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The evolution of fatigue performance and surface mechanical properties of AISI 304 stainless
steel induced by the electropulsing-assisted ultrasonic surface rolling process (EP-USRP) was
systematically investigated by integrating instrumented indentation, scanning electron microscopy
with electron backscatter diffraction, and transmission electron microscopy. The results indicate
that higher hardness, greater strength, finer ultra-refined grains, and higher residual compressive
stress are formed within the strengthened layer compared with the original ultrasonic surface
rolling process (USRP). EP-USRP with the optimized experimental parameters can produce
a higher average rotating bending fatigue strength for AISI 304 stainless steel than USRP.
Anomalously and noteworthily, all fatigue specimens treated by EP-USRP showed an incomplete
fracture, revealing a higher reservation of safety in practical engineering applications. The further
modified structure strengthening and stress strengthening induced by EP-USRP are likely the
primary intrinsic reasons for the observed phenomena. Furthermore, the influence mechanism of
EP-USRP was discussed scrupulously.

I. INTRODUCTION

Fatigue performance of a metallic material is strongly
dependent on its surface conditions, such as surface
roughness, microcrack, residual stress, and microstruc-
ture within the surface layer.1–3 In general, the fatigue
damage of a metal component begins with the minor
defect on the surface, which ultimately leads to the failure
of the component.4,5 Therefore, the effective surface
strengthening engineering techniques are imperative to
improve the surface properties of a metallic material,
especially which working under the action of an alter-
nating load.6,7

The electropulsing-assisted ultrasonic surface rolling
process (EP-USRP), a novel surface strengthening tech-
nology for metallic materials, shows a broad prospect in
engineering application.8 EP-USRP utilizes the combina-
tion of structure strengthening and stress strengthening
induced by severe plastic deformation (SPD) in the
ultrasonic surface rolling process (USRP) and the

modification and optimization of microstructure pro-
duced by electropulsing treatment.2,9,10 In EP-USRP, an
ultra-hard processing tip is used to roll the material
surface under a static force, and the dynamic impact is
applied to the surface through the tip supplied by
ultrasonic apparatus in the normal direction. Meanwhile,
electropulsing is exerted in the plastic deformation area.
Therefore, with the help of electropulsing and compared
with USRP, the further modified changes are achieved on
the material surface in EP-USRP, which are confirmed in
the following forms: higher surface hardness, ultra-
refined grains, effective surface crack healing, and greater
impact depth, which can make metallic materials
with gradually surface strengthened layer and a better
engineering performance.2,8

In our previous research, the changes of surface
mechanical properties and the microstructure of AISI
304 stainless steel induced by EP-USRP were studied
superficially in a traditional way.9 In the present work,
the evolution of surface mechanical properties, particu-
larly the fatigue performance of AISI 304 stainless steel
induced by EP-USRP, is investigated profoundly. Based
on careful experiment research, a model describing the
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evolution of fatigue performance of AISI 304 stainless
steel induced by EP-USRP is proposed, and the influence
mechanism is discussed scrupulously.

II. EXPERIMENTAL DETAILS

A. Materials

Commercial solution annealed AISI 304 stainless steel
rods were cut into pole-shaped samples and then processed
by turning to the specimens with a dimension of Ф16.8 mm
� 150 mm and a axial surface roughness of Ra 0.8 lm to
maximize the uniformity of surface morphology character-
istics. The chemical composition of the as-received AISI
304 stainless steel is presented in Table I.

B. Experimental procedures

Basic mechanism principle demonstration of EP-USRP
is depicted in Fig. 1. The USRP and EP-USRP experi-
ments were carried out on a self-built platform based on
a conventional lathe. An ultra-hard scrollable rolling tip
with a hardness of 80 HRC, surface roughness of Ra
0.1 lm, and a radius of curvature of 7 mm attached to an
ultrasonic apparatus is used to roll the material surface
under a static force. A dynamic impact is applied to the
surface through the tip supplied by an ultrasonic appara-
tus in the normal direction. Meanwhile, electropulsing
with a sharp waveform was exerted in the plastic de-
formation area by using a self-designed power generator.9

Therefore, with the synergism of electropulsing, the
repeated, high-frequency strikes cause SPD on the
material surface, which leads to refined grains and
residual compressive stresses at and below the material
surface to a certain depth that depends on the amplitude,
static force, strike rate, current intensity, frequency, etc.
In the present work, the basic parameters were as follows:
rolling line speed was 24 m/min, feeding rate was
0.1 mm/rev, static force was 950 N, ultrasonic vibration
amplitude was 8 lm, ultrasonic vibration frequency was
30 kHz, and repeated processing number was 5. The
electropulsing parameters are given in Table II. For each
EP-USRP experiment, electropulsing was used through
the entire process, whilst the ultrasonic impact treatment
was started up only when the surface temperature of the
specimen reached an equilibrium value. The surface
temperature of the specimen was monitored by using
a K-type surface thermocouple, and the results are shown
in Table II. L-G 8 guide rail oil was used in the process of
cooling and lubricating.

