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Introduction

The U.S. Department of EnerdfDOE) has been charged with
developing a facility for the safe storage of spent nuclear mater@i
in a centralized locatiofil]. This effort has been named the Yucca
Mountain Project(YMP) after the proposed site in the Nevad
desert where the material will be stored. The goal of this project
to design a repository that will isolate hazardous nuclear wa
from the environment for thousands of yef2$ The combination |
of the extremely long design life and the high consequence
failure presents unique engineering challenges and has requi?
particularly careful study of every possible failure mode.

A highly corrosion-resistant material, Alloy 22JNS N06022
[3], will be used for the outer layer of the waste package to min
mize the possibility of failure due to corrosive environmental co
ditions. After being loaded with radioactive material, the cylindri-
cal canisters will be sealed with a final closure weld, which wil
leave behind a tensile residual stress from welding. One of t
most studied failure mechanisms for the waste package system)
stress corrosion crackingCQ. For SCC to occur, three condi-
tions must exist simultaneously. These conditions are a susceptibl
material, a corrosive environment, and a state of tensile stre
Since Alloy 22 has been shown in recent studies to be vulnera
to SCC under extreme conditiofiacidic solution, elevated tem-
perature, and weld residual stresded, and the second condition
cannot be controlled with absolute certainty, it is necessary |
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Assessment of Tensile Residual
Stress Mitigation in Alloy 22
Welds Due to Laser Peening

This paper examines the effects of laser peening on Alloy 22 (UNS N06022), which is the
proposed material for use as the outer layer on the spent-fuel nuclear waste canisters to
be stored at Yucca Mountain. Stress corrosion cracking (SCC) is a primary concern in the
design of these canisters because tensile residual stresses will be left behind by the closure
weld. Alloy 22 is a nickel-based stainless steel that is particularly resistant to corrosion,
however, there is a chance that stress corrosion cracking could develop given the right
environmental conditions. Laser peening is an emerging surface treatment technology that
has been identified as an effective tool for mitigating tensile redisual stresses in the
storage canisters. The results of laser-peening experiments on Alloy 22 base material and
a sample 33 mm thick double-V groove butt-weld made with gas tungsten arc welding
(GTAW) are presented. Residual stress profiles were measured in Alloy 22 base material
using the slitting method (also known as the crack-compliance method), and a full 2D
map of longitudinal residual stress was measured in the sample welds using the contour
method. Laser peening was found to produce compressive residual stress to a depth of 3.8
mm in 20 mm thick base material coupons. The depth of compressive residual stress was
found to have a significant dependence on the number of peening layers and a slight
dependence on the level of irradiance. Additionally, laser peening produced compressive
residual stresses to a depth of 4.3 mm in the 33 mm thick weld at the center of the weld
bead where high levels of tensile stress were initially presgd®I: 10.1115/1.1789957

eliminate the tensile residual stresses in the waste-package welds.
Laser peening is one of a few candidate technologies being exam-
ian as a method to mitigate tensile residual stresses and reduce
e possibility for SCC.
Laser peening is an emerging surface-treatment technology that
as developed in the 1970s at Battelle Columbus Laboratories
§—11], but its entrance to the commercial marketplace has been
fotracted due to limitations in laser technology. Like other simi-
aFr surface treatments, laser peening is used to generate a com-
ssive stress on the surface of a part that has been shown to
bit failures caused by failure mechanisms, including fatigue
and SCC[12]. While other surface treatment techniques, such as
shot peening, are only capable of producing compressive stress
own to depths of a few tenths of a millimetgr3], depths of
r1:'ompressive residual stress for laser-peened components are typi-

nd beyond 4 mm are demonstrated, which is important in the

Bsign of the canisters because compressive surface stresses must

dfhain as the outer layer of the canister becomes thinner over

ime due to general corrosids].

Burface preparation is necessary prior to laser peening. First, a
rotective layer is applied to the surface; this is called the ablative
§er because its surface is ablated off during treatment. Typical

ablative layer materials include opaque tape or pdiBt. Next, a
ransparent inertial tamping layer is applied over the ablative

tT?%/er, which acts to confine the expansion of the high-pressure

plasma to be generated by a laser pulsé] (Fig. 1). Typical
materials for the confinement layer include water and dgla3$

After these two surface layers are in place, the laser peening pro-

éally on the order of 1 or 2 mifiL4]. In this work, depths of up to

Division July 21, 2003; revision received February 26, 2004. Associate Editor; §€SS €an be carried out.
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Laser peening uses a pulsed, high-power laser to generate high-
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Fig. 1 Description of laser-peening process: (a) workpiece is covered with a protective

ablative layer and an inertial confinement layer, a pulsed, high-energy laser is fired at the
part, and (b) a region of high-pressure plasma is generated, which causes a shock wave to
travel through the material.

