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Laser Shock Peening Induced
Back Stress Mitigation in Rolled
Stainless Steel
Laser shock peening (LSP) is investigated as a potential tool for reducing tensile back
stress, shown here applied to rolled and annealed 304L austenitic steel. The back stress
of treated and untreated dog-bone samples is extracted from hysteresis tensile testing. Elec-
tron back-scatter diffraction (EBSD) and orientation imaging microscopy (OIM) analysis
quantify the geometrically necessary dislocation (GND) density distribution of unstrained
and strained as well as unpeened and peened conditions. Finite element analysis (FEA)
simulation models back stress and residual stress development through tensile testing
and LSP treatment using known LSP pressure models and Ziegler’s nonlinear kinematic
hardening law. Nonlinear regression fitting of tensile testing stress–strain in as-received
specimens extracts the kinematic hardening parameters that are used in numerical study.
This research shows LSP may be used to overcome manufacturing design challenges pre-
sented by yield asymmetry due to back stress in rolled steel. [DOI: 10.1115/1.4052909]
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Introduction
Strain history in rolled steel sheets causes there to be a standard

tension-compression yield asymmetry along the material’s rolling
direction (RD) [1]. This yield asymmetry results from residual
back stress or a displacement of the material’s yield surface due
to the Bauschinger effect [2]. Back stress describes the internal fric-
tional stress that resists loading as dislocations pile up at obstacles
to glide such as grain boundaries. Residual back stress in
as-received material introduces challenges in the design of
forming and drawing manufacturing processes and also reduces
fatigue life under loading at high-strain amplitudes [3]. In
forming and drawing manufacturing, yield asymmetry in
as-received material exacerbates the disparity between the levels
of hardness and fatigue strength in different areas of a subsequent
part [4]. These disparities dictate failure modes and anisotropic
behavior corresponding to the shape and method of deformation.
Metal spring-back behavior is also of concern during forming, as
Bauschinger hardening causes erratic residual plastic strain depen-
dent on the material’s loading history [5]. The presence of back
stress and kinematic hardening also requires that the design of
forming and drawing techniques must be adjusted in order to
achieve a desired structure, factoring in an increased number of
hardening parameters [6]. As a result, parts such as those used in
automotive engines often suffer from misregistry in manufacturing
assemblage as strain softening induced by rolling and subsequent
metal stamping produces unpredictable final shapes [7]. Further,
back stress complicates analyzing fatigue life and requires modified
models for failure estimation, standard methods having a tendency
to overestimate the life of the part [8,9]. Due to these design chal-
lenges, it is of interest to reduce yield asymmetry and general
anisotropy in manufacturing rolled-sheet material, especially in
materials such as 304L stainless steel whose low corrosive sensitiv-
ity and ductility make it attractive for mechanical design.
Annealing heat treatment may eliminate residual anisotropy and

strain history in steel, but it also significantly reduces the material’s
yield strength and alters its design use. Thus, it may be desirable to
modify the back stress of a material without reducing its yield.

Other methods of reducing yield asymmetry, especially due to
strong texture and tortuous grain morphology, are affected
through four primary mechanisms: anisotropic strengthening,
weakening of texture, and grain-size control. Magnesium alloys
and other hexagonal-cubic planed (HCP) metals tend to undergo
different modes of plastic deformation in tension and compression,
being harder in the direction that is most prone to twinning or
according to texture orientations [10–12]. In HCP alloys, unlike
FCC metals, precipitates and solid-solution strengthening have
uniquely anisotropic hardening modes that can be used to combat
characteristic asymmetry [13]. Equal channel angular pressing,
multi-directional forging, pre-torsion, and hot extrusion achieve
grain refinement and texture weakening through recrystallization
[14–17]. These microstructure-control methods tend to be unrea-
sonable for application to rolled steel sheets. The development of
a predominant bainite phase reduces the Bauschinger effect in chro-
molly steel but this is unachievable in austenitic steel [18]. Laser
shock peening (LSP) presents a method of back stress reduction
that does not significantly alter the grain morphology or phase com-
position of the material and is therefore attractive for reducing yield
asymmetry in stainless steel sheets.
Laser shock peening observably affects microstructure and resi-

dual stress in metal targets, making it a potentially promising tool
for mitigating tensile back stress along with its more well-known
benefits to fatigue and strength performance. LSP is a surface treat-
ment used to improve fatigue life and corrosion resistance of metal
parts [19]. LSP directs a high-powered pulsed laser through a trans-
parent confining medium to strike a metal target which is covered in
an ablative coating. The ablative layer absorbs the thermal energy of
the laser pulse and turns to plasma, rapidly expanding into the
ductile surface of the metal due to the constraint of the confining
medium. The impact creates shockwaves that emanate through
the metal part causing permanent plastic deformation. Several
studies report that this process improves texture and refines grain
structure, outcomes known to alleviate microstructural anisotropy
[19–21]. Compressive residual stress is the most salient feature of
LSP that is primarily responsible for arresting crack growth [22].
Similar compressive stress in the surface of gradient nanograined
copper induces compressive back stress [23]. It is thus reasonable
that investigating applying such a residual stress field to rolled
steel may mitigate unwanted tensile back stress by moving the
locus of the yield surface in the compressive direction.
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This paper shows that LSP indeed reduces the back stress of
rolled steel through both microstructural changes and yield
surface changes. The back stress of LSPed and as-received
samples is compared through hysteresis tensile testing. Electron
back-scatter diffraction (EBSD) and orientation imaging micros-
copy (OIM) analysis examine both control and experimental
sample microstructures as well as dislocation distributions before
and after strain. Finite element analysis (FEA) of LSP and uniaxial
strain employing nonlinear kinematic hardening laws shows
peening offsets the yield surface of the material in the compressive
direction, measurably reducing the material’s bulk back stress.

