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Characterization of Plastic
Deformation Induced by
Microscale Laser Shock Peening
Electron backscatter diffraction (EBSD) is used to investigate crystal lattice rota
caused by plastic deformation during high-strain rate laser shock peening in single
tal aluminum and copper sample on~11̄0! and (001) surfaces. New experimental me
odologies are employed which enable measurement of the in-plane lattice rotation
approximate plane-strain conditions. Crystal lattice rotation on and below the micros
laser shock peened sample surface was measured and compared with the simulation
obtained from FEM analysis, which account for single crystal plasticity. The lattice r
tion measurements directly complement measurements of residual strain/stress with
micro-diffraction using synchrotron light source and it also gives an indication of
extent of the plastic deformation induced by the microscale laser shock peening.
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1 Introduction
Shot peening is a process involving multiple and repea

impacts by bombarding a surface with relatively hard partic
with sufficient velocities to indent the surface,@1#. Shot peening
is widely used to improve the fatigue behavior of mechani
components by introducing compressive stress on the pe
surface.

Laser shock peening~LSP! has been studied since 1960s. A
shown in Fig. 1, it is a surface treatment wherein, laser-indu
shocks introduce compressive residual stresses relatively
within the material resulting in an increased resistance of
material to various forms of failure,@2#. In particular, LSP can
induce compressive residual stresses in the target surface
improve its fatigue life, which is important in applications such
turbine blades of aircraft engine. The potential benefits of la
peening over shot peening include a greater residual compre
stress depth and little change to either surface finish or shape.
the process parameters such as laser intensity and laser
duration are much easier to control than shot peening. Fin
it is possible to apply LSP to only selected regions of a com
nent, because of the ability to precisely dictate the position of
laser.

Recently, laser shock processing of polycrystalline alumin
and copper using a micron length scale laser beam has been
ied, @3–5#. It has been shown that microscale laser shock peen
~mLSP! can efficiently induce favorable residual stress distrib
tions in bulk metal targets as measured by X-ray diffraction w
micron-level spatial resolution,@6#, and calculated through finite
element analysis~FEM! simulations,@7#. Thus, microscale lase
shock peening~mLSP! is a technique that can be used to manip
late the residual stress distributions in metal structures over
gions as small as a few microns and thus improve the reliability
microdevices.

The mechanics of laser shock peening presents many exc
challenges, because it is a hybrid process involving many di
plines. Classical solid continuum mechanics has been very
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cessful in describing shock-compression process for conventi
shot peening. However, for microscale laser shock peening, h
laser power intensity (4 GW/cm2) and short shock peening time
~laser pulse duration550 ns) introduce high strain rate plastic d
formation confined to the micron length scale. Micromechani
considerations of strain gradient plasticity, rate-dependent pla
ity and its relationship to crystal structure, crystal lattice orien
tion, dislocation and cell structure formation under shock wa
loading at the micron length scale require careful study. In ad
tion, there is a solid-fluid interaction, because the specimen
submerged in water during the LSP process.

In this paper, electron backscatter diffraction~EBSD! is used to
investigate crystal lattice rotation caused by high-strain rate
croscale laser shock peening in single crystal aluminum and c
per sample on (110̄) and~001! surfaces. For the first time, crysta
lattice rotation on and below the microscale laser shock pee
sample surface was measured; these are compared with
simulations based on single crystal plasticity. The experime
results provide useful insight into the high-strain rate shock pe
ing process at the microscale. Also the experiments provide
methodologies for characterizing the microstructure formation
distribution of plastic deformation for microscale laser sho
peening.
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Fig. 1 Laser shock peening setup
004 by ASME SEPTEMBER 2004, Vol. 71 Õ 713
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2 Material Preparation and Laser Shock Peening
Conditions

Face-centered-cubic~FCC! metals such as copper and alum
num are routinely used in microdevices due to their good m
chanical and electrical properties. Fully annealed single crystal
pure aluminum and copper~grown by the seeded Bridgman tech
nique! were used for microscale laser shock peening herein. L
X-ray diffraction was used to determine the crystal orientati
within 61° and the sample was cut to shape using a wire elec
cal discharge machine~EDM!. Regular mechanical polishing with
diamond grit sizes 6 and 1mm was used to remove the heat a
fected zone of the cutting surface and electrochemical polish
was applied for all samples to eliminate any remaining deform
material prior to shock peening.