C. Microstructural characterization

A Hitachi S4800 scanning electron microscope (SEM)
(Hitachi, Ltd., Tokyo, Japan) was utilized to analyze the
fatigue fracture surface and cross-sectional microstructure
within the surface strengthened layer. An FEI Nova
NanoSEM 450 (FEI Company, Hillsboro, Oregon) equip-
ped with a Hikari Plus detector was used to obtain
electron backscatter diffraction (EBSD) (EDAX Inc.,
Mahwah, New Jersey). A JEM-3200FS transmission
electron microscope (TEM) (JEOL Ltd., Tokyo, Japan)
was utilized to analyze the refined microstructure and
obtain corresponding selected area electronic diffraction
within the strengthened layer.

D. Mechanical property tests

1. Hardness test

The hardness within the strengthened layer was mea-
sured by using a G200 instrumented indentation system
(with xp basic method) attached with a Berkovich in-
denter with a maximum load of 30 gf, 30 s loading time,
and 15 s holding time. Poisson’s ratio of the specimen
was adopted as 0.3. An average of 10 parallel measure-
ments was used for each reported data point.

2. Residual stress

In the instrumented indentation test, the average
contact pressure equals to the hardness of the material
that we want to test. It is unaffected by any pre-existing
tensile or residual compressive stress, and this statement
is substantiated by theoretical reasoning and finite ele-
ment analyses as well as experiments.11 But the indented
penetration depths of the materials which have the same
hardness level in the instrumented indentation test are
affected directly by pre-existing residual stress states.11

Thus, the residual stress can be estimated from the
difference of the indenter penetration depths between
the specimen without residual stress and the specimen
with a residual stress that we want to measure; here the
used two specimens have the same hardness level. The
present work adopted the method introduced by Suresh
et al. for estimating residual stress of the treated specimen
by instrumented sharp indentation. The reference specimen
without residual stress was prepared by stress relief
annealing a corresponding specimen which has a residual
stress and the same hardness level in the muffle furnace at
550 °C for 1.5 h followed by furnace cooling. Due to the
incomplete stress release for AISI 304 stainless steel under

TABLE I. Chemical component of the as-received commercial annealed AISI 304 stainless steel rods.

Chemical elements C Cr Co Cu Ni Mn Mo N P S Si Fe

Content/wt% 0.019 18.39 0.16 0.40 8.56 1.40 0.35 0.081 0.033 0.024 0.21 Bal.
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the given experimental conditions, the calculated value of
residual compressive stress was relatively smaller than the
real one, inversely for residual tensile stress was relatively
larger than the real value, theoretically.

3. True stress–true strain curve, yield strength, and
strain-hardening exponent test

The dimensional analysis of instrumented indentation
has been carried out to obtain the local elastic–plastic
properties quantitatively in the past few years fre-
quently.12–17 It can provide the basic relations between
the elastic–plastic properties of the indented materials,
which were obtained from their indentation load–pene-
tration depth measurements.12 Dao et al. performed
a parametric study of 76 cases with various elastic–
plastic parameters using finite element analysis and found
that the loading curvature can be normalized independent
of the strain-hardening exponent at the representative
strain of 0.033.17 Based on this, they established a set of
dimensionless functions that can predict the indentation
response from the elastic–plastic properties. The present
work adopted the reverse analysis method introduced by
Dao et al. for determining the plastic properties of
materials treated by USRP and EP-USRP. Beginning
from that, the distributions of yield strength, strain
hardening exponent, and true stress–true strain curve
within the surface strengthened layer were calculated
concurrently. Here, each group specimens were set as

three parallel tests for obtaining average measuring
results, and the uniaxial stress–strain relation of AISI
304 stainless steel was estimated by the power law
constitutive equation legitimately.