pressure plasma on a small region of the part surface. The lasdi28]. The SBS ensures that a uniform energy distribution exists
fired at the material and the photons in the laser beam passhin the laser spot, which allows the laser to run at a high
through the transparent tamping layer and are absorbed by tkpetition rate without damaging the optics.
opaque ablative layer, which forms a high-pressure plasma. ThePrevious studies have shown that the pulse duration, irradiance,
expansion of the plasma is confined by the inertial tamping lay@md number of peening layers are the parameters that have the
causing a significant pressure to develop on the surface of the parbst significant impact on the residual stress introduced by laser
The duration of the laser pulse is on the order of 20 ns, and theening[19]. The first objective of this paper is to summarize a
short duration pressure pulse causes a shock wave to traweef parametric study of the effect of these parameters on the
through the material that leaves plastically deformed material iesidual stress state generated in small Alloy 22 specimens. The
its wake. The deformed material must remain in geometric cornemplete parametric study is still in progress, but some of the
patibility with the bulk material, and an equilibrium state is obimportant preliminary results are presented in this paper. The sec-
tained with the laser-peened area in a state of compressive aad objective of this study is to demonstrate the effect of laser
sidual stress. Laser peening is applied in a spot by spot manpeening on the residual stress in a thick Alloy 22 butt-welded
with typical spot dimensions ranging from around 1 mm on a sig#ate. Residual stress measurements were made using mechanical
[18] up to 1 centimetef14], with spot shapes being round orrelease methodsslitting method[23,24] and contour method
rectangular. Multiple layers of laser peening are commonly usg#s]) after problems were encountered using diffraction methods.
to help ensure that there is uniform coverage and to increase the
depth of the compressive residual strgs8,20. A layer of laser Methods
peening refers to a nominal 100% coverage of the treatment area
with a slight overlap between successive spots. In most cases theaser-Peening Parameters for Alloy 22. The amount of
ablative layer is replaced between peening layers. published information regarding the effects of various laser-
There are significant absolute requirements on the specifigieening parameters on the residual stress generated in a specific
tions of the laser used for laser peening. The laser must be capahlgerial is very limited considering that the technology has ex-
of producing an irradiancépower per unit argaon the order of isted for more than 30 years. The few published accounts that are
1-10 GW/crd (dependent on Hugonoit elastic limit of the treatedhvailable focus on materials commonly subjected to cyclic loading
materia) with a pulse duration on the order of 10-30 ns. In adn fatigue-limited applications, such as titaniU@0] and alumi-
dition to these requirements, it is also highly desirable, from @um[14]. When an application arises requiring the treatment of an
practicality standpoint, that the laser system has a high energy patonventional material like Alloy 22, the peening parameters are
laser pulse and a high repetition rétégh average powgrThese selected using a combination of published literature regarding
parameters are important because they directly influence the tafimhilar materials, experience, and parametric studies in small cou-
processing time for a given part. In general, an ideal irradiang@ns of base material. As stated above, previous research suggests
and pulse duration are identified for a given material, whicthat the pulse duration, irradiance, and the number of layers have
means that a laser with a higher total energy per pulse will be alfe most significant impact on the residual stress developed by
to operate at the ideal irradiance and pulse duration with a largaser peening. Experiments have shown that the plastically af-
spot size, reducing the total number of spots necessary to coftted depth is controlled by the pulse duratj@é], with a long
the prescribed peening area. Furthermore, a higher repetition rptgse inducing a greater depth of compressive residual stress, and
will allow for rapid application of successive laser spots leading toy the number of peening layers, with more layers producing
an additional decrease in the total processing time. The requitkeeper compressive residual strgkg).
ments, along with the desirable parameters, vastly limit the num-A parametric study investigating the effect of the number of
ber of capable laser-peening systems in existence. peening layers and the irradiance on the residual stress state gen-
The laser-peening treatment for this study was applied atated in Alloy 22 was performed. Residual stress measurements
Lawrence Livermore National LaboratofyLNL ). The laser sys- were made on small blocks peened with a varying number of
tem employed at LLNL is capable of generating up to 20 J déyers(2, 4, 10, and 2Dat constant irradiance and pulse duration,
energy at a repetition rate of 6 H21], which means that an areaand small blocks peened with a varying irradiari@ 10, and
of approximately 0.17 fhcan be covered per hour at an irradiancg@3 GWi/cnf) at a constant number of layers and pulse duration. In
of 10 GW/cnt and a pulse duration of 25 ns. The laser system afch case a nominally square shaped laser spot was used with a
LLNL also includes a stimulated Brillouin scatterit§BS phase side length of approximately 3.0 mm. Each laser spot overlapped
conjugation device, which provides uniform wavefront contrats neighbors by 10% of the spot length in both directions. A
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Table 1 Specimen matrix for laser peening parameter study 200 mm
Specimen Irradiance Number of Pulse duration
number (GW/cn?) layers (ns)
07-10 7 10 25 133 mm
10-10 10 10 25
13-10 13 10 25 y
10-02 10 2 25
10-04 10 4 25
10-20 10 20 25 T 200 mm

