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Abstract
X-ray micro-diﬀraction proﬁles using a synchrotron light source were analyzed via Fourier transformation for single
crystal Aluminum and Copper samples subjected to micro-scale laser shock peening. Speciﬁcally, the asymmetric and
broadened diﬀraction proﬁles registered across the shock peen region were observed and analyzed by classic Warren
and Averbach (W–A) method [Warren, B.E., Averbach, B.L., 1950. The eﬀect of cold-work distortion on X-ray patterns. Journal of Applied Physics 21, 595–599] and modiﬁed W–A method [Ungar, T., Borbely, A., 1996. The eﬀect
of dislocation contrast on X-ray line broadening: A new approach to line proﬁle analysis. Applied Physics Letters
69, 3173–3175]. Average strain deviation, mosaic size and dislocation density were estimated for the ﬁrst time with a
spatial resolution of 5 lm. The results compare well with the simulation results obtained from FEM analysis and from
electron backscatter diﬀraction (EBSD) measurements. Diﬀerences in response caused by diﬀerent materials and crystalline orientations (1 1 0 and 0 0 1) were also studied.
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1. Introduction
Micro-scale laser shock peening (lLSP) is a technique that can potentially be applied to manipulate the
residual stress distribution in surface layers of metal structures with micron-level spatial resolution and thus
improve the fatigue and reliability performances of micro-devices (Zhang and Yao, 2001). It is desirable to
directly measure strain/stress distributions of the shocked area and study the micro-structure change after
lLSP. However, the spatial resolution of conventional X-ray diﬀraction is typically larger than 0.5 mm,
which is too large to map out the residual stress/strain distributions (Zhang and Yao, 2000). Recently,
by using X-ray micro-diﬀraction technology, for the ﬁrst time, micron level spatial resolution (down to
5 lm) of residual stress distribution on the surface of shock peened single crystal Al and Cu was measured
with micron spatial resolution (down to 5 lm) for the ﬁrst time (Chen et al., 2004).
According to Chen et al. (2004), asymmetric and broadened diﬀraction proﬁles were observed at each
location in the shock peened region, and analyzed by the sub-proﬁling method and explained in terms
of the heterogeneous dislocation cell structure. Residual stress distribution was obtained as a result. To
achieve a better understanding of micro-structure evolution during the process, the spatial distribution
of inhomogeneous strain, mosaic size and dislocation density caused by lLSP need to be further studied
from the measured X-ray micro-diﬀraction proﬁle.
Broadening of X-ray diﬀraction line proﬁles is caused by non-ideal optics of the instrument and structural imperfections of the specimen. The structural line broadening is often subdivided into size broadening
and strain broadening. Size broadening is caused by the ﬁnite size of ‘‘domains diﬀracting essentially incoherently with respect to one another’’ (Warren, 1969). Strain broadening is caused by varying displacements
of the atoms with respect to their reference-lattice positions. The classical method to evaluate size and strain
broadening using Fourier series coeﬃcients of reﬂection was developed by Warren and Averbach (1950).
Ungar and Borbely (1996) evaluated dislocation density using X-ray proﬁle analysis of broadened
diﬀraction lines in single Cu crystals deformed in single slip in tension, following a number of attempts
(Warren and Averbach, 1950; Wilson, 1942; Krivoglaz and Ryaboshapka, 1963).
In this paper, by using classical Warren and Averbach method (Warren and Averbach, 1950) and its
modiﬁcation (Ungar and Borbely, 1996), the spatial distribution of inhomogeneous strain deviation, mosaic size and dislocation density were evaluated through Fourier analysis of X-ray micro-diﬀraction proﬁles
for single crystal Al and Cu subjected to lLSP. The result was also compared with other simulation and
experimental method such as FEM and EBSD. This analysis directly complements measurements of residual strain/stress in Chen et al. (2004).

