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Dynamic Material Response of
Aluminum Single Crystal Under
Microscale Laser Shock Peening
The process of laser shock peening induces compressive residual stresses in a material to
improve material fatigue life. For micron sized laser beams, the size of the laser-target
interaction zone is of the same order of magnitude as the target material grains, and thus
the target material must be considered as being anisotropic and inhomogeneous. Single
crystals are chosen to study the effects of the anisotropic mechanical properties. It is also
of interest to investigate the response of symmetric and asymmetric slip systems with
respect to the shocked surface. In the present study, numerical and experimental aspects
of laser shock peening on two different crystal surfaces (110) and �11̄4� of aluminum
single crystals are studied. Lattice rotations on the top surface and cross section are
measured using electron backscatter diffraction, while residual stress is characterized
using X-ray microdiffraction. A numerical model has been developed that takes into
account anisotropy as well as inertial terms to predict the size and nature of the defor-
mation and residual stresses. Obtained results were compared with the experimental
finding for validation purpose. �DOI: 10.1115/1.3106034�
Introduction
It is well known that the process of shot peening is beneficial

or the improvement of fatigue behavior of treated parts. The pro-
ess consists of bombarding a surface with hard particles, which
nduce compressive stresses in the surface by repeated impacts.
he process of laser shock peening �LSP� was introduced in the
econd half of the 20th century �1–3�. It is a surface treatment
herein laser induced shocks introduce compressive residual

tress of the same order of magnitude as conventional shoot peen-
ng but much deeper into the material, resulting in an improve-

ent in performance under cyclic loading of various materials,
uch as copper, aluminum, nickel, etc. �4�. LSP is much easier to
ontrol than conventional shot peening allowing treatment of only
elected regions by precisely determining the position of the laser.
nother benefit is that LSP induces little or no apparent change to

he surface finish. However, this technique has not been widely
sed in the industry because of the expense of high power lasers
eeded to induce beam spot sizes of the order of millimeters nec-
ssary in order to treat large areas.

The recent development in micro-electromechanical systems
MEMS� devices has raised the issue of improvement of reliabil-
ty of components of those systems by using microscale LSP
�LSP�. In particular, �LSP can improve the fatigue life and wear
esistance of those components by altering residual stress distri-
ution with a spatial resolution of several microns. In this process,
he specimen is coated with aluminum foil or black paint, which
cts as an ablative layer. As a consequence, the material to be
reated is not subjected to high temperatures, so that residual
tresses are induced only by shock pressure. Thus no thermally-
nduced microstructure change is induced. Much work in this field
as been performed on polycrystalline materials �5�. However, in
LSP the beam spot size is several microns and the average grain

ize in polycrystalline aluminum and copper is about same of
rder of magnitude, which means that in most cases only a few
rains, at most, are affected by a single laser pulse. Therefore the
aterial properties must be considered as anisotropic and hetero-
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geneous. This has motivated a prior study of the response of
single crystals of aluminum and copper subjected to laser shock
processing in order to better understand the effects of anisotropy
�6,7�. Residual stresses were characterized using X-ray microdif-
fraction with the method introduced by Ungar et al. �8�. A numeri-
cal model was established and the results compared with the ex-
periment for two different orientations of aluminum and copper
single crystals.

It is well known that single crystals exhibit anisotropic plastic
properties. One of the early efforts to predict the behavior of an-
isotropic plastic media was by Hill �9� who generalized the circu-
lar yield surface employed in classical slip line theory by Hencky
�10� and Prandtl �11� to an elliptical yield surface. Rice �12� and
Booker and Davis �13� further generalized slip line theory to be
applicable to arbitrary anisotropy. Rice �12� applied the theory to
a punch impinging onto the surface of an anisotropic plastic me-
dium. Also Rice �14�, and later Drugan �15� derived asymptotic
crack tip stress field solutions for elastic ideally-plastic single
crystals. Also Kysar and co-workers �16,17� employed anisotropic
slip line theory to find the analytical solution for the stress distri-
bution and deformation state around a cylindrical void in a single
crystal.

