Systematical Characterization of
Material Response to Microscale
Laser Shock Peening

The response of materials after microscale laser shock peepih§F) was experimen-
tally characterized and compared with the theoretical prediction from FEM analysis in
microlength level. SincgLSP is predominantly a mechanical process instead of a ther-
mal process, the characterization focuses on mechanical properties and associated mi-
crostructures. An X-ray microdiffraction technique was applied on the postpeened single
crystal aluminum of (001) and (110) orientations, and an X-ray profile was analyzed by
subprofiling and Fourier analysis method. Spatially resolved residual stress and strain
FHGHIBETT deviation was quantified and explained in terms of the heterogeneous dislocation cell
Columbia University, structure. In-plane crystal lattice rotation induced py.SP were measured by electron
New York, NY 10027 backscatter diffraction (EBSD) and compared with the FEM simulation. Average mosaic
size was evaluated from X-ray profile Fourier analysis and compared with the result from
EBSD. Surface strength increase and dislocation cell structure formation were studied.
The systematical characterization helps develop more realistic simulation models and
obtain better understanding in microlength levgeROI: 10.1115/1.181115
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1 Introduction in the shock-peened copper films, but it has proven difficult to

. ntitatively rel he X-r iffraction intensity m remen
In recent decades, failure and reliability of MEMS has beewlijt?] tthtztst?e)ésea?]tde/otritrair?)\//a(juezdO tensity measurements

drawing increasing attentidd—2]. Fatigue behavior, for instance, | aqdition, classical continuum mechanics alone seems to ex-
may ultimately limit product lifetime in applications, such as miperience difficulty to explain plastic deformation confined to the
croengines and microswitches. One will find needs to impartraicron length scal@9]. Thus, in order to comprehensively under-
desirable residual stress distribution or alter the existing distribgtand and model th@LSP process, micromechanical consider-
tion left by the fabrication process itself. Microscale laser shogkions and its relationship to crystal structure, crystal lattice ori-
peening(uLSP) is a technique that can potentially be applied t@ntation, dislocation, and other microstructures under shock wave
manipulate the residual stress distribution in surface layers @iquire consideration. Transmission electron microscOfyM)
metal structures with micron-level spatial resolution and thus efibservations of the shock area microstructure were carried out to
hance fatigue and reliability performances of microdevi@s understand the response to laser shock peening at microlevel

Microscale laser shock peening of polycrystalline aluminurtO:11. However, peened samples needed to be cut to very thin
§/I|ces for TEM observation, and the experimental result cannot

and copper has been studied and shown to significantly imprq Santitatively characterize the microstructure of the shocked area.

fatigue performance of the peened targets due to the compresqqms, new characterization methods need to be developed to

residual stres$4—6]. Compared with mechanical shot peeni”gquantitatively measure the microstructure causegb$P.

the compressive stresses extend much deeper below the surfagg this paper, the spatially resolved X-ray diffraction profiles
and the resulting fatigue life enhancement is often greater. It hggm microscale laser shock-peened bulk single-crystal aluminum
also been shown through FEM simulation results #iaBP effi-  of different crystalline orientation®01 and 11pwere recorded at
ciently induces favorable residual stress distributions in metal tahe microscale. The spatial distribution of residual stress and/or
gets. To fully understand the effect pf. SP and validate the FEM strain, strain deviation, and mosaic size inducedultSP were
result, X-ray diffraction was used to measure average residgbsequently quantified. Crystal lattice rotation caused by plastic
stress and/or strain in the depth direction for overlapping shocfteformation during high strain-rate laser shock peening was mea-
peened bulk copper samplg§]. However, the spatial resolution sured by electron backscatter dlffl‘_aCtICEBSD). _The experimen-

of X-ray diffraction is typically larger than 0.5 mm, which is tootdl results were then compared with that of simulations obtained

large to measure the residual stress and/or strain distributions fem FEM analysis based on single-crystal plasticity. Thus, these

duced by uLSP [5]. Recently, by using synchrotron radiatio measurements provide the possibility to study the response of ma-

. ) . . "terials to laser shock peening at the microscale and can be used to
sources, X-ray microdiffraction measurements were carried out\;grify the results of FEM analysis as well
obtain stress and/or strain distributions with micron-level spatial

resolution. The measurement was based on the intensity contiast Experiment and Simulation Conditions

method[7,8], in which stress and/or strain in copper thin-film ) _ _
samples was inferred by recording the diffraction intensity con- 2.1 Microscale Laser Shock-Peenindul.SP) Experiment
trast of the underlying single-crystal silicon substrate. The resitonditions.  As illustrated in Fig. 1, a frequency tripled

provided qualitative information about the strain field distributiofe-SWitched Nd:YAG laser X=355 nm) in TEM, mode was
used in theuLSP experiments because of higher laser-energy ab-
Contributed by the Manufacturing Engineering Division for publication in thesorptl_on on aluminum Samples at shorter Wavelc_engths. The pulse
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- : Fig. 3 Typical FEM simulation result of strain distribution in
Material being laser shock peened depth direction, Al (001) sample: 200 X80 um as shown; total
simulation region is 800 X400 um, deformation factor =5 for
viewing clarity.