2. Experimental and simulation condition
Well-annealed single crystals of 99.999% pure Aluminum and Copper (grown by the seeded Bridgman
technique) were used for micro-scale laser shock peening. In order to achieve high diﬀraction intensity and
study the diﬀerence caused by crystal orientation, low order orientations of (1 1 0) and (0 0 1) are chosen for
two Al samples (surface normal) and the orientation of Copper is (1 1 0) as well. The Laue diﬀraction method was used to determine the crystal orientation within ±1 and the sample was cut to size using a wire
EDM (electrical discharge machining).
The sample geometry and lLSP setup is shown in Fig. 1. In order to obtain the deformation symmetry,
laser shock peening was applied along [1 1 0] direction in all sample to create a shock line. A frequency
tripled Q-switched Nd:YAG laser (wavelength 355 nm) in TEM00 mode was employed with pulse duration
of 50 ns; spacing between consecutive pulses along the shock line was 25 lm. The laser beam diameter
was 12 lm and laser intensity was about 4 GW/cm2. A thin layer of vacuum grease was spread evenly on
the polished sample surface and a 16 lm thick Aluminum foil, chosen for its relatively low threshold of
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Fig. 1. Sample geometry and laser shock peening condition (dimensions are approximate and may vary slightly among samples). (a)
Al(1 10) sample and Cu(1 10) sample. (b) A1(0 0 1) sample.

vaporization, was tightly pressed onto the grease. The sample was placed in a shallow container ﬁlled with
distilled water around 3 mm above the sampleÕs top surface. Details of micro-scale LSP setup and sample
preparation are referred to Zhang and Yao (2000, 2001), Chen et al. (2004).
In order to understand the overall characteristics of the deformation, the process was also modeled via
ﬁnite element method (FEM). A commercial FEM code, ABAQUS (Hibbit, Karlsson and Sorensen Inc.,
2002), was used for the simulation. Based on the theory of Asaro (1983), a user-material subroutine for single crystal plasticity written by Huang (1991) and modiﬁed by Kysar (1997) is incorporated into the ﬁnite
element analysis. Two orientations, Al(1 1 0) and Al(0 0 1) and two materials Al(1 1 0) and Cu(1 1 0) are simulated with a 2D plane strain assumption. Detail about FEM simulation can be found in Chen et al. (2004).

3. Post-peening material characterization
A high brightness X-ray beam (beamline X20A) of National Synchrotron Light Source at Brookhaven
National Lab was used in diﬀraction and the beam size was around 5–7 lm. Monochromatic synchrotron
radiation at 8.0 KeV (k = 1.54024 Å) was used. Multiple measurement points were chosen along a line perpendicular to a shocked line. The spacing between adjacent measurement points varies from 10 lm (from
±100 lm away from the center of the shocked line) to 5 lm within ±20 lm from the center of the shocked
line, as shown in Fig. 2. At each position, the corresponding X-ray diﬀraction proﬁle is recorded. For facecentered-cubic (FCC) metals, the diﬀraction structure factor for (1 1 0) and (0 0 1) are both zero and the
reﬂections are absent (Cullity, 1978). So the (0 0 2) and (2 2 0) reﬂections are chosen for (0 0 1) and (1 1 0)
orientation, respectively. For more details of X-ray micro-diﬀraction measurement, please refer to Chen
et al. (2004).
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Fig. 2. X-ray micro-diﬀraction measurement arrangement (measurement points are along a line perpendicular to a shocked line,
measurements were carried out within ±100 lm from the center of a shocked line, d = 5 lm, within 20 lm from the shocked line center,
d = 10 lm, elsewhere).

In addition to X-ray micro-diﬀraction, electron backscatter diﬀraction (EBSD), a diﬀraction technique
for obtaining crystallographic orientation with sub-micron spatial resolution was applied to the shock peened samples, which allows quantitative study of crystalline texture as well. EBSD has some special advantages in micro-structure analysis over TEM. The sample preparation of EBSD is not destructive thus the
nearly original state of the sample can be observed which is crucial to the shock peening study. A much
larger area than TEM can be quantitatively and statistically analyzed. EBSD data was collected using a
system supplied by HKL Technology (HKL Technology, 2001) and attached to a JEOL JSM 5600LV scanning electron microscope. The samples were brieﬂy electrically polished to remove the mechanical scratches
on the surface. The shocked region was accurately located using SEM before the EBSD measurements. All
data were acquired in the automatic mode, using external beam scanning and employing a 1 lm step size.
The scan area is 100 lm · 150 lm on the shocked surface and covered the shocked line center. Details about
EBSD measurement can be found in Chen et al. (2004).

