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RIASSUNTO. Si presenta una breve descrizione del processo di nanocristalizzazione delle superfici per mezzo di
deformazioni plastiche severe. In particolare, si concentra I'attenzione sui processi di pallinatura che fino ad oggi
si sono dimostrati efficaci per ottenere superfici nano strutturate e se ne descrive lo stato dell’arte. L'influenza
del processo utilizzato sul comportamento del materiale in relazione alle differenti proprieta di interesse ¢, poi,
analizzata criticamente.

Infine, sulla base delle attuali conoscenze si tracciano e sottolineano alcuni possibili sviluppi di ricerca in questo
settore.

ABSTRACT. A brief description of surface nanosrystallization process via severe plastic deformation is
presented. To come to the point different shot peening methods which have proved to be able to create
nanocrystalline layers are demonstrated clarifying the actual state of the art. Then the influence of the process is
reviewed on material behavior and a wide range of affected properties are investigated. On this basis some
possible addresses for future research in this field are drawn and underlined.

KEYWORDS. Shot peening, Nanocrystallization, High energy, Surface treatments, Severe plastic deformation
(SPD).

INTRODUCTION

dimensions up to 100 nm, have attracted considerable scientific interest, since nanostructured materials are expected

to possess superior mechanical properties in simple chemical compositions fundamentally different from their
conventional coarse-grained polycrystalline counterparts [1-10].
Actually, the majority of failures of engineering materials such as fatigue fracture, fretting fatigue, wear and corrosion, etc
are very sensitive to the structure and properties of the material surface, and in most cases material failures originate from
the surface. Accordingly, it is recommended that the entire components made of NC materials may not be necessary in
many applications, particularly in components subjected to fatigue and merely optimization of the surface structure and
properties may effectively enhance the global behavior and the service lifetime of materials. Thus surface
nanocrystallization is expected to greatly enhance the surface property without changing the chemical compositions and
shape of materials [11].
Among various methods proposed to produce ultrafine-grained materials, severe plastic deformation (SPD) technique has
received the greatest attention due to its simplicity and applicability for all classes of materials. Although submicron
grained materials can be successfully produced by most SPD processes, NC materials are obtained only by non-
homogeneous deformation processes with large strain gradients[12-19].
The basis of the SPD method is to increase the free energy of the polycrystals and generate much more defects and
interfaces (grain boundaries) in various nonequilibrium processes such as high-pressure torsion [6, 8, 20-23], ball milling
[24-35], sliding wear [36, 37], drilling [38-42], shot blasting and annealing [43-406], ultrasonic shot peening [15, 47-52] and
air blast shot peening [16, 17, 39, 50, 53-55].

I n the last few decades, ultrafine-grained materials, especially nanocrystalline (NC) characterized by crystal grains with
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Among the mentioned techniques, shot peening is a very well known method used to increase the performance of
components in different service conditions. Fatigue, rolling contact fatigue, fretting and stress corrosion are operative
situations where shot peening can strongly improve the performance of mechanical parts and structural elements.

The present study focuses on the application of shot peening processes to obtain NC surfaces as this technique is a
popular process in industries widely used due to its flexibility, which makes it possible to be used for components of
almost any shape. It can be performed on commercial scale to provide NC layers with a high productivity. The paper is
written with the aim to describe the actual state of the art and review different properties of NC layered materials in order
to describe the effect of Nanocrystallization on material behavior. On this basis some possible addresses for future
research in this field are drawn and underlined.

SURFACE NANOCRYSTALLIZATION

s stated before, the key point of surface nanocrystallization process of a bulk material is to introduce a large
amount of defects and/or interfaces into the surface layer so that its microstructure is transformed into nano-
sized crystallites while the structure of the coarse-grained matrix remains unchanged without any associated
changes in the cross sectional dimensions of the samples [50].
Observations of these processes have revealed a rearrangement of dislocations during the process in the way that they
move from the grain interiors to the region near the grain boundaries [10]. A schematic illustration of the defect
rearrangement is presented in Fig. 1. The figure emphasizes that the local density of dislocations at grain boundaries
grows, thus increasing their non-equilibrium.
Typical optical microscopic images of treated surfaces which can describe the initiation of nanocrystals are shown in Fig.
2.