Anisotropic slip line theory has also been used to investigate
the effect of laser shock peening of single crystals. Wang et al.
�18�, estimated the size of the deformed region due to laser shock

peening on an aluminum single crystal of a nonsymmetric �11̄4�
orientation assuming a Gaussian pressure distribution from the
laser shock, albeit while neglecting inertial terms in the governing
equations. The approximate analytical solution has been aug-
mented with a finite element numerical analysis. The analysis of

the Al single crystal of �11̄4� orientation is interesting because
there is only one slip system predicted to be active directly under
the applied pressure. It is of interest to also investigate a more
symmetric orientation, which activates multiple slip systems un-
der the Gaussian pressure distribution. In the present study, the
�110� orientation is chosen because of its symmetry. Another mo-
tivation for the work presented herein is the fact that real applica-
tions may involve textured polycrystalline material in which the
orientation of grains has predominantly low Miller indices.

Thus, the objective of this work is the study of aluminum single

crystal behavior under Gaussian pressure distribution induced by
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LSP for two different crystallographic orientations: one nonsym-

etric with high Miller index �11̄4�, and the other symmetric with
ow Miller index �110�. The deformation state is characterized
xperimentally. In addition, the finite element method �FEM� is
sed for a detailed analysis of single crystal material response to
ynamic loading to complement the study for the case where the
nertial terms are included.

Laser Shock Processing
Under the radiation of an intense laser pulse, an ablative surface

ayer deposited on a metal target is rapidly transformed into
lasma, characterized by high pressure �1–10 GPa� and high tem-
erature. As the plasma expands, shock waves propagate into the
arget. It should be noted that there is a significant difference in

agnitude of the pressure wave depending on whether the ex-
anding plasma is confined or not. If unconfined, i.e., open air
onditions, the pressure can reach a peak value of only several
undred MPa. On the other hand, if confined by water or some
ther medium, studies have shown �19� that the shock pressure
ises five times or more in comparison to the open air condition,
ith a shock pressure duration two to three times longer than the

aser pulse itself. These pressures are far above the yield stress of
ost materials, thus it is very likely that plastic deformation will

ccur resulting in a compressive residual stress distribution �1� on
he treated surface of the material

For the case of laser shock processing, the target material is
sually coated with an ablative layer of metallic foil, paint, or
dhesives in order to prevent elevated temperatures from reaching
he target. Thus, the shock process can be approximated as adia-
atic; only the mechanical effects of pressure need to be taken into
ccount in an analysis.

Experimental Setup and Characterization
An aluminum single crystal is used in this study. The sample is
ounted on a three circle goniometer and its orientation is deter-
ined by Laue diffraction �Cu-K� X-ray source�. The specimen is

ut to size with a wire electrical discharge machine �EDM� and
he resulting heat affected zone �HAZ� is removed via mechanical
olishing. Finally, electropolishing is used in order to remove any
esidually deformed material. Laser shock peening is then applied
long a line on the specimen surface. The shocked surface is then
haracterized with various methods, after which the crystal is sec-
ioned with wire EDM and the cross-sectional surface is again

echanically polished and electropolished in order to examine the

Specimen (single
crystal aluminum)

Nd:YAG lase
Pulse width 5
Spot size dia

Ablator (aluminum foil)

Fig. 1 Expe
lastic deformation, which occurs on the cross section.
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A frequency tripled Q-switched Nd:YAG laser with wavelength
�=355 nm in TEM00 mode is used for the �LSP experiments
with a beam diameter of 12 �m pulse duration of 50 ns and laser
intensity of about 4 GW /cm2. A 16 �m thick polycrystalline alu-
minum foil is used as an ablative coating applied tightly over an
evenly spread layer �10 �m thick� of high vacuum grease. The
specimen is put into a shallow container filled with distilled water
to about 2 mm above the sample’s top surface, as shown in Fig. 1.
More details about laser shocking can be found at Refs. �5,7�. In
order to obtain an approximate 2D deformation state, shocks are

applied with a 25 �m spacing along the �11̄0� direction as dis-
cussed in Ref. �7� and illustrated in Fig. 2. Detailed discussion
about the formation of the approximate two-dimensional deforma-
tion can be found in Refs. �14,16,17�. Crone et al. �20� summa-
rized the geometrical conditions that need to be met in order to
achieve plane strain conditions.