Background
Kinematic Hardening and Back Stress. Ductile metal kine-

matically hardens under loading when the central locus of its
yield surface offsets in stress space, also known as the Bauschinger
effect [24]. The underpinning causes for back stress development
have been well discussed in and are widely attributed to the
pileup of dislocations at obstacles and grain boundaries [25].
These pileups generate internal friction stress, impeding dislocation
glide and increasing the yield stress in the direction of the applied
load. After back stress develops in either tension or compression,
the material becomes softer when the load is reversed. This soften-
ing is due to repelling stresses between dislocations which cause the
pileups to rapidly dissipate when loading is reversed, thereby assist-
ing reverse yield. Figure 1 demonstrates the transformation of the
yield surface during forward and reverse loading. After initial
tensile yield, the material flows in compression at a much lower
applied stress due to movement of the yield locus in the tensile
direction.
When significant back stress has developed, the displacement of

the yield surface due to kinematic hardening may be measured
without a full load reversal and can be extracted from tensile
loading and unloading hysteresis testing [27]. After undergoing
plastic strain followed by unloading, materials with substantial
back stress will experience unloading yielding. Unloading yield
occurs at the point in unloading when the applied load is equal to
the residual back stress due to dislocation pileups. As the applied
load further diminishes, the dislocations run back toward their
sources away from the obstacles at which they were pinned. The

result is a noticeable nonlinearity in the stress–strain curve toward
the end of unloading from which it is possible to extract a yield
point. It is then assumed that the back stress established before
unloading redevelops to the same level through reloading. Extract-
ing reloading and unloading yields from tensile hysteresis enables
calculation of the back stress at a given plastic strain. It is then pos-
sible to correlate measured back stress with microstructure and dis-
location distribution within a material.

Geometrically Necessary Dislocation. Given that kinematic
hardening results from dislocation pileups, observation of disloca-
tion distribution gives insight into how back stress develops.
Approaches for measuring dislocation density differ according to
the type of dislocation. Ashby was first to distinguish between geo-
metrically necessary and statistically stored dislocations (GNDs and
SSDs), explaining the residual increase of dislocation density after
plastic strain [28]. He established that though dislocation glide is the
source of permanent deformation, nonmobile dislocations may be
generated under plastic strain either from dislocation sources such
as Frank-Reade sources or in order to accommodate strain gradients
within grains. The former is the origin of SSDs while the latter is the
origin of GNDs. The presence of GNDs within grains results in
lattice curvature which can be detected using EBSD and OIM anal-
ysis [29,30]. OIM analysis calculates the orientation gradient of
each data point taken in an EBSD image. This gradient then corre-
lates directly with GND density, factoring in Burgers vector and the
slip systems according to phase. The SSD type is excluded from this
analysis because such dislocations do not result from curvature and
thus must be observed through direct visual observation such as
through transmission electron microscopy. High GND density gra-
dients near grain boundaries in the unloaded state correlate with
back stress measurements in large grained tantalum [31]. Disloca-
tions within pileups are spaced increasingly far apart the further
from a pinning obstacle they are, resulting in the creation of dislo-
cation gradients. This behavior allows us to extrapolate back stress
from the intensity of GND density gradients near barriers to glide.
Ex situ measurement complicates this analysis, but even in the
unloaded state, a residual dislocation gradient is evident near obsta-
cles such as grain boundaries. SSDs’ contribution to back stress has
yet to be quantified because they are invisible to OIM. By observing
the microstructure and GND density distribution within the LSPed
and as-received specimens before and after straining, we can
observe the mechanics by which back stress may have been
altered between the two groups.

Laser Shock Peening. Laser shock peening increases the
fatigue life of metal parts through creating localized plastic defor-
mation in the surface of metal targets. The impact of the expanding
plasma generates high-strain rates (∼106 s−1) under the surface of
the peened material, creating first elastic then dislocation shock
waves emanating from the site of impact [20]. The shock waves dis-
sipate the deeper into the target they penetrate until the waves of
applied stress reduces below the material’s Hugoniot limit and no
further plastic deformation occurs [22]. The plasma expansion
forced into the target by the confining medium causes the metal
to try to expand outward, but the surrounding material restrains
its expansion. This process leaves a profile of compressive residual
stress extending typically 0.5–1.2 mm under the surface of the
peened part [19]. The compressive force acts to hold closed hairline
fractures and cracks, thereby increasing the parts fatigue life. LSP
has even been used to heal fissures after they have formed [32].
Compressive residual stress has the effect of resisting tensile
applied stress and also assisting reverse yielding. The result is to
displace the yield surface of the material in the compressive direc-
tion, thereby diminishing tensile back stress. This effect is aided by
alterations made to the material’s microstructure.
The shock waves produced by LSP create several dislocation

fronts which transform from dislocation cells into nano-grains,
new grain boundaries and residual dislocations as the shock wave

