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A B S T R A C T

Most of the challenges experienced by many engineering materials originate from the surface which later leads to
total failure, hence affecting the resultant mechanical properties and service life. However, these challenges have
been addressed thanks to the invention of a novel surface mechanical attrition treatment (SMAT) method which
protects the material surface by generating a gradient-structured layer with improved strength and hardness
without jeopardizing the ductility. The present work provides a comprehensive literature review on the me-
chanical properties of materials after SMAT including the hardness, tensile strength and elongation, and residual
stress. Firstly, a brief introduction on the different forms of surface nanocrystallization is given to get a better
understanding of the SMAT process and its advantages over other forms of surface treatments, and then the grain
refinement mechanisms of materials by SMAT from the matrix region (base material) to the nanocrystallized layer
are explained. The effects of fatigue, fracture, and wear of materials by the enhanced mechanical properties after
SMAT are also discussed in detail. In addition, the various applications of SMAT ranging from automotive,
photoelectric conversion, biomedical, diffusion, and 3D-printing of materials are extensively discussed. The
prospects and recent research trends in terms of mechanical properties of materials affected by SMAT are then
summarized.
1. Introduction

Over the years, untimely failure caused by stress and wear has been
the major problem affecting the surface of most metallic materials,
leading to cracks and defects. These failures usually originate from the
surface and propagate through the material down to the matrix, which
ultimately affects the mechanical properties of the material. With the
invention of surface nanocrystallization (SNC), most of these surface-
affected challenges have been addressed. This is made possible by the
generation of a new nanoscale layer on the material surface, which
protects the material surface and significantly improving the overall
properties.

Till date, compared to other forms of SNC, surface mechanical attri-
tion treatment (SMAT) method has been widely recognized as a tech-
nique of upgrading the microstructures and properties of materials by
generating gradient-structured layer on the material surface without
tampering with the inherent chemical compositions [1]. This article
al Engineering, City University o
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reviews the effect of an effective SMAT method on materials in terms of
mechanical behaviors.
1.1. Different types of surface nanocrystallization

Surface nanocrystallization (SNC) of materials can be classified into
three: (a) surface coating, (b)surface self-nanocrystallization, and (c) hybrid
surface nanocrystallization. As shown in Fig. 1a, the first method entails
various coating/deposition approaches such as chemical vapor deposition
(CVD), physical vapor deposition (PVD), and plasma processing. However,
bonding between the substrate and the coated layer, and bonding between
particles are themajor setbacks in the surface coatingmethod, inwhich the
composition of the substrate and the coated layer can be of different or the
samematerials.On theother hand, the secondmethod (Fig. 1b) involves the
transformation of the material surface layer into nanocrystalline phase via
thermal ormechanical activation (the application ofmechanical treatments
leading to severe plastic deformation - SPD).
f Hong Kong, SAR, Hong Kong, China.
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Fig. 1. Schematic illustration of the three types of surface nanocrystallization
processes: (a) surface coating or deposition; (b) surface self-nanocrystallization;
and (c) hybrid surface nanocrystallization [3].
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In the mechanically induced nanocrystallization, Tao et al. [2]
explained that the localized SPD and the subsequent grain refinement
occur due to the contact loading as a result of the continuous plastic
deformation in different directions involving the following mechanisms:
(a) deformation localized in shear bands, (b) dislocation activities, and
(c) a change in the grain's direction to a total random state. Meanwhile,
the thermally induced nanocrystallization involves the formation of a
nanocrystalline structure by monitoring the melting and solidification
kinetics of the upper layer. It is usually achieved via phase transformation
such as melting or solidification. The third form of nanocrystallization
process (Fig. 1c) [3] involves the production of nanostructured trans-
formable layer, leading to the generation of a nanocrystalline layer with
different phases or chemical compositions by simultaneously or indi-
vidually combining the nanostructured transformable layer with metal-
lurgical, thermal, or chemical process.

1.2. Surface nanocrystallization process

Regarding the second and third type surface nanocrystallization (i.e.
grain refinement induced by plastic deformation), the positive influence
of SMAT has been observed on different metallic materials and alloys
including pure metals [2], steels [4,5], and alloys [6], on which a
nanostructured surface layer has been obtained resulting into ultra-high
strength and hardness [7]. Compared to other forms of SNC treatments,
SMAT is recognized as a unique method of generating a nanocrystalline
layer on bulk materials with some unique advantages [8] as compared
with the first type (surface coating) [9,10] method for SNC, such as no
change in chemical compositions and adequate bonding between the
matrix and the nanocrystalline surface layer [11]. The various process for
producing surface nanocrystallization includes ultrasonic process
involving the surface nanocrystallization and hardening (SNH) and
ultrasonic-assisted surface mechanical attrition (SMA), mechanical vi-
bration process (mechanical vibration assisted SMA, and ball drop); and
pneumatic-assisted processes. Some of the processes under
pneumatic-assisted treatment include pneumatic-assisted SMA, air blast
shot peening (ABSP), supersonic fine particles bombarding (SFPB),
shot/sandblasting, and particle impact processing (PIP).

The ultrasonic-assisted surface mechanical attrition (UASMA) [12]
process, sometimes entitled ultrasonic shot peening (USSP) [13],
(II-type) SMAT [14,15], is based on the vibration of round balls using
high power ultrasound. The balls are placed in a reflecting chamber
which is vibrated by an ultrasonic generator, after which the balls are
energized. The whole surface of the material to be treated is peened with
a very high number of impacts over a short time due to the high
4

frequency of the system (20 kHz). The major operating parameters are
the number of balls, treatment time, temperature, and the ball diameter
in the range 0.4 to 0.8 mm, which is higher than the one in shot peening
process [3].

The surface nanocrystallization and hardening (SNH) [10] process
uses ultrasonic vibrations of high-energy balls for obtaining nano-
crystalline surfaces. In SNH method, the specimen is held in place at the
rigid cover of a cylindrical container usually made of hardened steel. The
SNH process can typically lead to a plastic deformation layer of ~ 300 μm
as a result of the high kinetic energy of an impacting shot. In addition,
tungsten carbide or steel balls with diameters of 4–10 mm are usually
used in SNH [8].

Furthermore, the mechanical vibration assisted surface mechanical
attrition (MVASMA) [16] treatment, or named as (I-type) SMAT [7,11], is
based on the mechanical vibration of a reflecting chamber with round
shots of different diameters. Furthermore, mechanical alloying (MA)
[14] is a third type surface nanocrystallization method based on me-
chanical vibration (MA) [17]. By means of the MA method, metal coat-
ings were deposited on the substrates. The samples and the powder along
with the steel balls were placed into the vibration chamber vibrated by
mechano-reactor. Process control agent may not be necessary. The sur-
face layer was subjected to repeated ball collisions. The repeated ball
collisions with the sample resulted in deposition of powder on the sur-
face. In a ball drop experiment [15], a weight with a ball attached on its
bottom was dropped from a height of 1 or 2 m onto a bulk specimen with
flat surface [18]. The specimen is impacted by the impacting ball with a
heavy weight of about 5 kg. Experiments can be carried out in air at
liquid nitrogen temperature or room temperature.

Generally, pneumatic-assisted surface mechanical attrition (PASMA)
treatment is based on a pneumatic-assisted shot jet with a nozzle system
[19]. In addition, the air blast shot peening (ABSP) [10] is a shot jet
device for surface mechanical attrition treatment. In ABSP, the shots are
projected by compressed air [10]. Meanwhile, ABSP uses higher shot
speed and larger coverage than conventional shot peening. Shot material
and size, and air pressure are the effectual parameters that mainly affect
the characteristics of the nanocrystalline surface and the results of the
treatment.

In high energy shot peening (HESP) [20], the shots are projected by
high pressure compressed gas. Shots are normally thrown with high ve-
locity to the end face of the cylinder-shaped sample under peening
pressure. Repeated multidirectional peening at high strain rates of the
ball onto the surface will result in severe plastic deformation in the
surface layer of the treated sample [17]. The restrain sleeve grip the
sample and impeded metal on the peened surface to flow away from the
surface. HESP treatment operational frequency and size of the shots is
about 3 kHz and diameter of 8 mm respectively [21]. In the supersonic
fine particles bombarding (SFPB) process [22], the sample surface is
usually bombarded by the hard and high-energy particles driven by the
supersonic airflow with the smaller bombarding particles and the higher
airflow speed as the two distinguishing features of SFPB device against
the conventional shot peening unit. Interestingly, nanolayers can be
obtained by shot-/sandblasted and subsequently annealed the specimen
[10]. Using Helium as the particle carrier gas, the high velocity of balls is
normally generated through a high pressure light-gas gun which accel-
erates particles to a desired impact velocity, named as the particle impact
processing [15] (PIP). Here, the bore can provide enough distance for
acceleration by mounting the specimen at the end side of bore.

1.3. A comparison among shot peening and various SMA processes

Conventional shot peening consists in blasting the part to be treated
with small pellets or shots at a high speed. The shot can be made of steel,
ceramic, glass, cut wire or cast iron. Typical shots are between 0.1 and
2 mm [20]. The conventional shot peening is similar to the SMAT pro-
cesses, such as USSP, HSEP, SMAT, SNH, PIP, in the sense that all of these
processes involve the impingement of the material surface layer with a



Table 1
Differences between classical shot peening and USSP/SMAT processes [Modified
from Ref. [3]].

Parameters Classical shot
peening

Air blast
shot
peening

Ultrasonic
shot
peening

I-type/II-
type SMAT

Size of
shots

Small (about 200 μm
to 1 mm)

Smallest
(50 μm to
0.3 mm)

0.4 mm Larger
(300 μm to
10 mm)

Shot
velocity

High (20–150 m/s) High
(>100 m/s)

Low
(<20 m/s)

Low (2–5 m/
s)

Perfectly
spherical
shot

Not necessary Must be used (to reduce the
risk of wear and the damage
in the surface layer)

Treatment
direction

Directional
treatment (the angle
between the shot jet
and the sample
surface ~ 90� in
many cases).

Single
direction
(~90�)

Multi-
direction

Random
directional
treatment
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repeated multidirectional fast moving shots [20]. However, SNC has not
always been observed in shot peening because of the large differences in
kinetic energies (sizes and velocities) of impacting balls [20]. For
instance, tungsten carbide or steel shots with diameters of 4–10 mm are
used in SNH whereas shots made of glasses, ceramics, or steels normally
have diameters of about 200–500 μm in shot peening [8]. The kinetic
energy of an impacting shot in shot peening is typically 20 to 200 times
lesser than that of SNH process. A finite-element analysis [23] indicates
that when the kinetic energy of an impacting shot in the SNH process is
around 180 times larger than that in shot peening, the plastic deforma-
tion layer in SNH process would be 10 times thicker and the maximum
plastic strain 100 times larger than those in shot peening process. The
SNH process can typically lead to a plastic deformation layer more easily
than the conventional SP due to the high impact energies. Despite the
difference in the kinetic energy of the impacting balls and shots, it is also
worth notifying the major differences [3,21] between shot peening and
various methods in terms of the size of shots, shot shape requirements,
and the treatment direction, as summarized in Table 1.