�LSP induces rotation of the crystal lattice as a consequence of
plastic deformation into the single crystal, which can be charac-
terized experimentally by comparing the as-deformed crystallo-
graphic orientation �17,18� relative to the known undeformed
state. Lattice orientation is measured using electron backscatter
diffraction �EBSD� with micrometer scale spatial resolution.

In the work presented here, the shocked surface is scanned via
EBSD first, which provides information about lattice rotation on
the treated surface. In order to obtain information about the depth
of the affected region and the magnitude of lattice rotation under
the surface, EBSD mapping is also employed on a cross section of
the sample.

For these measurements an HKL Technology system attached
to a JEOL JSM 5600LV scanning electron microscope �SEM� is

= 355nm

r ~ 12µm Hot, high-pressure, strongly
absorbing plasma

Transparent layer for shock wave
confinement (distilled water)

ental setup
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Fig. 2 Plane strain slip systems corresponding to „a… „110… ori-
entation and „b… „11̄4… orientation; effective in-plane slip sys-
r λ
0 ns
mete
tems are labeled as i, ii, and iii
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sed with a scan area of 200�200 �m2 and 120�120 �m2 on
he shocked surface and cross section, respectively, with 3 �m
tep size.

X-ray microdiffraction is used to characterize residual stress
ear the shock line. Synchrotron radiation as a source of X-ray
eams is employed because of its high resolution and high inten-
ity. The beam is focused using a glass capillary such that a spatial
esolution of several microns can be achieved. Beamline X20A at
he National Synchrotron Light Source �NSLS� at Brookhaven
ational Laboratory is used for the diffraction measurements with
onochromatic synchrotron radiation at 8.0 keV. A Huber two-

ircle vertical diffractometer with partial chi ��� and phi ��� arcs
s employed for diffraction. Measurements are conducted along a
ine perpendicular to the shock line with 10 �m spacing and ac-
uired with modified version of SPEC software package �21�. The
easured X-ray profile is processed using the method of Ungar et

l. �8�. More details about measurement techniques can be found
t Ref. �7�.

Numerical Simulation Conditions of Single Crystals

4.1 Problem Formulation. Material response under dynamic
oading has been studied as shock wave propagation in isotropic

aterials under LSP �22,23�. Anisotropy is studied in Ref. �24�
ho formulated analytic solution for plane wave propagation in

nisotropic elastic-plastic solids. Single crystal plasticity was
ombined with dynamic loading by Nemat-Nasser et al. �25�
hrough the study of dynamic void collapse. In this study a model
as been developed to simulate single crystal material response to
he dynamic Gaussian pressure loading found in �LSP process
nder plane strain conditions.

The analysis is performed with the commercial FEM program
BAQUS/STANDARD with user defined material subroutine
UMAT�, based on the single crystal plasticity theory formulated
y Asaro �26�, written by Huang �27� and modified by Kysar �28�.
he mesh consists of two-dimensional eight-noded quadrilateral
lements with reduced integration. The crystallographic orienta-
ion relative to the finite element mesh is chosen such that plane
train is achieved �6,18�. Pressure applied on two different sur-

aces �110� and the �11̄4� are simulated. They correspond to the
ymmetric and asymmetric yield loci, respectively, as seen in the
ig. 3. Boundaries are modeled with semi-infinite elements, and

Fig. 3 Yield locus for „a… „110… o
herefore there are no reflections of the elastic waves once they
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propagate through the domain of interest. The loading Gaussian
spatial distribution pressure is as follows:

p�x� = p0 exp�−
x2

2R2� �1�

In addition a temporal aspect is added to the pressure. Peyre et
al. �23� measured the temporal pressure profile of pulses with 3 ns
and 10 ns durations using the VISAR technique. They reported that
as the duration of laser pulse increases the peak pressure value
decreases and full-width-at-half-maximum �FWHM� increases.
Following this formulation, the temporal profile is generated as a
semifree parameter to match the experimental findings of dis-
placement and lattice rotation. The temporal pressure profile is
shown in Fig. 4. In addition, in order to accommodate the lateral
growth of plasma, its radius is set to be three times larger than the
radius of the laser spot. The initial yield stress is set to be 300
MPa and saturation stress 600 MPa, values that appear to be rea-
sonable, following Refs. �23,25�.

