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ABSTRACT

X-ray micro-diffraction profiles using a syn-
chrotron light source were analyzed via Fourier
analysis 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 analyzed by the
Fourier analysis method. Average strain, mosa-
ic size and dislocation density were extracted for
the first time with spatial resolution of 5 um. The
results were compared with the simulation result
obtained from FEM analysis and electron
backscatter diffraction (EBSD) measurement
and good agreements were seen. Difference in
response caused by different materials and crys-
talline orientations was also studied.

INTRODUCTION

Micro-scale laser shock peening (ULSP) is a
technique that can improve the fatigue and reli-
ability performances of micro-devices (Zhang
and Yao, 2001). Recently, by using the X-ray
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microdiffraction technology, for the first time, mi-
cron level spatial resolution (down to 5um) of re-
sidual stress distribution in the surface of shock
peened single crystal Al and Cu was achieved
(Chen, et al., 2003a).

In the work of Chen, et al.(2003a), asymmet-
ric and broadened diffraction profiles were ob-
served at each location in the shock peened re-
gion, and analyzed by the sub-profiling method
and explained in terms of the heterogeneous
dislocation cell structure. Residual stress distri-
bution was obtained as a result. To achieve bet-
ter understanding of microstructure evolution
during the process, the spatially distribution of
total strain, mosaic size and dislocation density
caused by puLSP need to be further studied from
the measured X-ray micro-diffraction profile.

Broadening of X-ray diffraction line profiles is
often subdivided into size broadening and strain
broadening. The classical method to evaluate
size and strain broadening using Fourier series
coefficients of reflection was developed by War-
ren & Averbach(1950).

After several attempts to interpret the X-ray
line profiles in terms of a microscopic model of
materials (Warren and Averbach, 1950; Wilson,
1942; Krivoglaz and Ryaboshapka, 1963),
Wilkens (1970) developed a theory for symmet-
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rical X-ray diffraction lines broadened by disloca-
tions and dislocation density can be evaluated
from the X-ray profile analysis (Ungar and Bor-
bely, 1996).

In this paper, by using classical Warren &
Averbach method (1950) and its modification
from Ungar (1996), the spatial distribution of
strain, mosaic size and dislocation density were
evaluated through Fourier analysis of X-ray mi-
cro-diffraction profiles for single crystal Al and
Cu subjected to uLSP. The result was also
compared with other simulation and experi-
mental method such as FEM and EBSD. This
analysis directly complements measurements of
residual strain/stress in (Chen, et al., 2003a).

EXPERIMENTAL AND SIMULATION CONDI-
TION

Well-annealed single crystals of 99.999%
pure Aluminum and Copper were used for micro
scale laser shock peening and low order orienta-
tions of (110) and (001) are chosen here to
achieve high diffraction intensity and study the
difference caused by crystal orientation. The
Laue diffraction method was used to determine
the crystal orientation and the sample was cut to
size using a wire EDM.

Laser beam (beam radius=101m,
laser intensity 1I=4GW/cm2,
Pulse duration=50ns, rate=1KHz)

Pressure load (Gaussian distribution)

Shocked points, spacing=25 pum

3~5mm| N Confining medium(distilled water)
y
B N Coating layer(16wm Al)
8~10mm Target
// el
13~15mm
Y=l 10] Y= [001]
(a) _ (b) .
X= [007] X=[110]
z=[170] Z=[110]

FIGURE 1. SAMPLE GEOMETRY AND LASER

SHOCK PEENING CONDITION (DIMENSIONS ARE
APPROXIMATE AND MAY VARY SLIGHTLY
AMONG SAMPLES).

(A) Al(110) SAMPLE AND Cu(110) SAMPLE

(B) Al (001)SAMPLE

The sample geometry and pLSP setup is

shown in Fig. 1. Details of micro-scale LSP set-
up and sample preparation are referred to
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(Zzhang and Yao, 2000 & 2001; Chen, et al.,
2003). In order to understand the overall charac-
teristics of the deformation, the process was al-
so modeled and solved via finite element analy-
sis (FEM). A commercial FEM code, ABAQUS
(2002), was used for the simulation. Detail about
FEM simulation can be found in the recent paper
(Chen, et al., 2003b).

