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High power Q-switched laser systems are currently being developed for use in a process
known as laser shock processing or “laser peening” which results in significantly improved
fatigue properties in aluminum components. An ablative, sacrificial coating such as paint or
metal foil is used to protect the aluminum component from surface melting by the laser
pulse, which adversely affects fatigue life. This paper, using nano-indentation, analyzes the
effect of the paint and foil coatings on the shock wave propagation into the aluminum
specimen and the resulting change in mechanical properties versus depth. Near the
surface, hardness was found to be increased by the laser peening, however this process
decreased the measured elastic modulus. The laser pulse energy density and properties of
the foil including its adhesion to the aluminum alloy were found to influence the change in
surface mechanical properties. © 2001 Kluwer Academic Publishers

1. Introduction respect to the target. In another investigation [7, 8], Al
High pressure shock waves in materials [1-4] withand Zn foils were used on quartz transducers and an alu-
pressures from 1 GPa to over 1 TPa [5] have beeminum vapor deposited coating and an aluminum paint
generated with pulses from Q-switched lasers. Wheroating were also used on quartz transducers. Accord-
a laser pulse from a Q-switched laser approximatelyng to Fairanckt al. [7] and Claueet al. [8], changes in
50 ns in length hits a metal surface at energy densithe peak pressure generated were reported to be affected
ties greater thar/0.5 GW/cnf?, the top micron surface by the absorption of the laser pulse by the coatings on
layerisin effectinstantly vaporized and forms a plasmathe quartz transducers. They [7, 8] reported that the
When this rapidly expanding vapor/plasma plume isgreater the absorption, the greater the peak pressure.
confined to the metal’'s surface by a quartz or water Direct interaction of the laser pulse with a bare alu-
layer, the confining layer will direct the pressure pulseminum surface results in melting and this detrimen-
into the metal as a shock wave. The physics of shockally affects the fatigue properties even though a com-
wave generation and relationships to laser power derpressive layer had been created [9]. The use of black
sity and other variables are discussed elsewhere in detghint is commonly reported as both a thermally pro-
[1-6]. The focus since the 1970’s of applying the lasenective coating and for increasing the shock wave pres-
generated shock waves has been on metals for shoakire [10-12], though only once was the use of a metal
processing. primer noted [13] or that the paint used was commer-
The effect of coatings and water overlays coveringcially available [14]. However, no detailed analysis of
quartz pressure transducers on the peak pressures gehe property changes occurring below the surface due
erated by a laser pulse have been reported [6-8], bub the laser peening process was noted.
not on any property changes beneath the laser tar- Self-adhesive foil has also been used to protect
get spot. When the [6] coatings were thin enough tahe surface during laser peening [15, 16]. It was re-
avoid acousticimpedance mismatch but thick enough tported [16] that when the reflectivity of the foil de-
avoid complete ablation, there was no difference in thecreased, as when substituting stainless steel foil for
shock wave pressures generated versus type of coatingluminum foil, the depth of peening increased in alu-
Fabbreet al. [6] reported that the peak pressures generminum components. However, no comparison of paint
ated can be varied and enhanced by the correct selectimersus foil on subsurface properties has been noted in
of a coating with a different acoustic impedance withthe literature.
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Additional problems with coatings were noted in pre- Laser Peen Spot - Spalling Test Layout
liminary experiments in our laboratory. There was a L L L L

tendency for the protective coatings surrounding the | 200 Jiem? i
laser spot to debond and/or spall off due to the lase laser peen spots

shock process. The result was when the specimen we 4} 1.8 mm diameter 1

indexed to the next area for laser peening, the spalled c E

debonded paint did not provide sufficient protection of —3[ ‘

the surface from the laser pulse. The need for adherer”™ Sk .
protective coatings for laser peening was clearly iden-

g 5 mm 2 mm 1.5 mm
tified. It was noted elsewhere by Fablabal. [6] that 1 7
the thermoprotective coatings used were recommende T T
to have very good adhesive properties, in particular for 9, 0 2 4 6 8 10
cumulative or multiple laser peening processes. X, mm