4.2 Constitutive Relationships. The dynamic loading and
wave propagation is characterized using the formulation based on
the dynamic principle of virtual work �e.g., Refs. �29,30��:

ntation and „b… „11̄4… orientation

Fig. 4 Temporal pressure distribution during the loading in
rie
the numerical simulation
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�2u

�t2 �vdV �2�

here � and 	 are any conjugate pair of stress and strain, u rep-
esents displacement, and t is surface traction. At the end of each
olution increment the main program passes the UMAT the fol-
owing variables: time increment, stress state, strain increment,
nd solution dependent state variables�si

���, ni
���, ����, g���, etc.�

efined by the user. The UMAT updates the stress state and solu-
ion dependent variables and calculates the material Jacobian ma-
rix ���ij /�	kl� based on Eqs. �3�–�11� below. These new values
re then returned to the solver where the new stress state is ap-
lied as a load increment and calculates the corresponding strain
ncrement. This process is repeated until the job is complete.

When loading of an elastic-plastic crystal takes place, total
train rate is given as a sum of its elastic and plastic components,
ssuming an infinitesimal deformation gradient tensor as follows:

	̇ij = 	̇e + 	̇p �3�

ccording to Schmid �31�, plastic slip occurs when the shear
tress resolved on the crystallographic plane in the slip direction
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Fig. 5 Deformation field measured via pro
tion „110…, and „b… orientation „11̄4…
eaches some critical value. The Schmid factor is defined as
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�ij
��� = 1

2 �si
���nj

��� + sj
���ni

���� �4�

where si
��� and ni

��� are vectors that define slip directions and slip
normals on the �th slip system, respectively. The Schmid factor is
used to calculate the resolved shear stress ���� and the plastic
strain rate on each particular slip system as follows:

���� = �ij�ij
��� �5�

	̇ij
p = �

�=1

N

�ij
����̇��� �6�

where �ij is the stress tensor, �̇��� is the engineering shear strain
on the �th slip system, and summation is done over all N slip
systems.

The magnitude of the plastic strain increment is determined
using the following rate dependent power-law formulation intro-
duced by Hutchinson �32�:

�̇��� = �̇0
��� sgn����	 ����

g���	m

�7�

where �̇0
��� is reference strain rate, with reference stain rate set to

be 0.001 s−1 in this model, and g��� is the strength of the �th slip

200 300

experiment
numerical model

100 150 200

experiment

numerical model

meter and AFM, respectively: „a… orienta-
100

m)

a)

0

m)

b)

filo
system. With this formulation, significant slip occurs only on
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hose systems for which ����
g���. Moreover, a large value of
xponent m �m=50� makes this formulation practically rate inde-
endent and g��� becomes essentially the critical resolved shear
tress on the given slip system.

Hardening of the material is characterized through the evolution
f the strength g��� of each slip system. With increasing plastic
eformation g��� evolves as a function of hardening moduli h�,
hich can be decomposed into self-hardening ��=� and latent-
ardening ���� moduli, and shear strain rate.

g��� = �
=1

N

h��̇�� �8�

everal hardening models have been proposed by Bassani and Wu
33� Cuitino and Oritz �34� and others to characterize h�. In this
tudy the Pierce, Asaro, and Needleman �PAN� �35� model is used
o simulate hardening.

h�� = h��� = h0 sec h2	 h0�

�s − �0
	 �9�

h� = qh���, �� � � �10�

here h0 is the initial hardening modulus, �0 is the initial value of
he hardening modulus, �s is saturation stress of the hardening