4. Principles of FFT evaluation
4.1. X-ray line proﬁle analysis with Warren and Averbach method
With modern experimental techniques, it is possible to measure a X-ray line proﬁle with suﬃcient accuracy to infer strain/stress distributions. The classic method is the Warren and Averbach method (Warren
and Averbach, 1950), which is based on the Fourier analysis of the diﬀraction proﬁles and allows one to
obtain distribution functions of the strains directly from the Fourier series coeﬃcients. The key principles
are brieﬂy outlined below.
Consider a single crystal sample in which there is plastic deformation induced by laser shock peening.
There is spacing change between the diﬀraction planes and an average strain over relatively large distances
in the diﬀraction planes, causing a shift in X-ray line proﬁle. The shock peening also produces dislocation
arrays (Chen et al., 2004; Murr, 1981), such as small angle boundaries which subdivide the original single
crystal into small coherent domains as grains in polygrained metal. As a result, the peened region can be
regarded as polygrained metal (Warren, 1969). Those small mosaic like structures will cause the broadening
of line proﬁle since there are not as many planes to cause destructive interference away from the exact
Bragg angle (Cullity, 1978). In fact both kinds of eﬀects are superimposed in plastically deformed metals,
and the X-ray line proﬁle is both shifted and broadened.
From the analysis of Warren and Averbach (1950), the sample can be represented as columns of unit
cells along the direction which is perpendicular to the diﬀraction plane in the reciprocal lattice space.
The X-ray line proﬁle can be considered as the combination of reﬂected X-ray from all pairs of unit cells.
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In the reciprocal lattice space, the Bragg angle h can be represented by the reciprocal of the spacing of two
diﬀraction planes.
h¼

2 sin h 2 j a j sin h
¼
;
kjbj
k

ð1Þ

where b and a are the unit vectors from the origin to the diﬀracting points in reciprocal space and real space,
respectively. h is the reciprocal of the lattice spacing, k is the X-ray wavelength. Since the diﬀraction proﬁle
is the combination of the scattering of X-ray by periodically arranged atoms in the crystal lattice and can be
considered as a periodic function in reciprocal lattice space. By converting the Bragg angle h into h by Eq.
(1), the measured X-ray line proﬁle can be represented as the Fourier series in the reciprocal lattice space
(Warren and Averbach, 1950)
P ð2hÞ ¼

þ1
KNF 2 X
ðAn cos 2pnh þ Bn sin 2pnhÞ;
2
sin h n¼1

ð2Þ

where P(2h) represents the measured X-ray line proﬁle vs 2h, F is the structure factor and K is the angular
factor. N represents the number of unit cells in the sample. The harmonic number n is related to Ln by
Ln = n/jbj, where Ln is the distance between a pair of unit cells in a column perpendicular to the diﬀraction
planes. The real part of the Fourier coeﬃcients is
An ¼

Nn
cos 2plZ n ;
Nc

ð3Þ

where Nn is the number of cells in the entire sample having an nth neighbor in the same column, Nc is the
average number of cells per column, and l = h/jbj is the number of unit cells between diﬀraction planes. Zn
is the distance between pairs of unit cells having an nth neighbor in the same column and can be represented
as Zn = nhei, where hei is the average strain caused by crystal lattice distortion along the a direction.
According to the analysis in Warren (1969), Nn/Nc depends only on the column lengths, so it is a size eﬀect
represented by ASn . The strain eﬀect cos 2plZn depends on the distortion in the crystal lattice represented by
D
AD
n . As mentioned before, the X-ray line proﬁle after deformation is shifted and broadened. The An represents the spacing change between the diﬀraction planes and contributes to the line proﬁle shift. The ASn represents a measure of the grain size and contributes to the proﬁle broadening.
From the analysis above, the real part of Fourier coeﬃcient An in Eq. (3) is the product of the size eﬀect
and the strain eﬀect:
An ¼ ASn AD
n :

ð4Þ
2 2

For small values of l and n, the product lZn is small and the term cos 2plZn can be expanded to 1  2p l Z 2n
and the logarithm can be written
lnðcos 2plZ n Þ

lnð1  2p2 l2 Z 2n Þ

2p2 l2 Z 2n :