Todaka et al. [24] compared the nanostructured layer in steels formed
by ultrasonic shot peening (USSP) and air blast shot peening (ABSP) [24].
In their SEM observation comparing USSP and ABSP at the same
coverage, the produced volume of nanocrystalline region is smaller in
USSP than in ABSP. In addition, the deformed structure region is thicker,
but the strain is bigger in USSP than in ABSP. They explained the results
that a larger strain is given at a thin surface layer in USSP than that in
ABSP. This difference is due to the lower surface temperature in USSP
than in ABSP since the impact energy of one shot in USSP is much smaller
than that in ABSP [25,26]. One other interesting point to note is that the
nanocrystalline layers generated revealed considerably slow grain
growth without recrystallization [27].

In the present review, a comprehensive literature review on the me-
chanical properties of materials after SMAT will be given including the
residual stress, tensile strength and elongation, and hardness. The review
also covers the different forms of surface nanocrystallization and the
uniqueness of SMAT as compared with other forms of surface treatments,
and then the grain refinement mechanisms of materials by SMAT from
the matrix region to the upper layer of materials will be summarized. We
conclude this review by explaining the various applications of SMAT and
finally highlight some of the prospects and recent research trends in
terms of mechanical properties of materials affected by SMAT.

2. Grain refinement mechanisms of materials by SMAT
processing

After SMAT, there is a formation of a nanocrystalline surface layer on
the material, involving the presence of a transition layer whose
5

properties vary with depth. It entails the gradual change in the grain size
from nanometer to normal size in the base material. Elastic deformation
usually dominates the region near the base material, whereas there is an
occurrence of severe plastic deformation near the uppermost surface. As
illustrated in Fig. 2, the TEM characterizations (Fig. 2a-d) and the mo-
lecular dynamic (MD) simulations (Fig. 2e-h) of different ordered hier-
archical nanotwins present the grain refinement mechanisms and
structure evolution details of hierarchical nanotwins at atomic scale in
pure silver (Ag) after surface treatment by SMAT.

Themicrostructure of surface mechanical treated (SMATed) materials
such as Ti alloys [28,29], Mg alloys [30–32], Al alloy [33], and Ag alloy
[34] are normally in gradient structure [35,36]. SMAT involves the strain
induced grain refinement mechanism with a wide grain size scale in a
surface layer up to several hundred microns thick in the same specimen
[37]. Previous studies showed that different internal factors of the
treated materials, i.e. stacking fault energy (SFE) and crystallographic
structure [38], resulted in different grain refinement processes during
SMAT, especially at the upper surface layer which was characterized by
high strains and strain rates. Bahl et al. [39] investigated the mechanism
of nanocrystallization and strengthening in a medium SFE 316 L steel
during SMAT by studying the role of shear band and microband forma-
tion in SNC.

It is reported that shear bands undergo recrystallization twinning and
dynamic recrystallization to generate ultrafine grains in contrast to twin-
twin intersections in low SFE steels, which leads to an improved ductility
[40,41]. The study emphasized that the overall strengthening in SMAT
treated microstructure are directly influenced by the dislocation density
and grain size. SMAT has a significant influence on the microstructures
and mechanical properties even in high entropy alloys (HEAs) [42].
SMAT process which causes hard nano crystalline surface [43], can
reduce the grain size, and the strength and hardness can be significantly
increased. Consequently, the HEA properties can be improved by the
gradient-structured and strengthened surface [44,45]. It will be inter-
esting to know that the graded microstructure formed by SMAT which
are subjected to bombarding microcracking [46], can be quantitatively
characterized through electron backscatter diffraction analysis (EBSD) to
depict the thickness of each region identified in the affected layers after
SMAT, which are the ultra-fine grain (UFG) region present at the extreme
top surface, and the transition region where grains were fragmented
under the heavy plastic deformation, as well as the deformed region
where initial grains are simply deformed [47,48]. In addition, the grain
refinement induced by SMAT can be dominated mainly by dislocation
slip which can be linked to twinning suppression [49,50] during the
plastic deformation process [51].

SFE is the deciding factor for the nanocrystallization process for cubic
structure metals, such as Fe, Al, and AISI304 steels (Table 2). The ability
of a dislocation in a crystal to glide onto an intersecting slip plane is
usually modified by the SFE. When the SFE is low, the mobility of dis-
locations in a material decreases whereas with high SFE, the material can
only deform by dislocation glide leading to the production of subgrains
via dislocations rearrangement under further deformation, as well as the
formation of a dislocation wall and dislocation tangles due to uncom-
plicated cross slips. Due to the complex nature of the cross slip, only a
planar dislocation structure is formed at the initial stage of deformation.
The twin layer is later formed, and the grains are detached leading to
different strain induced martensite transformations. Grain refinement of
fcc Cu with a middle SFE was restrained by the combined mechanisms of
mechanical twinning and dislocation activities, that of fcc AISI 304 SS
with low SFE was controlled by martensite transformation and me-
chanical twinning, whereas the cubic (fcc and bcc [7]) metals or alloys
with a high SFE was dominated by dislocation activities.

For metals (e.g. Ti and Mg) with close-packed hexagonal (hcp)
structures have fewer slip systems, the main deformation mechanism is
twinning at first. Interestingly, highly disjointed subgrains are gradually
produced via dynamic recrystallization with continuous deformation
[52]. As for Co with a hcp structure of very low SFE, phase



Fig. 2. TEM characterizations and MD simulations of different ordered hierarchical nanotwins in pure silver (Ag); (a) TEM image of the typical nanotwins, (b) TEM
image of the two-order hierarchical nanotwins. (c) TEM image of the three-order hierarchical nanotwins, (d) TEM image of the four-order hierarchical nanotwin, (e, g)
Snapshots of the MD simulated spatial distributions of HNTs corresponding to that in (c, d), (f, h) Comparison of the TEM characterized three-order and four-order
hierarchical in (c, d) and MD simulations in (e, g) [8].
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transformation resulted into the production of nanocrystallites at the
upper surface layers. Comparing to the process of equal channel angular
pressing (ECAP) for hcp metals in titanium, magnesium and zirconium,
deformation twinning occurs at the early stage of deformation and serves
as an additional deformation mechanism to dislocation slip in order to
satisfy the von Mises criterion. With increasing strain, the grain refine-
ment process can be accrued to the transition of strain accommodation
from twinning to dislocation slip (Table 2).

Nanostructures with improved properties are usually generated in
metallic materials by SMAT. A higher strain rate can generate the
nanostructures more efficiently that lead to more desirable properties in
materials. One of the significant variables to optimize the strain rate of
materials under SMAT is the ball velocity. Chan et al. [53] noted that the
velocities of the peening balls are very important during SMAT operation.
6

Increase in the number of balls will generate more impacts due to high
rate of ball to ball collision. To sum it up, with an optimum combination
of ball sizes, ball numbers, chamber diameter, and height (length of the
fly of balls), the significant improvement in the mechanical properties
observed in AISI 304 SS can be attributed to the presence of high density
of nano twins with a nanoscale spacing.

A follow-up study reveals that strain rate is a dominant factor in
plastic deformation mechanism of 304 stainless steel (SS) [54]. The
nanocrystallines and ultra-fine grains are mainly resulting from strain
rate between 10 and 103/s. In this range of strain rate, the deformation
transitions are dislocation motions and α-martensite transformations.
High density of twin bundles is usually formed in the bulk materials when
the materials are subjected to higher strain rate in range of 104-105/s.
SMAT treatment parameters can influence the deformation mechanisms



Table 2
Summary of the dominated microstructure mechanism of surface nanostructured metals or alloy.

Materials Crystal
structure

SFE [25] Dominated microstructure refinement mechanism Treatment Ref

Fe bcc High (200 mJ m-2) Dislocation SMAT [7]
Al fcc High (166 mJ m-2) Dislocation SMAT [6]
H13 tool steel – – Dislocation activities and greatly facilitated by the presence of a large number of carbides SMAT [66]
Fe-23.4Mn-6.5Si-
5.1Cr alloy steel

fcc, bcc, hcp Low (<10 mJ m-2) Mechanical twinning and martensite transformation SMAT [67]

AISI 304 SS fcc Low (16.8 mJ m-2) Mechanical twinning and martensite transformation SMAT [68]
Inconel 600 alloy – Low Mechanical twinning and martensite transformation SMAT [69]
Cu fcc Middle

(70–78 mJ m-2)
Combination mechanism of dislocation activities and mechanical twinning SMAT [70]

Titanium hcp High (>300 mJ m-2) Dynamic recrystallization (Because of fewer slip system, twinning is the major deformation
mechanism at the initial stage and then highly disoriented subgrains form)

SMAT [71]
Mg hcp Middle (74 mJ m-2) SMAT [51]
Cobalt hcp Very low (27 �

4 mJ m-2)
Phase transformation occurring at about 690 K from the high temperature γ (fcc) phase to
low temperature ε (hcp) phase

SMAT [72]

Titanium hcp High (>300 mJ m-2) Transition from twinning to dislocation slip with increasing strain ECAP [12,
73]

Magnesium hcp Middle
(50–80 mJ m-2)

ECAP [74]

Zirconium hcp Middle (80 mJ m-2) ECAP [75]

Table 3
Microhardness obtained in various SMATed materials.

Material Microhardness
(GPa)

Grain
Size
(nm)

NS Layer
Thickness
(μm)

Treatment
duration
(mins)

Ref

316L
Stainless
Steel

4.5 <100 40 15 [83]
4.0 10 10 – [84]
4.5 40 0.5 30 [85]
4.6 20–50 20 5–30 [38]
4.45 10 10–100 15 [86]

Borided H13
Steel

HV only: 1650 8 20 40 [39]

ss400 carbon
steel

314 HV 12.7 – 15 [87]

Nitrided 321
Stainless
Steel

HV only:1420 – 40 30 [88]

Nickel Alloy 5.8–6.3 5–40 50 180 [40]
Nanohardness
only: 12

20 10–30 60 [89]

Magnesium
Alloy

1.9 30 � 5 100 5–60 [90]
HV only: 270 50–100 0–10 30 [91]
HV only:250 50 0–10 30 [92]
HV only: 434 – – – [93]

Titanium 3.8 <100 50 30 [43]
Iron 3.8 12 0–15 60 [94]
Copper 1.3 <100 25 30 [95]
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and deformed depth of metallic materials as a result of the repeated
collision of round hardened balls leading to the residual stress and the
subsequent formation of martensite, which can be increased by
increasing the treatment duration and shot size due to higher strains
[55–57]. Besides, a significant increase in hardness can also be observed
due to the plastic deformation, grain refinement, twinning, and
martensite formation induced by SMAT [58–60].