POST-PEENING MATERIAL CHARACTERI-
ZATION

Shocked lines

Measurement points

Sample

FIGURE 2. X-RAY MICRO-DIFFRACTION MEAS-
UREMENT ARRANGEMENT (MEASUREMENT
POINTS ARE ALONG A LINE PERPENDICULAR TO
A SHOCKED LINE, MEASUREMENTS WERE CAR-
RIED OUT WITHIN #100uM FROM THE CENTER
OF A SHOCKED LINE, D=5uM, WITHIN *=20uM
FROM THE SHOCKED LINE CENTER, D=10uM,
ELSEWHERE).

A high brightness X-ray beam of National
Synchrotron Light Source at Brookhaven Na-
tional Lab was used in diffraction and the beam
size was 5 by 7 microns. Multiple measurement
points are chosen along a line perpendicular to a
shocked line as shown in Fig. 2. At each posi-
tion, the corresponding X-ray diffraction profile is
recorded. For face-centered-cubic (FCC) met-
als, the diffraction structure factor for (110) and
(001) are both zero and the reflections are ab-
sent (Cullity, 1978). So the (002) and (220) re-
flections are chosen for (001) and (110) orienta-
tion, respectively. For more details of X-ray mi-
crodiffraction measurement, please refer to
(Chen, et al, 2003a).

In addition to X-ray microdiffraction, electron
backscatter diffraction (EBSD) was applied to
the shock peened samples. EBSD has some
special advantages in microstructure 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. Details about EBSD measurement
can be found in (Chen, et al., 2003b).
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PRINCIPLES OF FOURIER PROFILE ANALY-
SIS

X-ray Line Profile Analysis With Warren &
Averbach Method

Size Broadening and Strain Broadening.
Consider an X-ray profile for reflection (00l),
since the diffraction profile is the combination of
the scattering of X-ray by periodically arranged
atoms in the crystal lattice. In the reciprocal
space, the X-ray profile can be considered as a
Fourier series(Warren, 1969).

Assuming that the diffraction planes in terms
of columns of unit cells along the as direction
and hence perpendicular to the diffraction
planes. The real part of the Fourier coefficients

N
A :N—”<00527z|Zn >

1)

Where Ns=average number of cells per column,
Nn=average number of n pairs per column.
Z,=n<g> and <eg> is the average strain
caused by crystal lattice distortion along as di-
rection. According the analysis in (Warren,
1969), Nu/N3 depends only on the column
lengths, so it is a size coefficient and we repre-
sent it by A>, the other quantity <cos24Z, >
depends on the distortion in the domain repre-

sented by AP .

Calculation of Strain Effect and Size Effect.
According to Eqgn. (1), the real part of coefficient,
An, which is determined from experiment, is the
product of a size coefficient and a distortion co-
efficient:

A =AA 2
For small values of | and n, the logarithm of the
measured Fourier coefficient is given by:

INA,(1) =InA> —27%1n* < &* >
where ¢ is the strain.

®3)

Dislocation Density Evaluation Using Modi-
fied W-A Analysis

From the analysis above, the size effect and
strain effect can be obtained by X-ray profile
Fourier analysis. However, Warren & Averbach
method mentioned above can not recognize the
strain broadening caused by dislocations. Ac-
cording the work of Ungar (1996), the analysis of
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Fourier coefficients have shown that taking into
account the contrast caused by dislocations on
line profiles gives new scaling factors and can
be considered as a modified W-A analysis.

In Ungar’'s model, for large crystals contain-
ing dislocations, the real part of the Fourier coef-
ficients of a peak profile can be written as

In|A(N)| = ¢, — p'n?IN(R, /n) + Q'n* In(R, / n) In(R; /n) (4)

where p* is the “formal” dislocation density, di-

rectly available from a broadened profile without
taking into account the contrast caused by dif-

ferent types of dislocations. Q*is related to the

two-particle corrections in the dislocation en-

semble, which can be given as the fluction of the

dislocation density, n is the Fourier parameter,

and Re is the outer cutoff radius of dislocations,

and Rz and Rj3 are auxiliary constants. The true

value of dislocation is
2p"

P 79°b*C
where C is the average contrast factor if dislo-
cations 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/2<110> here for FCC metals. Eqn.(4) repre-
sents a non-linear curve of A,-n with parameters
which be determined by curve using least-
squares evaluation method. Thus, from the
analysis of As-n curve, the dislocation density p
can be evaluated.