It is known that a line loading parallel to a^110& direction in an
FCC crystal induces a state of plane deformation,@8#. Thus suc-
cessive shock peens were applied to the material along a
parallel to@110# direction in an attempt to achieve a final defo
mation state that approximates a plane deformation state. In o

Fig. 2 Sample geometry and laser shock peening condition;
„a… Al „11̄0… sample and Cu „11̄0… sample, „b… Al „001… sample
714 Õ Vol. 71, SEPTEMBER 2004
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to achieve a symmetric deformation field, the shock peens w
applied to either the (110̄) surfaces of Al and Cu or~001! surface
of Al.

The samples, shown in Fig. 2, have the dimensions of 15
310 mm35 mm. The coordinate systems used throughout t
paper are indicated in Fig. 2 and defined as follows:Z-axis is
parallel to the shock line which has direction of@110#, X-axis is
parallel to@001# direction andY-axis is parallel to@11̄0# normal
to the shocked Al(11̄0) and Cu(11̄0) surfaces. For the Al~001!
sample, theX-axis is parallel to@ 1̄10# andY is parallel to@001#
normal of the shocked surface, with theZ-axis again parallel to
the shocked line in direction of@110#.

In the laser shock peening, a frequency tripled Q-switch
neodymium: yttrium-aluminum-garnet~Nd:YAG! laser ~wave-
length 355 nm! in transverse electromagnetic modes 00 (TEM00)
mode was used. The pulse duration was 50 ns, spacing betw
consecutive pulses along a shock line was 25mm, and pulse num-
bers were three on each shocked location at 1 KHz pulse re
tion rate. Laser beam diameter was 12mm and laser intensity was
approximately 4 GW/cm2. A thin layer of high vacuum grease
~about 10 microns thick! was spread evenly on the polishe
sample surface, and a 16-mm thick polycrystalline aluminum foil,
chosen for its relatively low threshold of vaporization, was tigh
pressed onto the grease. The sample was placed in a shallow
tainer filled with distilled water around 5 mm above the sampl
top surface. After shock processing, the coating layer and
vacuum grease were manually removed. The induced deforma
is due to shock pressure and not due to thermal effects since
the coating is vaporized by the laser shock. Further details
microscale LSP setup are given in@3–5#.

3 Characterization of Laser Shock Peening
Several different experimental methods were employed to c

acterize the laser shock peening regions. Atomic force microsc
~AFM! was used to measure the deformation geometry on
shocked surfaces. Crystal lattice rotation was characterized
electron backscatter diffraction~EBSD! to measure crystallo-
graphic orientation as a function of position. Moreover, X-r
microdiffraction@6# was applied to measure crystal lattice rotati
on the shocked surface, as well as to measure shock-induce
sidual stress. The result from each of these methods are discu
in detail in this section.
Fig. 3 Measurement of shocked line geometry using AFM for Al „11̄0… sample „scan area Ä100Ã100 mm…; „a… three-dimensional
geometry, „b… cross section geometry at different positions „ line spacing Ä20 mm…
Transactions of the ASME



Fig. 4 EBSD automatic indexing map on top surface and on newly exposed cross section
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3.1 Sample Deformation Measured by AFM. A typical
three-dimensional geometry of the shocked region of Al~001!
sample measured using AFM~Digital Instruments Nanoscop
Inc.! is seen in Fig. 3~a!; the scan area is 1003100mm and 512
measurements were made along each direction. The scan dire
is set to parallel toZ-direction~i.e., along the shock direction! to
decrease the uncertainty of measurement. In order to check
deformation profiles at different location along the shocked li
detailed cross-section profiles at four different positions w
spacing520mm ~red lines 1–4 in Fig. 3~a!! are shown in Fig.
3(b). As is evident, the depth of the shock line is around 1.5mm
with width of 90 mm. It is clear that the shocked line is surpri
ingly uniform deformed along@110# direction in spite of the fact
that the laser shocks were created sequentially. The lateral e
of the AFM measurements was not sufficient to show pileup
the edges of the shock line. However, additional measuremen
be discussed in Section 4.3, shows evidence of pileup.