Furthermore, the formation of ultrafine or nanocrystalline micro-
structures on surfaces materials heavily deformed by sliding has been
extensively investigated by Hughes and Hansen [61–63]. Microstructural
evolution follows the trend of grain subdivision down to the nanometer
unit [61]. Besides, dislocations play significant role in the development
deformation microstructures [62], which can be quantified in terms of
structural parameters including the misorientations across high angle
and dislocation boundaries, and the spacing between the boundaries
[63]. Meanwhile, there is a feasibility of welding for joining and
microstructure refinement [64,65].
7

3. Mechanical properties after SMAT

Many characterization and property studies have been carried out on
the SMATed materials. This session will review the research on SMAT
treated surface nanostructuredmaterials in terms of mechanical behavior
including; (1) hardness, (2) tensile strength and elongation, and (3) re-
sidual stress behavior.
3.1. Hardness

After SMAT, there is a significant improvement in hardness in various
materials including 316L stainless steel [76], H13 steel [77], Nickel alloy
[78,79], Magnesium alloy [80], Titanium [81], and pure Copper [82].
Table 3 summarized the microhardness values obtained in various
SMATed materials.

Generally, the variation of hardness decreases gradually from the
treated surface to the bulk. In the top surface nanostructured layer, the
thickness of which is generally in μm scale, the hardness reaches a
maximum of about a few GPa. Then, the hardness value gradually de-
creases and finally tends towards a constant value at the subsurface layer.
For instance, Fig. 3 shows the hardness evolution along the depth of the
SMATed samples of various materials.

For common hardness evolution of SMAT materials, the maximum
hardness is usually located around the top layer. However, in some cases,
the maximum hardness may not be located exactly at the top surface but
at around 20 μm away from the top surface. As shown in Fig. 4 [32], the
surface hardness of the AISI 304 stainless steel was about 2.2 times
higher than that of the untreated one.

Findings revealed that the grain size of SMAT sample increased
gradually from the top surface to the substrate, indicating a decrease in
hardness [88,89]. For instance, the evolution of grain refinement
mechanism in Cu-4wt.%Ti alloy during SMAT revealed that SMAT can
increase the hardness of the treated layer by 40% [96], and this
improvement in hardness can be attributed to the increase in deforma-
tion bands and dislocation density with grain size refinement [97].

3.1.1. Relationship of microhardness and crystal structure
As indicated in Fig. 3e, the microhardness of the top nanostructured

surface layer of a SMATed Mg is three times more than that of the inner
matrix, the large increment of microhardness is associated with twomain
factors: (1) grain refinement, and (2) re-dissolution ofβ-phase on the
surface layer [91]. Firstly, the increase of micro-hardness may be
attributed to grains refinement on the surface layer following the clas-
sical Hall–Petch relationship: σ ¼ σo þ Kd�1=2, where d is the grain size,



Fig. 3. Hardness evolution along the depth of the SMATed materials of; (a) 316L stainless steel [83], (b) Borided H13 Steel [77], (c) 321 Stainless steel [88], (d) Nickel
Alloy [78], (e) Magnesium [91], (f) Titanium [81], (g) Iron [94], and (h) Copper [97].
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Fig. 4. Micro-hardness distributions along depth on samples after inner surface treatment, outer surface treatment, and as-received [37].
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K is a constant, depending on the number of the slip systems, σ0 is the
yield stress of a single crystal, and σ is the yield stress. It should be noted
that the hcp metals exhibit the strong influence of the grain size on
strength. The reason for this is that the slip systems are limited, and K is
larger for hcp metals (e.g. Mg, Ti) than that for fcc (e.g. Cu, Al) and bcc
(e.g. Fe) metals [98]. Hence, a high increment of microhardness can be
attained in fine-grained Mg-based (hcp) materials. Secondly, the
re-dissolution of β-phase on the surface may also be the reason for the
improvement in micro-hardness. To sum it up, the stored strain energy,
severe distortion of lattice, and defects during the SMAT process,
significantly contributes to the solute diffusion [99] and the
re-dissolution of β-phase is beneficial for the increase in micro-hardness.

3.1.2. Relationship between grain size and microhardness in SMATed
samples

Grain size is also an important factor for determining the hardness of
materials. Hardness varies along the depth on the cross-sectional of
sample. The maximum hardness usually lies in the top nanocrystalline
SMATed layer and it decreases gradually with depth. This can be
explained by the refinement of grain size on the surface of the material.
The relationship between the hardness of a SMAT Cu sample and d�1/2 (d
is the average grain size) is examined [100]. The graph shows the con-
sistency with the classical Hall–Petch relation, implying that the grain
size is inversely proportional to the hardness. The decrement of grain size
especially at the surface layer is attributed to SMAT by the substantial
grain refinement into the nanometer regime. Compared with the
coarse-grained matrix, the higher hardness value can be explained by the
presence of martensite and large reduction in grain size at the top surface
[60]. Hence, maximum microhardness should be obtained at the surface
of the SMAT treated sample.

For iron plate subjected to SMAT using stainless steel balls, it has been
proved that the increase in hardness of the surface layer is mainly due to
grain refinement to nano-scale, instead of the alloying (contamination)
produced by the SMA treatment media (shot and other impurities) [94].
For SMATed Fe sample, there is no obvious change in hardness before
and after annealing at 597 K for 30mins (Fig. 5a). A similar increase in
hardness was obtained for AISI 316L stainless steel after treatment by
SMAT [101].

Microstructure analyses indicated that there was no obvious change in
average grain size of the surface layer in this annealed Fe sample, but the
mean microstrain was reduced. On the other hand, some annealing tem-
peratures can return thehardness of the nanostructured surface layer to that
of the coarse-grained one such as that shown in Fig. 5b. After annealing the
SMATed Fe sample at 923 K for 120 min, the nanostructures of the surface
layer undergo a complete recrystallization. Thus, as the nanostructured
9

surface layer returns its grain size to the coarse-grainedoneunder annealing
temperature of 923 K, its hardness returns simultaneously.

3.1.3. Effect on microhardness by the treatment duration and vibration
amplitude of SMAT

As indicated in Fig. 5c, the hardness variation vs. depth relationship
revealed that the hardness of 316L stainless steel significantly increased
after SMAT process for different times [73]. With just 5 min treatment,
the hardness of the sample could be increased from 190HV to ~310HV
and no significant increase in hardness was observed with further in-
crease of treatment time. A study [102] explained the reason as follows;
since work hardening is a consequence of severe plastic deformation
process, the depth of the deformation affected zone changes only slightly
after a 30 min treatment. That is, the plastic deformation region remains
almost constant due to the unchanging status of the intensity of the
impact of balls. There is also a significant increment in residual stress
after SMAT, as indicated in Fig. 5h [87].

The vibration amplitude of SMAT has effect on the thickness rather
than the maximum hardness of the nanostructured surface layer. For two
vibration amplitudes, 50 μm and 25 μm during SMAT on a stainless steel
sample [103], Fig. 5d shows that there is no appreciable difference in
hardness between the two tested conditions at the top treated surface
(4.5 GPa), due to stabilized grain size (a saturation effect) [63]. However,
strain rate supported by the material is higher and the nanocrystallized
hardened layer is thicker, when the treatment is more severe. In addition,
microhardness decreases with time up to 2.5 GPa (matrix microhard-
ness). The results demonstrated that the vibration amplitude of SMAT
effect on the thickness rather than the maximum hardness of the nano-
structured surface layer.

It is necessary to know that high hardness nanocrystalline (nc)
intermetallic surface layer can be produced by SMAT by utilizing hard-
ened shots. By using hardened steel shots to conduct SMAT on the surface
layer of Zr, a nanocrystalline intermetallic surface layer was produced
which exhibits an unusually high hardness [104]. The nc layer consisting
of the Fe100�xCrx intermetallic phase was in situ generated during SNC of
bulk Zr with grain size ~250 nm (Fig. 5g). By this, repetitive bombard-
ment of the Zr base by hardened steel balls results in rapid diffusion of Fe
and Cr atoms into the Zr base by means of plastic deformation which
leads to the formation of the intermetallic compound/layer (20 μm thick)
with average hardness of about 10.2 GPa (Fig. 5f) which is three times
higher than the hardest part of the Zr base, and average grain size of
about 22 nm (Fig. 5e). The surface deformation technique helps to
address the setbacks encountered with conventional thermal processes
such as poor adhesion to the base, contamination, and residual porosity.
With this, a nanostructured layer can be produced with an exceptional



Fig. 5. (a) Measured hardness as a function of depth from the treated surface for the SMATed and the annealed (at 593 K for 30 min) Fe samples [94], (b) measured
hardness values as a function of depth from the treated surface for the SMATed and the annealed (at 923 K for 120min) Fe samples [94], (c) hardness distributing of
different depth and SMAT time of 316L SS [114], (d) variations of the microhardness with the depth from the treated surface determined for two different SMATs [76],
(e) histogram of grain size distribution of the Fe100 � x Cr x phase, with the average grain size sitting at 22 nm [104], (f) hardness profile across the cross-section of a
SMAT Fe100 � x Cr x sample [104], (g) average grain size of the Fe100 � x Crx phase as a function of the depth from the top surface [104], and (h) macroscopic
residual in-plane stress of the C-2000 alloy with S2PD processing as a function of distance to the impacted surface.
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Fig. 6. Tensile stress-strain curves for the; (a) CG 316L stainless steel, (b) Ti, (c) Cu samples [70], and (d) C-2000 alloy.
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property which will find applications in nanoengineering and other
areas.
3.2. Tensile strength and elongation

3.2.1. Tensile strength of material after SMAT
Due to the hardened nanostructured and strengthened layer produced

after surface treatment by SMAT, a significant improvement in the tensile
strength has been observed for various metallic materials including C-
2000 alloy, Cu, Ti, 316L SS, etc., and are summarized in Fig. 6 and
Table 4.

Gradient structures in materials often lead to exceptional ductility,
hardness and strength [112]. As indicated in Fig. 7, the
gradient-structured 304 SS exhibits a very high yield strength after sur-
face treatment by SMAT at the upper layer with 20 μm thickness (Fig. 7b)
at a moderate strain rate (Fig. 7d), and the yield strength increases with
increasing SMAT duration (Fig. 7a). As indicated in Fig. 8, an ultimate
stress of 0.46 GPa and a yield stress of about 0.16 GPa can be obtained for
the conventional magnesium-based crystalline alloy [7] whereas a yield
strength of the SMAT processed Ag sample is averaged to ~145 MPa, as
shown in Fig. 9 [8].

3.2.2. Relationship between tensile strength, treatment duration, and grain
size

The tensile strength is directly related to the treatment duration to
some extent in that, higher treatment time tends to enhance the tensile
strength due to the hardened layer produced on the material surface after
11
SMAT treatment. For instance, compared to the as-received 316L SS
sample, the yield and ultimate tensile strengths of the sample treated for
900 s can be increased by 141% and 30%, respectively [113]. Yang et al.
[114] also studied the influence of treatment duration on the tensile
strength of SMAT-processed 316L SS. Expectedly, the SMATed sample
exhibited an enhanced yield strength as well as reduced elongation,
when compared with the as-received sample. A similar increase in yield
and tensile strength was experienced by nanostructured and amorphous
metallic materials [115], and gradient structured copper obtained by
SMAT [116]. A longer SMAT duration does improve tensile strength of
the sample but the rate of improvement decreases with further increase
in SMAT duration. By contrast, referring to Fig. 6c, the tensile strength of
the Cu sample treated for 5 min is better than the one treated for 30 min.
The Cu sample treated for 5 min exhibits yield strength as high as
470 MPa and an ultimate tensile strength of 480 MPa. For the Cu sample
treated for 30 min, the yield strength is 410 MPa and ultimate tensile
strength is 430 MPa. This needs further study for better understanding.

