain sizes corresponding to
different process parameters are summarized in Table 3.

Table 3. Effect of peening time and shot size on nickel free
high nitrogen austenitic stainless steel grain size [13]

Peening duration Shot diameter ~ Grain size
(min) (mm) (nm)
2 2 18
2 3 15
8 2 15
8 3 13

Kumar et al. [14] observed the formation of a
nanograined layer on the surface of f titanium following
USP with various peening durations. They noted that an
increase in the peening duration resulted in reduction of
the grain size and an increase in the thickness of the
nanograined region.

2.2. Impact of USP on fatigue properties

Surface cracks are a primary cause of fatigue failure,
which has been identified as the most prevalent failure
mode in materials [17-19]. Research indicates that USP
process significantly impacts the fatigue strength of
materials. Watanabe et al. [15] investigated the impact
of ABSP and USP processes on the fatigue strength of
high-strength steel (SNCM439). In the case of USP, two
different shot materials, ball bearing (SUJ2) and
tungsten carbide (WC) shots, were employed, while
other process parameters were held constant. The shots
used in ABSP were of rounded cut wire (RCW).
According to the results illustrated in Fig. 10, samples
treated by both processes exhibited higher fatigue
strength compared to the untreated sample. The surface
fatigue limit of the specimen treated by USP with WC
shots was elevated to 1250 MPa (maximum fatigue
limit). Furthermore, the surface fatigue limit of samples
treated by ABSP with RCW shots exceeded those USP-

April 2024

A. Omidi Hashjin, M. Vahdati & R. Abedini

1600
SNCM439
= - Rotating bending
=] —8——NP
S 1400} - OeeeeeeSUID
» L - —WC
s’ —{J---—RCW(Air)
o 1200k x Internal—fracture
3
£ 1000} .
[
" L
4
& 800t
60[} PEETTITT REPIRT T EETEEETITTY R TIIT M AT T BETACETTIT SEATETTIT RS RTIT
10° 10" 100 10° 107 10° 10° 10"

Number of cycles to failure  N;

Fig. 10. S-N curves of untreated and treated steel samples [15].

treated by SUJ2 shots.

Pandey et al. [16] examined the impact of the
peening duration on the low cycle fatigue (LCF)
behavior of 7075 aluminum alloy. Samples underwent
USP treatments for durations of 30, 60, 180, and 300
seconds. Processing the sample for 180 seconds
enhanced the LCF life of AA7075 due to the combined
effect of CRS formation and SNC. However, duration of
300 seconds resulted in the formation of surface cracks
and decreased the fatigue life. The effect of USP
duration on the number of cycles to failure at different
strain amplitudes is depicted in Fig. 11.
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8
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S 042+
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b . ¥ LA SR D |
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Number of cycles to failure, (N)

Fig. 11. Effect of USP duration on number of cycles to
failure [16].

Kumar et al. [17] found that the LCF life of Ti-6Al-
4V was improved by over four times at the lowest strain
amplitude following USP with hard steel shots of 3 mm
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diameter for 5 minutes. The S-N curves of the original
and treated samples at various strain amplitudes are
depicted in Fig. 12.

Persenot et al. [18] noted that treating Ti-6Al-4V thin
struts, constructed via electron beam melting (EBM),
with USP using 1 mm 100C6 steel shots and vibration
amplitude of 110 um for 2 hours resulted in a 2.3-fold
increase in fatigue strength at 10° cycles.

Kumar et al. [19] evaluated the LCF life of high-
nitrogen austenitic stainless steel (HNSS) following
USP with hard steel shots of 3 mm diameter and
vibration amplitude of 80 um for various peening
durations. The fatigue life of the specimens subjected to
the corresponding USP conditions is presented in Table
4. It is evident that the LCF life of HNSS was
significantly enhanced at low strain amplitudes, while it
decreased at higher strain amplitudes. The notable
improvement in fatigue life at low strain amplitudes is
attributed to the delayed initiation of cracks from the
nanograined surface and the associated CRS.

