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A nanostructured surface layer (NSSL) was generated on a 316L stainless steel plate through surface nanocrystallization (SNC).
The grains of the surface layer were refined to nanoscale after SNC treatment. Moreover, the microstructure and mechanical
properties of NSSL were analyzed with a transmission electron microscope (TEM) and scanning electron microscope (SEM),
through nanoindentation, and through reverse analysis of finite element method (FEM). TEM results showed that the grains in
the NSSL measured 8 nm. In addition, these nanocrystalline grains took the form of random crystallographic orientation and
were roughly equiaxed in shape. In situ SEM observations of the tensile process confirmed that the motions of the dislocations
were determined from within the material and that the motions were blocked by the NSSL, thus improving overall yielding
stress. Meanwhile, the nanohardness and the elastic modulus of the NSSL, as well as those of the matrix, were obtained with
nanoindentation technology.The reverse analysis of FEMwas conducted withMARC software, and the process of nanoindentation
on the NSSL and the matrix was simulated. The plastic mechanical properties of NSSL can be derived from the simulation by
comparing the results of the simulation and of actual nanoindentation.

1. Introduction

Nanocrystalline materials [1, 2] exhibit novel properties,
unlike their coarse-grained polycrystalline counterparts. The
majority of the failures in engineering materials are sensitive
to the structure and properties of the material surface, and
most such failures are initiated at the surface. Therefore,
optimizing surface structure and properties may enhance
the global behavior of materials. Surface nanocrystallization
(SNC) [3] can improve the overall properties and behaviors
of materials. Surfaces are modified by generating a nanos-
tructured surface layer (NSSL). This layer is regarded as
a well-known surface technology. Most surface treatments
can be used for SNC, including surface mechanical attrition
treatment (SMAT) [4–7], high-energy shot peening [8],
surface mechanical rolling treatment [9], and ultrasonic shot
peening (USSP) [10–12]. Among these treatments, USSP
is considered a promising process that can rapidly and

effectively realize SNC. Researchers [13–17] have conducted
simple theoretical analyses of the SNC process to determine
the residual stresses and the plastic deformations in the
initially affected layers of the shot peened part. In [10], the
mechanism of nanocrystallization was analyzed in terms of
deformation behavior and the transmission electron micro-
scope (TEM)observations of themicrostructural evolution of
316L stainless steel after SNC treatment.The residual stress on
this steel as induced by ultrasonic shot peening was studied
using themoiré interferometrymethod and the finite element
method (FEM) [18, 19]. The thermal stability of the structure
of 316L stainless steel after SMAT was examined in [20].
The wear and friction properties of low-carbon steel were
significantly improved by USSP [21]. In addition, the 316L
stainless steel that was subjected to the SMAT technique also
exhibited the maximum yield strength of 1450MPa, which
is approximately six times higher than that of the coarse-
grained sample [8]. However, the effect of USSP on surface
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Figure 1: SEM image of the sample after SNC treatment with NSSL.

properties (e.g., nanohardness, elastic modulus, and plastic
mechanical properties) of 316L stainless steel has not been
investigated in detail.

In the current study, 316L stainless steel is selected
for USSP treatment. An NSSL that is approximately 10 𝜇m
thick is generated on such a plate. The microstructural and
mechanical properties of NSSL are analyzed using TEM, a
scanning electron microscope (SEM), and nanoindentation
technology. Furthermore, the process of nanoindentation is
numerically simulated with the finite element software (MSC
MARC). The plastic mechanical properties of the NSSL are
derived from the simulation process.

2. Experiment Procedure

2.1. Sample Preparation. The material used in this work is
a 316L stainless steel plate that is 1mm thick. Its chemical
composition includes (mass %) 0.019 C, 17.07 Cr, 11.95 Ni,
2.04 Mo, 1.68 Mn, 0.04 Cu, and 0.007 S. The sample was
treated using USSP. The cross-sectional SEM image is shown
in Figure 1.

The principle of the USSP is based on the vibration of
spherical shots obtained through high-powered ultrasound.
Given the high frequency of the system, the entire surface of
the component for treatment is peened with a high number
of impacts in a short period. Each instance of peening
the ball to the surface initiates plastic deformation on the
surface layer of the treated sample. As a result, repeated
multidirectional peening onto the sample surface layer at
high strain rates results in a severe plastic deformation that
refines the microstructure of the surface layer of the sample
to nanoscale. The transition layer is approximately 90 𝜇m
thick and is formed underneath the NSSL during the USSP
processing. The interfaces of these layers are indistinct. In
this study, the main parameters of the USSP process are as
follows: the vibration frequency of the chamber driven by an
ultrasonic generator is 20KHz, shot diameter is 2mm, and
processing duration is 960 s.