The purpose of this paper is to report the effect of the_ . .
. e . Figure 1 Layout of the laser peen spots to test adhesion of protective
ablative, sacrificial coatings on the laser pulse genera;

. . - ) oatings. Spots 1.8 mm in diameter for 200 Fdaser pulses are shown
tion of shock waves and their propagation into the alu+or example.

minum and the resulting change in properties below the

surface versus depth. Property changes were measured

using an Ultra Micro Indentation System (UMIS) with ] o ] ]

a diamond Berkovich nano-indentor on polished CrOSflgaserlntensny rise time. A film of flowing water approx-
sectional surfaces going through the diameter of thénately 1to 3 mm deep covered the coated surfaces and
laser peen spots. Three coatings were investigated: fi¥¢hich only minimally absorbs the near-infrared laser
black paint with aluminum etch primer for aluminum rad|at|o_n. This fllm of water constrains to the surfa<_:e
metal, flat black paint with zinc chromate primer for the rapid expansion of the high temperature and high
aluminum metal, and self adhesive aluminum foil. All Pressure plasmas generated by the laser pulse and di-
coating systems are commercially available and havéects the shock wave energy into the metal specimen.
been reported elsewhere [9-15]. The effect of the laser The energies used were approximpi@l to 8 J de-
pulses on the spalling and debonding of these commefivered to the r_netal’s surface Wlt_h spot sizes varied be-
cial coatings is also investigated and reported. Two laséWeen approximately 2 to 4 mm in diameter to vary the
pulse energy densities were investigated with the alu€nergy densities. At the metal's surface the laser en-
minum foil to determine if any decrease in properties€’dy densities of 100 and 200 Jmere used resulting
due to the attenuation of the shock wave amplitude byn Power densities of 2.5 and 5 GW/émespectively.

the foil could be compensated by an increase in laseffom Fairand'tal. [3] fitted data shown in their Fig. 1
pulse energy density. for a near infrared, Q-switched 1064 nm laser with an

average pulse length of 40 nanoseconds, the resulting

shock pressures are estimated to be 3.5 GPa and 6 GPa

respectively.
2. Experimental procedure Fairand’set al. [3] fitted data is preferred because
A commercially available as-received 2011-T3 alloythe laser parameters that they used for their analysis
25 mm diameter aluminum rod was used in the asare similar to the laser parameters used in this research.
extruded state and machined into disks 10 mm thickAdditionally, the shock wave pressure was measured
The T3 state consists of solution heat treated followedn the front surface of a cross-cut quartz pressure trans-
by cold working and natural aging to a stable con-ducerwhere the shock wave was formed. Therefore, the
dition. The elastic modulus for this alloy is given as shock wave pressures measured would not have been
70 GPa [17]. affected by any material properties during propagation.

The specimen’s machined surfaces were sanded with Another research group, Bertkeal. [18], analyzed
240 grit SiC paper then primers were used because dhe peak pressure versus peak laser intensity by a dif-
their increased adhesiveness as compared to paint. Tvierent technique for different laser parameters than the
commercially available automotive aluminum metal ones used here. The velocity change of the back free
primers, one which chemically etched the aluminumsurface of an approximately 0.5 mm (4@m) thick
surface to increase adhesion (known as etch-primergluminum foil accelerated by the laser generated shock
and a commercially available zinc chromate basedvave was measured by a velocimetry interferometric
primer, were investigated as undercoatings for a comtechnique. From this velocity data, the shock wave pres-
mercially available automotive non-reflective black sure at the back free surface of the aluminum foil was
paint. The average thickness of the combined primecalculated. However, the effect of a solid’s strength on
and paint coatings near where the laser peening wake propagation and attenuation of shock waves be-
conducted were measured at about 0.1 mm. The allzomes important for shock wave pressures at 10 GPa
minum foil used was 3M #425 Al Foil Tape which has and below [19-22]. The laser generated shock wave
a foil thickness of 0.11 mm and an adhesive thicknespressures used by Berteeal. [18] are considered to
of 0.076 mm. be below this pressure threshold where materials prop-
The shock waves were induced by laser pulses from arties affect shock wave propagation behavior and ve-