4. Fatigue test

Three kinds of specimens used in the fatigue test were as
follows: specimens processed by mechanical polishing with
an axial surface roughness of Ra 0.2 lm, specimens
processed by USRP with Ra at 0.2 lm, and specimens
processed by EP-USRP at 600 Hz with Ra at 0.2 lm. The
rotating bending fatigue tests were carried out using a PQ-6
rotating bending fatigue test machine. The loading profile
was a sine function and the frequency was 50 Hz and the
stress ratio was �1. The targeted life of the specimen was
adopted as 107, and the fatigue strength was evaluated by
up-and-down method. All tests were carried out at ambient
temperature and with a water-cooled environment.

III. RESULTS

A. Cross-sectional nanoindentation hardness and
residual stress gradient distributions within the
strengthened layer

Generally, the specimens treated by EP-USRP with
optimized experimental parameters show a higher hard-
ness and greater impact depth within the strengthened
layer than that treated by USRP as depicted in Fig. 2(a).
The nanoindentation hardness is maintained at 2.4 GPa in
solution annealed specimens uniformly. After USRP and
EP-USRP, there is a remarkable improvement in surface
hardness for all specimens. For the USRP-treated spec-
imen, hardness at the top surface is up to 5.8 GPa. In EP-
USRP, the specimen treated at 600 Hz shows the highest
hardness at the top surface of 6.7 GPa. But at a higher
frequency of 650 Hz, the hardness at the top surface
shows a lower value of 6.4 GPa. That means there is an
optimal electropulsing parameter, and excessive current
(650 Hz) may result in deterioration of the processing
result in EP-USRP. Both in USRP and EP-USRP,
significant work hardening induced by SPD based on
the combination of dynamic impact superimposed
on static extrusion can promote wear resistance and
present a higher resistance to fatigue crack initiation
dramatically.9,18

FIG. 1. Basic mechanism principle demonstration of EP-USRP.
(Reproduced from Ref. 9. Mater. Sci. Eng., A, 2016).

TABLE II. Electropulsing parameters used in USRP and EP-USRP.

Sample number Frequency (Hz)
Root-mean-square

current density (A/mm2)
Amplitude current
density (A/mm2) Duration (ls)

Surface equilibrium
temperature (°C)

0 . . . . . . . . . . . . 26
1 550 0.96 6.59 60 102
2 600 1.08 7.72 60 119
3 650 1.19 8.85 60 141
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FIG. 2. Cross-sectional nanoindentation hardness (a), residual stress gradient distributions (b), in-depth true stress–true strain curves: USRP (c)
and EP-USRP at 550 Hz (d), 600 Hz (e), and 650 Hz (f), and cross-sectional yield strength (g), and strain hardening exponent (h) gradient
distribution within the strengthened layer.
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Figure 2(b) shows the residual stress distribution within
the strengthened layer induced by USRP and EP-USRP.
Great residual compressive stress is produced from the top
surface to a certain depth by processing. Deeper into inside,
residual tensile stress begins to appear until the stress-free
state of the matrix is reached instead of. The action depth of
residual compressive stress for EP-USRP at 600 Hz is about
800 lm, but it is only 400 lm for USRP. Note that the
maximum value of residual compressive stress is not at the
top surface, but at the subsurface, about the depth of
50–100 lm. This is a typical characteristic of the in-depth
residual stress distribution within the strengthened layer
induced by SPD.19 For the specimen treated by EP-USRP
at 600 Hz, the maximum residual compressive stress is
�1414 MPa, significantly higher than�943 MPa of USRP.
Greater residual compressive stress is very beneficial to the
fatigue and wear resistance performance of the material, and
it is of interest in the engineering application of the metallic
component.4,5,18,20 Unfortunately, an evident stress release
is presented at higher frequency (650 Hz) in EP-USRP, and
the deterioration of the strengthening effect is brought out to
a certain degree. It is implied that the optimized electro-
pulsing parameters are very important in EP-USRP. The
greater residual compressive stress within the strengthened
layer induced by EP-USRP is related to the finer ultra-
refined grains and the accelerated martensitic transformation
caused by electropulsing, which will be discussed in detail
later.