Fig. 1 A loading and reverse loading curve illustrating
the Bauschinger effect and the translation and expansion of the
yield surface. The initial state shows isotropic expansion of
the yield surface and the forward work hardening state depicts
the translation of the yield locus under kinematic hardening [26].
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expands. The resulting grain refinement, dislocation structure, and
plastic lattice rotation have been widely observed through transmis-
sion electron microscope and EBSD [33–36]. Application of a high
enough LSP pressure to 304 stainless steel causes recrystallization,
achieving grain refinement producing more equiaxed grains [33].
Below this pressure threshold, the stored strain energy within resi-
dual dislocations is such that upon annealing, significant grain
refinement and recrystallization can be produced, a tool that has
been used to tailor the microstructure of additively manufactured
parts [37]. Residual dislocations are also associated with a measured
hardness increase local to the LSPed surface [36]. It may be counter
intuitive that a process known to create hardening dislocations
reduces the back stress of a material given that increased GND
density gradient corresponds to increased back stress. However,
as detailed by Ashby [28], dislocations in a polycrystalline material
have many sources and only generate back stress when they contrib-
ute to resisting the applied load. The dislocations created by LSP
harden in compression, which is the mode of yield tested by stan-
dard hardness tests. However, by kinematically hardening, the
material in compression these dislocations assist yield in the mate-
rial in tension by developing compressive back stress. This effect
combined with the compressive residual stress profile, recrystalliza-
tion, and dislocation annihilation produced by LSP is here shown to
contribute to creating a bulk back stress reduction in material with
prestrain tensile back stress.

Experimental Procedure. The samples come from
3.175 mm-thick rolled and annealed 304L stainless steel manufac-
tured to the AMS 5511 standard. Wire electrical discharge machin-
ing (EDM) cut both control and experimental tensile specimens to a
standardized ASTM E8 geometry. Four dog bones were prepared

for LSP treatment while four were left as-received; all were cut
such that the rolling direction is the same direction as the applied
tensile load. A Quanta-Ray Lab Series, Q-switched Nd:YAG
Spectra Physics laser was applied LSP to the front and back surfaces
of the experimental samples’ gauge length. Directed through an
acrylic confining medium and set at a 100 Hz rep rate, 10 ns
pulse width, and 150 mJ pulse energy the laser ablated a layer of
Polyester 3M tape on the surface of the tensile sample below. The
two groups of resulting samples are shown representatively in
Fig. 2. The diameter of the spot size applied to the surface of the
sample is around 400 µm. The stage holding the sample moved at
a 40 mm/s and each peen center is located 400 µm from the next
in the same row. The resulting plastically deformed peen indenta-
tions are smaller than the laser spot size as visualized in Fig. 3
through optical profilometry. An MTS 7k electromechanical
machine strained each sample to 3% before unloading to zero
load and reloading to 4% total strain (Fig. 4). For EBSD observa-
tion, both strained and unstrained samples were cut using wire
EDM to maintain the existing stress distribution. Electropolishing
with phosphoric acid, sulfuric acid, and glycerin solution at
0.167 A/mm2 for 10 min prepared samples for microscopy, using
Teflon tape to mask the sides. The polishing removed approxi-
mately 100 µm of material. Lin and Hu [38] provide the solution
chemistry for polishing. EBSD was performed using a Zeiss
Sigma VP scanning electron microscope an EDAX Hikari Plus
EBSD camera and EDAX TEAM analysis software.

Numerical Modeling
Laser shock peening pressure loading and continuum kinematic

hardening as modeled by Abaqus simulates experimental results.
LSP impacts are applied to the surface of a quarter model of the
experimental specimen’s gauge length with dimensions 3 mm×
1.5 mm×3 mm. Twenty pulses are applied to the x2-axis surface
(Fig. 2): five per row and four per column as produced by the
40 mm/s stage speed in the experiment. After peening, a ramped
surface load gradually applies 422 MPa in the x33 direction to simu-
late uniaxial tension. Boundary conditions enforce symmetry on
three sides for both LSP and uniaxial tensile loading.

Fig. 2 (a) As-received sample and (b) LSPed sample. The gauge
length has LSP applied to both front and back. The laser ran
across the transverse direction at a 40 mm/s speed. Each row
is spaced approximately 400 µm apart. The x2 and x3 directions
identify the axes of the simulation.

Fig. 3 Representative depth profile of an LSP indent as mea-
sured by optical profilometry. The diameter of the observable
plastic deformation is approximately 180 µm in both x and y
directions and reaches a depth of 17 µm.
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It is standard to assume that LSP has minimal thermal effect on
the surface of the metal target, given that the ablative layer
absorbs the majority of the laser’s thermal energy and converts it
into an expanding plasma [39]. The estimation used here assumes
the pressure profile to be Gaussian and the laser pulse intensity
develops as a triangle wave with a 10 ns pulse width. Solving the
coupled differential equations below calculates peak pressure devel-
opment:

P(t) =
Z

2
dL

dt
(1)