ð5Þ

Since Zn = nhei, the measured Fourier coeﬃcient is given by:
ln An ¼ ln ASn  2p2 l2 n2 he2 i:

ð6Þ
2

So Eq. (6) represents a straight line for ln An vs n and its slope and intersection with n = 0 can be used to
evaluate the strain and size eﬀects.
4.2. Dislocation density evaluation using modiﬁed W–A analysis
From the analysis above, the size eﬀect and strain eﬀect can be obtained from Fourier analysis of X-ray
proﬁles. According to the analysis of Chen et al. (2004) and Murr (1981), dislocation cell structures can be
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formed after laser shock peening on single crystal Al and Cu sample and the residual strain/stress caused by
those cell structure can be evaluated. However, in order to achieve further understanding of the microstructure induced by the laser shock peening, the dislocation density needs to be evaluated. According
the work of Ungar and Borbely (1996), the analysis of Fourier coeﬃcients of X-ray proﬁles shows that taking into account the dislocation eﬀect on the proﬁles gives a modiﬁed method, known as the modiﬁed W–A
analysis. This procedure enables a straightforward determination of dislocation density from X-ray line
proﬁle analysis.
In UngarÕs model, for crystals containing dislocations, the diﬀraction proﬁle is also considered as the
combination of the diﬀracted X-ray for all unit cells in crystal as that in W–A method. However, the displacement of each unit cell is represented by the dislocation Burgers vector to account for the eﬀect of dislocation structure and the real part of the Fourier coeﬃcients of the X-ray line proﬁle can be written as
(Ungar and Borbely, 1996)
ln An ¼ c0  q n2 lnðRe =nÞ þ Q n4 lnðR2 =nÞ lnðR3 =nÞ;

ð7Þ

where q* is the ‘‘formal’’ dislocation density, directly available from a broadened proﬁle without taking
into account the eﬀect caused by diﬀerent types of dislocations. Q* is given as the variation of the dislocation density, n is the harmonic number, and Re is the outer cutoﬀ radius of dislocations, which indicates the
distribution range of dislocation stored energy. R2 and R3 are auxiliary constants. The true value of dislocation density is
q¼

2q
;
pg2 b2 C

ð8Þ

where C is the average contrast factor for diﬀerent type of dislocations (edge and screw) in the case of a
particular hkl reﬂection and can be found in Ungar and Borbely (1996), b is the Burgers vector of dislocations which is a/2h1 1 0i here for FCC metals and g is the diﬀraction vector. Thus, after calculating the real
part of the Fourier coeﬃcients An, the ln An–n data can be ﬁtted as non-linear curve using formula in Eq.
(7). The parameters such as q* can be determined in curve ﬁtting using least-squares evaluation method and
the dislocation density q can be evaluated by Eq. (8).

5. FFT evaluation results
5.1. Stoke correction using FFT
5.1.1. Stoke’s correction for instrumental broadening
To correct for the instrumental broadening in the diﬀraction pattern of a sample, it is convenient to run a
standard peak using a sample in which the mosaic size is large enough to eliminate all mosaic-size broadening. Three curves which are involved in the correction for instrumental broadening. f(y) is the desired
curve which would be obtained if there were no instrumental broadening. g(z) is the curve representing
instrumental broadening which is obtained from the standard. h(x) is the curve from the sample, containing
both the desired broadening and the instrumental broadening.
Since the proﬁle from the sample is a convolution of the functions representing mosaic-size broadening
and instrumental broadening. The Fourier coeﬃcient of the f(y)-curve is then given by the simple relation:
F ðnÞ ¼ H ðnÞ=GðnÞ:

ð9Þ

As mentioned before, multiple measurement points are chosen along a line perpendicular to a shocked line.
The spacing between adjacent measurement points is maximum of 10 lm (when ±100 lm away from the
center of the shocked line) and reduces to 5 lm within ±20 lm from the center of the shocked line, as shown
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Fig. 3. 3D X-ray proﬁle spatial distribution across the shocked line for (0 0 2) reﬂection of Al(0 0 1) sample (X-axis: distance from the
shocked line center (lm); Y-axis: Bragg angle (Degree); and Z-axis: normalized diﬀraction intensity).
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Fig. 4. Two cross sections of Fig. 3. (a) Proﬁle measured at position at the center of shocked line, and (b) proﬁle measured at
unshocked position (100 lm away from the shock line center).