B. Evolution of cross-sectional true stress–true
strain curve, yield strength, and strain hardening
exponent within the strengthened layer

Based on material parameters and for diverse process
parameters, the cross-sectional true stress–true strain
curves, yield strength, and strain hardening exponent of
treated specimens representing the power law relationship
are shown in Figs. 2(c)–2(h). It can be seen that for all
specimens after treatment, the strength property is pre-
sented with gradient distribution. The surface strength is
the highest and gradually decreases with increasing
depth. For USRP, the yield strength on the surface is
647.5 MPa, increasing from 390 MPa of solution
annealed. For EP-USRP at 600 Hz, the yield strength
on the surface is 878.4 MPa, the highest value in the
present work. As depicted, the strain hardening exponent
shows the opposite trend of yield strength. But like
hardness, excessive current (650 Hz) may also result in
deterioration. The gradient distribution of the surface
mechanical properties is very beneficial for a good
adhesion between the strengthened layer and the matrix.

C. Evolution of fatigue performance

Component fatigue performance affects its long-term
stability in structural applications.18,21 As can be seen in

Fig. 3, the fatigue performance increased significantly
after treated for all specimens, but there is a greater
improvement in EP-USRP. For the USRP specimen, the
average rotating bending fatigue strength is 561.5 MPa,
which corresponds to 1.5 times improvement than
368.8 MPa of the specimen processed by mechanical
polishing. In EP-USRP, the higher average fatigue
strength, 593.5 MPa, is made dramatically. The plasti-
cally deformed surface results in high surface hardness
[shown in Fig. 2(a)], which presents a higher resistance to
crack initiation.18 In addition, the high magnitude of
surface residual compressive stress [shown in Fig. 2(b)]
also contributes to the improvement. During the fatigue
test, the surface compressive residual stress can decrease
the magnitude of the effective tensile stress and lead to
improved fatigue strength.10 Thus, the fatigue perfor-
mance improvement is the comprehensive effect of
surface residual compressive stress, surface hardening,
and microstructural changes.10,18,22

SEM micrographs show big difference of fracture
surfaces between the specimens treated by mechanical
polishing, USRP, and EP-USRP, respectively. As
depicted in Figs. 4(a), 4(b), and 4(g), typical fracture
surface morphologies are presented for specimens treated
by mechanical polishing and USRP, respectively. After
fatigue tests, the specimens are completely fractured. The
fracture surfaces are composed of fatigue source, crack
growth zone, and transient fracture zone. Due to residual
compressive stress, the fatigue source in USRP is at the
subsurface, about 260 lm to the surface [Fig. 4(e)].10 But
for the sample treated by mechanical polishing, it is
located on the surface [Fig. 4(d)]. In other words, USRP
causes the fatigue source to move inward. What is more
noteworthy in the present work is that the abnormality of
the fracture surface produced by EP-USRP. After fatigue
tests and as shown in Fig. 4(g), all EP-USRP specimens
are not completely fracture, but are still partially con-
nected together. There are only fatigue source and crack
growth zone on the fracture surface, no transient fracture
zone exists [see Fig. 4(c), the shown manual fracture zone
is generated by hand]. This incomplete fracture means
a higher reservation of safety in practical engineering
application. In addition, a greater fatigue source depth
[about 360 lm, in Fig. 4(f)] is presented in EP-USRP
because of a higher residual compressive stress than
USRP. Beyond above, fatigue striations and fibrous
stripes, which have been commonly observed in fatigue
tests, also occurred in the fracture surface, as can be seen
in Figs. 4(d), 4(e), and 4(f). Striations are fatigue features
that indicate the position of the crack tip and are
perpendicular to the stripes.23 The radial fibrous stripes
emanate from the crack initiation site and are consistent
with crack growth path. In the propagation process of
fatigue crack, height difference could exist between the
different propagation paths resulting in laceration of the
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material and subsequent formation of fibrous stripes.23,24

But for the specimens treated by EP-USRP, the rapid
propagation process of fatigue crack is prevented by the
incomplete fracture zone after it passes through the crack
growth zone. This is a good phenomenon for reservation
of safety, and further study is needed to clarify this point.

IV. DISCUSSION

A. Evolution of microstructure and residual stress
in the strengthened layer

As depicted in Fig. 5, cross-sectional SEM micro-
graphs at 60 lm below the surface show the obvious
difference between deformation microstructures induced
by USRP and EP-USRP, respectively. There are a few
of annealing twins in the solution annealed specimen
[Fig. 5(a)]. After USRP, many deformation bands within
grains appear, distributing in parallel unidirection and
throughout the grain [Fig. 5(b)]. For EP-USRP at 550 Hz,
the parallelism of deformation bands is destroyed, and
interreaction between those deformation bands begins to
appear [Fig. 5(c)]. The degree of this destruction aggra-
vates with increasing frequency and reaches a maximum
at 600 Hz, confirmed by many clustered microstructures
[Fig. 5(d)]. However, at a higher frequency of 650 Hz,
the clustered microstructures are weakened to some
degree [Fig. 5(e)]. The difference of deformation micro-
structures indicates the change in the main mechanism of
plastic deformation.9