2.2. Experimental Method. In order to study the microstruc-
ture of the 316L stainless steel after USSP treatment, observa-
tions were made using a JEM-2010 TEM with an operating
voltage of 200KV. The TEM samples were prepared by
mechanically polishing to thickness of about 30𝜇m then by
dimple grinding down to about 10𝜇m thickness. Further
thinning to reach a thickness of electron transparency was
carried out using ion beam milling.

In situ SEM observation of the sample with a unilateral
NSSL under axial tension was made using an S-3400N field
SEM with a tensile stage. This microscope was manufactured
by Deben UK Ltd.The 316L samples treated for in situ tensile
tests were prepared as follows: first, the unilateral NSSL was
removed through mechanical polishing to generate tensile
samples with a side composed of NSSL. This process high-
lights the effects of NSSL on tensile properties. Second, a dog
bone-shaped tensile specimen was cut by electrodischarging
and followed by mechanical polishing. The final 1mm thick
tensile sample had a gauge length of 4mm and a cross-
sectional area of 1mm × 1mm.

The micromechanical properties of the NSSL were mea-
sured by Agilent Nano Indenter G200 with a diamond
Berkovich indenter [22, 23]. The treated 316L stainless steel
plate was cut into 20mm long samples. The sample was
embedded with Bakelite powder, and the test was conducted
on the cross section. The indented sample was mechanically
polished to a mirror with 0.5 𝜇m diamond polishing paste.
To measure hardness and elastic modulus as function of
the depth to the top surface, nanoindentation tests were
conducted. All of the tests were performed on the cross
sections of the treated sample with depth control. When the
effect of depth on the size of the indentation is considered,
the maximum indentation depth is approximately 200 nm.
Nine equal space straight lines parallel to the surface were
selected from along the cross section. Ten experimental tests
were performed along each line, and the distance between the
nearby lines is 20 𝜇m.

2.3. Experimental Results and Discussion

2.3.1. TEM Observation. Figure 2 depicts the TEM results
for the top NSSL at the amplifications of 200K and 1.2M.
Themicrostructure of theNSSL is characterized by uniformly
distributed nanoscale grains measuring approximately 8 nm.
The corresponding electron diffraction pattern indicates that
themicrostructure of NSSL belongs tomartensite phase, with
a random orientation and a roughly equiaxed shape. From
the higher magnification image, the high density of stacking
faults induced by plastic deformation can be observed within
the grain.

2.3.2. In Situ SEM Study. Figure 3 displays the cross-
sectional, in situ SEM observational images obtained under
different tensile stresses. Within the grains of the matrix, a
few slips occur along 45∘ in the axial direction. However,
the transition layer and the NSSL cannot be examined under
a tensile stress of 380MPa, as indicated in Figure 3(a).
Plastic deformation is observed in the base material at
460MPa, as suggested in Figure 3(b). However, the transition
layer and the NSSL remain in the elastic stage. When the
stress is 550MPa, numerous slips occur at all the grains in
the transition layer. Nonetheless, these slips do not extend
beyond the NSSL, as shown in Figure 3(c). Given that the
nanostructured grains on the surface display high stiffness
and strength, the motions of the dislocation in front of the
NSSL are blocked. As a result, slips cannot form entirely. The
jam-packing of dislocation hardens the material. In addition,
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Figure 2: TEM images and selected area electron diffraction patterns of NSSL at different levels of magnification: (a) 200K and (b) 1.2M.

no nanostructured grains are found at the bottom of the
sample. The dislocations are emitted and move along the slip
direction. Ultimately, theymove beyond the surface and form
slip bands. Figure 3(d) exhibits the severe plastic deformation
at all parts of the sample when the stress reaches 630MPa. All
grains are elongated and become rotational.TheNSSL shared
most of the load, unlike the base material. Thus, the plastic
deformation is initiated in this layer.

The necking phenomenon is observed in both the top
and the bottom of the sample when the tension stress is
equal to 810MPa, as indicated in Figure 3(e). The extent
of necking varies. The deformation occurred at the bottom
surface, where the NSSL was polished. This deformation is
larger than that at the top. The cracks that were initiated
at the bottom surface and propagated to the interior can
be observed in the amplification region. However, crack
initiation and propagation are inhibited by the fine grains
near the upper surface. The residual compressive stresses
introduced during SNC can effectively stop or delay these
processes as well. Thus, the NSSL can effectively enhance the
overall strength of the material.

Figure 4 indicates that the fracture mode was transgran-
ular ductile. Moreover, the dimples are distributed uniformly
on the fracture surface. The dimples of the matrix were
considerably larger than those of the NSSL.