in Fig. 2. Fig. 3 shows the three dimensional spatial distribution of those measured X-ray proﬁles for
Al(0 0 2) reﬂection. The X-ray proﬁles at shock peened center and unshocked region is shown in Fig.
4(a) and (b). It is clear that after shock peening, the X-ray proﬁle was signiﬁcantly broadened and became
asymmetric compared to unshocked region. After using StokeÕs correction, the proﬁle broadening caused
by the instrument can be eliminated and the eﬀect due to laser shock peening can be evaluated. Here a typical h(x) is the proﬁle measured at the shocked region as in Fig. 4(a), containing both the desired broadening and the instrumental broadening. The curve g(z) representing instrumental broadening in Fig. 4(b) is
the proﬁle measured at shocked free region which can be considered as prefect single crystal. Thus, the corrected X-ray proﬁle f(y) is obtained from Eq. (9).
5.2. Strain deviation estimate and comparison with FEM simulation
From the theory of Warren and Averbach (1950), for small values of l and n, the logarithm of the
measured Fourier coeﬃcient is given by Eq. (6). In order to understand better about shock-induced plastic deformation, it is necessary to study the corresponding inhomogeneous strain deviation in the depth
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direction. For Al(0 0 2) reﬂection, l = 2, so the strain eﬀect term can be represented as 2p2 l2 n2 he2l i, in which
1=2
he2l i represented the value above or below the mean strain heli which represents the net strains over large
1=2
distances. So the he2l i can be considered as the inhomogeneous deviation from the mean strain caused by
the laser shock peening in the [0 0 2] direction, which is in the depth direction perpendicular to the surface
for Al(0 0 1) sample. If we choose n2 as the X-axis and ln An(l) as the Y-axis, Eq. (6) represents a straight line
with slope K = 2p2l2he2i. Thus, the slope of this ﬁtted line can be used to calculate the deviation from the
mean strain from that X-ray proﬁle as:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K
2 1=2
hel i ¼
:
ð10Þ
2p2 l2
The value of the deviation from the mean strain he2l i1=2 indicates the extent of the inhomogeneous strain
distribution and causes the broadening of X-ray line proﬁle. For example, at the center of the shocked
region (0 lm), the slope of ﬁtted line is K = 0.09035, l = 2 for Al (0 0 2) reﬂection (Fig. 5(a)), so the

Fig. 5. Ln(An) vs n2 lines at diﬀerent position from the center of shocked line (An: the real part of corrected Fourier coeﬃcient; and n:
Fourier series number). (a) Al(0 0 2), (b) Al(2 2 0) and (c) Cu(2 2 0).
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1=2

deviation from the mean strain he2l i is 0.034 based on Eq. (10). In order to obtain the spatial distribution of the strain deviation, X-ray proﬁles at each position across the shocked line (from 30 lm left of the
shocked line to 30 lm right) were processed using Fourier transformation with StokeÕs correction mentioned before. Fourier number n2 vs the natural logarithm of the real part of the corresponding Fourier
coeﬃcient ln An for diﬀerent samples and reﬂections were shown in Fig. 5(a)–(c). It is clear that the magnitude of line slope increases from the position far away from the shock line center (30 lm) to the center
of shock line (0 lm). So it shows the strain deviation increases gradually when the position move closer to
the shocked center.
Fig. 6 shows the spatial distribution of calculated strain deviation from slope analysis for Al(0 0 1),
Al(1 1 0) and Cu(1 1 0) sample shown in Fig. 5. The X-ray penetration depth is about 60 lm in the specimen.
For all samples, the maximum strain deviation in depth direction occurs in the shocked line center and decreases with the position away from the center. The region of signiﬁcant strain deviation is around ±40 lm
from the center and the magnitude is maximum at the center to near zero when moving away from the center which indicates the extent of inhomogeneous strain distribution is largest at the shock line center. Also
the strain deviation magnitude of Al(1 1 0) is signiﬁcantly larger than that of Cu(1 1 0) probably due to
strength diﬀerence. However, it is almost identical to that of Al(0 0 1) sample and indicates a weak dependence of strain variation with crystalline orientation under the conditions used.
The nonuniform strain deviation is caused by the dislocation structure induced by the plastic deformation in lLSP and contributes to the hardness increase in the shocked region, which is the main eﬀect of
shock peening. The trend of strain deviation was compared with FEM simulation qualitatively for all samples and Fig. 7 shows a typical strain distribution under laser shock peening for Al(0 0 1) sample. It is clear
that the strain caused by shock peening is compressive and is concentrate in the region about ±25 lm from
the shocked line center, which indicates that this region has the greatest potential for strain deviation, in
good agreement with the result from Fourier analysis of X-ray proﬁle.
5.3. Mosaic size estimate and comparison with EBSD