I peak(t) =
Z

2
1 +

3
2α

( )
dL

dt

( )2

+
3
4
Z

α

d2L

dt2

( )
L (2)

where P(t)= peak pressure at the LSP interface as a function of
time t, Z= 2Z1Z2/Z1+ Z2= combined impedance of the LSP
interface (Z1= 3960 kg/cm2 impedance of steel, Z2= 320 kg/cm2

impedance of acrylic), L(t)= peak plasma thickness, α= parametric
fraction of internal energy that increases the thermal energy of the
plasma, and Ipeak(t)= peak laser intensity [39,40]. Given the laser
intensity, the maximum peak pressure is found to be 6 GPa and
P(t) develops approximately according to a triangle wave. A user
subroutine supplies the pressure input into the simulation, develop-
ing peak pressure as a triangle wave with the same pulse width as
the laser.
A standard Hooke’s law describes elastic behavior with a

Young’s modulus of E= 155.44 GPa as derived from regression
fitting to experimental stress–strain. After von Mises yield, the
material undergoes combined kinematic and isotropic hardening.
A nonlinear iteration of Ziegler’s linear kinematic hardening law
models the back stress development after LSP and due to uniaxial
tension:

α̇k =
C

σ0
(σ − α)ϵ̇ pl − γkαk ϵ̇

pl
(3)

where σ= the stress tensor, α= the back stress tensor, αk= the kth
back stress tensor component, C= kinematic hardening modulus,

ϵ̇ pl =
�����������
2/3ϵ̇ pl:ϵ̇ pl

√
= the equivalent plastic strain rate (ϵ pl = plastic

strain), γ= an exponential hardening parameter, and σ0 =��������������������������
3/2(S − αdev):(S − αdev)

√
= the size of the yield surface (S= devia-

toric stress tensor, αdev= deviatoric component of the back stress
tensor) [41]. Assuming only one additive back stress tensor
component and uniaxial tension along the x33, (σ−α) reduces to

(σ−α)33= σ0. Thus, the back stress along the loading direction
changes as

α̇ = (C − γα)ϵ̇ pl (4)

Integration over half of a loading cycle with an initial pre-strain
and back stress yields the following:

α =
C

γ
(1 − e−γ(�ϵ

pl−�ϵ pl0 )) + α0e
−γ(�ϵ pl−�ϵ pl0 ) (5)

given α0= the initial back stress and �ϵ pl0 = the initial equivalent
plastic strain. With combined isotropic and kinematic hardening,
the yield surface size increases exponentially so that the applied
stress is given by

σ = σ|0 + Q∞(1 − e−b�ϵ
pl
0 ) + α (6)

where σ|0= yield stress without strain, Q∞=maximum size of the
yield surface, and b= the exponential rate of increase of the yield
surface size up to the maximum. To model the as-received material,
the hardening equation parameters are fit in STATA to measured
back stress and experimental stress–strain curves with. Further
parameter exploration finds the closest match with the LSPed exper-
imental data. First, the back stress hardening Eq. (5) is fit to the mea-
sured back stress and strain, yielding α0= 150 MPa, �ϵ pl0 = 0.022,
γ = 50, and C= 1.19 GPa (R2= 0.97). The back stress hardening
equation with fit parameters is then input into isotropic hardening
Eq. (6) whose parameters are fit using stress–strain data. The result-
ing fit parameters are σ|0= 256 MPa, b= 300, and Q∞=
−0.593 MPa (R2= 0.77). This initial yield and initial equivalent
plastic yield indicate that the material is indeed prestrained. The
Q∞ value indicates a moderate contraction of the yield surface.
Contraction has been observed to be a feature of a flattening of
the yield surface due to kinematic hardening [42]. To model LSP,
high-strain rate material properties are also required as an input
into the model. The high-strain rate yield ratio up to 104 is taken
from the literature [43]. Both the LSP and tensile loading were
implemented in ABAQUS Explicit.

Results and Discussion
Back Stress Determination. Tensile testing conducted on

as-received and LSPed specimens allowed comparison of stress–
strain and back stress development. Each specimen was strained to
3% before unloading to zero load and reloading to 4% total strain.
The testing was repeated on four specimens of each group. A
typical stress–strain curve may be seen in Fig. 4 for an as-received
specimen and LSPed specimens show similar patterns. The
average 2%-offset initial plastic yield is measured as 343.3 MPa
and 360.9 MPa for as-received and LSPed groups, respectively.
The LSPed samples demonstrate a compressive yield surface offset
upon both tensile and hysteresis loading. Softening of the tensile
yield in the shock treated group supports findings from unloading–
reloading analysis showing back stress was reduced in the LSPed
samples as compared with the control specimens.
To derive back stress from stress–strain hysteresis, plastic and

elastic responses must be individuated. Unloading and reloading
yield are used in calculating back stress:

σb =
σu + σ0

2
−
σ∗

2
(7)

where σu= unloading yield stress, σ0= reloading yield stress,
and σ∗ = thermal relaxation component of plastic flow [27]. The
thermal flow adjustment (σ∗) factors in creep relaxation at the
start of unloading. In the original formulation of deriving back
stress from unloading–reloading hysteresis, Yang et al identifies
unloading yield as a 5%–15% deviation from elastic behavior
[27]. As seen in Fig. 5, the unloading stress–strain has a distinct
elastic regime as demonstrated by the flattened portion of the