Q-switched near-infrared laser of wavelength 1064 nmocity. The shock wave pressure at the back free surface
and a pulse length of approximately 40 ns and a rapiaf the aluminum foil is considered to be significantly
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different from the front surface where the shock wave Lines of hano-indentation measurements were made
was generated by the laser pulse. on the polished cross sectional surface from the cen-
To investigate the effect of spacing between indexeder of each laser spot into the aluminum to identify the
laser peen spots on the adhesion of the coatings, a seridepth of the metal affected by the shock waves. The
of 100 J/cm laser pulses were delivered to the coatedaverage value of the hardness and elastic modulus in
surfaces. The distance between the centers of the sueach aluminum sample was calculated based on mea-
cessive spots was decreased from 5 mm to 2 mm teurements of the polished, cross sectional surface away
1.5 mm which resulted in an eventual overlap of thefrom the laser peen, shock wave process area.
spots. For the aluminum foil coated specimens, an ad-
ditional series of 200 J/cfrwere used to investigate
whether increasing the energy density compensated f@. Results
any shock wave attenuation by the foil. An example of3.1. Adhesion of coatings
the spatial arrangement is shown in Fig. 1 where thén Table |, the relationship between the adhesive behav-
final two laser spots overlapped for a series of 1.8 mmiour of the coating and the laser energy density is shown.
diameter, 200 J/cflaser pulse spots on the aluminum For both of the primer/paint combinations, there was
foil. After each shock wave generation by the laserspallation of the paint coating from the surface around
pulse, the laser peened spots and the areas surrourtie laser spot. For the zinc chromate primer/black paint
ing them were visually inspected for spalling and/orcombination, the spallation didn’textend as far from the
debonding of the coatings used. edge of the spot as it did for the etch primer/paint com-
Cross sectional surfaces, through the diameter of theination. Additionally, there was some surface melting
spots, were cut and polished to metallographic qualityof the aluminum specimen through the coating with the
Using a diamond Berkovich nano-indentor, both theetch primer/paint combination. As the distance between
hardness and elastic modulus were measured [23—2%}e spots decreased, the degree of spallation increased,
of the polished cross section. In the method used by ththereby affecting successive laser peen spots.
UMIS nano-indentor, load-displacement data is mea- With the use of an aluminum foil coating, the foil
sured during one complete cycle of loading and unloadretained adhesion after laser peening with alaser energy
ing. Using a model of an elastic half space relating thedensity of 100 J/cr even when the distance between
deformation caused by an elastic punch to its contadhe laser peen spots decreased. When the laser energy
area at peak load, the elastic modulus can be calculateténsity was increased to 200 Jignthe foil coating
from the unloading data. Fig. 2 shows one completedebonded directly under the laser spot and in a small
loading-unloading cycle of a typical load-displacementregion around the spot. When successive laser spots
behavior for the aluminum specimens. From the slopestarted to overlap previous laser peen spots, the degree
of the initial unloading data, S, the initial unloading of debonding increased affecting the local area.
stiffness can be determined. From this data and the
elastic modulus and Poisson’s ratio for the indentor, the
elastic modulus can be determined for the specimen @.2. Change in hardness and
that location. elastic modulus
Aline of nano-indentation measurements were madé@he baseline hardness and elastic modulus of the alu-
in a non-laser peened area from the as-received, preainum specimen away from any laser peening spots
pared surface to determine if the sample preparawas measured versus depth. Analysis of the data of the
tion developed any residual property changes. Withas-received, prepared surface without laser peening in-
careful preparation and experimental technique [26]dicated that there were no surface residual stresses or
elastic moduli of the specimens can be determinegroperty changes due to sample preparation techniques
within £5%. prior to laser peening. With a careful measurementtech-
nigue, the average hardness was measured at 1.61 GPa
with the average elastic modulus measured at 71.7 GPa,