During SMAT process, there is a reduction in the grain size due to the
residual stress induced by the process as a result of the high strain rate
generated from the bombardment of the sample surface with the high
velocity balls. This in turn weakens the bond holding the internal parti-
cles of the sample thereby making the initial rigid big grain size to be
disjointed hence, reduction in size. Further reduction in grain size can be
obtained with increase in treatment time. In 316L SS sample, tensile yield
strength is a function of the inverse square root of mean grain size [3].
The outstanding strength obtained for the SMATed sample can be
accrued to the efficient hinderance of lattice dislocation motions by



Table 4
A comparison table on the tensile strength of materials.

Material Yield
strength
MPa

Ultimate
tensile
strength
MPa

Treatment
duration
mins

Treatment Ref

316L
stainless
steel (CG)

250 600 – – [105]
300 650 – – [44]

316L
stainless
steel (nc)

665 750 15 SMAT [44]
725 784 30 SMAT [44]
1450 1550 30 SMAT [65]

Titanium
(CG)

400 440 – – [106]

Titanium
(nc)

920 970 30 SMAT [66]

Ti–6Al–4V
(CG)

880 950 – – [107]

Ti–6Al–4V
(nc)

902 975 – SMAT [66]

Copper (CG) 70 220 – – [108]
Copper (nc) 470 480 5 SMAT [109]

410 430 30 SMAT [69]

C-2000 (CG) 437 845 – – [110]
C-2000 (nc) 723 888 30 S2PD [70]

803 908 180 S2PD [70]

430L SS (nc) 165 –l 20hrs mill
1073 �C
5 min

HEBM
SPS

[111]

713 – 20hrs mill
1173 �C
10 min

HEBM
SPS

[71]
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nanoscale grains, following the H-P relationship deduced from the
coarse-grained structures.

3.2.3. Material hardening mechanism
Plastic slips captured by the nanocrystalline walls and the strain

hardening in the refined structure layer are the two important factors to
12
consider in material hardening mechanism. An experimental investiga-
tion by Xing et al. [117] revealed the mechanism behind the exceptional
increase in yield stress in the UASMA-processed 316L SS sample. As
indicated in Fig. 10a, movement of the dislocations is arrested by the
nanocrystalline layer, to prevent the complete formation of slip bands
when a nanocrystalline layer with high strength and rigidity occurs on
the surface layer. The dislocation pile-up causes the material to harden.
As shown in Fig. 10b, the refined structure layer is adjacent to the
nanostructured surface layer from the right while white band located
vertically on the left is the nanostructured surface layer, which is clearly
revealed in the enlarged AFM 3-D map in Fig. 10c. As a matter of fact,
neither slip bands nor independent slip systems are to be present in the
refined structure layer passing through the nanostructured layer, which
can inhibit the occurrence of plastic deformation inside the material.

The strain hardening in the refined structure layer is another
important factor to consider in the material hardening mechanism. This
leads to an increase in the yield stress of the material in the refined
structure layer due to the grain refinement during UASMA process.
Compared with the base material and the refined structure layer, the
region represented by the nanostructured layer protrudes out of the
surface, as indicated in Fig. 10c. This may be attributed to an increased
elastic limit of the nanostructured layer which is far greater than that in
base material and refined structure layer. The concept of strain non-
localization helps in describing the role of multiscale heterogeneities in
the ductility enhancement of materials especially in SMATed hierarchical
nanotwin TWIP steel, as shown in Fig. 11 [106].

3.2.4. Tensile load, elongation (ductility), stress distribution in
nanostructured materials

Stress distribution in nanostructured materials is an important factor
for determining the nature of crack initiation and propagation in mate-
rials. To a large extent, the compressive residual stresses induced in
nanostructured materials impede crack growth into the material, thereby
hindering catastrophic failure [118]. Large-scale plastic deformation
occurred in the nanostructured layer, refined structure layer, and the
entire base material [3] when the nominal stress reached 580 MPa
whereas the moir�e fringes were severely twisted. As the stress increases,
Fig. 7. Mechanical properties of coarse grain
(CG) and gradient structured (GS) 304 steel
[112]; (a) Engineering tensile stress-strain
curves with superscript and subscript of GS
representing SMAT sample thickness (mm)
and period (minutes), respectively, (b) engi-
neering stress-strain curves of the gradient
layer (GL): gradient layer with superscript
values representing thickness (mm), (c) true
stress-strain curves, (d) strain hardening rate
(Θ) against the true strain curves. The I1 and
I2 on the stress-strain curve of CG represent
the inflection points.



Fig. 8. Mechanical behaviour of the magnesium-based supra-nanometer-sized dual-phase glass-crystal (SNDP-GC); (a) Engineering stress–strain curves for the
micropillar Mg-based SNDP-GC, a Mg-based metallic glass, and a Mg-based crystalline alloy, (b) ultimate stress plotted against Young's modulus for the Mg-based
crystal and for other nanocrystalline alloys [7].

Fig. 9. Mechanical properties of the different structured materials; (a) Engi-
neering stress-strain curves of annealed and hierarchical structured Ag, (b)
reduced strength of different structured materials at corresponding uniform
elongation [8].

Fig. 10. (a) Illustration of the dislocation pileup in front of the nanostructured
layer, (b) SEM photo shows that slips are arrested in front of the nanostructured
layer [3], (c) plastic slip near the nanostructured layer [3].
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the nanocrystalline surface layer takes on an increasing part of the load.
Dao et al. [119] accumulated literature data that indicated nearly all
13
nc metals had tensile elongation to failure of no more than a few percent,
even for those fcc materials that are very ductile in coarse-grained form.
As shown in Fig. 12, the ductility of microcrystalline (mc) metals is much
higher than their conventional high strength nc counterparts in general.
For example, mc Cu can have an elongation-to-failure as large as 60%,
but the elongation-to-failure of most nc Cu samples is nowhere near such
a value [120].

The reduction of ductility of materials after SMAT is also found in
some literatures [65,66,103,121–123]. For instance, the strength peaks
shortly after yielding for both Cu samples treated for 5 and 30 min, show
a very limited plastic deformation with a total ductility about 1% [109].
Moreover, although nc 316L SS sample processed by SMAT possesses
high yield strength of about 1450 MPa, about six times higher than that
of coarse-grained sample, its elongation can only be as low as 3.4%
[122]. Depending on the S2PD processing condition, a recent study [110]
reveals that a nickel-based alloy increases in yield strength by 65–85%



Fig. 11. (a) TEM morphology and a schematic diagram showing hierarchically
twinned structure in the new SMATed TWIP steel samples; before (b) and after
(c) tensile testing, (d) order of twins. T1, T2 and T3 respectively denote the first-
order, second-order, and third-order twins [116].

Fig. 12. Tensile elongation to failure of various nanocrystalline metals (d
≦100 nm) plotted against their yield strength. Note that most of the nanometals
show a rather low ductility (≦10%) [119].

Fig. 13. Distribution of residual stress with the depth from the treated surface
after SMAT, and redistribution of residual stress after fatigue test (run-out
SMATed sample) [87].
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but reduced in the tensile elongation from 80 to 40 or 50%.

3.2.5. Tensile property of material after co-warm rolling subsequent to
SMAT

Although the ductility of materials after SMAT is found to be reduced
in some literature, there is a method to exhibit both ductility and high
strength of materials with increased toughness [124,125]. The resulting
material surprisingly exhibits exceptional ductility and high strength
based on warm co-rolling technologies and SNC. In the investigations,
the purpose of SMAT compressively prestress the surface layer and also
generate a nanostructure layer of improved properties. In addition to
bonding the sheets together, the co-rolling process contributes additional
grain refinement in the treated sheets. A layer-structured 304 SS with
alternate coarse-grained layer and nanocrystalline grained layer had
14
been fabricated by co-warm rolling at 500 �C after SMAT. The
layer-structured steel exhibits a special plastic deformation behavior
which involved in: (a) cracking, (b) necking, (c) necking propagation, (d)
sliding, and (e) hardening. Compared to the base material, the occur-
rence of necking propagation and sliding are noted to be the deformation
behavior of the layer-structured steel [126,127].
3.3. Residual stress

Since material failure starts on the surface in most cases, a compres-
sive residual stress field would tend to close any surface cracks, so that
crack initiation and propagation is made more difficult [128,129]. A
large compressive residual stress can greatly improve the mechanical
behavior of the surface. The hole-drilling method is one of the most
convenient techniques for measuring residual stress. In the past decade,
laser interferometry methods such as moir�e interferometry, laser speckle
interferometry, and holographic interferometry have been adopted to
determine the residual stress. More recently, moir�e interferometry and
holographic interferometry in conjunction with the incremental
hole-drilling technique have been successfully applied to non-uniform
residual stress problems [130,131].

There is a direct relationship between the yield stress and compres-
sive residual stress. The UASMA process [132] leads to a compressive
residual stress field, that is maximum on the surface of the material. The
intensity of plastic deformation induced by this technique is similar to
that of a conventional shot-peening (SP) method, but the treatment time
and temperature are different. SMAT can cause a nanostructured layer to
form on the treated surface under some conditions whereas SP may not.
There is a relationship between the compressive residual stress induced
by SMAT and the applied stress needed to yield the surface [83]. In
addition, during the SNC process, the grain size is reduced to nm scale
[133,134].

3.3.1. Profile of residual stresses
The residual stresses of various nanostructured metallic materials

induced by surface severe plastic deformation (S2PD) have been inves-
tigated. Ortiz et al. [135] studied the residual stress of a fcc nickel alloy
C-2000 subjected to SPD, Spex 8000 high-energy mill. It is concluded
that S2PD processing has introduced large macroscopic residual
compressive stresses at the surface region of the workpiece. The value of
the surface residual compressive stress and the maximum compressive
stress is 480 MPa and 1200 MPa respectively, and the depth at which the
maximum residual compressive stress appears is 150 μm [87]. The profile
of macroscopic residual stresses induced by S2PD (high energy mill)



Table 5
Parameters of stainless steels after various treatments (UIP: Ultrasonic Impact
Peening; LSP: Laser-Shock Peening; SMAT: Surface Mechanical Attrition Treat-
ment; SP: Shot Peening; DR: Deep rolling) [Modified from Ref. [95]].