1000
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Fig. 12. S-N curves of (a) original and (b) USP-treated
samples at different strain amplitudes [17].
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Table 4. Effect of peening duration on fatigue life of

HNSS [19]
: Total strain . .
Peening . N Fatigue life
duration (min) amphtu((j/(;)(-Asr/Z) cycles (Nr)

0 0.4 28927
0.5 15389

0.6 7330

0.8 4760

3 04 69835
0.5 28069

0.6 11834

0.8 5021
6 0.4 126815
0.5 28518

0.6 7629

0.8 3402
10 0.4 261581
0.5 20199

0.6 6841

0.8 2400
14 0.4 359364
0.5 17364

0.6 7038

0.8 1574
18 0.4 540480

2.3. Influence of USP on surface characteristics,
mechanical properties, corrosion behavior, and
microstructure of materials

Inducing CRS associated with SNC and enhancing the
fatigue strength are not the only effects USP process
imparts on materials. Improving surface properties of a
material has been shown to be beneficial for enhancing
its overall properties [1], which are precisely
accomplished by USP. Kumar et al. [20] reported a 3.5%
increase in the yield strength, a 2.15% increase in the
tensile strength, a 20% increase in the surface hardness,
and a 3.4% decrease in the plastic elongation of peak-
aged IN718 after USP treatment. The engineering stress-
strain curves of IN718 samples with different peening
durations are depicted in Fig. 13.

In another study, Kumar et al. [21] discovered that
USP enhanced the hot corrosion resistance of Ti-6Al-4V
in air and salt environments, as well as salt mixtures, due
to SNC. Additionally, Li et al. [22] observed that the
surface hardness of 301 stainless steel increased from
275.8411.7 HV to 522.2+6.9 HV after USP treatment
with 1.5 mm shots and the vibration amplitude of 70
pm for 5 minutes. The microhardness variations of the
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treated and untreated steel samples along the depth are
illustrated in Fig. 14.

Pandey et al. [23] conducted USP on AA 7075 using
hard steel shots of 3 mm diameter and a vibration
amplitude of 80 pm for durations of 15, 30, 60, and 300
seconds. They concluded that the optimum corrosion
resistance was achieved with a peening duration of 15
seconds due to higher passivation resulting from SNC,
lower plastic deformation, and lower micro strain.

A. Omidi Hashjin, M. Vahdati & R. Abedini

Additionally, it was noted that as the peening duration
increased, the surface roughness exhibited a steep rise
until reaching a certain point, beyond which it increased
at a constant rate, as depicted in Fig. 15. This implies that
SNC is not the only factor controlling the corrosion
resistance, as increased surface roughness can provide
active sites for pitting and thereby deteriorate corrosion
properties.
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Engineering Strain (%)
Fig. 13. Tensile properties of peak aged IN718 with respect to different peening durations [20].
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Fig. 14. Microhardness variation of 301 SS samples along the depth [22].
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Fig. 15. Effect of peening duration on AA7075 surface
roughness [23].

Kumar et al. [24] examined the impact of the shot
diameter and the peening duration on the corrosion
resistance and microhardness of nitrogen-stabilized
stainless steel without nickel, as outlined in Table 5. The
variations in the microhardness of samples along the
depth are illustrated in Fig. 16. They observed an
improvement in the corrosion resistance for samples A2
and B1, while it decreased for longer peening durations
due to excessive surface damage.

Table 5. Process parameters [24]

Shot diameter Peening duration

Designation

(mm) ©)
Al 2 30
A2 2 60
A3 2 120
B1 3 30
B2 3 60
B3 3 120

Zhu et al. [25] noted an increase in the surface
roughness as the peening duration increased, following
the application of USP to WC-8Co samples using 304
standard steel shots with a diameter of 5 mm, whose
variation pattern is illustrated in Fig. 17.

Zhang et al. [26] documented a 25% increase in the
surface hardness of selective laser melted (SLM) Ti-6Al-
4V following USP treatment. They further concluded
that increasing the peening duration results in an increase
in the CRS both on the surface and in the depth of the
samples, as illustrated in Fig. 18.

Kumar et al. [27] noted improved corrosion behavior
in all USP-treated Ti-13Nb-13Zr samples compared to
the untreated sample. The corrosion rate of the test
samples immersed in Ringer’s solution for 35 weeks is

depicted in Fig. 19.