250 T . . S .
® ' which is within the+5% accuracy possible noted by
I Oliver and Pharr [21].
200 7
= i TABLE | Relationships between adhesion of coatings and laser pulse
€ 150 T energy
o
o Laser Energy Behaviour of
o . . .
S 100 N Density, J/crA Coating Coatings
g
1 100 Etchant primer, Spallation
50 1 black paint
max 100 Zinc chromate Spallation
primer, black
0 | ! { ! ] 1 L 3000 paint
0 500 1000 1500 2000 2500 100 Self-adhesive Adhered
Displacement, h, nm Aluminum foil
200 Self-adhesive Loss of adhesion
Figure 2 Example Force — Displacement diagram for the nano- Aluminum foil

indentation of a polished surface of a2011-T3 aluminum alloy specimen
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Figure 3 Comparison of Hardness versus Depth of laser peened blac 70 . L . | L L L | L
paint/etchant primer coated 2011-T3 aluminum, black paint/zinc chro- 0 1000 2000 3000 4000 5000
mate primer coated 2011-T3 aluminum, self-adhesive aluminum foil D h .
coated 2011-T3 aluminum (all three laser peened with a 1007 Jasar epth, microns
pulse), compared with self-adhesive aluminum foil coated 2011-T3 alu-__ ) o
minum laser peened with a 200 JRtaser pulse. Figure 4 Elastic modulus versus depth of black paint/zinc chromate

primer coated 2011-T3 aluminum compared with the elastic modulus
of self adhesive aluminum foil coated 2011-T3 aluminum, both laser
In Fig. 3, the hardness and elastic modulus are plot2eened with a 100 Jichiaser pulse.
ted versus depth for the etchant primer/paint combi-

nation, zinc chromate primer/paint combination, foil . .
with a 100 J/crR laser energy density peen spot andin the measurements as compared to the baseline mea-

foil with a 200 J/cr laser energy density peen spot surements of the hardness and elastic modulus of the
respectively. From these figures, the depth of hardnedUminum specimenaway from any laser peening spots.
change and the depth of elastic modulus change below The elastic modulus was reduced at the surface for all
the impacted surface are listed in Table II. specimens from-5% to—12% due to the laser peening.
The average hardness, the increase in hardness, j‘fé':'g' 4, the change in elastic modulus versus depth

average measured elastic modulus, and the surface eldSt th; bl_ahckhpa:cnt‘zmc prcljmer coated spr:ammgn IS com]:
tic modulus are listed in Table 11l with respect to the Pared with the foil coated specimen. The reduction o
coating and laser energy density. elastic modulus for the primer/paint based coatings in-

The aluminum surface for all coatings increased inCréases linearly from the surface into the bulk but the
hardness by 7.5% to 15%, from a bulk average ofdepth of reduction did not correspond to the depth of
1.6 GPa to approximately 1.7 to 1.8 GPa. The deptﬁhe hardness change. For the foil coated specimens, the
of penetration of the shock wave into the aluminumé€lastic modulus at the surface was less than the aver-
varied with the coating and with the energy density ap-29€ but linearly increases to a peak slightly above the

plied to the metal foil coating. There was more scatte/2VErage before decreasing and reaching the bulk aver-
age. The depth of the elastic modulus change did not

correspond with the depth of the hardness change.