Material Treatment, duration
(min)

Macroscopic residual
stresses (GPa)

Phase
composition

AISI 321 Initial – γ
UIP, 2 �470 γ

α
ε

UIP, 4 �480 γ
α

LSP �80 γ
SMAT, 30 �550 (via σγ) α

316L SMAT, 30 �500 γ
�900 α

LSP �350 γ
�450 α

SP �570 γ

AISI 304 LSP �300 γ
DR �700 α
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starts as compressive, becomes more compressive and then less
compressive, and finally turns into tensile, that is qualitatively similar to
that generated via SP [136–139]. The similarity of the residual stress
profiles generated via SP and S2PD is because of both methods entail
repeated impacts of the workpiece surface by shots and balls. The dif-
ference between them is the kinetic energies and sizes of the balls and
shots used. Large balls are used in S2PD and thus the S2PD process has
kinetic energies 20–200 times larger than that of SP [23].

Furthermore, Min et al. [140] measured the residual stress aluminum
alloy plate after shot peening process was measured by combined opti-
cal–mechanical system and its sequential automatic data processing
software. The study showed that shot peening can cause an almost
equal-biaxial compressive residual stress, and residual stress has a high
gradient distribution in the depth. In an investigation carried out by
Bagheri and Guagliano [13], the maximum level of compressive residual
stress σx and σy was �268 and �277MPa, respectively.

In addition, the residual stress of nanostructured Carbon and 316L SS
induced by ultrasonic mechanical attrition (UMA) treatment was carried
out [77,133]. In carbon steel, SMAT leads to compressive residual stress
field with important peak compressive stress up to about�400 MPa at the
Fig. 14. (a) The effect of grain size from the micro-to the nano-regime on the cyclic st
range, ΔK, required for a growth rate of 10–6 mm/cycle in ufc and nc Ni plotted as a
limiting, or threshold, values of alternating and maximum values of stress intensity fa
is apparent in the figure [119].
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upper layer of carbon steel as shown in Fig. 13 [77]. The layer containing
compressive residual stress extends to a maximum depth of about 600 mm
from the surface because of SMAT. After fatigue test, the SMATed sample is
run-out so that the residual stress is relaxed and redistributed.

Ya et al. [141] determined the residual stress distribution in a
UASMA-processed 316L SS using moir�e interferometry approach. The
residual stress field are measured using moir�e interferometry and a
method combining moire'interferometry and incremental hole-drilling
(MIIHD). The experimental results show that the UASMA residual
stress released by hole-drilling and cutting with moir�e interferometry
follows a similar trend, though the two specimens do not have the same
dimensions and geometry. The maximum surface compressive residual
stress is 517 MPa in the hole-drilling sample, while that of the cutting
sample is 531 MPa. Two results differ by 2.7%, mainly due to the ge-
ometry of the samples. A peak can be observed very near the surface
which is unusual when compared with the classical shot peening process
where the peak is mainly at sub-surface level. Experimental results [94]
show that UMA can cause high compressive residual stress of up to
531MPa on the surface, which is twice as high as the yield strength of the
base material.

Astaraee et al. [142] studied the numerical simulation of deformed
layer and residual stresses induced by SMAT by characterizing the
experimental coverage and Almen intensity of SMAT. The coverage of
SMAT was found to follow the well-known Avrami model and the nu-
merical coverage was in agreement with the experimental surface
coverage. In addition, a dislocation density-based model including the
kinetics of twinning and martensitic transformations is developed to
study the strain hardening behavior of steels and calculate the volume
fractions and dislocation densities in austenitic and martensitic phases by
analyzing the effects of twinning and martensitic transformations on the
mechanical behavior of steels [143].

Also, Roland et al. [76] measured that the maximum value reaches
about 1000 MPa on 316L stainless steel which is very high compared to
values obtained with other conventional surface treatments such as shot
peening or even deep rolling [76]. The difference in the two residual
stresses, 531 MPa and 1000 MPa, measured on the surface of 316L
stainless steel may be attributed to the different treatment conditions such
as the treatment duration. The magnitude of compressive residual stresses
in surface layers of stainless steels treated with various peening methods
including shot peening, SMAT, Laser-shock peening, deep rolling and ul-
trasonic impact peening (UIP) are summarized in Table 5 [144].
ress vs. total number of cycles to failure plot in pure Ni, (b) stress intensity factor
function of the maximum stress intensity factor Kmax. ΔK and Kmax denote the
ctor. The detrimental effect of grain refinement at the nanoscale on crack growth



Fig. 15. Fatigue properties and compressive residual stress of some materials before and after surface treatment by SMAT; (a) a plot showing the fatigue strength of
different SMAT samples and SMAT samples combined with annealing [83], (b) the in-depth residual stress distribution after SMAT and subsequent annealing
treatment at 400 �C [83], (c) dependence of the mechanical properties on annealing temperatures for the stainless steel subjected to SMAT [modified from Ref. [76]],
(d) SN diagram of the as-received and SMATed samples [87].
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4. Effect on fatigue of materials by the enhanced mechanical
properties after SMAT or other processing types

4.1. Effect on the resistance of fatigue cracks

The fatigue resistance is related to the possible microstructure-driven
crack path changes due to the grain size changes [145]. Hanlon et al.
[146] studied the fatigue response of nanocrystalline and UFGmetals and
alloys. They found that grain refinement generally leads to an increase in
the resistance to failure under stress-controlled fatigue. A high-strength
nanostructure is desirable at the surface where the cracks initiate.
Grain refinement was found to result in higher fatigue endurance limit of
both nc Ni and ufc Ni than the mc Ni in terms of S–N curves, as shown in
Fig. 14a. However, Hanlon et al. [147] also concluded that nano-
structures would have a generally deleterious effect on the resistance to
the growth of a fatigue crack once it starts. In other words, one would
prefer less refined structure in the interior in order to stop crack growth.
Grain refinement was found to result in the deteriorated fatigue damage
tolerance, especially in the low stress intensity range, as shown in
Fig. 14b.
16
Ochi et al. [148] showed that the structures with surface
compressive stresses have superior fatigue properties in some mate-
rials. Dai and Shaw [149] drew three conclusions on the contributions
of the three factors, nanocrystalline (nc) surface layer, work-hardened
surface region and the residual compressive stresses, for improving
fatigue limit of a nickel alloy via surface nanocrystallization and
hardening (SNH) treatment.

4.2. Modeling simulation of fatigue crack growth

Suresh [145] proposed a model to understand themechanism of crack
growth vs. grain refinement. The model suggested that predominantly
crystallographic and stage I crack growth result in microstructurally
tortuous crack paths in coarser grained materials. The crack path is much
less tortuous with a decreasing grain size. Farkas et al. [150] predicted
crack growth rates as a function of stress intensity amplitude. A molec-
ular dynamics (MD) model simulating fatigue crack growth at the
nanoscale showed that the fatigue crack growth mechanism involves
dislocations emitted from the crack tip and nanovoids formed ahead of
the main crack.



Fig. 16. Schematic diagram of the integration of different toughening strategies
into the present material [163].
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4.3. Effect on fatigue after SMAT

It should be noted that the fatigue strength can be improved due to
SMAT-induced compressive residual stress on material surfaces. SMAT
has shown its ability to improve fatigue strength successfully on fatigue
specimens of 316L SS [151–153]. The nanostructured surface layer im-
pedes the dislocation movements and delaying crack initiation. A great
lifetime improvement is observed as well as an increase in the fatigue
strength in the region of low-cycle fatigue (LCF) and this becomes even
more pronounced at high-cycle fatigue (HCF) as shown in Fig. 15a.
Moreover, as a larger diameter shot can impose larger compressive re-
sidual stress on the surface of material, the better fatigue strength by a
larger diameter shot can be observed. The fatigue limit of nanostructured
316L SS prepared by 3 mm diameter shot is higher than that by 2 mm
diameter shot.

Many studies have been carried out on the effect of SMAT on low
cycle fatigue properties of materials including pure magnesium [154],
titanium [155], and austenitic stainless steels [156,157]. Chen et al.
[154] investigated the effects of strain rate and ball size on low cycle
fatigue behavior of samples subjected to SMAT under strain-controlled
mode. Results revealed that the fatigue life of the sample subjected to
SMAT is enhanced compared with the coarse-grained sample. Further-
more, the samples SMATed for a longer period exhibited a longer fatigue
life. In addition, the surface nanocrystallized titanium shows significant
longer biaxial fatigue lives than the coarse grained titanium at the same
cyclic equivalent stress amplitude. This was attributed to the hierarchical
deformation mechanisms in different areas across the wall-thickness of
tubular samples during biaxial fatigue. A similar improvement in fatigue
life was experienced by austenitic stainless steels due to the compressive
residual stress induced by SMAT [113,114].

Fatigue life can be further improved by an annealing treatment at a
suitable temperature subsequent to SMAT. Ductility is an important
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factor that influences the fatigue life of materials. As shown also in
Fig. 15b, a suitable annealing treatment leading to an enhanced ductility
should even further improve the low-and high cycle fatigue resistance so
that the treated metal can be stronger and/or tougher. The strategy of
annealing is to obtain an increased strength and a still adequate ductility;
thus, an enhanced resistance is observed in both the low-and-high cycle
fatigue. By combining the SMAT treatment with a post-annealing treat-
ment at 400 �C, the fatigue endurance strength is improved by approxi-
mately 5–6% compared with the only nanostructured state. At this
temperature, compressive residual stresses start to relax (as shown in
Fig. 15b) and this is one of the reasons for the improved fatigue life.

The temperature of post-annealing treatment (400 �C) should be
selected carefully (Fig. 15c). For a material of the same strength, the
higher the ductility is, the better the fatigue life will be. The origin of this
phenomenon could be associated with relaxing the internal stress
without any grain growth so that a stabilized homogeneous structure
could be formed without a loss in strength. Thus, the annealing tem-
perature should be controlled to prevent grain growth and thus obtain
optimal fatigue strength. It is reported that a short annealing between
temperatures from 300 �C to 500 �C results in a 20% increase in strength
combined with enhanced ductility as compared to the as-nanostructured
Cu [158]. Annealing temperature should not be above 600 �C as the
nanostructures processed by SMAT exhibit high thermal stability up to
600 �C [159]. Apart from the stainless steels, this also applies to other
bulk nanocrystalline alloys produced by SMAT including pure aluminum
[160], magnesium [161], and titanium [162].

Based on the SNC and a suitable annealing situation, both the
ductility and strength can be enhanced, and this is a promising result
different with the conventional concept that strength and ductility are
two highly conflicting key mechanical properties. In addition, the fatigue
strength can be enhanced by an additional grain refinement by co-rolling
process. The nanomaterials can be toughened using controlled macro-
scale laminate processing, based on surface nanocrystallization and
warm co-rolling technologies [163]. As shown in Fig. 16, a new type of
laminated and nanostructured materials called PLaMiNa (Periodically
Layered Micro- and Nano-structured material) is produced by this
processing.

The fatigue strength of the ss400 steel treated by means of SMAT is
increased considerably compared to the untreated sample for both high
and low cycle fatigue regime [93] (Fig. 15d). The fatigue strength of
as-received sample is 267 MPa and that of SMATed sample is 302 MPa
based on fatigue life 5 � 106 cycles. The SMAT process has improved the
fatigue strength by as much as 13.1% for ss400 steel. The enhanced fa-
tigue behaviors of ss400 steel should be attributed to the combined in-
fluences of compressive residual stress, work-hardened sub-surface, and
nanostructured surface layer.