Figure 1: Arrangement of grain boundaties in nanostructured layers:
(a) the dislocation structure during SPD processing
(b) the dislocation structure after SPD processing leading to formation of non-equilibrium grain boundaties.

SHOT PEENING

hot peening (SP) is a mechanical surface treatment in which small spherical peening media with sufficient hardness

are accelerated in peening device of various kinds and impact with the surface of the treated work piece with a

quantity of energy able to cause surface plastic deformation. The aim of the process is the creation of compressive
residual stresses close to the surface and the work hardening of the same layer of material. These effects are very useful in
order to totally prevent or greatly retard the failure of the part [58-62]. There are a lot of papers about the ability of SP to
improve the mechanical behavior of materials [62-66]. And most of them affirm that the effect of shot peening is mainly
related to the induced residual stresses. Miller also hypnotized that shot peening effect could be related to grain distortion
and to the increased microstructural barriers. He proposed that due to the multiplication of structural defects and
dislocations, a crack would propagate with more difficulty in work-hardened surfaces [67]. Recent results show that in
some cases surface hardening can be considered as the main cause of modified behavior of shot peened materials [68, 69].
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Figure 2: Typical cross-sectional optical micrographs close to the SMAT-treated
surfaces under different treating conditions (annealed, commercially pure titanium specimens):
(a)vibration amplitude50%, treatment time 10s; (b) vibration amplitude50%o, treatment time 16s;

(c) vibration amplitude100%, treatment time 30s; (d) vibration amplitude100%, treatment time 60s [57].

Bearing this fact in mind, it is natural to think to shot peening as a treatment effectual to obtain nanostructured materials.
The concept of nanocrystallization by shot peening is that during the process with the hit of high energy particles, many
pits and also extruded ridges around the edge of the pit are formed on the surface. When the ridge is hit by another
particle, the contact area between sample and the particle can decrease significantly, therefore the strain and strain rate can
be increased. Additionally, the collision mode also is changed from single direction to multiple directions due to the ridge,
which is more favorable to the accumulation of dislocations. With the proceeding of collisions, some areas will approach
the critical condition of nanocrystallization after several suitable hits [19].

Recent researches have successfully shown that different shot peening processes are able to introduce nanostructured
layers with different characteristics, as concern their depth, the dimension of the crystals and microstructural properties.
These methods are different both for the needed technological facilities and also for the mechanics of the treatment itself.
Here is a very brief introduction about each of these processes:

Shot blasting

In this method, in order to obtain nanolayers the specimen’s surface is sandblasted repeatedly by high-speed sand particles
and then subsequently annealed [43-46]. In contrast to other SP methods, in shot blasting the size and also the geometry
of shots are typically random and accidental and generally speaking shot sizes are smaller in comparison with the shots
used in air blast shot peening. The sandblasted surface layer is heavily (plastically) deformed and consequently have high-
density dislocations. After annealing, the initially formed dislocation network or fine “sub-grains” will change to nanosized
grains with sharper grain boundaries. It is observed that the mechanical properties of the sandblasted surface are
commonly inferior to those of the sandblast-annealed surface [44,45] and it can attributed to the different characteristics
of nanograins after annealing.

Air blast shot peening (ABSP)
ABSP is a SP process through which the shots are projected by compressed air. The schematic of the equipment is
illustrated in Fig.3. In air blast shot peening, NC is produced when higher shot speed and larger coverage than
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conventional operation is applied [17]. In ABSP, the shot velocity has a narrow distribution and the impact direction of
shot to specimen is almost perpendicular [50].
Air pressure, shot size and shot materials are the process parameters that mainly affect the results of the treatment and the

characteristic of the NC surface.
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Figure 3: Schematic illustration showing the equipment of ABSP.
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Ultra sonic shot peening

In Fig. 4 experimental set-up of USSP called at times (SMAT) is illustrated. In this method shots are resonated by
vibration of an ultrasonic transducer and the impact directions of the balls onto the sample surface are rather random.
Repeated multidirectional impacts at high strain rates onto the sample surface result in severe plastic deformation and
grain refinement progressively down to the nanometer regime in the entire sample surface [64-70]. Obvious enhancement
in the overall properties and performance of the materials is observed after the SMAT treatment [15, 47, 48, 70-76].
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Figure 4: Sketch of SMAT

Surface nanocrystallization and hardening

In SNH method the specimen is loaded at one end of a cylindrical container. The disc is held in place via mechanical
locking. Some balls with diameters normally bigger with those used in other peening methods are loaded into the
container. The high velocity of the balls is commonly achieved by shaking the container three dimensionally using a Spex
8000 Mill. Such 3D shaking provides kinetic energy to the balls and generates the complex pattern of motion of the balls
inside the container [77-80].