18 mm

Fig. 2 Geometry of 33 mm thick butt-weld specimen (laser-
peened area shaded )

summary of the parametric study is presented in Table 1. An ad-
ditional residual stress measurement was performed on an un- .
peened specimen to determine the amount of residual stré&ar-surface v.allue where res.ults were avalllable for all measure-
present in the blocks prior to laser peening. ments. The slitting results will be summarized based on these
The in-plane dimensions of the Alloy 22 blocks used for thiigures of merit.
parametric study were 3838 mm and the thickness was 20 mm.
The blocks were removed from unused sections of a butt-weldedResidual Stress Determination in Peened and Unpeened Al-
plate using a wire electric discharge machiEM). The laser loy 22 Welds. Residual stress was also determined in as-welded
peening was applied in a rectangular pattern that covered roughlyd laser-peened sections of a quality-controlled 33 mm thick
30X 30 mm of the top surface with a pattern ofX111 spots. The welded plate. This weld was an Alloy 22, multipass, double-V
blocks were peened using an ablative layer of 120 thick alu- groove, butt-weldedGTAW) plate prepared by a commercial pro-
minum tape(replaced between laygrand a tamping layer of vider. The original welded plate had a length of 812 mm and a
approximately 1 mm thick flowing water. width of 200 mm. The plate was cut into four nominally identical
The residual stress in the blocks was measured using the slitt2@ mm long sections, two of which were used for this experi-
method(also known as the crack-compliance methathich was ment(Fig. 2). Since the plate was made by continuous welding, it
first published by Vaidyanathan and Finnie in 1928B] and re- is assumed that the weld residual stress in each specimen is simi-
cently reviewed by Primé24]. This method uses metallic foil lar. Therefore, measuring the residual stress in two specimens, one
strain gages to measure the strain released during incremental @itg and one without laser peening, will demonstrate the effect of
into the depth of the material. The recorded strain versus degaser peening on the welded plate.
data are used to solve for the initial residual stress normal to theOne of the sample weld specimens was laser peened at LLNL.
plane of the cut through elastic inverse methfig]. Peening was performed with a pulse duration of 25 ns, an irradi-
The residual stress was measured as a function of the deptfaate of 10 GW/cy and 10 peening layers. These parameters
the middle of the top surface. On the laser-peened blocks, feiere selected before the completion of the parametric study due to
strain gages with a grid length of 0.787 mm were applied to thhe accelerated schedule under which this effort was performed.
top surface roughly 2.54 mm from the location of the cut and dmaser peening was applied to a region at the center of the speci-
the back surface directly below the center of the cut. A layer @fien, measuring 100 mm in the transverse direction and 76 mm in
silicone was applied over the strain gages to protect them fraime longitudinal direction(Fig. 2).
moisture during the experiment. The cutting was performed on aThe longitudinal component of residual stress in the peened and
wire EDM with 0.25 mm diameter brass wire in increments ofinpeened weld specimens was measured using the recently devel-
0.13 mm to a total depth of 1.02 mm, 0.25 mm to a total depth oped contour methof®5]. An illustrative description of the con-
2.54 mm, 0.51 mm to a total depth of 8.64 mm, and 1.02 mm totaur method will be given in two dimensiorifor simplicity), but
final depth of 18.80 mm. Released strain was read with a comtfte measurement principle applies equally in three dimensions.
mercial Wheatstone bridge instrument and recorded by hand affére principle behind the contour method is that when a part con-
each slitting increment. Precise measurements of the positiontaihing residual stress is cut in half along a straight [ifig. 3(a)]
the strain gages relative to the position of the cut were made aftee newly created free surface will deform as the stresses normal
the completion of the experiment using photogrammetry. A simie the surface are released by cuttjfig. 3(b)]. The deformations
lar procedure was followed for the unpeened block except thaft the cut surface can be used to uniquely determine the initial
smaller depth increments were used due to the expected shall@sidual stress acting normal to the cut plane using Bueckner’s
depth of residual stregincrements of 0.025 mm to a total depthsuperposition principl¢Fig. 3(c)] provided the stress release was
of 0.25 mm, 0.051 mm to a total depth of 0.51 mm, 0.076 mm telastic. The contour method, therefore, consists of three steps: 1
a total depth of 0.90 mm, 0.102 mm to a total depth of 1.40 mroutting of the part at the location where residual stress is to be
0.127 mm to a total depth of 2.30 mm, and 0.25 mm thereaftedetermined, 2 measurement of the cut surface profile, and 3
For a more thorough description of the theory and application oélculation of the precut residual stress.
the slitting method please consult Ref24] and[27]. From an experimental standpoint, one must cut the part in half
In order to select the best set of laser-peening parameters fath a very controlled method that does not significantly alter the
Alloy 22, an objective system of judging the residual stress prexisting residual stress fielgvire EDM typical). The cut for this
files is required. The primary figure of merit for this laser-peeninmeasurement was performed on a submerged wire EDM with 0.25
application is the depth where the tensile residual stress reaches diameter brass wire and finish cut settings to minimize the
20% of the material yield strengthS¢=372 MPa for Alloy 22 roughness along the surface of the cut. The specimen was securely
heat treated plate, 20%,=74.4 MPa), which was identified by clamped to a thick aluminum backing plate during the cutting
YMP personnel as the level of tensile residual stress significantgoocess to minimize the amount that the part was able to move as
their life prediction calculations. The secondary figures of meniesidual stresses were released. The clamping helps to satisfy two
for this application are the depth of compressive residual stremssumptions made during the contour analysis: that the stress re-
(zero stress crossingnd the magnitude of near-surface residudéase is elastias clamping reduces stress concentration at the cut
stress. For quantitative comparison, the near-surface residtip), and that the plane of the cut does not grossly deviate from a
stress was determined at 0.15 mm below the surface, which wastiight line.
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Fig. 4 Finite element model of half of the sample weld speci-
men