2.3.3. Nanoindentation Test Results. The average load-depth
curves were derived on the basis of nanoindentation tests, as
depicted in Figure 5. Curve 1 corresponds to the position of
the NSSL and curve 9 to the matrix.

The maximum loads of all of the tested points decreased
with the increase in distance to the surface under a constant
maximum depth of 200 nm. The maximum load and the
residual depth of the matrix were 5.52mN and 164 nm,
respectively. Those of the NSSL were 7.09mN and 140 nm.

The hardness profiles of all points as shown in Figure 6
suggest that the average hardness of the NSSL is significantly
greater than those of the others. This difference is attributed

to strain hardening, size effect, grain refinement, and the
residual compressive stress in the NSSL. The elastic moduli
of all of the tests are presented in Figure 7. SNC influences
the elastic modulus slightly.

To determine themechanical properties of the top surface
layer (NSSL), 25 nanoindentation testswere performedon the
surfaces of the topsides of the treated and untreated samples
at a maximum indentation depth of 2500 nm. Figure 8
illustrates the load-depth curves of the NSSL and of the
matrix. The former exhibits considerably higher strength
than the latter does. The load of the NSSL reaches 653mN
at maximum depth, which is approximately thrice that of the
untreated sample. Figure 9 suggests that the elastic modulus
changes slightly with distance to the surface.

Figure 10 highlights the hardness obtained through
nanoindentation as a function of depth for the NSSL and
for the matrix. The hardness of the NSSL decreases with
the increase in indentation depth. By contrast, that of the
matrix follows a straight line trend that corresponds to depth.
The maximum hardness of the top surface of the treated
sample is approximately 8GPa, which is roughly 2.6 times
that of the matrix. The enhanced hardness on the NSSL is
attributed to the presence of residual stress, as well as to the
formation of nanocrystallites and of amartensite phase on the
NSSL. The maximum residual stress is 531MPa [18]. During
treatment, nanometer-scale surface grains are determined
through TEM. SNC yields fine, 8mm grains near the surface.
Grain size also increases from the original 40 𝜇m with the
increase in distance to the surface.The effect of refined grains
on the enhancement of hardness is determined according to
Hall-Petch theory,which suggests a strengthened relationship
between hardness and grain size.

2.3.4. Determination of the Plastic Properties of the NSSL
from Finite Element Simulation. The interfaces of the NSSL
and the transition layer are indistinct, and the NSSL is only
approximately 10 𝜇m thick. As a result, separating this layer
from the plane sample and determining its plastic properties
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Figure 3: SEM images under different tensile stresses: (a) 380MPa, (b) 460MPa, (c) 550MPa, (d) 630MPa, and (e) 810MPa.

are difficult. As presented in Figure 8, the load-depth curve
of the NSSL can be described using the power law equation:

𝐹 = 𝑘ℎ
2

, (1)

where 𝐹 is the load; 𝑘 is the curvature of the loading curve;
and ℎ is the corresponding indentation depth. Figure 11

depicts a schematic of the stress-strain curve of the power law
material as expressed in the Swift equation [24]:

𝜎 = 𝐸𝜀 (𝜎 ≤ 𝜎
𝑦
)

𝜎 = 𝐾𝜀
𝑛

(𝜎 > 𝜎
𝑦
) .

(2)



Advances in Materials Science and Engineering 5

(a) (b)

Figure 4: SEM fractographs: (a) on the left is the matrix and on the right is the NSSL; (b) nanostructured layer.
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Figure 5: Load-depth curves at different positions.

When 𝜎 > 𝜎
𝑦
, stress can also be expressed as

𝜎 = 𝜎
𝑦
(1 +
𝐸

𝜎
𝑦

𝜀
𝑓
)

𝑛

, (3)

where 𝜀
𝑓
is the total effective strain accumulated beyond the

yield strain 𝜀
𝑦
and representative stress 𝜎

𝑟
is the flow stress

defined at 𝜀
𝑓
= 𝜀
𝑟
.

Dao et al. [24] also proposed a group of six dimensionless
functions that relate the characteristic parameters of indenta-
tion loading-unloading curves to the mechanical properties
derived from the stress-strain curves.

A function relates the ratio of the constant of Kick’s law
to representative stress. This law is generally used to describe
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Figure 6: Curve of the hardness that corresponds to distance to the
surface.
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Figure 8: Load-depth curves of the NSSL and of the matrix.
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Figure 9: Elastic moduli of the NSSL and the matrix.

the indentation-loading curve.The dimensionless function is
written as

𝑘

𝜎
𝑟

= ∏(
𝐸
𝑟

𝜎
𝑟

, 𝑛) , (4)

where 𝑛 is the strain-hardening exponent of the stress-strain
curve. The reduced Young modulus 𝐸

𝑟
is given by

1

𝐸
𝑟

=
(1 − V2

𝑠

)

𝐸
+
(1 − V2

𝑖

)

𝐸
𝑖

, (5)

where 𝐸 and 𝐸
𝑖
are Young’s moduli. V

𝑠
and V
𝑖
are the Poisson

ratios of thematerial and of the indenter, respectively. In [24],
𝜀
𝑟
was set 0.33, which corresponds to the representative value

of plastic strain that best fits function ∏ and is indepen-
dent of the strain-hardening exponent 𝑛. In this study, the
representative strain is assumed to be 0.033. Antunes et al.
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Figure 10: Hardness of the NSSL and of the matrix.
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Figure 11: Schematic of the stress-strain relationship in power law.