TABLE Il Relationships between coating, laser pulse energy, and
depth of property changes

Depth of Depth of 4. Discussion
Laser Energy Hardness Modulus 4.1. Thermoprotective coatings
Density, J/cr  Coating Changes,mm  Changes,mm The effect of different thermoprotective coatings for
100 Etchantprimer, 15 25 laser pe_ening .ranging from paint to foil has been dis-
Black paint cussed in the literature [6, 10—16]. Other than the need
100 Zincchromate 1.0 2.0 for the thermoprotective coatings to have very good ad-
primer,black hesion to the target [6], little comparison or discussion
paint _ has been noted. In this research on laser peening with
100 Aluminum foil 15 2.0

coatings of similar thickness, if change in surface hard-

200 Aluminum foil 2.0 1.0 . . . . .
ness was the chief criteria, the etch primer/paint coating
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TABLE Il Relationships between coating, laser pulse energy, and property changes

Laser Energy Average Surface Average Elastic Surface Elastic Modulus,
Density, J/crd Coating Hardness, GPa Hardness, GPa Modulus, GPa GPa (% Change)

100 Etchant primer, black paint 1.580.04 1.82 §15%) 78.3:1.3 69.0¢12%)

100 Zinc chromate primer, black paint 16D.1 1.75 ¢-8.7%) 84.6£1.5 78.3C7%)

100 Aluminum foil 1.59+-0.04 1.71 7.5%) 84.2-1.8 78.07%)

200 Aluminum foil 1.61+£0.05 1.77 ¢-10%) 84.9+1.6 80.7(5%)

would produce the greatest change. However, the etch The type of coating used affected the changes in the
primer/paint coating spalls off during laser peening. Ifhardness and elastic modulus. Increasing density of the
retention of the coating during multiple laser peeningcoating, from the etch primer/paint coating, zinc chro-
or overlapping of the laser peening spots, the aluminunmate primer/paint coating, to the foil coating, resulted
foil would be the best when the laser energy density isn decreasing change in surface hardness and elastic
100 J/cm. modulus. Increasing the energy density from 100 to
200 J/ci for laser peen spots on the aluminum foil
only slightly increased the change in hardness and may
4.2. Elastic modulus measurement not be considered worthwhile doing due to the debond-
The difference in the measured elastic modulus for théng of the foil from the specimen. The foil coating is
laser peened specimens and the book value is due toc@nsidered the better coating since it doesn't spall off
slight difference in measurement technique. All inden-during laser peening and costs are ignored.
tation measurements were run overnight to minimize The depth of hardness and elastic modulus change
disturbances from vibrations and thermal fluctuationsdecreased with increasing density of the coating, going
Due to the volume of data points that needed to be medrom the etch primer/paint coating to the zinc chro-
sured, 21 points for the baseline measurements versugate primer/paint coating, but the aluminum foil had
50+ for the peened specimen, and the time constrain@n equivalent depth of change as the etch primer/paint
for the overnight run, the measurements of the peenegoating. A possible explanation is that other than pro-
specimen were conducted with shorter dwell times. viding thermal protection, the etch primer/paint coat
The elastic modulus is calculated based on the slopeffectively doesn't exist during shock wave propaga-
of first eight unloading points. Variability in these data tion. Therefore the attenuation of the shock wave will
points near the maximum force and displacement willbe similar to the attenuation through the foil into the
contribute to changes in the elastic modulus. This varispecimen.
ability inthe data pointsis due to the plastic deformation
plus a small amount of creep behaviour of the material
during indentation and unloading which influences the4. 4. Elastic modulus changes
slope of the unloading curve and thereby overestimatThe reduction in surface elastic modulus due to laser
ing the modulus. More accurate measurement of th@eening has been reported only once before regard-
elastic modulus may be obtained if the indentor to being a black paint coated, laser peened aluminum weld-
loaded and unloaded a few times before the load — disment [32]. The results here are similar to the changes
placement behaviour becomes perfectly reversible [26]in elastic modulus that were reported.
This was not practical in this research. Another way is In the analysis of metals shocked by explosives or
to slow the loading and unloading steps to allow bettefrom dynamic fracture tests, the focus has been on
equilibration of the stresses. This resulted in good datahase changes, microstructural changes, and physi-
for the baseline measurements but was not practical fagal changes caused by the shock wave such as shear
the others. band, void, and/or spall formation [33]. When the peak
shock wave pressure was greater than the dynamic yield
strengh, extensive plastic deformation and increased
4.3. Hardness changes dislocation density resulted [34]. A uniform distribu-
The depths of hardening by laser peening of aluminuntion of dislocation tangles has been observed in 2024-
alloys, typically 1 to 2 mm, and the increases in sur-T3 aluminum alloy laser shocked at 6.5 GPa and the
face microhardness, from approximately 1.6 to 1.7 ordislocation tangles are reported to be similar to that pro-
1.8 GPa, reported in the literature [27—-31] correspondiuced by other shock wave generation methods [35]. It
closely to the results measured here. It is interesting tavas noted by Jones [36] that the density of dislocations
note that in Fig. 3 for the etchant/black paint coatedcaused by shock wave propagation is several orders of
aluminum, the reduction in shock wave intensity aftermagnitude greater than an equivalent amount of cold
traveling approximately 500 microns resulted in a re-working though actual quantitative densities were not
duction in hardness from 1.81 GPa to approximatelygiven.
1.75 GPa. It is expected that the shock wave pressure The reduction in elastic modulus by explosively
intensity in the shock wave pressure versus laser interdriven shock waves in annealed 1018 steel [37] and
sity measurements by Bertheal. [18] would similarly 2024 aluminum alloy [38] was reported to be due to the
be reduced after traveling 457 microns through the aludislocation loops generated by the shock waves. For the
minum foil. 2024 aluminum alloy shocked at 0.15 GPaand 1.1 GPa,
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increasing the shock pressure increased the reductionind. Self adhesive foil is considered to be the better
elastic modulus. Upon annealing, the elastic modulugprotective coating when laser peened with a 100 3/cm
recovered to within 95% of the elastic modulus prior tolaser pulse because it does not spall off unlike the
being explosively shocked. primer/paint combinations. However, the change in sur-
The cause of the complex behavior of the change iface hardness during laser peening is not as significant