3.2 Lattice Orientation Measurement With EBSD „Elec-
tron Backscatter Diffraction …. From the work of Kysar and
Briant @9#, it is possible to measure the extent as well as chara
of the lattice rotation below the shocked surface by using elec
backscatter diffraction~EBSD! to measure crystallographic orien
tation as a function of position. EBSD is a diffraction techniq
for obtaining crystallographic orientation with submicron spat
resolution from bulk samples or thin layers in a scanning elect
microscope~SEM!, @10#.

The crystallographic orientation of the shock peened top s
face was collected using EBSD, which provided informati
about the lattice rotation on the shocked surface. After that
order to obtain the depth distribution and magnitude of latt
rotation below the shocked surface, the specimen was secti
via wire EDM to expose a~110! plane in a region which experi
enced an approximate plane-strain deformation state due tomLSP.
Journal of Applied Mechanics
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The newly exposed center surface was polished again after w
the crystal orientation of the sectioned surface was mapped u
EBSD, as indicated schematically in Fig. 4.

EBSD data was collected using a system supplied by H
Technology,@11#, and attached to a JEOL JSM 5600LV scanni
electron microscope. All data were acquired in the automa
mode, using external beam scanning and employing a 1-mm step
size. A typical scan area is 100mm3150mm on the shocked
surface and 200mm3100mm on the cross section as in Fig. 4
The EBSD results from each individual scan comprise data c
taining the positioncoordinates and the three Euler angles w
describe the orientation of the particular interaction volume of
crystal relative to the orientation of the specimen in the SEM. T
information allows the in-plane and the out-of-plane lattice ro
tions to be calculated relative to the known undeformed crysta
graphic orientation, which serves as the reference state.

3.2.1 Image Pole Figure From Sample Top Surface.Pole
figures or inverse pole figures are commonly used to analyze
tures based on information of lattice orientation obtained fr
EBSD. The orientation of the crystal at each measurement p
tion is represented by a point on the stereographic polar net,@12#.
Figure 5 shows the inverse pole figure from the shocked sur
for specimen Al~001! in whichZ ~@110#! is aligned with the shock
line direction. The scan area covers a region650mm in
X-direction across the shocked line and 100mm along the
Z-direction with spatial resolution of 1mm. It is clear from Fig. 5
that the @110# of the crystal remains closely aligned with th
Z-axis after deformation. On the other hand, the inverse pole
ures indicate a larger distribution of rotation of@ 1̄10# and @001#
relative to theX and Y-axes, respectively. Thus, both the AFM
and the EBSD results indicate that an approximate tw
Fig. 5 Inverse pole figure of sample surface under shock peening „Z-direction is shock direction, Y-direction is the sample
surface normal …
SEPTEMBER 2004, Vol. 71 Õ 715



Fig. 6 Lattice rotation contour map on sample surface „line 1–4: four cross section with spacing Ä20 mm…; „a… and „b…: Al „11̄0…
sample; „c… and „d…: Cu „11̄0… sample; „e… and „f …: Al „001… sample
716 Õ Vol. 71, SEPTEMBER 2004 Transactions of the ASME



Fig. 7 Lattice rotation contour at the cross section „a… Al „11̄0… sample; „b… Cu„11̄0… sample
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dimensional deformation state exists. We will appeal to this
parent two-dimensional deformation state when interpreting
other experimental data presented herein.

3.2.2 Lattice Rotation Measurement Results. Lattice rotat
measured from top surface across the shocked line. The lattice
rotation contour map on the shocked Al(110̄) sample’s surface is
shown in Fig. 6~a!. Figure 6~b! shows the spatial distribution o
lattice rotation along four lines across the shocked line w
spacing520mm. The red region corresponds to counterclockw
rotation about theZ-axis which is positive and the blue regio
corresponds to clockwise rotation which is negative. It is clea
see that the lattice rotation is zero~green region! far away from
the shocked line which corresponds to the shock-free reg
Again, the lattice rotation distribution along the shocked line
quite uniform which further suggests the approximate tw
dimensional deformation state mentioned before. The lattice r
tion value is63° between635mm from the center of shocked
line and the rotation direction is anti-symmetric on both side
shocked line.

Figure 6~c–d! shows the lattice orientation change on t
shocked Cu(11̄0) sample surface. It is clear that both aluminu
and copper shows the similar lattice rotation pattern. However,
region for lattice rotation in the copper sample is around620mm
from the center of shocked line and the maximum value is ab
1.5°, both of which are smaller than that of Al(110̄) sample.