X (um)

Y
(u
m
)

0 100 200 3000

50

100

150

200

250
2
1.2
0.4
-0.4
-1.2
-2

(114)

(110)

(221)

X (um)

Y
(u
m
)

50 100 150 2000

25

50

75

100

125

150

175 5.4
4.1
2.8
1.5
0.3
-1.0
-2.3
-3.6

(110)
[001]

[110]

Degree

Degree

(a)

(b)

ig. 6 Lattice rotation contour map on a sample surface; „a…
110… rotation, and „b… „11̄4… rotation
oduli, and q is the ratio between the latent-hardening rate and

ournal of Manufacturing Science and Engineering

om: http://manufacturingscience.asmedigitalcollection.asme.org/ on 08/05
self-hardening rate of a particular slip system.
The stress rate associated with the elastic strain rate can be

formulated as

�̇ij = Lijkl	̇kl
e = Lijkl�	̇kl − 	̇kl

p � �11�

where Lijkl is the elastic moduli tensor.

5 Results and Discussion

5.1 Deformation Measurements and Comparison With
Simulation Results. Deformation measured via optical profilo-
meter and atomic force microscope �AFM� superimposed with
numerical results for comparison is shown in Fig. 5. Measure-
ments are taken at several different locations along the shocked
line and displacements appear to be quite uniform suggesting ap-
proximate two-dimensional deformation state. As seen in Fig. 5
the width of deformation is about 180 �m and 130 �m for

samples with orientations �110� and �11̄4�, respectively, and the
depth of deformation is between 2 �m and 2.5 �m. It should be
noted that the numerical model underestimates the depth of the
deformation for about 30%, which is due to the assumptions made
in the modeling. Deformation is larger in the �110� case than in

the �11̄4� and that is due to the fact that former orientation corre-
sponds to the double slip, two slip systems are active under
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Gaussian pressure distribution, whereas the latter is the single slip
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ase. From the figures it can be noted that response of the �110�
rystal is symmetric, and there is asymmetry in the deformation

rofile of the crystal with �11̄4� orientation. This stems from the
symmetry of the yield surface that leads to the asymmetric re-
ponse.

5.2 Lattice Rotation Measurements via EBSD and Com-
arison With Simulation Results. Chen et al. �6� and Wang et al.
18� demonstrated experimentally that plastic deformation due to
LSP will cause the rotation of crystallographic lattice, which can
e characterized by means of the EBSD measurements of the
ttendant lattice rotation. The known undeformed orientation of
he crystal serves as the reference state. Therefore it is possible to
btain a mapping of the in-plane rotation of the crystalline lattice

��

lattice rotation
(degrees)

lattice rotation
(degrees)

Fig. 8 Lattice deformation contour map
orientation
nduced by the plastic deformation process through comparison of

31015-6 / Vol. 131, JUNE 2009
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the final crystallographic orientation with the initial one. As a
consequence, the angle of in-plane lattice rotation of the crystal-
lographic lattice can be calculated.

Experimental results for the lattice rotation fields of Al �110�
and Al �11̄4� on the top surface and in the cross section are shown
in Figs. 6 and 7, respectively. Rotation about the shock line center
is antisymmetric; the blue region corresponds to counterclockwise
rotation �CCW�, and the red region corresponds to clockwise ro-
tation �CW�. Deformation is largely uniform along the shock line
on the treated surface, which indicates that an approximate two-
dimensional deformation state is achieved by shocking the single
crystal along the �110� direction, which is in good correlation with
theoretical predictions of Refs. �12,14�. Deformation of the �110�

35 µm

35 µm

�

FEM: „a… „110… orientation, and „b… „11̄4…
�

��

by
orientation is approximately symmetric and wider than in the
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11̄4� case, where the CCW region is about five times smaller
han the CW region. The magnitude of lattice rotation is largest
etween �55 �m from the center of the shock line, and it is
ifferent for the two cases: it is between �4 deg for �110� and �2

eg for the �11̄4� orientation. Similar lattice rotation results, in
erms of magnitude, can be observed in EBSD measurement on
he cross section �Fig. 7�. Here in case of the �110� orientation, the
attice rotates between �2.4 deg, which is almost twice the rota-

ion for the �11̄4� case, which is �1.2 deg. Moreover, this result is
onsistent with the assumption that double slip in the �110� case
ives rise to greater rotation of lattice than the single slip case

resent in the �11̄4� orientation.
In Fig. 8 the FEM simulation of in-plane lattice rotation of Al

or the �110� and �11̄4� orientations are shown. Simulation results
re in good agreement with the experimental findings. It can be
een that in the symmetric �110� orientation case, two main re-
ions of lattice rotation exist. From Fig. 8 it can also be seen that
he magnitude of the lattice rotation is larger for the �110� case
which suffers slip on two slip systems� than for the asymmetric

11̄4� �which has only one slip system active under the Gaussian
ressure distribution�.

5.3 Stress Distribution. The residual stresses were character-
zed experimentally based on microdiffraction experiments and

20µm

�� ��� �����

ig. 9 FEM simulation of residual stress distribution in the
110… case
Fig. 10 Residual stress measur
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analyzed using a method proposed by Ungar et al. �8�, which
assumes that the deformed crystal is composed of cell walls and
soft cell interiors. The cell walls are much harder than cell interi-
ors and therefore the local flow stress is larger in cell walls in
comparison to cell interiors. When pressure loading is applied to
such a composite model, the cell walls are under compression and
cell interiors experience tensile stress. Thus an asymmetric dif-
fraction peak can be decomposed into two symmetric peaks,
which belong to “walls” and “interiors,” shifted to the left and
right from the undeformed diffraction peak, respectively. Measur-
ing the relative difference in angle with respect to the reference
undistorted profile will lead to a relative change in lattice spacing
�d, which allows one to estimate the variation in the stress state
�� induced by the plastic deformation as ��= ��d /d�E, for both
cell walls and cell interiors, where E is Young’s modulus.

The FEM results of residual stress �11 after unloading is shown
at Fig. 9. It can be seen that the stress field is symmetric and a
region of compressive residual stress exists in the center region,
while a self-equilibrating region of tensile residual stress is
present at the peripheries. From the figure it can be seen that when
dynamic loading is applied, residual stress distribution trend is
much better captured in comparison with previous models �6,18�.
Although it has limitations, the numerical models lend much in-
sight into the overall character of the deformation process caused
by �LSP, especially with respect to the effects of the anisotropic
plastic properties and dynamic material response.

Experimentally, the diffraction profile is measured along a line
perpendicular to the shock line with 10 �m between each mea-
surement. From Fig. 10 it can be seen that residual stress estimate
is compressive within �30 �m from the center of the shock line
and tensile in regions 30–60 �m away from the line of shocking
to the left and right. Weighted average of the residual stress from
the numerical simulation is superimposed in Fig. 10. Weight func-
tion is chosen such that it takes into account the fractional contri-
bution of progressively deeper layers to the diffracted intensity
�36�. Both numerical values and trend of stress distribution are
consistent with experimental measurements, showing that stresses
ed via X-ray microdiffraction
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(3) (4)(a)

(b)

Fig. 11 „a… Shear strain increment in each slip system in the end of the loading step for „110…
orientation: „1… increment in slip system i; „2… increment in slip system iii; „3… increment in slip system
ii; and „4… total shear strain increment. „b… Shear strain increment in each slip system in the end of the
loading step for „11̄4… orientation: „1… increment in slip system i; „2… increment in slip system iii; „3…
increment in slip system ii; „4… total shear strain increment
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ear to the surface in the region close to the shock line are mostly
ompressive, which is beneficial for the improvement of fatigue
ife of microcomponents.