This method like previous mentioned ones can provide structural metallic components with several desired features, such
as compressive residual stress, work hardened surface layer and also nanocrystalline surface [81-85].

High energy shot peening

High-energy shot peening (HESP) is another method reported to be capable of synthesis of nanostructured surface layers.
The principle of the HESP treatment is very similar to that of the USSP method, but with lower frequency and bigger
shots. Similar to previous methods, the entire surface of the sample to be treated is peened by the flying shots with a high
energy and the NC layer is achieved using different durations for peening [80].
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EXPERIMENTAL INVESTIGATIONS ON NNC SURFACES OBTAINED BY SHOT PEENING

P processes to obtain NC layers have been successfully used on a variety of materials including pure metals, alloys

and intermetallics. Majority of these experiments have included characterization of structure and properties of the

surface layers by scanning electron microscopy (SEM), transmission electron microscopy (TEM), microhardness,
scratch and so many other tests in order to assess the contribution of the process to improvement of material behavior.
Here some notable effects of surface nanocrystallization on special properties which have been studied in literature are
discussed.

Fatigue

Since most fatigue cracks initiate from the surface and propagate to the interior, a component with a nanostructured
surface layer and coarse-grained interior is expected to have highly improved fatigue properties because both fatigue-crack
initiation and propagation are inhibited by fine grains near the surface and coarse grains in the interior, respectively.
Moreover, the residual compressive stresses introduced during the severe plastic-deformation process can also effectively
stop or retard the initiation and propagation of fatigue cracks [71-74].

There are so many results confirming improvement of fatigue life of different materials using SP nanocrystallization
methods [46, 62, 80, 81, 84, 85, 87].

In an experiment conducted by SNH process, a C-2000 alloy was treated by Five tungsten carbide and cobalt balls with a
diameter of 7.9 mm for duration times of 30, 60, 90, and 180 min. load-controlled four-point-bend fatigue tests revealed
that the surface nanocrystallization process affected the fatigue behavior of the material in two ways: the nanostructured
surface layer, work-hardened region, and residual compressive stresses could enhance the fatigue strength especially in the
high-cycle fatigue range (> 10° cycles), while the surface contamination and micro-damages caused by the SNH process
could somehow deteriorate the fatigue strength. As shown in Fig. 5, the 30 min treatment resulted in the best
improvement in the fatigue resistance, while prolonged treatments (60, 90, and 180 min) either leaded to no
improvements or even decreases in the fatigue resistance. In the shorter cycle fatigue range (<10 cycles), the fatigue
lifetimes of all the treated samples except the 30-min treated sample were lower than those of the as-received one. The
longer the processing time, the lower the fatigue lifetimes in shorter cycle fatigue range. Thus, to fully utilize the SNH
process to improve the fatigue behavior of the material with a nanostructured surface layer, processing conditions need to
be optimized [80].
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Figure 5: Fatigue behavior of SNH treated Ni-based C-2000 super alloy samples [80].

Specimens of the austenitic stainless steel AISI 304 were also shot peened using S170R with coverage of 98% and Almen
intensities of 0.175, or 0.120 mmA, respectively. Tension/compression fatigue tests were performed under stress control
without mean stresses (R = -1) with a cycling frequency of 5 Hz. The investigations revealed that the microstructural
changes severely influence the cyclic deformation behavior of the near surface regions as well as of the soft specimen
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core: plastic strain amplitudes and cyclic creep were drastically decreased by shot peening. Furthermore, fatigue crack
growth rates are markedly reduced by this mechanical surface treatment.

Remarkably, as illustrated in Fig. 6, the initial residual stress profile and surface strain hardening were not completely
eliminated even by applying high cyclic stress amplitudes [62].
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Figure 6: Residual stress depth profiles of shot peened (Almen intensity 0.175 mmA) AIST 304
before and after cyclic loading with &, = 320MPa after Ni/2 cycles [62].