4.4. Effect on fatigue after various processing types (of materials)

Mordyuk and Prokopenko [164] reported that Rotating Pin Ultra-
sonic Peening (RPUP) produces superior fatigue behavior of the surface
layer of commercially pure titanium in high-circle fatigue tests. The
enhanced behavior is attributed to a number of beneficial features such
as (i) surface compressive residual stresses (down to ~1000 MPa), (ii)
surface nano-structure (in a layer up to 30 μm thick), (iii) enhanced
surface hardness (HV up to 691), and (iv) reduced surface roughness.

The fatigue limit of the Ti-alloy increases significantly after UP; the
fatigue limit of annealed sample (see the filled squares curve) is 230 MPa
and that of treated sample is 315 MPa (the filled-triangles curve) [105].
Slightly higher magnitude of the fatigue limit increase (115 MPa) was
reported for Ti–2.5Cu α-titanium alloy after shot peening using steel
shots of S330 [165]. The fatigue life was improved only at intermediate
and high stress amplitudes, whereas no increase of fatigue strength was
observed at 107 cycles. Similar results were obtained for this alloy using
the roller-burnishing technique [166]. It should be noted however that
these alloys have higher strength characteristics in comparison to CP



Fig. 17. Fatigue behavior of the samples [171].
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titanium.
Ya et al. [167] measured the residual stress field induced in the 316L

SS and the experimental results show that Ultrasonic Mechanical Attri-
tion (UMA) can cause high compressive residual stress of up to 531 MPa,
which is twice as high as the yield strength of the base material on the
surface. This situation can be improved by preventing cracks from being
initiated and propagated on the surface of the material in order to
improve the mechanical properties of the material, and the fatigue life in
particular. Dai and Shaw [168] investigated the differences between shot
peening (SP) and surface nanocrystallization and hardening (SNH) pro-
cesses using finite element modeling. Analysis indicated the
Fig. 18. (a) Crack initiates in the sample center, (b) crack develops into a hol
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SNH-processed workpiece has a thicker work-hardened layer and a
deeper surface region with larger residual compressive stresses with the
presence of a nanocrystalline surface layer [109], it is expected that SNH
has the potential to improve the fatigue resistance more than SP does.
Although such an expectation remains to be confirmed experimentally, a
recent work has shown that the SNH process can improve the fatigue
strength by as much as 50% for the C-2000 alloy [169] and it is discussed
in the next session.

Villegas et al. [169] investigated the potential of enhancing the fa-
tigue resistance of C-2000 samples. Compared to the untreated sample,
the SNH-processed nickel-based C-2000 sample for 900 s was found to
have a 50% improvement in the fatigue resistance. The improvement has
been accrued to the presence of residual compressive stress, nano-
structured and strengthened layer, and the generation of nanograins at
the top surface layer. However, Villegas et al. [170] argued that improper
SNH processing can result in the degradation of the fatigue resistance,
and not all the C-2000 samples can possess an enhanced fatigue resis-
tance after SNH treatment.

Tian et al. [171] investigated the fatigue behaviors of a C-2000
sample with a nanocrystalline surface layer using the SNH process. The
finding reveals that the fatigue behaviour of the sample could be influ-
enced by surface nanocrystallization in the following ways; (i) the
micro-damages and surface contamination induced by SNH process could
reduce the fatigue resistance, and (ii) the residual compressive stress,
work-hardened zone, and the nanostructured surface layer could effec-
tively improve the fatigue strength even under high-cycle fatigue process.
As indicated in Fig. 17 [112], treatment duration of 30 min using five
Co/WC balls with size of 7.9 mm gives the optimum enhancement in the
fatigue resistance, while prolonged treatments of above 30 min yield no
increase or even deteriorate the fatigue resistance.
e, (c) image just before failure, and (d) Illustration of failure process [3].



Fig. 19. Wear rates and morphology of some materials after surface treatment by SMAT; (a) surface morphologies of wear scars for the SMAT Cu sample under a load
of 40 N [97], (b) under a load of 50 N [97], (c) variation of the steady-state friction coefficient of the SMAT Cu and the annealed Cu samples with the applied load
[97], (d) variation of wear rate with the applied load for the two SMAT Cu and the CG Cu samples at a sliding speed of 0.01 m/s [197], (e) variation of wear volume for
the NC and CG AZ91D Mg with the applied load [200], (f) variation of the friction coefficient with the load for the SMATed and the original samples [200], (g)
variation of the wear volume loss with the load for the SMATed and the original samples [200], (h) variations of the wear volume loss with the applied loads for the
CG, CG-400 and SMAT-400 samples at an applied load of 7 N and the sliding duration of 30 min.
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5. Effect on fracture of materials by the enhanced mechanical
properties after SMAT or other processing types

Fracture is a complex phenomenon of initiation, propagation, and
coalescence of voids or cracks [172]. Yin et al. [173] showed that the
spacing and size of dimples are the important factors to consider when
studying the nc Ni. As indicated by Dao et al. [119], the shear zones are
directly linked with the enhanced tendency of the nc metals to undergo
shear localization which is enhanced when the ratio of strain hardening
rate to prevailing stress level is below critical values. Generally, nc metals
may be prone to shear localization since such a ratio is low among them
[174].

The fracture toughness of nanostructured material would be improved
by both a low elastic modulus and a high critical stress for fracture
implying also a need for high hardness [175] and super toughness [176].
Therefore, the best choice is not to focus on mono-component nc metal
systems but rather to synthesize a nanocomposite material where nano-
crystalline hard-metallic- or nonmetallic particles are embedded in a
relatively compliant metallic matrix. Chen et al. [177] suggested that nc
316L sample plastically deformed in the regions with coarse grains (sub-
microsized, of which σy is lower than that of the nanosized layer) until it
was finally torn apart when the fracture strength of the material was
exceeded, based on the fracture morphologies observed.

A study is also reported on the fracture of 316L SS after SMAT [3].
Comparative tests were carried out between the treated and untreated
samples. For the untreated sample, when the stress exceeded the yield
point of 316L SS (280 MPa), obvious slip bands could be seen by SEM on
the surface of the sample [3]. In an investigation report by Lu and Lu [3],
there was the appearance of slip bands in the refined structure layer,
which means the yielding process begins when the load reached
550 MPa. Slip bands are indicative of plastic deformation in metals.
However, whether this can be extrapolated to nanocrystalline materials
with grain sizes in nanometer order is debatable [178] which agrees with
the results obtained by Hahn et al. [178].

Fig. 18a-(c) show the images of the failure process for SMAT samples.
In Fig. 18a, a microcrack was initiated in the middle of the sample. It was
then propagated, turning into a macro-hole as the load increases, as
shown in Fig. 18b. New cracks formed on the edges of the hole along the
�x-directions, perpendicular to the loading direction, and caused the
hole to increase in size. The process continued until the remaining ma-
terial failed to withstand the load, as shown in Fig. 18c where final failure
occurred. The entire failure development process is illustrated in
Fig. 18d. In the final stage, as shown in Fig. 18c, most of the base material
failed, and only the nanostructured layer and the refined structure layer
withstood the load.
Fig. 20. Three types of debris morphology observed in both the CG and nc AZ91D M
the region marked by the arrow showing the formation of shear bands, (b) lat
conglomeration debris indicating the occurrence of oxidation [200].
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5.1. Molecular dynamic (MD) simulation study of fracture and
deformation behavior of nanocrystalline and nanotwinned (NT) materials

The molecular dynamic (MD) simulation study of fracture and
deformation behavior of nanocrystalline, nanotwinned (NT), and hier-
archical nanotwins (HNT) materials have been carried out in the past
including pure Fe [179], pure silver [180], palladium [181],
coarse-grained metals [182,183], Cu [184–186], and Al [187]. Studying
the fracture behaviors along twin boundaries in nanotwinned and hier-
archical nanotwinsmetals byMD simulations [188] can describe in detail
the propagation of cracks which can be affected by the shape and location
of cracks as well as the thickness of metals. It is interesting to know that
the crack resistance depends on the HNT structures. The influence of twin
spacing on spallation behaviors and shock response is studied in HNT Ag
[8] where maximum strength under shock conditions can be achieved
under critical secondary twin spacing [189], in which higher secondary
twin spacing results to lower fracture toughness, effective enough to
obstruct propagation of crack. In essence, the formation of tertiary twins
and the partial dislocation propagation are the recognized strengthening
factors.

In order to understand the relationship between the mechanical
properties and nanostructures, MD simulation can be carried out to study
the intrinsic size influence of HNT structures. The simulation studies
[190–192] have also revealed that NT structures can effectively reduce
the irradiation hardening effect, thereby ensuring good ductility. In
addition, the brittle-ductile deformation modes of nanotwinned metals
can be affected by the environmental temperature and thickness of ma-
terial by MD simulation [193,194].

6. Wear, friction, and wear resistance of materials treated by
SMAT

In this session, numerous studies will be reviewed that are related to
the effect of SMAT on wear and friction of materials. Wear resistance
behavior of materials treated by other SNC processing methods will also
be reviewed. Moreover, the plasma nitriding/chromizing process on
SMATed surface layers has demonstrated its ability in terms of improving
the surface anti-wear properties.

The wear resistance of various materials after treatment by SMAT has
been investigated in the past. Zhou et al. [195] synthesized a nano-
structured surface layer on a spheroidal pearlite AISI52100 steel plate by
means of SMAT. The nanostructured layer reportedly exhibits a wear
resistance comparable to that of the original coarse-grained steel. In an
investigation involving the effect of load and sliding speed on wear
behaviour of SMATed Copper and Titanium, Zhang et al. [97] fabricated
g alloy; (a) ribbon-like strip debris indicating the abrasion mechanism of cutting,
hy strip debris indicating the abrasion mechanism of plowing, and (c) dust



Fig. 21. Surface morphologies of EP Ni-P coatings: (a, b) without MA, and (c, d) with MA [210].
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nanocrystalline surface layers of pure copper (Cu) by means of SMAT,
and the grain size increases with increasing depth from the treated sur-
face. It is reported that the enhancement of the wear properties of the
SMAT Cu is associated with the stability of a mechanical mixed layer and
high hardness of the nanocrystalline structure, which may all result from
grain refinement. Surface morphologies of wear scars for the SMAT Cu
sample under the load of 40 N and 50 N are shown in Fig. 19a and 19(b),
respectively. A similar experience was reported for 2024 Al alloy [196].

Later on, Zhang et al. [197] further studied the dry sliding wear
behavior of copper with nano-scaled twins and the result is shown in
Fig. 19e. For the Cu sample treated for 5 min and the coarse-grained Cu,
wear rates increase slowly with increasing speed, and decrease slightly at
the speeds between 0.05 and 0.08 m/s. But for the Cu sample SMATed for
30min, both friction coefficient and wear rate nearly keep constant at the
sliding speeds below 0.08 m/s. When the speed exceeds 0.08 m/s, there
exists a steep increase of the friction coefficients and wear rates for all the
samples, due to the removal of the mixed surface layer. The results
illustrated that SMATed sample can resist wear far better than untreated
sample, especially at high sliding velocity.