5.4 Wave Propagation and Shear Strain Increments.
ropagation of the elastic precursor wave that precedes plastic
eformation under �LSP process is analogous to the elastic
ropagation of waves used in nondestructive evaluation �NDE� for
he calculation of ultrasonic field profiles in mildly anisotropic

edia. This approach considers wave propagation from a finite-
ized transducer source, which is equivalent to the compressive
urface traction induced by Gaussian pressure distribution. The
asis for the NDE is Huygen’s principle and retarded potentials
ased on the existence and properties of the temporal Fourier
ransformation of Green’s function. A closed-form solutions for
he point-source in an infinite domain of homogeneous isotropic
olid is available �37�. Tverdokhlebov and Rose �38�, employing
he Helmholtz decomposition, represented Green’s function as a
um of three components corresponding to plane wave propaga-
ion of quasilongitudinal and two quasitransverse velocities
resent in the arbitrary anisotropic homogeneous solid. Further-
ore, they obtained solution for the point-source problem consid-

ring first order weak anisotropy approximation. Numerical
mplementation is done by Rose et al. �39�, by taking into account
he finite size transducer source and thus performing analysis be-
ond plane wave approximation. The results are obtained for cen-
rifugally cast stainless steel �CCSS� compared with experimental
ndings of Kupperman et al. �40� and Yeong �41�.
Numerical integration of Green’s function presented by Rose et

l. �39� as an output gives elastic wave velocity profiles for quasi-
ongitudinal and two quasitransverse wave modes. These trans-
ucer field profiles, in essence, represent strain energy density and
rom them it can clearly be seen that deformation propagates in
he direction of the applied load without little lateral expansion
eyond the boundaries of the source. In the case of the �LSP, this
ffect is observed through the examination of total shear incre-
ents, shown in Fig. 11. It appears that plastic deformation occurs

redominantly under the Gaussian pressure load for both �110�
nd �11̄4� crystal orientations. In addition, another important con-
equence of anisotropy should be noted. The wavefront normal
ector does not coincide with the wave velocity vector for an
nisotropic medium. This leads to the skewing of the direction of
he strain energy density propagation in the direction of large
hase velocity, resulting in the asymmetric material response.
omparing total shear increments shown in Fig. 11 and yield loci

n Figs. 4�a� and 4�b�, it can be seen that plastic deformation
ropagates in the direction of the longitudinal axis of symmetry of
ield loci showing that symmetric and asymmetric yield surfaces
roduce symmetric and asymmetric plastic deformations.

Plastic deformation in the simulation is represented through
hear strains. It is of interest to closely examine shear strain in-
rements for each slip system as well as total shear strain incre-
ent, which are shown on Figs. 11�a� and 11�b� for both the �110�

nd the �11̄4� cases. From Fig. 11�a� it can be seen that for the
110� case, shear increments associated with slips i and iii are
ntisymmetric with respect to the center line of the Gaussian pres-
ure distribution, whereas the shear increment on slip system ii is

ymmetric. On the other hand for the �11̄4� orientation �see Fig.
1�b��, the magnitude and distribution of shear increments on the
hree effective in-plane slip system are larger than on the left side
s seen on Fig. 11. Thus, the symmetric yield locus gives rise to a
ymmetric displacement field for the �110� case and the asymmet-
ic one is associated with asymmetric displacement field for the

11̄4� case. Furthermore deformation propagates deeper into the
aterial in the double slip case �110� orientation of the crystal

¯
han in the case of the single slip �114� case.
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6 Conclusion
Dynamic material response under microscale laser shock peen-

ing and the comparison between two different orientations of alu-
minum single crystal—one symmetric and one asymmetric—is
presented in this paper. In the case of the double slip symmetric
case plastic deformation caused by each slip system adds to the
total deformation as characterized by the lattice rotations, which
suggests that deformation in the symmetric orientation will be
greater than in the asymmetric case. A numerical model is estab-
lished for more detailed investigation of the �LSP process and
compared with experiments. Both effects of anisotropy with wave
propagation and dynamic material response have been considered
in the numerical analysis. Experimental measurement of the lat-
tice rotation via EBSD in the double slip case lattice rotation is
about twice as large as in the single slip, when effects of aniso-
tropy are solely considered, which is consistent with the analytic
work. Residual stress is characterized using X-ray microdiffrac-
tion and compared with numerical results.
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