Average strain in depth direction

Mosaic size broadening is represented by a cosine Fourier series similar to that developed for distortion
broadening and hence the Fourier coeﬃcients An give very general method of handling either eﬀect. From
the analysis of Warren and Averbach (1950), the initial slope of the An vs n curve is
Al(001)
Al(110)
Cu(110)
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-20

0

20
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Fig. 6. Spatial distribution of strain deviation in depth direction evaluated from slope analysis shown in Fig. 5.
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Fig. 7. Typical FEM simulation result of strain distribution in depth direction, A1(0 0 1) sample: 200 · 80 lm as shown, total
simulation region is 800 · 400 lm, deformation factor = 5 for viewing clarity.



dAn
dn


¼
ðn¼0Þ

1
;
N3

ð11Þ

where N 3 a3 is the average column length and hence an average mosaic size in the direction a3.
Also we have
1=2 ¼ ð2a3 =kÞðsin h  sin h0 Þ;

ð12Þ

where k is the wavelength of X-ray, h is the maximum angle in X-ray proﬁle and h0 is the ideal Bragg angle.
So if the measurement of mosaic size broadening are expressed in terms of a plot of the Fourier coeﬃcients
An vs n, the initial slope of the curve gives directly the average column length, which is the eﬀective mosaic
size in that direction.
Consider the Fourier transformed StokeÕs correction for the X-ray proﬁle of (0 0 2) reﬂection for Al(0 0 1)
sample at each position. Fig. 8(a) shows the curves of real part of corrected Fourier coeﬃcient An vs n for

8

0 µm
5 µm
10 µ m
20 µm
30 µm

0.9

4

An

An

6

2

0.8

0.7

0
0

(a)

0 µm
5 µm
10 µm
20 µm
30 µ m

1.0

2

4

6

n

8

0.6
0.0

10

(b)

0.2

0.4

0.6

0.8

1.0

n

Fig. 8. (a) An vs n for diﬀerent positions away from the shock line center for Al(0 0 1) sample (An: the real part of corrected Fourier
coeﬃcient; and n: Fourier series number). (b) The initial slope of An vs n curves for Al(0 0 1) sample.
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diﬀerent position away from the shock line center. Fig. 8(b) shows the initial slope of those curves (the line
connecting the ﬁrst two points in An–n curve) and An has been normalized here. If the intercept of these
lines with the X-axis is D, and the initial slope of curve is K, then the average mosaic size D at that position
can be evaluated as
 