Fig. 1 Laser shock-peening process
direction in all samples. Regular mechanical polishing with dia-
mond grit sizes 6 and &m was used to remove the heat-affected
location at 1 KHz pulse repetition rate. Laser beam diameter wagne of the cutting surface, and electrochemical polishing was
12 um and laser intensity was approximately 4 GW7crA thin applled _for all samples to eliminate any remaining deformed ma-
layer of high-vacuum greas@bout 10 um thick) was spread terial prior to shock peening.
evenly on the polished sample surface, and auit6thick poly- 2.2 FEM Simulation Conditions. In FEM analysis, the
crystalline aluminum foil, chosen for its relatively low thresholds atial and temporal dependent shock pressure was s'olved nu-
of vaporization, was tightly press_ed onto the grease. The samprE%rically based on Refl12] and was extended to a spatial non-
was placed in a shallow container filled with distilled watey, it ‘shock pressure with a Gaussian spatial distribjdos]
arOL:_nd |3 mm a(;:)?r\]/e the sample’s top surface. ,?littISP, th% FThe nonuniform shock pressure was then used as the loading for
coating layer and Ihe vacuum grease were manuatly removed. H subsequent stress and/or strain analysis, in which von Mises
induced deformation is due to shock pressure and not due to thekz 00"\ as Used. and the analysis was implemented in a com-
mal effects, since only the coating is vaporized by the laser Sho%ercial solver ABAQUS Based on the theory of As&i@], a
Fu;thlclar dﬁ;a'lsl %f“Li?PI setrup taTe g;venr@I_Gr]ﬁin m with orient user-material subroutine UMAT for single-crystal plasticity writ-
i u()éoa]) ea(‘j?ll%) gﬁ ¢ ys.a's:.o gu € al 3 f LSPO entden by Huand 14] and modified by Kysalr15] is incorporated into
lons and(1y), shown in Fig. 2, were used g €X- " the finite element analys[46]. In the UMAT, the{111110 slip
periments. AIumlnu_m is one of mat_erlals rout|nely_ used in Mizystems in FCC metal are used for single crystal Al. A critical
crodevices due to its good mechanical and electrical propertigg. strength, — 1 MPa on each of the slip syste.ms is as-
A_Ithough poncrystalll_ne_ metals are more widely used in practic umed. The indcchseSa deformation state is two-dimensional, i.e., a
single crystal metal is ideal for fundamental study. The samp ftane strain deformation state, with the experiment conditions in-
was cut to shape using wire electrical discharge machinig.»oqin Fig. 2, according to Rida7]. Simulation was carried
(EDM). A Lj\ue X-ray was used to determine the crystal orientag, i yyo.gimensional and finite geomel800 um in length and
tion within 1 deg and laser shock peening was applied along thﬂﬁo um in height was assumed. Shocks are applied on the top
surface along a narrow strip in the width direction. The bottom
! surface is fixed in position, while all the other side surfaces are set
Stiockefiles traction free. In order to eliminate the “volume locking” that oc-

X-ray measurement points

EBSD i ) ,
5mm Q- o ngjarea. Shocked line
(100pm> 150pm) |

10mm

E

¢

15mm

(001) (110)

(110) - (001)

(110) (110)

Fig. 2 Sample geometry and laser shock-peening condition
(X-ray measurement points are along a line perpendicular to a

shocked line and within =100 um from the center of a shocked Fig. 4 Typical lattice rotation field on cross section after laser

line, d=5 um, within *=20 um from the shocked line center, d  shock peening, Al (110) sample: 200 X100 um as shown; total
=10 um, elsewhere; EBSD scan area is 100 umX150 pm). simulation region is 800 X400 pm.
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curs in plastic deformation simulation, linear elements with reare under a residual uniaxial compressive stregs, <0 and the
duced integration and hourglass stiffness control are used. Withll interior under a uniaxial tensile stredsr.>0. The asym-

the FEM model based on single-crystal plasticity, material renetrical Bragg reflections can then be separated into the sum of
sponse at either macroscale or microscale can be predicted, stwat symmetrical peaks, which correspond to cell interior and cell
as geometry deformation, residual stress and/or strain spatial disll. For brevity, the subscriptg andc will be used for walls and
tribution, and lattice rotation field. Figures 3 and 4 show the typcell interiors respectively. The integral intensities of the subpro-
cal simulation results of strain distribution and lattice rotatiofiles relative to the integral intensity of the measured profile are
field in cross section for sample AD01) and Al (110), respec- proportional to the volume fractions of the cell wafls and cell
tively. However, it is necessary to verify the predications and onteriorsf.=1—f,,, respectively. According to the model, stress
timize parameters of the FEM model by experiments both in treguilibrium of the unloaded crystal requires

macro- and microlevels.
fodoy+(1—f,)Ac.=0 1)

3 Measurement and Characterization Methods The asymmetric line profilesare assumed to be composed of two
A high- componentsl,, and I, wherel,, is attributed to the cell-wall
material(the integral intensity of which is proportional fq) and
}c to the cell-interior materigfthe integral intensity of . is pro-
portional to f.=(1—f,)]. The centers of both components are
;shifted in opposite directions in accordance withr, <0 and
Ao.>0. These shifts can be expressed by the relative change of
the mean lattice plane spacidgl/d as follows:

3.1 X-ray Microdiffraction Measurement.
brightness X-ray beartbeamline X20A of National Synchrotron
Light Source at Brookhaven National Lab was used in diffractio
and the beam size was 5 byufn. Monochromatic synchrotron
radiation at 8.0 KeV X =1.54024 A) was used, since it is smalle
than theK absorption edge for Al, which is 8.98 Kg\8], so that
the fluorescence radiation would not be excited. To obtain

proper 2 diffraction profile for each measurement point, the dif- Ad Ao Adl Ao
fraction conditions of the two Euler angles éfand y angles —| =—%<0, —| =—%>0 2
should be optimized for every measuring point. The optimization d w E d . E

of 6 and y is to set the normal of the diffracting planes at th
proper orientation on the diffractometiel9].

Multiple measurement points were chosen along a line perp
dicular to a shocked line as shown in Fig. 2. The spacing betwe
adjacent measurement points starts fromub® (when =100 um
away from the center of the shocked lirend reduces to mm
within =20 um from the center of the shocked line in order to o,7~|Aoy,— Ao (3)
spatially resolve the residual stress, as shown in Fig. 2. At each | ) ) ) )
position, the corresponding X-ray diffraction profile is recordedheir range of influence is of the order of the cell dimensions,

by a modified version of the SPEC software packé@ and Which is longer than the range of individual dislocations in a
repeated for each shocked line. random distribution(e.qg., in cell walls or in cell interiojs The

lateral residual stress in the sample surface plane is
3.2 EBSD Measurement. In addition to X-ray microdif-
fraction, electron backscatter diffractiggBSD), a technique for Oxx=Oyy= — 0z V (4)
obtaining crystallographic orientation with submicron spatial reSQuhereu denotes Poisson’s ratio
lution was applied to the shock-peened samples. Microstructure '
changes, such as crystallographic orientation and texture, were

studied quantitatively. EBSD data were collected using a systemg 4 strain Deviation and Mosaic Size-Evaluation Method.
supplied by HKL Technology21] and attached to a JEOL JSMBased on the Fourier analysis of the diffraction profiles, the War-
5600LV scanning electron microscof@EM). The samples were ren and Averbach metho@4] allows to obtain strain deviation

briefly electrically polished to remove the mechanical scratches g distribution function of mosaic size directly from the Fourier
the surface. The shocked region was accurately located usities coefficients.

the automatic mode, using external beam scanning and employii§ormation induced by laser shock peening, there is nonuniform
a 1 um step size. The scan area is 10MX150um on the spacing change between the diffraction planes in a region and
shocked surface and covered the shocked line center as showstjgin variation is thus induced, causing a broadening of the X-ray
Fig. 2. Details about EBSD measurement can be fourf@®h  |ine profile. The shock peening also produces dislocation arrays
[23,25, such as small angle boundaries that subdivide the original
gingle crystal into small coherent domains as grains in
@_olygrained metal. As a result, the peened region can be regarded

strain is uniform over a relatively large distance, the uniform ma | ined 4261, Th I ; h .
rostrain will cause a shift in the diffraction lines to new positions"?‘s polygrained metdl .]' 0se small mosaics, such as grain,
ill cause the broadening of the line profile because there are not

If the metal is deformed plastically, such as in this case, the d¥

formation creates adjacent regions of slight different orientatior® Many planes to cause destructive interference away from the
The residual strain can vary from region to region to cause act Bragg anglEL8]. Therefore, both kinds of effects contribute

nonhomogeneous strain state, which results in strain deviation éﬂc}h? broadening of the X-ray line profile in plastically deformed

a broadening of the diffraction profile. In fact, both kinds of strai ('e:ta S th vsi 241 th | b ted

are superposed in plastically deformed metals, and diffraction "M the analysis of24], the sample can be represented as

is both shifted and broadendd8]. It is the superposition that CO'“”F”S Of unit ceIIs_ along th_e dlrectlor_\ that is perpendlcular_ to

makes it difficult to evaluate the local strain and residual streE@e qn'fractlon planelln the reciprocal Iatt[ce Space. The X-ray line

distribution. profile can be con_5|dered as the combination _of reflepte_d X-ray
However, on the basis of a composite model, local strain atflrc?m all pairs of unit ceIIs..The m.eas!"ed X-ray line profllg is then

residual stress can be evaluated for single-crystal metal un?gg]resented as the Fourier series in the reciprocal lattice space

plastic deformation as reported by UngaB8] by recognizing that

SvhereE is Young’s modulus. We introduce a Cartesian coordinate
system with thez-axis parallel to the stress axis and theand
ﬁgr'zxes perpendicular to the two sets of walls that are parallel to

stress axis. Then, the measure of the residual stresses can be
characterized by the absolute value of the difference

3.3 Spatially Resolved Residual StraifStress Evaluation
Method. If a piece of metal is deformed elastically such that th

the crystal dislocations often arrange themselves in a cell struc- KNE2 &7

ture. A cell structure consists of “cell interior” and “cell wall” as P(26)= — 2 (A, cos 2rnh+B,, sin 27nh)  (5)
postulated by23]. The cell walls parallel to the compressive axis sin 6 <.,
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where P(26) represents the measured X-ray line profile versus 197
26, F is the structure factor and is the angular factolN repre-
sents the number of unit cells in the sample &rid the reciprocal Ideal Bragg angle