Fig. 4 Typical tensile stress–strain curve in as-received
specimens. LSPed specimens showed comparable behavior.
The initial plastic yield occurs at the intersection of the dashed
elastic line marking a 2% offset from zero elastic strain. The
averageof theunloadingyieldand reloadingyield is near themea-
sured back stress given that the thermal stress is small.
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tangent modulus. The tangent modulus is evaluated by calculating
the regression slope of a neighborhood of 65 points at each point
of the unloading curve. This number of points allows a sufficient
amount of smoothing to reduce noise. The slope of the tangent
modulus curve is then calculated using 20 neighboring points and

the minimum point of the second-derivative of the unloading
curve is considered the center of the elastic response. The tangent
modulus at the center of elastic unloading is the adjusted elastic
modulus or the unloading elastic modulus (Eu). The unloading
yield (σu) is marked as the lowest stress during unloading that has
a 5–15% deviation from Eu. The highest stress of the reloading
curve that has a 5–15% deviation from the Eu marks the reloading
yield point (σr). Thermal relaxation stress (σ∗) is calculated as the
difference between the stress at the beginning of unloading and
the stress at the beginning of the unloading elastic regime.
The average back stress of the LSPed materials at 5%, 10%, and

15% unloading yield definitions are 131.1 MPa, 152.0 MPa, and
170.1 MPa, respectively. The back stress of the as-received
samples at 5%, 10%, and 15% unloading yield definitions are
194.5 MPa, 196.9 MPa, and 202.0 MPa, respectively. Figure 6
shows the distribution of back stress calculations according to
each definition and compares the result with simulation. The differ-
ence between the LSPed and as-received samples is most prominent
at the 5% yield definition. As seen in Fig. 5, the as-received material
has an elastic regime that ends at a higher stress and that is also
shorter than in the LSPed material, indicating a higher back
stress. On average, the back stress reduction under these three def-
initions is 23.7%, which is not insignificant and indicative of the
effectiveness of LSP in reducing back stress under the conditions
investigated.

Numerical Simulation. Although the simulation also shows a
back stress reduction by LSP, the model underestimates the bulk-
averaged reduction to back stress after strain, compared with exper-
imental results in Fig. 6. However, this is likely because it does not
factor in microstructural changes such as recrystallization.

Fig. 5 Unloading curve and unloading yield definition at 3% strain for (a) an as-received sample and (b) an LSPed
sample. The elastic response is defined as occurring between the top and bottom CI which is ±5% of the elastic
unloading modulus. The LSPed sample exhibits a longer elastic response with a lower unloading yield, therefore
indicating a lower back stress.

Fig. 6 Back stress in the as-received and LSPed samples at all
unloading yield definitions and from simulation. The bars repre-
sent standard deviation. Back stress results are calculated with
the unloading yield evaluated at 5%, 10%, and 15% deviation
from elastic behavior, demonstrating a reduction in LSPed
samples for all three definitions. The simulation results after
pulling show only a 3.5 MPa reduction in bulk-averaged back
stress as compared with the as-received sample, which is dis-
cussed below.
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Furthermore, the material response modeled by implicit Abaqus
rate-dependent plasticity is a simplification of the true hydrody-
namic fluid-like behavior of the material at high strain [44]. Simula-
tion also assumes only a single component of the back stress tensor
to refrain from over fitting the data; a larger data set fit with multiple
back stress components may create a more accurate reduction.
Simulation shows that with increased pressure and or with multiple
LSP applications the reduction improves. It is feasible that with
increased LSP density and increased laser power, back stress
could be reduced further. The modest reduction to the bulk back
stress within the simulation model shows that microstructural
changes that are not accounted for in the numerical simulation
play a dominant role in adjusting the sample’s yield surface.
To further explore the simulation results, spatially resolved back

stress distributions are investigated. Simulation identifies that LSP
treatment locally reduces the pre-existing back stress near the
surface, an effect that lasts through uniaxial tension. Figure 7 dem-
onstrates that the maximum reduction to the back stress occurs at
the surface at the point on the material that experiences the
highest pressure due to LSP. The decrease is extremely local to
the region of plastic strain region due to LSP and decays exponen-
tially outward from the point of impact up to a depth of 250 µm. At
the point of peak applied pressure, the reduction changes the back
stress 180 MPa to −16.7 MPa. The back stress profile after LSP
is unlike the residual stress profile which shows the maximum
reduction after peening occurs at a depth of 130 µmwith a compres-
sive residual stress of −94.5 MPa but the depth of compressive
stress extends to 350 µm. Evidently the compressive plastic flow
nearest the point of peening relaxes the residual stress while maxi-
mally reducing the back stress. After strain, the back stress increases

according to Eq. (3), and the difference between the surface and
center of the material reduces. If uniaxial tension were to continue,
the difference would eventually diminish entirely. The residual
stress reduction decays by an even greater extent after strain and
the depth of affect is also reduced.

Electron Back-Scatter Diffraction Analysis. EBSD imaging
and TSL OIM analysis of the microstructures of control and exper-
imental samples construes the yield surface displacement made due
to grain morphology and dislocation distribution changes. The
majority of the microstructure in both LSPed and as-received
samples is austenite. EBSD phase identification reveals the
as-received composition was 90.5% austenite, 8.7% cementite,
0.2% martensite, 0.5% iron epsilon, and 0.1% iron alpha. The
LSP composition was nearly the same showing 90.5% austenite,
8.6% cementite, 0.1% martensite, 0.6% iron epsilon, and 0.1%
iron alpha. Multiple images were taken of the top surface (RD×
transverse direction (TD)) as well as of the cross section (normal
direction (ND) × (TD)) though only a representative four images
are presented here with different analysis processing.