1
D¼
ð13Þ
a3 :
K
For example, for position at the center of shock line (0 lm), k = 1.54062 Å, h = 22.596, h0 = 22.36, so
a3 = 101.2 nm and the initial slope K is 0.293, so the average mosaic size is 345.3 nm. Using the similar
method, the average mosaic size at diﬀerent positions can be calculated and the spatial distribution can
be obtained for all samples.
Fig. 9 shows the spatial distribution of average mosaic size for Al(0 0 1), Al(1 1 0) and Cu(1 1 0) sample
evaluated from the X-ray proﬁle analysis mention above. It can be seen that the average mosaic size decreases near the shock line center for all samples. In the region of ±20 lm from the center, the mosaic size
is around 1 lm to 0.7 lm and increases sharply to over 100 lm beyond this range. This is reasonable since
the shock peening eﬀect is higher in the shock line center and larger plastic deformation favors the formation of mosaic structure. It is interesting that the results of Al(0 0 1) and Al(1 1 0) are quite similar, for
Cu(1 1 0) sample, the average mosaic size is larger than that of Al sample and the submicron mosaic size
is limited in the ±10 lm region. The overall trend is consistent with the spatial distribution of strain deviation and the inﬂuence of diﬀerent crystalline orientation is less than diﬀerent materials.
In addition to using X-ray proﬁle analysis to obtain the mosaic size distribution after laser shock peening, EBSD measurements were made on all samplesÕ surface and mosaic structure was analysis and compared with the result from X-ray. Mosaic structures can be quantitatively analyzed through EBSD
measurements because EBSD is based on sub-micron spatial accuracy data acquisition of misorientation
angles, and the misorientation angle accuracy is less than one degree. Fig. 10 shows the micro-structures
of mosaic for Al(0 0 1) and Cu(1 1 0) sample. The thin black lines show mosaic boundaries whose misorientation angles are larger than 3. The line I represents laser shocked line. The cross sections represented by
lines 1, 2 and 3 with spacing 12.5 lm are made perpendicular to the shocked line. The spatial distribution of
mosaic size along the three lines is shown in Fig. 11. It is observed that within the shock peening region
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Fig. 9. Spatial distribution of average mosaic size from initial slope analysis (Fig. 9).
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Fig. 10. Mosaic micro-structure distribution on shocked peened surface measured with EBSD (50 lm · 80 lm). Three cross sections
perpendicular to the shocked line are indicated by 1, 2 and 3; (a) Al(1 1 0) sample, (b) Cu(1 1 0) sample.
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Fig. 11. Spatial distribution of mosaic size along the three cross sections perpendicular to the shocked line. (a) Al(1 1 0), (b) Cu(1 1 0).

(±20 lm from the shock line center for Al and ±10 lm for Cu), it has a larger increase in mosaic structure
and the smallest mosaic size (0.8 lm for Al and 1 lm for Cu) is dominant in the center and become larger
away from the shock peened region. This is consistent with the result obtained from the X-ray proﬁle analysis mentioned before.
The substantial increase of sub-structures is related to the strength and hardness improvement in LSP.
The formation of mosaic structures has an eﬀect similar to grain reﬁnement. According to Murr (1981), the
yield strengths of Copper and nickel increase after LSP. As a result of a mosaic size reﬁnement, the shocked
area is strengthened according to well-known empirical relationship such as the Hall–Petch relation between average grain size and the yielding limit of a bulk metal since metal in shocked area can be considered
as polycrystalline metal due to the mosaic structure:
k
rY ¼ r0 þ pﬃﬃﬃ ;
d