Center of shocked line

of the lattice spacing. The real part of Fourier coeffici@ptcan g &
be described as the product of the size effect and the strain effe2
[27]: 'é 06 -
] Unshocked position
An=AGAY ® 8 -
=

WhereAE represents the spacing change between the diﬁractiog 4

planes andAﬁ is a measure of the grain size. Furthermore, forX
small values of andn, A, can be expressed H27]

InA,=InAS—2721%n?(?) @)
wherel is the number of unit cells between diffraction planes and = %%~ 1=="=1 2"‘ = 255 o
(e2)Y2is standard strain deviation that indicates strain uncertainty ' Bragg angle(Deg)
According to Eq.(7), In A, versusn? is represented as a straight )
line, whose slope and intersection with-0 can be used to evalu- Fig. 6 Two cross sections of Fig. 7 measured at position at the

ate the strain deviation and size effects. center of shocked line and at unshocked position (100 um
away from the shock line center )

Normal
o
S}
1

4 Results and Discussions

As mentioned before’ after shock peening' macroscopic quarﬁhlfted in OppOSite directions and_the shifts can be related to the
ties (residual strain and stressand microscopic quantitiggrys- relative change of the mean lattice plane spackdyd of the
talline orientation field and mosaic sjzean be evaluated through corresponding lattice planes
the analysis method based on the data from X-ray microdiffraction Ad
or EBSD measurement in Sections 3.1 and 3.2, and compared —
with the FEM simulation. d o w

) N where A 6 vy is the angular shift of the subprofilés (or 1,,)
4.1 Macroscopic Quantities relative to the exact Bragg angteof the shock-free regions. This
§quation is based on taking total differential of the Bragg law
ﬁ§suming a perfect X-ray wavelength. For(802) reflection pro-
ile at position+5 um from the shocked line, the ideal Bragg

= —cothA 00(0!’ w) (8)

4.1.1 Spatially Resolved Residual Stress Characterizati
Figures 5 and 7 show the three-dimensional spatial distribution

those measured X-ray profiles for £002) and(220) reflection in . . .

the direction perpendicular to the shocked line, respectively. TRE9E cor;espondmgf tﬁ thde shock-frez regkl)one?lQZBG dzezgégée

corresponding X-ray profiles at the shock-peened center and ptegsngg g_ra;\gt)?l’s% tjeeg Z%%nlﬁg?:forxe p_ro Ioegggeded and
. ! S , w=22. , .=—0.

shocked region are singled out in Figs. 6 and 8 to show the no '—0.028 deg. For Al crystals witE— 70 GPa and—0.33,

difference. It is clear that after shock peening, the X-ray profi .

was significantly broadened and becan?e asyr?]metric cor);][?are c andia,, are 95 MPa a_nd— 82'6 MPa, respectlvely, accord-
the unshocked region for bot901) and (110) samples. Consid- ing to Egs.(2) and(8). Equatlon(s) gives the axial resldual stress
ering the X-ray profile of th€001) sample at 5um, to the right of ?zz~177.6 MPa, and Eq(4) gives the lateral residual stress
the shocked line center as shown in detail in Fig. 9, the raw profifdthin the sample surface plane

represented by the unsmoothed curve is smoothed to obtain the Oux=0yy=—0,, v=—58.6 MPa 9)

fitted profilel, which is subsequently decomposed into two sym- ) . .
metric subprofiled, andl,, using the Lorentzian peak function Following the analysis method above for each measurement point,

[27]. The centers of the decomposed subprofiles are found tottliI:@ spatially resolved residual stress distribution for(802) is
shown in Fig. 10. The simulation results from FEM are also over-

lapped in Fig. 10. The distributions show similar patterns and

g Z
'Lau z
,; et
B2 ~f 3
i B = -
g 0 L ®F
= : Fa £
5 © . SR B
4 : s £
L L. ) M5 g ' g
B“‘EE gl {D"E-_} g Brage angp, rr’\-:-zl? R 5y
Fig. 5 3D X-ray profile spatial distribution across the shocked Fig. 7 3D X-ray profile spatial distribution across the shocked
line for (002) reflection of Al (001) sample [24] (x-axis: distance line for (220) reflection of Al (110) sample (x-axis: distance
from the shocked line center  (um); y-axis: Bragg angle (deg); from the shocked line center (um); y-axis: Brag angle (deg);
and z-axis: normalized diffraction intensity ) and z-axis: normalized diffraction intensity )
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Fig. 8 Two cross sections of Fig. 6 measured at position at the
center for shocked line, and at unshocked position (100 pm
away from the shock line center )

Fig. 10 Typical spatial distribution of residual stress in Al

(001) sample surface by X-ray diffraction measurement and
FEM simulation

generally agree with each other. In terms of the lateral extent of 212 K

the compressive residual stress, the experiment results indicate (e)"*= N =222

about =40 um from the center of shocked line, while FEM re- . .