In TEM micrographs and corresponding SADPs as
shown in Fig. 6, deformation twins within the strength-
ened layer in USRP can be observed [Fig. 6(a)], the
corresponding SADP [Fig. 6(b)] can prove that the

parallel deformation bands formed in USRP are defor-
mation twins. In EP-USRP at 600 Hz, ultra-refined grains
and more microstructures, such as dislocation cells and
dislocation tangles, can be observed within the strength-
ened layer [Figs. 6(c) and 6(d)]. This indicates that
a better reinforcement effect can be achieved by
EP-USRP using the optimized parameters than USRP.

The morphology and distribution of grains described
by EBSD IPFs and corresponding phase distribution
within the strengthened layer are shown in Fig. 7. Coarse
equiaxed annealed grains are observed in the solution
annealed specimen, and the average size is about 15 lm
[Fig. 7(a2)]. After USRP treatment, refined grains are
generated in the surface layer within a depth range from
surface to 40 lm [Fig. 7(b2)]. In EP-USRP, more ultra-
refined grains are observed, and greater distribution
depths are reached than USRP [Figs. 7(c2), 7(d2), and
7(e2)]. Corresponding magnified images in the top
strengthened layer [Figs. 7(a1), 7(b1), 7(c1), 7(d1), and
7(e1)] show the micromorphology of the ultra-refined
grains. As shown in figures, the enhancement effect is the
best at 600 Hz in EP-USRP. The ultra-refined grains
facilitate the enhancement of hardness and wear resis-
tance. Phase transformation from austenite to martensite
induced by SPD is an important characteristic in the
plastic processing of AISI 304 stainless steel.25–27 The
process of this change is described in detail by EBSD.
The solution annealed AISI 304 stainless steel is almost
entirely composed of austenite [Fig. 7(a3)]. When it is
subjected to SPD in USRP, a remarkable phase de-
formation from c-austenite to a9-martensite within the
surface layer can be observed [Fig. 7(b3)]. It is worth
noting that in EP-USRP comparatively, the martensite

FIG. 3. Loading-failure up-and-down curves (a) and the average rotating fatigue strength (b) from the rotating bending fatigue test of the
specimens processed by mechanical polishing, USRP, and EP-USRP at 600 Hz, respectively.
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volume fraction in the strengthened layer increases when
electropulsing is applied [Figs. 7(c3), 7(d3), and 7(e3)].
At 600 Hz, the volume fraction is significantly higher
than that of USRP; i.e., the martensitic phase trans-
formation is accelerated by electropulsing.9 But at
a higher frequency of 650 Hz, the volume fraction begins
to decrease due to excessive current. Owing to its high
hardness, the transformed martensitic phase in return can
impact the surface mechanical properties significantly,
such as higher surface hardness and greater wear
resistance.

Structure strengthening and stress strengthening are
two important strengthening mechanisms in plastic de-
formation processing based on SPD for metallic materi-
als.10 Structure strengthening refers to the improvement
in the properties of a material as a result of changes in the
microstructure, such as refined grains, pileups of

dislocations, phase transformation, second phase, and
so on. The modified microstructure of a metal can
improve the hardness, wear resistance, and fatigue
performance significantly.

During the plastic deformation of metal materials,
dislocation slip and deformation twinning are two com-
peting processes.18 For AISI 304 stainless steel during the
traditional plastic deformation process, deformation twin-
ning plays an important role because of its relatively low
stacking fault energy (SFE).18,28–30 From the principle of
plastic deformation, it can be stated that the lower the
SFE, the higher the appearance probability of stacking
faults and the wider the extended width of the stacking
faults. Because of great difficulty in concentrating for
a widely separated partial dislocation, it is very unlikely
to cross-slipping between the different glide planes in the
form of a perfect dislocation. In this case, planar

FIG. 4. SEM micrographs of fracture surfaces of mechanical polishing (a), USRP (b) and EP-USRP at 600 Hz (c), corresponding magnified
images of the fatigue source zones (d), (e), and (f), and the physical photo of the fatigue tested specimens (g).
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dislocation arrays and stacking faults with widely sepa-
rated partial dislocations are more easily formed on the
same {111} slip planes in AISI 304 stainless steel.28,31