®)

FOURIER PROFILE ANALYSIS RESULTS

Stoke Correction

To correct for the instrumental broadening in
the diffraction pattern of a sample, it is conven-
ient to run a standard peak using a sample in
which the particle size is large enough to elimi-
nate all particle-size broadening. f(y) is the de-
sired 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 de-
sired broadening and the instrumental broaden-

ing.
Since the profile from the sample is a convo-

lution of the functions representing particle-size
broadening and instrumental broadening. The
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Fourier coefficient of the f(y)-curve is then given
by the simple relation:

F(n) = H(n)/G(n) (6)

Shocked line

147
ok i \%m

__‘[w
/w0

-+
228 100

FIGURE 3. 3D X-RAY PROFILE SPATIAL DISTRI-
BUTION ACROSS THE SHOCKED LINE FOR (002)
REFLECTION OF Al (001) SAMPLE (X-AXIS: DIS-
TANCE FROM THE SHOCKED LINE CENTER(uM);
Y-AXIS: BRAGG ANGLE(DEGREE); AND Z-AXIS:
NORMALIZED DIFFRACTION INTENSITY).

Fig. 3 shows the three dimensional spatial
distribution of those measured X-ray profiles for
Al (002) reflection. It is clear that after shock
peening, the X-ray profile was significantly
broadened and became asymmetric compared
to unshocked region. Here a typical h(x) is the
profile measured at the shocked region, the
curve ¢(z) is the profile measured at shocked
free region. Thus, the corrected X-ray profile
f(y) is obtained from Eqgn. (6).

Average Strain Estimate And Comparison
With FEM Simulation

From the theory of Warren and Aver-
bach(1950), for small values of | and n, the loga-
rithm of the measured Fourier coefficient is giv-
en by Eqgn. (3) and it represents a straight line

with slope K =-27%%<&”>. Thus, the aver-
age mean square strain from that X-ray profile

as:
s> K
: —27%?

In order to obtain the spatial distribution of
the average strain, X-ray profiles at each posi-
tion cross the shocked line were processed us-
ing Fourier transformation with Stoke’s correc-
tion mentioned before. Fourier number n? vs the
natural logarithm of the real part of the corre-

(7)
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sponding Fourier coefficient InA, for different
samples and reflections were shown in Fig. 4. It
is clear that the magnitude of line slope increas-
es from the position far away from the shock line
center (30um) to the center of shock line (Oum).
The average strain increases gradually when the
position moves closer to the shocked center
since the magnitude of the slope K is propor-
tional to the average strain. Thus, the average
strain in the region close to the shocked line
center is larger than that in the region far away
from the center.

-2

0 5 10 15 20 25
2
n

Al (002) reflection

FIGURE 4. Ln(An) VS N2 LINES AT DIFFERENT
POSITION FROM THE CENTER OF SHOCKED
LINE (An: THE REAL PART OF CORRECTED FOU-
RIER COEFFICIENT; AND N: FOURIER SERIES
NUMBER)

—=— AI(001)
—e— AI(110)

0.00 —a— Cu(110)

-0.014

-0.02

-0.03

-0.04

Average strain in depth direction

-0.05 4

T T T 1

T
-60 -40 -20 0 20 40 60
Distance from the center(um)

FIGURE 5. SPATIAL DISTRIBUTION OF,
STRAIN IN DEPTH DIRECTION EVALUA
SLOPE ANALYSIS SHOWN IN Fig. 4

VERAGE
D FROM

Fig. 5 shows the spatial distribution of calcu-
lated average strain value from slope analysis
for Al (001), Al (110) and Cu (110) sample
shown in Fig. 4. For all samples, the maximum
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average strain in depth direction occurs in the
shocked line center and decreases with the po-
sition away from the center. The region of signif-
icant strain is around +40um from the center and
the magnitude is from -0.043 at the center to
near zero when moving away from the center.
Also the strain magnitude of Al (110) is signifi-
cantly larger than that of Cu (110) obviously due
to strength difference. However, it is almost
identical to that of Al (001) sample and indicates
a weak relation of deformation with crystalline
orientation under the conditions used.