Elastic modulus

Elastic modulus is another improved characteristic of SP surface crystallized specimens studied by some researchers [44,
88].

In an SMAT experiment conducted on annealed commercially pure titanium, the results demonstrated that maximum
value of the elastic modulus at the top surface showed an increase of about 16% in comparison with the untreated sample.
The SMAT was performed in air at room temperature with stainless steel balls 3 mm in diameter, for 30 min, at a
vibration frequency of 20. The results seem to indicate that the increase of modulus from the bulk to the surface follows
the grain refinement and as it can be seen in Fig. 7 the elasticity modulus decreases as a function of distance from the
treated surface [88].
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Figure 7: Reduced modulus versus the distance for the sample surface for a load P=10 mN [88].

In another experiment performed on commercial brass, samples were sand blasted under a blasting pressure of 300 kPa
for 10 min to produce nanocrystalline surface layers. The sand flow rate was 5 gs!. The samples were then annealed at
150, 250, 350, 500 and 600 C, respectively, for 1h and cooled in air to obtain different grain sizes in the sandblasted
surface layer. The nanocrystallization resulted in improved elastic behavior. It is said that this happened because the elastic
limit or the yield strength was increased when the dislocation motion was retarded by grain boundaries [44].
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Chemical reaction kinetics

Gaseous nitriding is one of the most widely used surface modification techniques to improve the surface hardness,
anticorrosion properties and wear resistance of metallic materials by formation of a surface nitrided layer. However
nitriding processes ate performed at relatively high temperatures (550°C-600°C) for a long duration and may induce
serious deterioration of the substrate in many families of materials. It has been experimentally demonstrated that chemical
reaction kinetics are greatly enhanced when the grain size is significantly reduced to the nanometer scale. Since
mechanically induced nanostructures store a large excess energy in the grain boundaries and grain interior in the form of
non-equilibrium defects, which constitute an extra driving force for the nitride formation process that may further
facilitate their chemical reactivity [89-92].

Investigations have reported that surface nanocrystallization of elemental iron samples with a purity of 99.95 wt. %
specimens via SMAT performed in an apparatus in which steel balls (8 mm in diameter) vibrated by a generator with a
frequency of 3 kHz repeatedly stroke the sample surface, greatly enhances the nitriding kinetics and reduces the activation
energy for the diffusion of nitrogen significantly. It has been found that the nitriding temperature of iron processed by
SMAT can be reduced to 300 °C, which is at least 200 °C below the conventional nitriding temperature [93].

In another experiment stainless steel balls (with a mirror like surface and a diameter of 8 mm) struck an iron sample with a
purity of 99.95 wt.% at the bottom of a cylinder-shaped vacuum chamber attached to a vibration generator (50 Hz) within
60 min, the grains in the surface layer were effectively refined into the nanometer scale. The sample was protected by a
high-purity Argon atmosphere during the SMAT to avoid oxidation. The experimental evidence confirmed that the
mechanically induced surface nanocrystallization of Fe created a considerable amount of stored energy in the surface layer
that constituted an effective driving force for the nitriding process at low temperatures [94].

The reduced nitriding temperature is of considerable importance seeing that it may allow for the nitriding of material
families (such as alloys and steels) and work-pieces that cannot be treated by conventional nitriding.

Wear, coefficients of friction and scrateh resistance

The process of microstructure refinement also has proved to lead to an enhancement of the wear, friction and scratch
resistance [44,73,88,93-95].

The coefficients of friction and penetration curves for iron SMAT treated samples (stainless steel shots with a diameter of
8 and the vibration generator of 50 Hz within duration of 60 min) were measured in an experiment. Results showed that
the coefficient of friction of the treated sample (0.3810.06) was considerably smaller than that of the original sample
(0.52%0.03).

The nanoscratch experiments were repeated several times with very consistent results, indicating enhanced wear and
friction resistance of the surface layer after SMAT and nitriding [94].