The extended dislocations’ accumulation above from the
plastic strain leads to stress concentration, which is
favorable for the nucleation of deformation twins. Then
the deformation twinning may occur when critical twin-
ning stress is met.28 Therefore, many parallel deformation
bands are formed within the strengthened layer in USRP.
As more plastic strain accumulates, deformation twins in
different directions divide the grains into smaller sec-
tions, which eventually lead to refined grains.18 Mean-
while, the intersections of the stacking faults and twins
generate plastic strain concentration, and those intersec-
tions serve as embryos for martensite formation. The
martensite embryos then grow to refined crystallites when
the material is subjected to further plastic strain. Finally,
the refined grains and new martensite phase are
obtained.7,9,18,28,29,32 The obtained martensite has a higher
hardness and a bigger volume than primary austenite,
which leads to a compressive stress. As a result, higher
surface hardness, greater wear resistance, and higher
residual compressive stress than the solution annealed
are produced by USRP.

When electropulsing applied in EP-USRP, the SFE of
AISI 304 stainless steel is enhanced rapidly due to the
thermal and athermal effects of electropulsing.9,33,34 The
SFE of metallic materials is mainly affected by temper-
ature, components, segregation of the alloying element in
stacking faults, etc. The segregation of the alloying
element in stacking faults shows a strong pinning effect
on the concentration and movement of the extended

dislocation before transforming to a perfect dislocation
and then completing a cross slip. Like the Joule heating
effect, the athermal effect of electropulsing can speed up
the diffusion of atoms and the movement of dislocations
in the material significantly. The increase in diffusion
speed of the alloying element in stacking faults is
conducive to the reduction of the above-mentioned
pinning effect. Therefore, the concentration and move-
ment of the extended dislocation are more easily to
happen, and the extended dislocation can probably trans-
form to a perfect dislocation and then glide to another
glide plane and complete a cross slip, which is accom-
panied by suppressed deformation twinning.35 Thus,
dislocation cells and dislocation tangles can form through
dislocation cross slip, and plastic strain concentration is
produced. In the subsequent processing, these dislocation
cells and dislocation tangles grow into the new refined
grains, and the martensite phase transformation is com-
pleted.9 Therefore, there is an entirely different mecha-
nism of plastic deformation between USRP and EP-
USRP. But what is more noteworthy in EP-USRP is the
further modified microstructure and performance than
USRP that are induced by electropulsing. Electropulsing
can accelerate the mobility of dislocation in plastic
deformation.36–41 Therefore, much easier cross slip for
dislocations can be carried out, and more dislocation cells
and dislocation tangles can form in the same time and
space. That means the growing space for every disloca-
tion cell or dislocation tangle is very small. Therefore, the
squeeze effect between the new generated martensite
grains is dramatically magnified because of the dilata-
tional volume expansion from austenite to martensite. In

FIG. 5. Cross-sectional SEM micrographs showing the microstructural evolution within the strengthened layer: solution annealed (a), USRP (b)
and EP-USRP at 550 Hz (c), 600 Hz (d), and 650 Hz (e) (the left edge of each figure is the material surface).
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addition, more dramatic lattice distortion is caused by
enhanced plastic deformation within the surface layer by
electropulsing. Thus compared with USRP, finer ultra-
refined grains and more stronger residual compressive
stress due to excessive extrusion between each martensite
grain are generated in EP-USRP.9,37

In addition, the change of material system free energy
and enhanced stability of ultra-refined grain boundaries
induced by electropulsing are non-negligible reasons for
the improvement of material performance brought by EP-
USRP. Plastic deformation inducing processes like roll-
ing or drawing may introduce grain boundaries into
metals and refined grains; yet in most metals, this
refinement saturates at the submicrometer scale due to
grain boundary annihilation above a threshold level of
strain.42,43 But when electropulsing is applied to the
material, electric current free energy, which is different
from the chemical free energy, is introduced into the
system as an extra free energy term.44 Electric current

free energy is dependent on the microstructure configu-
ration. And the refinement of grains can cause the electric
current free energy to reduce in some cases. This
compensates the increment of interfacial free energy
during refining and enables the processing to achieve
finer microstructure44,45; i.e., finer ultra-refined grains can
be generated. Therefore, electropulsing in EP-USRP can
break the grain refining limit that is induced by SPD
drastically. On the other hand, some metals at some grain
sizes in the nanometer regime often become more and
more soft with decreasing grain sizes, opposing with the
classical Hall–Petch relationship.46–48 Hall–Petch rela-
tionship, the increase in strength is inversely proportional
to the square root of grain size, is established with the
strengthening mechanism based on dislocation pileups at
grain boundaries, which hinder dislocation motion. Grain
size reduction into the nanometer scale, i.e., with higher
density of grain boundaries, can make dislocation pileup
difficult, raise into question continued hardening.49,50 But