In order to investigate the effect of crystal orientation on latt
rotation, an aluminum sample shocked on the~001! surface was
also studied. Figure 6~e–f ! shows the lattice rotation contour o
the shocked surface. Compared with result of Al(110̄), the gen-
eral trend of lattice rotation such as the rotation direction a
magnitude is the same, but the shocked region is somew
narrower.

Lattice rotation measured from cross section perpendicular
shocked line. From the measurement mentioned above, we
tained the lattice rotation result on the laser shock peened sur
In order to measure the lattice rotation below the sample sur
and study the spatial distribution in the depth direction, the sam
was sectioned via wire EDM and the crystallographic orientat
of the newly exposed surface was mapped using EBSD. Then
in-plane lattice rotations beneath the laser shocked surface
measured via EBSD. Here we use the term ‘‘in-plane’’ because
experimental results indicate an approximate two-dimensional
formation state.

Figure 7~a! shows the lattice rotation in the cross section of t
Al(11̄0) sample. The lattice rotation varies between63° in the
region up to 40mm below the sample surface. In the center
Journal of Applied Mechanics
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shocked line, the lattice rotation is nearly zero~green! and rotation
direction reversed across the shocked line, which is consis
with the result from sample surface. The maximum lattice rotat
occurs near the sample surface and the value decays as d
increases. Figure 7~b! shows the lattice rotation of on the cros
section for the Cu(11̄0) sample. The rotation distribution is simi
lar in character to the Al sample, but the affected region in t
depth direction is around 15mm below the sample surface
smaller than that of Al sample. Also the total rotation angle var
between61.5°, rather than63°.

3.3 Lattice Rotation Measured by X-Ray Microdiffraction
Spatially resolved residual stress/strain can be measured on
laser shock peened surface using X-ray microdiffraction from s
chrotron radiation sources,@6#. It is also possible to determine
lattice orientation on the shocked surface as a byproduct of
X-ray strain/stress measurement.

As discussed in@6# and illustrated in Fig. 8, two rotations,u
scan andx scan were applied in the experiment by rotating t
specimen until the maximum intensity is located in the detecto
order to properly align the specimen in the X-ray apparatus. Thu
scan ensures that the mean beam vector of incident X-ray, and
any other, is at the proper angle with respect to the surface
consequently, the proper diffraction angle is recorded by the
tector arm. Thex scan ensures that the normal vector of the d
fracting plane is contained in the same geometrical plane as
incoming and diffracted X-ray beams. These two scans app

Fig. 8 Scan scheme of X-ray microdiffraction
SEPTEMBER 2004, Vol. 71 Õ 717



Fig. 9 „a… In-plane lattice rotation on shock peened surface of Al „11̄0… sample. „b… Out-of-plane lattice rotation on shock peened
surface of Al „11̄0… sample. „c… In-plane lattice rotation on shock peened surface of Cu „11̄0… sample. „d… Out-of-plane lattice
rotation on shock peened surface of Cu „11̄0… sample.
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iteratively optimize the integrated intensity of the relevant refl
tion during alignment. In essence, the sample is rotated abou
Z-axis to perform theu scan, and about itsX-axis to perform the
x scan. Therefore, the in-plane and out-plane lattice rotation
be obtained from theu andx scans as shown in Fig. 8.

Results of these measurements in Fig. 9~a! indicate that the
spatial distribution of in-plane lattice rotation for the Al(110̄)
sample is very similar to the EBSD results in Fig. 6~a! and 6~b!.
The maximum rotation angle is around63° at position nearly
630mm away from the center of shock line. While the variatio
of out-of-plane lattice rotation in Fig. 9~b! is only 60.1° which is
quite small relative to in-plane lattice rotation. So this measu
lattice rotation under shock peening is consistent with the unifo
AFM profile along shock direction and two-dimensional in-pla
lattice rotation assumption. Figures 9~c! and ~d! shows similar
results for Cu(11̄0) sample. Thus, the lattice rotation measu
ments directly complement the material residual strain/stress m
surements. Moreover, it also gives an indication of the exten
the plastic deformation induced by the microscale laser sh
peening. Lattice rotation measured by X-ray microdiffraction
apparently more uniform than that from EBSD measureme
probably because X-rays penetrate deeper~20–30mm!, @13#, than
the electron beam used in EBSD~a few microns! and thus average
the orientation over a large volume of material. The residual st
measurements that resulted from these experiments are disc
in detail in @6#.