Inverse Pole Figure and Texture. Inverse pole figure (IPF)
images (Fig. 8(a)) of the as-received unstrained material show
weak texture and identifiable orientation gradients within large
grains especially near grain boundaries. Residual effects of rolling
manufacturing are observable. Several grains are slightly elongated
along the RD and also contain mechanical twins primarily sheared
along the RD. Clusters of small grains and annealing twins likely
resulted from recrystallization due to heat treatment but it is

Fig. 7 Cross section of simulation results in an LSPed sample showing uniaxial applied stress (s33) and back stress (α33) (a)
before tension and (b) after 3% strain. As seen in (c) the back stress is reduced by LSP in a layer up to 250 µm deep directly
under the cite of peening. This reduction near the LSPed surface is lessened after pulling but the depth of the affected area
remains the same. The residual stress reduction penetrates to 350 µm, but the depth of the residual stress diminishes after strain.

061010-6 / Vol. 144, JUNE 2022 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/144/6/061010/6805748/m
anu_144_6_061010.pdf by C

olum
bia U

niversity user on 09 D
ecem

ber 2021



evident that the temperature increase was not held long enough to
sustain complete stress relief and grain renewal. The average
grain size is 10.82 µm in diameter. After LSP (Fig. 8(c)), the micro-
structure has fewer long thin grains with an increase in the fraction
of equiaxed grains free of twins or else with lenticular recrystalliza-
tion twins. This has been previously noted to evidence the creation
of new grains due to dislocation shock wave expansion [33]. There
is still some residual mechanical twinning along the RD in large
grains. After straining to 4% total strain, both the as-received
samples and LSPed samples (Figs. 8(b) and 8(d )) have much
more pronounced orientation gradients within both large and
small grains, as well as significantly more twinning and a larger
representation of small grains which is typical of plastic strain.

Geometrically Necessary Dislocation Distribution. The lack of a
strong texture and very large grains in the as-received sample along
with the evident high unloading yield measured in tensile testing
indicates dislocation pileups are dominant in contributing to yield
asymmetry in rolled and annealed 304L steel. TSL OIM analysis
directly observes GND distribution, using the austenite FCC
{111}[1�11] slip system for calculation. As seen in Fig. 9(a), the
as-received material shows a level of GND density of pileups
near grain boundaries and near twins, as a result of rolling.
Within around 50 µm of the LSPed surface, there is observed a

moderate increase in level of GND density as compared with the
as-received samples (Fig. 10(c)). However, at 100 µm deep, the
LSPed sample exhibits a slightly lower intensity of such dislocation
pileups with a distinctly lower peak density near grain boundaries
(Fig. 10(c)). After straining, both LSPed and as-received samples
show significant increase in GND density in general, GND
pileups occurring along planes that are close to twinning shear
and near the end of lenticular twins in particular. It is important
to note such GND dislocation pileups are more severe in as-received
sample than the LSPed sample under strained condition. Thus, LSP
reduces back stress. Pileups are also most intense within small
grains showing maximum GND density near grain boundaries.
Plotting the GND density against their distance to the nearest

grain boundary quantifies the GND density gradient near obstacles
to glide which illuminates the mechanism by which LSP reduces
back stress. To reduce noise, data points with higher than a
100 1012/m2 GND density were omitted from this qualification. In
this calculation, the grain boundary is defined as a scan point that
contains a boundary with at least a 15 deg misorientation relative
to its neighbor. Each EBSD point has a set of coordinates in µm
within the EBSD scan. Dependent on the EBSD step size, the
scan records data at either 1 µm, 1.5 µm, or 2 µm increments in x
and y. The distance between a given data point and all grain bound-
ary points is calculated and the minimum of these distances is taken

Fig. 8 IPFs of top surface in the as-received samples in (a) unstrained and (b) 4% strained conditions and LSPed samples in (c)
unstrained and (d ) 4% strained conditions. Moderate grain refinement and an increase of equiaxed grains can be observed in the
LSPed samples both before and after plastic strain.

Journal of Manufacturing Science and Engineering JUNE 2022, Vol. 144 / 061010-7

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/144/6/061010/6805748/m
anu_144_6_061010.pdf by C

olum
bia U

niversity user on 09 D
ecem

ber 2021



as the distance of that point to the nearest grain boundary. Due to the
discrete step size of the EBSD scans, the nearest distance calcula-
tion is discrete, with the minimum distance being 0 µm the next dis-
tance being 1 µm. Thus, average GND density is calculated by
binning each scan point into a rounded-down distance bin and
taking the average of each bin.
From the plots in Fig. 10(a), it is evident that at depth of 100 µm

the level of GNDs is slightly reduced after LSP and this result is sus-
tained through uniaxial tension, especially as seen in the top surface.
Before straining, the GND density and gradient is slightly higher in
the as-received sample. The gradient difference is small but still dis-
tinct. A regression analysis finds that the slope of the as-received
GND-distance data is −0.77, while the slope of the LSPed
GND-distance data is −0.68. After straining, the GND density
level increases in both the as-received and LSPed samples. The
level of GNDs in as-received samples after strain is higher than in
the LSPed and strained samples. However, the GND density gradi-
ent is increased in the LSPed sample after strain with a slope of
−1.18 compared with the −0.87 slope in the as-received sample.
Noted also is that the magnitudes of both of these slopes are
increased along with the level of GND density as compared with
the unstrained samples.