sults overestimate it. This is likely due to the shock pressufeé®r example, at the position of 16m from the shocked line, the
model used in the FEM, which may have overestimated the latef4pPe of fitted line isk = —0.05035, =2 for Al (002 reflection,

expansion effect of pressure loading on the sample suffice SO the(e{)*?is 0.025 based on Eq10). In order to obtain the
spatial distribution of the strain deviation in depth direction, X-ray

4.1.2 Strain Deviation Spatial Distribution Across thepofiles at each position cross the shocked liinem 30 um left
Shocked Region. To better understand shock-induced plastic desf the shocked line to 3m on the right were processed by
formation, it is necessary to study the corresponding inhomoggsing Fourier transformation with Stoke’s correct{@7]. Fourier
neous strain variation in the depth direction, which can be Cach‘mbernz versus InA, for sample Al(001) is shown in Fig. 11
lated from the recorded X-ray profiles according to the methoc}J
discussed in Section 3.4. From the theory2#], for small values
of | andn, the logarithm of the measured Fourier coefficient is

(10)

given by Eq.(7). For Al (002 reflection,| =2, so the strain effect 0
term can be represented af27?1°n%(s?), in which (s%)*? rep- i .l
resented standard strain deviation caused by the laser shock pe 21 Sum
ing in the[002] direction, which is in the depth direction perpen- i
dicular to the surface for A001) sample. If we choose? as the T 10pum
x-axis and InA,() as they-axis, Eq.(7) represents a straight line \
with slopeK = —27%1%(¢2). Thus, the slope of this fitted line can Fie -~ - -20um
be used to calculate the strain deviation from that X-ray profile & 14 =

» — 30um

2
104 Ideal (0032) I
T A f‘l Fitted profila 5 0
oy Feaw profile . \{ L /;z % 45 . .
@ " SN I 4y Fitted subprofile £% a
8 1/ . N
=fillly # \ /  Fatedsub profile | 4
= fae=—— -1 -3
E I:I 4 JJ 'r; ! .I'JJ.; Ll
i Sy
[ | )5"': &
£ 5, /! M :
(] P \ \
4 e ! -;__::_ _2 - 5 - T + T ' T ' T 1
(11 S ot I L) gt ki
20 2.1 2"2{? E']I'H ']Z!'I 225 228 ]?I'l' 0 S 10 15 20 25
Bragg angle(Deg.) n:

Fig. 11 In(A,) versus n? lines at different position from the

Fig. 9 Detailed view of decomposition of an asymmetric line
profile into the sum of two symmetric subprofiles, diffraction
intensity normalized (subprofile /. : cell interior; and subprofile
1, : cell wall )

744 | Vol. 126, NOVEMBER 2004

center of shocked line for Al (002) reflection [27] (A, : the real
part of corrected Fourier coefficient; and n: Fourier series
number )
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|—| FEM wheren is the sample sizes is the average strain at each point
| X-Ray (shown in Fig. 12. As seen in the Fig. 12, the maximum strain
deviation levels can be found in a region-o20 wm from Fourier
0.01 4 B [ analysis of the X-ray profile, which is in good agreement with the
result from FEM simulation.

0.00 4 H TI 4.2 Microscopic Quantities
H—L 4.2.1 Crystal-Lattice Rotation. Crystal-lattice rotation is

-
—
——

well defined within the context of kinematics of single-crystal
plasticity and a key parameter in the simulation model. It is well
-0.01 4 TIT known[17] that both face-centered culifcc) and body-centered
R L cubic (bco crystals admit a state-of-plane strain deformation if
= the crystal is oriented and the mechanical loading is applied along
60 40 20 0 20 40  ep | certain crystallographic directions. The current orientation of the
lattice directions with respect to the initial one is determined by
Distance from shock line {um) the rotation in the polar decomposition of the elastic part of de-
formation [29]. Therefore, the crystalline orientation field mea-
sured from EBSD enables characterization of the in-plane lattice
rotation induced by microscale laser shock peening under approxi-
mate plane strain conditions to compare with the results from the
FEM analysis.
[28]. It is clear that the magnitude of line slope increases from the The Iattice rotation contour map on the shocked@01) sam-
position far away from the shock line cent®0 um) to the center ple’s surface is shown in Fig. 8. Figure 13b) shows the spa-
of shock line(0 um). So it shows the strain deviation increasesgial distribution of lattice rotation along two lines across the
gradually when the position moves closer to the shocked centsfiocked line with spacing34 uwm. The red region corresponds to
Figure 12 shows the spatial distribution of strain deviation in theounterclockwise rotation about tlzeaxis, which is positive; and
depth direction for A(001) sample by Fourier analysis. For FEMthe blue region corresponds to clockwise rotation, which is nega-
simulation, the corresponding standard deviation of strain at eaglie. It is clear to see that the lattice rotation is zégreen region
point was obtained by considering the effective penetration dedy away from the shocked line, which corresponds to the shock-
of the X-ray. Choosing the depth of 90% of the total diffractegtee region. The lattice-rotation distribution along the shocked line

Standard strain deviation

Fig. 12 Standard strain deviation in depth direction by Fourier
transformation and FEM simulation for sample (001)

intensity is quite similar along two lines, which suggests the approximate
2.3 sin 0, two-dimensional deformation state. The lattice rotation value is