4 Theoretical Explanation and Simulations
In this section, we present results of elementary simulation

microscale laser-shock peening. Since the surface deforma
718 Õ Vol. 71, SEPTEMBER 2004
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and lattice rotation under laser shock peening indicate that
approximate two-dimensional deformation state exists, we w
assume that the induced deformation state is strictly tw
dimensional, which may be greatly oversimplified. However,
turns out that such an approach can shed significant insight
the mechanics of deformation which will be useful when the f
three dimensional problem is addressed in future studies. Sim
tions of LSP pose many challenges because of the high trans
pressures, fluid-solid interaction and high strain rates in a sin
crystal at the micrometer length scale which raises the possib
of the necessity to account for strain gradient effects. Given

Fig. 10 Plastic deformation in single crystal plasticity
Transactions of the ASME



Fig. 11 Lattice rotation field on cross section of after laser shock peening; „a… Al „11̄0…, „b… Cu„11̄0…, „c… Al „001…
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absence of constitutive data in this regime, it is impossible
incorporate realistically these effects into the model. Hence,
will make a grossly simplified assumption of ideal plastic beha
ior under quasi-static plane-strain conditions while implement
single crystal plasticity. Rate effects, hardening, strain gradie
and three-dimensional effects are neglected.

The goal of the simulation is then to attempt to understand
overall character of the deformation and lattice rotation fields a
see how much can be predicted by such a simple simulation
doing so, we can ascertain which of the dominate features of
fields are attributable to the anisotropic plastic behavior of
single crystal. Subsequent simulations, which account for m
realistic material constitutive behavior, can then concentrate h

Fig. 12 Spatially distribution of latticed rotation on sample
surface from simulation
Journal of Applied Mechanics
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the additional effects modify the baseline solution. Thus, t
oversimplified approach can shed insight into the mechanics
deformation and lay the ground work for more realistic simu
tions in future studies which will include three-dimensional, d
namic, and strain-rate effects.

4.1 Kinematical Theory of Single Crystal Mechanics
From single crystal plasticity theory,@14–16#, there are two
physically distinct mechanisms for deforming and reorienti
materials—plastic slip and elastic lattice deformation. In gene
the deformation gradient of a single crystal that undergoes pla
deformation can be written with reference to Fig. 10 as

F5F* •FP (1)

whereFP corresponds to the deformation caused by plastic sh
ing on crystallographic slip systems andF* is caused by elastic
stretching and rotation of the crystal lattice. The velocity gradi
of material is given by a standard formula:

L5v¹5Ḟ•F215D1V. (2)

TheD andV terms are the symmetric rate of stretching tensor a
the antisymmetric rate of spin tensor, respectively. They are t
decomposed into parts due to plastic slip (DP,VP) and lattice
deformation (D* ,V* ) as follows:

D5D* 1DP, V5V* 1VP. (3)

The lattice rotation measured in the experiment is theV* term
integrated throughout the deformation history. The reader in
ested in the distinction betweenV* andVP-may refer to pg. 107
of Asaro’s review paper,@16#, for a full discussion of which rota-
tion components leads to the measured lattice rotation field.
SEPTEMBER 2004, Vol. 71 Õ 719



Fig. 13 Deformation profile in depth direction from simulation and AFM; „a… FEM result, „b… AFM result
n

g

a
i

h

nd
-
tion

op
t the
ero

stic-
ted.

c
ed
4.2 FEM Analysis of Shock Peening With UMAT Incorpo-
rating Single Crystal Plasticity. A user-material subroutine
~UMAT ! for single crystal plasticity based on theory in@16# and
written by Huang@17# and modified by Kysar@18# is incorporated
into the finite element analysis using the general purpose fi
element program ABAQUS/Standard,@19#. In the UMAT, the
$111%^110& slip systems in FCC metal are used for both sin
crystal Al and Cu. A critical shear strengthtCRSS51 MPa on each
of the slip systems is assumed. The simulation is a two-step qu
static loading and unloading process corresponding to the sh
peening and relaxation processes. Following the work of Zh
and Yao@7#, shock pressure obeys Gaussian spatial distribut
with its 1/e2 radius equals to&R, where R is the radius of
plasma. Lettingx be the radial distance from the center of t
laser beam, the spatially nonuniform shock pressureP(x) is then
given as
720 Õ Vol. 71, SEPTEMBER 2004
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P~x!5P0 expS 2
x2