Evaluating dislocation pileups ex situ is a challenge because upon
unloading, dislocations run back to their sources, thus homogeniz-
ing the distribution of GND density and softening in reverse
loading. In a loaded state, a high GND density gradient near grain
boundaries is indicative of dislocation pileups which contribute to
back stress and assist reverse loading when they flow away from
their pinning barriers. However, in an unloaded state, an increased
level of homogenous GNDs may still indicate high back stress
because once loading begins, these evenly distributed dislocations
are likely to run back toward pinning barriers, redeveloping disloca-
tion gradients and arresting dislocation glide. From this understand-
ing coupled with the parameters discovered in the nonlinear fit of
the continuum back stress laws, it is possible to construct a narra-
tive. In the as-received material, back stress was predeveloped to
150 MPa (according to the nonlinear fit of Eq. (5)) with pre-existing
GND pileups. LSP reduced the dislocation pileups and thus back
stress. Tension and subsequent unloading caused the as-received
sample to experience more reverse plastic strain than the LSPed
sample going through the same loading–unloading regime. This is
due to the higher back stress initially present in the as-received
material which increased the unloading yield so that reverse yield-
ing occurs for longer than in the LSPed sample. This longer regime

Fig. 9 GND density maps of the top surface in the as-received samples in (a) unstrained and (b) 4% strained conditions and
LSPed samples in (c) unstrained and (d ) 4% strained conditions. The color bar range is between 0 and 100 1012/m2. Blank
areas are above this range and are excluded to reduce overestimation noise as recommended in the TSL OIM manual. The
grain boundaries are defined as 15 deg misorientation. The as-received and strained material (Fig. 9(b)) exhibits higher GND
density accumulation near grain boundaries than in the LSPed and strained material (Fig. 9(d )).
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of reverse yield decreases the number of GND pileups at the grain
boundaries while still maintaining a higher level of GND density
overall. In cross-sectional images, neither the raw nor the LSPed
samples exhibit significantly high GND density gradient. This is a
logical result because the TD and ND directions do not have
known yield asymmetry or back stress. It must now be answered

how LSP could have reduced GND density gradient and thus
back stress in the rolled specimens.
Reduction in GND density gradient due to LSP beneath a mar-

ginal GND density increase near the treated surface may be attrib-
uted to dislocation annihilation and recrystallization caused by
compressive shock. In annealed materials, the dislocation motion

Fig. 10 Average GND density versus distance from grain boundary in the top surface (a) and in the cross section (b) at 0%
and 4% strain provided for both LSPed and as-receivedmaterials. Cross-sectional images taken before tensile strain (c and
d ) show amarginal increase of GNDs near the peened surface as compared with the untreated sample. The cross-sectional
measurements in (b) are taken at 100 µm beneath the top surface. The top surface images are taken at 100 µm deep due to
the depth of polishing show a higher GND density level in the as-received material in both strained and unstrained mate-
rials. The GND density gradient is higher in the as-received material before strain but not after. The cross section shows no
GND density gradient in either sample.
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due to LSP causes grain refinement as dislocation wave fronts
expand from the cite of impact, forming cells, and subsequently
subgrain and grain boundaries [20]. This expansion of dislocations
typically induces a marked increase in dislocations near the surface
of the material [35]. In rolled steel with dislocation structures that
contribute to characteristic anisotropic back stress, the expanding
cells created by LSP may break apart sessile tangles deeper under
the surface and show a reduction in GND density, especially in
newly formed grains. Recrystallization is known to reduce GNDs
and high-power LSP induces grain refinement in 304 steel
[33,45,46]. It is therefore reasonable to construe that recrystalliza-
tion due to LSP is a driving force in the observed dislocation reduc-
tion. Dislocation annihilation may also result from a similar
mechanism to GND density reduction observed in load reversal.
Dislocation cells made by tensile prestain at low and high tempera-
tures can be unstable upon compression, such that immediately after
small amounts of compressive plastic strain the material also shows
a reduction in GNDs [47,48]. Dislocation annihilation has been
observed in unloading and load reversal during metal-forming
spring-back as well [49,50]. Compressive stress caused by LSP
acts similarly to this load reversal, neutralizing obstacles prevalent
in the material’s microstructure.

Subsurface Recrystallization. Recrystallization as a source of
dislocation reduction can be evinced by multiple forms of EBSD
analysis. The misorientation-angle histograms are given in
Fig. 11. These histograms also make evident an increase in the high-
angle grain boundaries above 25 deg. Such an increase in high-
angle boundaries indicates recrystallization [33]. High-angle grain
boundaries (HAGBs) have been characterized as misorientation
exceeding 15 deg which also matches the IPF imaging. HAGBs
may result from recrystallization under plastic strain and correlate
with recrystallization in LSPed 304L [33,51]. While this increased

representation of HAGBs in the LSPed sample is not sustained
through tensile testing, the effects of the reduction to back stress
are lasting.
Recrystallization twinning due to LSP can be directly observed

through characterization within the EDAX TSL OIM software.
The primary recrystallization twinning mode of FCC is identified
as a 60 deg rotation about the <111> axis [52]. This identification
can be used to show parent–daughter recrystallization in the
as-received and LSPed scans. Figure 12 presents two representative
scans. The original grain boundaries are given in black. The LSPed
material has a larger area fraction occupied by twinning daughter
grains which, when compared with the IPF image of the same
scans in Fig. 9, are shown to be many of the more equiaxed
grains. This form of twinning occurs during primary recrystalliza-
tion as a low fault-energy mis-stack of newly formed lattice
planes [45]. Dislocation cells grow and form boundaries, creating
new grains with low dislocation density and as the lattice planes
stack, recrystallization twins occur. Recrystallization likely also
generates a more equiaxed grain morphology which further may
cause a decrease in bulk back stress.