275
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v — 7T
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Fig. 16. Microhardness variations along the depth in different samples [24].
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Fig. 17. Effect of peening duration on WC-8Co surface
roughness [25].
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Chen and Zhang [28] subjected 7A52 aluminum
alloy specimens to USP using 304 stainless steel shots
with the diameter of 1 mm, the peening distance of 10
mm, and the peening duration of 10 minutes to
investigate its impact on the friction and wear
characteristics of the material. As depicted in Fig. 20,
surface roughness increased after USP treatment. A ball-
on-disk friction and wear test was conducted to
determine the coefficient of friction and wear rate of
specimens under friction loads of 5, 10, 30, and 50
newtons. As illustrated in Fig. 21, both the coefficient of
friction and wear rate decreased in USP-treated samples
compared to the untreated specimen.

Chen et al. [29] investigated the impact of the
peening duration and the peening distance on the surface
hardness, yield strength, tensile strength, and elongation
of pure copper. After subjecting the sample to USP for
120 seconds, the surface hardness, tensile strength, and
yield strength of pure copper increased by 233.5%,
17.1%, and 313.17%, respectively. The variation of
tensile properties of pure copper with respect to peening
duration is illustrated in Fig. 22.

Xu et al. [30] investigated the impact of the peening
intensity on the microhardness, surface roughness, and
tensile strength of TC2 thin sheet tensile specimens, as
shown in Fig. 23, which were treated with USP on both
sides. According to their findings, an increase in the
peening intensity led to higher surface roughness,
microhardness, and tensile strength. Peening intensities
of 0.189, 0.277, and 0.360 mmA resulted in tensile
strengths of 772.7, 784.9, and 799.3 MPa, respectively,
all of which exceeded the tensile strength of the
untreated specimen (752.9 MPa).

Zhang et al. [31] observed a reduction in the
coefficient of friction and wear rate of AZ31 magnesium
alloy at different sliding speeds following the application
of USP to the material. This improvement was attributed
to the formation of MgO on material surface, which
resulted from SNC. The wear rate of the studied samples
under different applied loads and sliding speeds is
depicted in Fig. 24.
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Fig. 23. TC2 tensile specimens [30].
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Fig. 24. Effect of USP on wear rate of AZ31 at different sliding speeds [31].

Dong et al. [32] found that USP reduced the wear rate
of M50 bearing steel by over 50% under sliding
conditions compared to that of the untreated sample.
They observed that as the peening duration increased,
the wear mechanism tended to shift from oxidative and
severe plowing wear to mild plowing wear.

Kong et al. [33] investigated the impact of
temperature-assisted ultrasonic shot peening (TA-USP)
on mechanical properties of two-phase Mg-Li alloy. The
parameters of the experiments are listed in Table 6.
Hardness variations with depth of specimens treated
with different parameters are illustrated in Fig. 25.

Peening duration at RT
100

Tensile properties of specimens treated with different
USP parameters are summarized in Table 7.

Table 6. Process parameters [33]

Sample Peening Peening
No. temperature (°C) duration (s)
1 RT 50
2 RT 100
3 RT 200
4 RT 400
5 100 100
6 150 100
7 200 100
8 250 100
Peening temperature with 100s
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Fig. 25. Effect of peening temperature and duration on microhardness of Mg-Li alloy [33].
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Table 7. Effect of temperature and peening time on Mg-L.i tensile properties [33]

TA-USP parameters  Tensile strength (MPa)

Yield strength (MPa) Elongation to failure (%)

RT,0s 141.9+8.6
RT, 100 s 176.5+4.6
RT, 400 s 1725+3.9

100°C, 100 s 164.6 £0.5
200°C, 100 s 158.3+5.3

106.2 +6.3 29.1+3.38
152.3+34 12825
1522 +4.6 115+11
139.7+0.7 109+0.3
1347+54 16.1+1.6

Yin et al. [34] examined the impact of the peening
duration on the microhardness and tensile properties of
dual phase high entropy alloy (DPHEA), concluding that
an increase in the peening duration leads to increased
hardness both on the surface and in the depth, as well as
higher tensile and yield strength. However, they also
noted a decrease in the elongation to failure with
increasing the peening duration.