2R2D (4)

on the shocked surface.P0 is the peak value of shock pressure a
the plasma radiusR510mm here. In order to make a dimension
less analysis, all simulation results are normalized as the func
of two dimensionless parameters (P0 /tCRSS,x/R). The boundary
conditions of the plane strain model are as follows. At the t
surface, surface traction equals the applied shock pressure, a
bottom surface, the vertical displacement is specified to be z
and the outer edges are traction-free. In the simulation, ela
ideally plastic behavior is assumed so that hardening is neglec
In order to eliminate ‘‘volume-locking’’ which occurs in plasti
deformation simulation, four-node linear elements with reduc
Fig. 14 Three plane-strain slip systems and yield surface in „110… plane; „a… Al „11̄0… and Cu „11̄0… sample, „b… Al „001… sample, „c…
yield surface in „110… plane
Transactions of the ASME



Fig. 15 Shear strain on active slips under laser shock peening from simulation; „a… shear strain of active slip systems for Al „11̄0…
sample, „b… shear strain of active slip systems for Cu „11̄0… sample, „c… shear strain of active slip systems for Al „001… sample
n
sec-

e is
nd

ro-
integration and hourglass stiffness control are used. Two orie
tions and two materials are simulated, Al(110̄), Al ~001!, and
Cu(11̄0).

4.3 Finite Element Simulation Results. Lattice rotation
field for Al and Cu. In Fig. 11~a!, the calculated lattice rotation
Journal of Applied Mechanics
ta-fields below the laser shocked surface of the Al(110̄) sample are
shown. The shock pressure loading has been removed in the
ond step of simulation and the peak value of shock pressur
P0 /tCRSS57. The experimental results with the same material a
same orientation is shown in Fig. 7~a!. It can be seen that the
antisymmetric pattern of lattice rotation field and the sign of
SEPTEMBER 2004, Vol. 71 Õ 721
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tation ~1, counterclockwise,2, clockwise! is consistent with the
experiment result from EBSD~Fig. 7~a!!. The magnitude of rota-
tion is around64° in simulation which is close to the63° from
experiment result. The lattice rotation field in the simulation e
tends over a region across the shock line center with width
640mm ~0 corresponds to center! and depth of 35mm.

Figure 11~b! shows the analogous lattice rotation fields f
Cu(11̄0) sample under laser shock peening and the peak valu
shock pressure isP0 /tCRSS57 which is the same as that for A
For Cu(11̄0) sample, the lattice rotation field is similar with th
of Al except the magnitude of rotation is only 2.7°, less than t
of Al (4°). This is consistent with the experimental results fro
Fig. 7~b! and it is mainly due to the larger elastic modulus of C

Figure 11~c! shows the lattice rotation field of Al~001! sample
from simulation. On the shocked surface, the lattice rotation
rection and magnitude is almost the same with that of Al(110̄)
sample and consistent with the experiment result in Fig. 6~e–f !.
However, the predicted lattice rotation field in the depth direct
is significantly different than that of Al(110̄) in that the affected
region in depth direction is about two times deeper than tha
Al(11̄0) and the magnitude of rotation is63°, less than the64°
of Al(11̄0). The change in sign of lattice rotation which occu
around 25mm below the surface does not correspond to the tr
sition from a compressive residual stress state to a tensile res
state, which occurs at approximately 80mm below the surface.

Figure 12 shows the predicted spatial distribution of lattice
tation on the sample surface for Al(110̄), Cu(11̄0), and Al~001!
which can be compared with the experiment result from Fig. 6~b!,
~d!, and~f !. The lattice rotation distribution is quite similar to th
experimental results. When the position changes from left
shock line to the right, the lattice rotation starts from zero degr
~beyond 640mm) to maximum negative value (24° at
215mm) and after that, the magnitude of lattice rotation d
creases to zero again close to the shocked line center. For the
side of shock line center, the distribution is antisymmetric with
left side.