In another experiment the hardness on top surface nanostructured layer of SMAT treated pure Fe bulk samples, reaches a
value as high as about twice that of the coarse-grained matrix. Also the wear and friction measurements on a SMAT low-
carbon steel sheet showed that the wear volume loss is lower than that of the untreated original one. As itis clear in Fig. §,
the friction coefficient values at different applied loads for the as-treated sample are evidently smaller (about a half) than
those of the original sample [73].
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for the SMAT and the original low-carbon steel samples [73].



http://www.gruppofrattura.it
http://dx.medra.org/10.3221/IGF-ESIS.07.01&auth=true

o
s

S. Bagheri Fard et alii, Frattura ed Integrita Strutturale, 7 (2009) 3-16; DOI: 10.3221/IGF-ESIS.07.01

The nanostructured surface layer of pure titantum SMAT treated in air at room temperature with stainless steel (balls 3
mm in diameter, for 30 min, at a vibration frequency of 20 kHz), also revealed a lower friction coefficient, almost 50%
smaller than that of the untreated titanium. And approximately 50% higher scratch resistance at the level of the top
nanolayer than its value in the bulk. It can be noticed that the variations of the scratch resistance are very similar to that of
the hardness [88].

In another experiment, standard nanoscratch tests have been performed using particular nanoindenters on elemental iron
plates (with a purity of 99.95 wt. %) which were SMAT treated: 8 mm diameter steel balls vibrated by a generator with a
frequency of 3 kHz. Repeated nanoscratch experiments indicated that the wear and friction resistance of the surface layer
treated by SMAT were greatly enhanced [93].

Micro-scratch tests were also performed to evaluate the wear resistances of sandblast-annealed brass samples. The wear
resistance of the brass was considerably improved by nanocrystallization. It was also revealed that with an increase in the
annealing temperature; the scratch resistance was lowered significantly. The difference in volume loss reached one order
of magnitude larger, when the grain size changed from 20 nm to 80 nm. The increase in the wear resistance by
nanocrystallization is consistent with the associated improvement in the mechanical behavior of the material [44].

Corrosion

There are some results indicating that the corrosion resistance can also be markedly improved by shot peening methods
[43, 44, 46,54,55,93].

Jiang et al. carried out corrosive immersion tests on sand blasted 35A commercially pure titanium specimens (treated with
S10; particles of 200-300 um in diameter and compressed air pressure of about 300 psi followed by a recovery treatment
below 300 °C, for 30 min with subsequent air cooling). The results indicated that in the surface nano-crystalline layer, the
high density of grain boundaries was beneficial to the formation of a thin passive film, which could restrict the movement
of metal ions from metal surface to the solution, thus minimizing corrosion and improving polarization behavior of the
sandblast-annealed titanium [46].

The effect of air blast shot peening on corrosion resistance in surface nanocrystallization of 1Cr18Ni9Ti stainless steel was
also investigated by polarization curves and pit corrosion tests. Shot peening was carried out by a flow of stainless steel
balls with a diameter of 0.8 mm under 0.5 MPa for 5 min. It was reported that compared with the as-received coarse
crystalline counterpart, the passive film on the surface of shot peened sample is easier to form and is more stable. Shot-
peening-induced surface nanocrystallization can markedly enhance the overall and local corrosion resistance of steel in
chlorine—ion-contained solution [55]. Fig. 9 shows potentiodynamic polarization curves obtained in 3.5% NaCl solution
for shot-peened and as received samples. It is demonstrated that shot peening significantly improved the polarization
behavior of stainless steel, not only markedly decreasing anodic current density and passivation-maintaining current
density, but also having the tendency of shifting cathodic current density to lower value, and slightly lowering the free
corrosion potential. Additionally, shot peening induced a considerably enlarged passive region of stainless steel and raised
the breakdown potential of passive film, and for as-received reference samples, there was no remarkable passive region in
polarization curve.
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Figure 9: Potentiodynamic polarization curves of shot-peened and as-received samples of
1Cr18Ni9Ti stainless steel obtained in 3.5% NaCl solution [55].
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Thermal stability

In order to investigate thermal stability of nanostructured surface layer, NC layer was fabricated on silicon steel Fe-3.2951
(and also on an ultra low carbon steel) by means of air blast shot peening with different conditions: (shot size and
material: SUS304 /0.3 mm- Fe0.8C /0.8 mm- Fel.0C /0.05 mm, air pressure (MPa) and speed (ms): 0.4, 50-100, 0.8,
50-100, 0.5, 150—200). After annealing, the nanolayer showed good thermal stability up to 873 K and also a sharp
boundary to the underlying work-hardened area which was completely recrystallized. The microstructure of samples with
subsequent annealing is shown in Fig. 10. It can be seen that the typical recrystallization occurred in the former work
hardening region. On the contrary, no obvious change can be detected in nano region by SEM. The experience indicates
that only slight grain growth may be possible in nanograins. However, the grain coalescence due to grain rotation might be
the responsible mechanism to slight grain growth in nanocrystallite [19].