FIG. 6. TEM images and corresponding SADPs at 30 lm below the surface showing: (a) highly dense deformation twins induced by USRP and
(b) diffraction pattern taken from the dotted ring in (a) revealing reflections at 1/3{110} positions from the deformation twins, (c) highly dense
dislocations (shown by arrows) induced by EP-USRP at 600 Hz, and (d) diffraction pattern taken from the dotted ring in (c) revealing the refined
grains.
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in metals with extremely fine grains, the stability of grain
boundaries plays a crucial role in determining the plastic
deformation and hardness. For grain boundaries with
a low stability against plastic straining, deformation
mechanism shifts from full dislocation slip to grain
boundary-mediated process at a critical grain size.46

And this anomaly may lead to a lower hardness in a metal
that with ultrafine grains; i.e., it is not advisable to pursue
the superfining of grains purely and blindly in strengthen
processing based on plastic deformation for metallic
materials. But fortunately, electropulsing applied in EP-
USRP can eliminate this disadvantage dramatically by
effective stabilization of high angle grain boundaries that

exists in nanosized grains and shows lower thermal and
mechanical stability51 through grain boundary relaxa-
tion,52 grain boundary segregation of solute atoms,53,54 or
both processes.46 The thermal and athermal effects of
electropulsing can effectively promote the diffusion and
redistribution of solute atoms within grains and on grain
boundaries.36,38,45 These effects are equivalent to a mod-
erate annealing at modest temperatures but without
obvious grain size change.46 Electropulsing can also
induce some beneficial elements’ enrichment at grain
boundaries, and the segregation of the solute atoms or
existed impurity atoms at grain boundaries may also be
induced. The enrichment and segregation can increase the

FIG. 7. EBSD IPFs within the strengthened layer: solution annealed (a2), USRP (b2), and EP-USRP at 550 Hz (c2), 600 Hz (d2), and 650 Hz (e2),
and corresponding magnified images within the top strengthened layer: solution annealed (a1), USRP (b1), and EP-USRP at 550 Hz (c1), 600 Hz
(d1), and 650 Hz (e1), and corresponding phase distribution within the strengthened layer (martensite represented by red and austenite represented
by green): solution annealed (a3), USRP (b3), and EP-USRP at 550 Hz (c3), 600 Hz (d3), and 650 Hz (e3) (the left edge of each figure is the
material surface).
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stability of grain boundaries significantly, which facilitates
structural refinement down to the nanoscale.42,46 There-
fore, in the following processing, ultrafine grains show
a stronger resistance to plastic deformation due to more
stable grain boundaries and present a higher hardness
finally. Besides accelerated martensite transformation and
gradient distribution of finer grains and interfaces with
spacing ranging from the nanoscale to macroscale are
effective strategy for strain delocalization,51 remarkable
improvement homogeneity in plastic deformation based on
dislocation slipping induced by electropulsing is also
beneficial for fatigue performance.55 Under the combined
effect of the above factors, fatigue performance is im-
proved significantly, while friction coefficient and wear
amount are reduced dramatically.9,42,43,46

Stress strengthening is another important intrinsic
mechanism for the improvement of the fatigue perfor-
mance induced by USRP, and it has been considered to
play a leading role on fatigue performance all the
time.10,56 In the plastic deformation process, lattice
distortion caused by external force is an important cause
of internal residual compressive stress. Another important
reason for residual compressive stress is the squeeze
effect between the new generated and refined martensite
grains because of the dilatational volume expansion from
austenite to martensite. Great residual compressive stress
induced by nonuniform surface cyclic plastic deformation
and inflated transformational martensite phase presents
a high resistance to crack initiation and decreases the
magnitude of the effective tensile stress.18 So that the
fatigue resistance can be improved. Because of the
nonmonotonic distribution of residual stress in the
strengthened layer, the amplitude of effective destructive
stress exerted on the material is not on the surface, but at

the subsurface. That is the reason why the fatigue source
shifts to the subsurface in the fatigue testing specimen
treated by USRP from that treated by mechanical polish-
ing. With the help of electropulsing in EP-USRP, greater
residual compressive stress induced by deteriorated SPD,
finer grains and accelerated martensite phase transforma-
tion than that in USRP further decreases the magnitude of
the effective tensile stress and shows a stronger resistance
to crack initiation. Therefore, better fatigue performance
is presented by EP-USRP. In addition, crack healing and
tip passivating induced by electropulsing in EP-USRP are
other two important factors for the stronger resistance to
crack initiation, and they are reflected in the dramatic
improvement of fatigue performance ultimately.8,9,57,58