X= — = (11) =3 deg between=35um from the center of shocked line, and
2u the rotation direction is antisymmetric on both sides of shocked

where 6, is ideal Bragg angle ang is the linear absorption co- line. In order to investigate the effect of crystal orientation on
efficient, the effective depth is 4&m for single-crystal aluminum lattice rotation, an aluminum sample shocked on(tt) surface
(110 with 6,=32.53 andu=135.6 cnr* [18]. In this surface Was also studied as seen in Figs(a4and (b). The general trend
layer of depth 45.m, nine values of strain were obtained, sinc®f lattice rotation, such as the rotation direction and magnitude, is

spacing between adjacent notes i in the depth direction. the same with that of A(00D. . . )
Thus, the standard strain deviation for FEM simulation is Simulation for spatial distribution of lattice rotation was carried

out and shown in Fig. 15. It can be seen that the lattice rotation
distribution is quite similar to the experimental results. When the
position changes from left of shock line to the right for (@i112),

(12) the I_attice rotati(_)n starts from zero dégeyond =40 um) to a
maximum negative value-4 deg at—15 um) and after that, the

Lattice rotation| Degree)

L)

—— - - e
i 0 40 L] B0 ] 120 140
£ positiond jm )

Fig. 13 Lattice rotation contour map on sample surface for Al (001) sample (line 1-2: two
cross sections with spacing =34 um)
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Fig. 14 Lattice rotation contour map on sample surface for Al (110) sample (line 1-2: two

cross sections with spacing =34 um)

magnitude of lattice rotation decreases to zero again close to ther coefficientsA,, versusn, the initial slope of the curve gives

shocked line center. For the right side of shock line center, tliérectly the average column length, which is the average mosaic

distribution is antisymmetric with the left side. size in that direction.

. . . Figure 16 shows the initial slope of th#g, versusn curve (the

b 4'%'2 _Ave?ge Mosaic S'Zeg‘z dlscus_sedeefc_)re, th? S'Z.e'léne connecting the first two points iA,-n curve at different
roadening eftect is represented by a cosine Fourier series simijali e from the shock line center. If the initial slope of curve is

to th‘f"t. develop_ed for strain broadening, and, h_ence_, the FOURET then the average mosaic sieat that position can be evalu-
coefficientsA,, give very general method of handling either effect,,.’

; L ated
From the analysis of24], the initial slope of theA, versusn edas

curve is 1
dA, 1
q =—— (13)  From the analysis above, the size effect can be obtained from
N/ (n=0) N3 Fourier analysis of X-ray profiles. Figure 17 shows the spatial

igtribution of average mosaic size for 110 sample evaluated

om the X-ray profile analysis mentioned above. It can be seen

that the average mosaic size decreases when move closer to the

1/2=(2a3/\)(sin 6—sin 6;) (14) shock line center. In the region of 20 um from the center, the
mosaic size is around &m to 0.7 um and increases sharply to

where\ is the wavelength of the X-rayl is the maximum angle oyer 100um beyond this range. This is reasonable because the
in the X-ray profile, andd, is the ideal Bragg angle. So if the

size-broadening effect is expressed in terms of a plot of the Fou-

Whereﬁ3a3 is the average column length, and, hence, an avera%
mosaic size in the directioa;. Also we have

-0.18 4
]
1 —a— Al 110)

41 v e AI(OO1} -0.20 - /

34 //_, .
g 2] -0.22 4 .
Lo ]
a 17 o 024
= ¥ Q
g 04 ko) ]

1 2]

g - ] -0.26 1
5 -21
= 1 -0.28 1
8 -

=43 0304

b T Y T o T T . T T r T X T ! T L 1
-100 -20 -0 -40 -20 0 20 40 &0 80 100 I e e e S e LN B s e
Distance fram the shock line center{um) g 3 10 13 20 £ =
Distance from shocked line center (um)

Fig. 15 Spatially distribution of lattice rotation on sample sur-
face from simulation Fig. 16 Initial slope of A, versus n curves for Al (110) sample
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—a— Mosaic size in the center and becomes larger away from the shock-peened
# - Wield stress 1 120 region. The result is consistent with the result obtained from the
X-ray profile analysis mentioned previously.
As a result of a mosaic size refinement, the shocked area is
strengthened according to well-known empirical relationship,

E
ﬁ' E'E such as the Hall-Petch relation between average grain size and the
L z yielding limit of a bulk metal[30], since metal in shocked area
= L can be considered as polycrystalline metal due to the mosaic
= o structure
z
& 2 k
T e oy=09t+ — (16)
& Y 0 \/a
— where oy is the flow stressgy and k are material dependent
=60 -40 =20 ] 20 40 &0 constants, and is the average mosaic size. For pure aluminum
Distance from the centerium (99.99%, the correspondingry and k are oy=15 MPa andk
=2.33 MPamm*? [30]. The yield stress spatial distribution
Fig. 17  Spatial distribution of average mosaic size from initial across the shocked area can be obtained by using the average
slope analysis by FFT and shock-induced strengthening ef- mosaic size and is shown in Fig. 17. It can be seen that strength is
fects for Al (110) improved significantly in shocked area and vyield stress is in-

creased to almost 110 MPa in the shocked line center by micro-
laser shock peening.
Other than the method of Fourier analysis, average mosaic size

shock-peening effect is higher in the shock line center, and largeg, 5150 be roughly estimated by using the Scherrer forfitig
plastic deformation will favor the formation of mosaic structure.