Chen et al. [35] investigated the impact of USP
durations of 3, 6, and 9 minutes on the mechanical
properties of CrMnFeCoNi high entropy alloy (HEA).
They found that the tensile strength increased by 30% to
53%, while the yield strength increased by 129% to
158% compared to untreated samples.

Omidi et al. [36] with the participation of another

group of researchers, succeeded in designing,
manufacturing and testing the USP setup in Iran for the
first time. They conducted a number of experiments
based on the full factorial design (FFD), as outlined in
Table 8, to investigate the effect of the peening duration
and ultrasonic power on the surface hardness of AlSI
316L stainless steel. The results revealed that increasing
the peening duration and ultrasonic power increased the
surface hardness. USP treatment of the specimen at 100
% ultrasonic power for 195 seconds caused the surface
hardness to increase from 15.6 HRC to 22.2 HRC. SEM
images of the samples “without USP” and “with USP”
(No. 4), depicted in Fig. 26, reveal the surface dimples
generated by shots impacts.

Table 8. Effect of the peening duration and ultrasonic power on surface hardness of the AISI 316L stainless steel [36]

Sample number Peening duration (s) Ultrasonic power (%) Hardness (HRC)

Without USP 0 0 15.6
1 45 40 17.7
2 195 40 16.8
3 45 100 18.83
4 195 100 22.2

5

Sigmal A= SE2

| 100um EHT = 15.00 k¥
| Mag= 100X

Wwo = 89 mm

Date :20 Nov 2023 ZEISS
Tirme :11.:41:08

Fig. 26. SEM images of the surface of specimens (a) without USP and (b) with USP (No. 4) [36].
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Fig. 26. (Continued).

Omidi et al. [37], in another study, investigated the
effect of the peening duration and ultrasonic power on
the transverse section microhardness of AISI 316L
stainless steel samples. The samples were USP-treated in
accordance with the experimental conditions outlined in
[36]. The transverse section microhardness of cylindrical
specimens was measured at depths of 75 and 250 um
using micro-Vickers test equipment, after being cut into
halves and cold mounted. Test results are presented in
Table 9, revealing that increasing both the peening

duration and ultrasonic power increased the

microhardness. However, the further from the treated
surface, the less the microhardness. In the case of sample
No. 1, the microhardness at a depth of 250 um exceeded
the microhardness at a depth of 75 um, which could be
due to the non-uniform flow of the material. In other
words, more material accumulated at 250 um than at 75
pm after the application of USP at 40% ultrasonic power
for 45 seconds. The maximum microhardness (346
VHN) was observed at a depth of 75 um, corresponding
to USP treatment of the specimen at a 100% ultrasonic
power for 195 seconds.

Table 9. Effect of the peening duration and ultrasonic power on transverse section microhardness of the steel samples [37]

Sample number  Peening duration (s) Ultrasonic power (%)

Microhardness (VHN)
75 pm 250 um

Without USP 0
1 45
2 195
3 45
4 195

0 241.33 241.33
40 242.33 257
40 255.33 246

100 291.66 271.66
100 346 286

Wang et al. [38] studied the effect of USP on the
surface roughness of 2024 aluminum alloy. They used
the A-type Almen strip to obtain the saturation curve, as
shown in Fig. 27, and to measure the peening intensity
in correspondence with the USP parameters listed in
Table 10, for the peening durations of 5, 10, 20, 40, and
80 minutes. The saturation time and peening intensity
were determined to be 40 minutes and 0.503 mmA,

April 2024

respectively. Subsequently, thin sheets of 1 mm, 2 mm,
and 3 mm thickness were USP-treated according to
Table 10 and the aforementioned peening durations.
Results showed that increasing the peening duration and
decreasing the sheet thickness reduced both the
arithmetic mean deviation (Ra) and total height of the
roughness profile (R;), as graphically illustrated in Fig.
28.
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Table 10. USP parameters for treating 2024 aluminum alloy [38]

Shot Shot diameter Peening distance Amplitude of Number of Frequency of
material (mm) (mm) vibration (um) shots vibration (kHz)
SS 304 6 60 40 76 15
0.60 —
o) 0.40 —
g
=
20
(5}
=
2
< 0.20
0.00

T
0 20

T T T
40 60 80

Time (min)

Fig. 27. Arc height variation of A-type Almen strip with respect to peening duration [38].
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Fig. 28. Effect of peening duration and sheet thickness on (a) arithmetic mean deviation and (b) total height of the roughness
profile [38].