Fig. 11 Misorientation-angle histogram of the grains on the
unstrained top surface of (a) the as-received sample and (b) the
LSPed sample. Misorientation above 15 deg is considered a
HAGB. The LSPed sample shows a distinctly higher representa-
tion of HAGBs which indicates recrystallization by dislocation
annihilation.

Fig. 12 Representative parent–daughter images of the
unstrained top surface of (a) the as-received sample and (b) the
LSPed sample. The white regions are nontwinned grains and
the total fractions of parent and daughter twins are out of total
twinned area. Recrystallization twinning is identified as a
60 deg rotation about the <111> axis in austenite. LSPed scans
show a greater representation of daughter grains than in the
as-received samples indicating recrystallization due to disloca-
tion shock wave expansion.
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Aspect Ratio. Grain morphology is known to be a fundamental
factor in the inter and intra-granular stress state of a polycrystalline
material. As viewed in Fig. 13, the microstructure is significantly
more equiaxed after LSP. A single-tailed Student t-test of the
aspect ratios for the grains of the unstrained samples reveals a sta-
tistically significant difference between LSPed and as-received con-
ditions at a 95% confidence interval (CI). The mean aspect ratio of
the LSPed grains is 0.454 with a sample size of 525 grains and a
standard deviation of 0.141. The mean aspect ratio of the
as-received sample is 0.429 with 586 grains and a standard devia-
tion of 0.144. Furthermore, as seen in Figs. 13(a) and 13(c), the
equiaxed grains in the LSPed sample dominate a larger proportion
of the area fraction. The strained LSPed sample has a higher average
aspect ratio than the strained as-received sample with a mean of
0.422 as compared with 0.415. The grain population is 412 in the
LSPed strained sample and 426 in the as-received strained
sample; the standard deviations are 0.147 and 0.155 respectively.
At a 95% confidence this difference does not prove statistically sig-
nificant. After uniaxial tension, plastic strain along the pulling direc-
tion dominates the samples grain structure.
The increase in the aspect ratio in the LSPed material indepen-

dently reduces long-range back stress. This is because higher
aspect ratio inherently increases the back stress within a grain all
else equal. Back stress along an axis of a grain is equal to the

shear stress resisting twinning. The Eshelby inclusion solution for
shear stress within a penny-shaped grain in an elastic continuum
is known [53]. From this derivation, back stress can be calculated
as the following:

α =
ν − 2

4(1 − ν)
π
a2
a1

s (8)

where ν= Poisson’s ratio, a2= the transverse grain diameter, a1=
the grain diameter along the axis of tension, and s= the twinning
shear. The elongated grains in the as-received material are seen to
have their largest diameter along the tension direction. Thus, an
increase in the aspect ratio decreases the a2/a1 component of the
back stress. The tendency of the recrystallized grains in the
LSPed material to be more equiaxed therefore inherently reduces
back stress.

Conclusion
Laser shock peening reduces back stress by primarily creating

compressive plastic strain in the surface of the material which is a
well-known result in literature. This effect causes dislocations to
pile up at obstacles to compressive yield, causing the yield
surface to shift or elongate in the compressive direction. Upon

Fig. 13 Aspect ratio images of the top surface in the as-received samples in (a) unstrained and (b) 4% strained conditions and
LSPed samples in (c) unstrained and (d ) 4% strained conditions. An increase in the area occupied by equiaxed grains in the
LSPed samples directly results in a decrease of bulk-averaged back stress as derived analytically using the Eshelby inclusion
solution.
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tensile loading, the dislocations run away from these compressive
obstacles and cause tensile yield at a lower stress than compressive
yield. Isotropic hardening combined with kinematic hardening may
occur, however the yield asymmetry of a sample with tensile back
stress is reduced. An improved aspect ratio due to grain shape
changes also contributes to reducing back stress. More broadly,
LSP mitigates yield asymmetry in rolled stainless steel by augment-
ing the surface characteristics of the part through three mechanisms:
(1) compressive residual stress, (2) compressive back stress, and (3)
recrystallization. LSP-induced compressive residual stress has been
established by others as the primary mode of fatigue life improve-
ment. This compressive stress also resists tensile loading, causing
the yield surface of the metal to be displaced in the compressive
direction. LSP also causes surface-level compressive back stress
as shown by experiments and FEA modeling established nonlinear
hardening theory. The compressive back stress neutralizes existing
tensile back stress when bulk averaged and reduces the back stress
developed during tensile load. Beneath the surface hardened layer
of the LSP-treated parts, the GND density is less before and after
plastic straining, correlating with the measured back stress reduc-
tion. Grain morphology analysis shows evidence of recrystallization
which both alleviates residual morphological anisotropy due to
rolling and also likely contributes to the reduction of dislocations.
This paper demonstrates LSP may be applied to rolled stainless
steel to overcome the problems presented by yield asymmetry in
addition to the already well-known effect of fatigue life
improvement.
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