B. Illumination of the mechanism on the fatigue
performance evolution under the action of EP-
USRP

The fatigue performance evolution of AISI 304 stain-
less steel induced by EP-USRP is depicted in Fig. 8. For
the mechanical polished fatigue specimen, there are a lot
of microcracks on the surface, even though there is
a good finish on the macro. Under the action of
alternating load, fatigue source originates from the
surface based on the existed microcrack, following by
crack growth and transient fracture. Finally, the conven-
tional fatigue strength and fracture morphology are
presented as shown in Figs. 4(a), 4(d), and 4(g).

In USRP, refined grains and residual compressive
stress can be generated at and below the material surface
to a certain depth. At the same time, a surface with lower
roughness is presented because of the rolling effect. Then
the structure strengthening and stress strengthening are

FIG. 8. Schematic illumination showing the fatigue performance evolution of AISI 304 stainless steel under the action of EP-USRP.
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introduced into the surface of the material. Surface
mechanical properties, such as hardness and wear re-
sistance, are enhanced significantly. Meanwhile, high
surface hardness shows a high resistance to fatigue crack
initiation. In the fatigue test, the residual compressive
stress can decrease the magnitude of the effective tensile
stress. Thus, an obvious improvement of fatigue perfor-
mance is made by USRP. But because of the non-
monotonic distribution of residual stress in the
strengthened layer, the amplitude of effective destructive
stress exerted on the material is not on the surface, but at
the subsurface. Also due to SPD, a large number of
microdefects, such as microcracks with sharp tips, are
created at the subsurface. Therefore, the fatigue source
originates from the microcrack that locates at the sub-
surface where effective destructive stress shows a higher
value and obvious fragility of the material is presented.
As result, a high fatigue strength is achieved, and as
depicted in Figs. 4(b), 4(e), and 4(g), and the fracture
morphology with moving inward fatigue source is
presented in USRP.

When electropulsing applied in EP-USRP, finer grains,
higher surface hardness, greater residual compressive
stress and more martensite than that generated by USRP
are presented due to the comprehensive effect of elevated
SFE, accelerated dislocation mobility, introduction of
electric current free energy, and enhanced stability of
ultra-refined grain boundary as discussed above. Crack
healing and tip passivating rapidly occur at and below the
surface, and the microdefects induced by SPD largely
weakened and reduced. Meanwhile, significant improved
homogeneity in plastic deformation based on dislocation
slipping is induced by electropulsing. Higher surface
hardness, finer ultra-refined grains, lots of grain bound-
aries, greater residual compressive stress, passivated
crack tip, and preferable homogeneity in plastic defor-
mation make the fatigue crack initiation more difficult.
Therefore, the amplitude of effective destructive stress
decreases further, and fatigue source moves to the deeper
subsurface than that in USRP. In the fatigue test, crack
growth is stopped at the transient fracture zone after crack
initiating and passing through the growth zone because of
insufficient driving force for crack growing. Therefore,
a higher fatigue strength and an incomplete fracture
morphology are presented as depicted in Figs. 4(c),
4(f), and 4(g). Finally, a dramatical improvement of
fatigue performance brought by EP-USRP is achieved
miraculously, and it shows very high reservation of safety
for engineering application.

V. CONCLUSION

Compared with USRP, further modified structure
strengthening and stress strengthening are generated
within the surface strengthened layer by EP-USRP.

For AISI 304 stainless steel, the fatigue performance
shows a higher average rotating bending fatigue
strength. Anomalously and noteworthily, higher reser-
vation of safety, manifested as an incomplete fracture, is
a valuable feature property for the specimens treated
by EP-USRP in practical engineering applications. In
EP-USRP, higher surface hardness, effective crack
healing, finer ultra-refined grains, and greater residual
compressive stress than that induced by USRP within
the surface strengthened layer are likely the primary
intrinsic reasons for the remarkable improvement of
fatigue performance.
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