Han et al. [39] investigated the effect of USP and
USP followed by polishing on the surface roughness and
corrosion behavior of AZ80M magnesium alloy. The
samples were treated with USP using 3 mm diameter
tungsten carbide balls, a peening distance of 15 mm, and
vibration amplitude of 50 um for 4 minutes. The R, value
of the test samples increased from an average of 0.045
pm to 1.165 pm after USP treatment. However, after
polishing the USP-treated samples, the surface
roughness was restored to an average value of 0.043 um.

IIMF, Iranian Journal of Materials Forming, Volume 11, Number 2

The steady-state open circuit potential of the untreated,
USP-treated, and “USP + Polishing” specimens in 3.5
wt.% NaCl solution was -1.563 V, -1.583 V, and -1.551
V, respectively. This indicates that the application of
USP increased the samples' tendency to corrode due to
the increase in surface roughness. In contrast, the
polished USP-treated samples showed significantly
improved resistance to corrosion, attributed to a more
uniform microstructure distribution provided by
polishing. Surface morphologies of as-received, USP-
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treated, and polished USP-treated magnesium samples
immersed in 3.5 wt.% NaCl solution for 1, 3, and 24
hours are shown in Fig. 29. The corrosion intensifies by
increasing the immersion time. The untreated samples
exhibited expanding corrosion likely due to their uneven

A. Omidi Hashjin, M. Vahdati & R. Abedini

surface. The USP-treated surface showed the most
severe corrosion behavior, while the polished USP-
treated sample surface remained relatively consistent,
demonstrating the effectiveness of polishing after USP

treatment.

Fig. 29. Surface morphologies of (a, b, ) untreated, (d, e, f) USP-treated and (g, h, i) polished USP-treated samples immersed in
3.5 wt.% solution for 1, 3, and 24 hours (from left to right). Each specimen feature a surface area of (10 x 10) mm? [39].

3. Conclusion

Ultrasonic shot peening (USP), a relatively recent
surface hardening technique, involves exciting spherical
balls (shots) using an ultrasonic vibrating device
operating at frequencies above 20 kHz. These
oscillations cause the shots to randomly impact the
workpiece surface, generating compressive residual
stresses (CRS) that refine the material's surface grains.
The process boasts a considerable range of controllable
parameters, making it straightforward to integrate and
implement. This paper aims to provide a comprehensive
review of relevant literature published over the past two
decades, serving as a comprehensive guide for
individuals interested in understanding the USP process
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and its impact on materials' properties.

Based on the reviewed literature, the following

conclusions emerge:

e USP forms a hardened layer on the material's
surface, reaching depths of up to 30 um, with a
fraction consisting of a nanograined layer
featuring grains as small as 10 nm. The longer
the peening duration, the thicker the hardened
layer.

e As the peening duration increases, the CRS
increases.

e Theinduced CRS variations follow a consistent
pattern along the depth of the treated
workpiece. As one moves further from the
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treated surface, CRS reaches a maximum
negative value before gradually decreasing to
zero or aligning with the residual stress of the
untreated part of the workpiece. The peening
distance has an adverse effect on the CRS
magnitude.

e USP improves the fatigue strength, especially
at lower strain amplitudes.

e Increasing the peening duration increases the
fatigue strength; however, treating the surface
of the material for too long brings about
excessive plastic deformations and surface
cracks that reduces the material’s fatigue
strength.

e USP increases surface roughness.

e USP has the potential to elevate surface
hardness by 20% to 90%.

e USP enhances both yield and tensile strength,
while concurrently reducing the elongation to
failure.

e Optimizing the peening duration to an ideal
value can enhance corrosion resistance.
Prolonged peening durations, however, may
induce surface cracks and degrade the
material's corrosion behavior.

e USP improves wear and friction properties of
materials.
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