It is interesting to know that SMAT process also enhances the wear
resistance of titanium alloys. Changodarni et al. [198] investigated the
tribological behavior of commercial pure titanium (CP-Ti) by SMAT.
SMAT led to an improvement in wear behavior, a decrease in friction
coefficient and wear rate of CP-Ti. In addition, an adhesive wear mech-
anism was experienced in untreated sample rather than abrasive one
exhibited in SMATed samples. A similar increase in wear resistance was
experienced after the surface treatment of titanium by SMAT [199].

Sun et al. [200] investigated and reported that the friction coefficient
of the nc surface layer of AZ91D Mg alloy generated by SMAT is slightly
lower than that of the conventional coarse-grained alloy under dry
sliding condition. As shown in Fig. 19e [124], the surface nc layer
generated by SMAT exhibits an enhanced wear resistance under dry
sliding wear condition at the applied range from 3 N to 9 N compared
with the conventional AZ91D Mg alloy with coarse grains. Cutting,
plowing abrasive wear, and oxidation wear, as shown in Fig. 20a, (b), and
(c) respectively, are identified in both nc and CG Mg. Furthermore, the
wear behavior of microcrystalline and nanocrystalline structured mag-
nesium alloy induced by SMAT was studied by Liu et al. [201]. The
tribology tests revealed that the microcrystalline structured layer exhibits
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better wear resistance than the nanocrystalline alloy, which is linked to
the variation of wear mechanism under different sliding speeds. The wear
mechanism in microcrystalline layer transfers into oxidative wear lead-
ing to a low friction coefficient and wear mass loss under the high speed
of 0.2 m/s, whereas the poor wear resistance of nanocrystalline layer is
attributed to its low ductility and toughness, which leads to surface
fracture under high sliding speed of 0.05 m/s.

The wear resistance behavior of aluminum alloys as well as the wear
behaviour and mechanism after treatment by SMAT has been investi-
gated in the past. Xia et al. [202] investigated the influence of SMAT on
tribological behavior of the AZ31 alloy. The findings reveal that the Mg
alloy with gradient nano structure exhibits better wear resistance
compared to the untreated sample, which is associated with the alter-
ation of wear mechanism at different sliding speeds. An elevated resis-
tance to wear and corrosive wear was also achieved by Nouri and Li
[203], and Anand et al. [204] for AZ31 alloy. Wen et al. [205] studied the
effect of nanocrystalline surface and iron-containing layer obtained by
SMAT on tribological properties of 2024 Al alloy. The results show that
there is a significant improvement in the wear resistance which is
attributed to the combination of lubrication effect of iron-containing
layer, increased hardness, and grain refinement. A similar improve-
ment was obtained for EN8 steel after treatment by SMAT [206].

A porosity-free and contamination-free surface layer with grain sizes
ranging from nanometer to micrometer was obtained in Fe samples by
means of SMAT [94]. The maximum (about 6 μm) of scratching depth in
the SMATed sample was smaller than the thickness of nanostructured
layer [125], which indicated that the results of scratching tests in the
SMATed surface layer presented wear properties of nc Fe materials. Nc
surface layer (grain size is about 15 nm) was developed on a low carbon
steel plate by means of the SMAT [207]. The friction coefficient is
depressed markedly (Fig. 19f), and the wear volume loss is reduced
(Fig. 23g) by the treatment. In Fig. 19g [126], the wear volume loss of the
SMATed sample increases almost linearly when the load is below 4 N. It
deviates from the linear tendency when the load exceeds 6 N. The de-
viation might also from the variation of wear mechanism. When the load
is lower than 6 N, the dominant wear loss in the surface of the SMATed
sample is caused by plowing and micro-cutting. When the load exceeds
6 N, the dominant wear loss is caused by plastic removal and surface
fatigue fracture, which results in the increase of the wear coefficient in



Fig. 22. Worn surface SEM images of untreated (left) and SMAT (right) sample plasma nitriding at 400 �C for 4 h [88].
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Rabinowicz's law of wear [208]:W ¼ K
�

P
H

�
whereW is volumeworn per

unit sliding distance; P is the applied load; H is the hardness of the worn
surface and K is the wear coefficient.

In a similar case involving the study on the sliding wear behaviour of
SMATed 304 SS [209], the SMAT treated sample steel showed much
better wear resistance than the untreated steel over a wide range of
contact loads under oil-lubricating conditions whereas, it did not have a
significant effect on the unlubricated wear behaviour of the steel even
with the high hardness of 480HV. He et al. [210] applied mechanical
attrition (MA) to electroless plated (EP) of Ni–P process to modify the
microstructure and properties of the coatings. They developed a novel
coating process, mechanical attribution-enhanced electroless plating
(MAEP). Fig. 21 shows the surface morphologies of EP and MAEP Ni–P
coatings on AZ31 Mg alloy.

Sun et al. [211] investigated the wear behavior of the alloyed layer
and reported that the surface alloying of AZ91D magnesium (Mg) alloy
subjected to SMAT leads to the formation of a much thicker Al-enriched
surface alloyed layer than the CG sample under the same alloying con-
dition. The surface alloying process was conducted at 400 �C for 24 h to
get the thickest alloyed layer [212]. The surface alloyed layer after SMAT
can efficiently improve the wear resistance of the AZ91D Mg alloys
compared with the conventional CG AZ91D Mg alloys as shown in
Fig. 19h.

The wear resistance behavior of materials treated by other processing
methods has also been investigated. Yan et al. [213] formed a nano-
crystalline surface layer on a Hadfield steel by means of shot peening
treatment. The grain sizes in top surface layer of the treated sample are
Fig. 23. Tensile test of the specimens treated by LBS [241].
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arranged about 11.1–17.4 nm. The hardness can be increased gradually
from about 256 HV for the original sample to about 774 HV for 120 min
shot peening sample. Ba et al. [22] reported that a nanostructured layer
(a quenched and tempered chrome–silicon alloy steel) about 25 μm thick
with an average grain size of about 16 nm and random crystallographic
orientations is formed by means of supersonic fine particles bombard-
ment (SFPB). The friction coefficient and the wear volume loss [132,214]
of the surface nanocrystallized sample are lower than those of the orig-
inal sample.

7. Effective nitrogen/chromium diffusion layer on the SMATed
surface layer

Microhardness, resistances to wear, and corrosion of the nitrided/
aluminized/chromized SMAT sample have been investigated on
commonly used industrial metals (AISI 321 SS [88]; Al alloys [215]; 304
SS [216–219], 316 SS [220–224], 38CrMoAl steel [225]; low carbon
steel [226–228]; Cu–Ag alloys [229], Mg–1Ca alloy [230], Co28Cr6Mo
alloy [231], pure iron plate [232–235], titanium [236]), in comparison
with those of the nitrided/chromized coarse-grained counterpart and the
as-annealed coarse-grained sample. It was demonstrated that the nitri-
ded/chromized SMAT sample showed larger hardness and superior re-
sistances to wear and corrosion. The much-enhanced properties of the
nitrided/chromized SMAT sample might be attributed to the much
thicker nitrided/chromized surface layer with smaller grain size, more
homogenous phase-distribution, and reduced nitriding temperature
[237].

The following are some of the literatures showing the significance of
the effective nitrogen/chromium diffusion layers assisted by SMAT.
Wang et al. [228] demonstrated that the chromized SMATed low carbon
steel sample showed larger hardness and superior resistance to wear and
corrosion. Lin et al. [88] studied the plastic deformation surface layer of
nanocrystalline grains with abundant defects of AISI 321 stainless steel
by means of SMAT. When plasma nitriding at 400 �C, a thicker nitrided
layer of the S phase and diffusion case were formed on the surface of the
SMAT samples than that of the coarse-grained austenite stainless steel.
Higher surface hardness and bearing capacity was obtained in nitrided
layers on the SMAT samples compared with the untreated samples as a
result of the thicker nitrided layer and the gradual gradient in hardness
profile of the nitrided layer. Hence the wear resistance of the nitrided
layer on the SMAT samples is 3–10 times higher than that of the un-
treated samples. Unlike the untreated sample, the wear track of the
nitrided layer on the SMAT sample is relatively smooth, with few abra-
sion marks and transferred materials as shown in Fig. 22. Although, the
development of nanostructures in some metallic materials result in low
SFEs during SMAT [238].

The nitrided layer of SMAT sample exhibited an excellent wear
resistance and high hardness as reported by Tong et al. [239] while the



Fig. 24. Comparisons of mechanical properties between the HiSt steel and other
steels; (a) engineering stress–strain curves of the HiSt steel and original AISI 304
SS. The inserts are the dimension of the tensile sample and the picture after
tensile, respectively, (b) strength–ductility relationship of different structured
steels [242].

Fig. 25. (a) Fluorescence photos of calcium nodules on the untreated surf
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wear rate of ECAP Ti (5 N) and oxidized Ti-6Al-4V (2 N) is about 25 and
92%, respectively, lower than that of CG counterparts [240].

8. Applications of SMAT

8.1. Automotive

Increasing requests for safety and lightweight materials from the
automotive and aircraft applications, famous iron and steel enterprises
are more concerned about developing novel steels with combination of
strength and stiffness/ductility. One approach to enhance strength is
surface severe plastic deformation (S2PD) process called Linear Bend
Splitting (LBS). It enables the continuous production of workpieces with
an ultrafine-grained layer on the surface layer. The advantage of this
method against SMAT is the shorter process duration. Since material
failures are mostly initiated from the surface, LBS can create the
ultrafine-grained (UFG) surface layers together with coarse-grained ma-
terials to improve the properties of a work piece. For a lowly alloyed mild
steel, the formation of an ultrafine-grained layer in the profile surface of
several hundred microns thickness exhibiting improved strength as
shown in Fig. 23. Hardness can also increase from the initial value of 158
HV up to 320 HV [241]. However, the ductility of material drops
significantly by LBS process.

Lu et al. [242] reported a hierarchical steel of advanced strength and
ductility properties based on the mechanical design of fish scale and
seashell structure, by SMAT process. The hierarchical steel is composed
of various layers, e.g. nc layer, dual phase layer, twinning layer and
coarse-grained layer from outer to inner, respectively. The junction be-
tween layers is a dual gradient structure of grain size and phase con-
stituent distribution over nanoscale to microscale provides additional
toughening property. By referring to Fig. 24, the hierarchical structured
steel (HiSt steel) significantly possess attractive combination of strength
and ductility comparative to the conventional steels and advanced high
strength steels (AHSS).
8.2. Photoelectric conversion application

TiO2 is a semiconductor in the photoelectrochemical applications.
Beginning from bulk crystalline titanium metal, TiO2 nanotubes array
can be directly grown onto it by a controlled anodization process. Using
SMAT to modify the intrinsic properties of titanium metal, the obtained
TiO2 nanotube array exhibits an independent structure with enlarged
pore size and thinned tube wall, which is ascribed to the intensified
anodic oxidation of ultrafine titanium crystallites along intergranular
boundaries. Also, the charge transfer resistance has been significantly
decreased in the electrochemical process. Both photocurrent and pho-
ace; and (b) SMAT surface of Ti6Al4V after 14 days of culture [245].