In addition to using X-ray profile analysis to obtain the mosaic 0.9\
size distribution after laser shock peening, EBSD measurement D= 5oso- 17)
was also applied on sampl&l0 surface and mosaic structure can 0
be studied directly and compared with the result from the X-rawhere A =wavelength,B=broadening of diffraction line mea-
Mosaic structures can be quantitatively analyzed through EBSiDred at half its maximum intensityadiang, and 6, is the ideal
measurements because EBSD is based on data acquisition of cBreigg angle. By using the X-ray profile at 1Qdm from the
talline misorientation angles with submicron spatial accuracy, astiocked line to correct the instrumental broadening, the calculated
the misorientation angle accuracy is less than 1 deg. Figui@® 18average mosaic size is shown in Fig. 19; it shows that the mosaic
shows the microstructures of mosaic for the(A10) sample. The size is much smaller than the result by Fourier analysis. This is so
thin black lines show mosaic boundaries whose misorientatitvecause X-ray line broadening is relating to the sample and in-
angles are larger than 3 deg. The lineepresents laser shockedstrument. Sample broadening is usually from mosaic size and in-
line. The cross sections, represented by lines 1, 2, and 3 witbmogeneous strain variation th-spacing. The method of the
spacing 12.5um, are made perpendicular to the shocked line. TH&cherrer formula considers that the total X-ray profile broadening
spatial distribution of mosaic size along the three lines is shownis only caused by the small mosaic size, while Fourier analysis
Fig. 18b). It is observed that within the shock-peening regionseparates the total broadening effect into two parts and calculates
(=20 um from the shock line centgrit has a larger increase in mosaic size and strain deviation, respectively. Thus, compared to
mosaic structure and the smallest mosaic size of8dominant the result from Fourier analysis, mosaic size of the Scherrer for-

Cross sections
1 2 3

Mosaic size{um }
-
f=]
0

—a— Cross secton 1
= =8= = Crois sachon 2
14 - & Cross section 3

T

-60 -40 =20 0 20 40 &0

Distance from the centenjum)
() £
Fig. 18 Mosaic microstructure distribution of Al (110) sample on shocked-peened surface mea-

sured with EBSD (50 umX80 xm). Three cross sections perpendicular to the shocked line are
indicated by 1, 2, and 3 [27].
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g
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<
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Distance from shocked line center(um . . . .
istance from sho ine ¢ (km) Fig. 21 Cross-slip formation of FCC metal,  (111) planes in the

Fig. 19 Spatial distribution of average mosaic size calculated (110} directions

by the Scherrer formula for Al (110)

where patterning occurs on the same mesoscopic length scale that
mula is smaller. Therefore, Fourier analysis should be used qgvems the effective range of dislocation interactions.
precisely calculéte mosaic ’size from the recorded X-ray profile In a}nother model, it |s_assumed t_hat the geom_et_rlcally necessary
ffective stress fluctuations experienced by gliding dislocations
. cause appreciable fluctuations of the local strain rate. This enables
4.3 Further — Understanding of LSP-Induced 0 motﬁl% dislocations to probe new configurations again and
M|crostruc_ture-D|sIoca_1t|on Cell Structure. From the record_ed again. During this process, energetically favorable configurations
X-ray profile for the single-crystal Al sampldEigs. 5 and ¥, it gossess a certain chance to become stabilized, whereas unfavor-

fact, dislocation cell structures were observed via transmissi@rﬂS process by increasing the “selection pressure.” That is

electron3m|cro§popYTEM) |nllaserhshock-pee.ned mgtals, such ?ﬁrough increasing the range of possible slip planes, cross slip

copper[_ 1). This accompanies the generation and storage ofygeases the efficiency with which dislocations can move down

larger dislocation density during the shock process than for quaghe gy gradients. Based on the stochastic dislocation dynamics

St"i‘}'; processes. dels of dis| . . h del from[34], cross slip will increase the fraction of mobile
ere are various models of dislocation patterning, such as cgi|ocations so the dislocation cell formation is favored by easy

structure formation, proposed that differ from the starting poinfy,es glip. Figures 5 and 7 show 3D Bragg reflection profiles

namely, the driving force of this proce$82—-34. According t0 554 the direction cross the shocked line for (@01 and Al

the thermodynamic approach, dislocation cells are Co.ns'dered(ffo) samples. The asymmetric line profile is significant mainly in

low energy structur_e_§3_2]. Th's appr_oach is, however, Incorrecty,q range of+ 20 um from the shocked line center f6t10) ori-

pecause energy minimization prmuples do not app.ly to .d'ss'p@htation compared to the-30um range in(001) orientation.