Shocked line

25m
—

T
I

mEn

FIGURE 6. TYPICAL FEM SIMULATION RESULT
OF STRAIN DISTRIBUTION IN DEPTH DIRECTION,
Al (001) SAMPLE: 200x80uM AS SHOWN, TOTAL
SIMULATION REGION IS 800x400uM, DEFOR-
MATION FACTOR=5 FOR VIEWING CLARITY

—=— Al(001)
- -e- - AI(110)
A Cu(110)

0.00

-0.01

-0.02

-0.03

-0.04 1

Average strain in depth direction

-0.05

T T
-60 -40 -20 0 20 40 60
Distance from the shocked line center(um)

FIGURE 7. SPATIAL DISTRIBUTION OF AVERAGE
STRAIN IN DEPTH DIRECTION EVALUATED FROM
FEM SIMULATION

To verify the result, FEM simulation was ap-
plied to all samples and Fig. 6 shows a typical
strain distribution under laser shock peening for
Al (001) sample. It is clear that the strain
caused by shock peening is compressive and
concentrate at the region of about +25um from
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the shocked line center. The maximum strain is
around -0.048 and located at depth from
20um~30um below the surface. Since the X-ray
penetration depth is around 40~50um here (Cul-
lity, 1978), the strain in depth direction was av-
eraged in this range and compared with the X-
ray profile analysis result. Fig. 7 shows the av-
erage strain distribution across the shock line
region from FEM simulation for all samples. It is
clear that the magnitude and the spatial distribu-
tion are quite consistent with the result from the
FFT profile analysis. Also it can be seen that
the strain distribution is almost independent of
crystalline orientation but dependent on material
difference.

Mosaic Size Estimate And Comparison With
EBSD

When a material is deformed, the material is
broken into regions with slight tilts with respect
to one another and the mosaic size is the size of
such small regions. From the analysis of Warren
and Averbach(1950), if the measurement of par-
ticle 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.

1.0 4, e Opm
- -v--5um
A 10pm
- e - 20um
—=— 30um

0.9+

. 0.8 NI
< > S 1
-
0.7 T
0.6 T T T T )
0.0 0.2 0.4 0.6 0.8 1.0

n
FIGURE 8. THE INITIAL SLOPE OF An VS N

CURVES FOR Al (001) SAMPLE

For the X-ray profile of (002) reflection for Al
(001) sample, Fourier transformation and
Stoke’s correction were carried out at each posi-
tions. Fig. 8 shows the initial slope of those
curves (the line connecting the first two points in
An-n curve) and A, 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 aver-
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age mosaic size D at that position can be evalu-
ated as

1
D= (E) "8y (8)
and 1/2 = (2a,/ A)(Sin 0 —sing,) (9)
where 1 is the wavelength of X-ray, 6 is the

maximum angle in X-ray profile and 6,is the

ideal Bragg angle. 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 aver-
age mosaic size for Al (001), Al (110) and
Cu(110) sample evaluated from the X-ray profile
analysis mention above. It can be seen that the
average mosaic size decreases when the
measurement point moves closer to the shock
line center for all samples. In the region of
+20um from the center, the mosaic size is
around 1um to 0.7um and increases sharply to
over 100um beyond this range. This is reasona-
ble since the shock peening effect is higher in
the shock line center and larger plastic defor-
mation will favor the formation of mosaic struc-
ture. It is interesting that the results of Al (001)
and Al (110) are quite similar, for Cu (110) sam-
ple, the average mosaic size is larger than that
of Al sample and the submicron mosaic size is
limited in the £10um region. The overall trend is
consistent with the spatial distribution of average
strain and the influence of different crystalline
orientation is less than different materials.

—=— AI001 R
- - -e- - Al110 =
100 4 \ 4. Cullo

4. A

i
o
1

-
L

Average mosaic size(um)

T
-60 -40 -20 0 20 40 60
Distance from the center(um)

FIGURE 9. SPATIAL DISTRIBUTION OF AVERAGE
MOSAIC SIZE FROM INITIAL SLOPE ANALYSIS

(Fig. 8)

In addition to using X-ray profile analysis to
obtain the mosaic size distribution, EBSD meas-
urement was applied on all samples’ surface
and mosaic structure was analysis and com-
pared with the result from X-ray. Fig. 10 shows
the microstructures of mosaic for Al (110) sam-
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ple. The thin black lines show mosaic bounda-
ries whose misorientation angles are larger than
3 degrees. The cross sections represented by
lines 1,2 and 3 with spacing 12.5um are made
perpendicular to the shocked line. The spatial
distribution of mosaic size along the three lines
is shown in Fig. 11.
1. 2 3
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FIGURE 10. MOSAIC DISTRIBUTION ON
SHOCKED PEENED SURFACE MEASURED WITH
EBSD (50pMx80uM). THREE CROSS SECTIONS
PERPENDICULAR TO THE SHOCKED LINE ARE
INDICATED BY 1, 2 AND 3