Fig. 26. (a) Comparison of bone mineral apposition rate for the untreated and
SMAT Ti6Al4V substrates, (b) histogram of osteoblasts density on the three
types of Ti6Al4V [245].

Table 6
Comparison table of the treatment temperature between CG and SMATed steel
samples.

Materials Treatment Diffusion
depth
(um)

Temp (CG) Temp
(NC)

Ref

Low carbon
steel

Chromizing 5 860 �C 400 �C 156

AISI H13
steel

5.2 No trace at 600 �C 600 �C 157

Pure Iron Nitriding 10 >500 �C 300 �C 59
38CrMoAl
steel

20–30 No continuous
compound layer,
only a partial
nitride layer at
400 �C

400 �C 134

Low carbon
steel

Aluminizing 2.4 (CG)
10.9 (NC)

500 �C 500 �C 158

16.3 (CG)
52.5 (NC)

600 �C 600 �C

Iron plate 10 900–1100 �C 400 �C 159
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tovoltage responses have accordingly enhanced as well in the photo-
electrochemical process [243].

8.3. Biomedical

Orthopedic implantation is for the purpose of substituting a missing
joint/bone or repairing a damaged bone. Most common types of medical
implants are the pins, rods, screws, and plates used to anchor fractured
bones while they heal. Recent researches reported high performance
surface nanostructured titanium-based [244,245] or stainless steel-based
[246,247] implant materials. The surface nanostructures of titanium or
stainless steel were produced with SMAT technique. A fundamental
requirement for the implant application is a reliable surface to improve
the interfacial integration between the substrate and the tissue. It is
found that the SMAT treated titanium substrates were beneficial for the
growth of mesenchymal stem cells (MSCs), including adhesion, filament
orientation, proliferation and gene expression. The underlying mecha-
nism was proposed based on mRNA expressions of osteogenesis related
proteins and gene. SMAT treated Ti6Al4V alloy exhibited a highly hy-
drophilic surface with nanograins about 20–40 nm.

The deposition of calcium containing minerals increases significantly
on the SMAT surface both with and without osteoblasts (Fig. 25). A
higher bone mineral apposition on the SMAT processed implants after 8
and 12 weeks post operation (Fig. 26a). Promisingly, the bone formation
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on the SMAT substrates is in a well-organized manner and osseointe-
gration on the bone-implant interface is enhanced [148].

Similarly, a literature reported that the SMAT Ti substrates are
beneficial for greater adhered cell density and more extensively
spreading morphologies of Saoa-2 cells [248] and bone-like apatites
[249] due to the rough morphology and higher hydrophilicity of the
nanosurface for the purpose of enhancing the cell response. The SMAT
process on titanium may be an alternate treatment for the applications in
dentistry and bone surgery.

Ti-SMAT surface showed a higher hydrophilicity and increased sur-
face energy compared with the Ti-polish and Ti-spray surfaces. Hence,
cells grown (Fig. 26b) on the Ti-SMAT surfaces is significantly higher
than the other two surfaces together with higher ALP activity and
stronger expression of mRNA levels [250].

Another important type of materials widely used in surgical implants
and biomedical devices are shape memory alloy (SMA). Since NiTi SMA
alloy is often used as biomaterials, its long-term biocompatibility in the
body of patients is necessary. Thus, the surface corrosion resistance of
SMA is important. Nitrogen plasma immersion ion implantation (PIII) is
suited for surface modification of NiTi by depositing a TiN thin film
(usually less than 200 nm) at a relatively low temperature [251]. How-
ever, any disruption of the thin film due to mechanical abrasion can
reduce its biocompatibility. An alternative method SMAT can directly
treat the surface of NiTi alloy into nanocrystalline with a partial amor-
phous structure. The surface hardness of the SMAT NiTi is significantly
increased and the corrosion resistance is significantly improved [252],
compared to the bare NiTi. The EIS results reveal that the improvement
of corrosion resistance is due to the passive oxide film, whereas the
corrosion resistance can be compromised by aggressive Cl� ions as im-
mersion proceeds [253–258]. Besides, SMAT post-treatment processes
such as the magnetron sputtering through the deposition of metallic glass
film (MGF) on the sample surface, can also improve the corrosion resis-
tance [259].

8.4. Diffusion

The reactive diffusion kinetics enhanced by the nanostructured sur-
face layer provides a novel approach to advancing surface modification
technologies for engineering materials. Nucleation is a complex process,
and the activation barrier for nucleation might strongly depend on the
local structure. However, it is clear that the smaller the matrix grain size,
the more intermetallic phases will nucleate at GB, and a significantly
increased nucleation rate of compounds is expected to result in the
nanostructured matrix during the reaction. In addition, numerous GB in
the SMATed materials also act as “fast” diffusion channels for Zn and
evidently enhance the growth rates of compounds at the earlier stage of



Fig. 27. Properties of elastomer-derived ceramics obtained by 4D-printing; (a)
compressive strength-density Ashby chart, SiOC matrix NC architectures with
high specific compressive strength, (b) strength-scalability synergy is ach-
ieved [265].

Fig. 28. A comparison map on the tensile strength of materials and alloy
reviewed in this paper in both coarse-grained (CG) and nanocrystalline (NC)
states. The ovals in orange represents the group of 316L stainless steel (SS); the
oval in green represents the group of C-2000 steels while the oval in dark grey,
light grey, gold and purple represents the groups of Titanium alloy, pure tita-
nium, 430L SS and pure Copper, respectively.

Fig. 29. A summary of the microhardness and the grain size obtained in various
SMATed materials reviewed in this paper where SS denotes stainless steel and
N/T represents nanostructured layer thickness (μm)/treatment duration (min).
The solid rectangle in green represents the group of 316L SS with different
nanostructured thickness and treatment time, the solid oval in magenta and
yellow represents pure metals. The solid small star in blue; polygon in yellow;
squares in purple, white and green; and triangles in yellow, olive and wine
represent the various nanostructured materials.
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reaction. As observed previously [260], the diffusivity of Cr in the SMAT
Fe is about 4–5 orders of magnitude higher than that along GB of CG Fe.
For nanostructured surface layers treated by SMAT, chromizing [261,
262], gas nitriding [59,134] and aluminizing [263,264] have been ach-
ieved at much lower temperatures than the conventional treatment
temperatures in several CG steel samples, they are summarized in
Table 6.

8.5. 3D-printing of materials by SMAT

SMAT process has also be extended to 3D and 4D printing of materials
including Ti elastomer-derived ceramics [265], soft matter [266,267],
25
shape-morphing film [268]. As shown in Fig. 27, with the 4D-pinted
materials, a compressive strength of 547 MPa can be achieved on the
lattice structure. An exceptional property including ultra-high strength,
good ductility and plasticity, and high hardness can be achieved by
SMAT-3D printing combined processes.

9. Conclusions, prospects, and research trends

Surface mechanical attrition treatment (SMAT) is a technique that
achieves surface severe plastic deformation via mechanical attrition. This
article reviews the effect of surface nanocrystallization (SNC) on mate-
rials in terms of mechanical behaviors by SMAT. The mechanical prop-
erties reviewed in this paper include the hardness, tensile strength and
elongation, and residual stress behavior. The tensile strength of various
materials and alloy reviewed in this paper in both coarse-grained (CG)



Fig. 30. A map showing the dominated microstructure mechanism of surface nanostructured metals or alloy reviewed in this paper in different crystal structure (CS)
forms ranging from face centered cubic (fcc), body centered cubic (bcc) and hexagonal close parked (hcp). The rectangles in orange represent the various nano-
structured metals or alloy, the ovals in blue and rectangles in green represents the dominated microstructure refinement mechanism and the process.
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and nanocrystalline (NC) states are summarized in Fig. 28. The yield
strength of materials significantly increases after surface treatment by
SMAT as compared with the coarse-grained counterparts.

Similar to the tensile strength, SMAT causes a significant improve-
ment in the microhardness of various materials and alloys which is far
greater to the one obtained by the untreated materials. The microhard-
ness and the grain size obtained in various SMATedmaterials reviewed in
this paper are summarized in Fig. 29. Moreover, the effect on fatigue,
fracture, and wear of materials by the enhanced mechanical properties
after SMAT or other processing types are also reviewed. Consequently,
prospects and research trends in terms of mechanical properties of ma-
terials affected by SMAT are reported.

In the present review, SMAT has been proven beyond doubts as the
world recognized surface treatment method for fatigue strength
enhancement, wear, and corrosion resistance improvement. With SMAT,
the fatigue life of materials and alloys can be significantly enhanced as
compared with the coarse-grained counterparts and, the fatigue life in-
creases with increasing SMAT ball size and strain rate.

The relationship between the stress amplitude the number of cycles of
the samples subjected to SMAT and coarse-grained counterparts at
different strain rates showed that the stress amplitude increases during
the whole process of all the applied loading conditions, revealing the
cyclic hardening behavior of both the samples subjected to SMAT and
coarse-grained counterparts. In short, the nanocrystalline surface layer
and nano-grains induced by SMAT can significantly improve the total
26
fatigue life. In addition, the fatigue strength can be enhanced by the
work-hardened region and residual compressive stress. However, in
improving the fatigue limit, the nc surface layer and work-hardened
surface region are more effective than residual compressive stresses.
We can therefore conclude that the improvement in the fatigue limit of
nanostructured samples is due to the combined effects of the nc surface
layer, work-hardened surface region, and residual compressive stresses.

The dominated microstructure mechanism of surface nanostructured
metals or alloy reviewed in this paper in different crystal structures (CS)
forms ranging from face centered cubic (fcc), body centered cubic (bcc)
and hexagonal close parked (hcp) is summarized in Fig. 30. To sum it up,
the mechanism of dislocation activities which are greatly influenced by
the presence of a large number of carbide, mechanical twinning which is
the major deformation mechanism at the initial stage, dynamic recrys-
tallization, phase transformation, and the transition from twinning to
dislocation slip with increasing strain are the dominated microstructure
mechanism in surface nanocrystallization induced by SMAT process.

Based on unique mechanical opportunities provided by the nano-
crystalline surface layer produced by SMAT on metallic materials, the
recent trend and developments of the SNC materials are as follows [269]:

(1) The nanostructured surface layer had been developing to be high-
performance materials for small-size components such as being a
base material for MEMS applications. For example, the ultra-high
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strength nanocrystalline steels may find potential applications in
MEMS by using SMAT processing.

(2) The nanostructured surface layer had been developing to create
functional surface structures due to the much-enhanced atomic
diffusivity reactivity of the nanostructured surface layer.

(3) The industrial applications of this new technique to upgrade
traditional engineering materials and technologies in future can
be anticipated with increasing investigations on the properties
and processing of the nanocrystalline surface layer.
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