According to the comparison above, it can be seen that
lattice rotation fields under shock peening depend mainly u
crystal orientation. For the same orientation of FCC material s
as Al(11̄0) and Cu(11̄0), the lattice rotation fields are quite sim
lar except the magnitude of rotation is less for Cu due to the la
elastic modulus and shear strength. If the orientation is differ
even in same material such as Al~001! and Al(11̄0), the lattice
rotation fields on shock peened surface is still similar, howe
they are quite different in depth direction below the sam
surface.

Figure 13~a! and~b! compares the indentation profiles induc
by laser shock peening between FEM simulation and AFM re
for the Al(11̄0) sample. Figure 13~b! shows ‘‘composite’’ surface
profile from several AFM measurements across the shocked
As is expected from the approximately incompressible mate
behavior, significant pile up around the indentation region~see
Fig. 13~b!! is observed and agrees well with simulation resu
Surface ablation is not observed by either SEM or AFM which
probably due to the protective coating layer on the top of samp

Slip system and yield surface analysis. The plastic slip sys-
tems in a face-centered cubic crystal exhibit mirror symme
about the~110! plane, so that sustained plastic flow under pla
strain conditions in the~110! plane is possible as long as a sl
system and its mirror image are activated in equivalent amou
Thus, there are three pairs of effective slip systems that sa
these conditions as shown in Fig. 14~a! and ~b!, @9#. The yield
surface which defines graphically the criterion for plastic slip in
stress space with abscissa (s112s22)/2 and ordinates12, @8#, is
shown in Fig. 14~c!. Plastic slip occurs only when the stress sta
lies on the yield surface with stress increment directed out of
yield surface.

Figure 15~a–c! shows the predicted shear strain on each s
system, as well as the total accumulated slip summed over all
722 Õ Vol. 71, SEPTEMBER 2004
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systems for all three samples. It can be seen that the shear str
close to zero on the top surface for slip system I in (a). Since on
sample free surface,s1250, the stress state must lie on the a
scissa of the yield surface in Fig. 14~c!. Therefore, plastic defor-
mation near the surface is caused by slip systems II and III so
the shear strain for slip system I is zero near the free surface
only II and III slip systems are active. For the region around
mm below the surface, all three slip systems are active. Sh
strain simulation on each slip system is shown in Fig. 15~b! for
Cu(11̄0) sample also and the result is quite similar with that
Al(11̄0), except the magnitude of shear strain is 35% less t
that of Al. Figure 15(c) shows the same simulation for Al~001!
sample; it can be seen that the magnitude of shear strain is al
two times larger than that for Al(110̄) and the spatial distribution
is different in that the affected region is two times deeper th
Al(11̄0). The shear strain in slip system I is also much sma
than other two slip systems.

5 Conclusions
In this study, new experimental methodologies using EBSD a

X-ray microdiffraction are employed which enable measurem
of the in-plane lattice rotation component of the deformation g
dient under plane-strain conditions. The lattice rotation field un
laser shock peening is found to be antisymmetric on and be
the shock peened single crystal Al and Cu surface. For
Al(11̄0) sample, the magnitude of rotation is63° and covers a
region around635mm across the shock line center on peen
surface and reaches 40mm below the surface. For Cu(110̄)
sample, the magnitude of rotation is61.5° and the affected re
gion is620mm on surface and 15mm below the sample surface
Single crystal plasticity FEM analysis shows an interesting co
spondence between the experimental results and theoretical
dictions. Lattice rotation fields are quite similar for Al and C
with the same (11̄0) orientation and different for Al with~001!
orientation. FEM simulation shows only certain slip systems
active on shock peened surface with more active below the
face. Lattice rotation measurements made as a byproduct o
sidual strain/stress measurements by X-ray micro-diffraction
ing synchrotron light source also give an indication of the ext
of the plastic deformation induced by the microscale laser sh
peening.

The experimental methodology and results presented herein
the stage for further study of the microscale laser shock pee
process both experimental and computational. It is now poss
to systematically measure the extent and character of crystal
tice rotation fields, as well as to measure the induced resid
stresses with micron spatial resolution. Thus it is possible to ap
these techniques to determine the optimum laser-shock proce
parameters~i.e., laser intensity, time of shock, shock spacing, et!
which induce the maximum residual stress.
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