100 o

10 4

Mosaic size(um)

v v v T v v v
-60 -40 -20 o 20 40 60
Distance from the center(um)

(a) Al (110)

100

—=—Line 1
®- -Line 2
A - Line 3

Mosaic size(um)
p
5
L

h e Dis;zaonce fromothe centef(oum) * *
(b) Cu (110)
FIGURE 11. SPATIAL DISTRIBUTION OF MOSAIC
SIZE ALONG THE THREE CROSS SECTIONS
PERPENDICULAR TO THE SHOCKED LINE

It is observed that within the shock peening
region (x20um from the shock line center for Al
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and £10um for Cu), it has a larger increase in
mosaic structure and the smallest mosaic
size(0.8um for Al and 1um for Cu) is dominant in
the center and become larger away from the
shock peened region. The result is consistent
with the result obtained from the X-ray profile
analysis mentioned before.

The substantial increase of sub-structures is
the major cause of strength and hardness im-
provement in LSP. The formation of mosaic
structures has an effect similar to grain refine-
ment.  According to Murr(1981), the yield
strengths of copper and nickel increase after
LSP. Both the compressive surface residual
stress and the refined microstructure in LSP
contribute to the fatigue life improvement.

Dislocation Density Estimate Using Modified
W-A Model

It is of interest to study the magnitude and
spatial distribution of dislocation density under
pLSP. Within the formalisms of the kinematical
scattering of X-rays and the linear elasticity the-
ory of dislocations, modified Warren-Averbach
method was used to evaluate the dislocation
density from the X-ray profile analysis (Ungar
and Borbely, 1996). According to Eqgn. (4), non-
linear curve fitting with the least-squares evalua-
tion was applied to the plot of the Fourier coeffi-
cients In(An) vs n. All parameters were calculat-
ed through curve fitting. After obtaining the for-

mal dislocation densityp*, the true values of
dislocation density is calculated by Eqgn. (5).

Fig. 12 shows the comparison of dislocation
density distribution for Al (001), Al (110) and Cu
(110) samples. As seen, the highest density oc-
curs at the shock line center and decays slowly
to the outer edge. It can be seen that the dislo-
cation structure is most significant in Al (001)
sample and less in Al (110) sample, and the
least for Cu (110) sample. This can be explained
as follows.

The most apparent feature controlling micro-
structures or microstructure development in FCC
metals and alloys is the stacking-fault free ener-
gy. From the analysis of Chen, et al.( 2003a),
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. So the
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high stacking-fault will favor the formation of dis-
location. Al is the FCC metal with the highest
stacking-fault free energy (168mJ/m2) and cop-
per is 78mJ/m2. As a result, the dislocation cell
structure can be generated easier in Aluminum
than in Copper.

From the analysis of Chen, et al. (2003a) and
Stouffer (1996), cross slip is more difficult to oc-
cur in the (110) orientation, since there is no
common slip direction between different slip
planes. However, in (001) orientation, the slip

systems (111) <101 >and (111)<101>can

generate the cross slip between these two slip
planes. Thus, the cross slip is much easier to
occur in (001) orientation than in (110) orienta-
tion and this favors the formation of dislocation
in (001) orientation.

—=— AI0O01
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FIGURE 12. SPATIAL DISTRIBUTION OF DISLO-
CATION DENSITY OBTAINED FROM CURVE FIT-
TING ANALYSIS

CONCLUSIONS

X-ray micro-diffraction profiles 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 &
Averbach method (1950) and modified W-A
method proposed by Ungar in 1996. Spatial dis-
tribution of average strain, particle size and dis-
location density were estimated. FEM simula-
tion and EBSD were applied to all samples to
verify the result. Micron level spatial resolution
(down to 5um) was achieved. The average
strain is around -0.03 to -0.04 within £30um from
the shocked line center and it decreases to zero
beyond that range. The result was found con-
sistent with FEM simulations and more depend-

Volume 32, 2004



ent on the different material than different crys-
talline orientation. Mosaic like substructure was
formed in submicron size within the region
+20um from the shocked line center and con-
sistent with the measurement from EBSD. The
asymmetric and broadening profiles are strongly
indicative of dislocation formation during LSP
and material in (001) orientation and material
with higher stack fault energy (Al) shows higher
dislocation density under laser shock peening.
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