elastic modulus with depth for the foil protected alu- as that attained with the etch primer/paint coating.

minum specimens is not well understood. The reduction
in the surface elastic modulus in the laser peened alu;
minum weldment was almost linear with depth [27] as
seen in the primer/paint specimens in this work. Itis hy-
pothesized that the laser pulse accelerated the 0.11 my,
thick (110m) protective aluminum foil into the bulk

technique used in the generation of shock waves by ex-
plosives. The adhesive layer between the foil and the
specimen was of such a low impedence compared wit
the aluminum foil and specimen, it effectively didn’t

exist with respect to the shock wave. Therefore the foil
and bulk specimen behaved similar to the flyer plate
target technique. In Mureet al [39], a schematic of a
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flyer plate soon after impact with a target is shown inReferences

their Fig. 1; from the interface between the flyer plate 1.

and target, shock waves propagate out into both the flyer
plate and the target. The shock wave reflects off the air-,,
flyer plate interface becoming a rarefaction wave which
propagates into the flyer plate and target.

Intense laser driven shock waves generated on the
surface of aluminum foils 43am and 475um thick
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8.

5. Conclusions
From the research results presented, the following con-
clusions can be made.

a. Laser pulses from a Q-switched near-infrared

laser of wavelength 1064 nm and a pulse length of 40 nét

and energy densities of 100 and 200 Jaenerated

shock waves which increased the surface hardness .

the 2011-T3 aluminum samples. The increase in sur-
face hardness matched that reported in the literature.

The depth of the hardness change was similar to th&*

depth of induced compressive stresses reported in the

literature measured using the strain gauge rosette techz.

nique.

b. A change in elastic modulus due to the laser genls.

erated shock waves was found in this research. The

measured change in hardness.

c. The decrease in the surface elastic modulus frors.

both laser generated and explosively generated shock

eration of dislocation loops and other defects by the
shock wave.
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