ð14Þ
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where rY is the ﬂow stress, r0 and k are material dependent constants, and d is the average mosaic size. As a
result, the hardness and yield strength of material are expected to increase after lLSP.
As mentioned before, the nonuniform strain deviation caused by the dislocation structure in lLSP also
contributes to the hardness increase in the shocked region. Thus, both strain deviation and mosaic size
reﬁnement contribute to the hardness and strength increase after lLSP. However, the quantitative relation
between strain deviation and hardness is still missing. In order to investigate which mechanism is dominant,
nanoindentation needs to be applied to measure the hardness change across the shocked line. If the surface
hardening is mainly caused by the mosaic size reﬁnement, the hardness increase can be estimated using Eq.
(14) and should be close to the result from nanoindentation measurement. Otherwise, the diﬀerence of
hardness may correspond to the nonuniform strain deviation in the shock peened region.
5.4. Dislocation density estimate using modiﬁed W–A model
The recorded X-ray proﬁles for the single crystal Al and Cu samples (Chen et al., 2004) strongly suggest
the existence of dislocation cell structure. In fact, dislocation cell structures were observed via transmission
electron microscopy (TEM) in laser shock peened metals such as Copper (Stouﬀer and Dame, 1996). It
accompanies the generation and storage of a higher dislocation density than that from quasi-static deformation processes.
It is of interest to study the magnitude and spatial distribution of dislocation density under lLSP. Within
the formalisms of the kinematical scattering of X-rays and the linear elasticity theory of dislocations, the
modiﬁed Warren–Averbach method was used to evaluate dislocation density via X-ray proﬁle analysis
(Ungar and Borbely, 1996). According to Eq. (7), non-linear least-squares curve ﬁtting was applied to
the plot of the Fourier coeﬃcients ln(An) vs n in Fig. 12. All six parameters c0, q*, Q*, Re, R2, and R3 were
calculated through six curve ﬁtting parameters P1 to P6 using standard methods. After obtaining the formal dislocation density q*, the true values of dislocation density was calculated by Eq. (8).
Fig. 12 shows the curve ﬁtting results for the real part of corrected Fourier coeﬃcient ln An vs n at different positions from Al(0 0 2) reﬂection proﬁle. It is clear to see that for positions closer to the shock line
center, the curve slopes down more signiﬁcantly than further away, which indicates the extent of the laser
shock peening. Using the same method, X-ray proﬁles of Al(1 1 0) and Cu(1 1 0) were analyzed and the
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Fig. 12. Typical curve ﬁtting result for Ln(An) vs n for Al(0 0 1) sample (An: the real part of corrected Fourier coeﬃcient; and n: Fourier
series number).
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dislocation density spatial distributions were evaluated. Fig. 13 compares the dislocation density distribution for Al(0 0 1), Al(1 1 0) and Cu(1 1 0) samples, where it is evident that the highest density occurs at the
shock line center and decays slowly to the outer edge. It can be seen that the dislocation structure is most
signiﬁcant in Al(0 0 1) sample and less in Al(1 1 0) sample, and the least for Cu(1 1 0) sample.
This can be explained by noting that the most apparent feature controlling micro-structures or microstructure development in FCC metals and alloys is the stacking-fault free energy. From the analysis of Chen
et al. (2004), easy cross slip is an essential mechanism for dislocation formation. In high stacking-fault free
energy materials, the stacking fault energy limits the partial dislocations and promotes cross slip of dislocations from one plane to another. Therefore high stacking-fault free energies favor the formation of dislocations by cross slip mechanism. Typically, dislocation structures are formed in shock-loaded metals
when the stacking-fault free energy is greater than about 60 mJ/m2 (Stouﬀer and Dame, 1996). For stacking-fault free energy below about 40 mJ/m2, planar arrays of dislocations stacking faults, and other planar
micro-structures result. Al is the FCC metal with the highest stacking-fault free energy (168 mJ/m2) and
Copper is 78 mJ/m2 (Murr, 1981). As a result, the dislocation cell structure can be generated easier in
Aluminum than in Copper.
It is well known that in FCC metals the plastic slip systems are the {1 1 1} family of planes in the h1 1 0i
family of directions, for a total of 12 possible slip systems. From the analysis of Chen et al. (2004) and
Stouﬀer and Dame (1996), cross slip occurs with greater diﬃculty in the (1 1 0) orientation, since there is
no common slip direction between diﬀerent slip planes. However, in (0 0 1) orientation, cross slip can be
generated between the (1 1 1) h1 0 1i and (11 1)h1 0 1i slip systems. Thus, the cross slip occurs much easier
in (0 0 1) shock peened orientation than in (1 1 0) orientation and this favors the formation of dislocation
structures in (0 0 1) orientation.

6. Conclusions
X-ray micro-diﬀraction proﬁle analysis using Fourier transformation was realized for single crystal Al
and Copper sample subjected to micro-scale laser shock peening. The asymmetric and broadened diﬀraction proﬁles registered at each location were analyzed by classic Warren and Averbach method (Warren
and Averbach, 1950) and modiﬁed W–A method proposed by Ungar and Borbely (1996). Spatial distribution of strain deviation, mosaic size and dislocation density were estimated. FEM simulation and EBSD
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were applied to all samples to verify the result. Micron level spatial resolution (down to 5 lm) was achieved.
The nonuniform strain is existed within ±30 lm from the shocked line center, after which the strain is much
more uniform. The result was found consistent with FEM simulations. In addition, the results were seen to
depend more on the material than the crystal orientation. Sub-micron mosaic-like substructures were
formed in the region ±20 lm from the shocked line center as determined both from diﬀraction proﬁle analysis as well as EBSD. The asymmetric and broadened proﬁles are strongly indicative of dislocation formation during LSP and material in (0 0 1) orientation and material with higher stack fault energy (Al) shows
higher dislocation density under laser shock peening.
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