[25] determined that the representation of the inverse of the
ratios 𝐸

𝑟
/𝐻 exhibits linear behavior as a function of 𝐸

𝑟
/𝜎
𝑟
.

The linear fitting is expressed as

𝐸
𝑟

𝐻
= 0.231 (

𝐸
𝑟

𝜎
𝑟

) + 4.910. (6)

The commercial software MSC.MARC was used to simu-
late the nanoindentation process involving the indentation of
material by a rigid indenter. An ideally axisymmetric conical
indenter of similar area-depth functioned as the Berkovich
indenter to simplify the analysis to a two-dimensional
axisymmetric problem.Therefore, an equivalent perfect coni-
cal indenter with a semiapical angle of 𝜃 = 70.3∘ was obtained.
The specimen was modeled as a deformation and meshed
with 4,616 three-node triangle elements.The friction between
the indenter and the deformable body presumably had a
friction coefficient of 0.2 [26–28]. The elements near the
region of contact were refined to improve the numerical
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70.3∘

Figure 12: FEM model.

stability of the finite element calculations.The elements under
the indenter measured less than 10 nm to ensure convergence
and to model contact accurately. To avoid edge effects, the
total width and height of the mesh were set to 300 and
200 𝜇m, respectively. These values are greater than those of
the indent.

To determine the parameter of the FEM model, input is
required for the NSSL that is derived from the aforemen-
tioned nanoindentation experiment. Elastic modulus and
Poisson’s ratio are 227GPa and 0.3, respectively.The indenter
was displaced downward at 2500 nm for the simulation of
indentation process. This depth is similar to that applied in
the nanoindentation experiment.Thematerial in this study is
assumed to be isotropic, and its plastic behavior is described
by the von Mises yield criterion.The indentation process can
be simulated using the finite element mesh, as illustrated in
Figure 12.

The numerical simulation begins with modulating the
material according to the representative stress obtained using
(6). That of the NSSL is 1.1 GPa, as determined by comparing
the experimental and numerical loading curves depicted in
Figure 13. Antunes et al. [25] proposed a new method for
evaluating the strain-hardening exponent using the informa-
tion in the loading-unloading curve. The materials differed
in terms of their unloading curves given various values of
strain-hardening exponents and constant Young’s modulus
and representative stress values. This result indicates the
variation in stiffness evaluated at maximum load. The strain-
hardening exponent can be determined specifically from
the slope of the experimental unloading curve on the basis
of the aforementioned analysis. The comparison results of
experimental and numerical stiffness suggest that the strain-
hardening exponent of the NSSL is 0.06, which is much
smaller than that for the matrix (𝑛 = 0.385). Thus, the plastic
behavior of the NSSL and of the matrix can be written as

𝜎NSSL = 1025 (1 + 202.9𝜀𝑝)
0.06

𝜎Matrix = 0.280 (1 + 707.1𝜀𝑝)
0.385

,

(7)

where 𝜀
𝑝
is the plastic strain. The stress-strain curves of the

NSSL and of the matrix are shown in Figure 14. The yielding
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stress of the NSSL is 1025MPa, which is approximately four
times higher than that of the matrix (280MPa). The high
strength of theNSSL is attributed to the nanometer grains and
to the martensite induced during SNC.

3. Conclusions

NSSL was generated on a 316L stainless steel plate through
SNC treatment. The microstructural and mechanical prop-
erties of the NSSL were analyzed through TEM, SEM,
nanoindentation, and FEM. The research findings may be
summarized as follows:

(1) TEMresults show that the grains in theNSSLmeasure
8 nm. Moreover, the nanocrystalline grains take the
form of random crystallographic orientation and are
roughly equiaxed in shape.
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(2) In situ SEM observations of the tensile process con-
firm that the motions of the dislocations that are
determined from within the material are blocked by
the NSSL, thereby improving overall yielding stress.

(3) The nanoindentation test results show that the hard-
ness and the elastic modulus of the NSSL are greater
than those of the matrix.

(4) The yielding strength of the NSSL is approximately
1025MPa, as per FEM simulation.
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