tive processes far from equilibrium, such as dislocation glide du Iso, as shown in Fig. 20, the volume of cell wall is lesg110)

ing plastic deformation. In the synergetic theories developed BYontation and has narrower spatial distribution. So, (@@1)

figurations; the evolution and dynamic stability of dipolar disloyy it ig \ell known for FCC crystals that the plastic slip systems
cation arrangements are the main concern. An inherent weakngsserq 11 family of planes in the110 family of directions, for

of this model relates to the neglect of long-range dislocation i yn1a| of 12 possible slip systems. However, the distribution of
teractions. This could be a problem with dislocation cell formatiofl,sqved shear stress in each slip system for loading in different
orientations is differenit35]. The slip systems that have the maxi-
mum resolved shear stresses for loading appliedO®l) and
(110 orientation samples are shown below, and slip would occur

0.7 Al001) ) B ; :
in those slip systems. For th@10 orientation, there are four
0.64 : A0} possible activated slip system@:11) [101], (111 [011], (111)
E 05 T [011], and (111) [101]. For the(001) orientation, there are eight
% possible activated slip systemd11) [101], (111) [110], (111)
g 0.4+ [101], (111) [110], (111) [110], (111) [101], (111) [101], and
@ (111) [110]. As a result, for thg110 orientation, cross slip is
5 031 / more difficult to occur because there is no common slip direction
g 0.2 | between different slip planes. However, (@01) orientation, the
T / \ slip systems (11¥)101) and (1L.1)(101) can generate the cross
z 0.1 slip between these two slip planes. For the total eight slip systems,
3 pr cross slip can occur between every two of them. Thus, cross slip is
0.04 —_— —— much easier to occur ifD01) orientation than if110) orientation,
and this favors the formation of cell structure(D01) orientation.
-0.1 . : . —— 1
=60 =40 =20 0 20 40 &0 .
: . ; 5 Conclusions
Distance from shocked line (um) . ) ) o
The FEM simulation results and experimental characterization
Fig. 20 Volume percentage of cell wall at each measure point methodologies presented herein enable a systematic study of the
for Al (001) and (110) microscale laser shock-peeninglLSP) process. The resolved
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spatial residual stress and/on strain distribution was achieved 0] Clauer, A. H., and Fairland, B. P., 1979, “Interaction of Laser-Induced Stress

; _ : ; : ; ; Waves With Metals,” Applications of Lasers in Materials Procesdiad., E.
microlevel by X-ray microdiffraction. The compressive residual Metzbower, ASM International, Materials Park, OH. p. 229.

s_,tress is—80 to - 100 MPa within i2_0,u,m from the shocked [11] Nalla, R. K., Altenberger, I., Noster, U., Liu, G. Y., Scholtes, B., and Ritchie,
line center, and it decreases very quickly to a few MPa beyond R. 0., 2003, “On the Influence of Mechanical Surface Treatments Deep Roll-
that range. Crystal orientatiqgf01) was found to be more benefi- ing and Laser Shock Peening on the Fatigue Behavior of Ti-6Al-/4V at Am-
cial to the formation of cell structure thd@10) orientation. Also, bient and Elevated Temperatures,” Mater. Sci. Eng.385 pp. 216-230.

train deviati t depth di i d . . [;_12] Fabbro, R., Fournier, J., Ballard, P., Devaux, D., and Virmont, J., 1990,
strain deviaton at aep Irection and average mosaic size were “Physical Study of Laser-Produced Plasma in Confined Geometry,” J. Appl.

extracted from the recorded X-ray profiles. The lattice rotation  phys.,682), pp. 775-784.
field was found to be antisymmetric on the surface across thH&3] Asaro, R. J., 1983, “Micromechanics of Crystals and Polycrystals,” Adv. Appl.
shocked line. The magnitude of rotation4s3 deg and covers a Mech., 23, pp. 1-115.

. . .1, ~[14] Huang, Y., 1991, “A User-Material Subroutine Incorporating Single Crystal
region aroundt 35 um across the shock line center. A mosaiclike Plasticity in the ABAQUS Finite Element Program,” Mech Report 178,” Divi.

substructure was formed in submicron size within the region of  of applied Sciences, Harvard Univ., Cambridge, MA.

+20um from the shocked line center and consistent with theé15] Kysar, J. W., 1997, Addendum to “A User-Material Subroutine Incorporating
measurement from EBSD. Strength of the peened region was in- Single Crys}al_l?lasticity_in the ABAQUS Finite Element Program,” Mech
creased due to the mosaic structure. The experimental results were Eﬁé’;’g i}f\' Divi. of Engineering and Applied Sciences, Harvard Univ., Cam-
compared to that from FEM analysis, and the results show a clogg ABAQ'US/SItandard User’s Manual, 2002, Version 6.2, Hibbit, Karlsson, and
correspondence between them. ThusSP can be used to im- Sorensen, Inc., Pawtucket, RI.

prove the reliability performance of microdevices, and the proces{gﬂ Rice, J. R., 1987, “Tensile Crack Tip Fields in Elastic-ldeally Plastic Crys-

o : : tals,” Mech. Mater.,6(4), pp. 317-335.
can be optimized with the above systematic study. [18] Cullity, B. D., 1978, Elements of X-Ray Diffraction, Second Edition, Addison-

Wesley, Reading, MA, London, pp. 268—-270.
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