Figure 10. Microstructure of shot peened Fe-3.29Si after
annealing at 873 K for 3.6 ks: (a) 3,000%, (b) 10,000% [19].

Hardness

Some experiments have been conducted in order to investigate the influence of NC process via SP methods on hardness
of different materials [73, 80, 93].

All results indicate that the hardness near the treated surface significantly increases, by the SP process, and that the
increase of hardness from the bulk to the surface seems to follow the grain refinement as observed by TEM. The
variation in hardness with depth agrees well with the structural and compositional analysis results [88, 93].

Published results also demonstrate that the hardness increment from the bulk to the surface cannot be explained by the
existence of residual stresses but it is certainly due to another mechanism related to the grain size diminution as the
increase of dislocation density and deformation bands [73].

Technological potential of the SNH process has become apparent in preliminary studies where hardness increases
dramatically with respect to untreated components. Hardness tests were conducted on C-2000 alloy SNH treated samples
(five tungsten carbide and cobalt (94%WC+ 6%Co, in wt%) balls with a diameter of 7.9mm for the duration times of 30,
60, 90, and 180 min). the results showed that compared with the as-received sample, the hardness of the treated sample
has been increased substantially [80].
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Figure 11: Hardness profile of the samples [80].
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Fig. 11 exhibits the microhardness distribution along the depth of the samples. Compared with the as-received sample,
hardness of the treated sample has been increased significantly, but the hardness profile does not change much with the
processing time. Since work hardening is a consequence of severe plastic-deformation process, it can be seen that after a
30 min treatment, the depth of the deformation-affected zone changes only slightly. In other words, because the intensity
of the impact of balls does not change, the plastic-deformation zone remains nearly constant, although it has already been
known that the surface nanolayer could continue to extend with the processing time.

Thermal properties

Thermal properties of shot peened surface nanocrystallized materials have also been studied in some experiments [96,97].
Surface nanocrystallized iron obtained by ultrasonic shot peening with the following process parameters were investigated
for thermal properties: material Iron with a purity of 99.95 wt. %, vibration frequency of the chamber driven by ultrasonic
generator 20 kHz and the shot diameter of 3 mm. The samples used in the study were treated in vacuum for 400 s at
room temperature [97].

It was found that the thermal conductivity of the nanostructured surface layer decreases clearly compared with that of
coarse-grained matrix of the sample. The conducted analysis shows that the decrease of thermal conductivity is mainly due
to the decrease of the electron and phonon mean free path and to electron and phonon scattering at the grain boundaries.
Small grain size with large volume fraction of interfaces within which a large amount of defects as well as high random
atomic arrangement may exist, would strongly lead to electron and phonon scattering at grain boundaries. Hence, when
electrons and phonons pass the interfaces, they are scattered intensely, that inevitably leads to the reduction of thermal
conductivity of the microstructure [97]. In Fig. 12, it is interesting to observe that, from positions 1 to 2, the average
image voltage is almost the same, and from positions 3 to 7, the voltage values increase cleatly, then they become
approximately stable again. The variations in average image voltage imply that, with the refinement of the microstructure,
the thermal conductivity decreases cleatly.
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Figure 12: (a) Schematic diagram of the scanning positions from the surface layer to the matrix on the cross-sectional surface.
(b)Variation in average image voltage while scanning from the treated surface layer to the matrix as indicated in (a) [97].

In the treated layers, a large value of residual stress was induced by the ultrasonic shot peening, which leads to an
important lattice distortion and a high dislocation density. These residual stresses and dislocations can act as both phonon
and electron scatterers and thereby reduce the thermal conductivity of the microstructure [96].

Magnetic properties

Magnetic properties, as an important physical property, have attracted many researchers in ferromagnetic nanocrystalline
materials. This phenomenon largely shows dependence on the composition, microstructure, and grain size [98, 99].
Magnetic properties were measured for SMAT Fe-30 wt. % Ni alloy. The samples were first heated and water quenched in
order to obtain uniform grain size. Then they were treated at a 50 Hz frequency with spherical stainless steel balls of 8
mm in diameter under vacuum at ambient temperature for different durations from 30 to 90 mins.

The results indicated that the saturation magnetization (Ms) and specially coercivity (Hc) of the nanostructured surface
layer increase significantly compared to the coarse grains sample prior to SMAT. Experimental and theoretical analysis
attributed the increase of Ms to the change of lattice structure resulting from strain-induced martensitic transformation.
Meanwhile, He was further increased from residual microstress and superfined grains [98]. The enhancement of material’s
magnetic properties is significantly favorable for its application in several fields of engineering.
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Discussion

It is verified experimentally that the NC regions produced by all SP methods have the following characteristics however in
different extents:

- Equiaxed grains of around 20nm

- Extremely high hardness

- Separated from adjacent deformed structure regions with sharp boundaries

- No recrystallization and substantially slow grain growth by annealing

- Dissolution of cementite when it exists

- Surface compressive residual stresses and also work hardening of the surface layer. Accordingly it seems that the main
properties of the NC structure are independent of the SP techniques used in the experiment [18].

In order to obtain the desired NC region via any of the mentioned SP methods, a proper combination of different
parameters attributable to the enhancement of kinetic energy of the shots shall be chosen. It has been reported that the
increase in the kinetic energy per one shot such as the increase in the shot velocity and/or the shot size is the most
effective parameter to increase the thickness of NC layer. It is also found that there is a certain critical initial hardness of
specimens to produce the NC structure by SP: the NC structure forms when the specimen hardness is lower than the shot
hardness [18].

Another important parameter in the formation of NC layers is the coverage technically defined as: the area fraction of
specimen surface deformed by shot bombarding. It is revealed that the NC thickness tends to saturate with coverage
irrespective of the shot size. On the other hand, the increasing in the coverage is ineffective to increase the maximum
thickness of NC layer, the thickness of NC layer is initially increased with coverage but tends to saturate. It is possible to
produce the surface NC layers with several 10 pm thick by SP when the kinetic enetgy (shot size and/or shot velocity) and
the coverage are propetly controlled [18].

Actually so far apart from assessment of some particular characteristics, no comprehensive comparison between different
methods of NC creating SP methods and also no detailed comparison between them and the conventional SP process is
available in literature. Just some researchers have studied the effect of a number of parameters and have found some
results about the contribution of each to the whole process.

CONCLUSION AND SUGGESTIONS

he formation of NC surface by means of some SP processes is a promising way to improve mechanical properties
of metal alloys and in recent years has been the subject of increasing scientific and technological interests. . Initial
work has been performed to prove the possibility of obtaining NC surfaces by these methods and also to assess
the microstructural characteristics of the obtained layers. More recently, Researches have been done to evaluate the
mechanical properties of NC surfaces obtained by SP processes. The results of SP experiments demonstrate that these
methods are so efficient and undemanding to produce nanocrystalline surfaces and have potential application in various
tields of industry. The experiments show that a remarkable improvement can be achieved as regards wear, corrosion and
hardness. Fewer investigations are performed on fatigue but also in this case all the results demonstrate an improved
behavior after formation of NC layers.
The enhanced material properties of NC materials demonstrate the technological significance of nanomaterials in
improving traditional processing techniques even if a clear relation between the modified characteristics and the process
parameters is not identified. Therefore it seems commendable to perform more comprehensive investigations on SP
methods which provide a new approach for selective surface reactions.
Moreover, it can be concluded that NC layers may not be induced by SP if the impacted energy of small balls is not large
enough. Therefore, to fully utilize the SP processes to improve the behavior of the material with a nanostructured surface
layer there is an optimized processing condition, which shall be investigated in conjunction with microstructural analysis
in future.
Finally SP methods seem to have the potentiality to improve many other material properties not studied in detail up to
now such as different surface chemical treatments that are controlled by the diffusion of foreign atoms and many other
treatments which may take effect from the grain size. This fact can open new fields of application for shot peening
processes, which today are mostly used for enhancing fatigue and fatigue related damage processes.
Accordingly more investigations shall be planned in future to improve the performance of engineering materials used in
industry.
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