Cut in half
(deformations

exaggerated) of the surface so that the edge would be explicitly apparent when

the data were examined. Since data were collected beyond the
coupon edges, the data set had to be filtered to remove points that
were not actually part of the surface. Since the cross section of the
surface was not perfectly rectangular, simply trimming points with

} a rectangular mask was not a viable option. An effective method

(b)

for systematically removing the data points that were not part of
Force deformed the surface was developed. This method operated only on data
surface flat to within 8.0 mm of the surface perimeter, dividing it up into 20
recover initial small patchegeach roughly 20 mm 8 mm), and then individu-
residual stress ally fitting the patches with a first-order Fourier surfagene

(.. (y)) terms. All of the data points that were not within Zm of this

o fitted surface were then removed, and the remaining data were
again fit to a first-order Fourier surface. This process of fitting the
) _— = small patches of data and removing points continued until no
Er']%wi r((e:soigtjoe;;rs:’]:gsloii EE{‘%F"%” (a)( t?) ?ﬁgﬁrggng‘ﬂpfg‘ge “d“é_ points remained that were outside the specifiefin tolerance
forms as the stresses normal to the plane of the cuteare res from the surface fit. Once the data from off the edges were re-
leased, and (c) applying the opposite of the deformations back _mo_V(_ad, the _deformed fsurfaces from each half of t_he cut were
to the part recovers the initial residual stress state. individually fit to a Fourier surface to smooth out the influence of

surface roughness. For both coupons, a sixth-order Fourier surface
(169 term$ was used because this order was sufficient to produce
a plateau in the root mean squaRMS) error between the data

The measurement of the cut surfaces was performed at LLNiInd the fit. The two Fourier surfaces were then interpolated at a
using a high-precision coordinate measuring machi@®M) set of common locationéfinite element node locationsand the
running in drag moddi.e., the CMM probe remains in contacttwo data sets were averaged to get the average surface deforma-
with the part as it moves across the surface taking data at specifiledh due to residual stress release.
increments, in contrast with pecking mode where the probe isA finite element model of half of the weld specimen was gen-
lifted off between each measurememt 2.0 mm diameter silicon erated consisting of 55,560 eight-node, linear brick elements with
nitride tip was used for the measurements, which limits the impacicompatible modes for enhanced bending performance. The
of surface roughness on the data since the large diameter atidel was made to represent the geometry of the welded plate
contacts only the high points of the rough EDM surface. Botéfter it has been cut in ha(fFig. 4. The number of elements on
halves of the cut were measured with a point spacing of approsite top surface and throughout the middle of the surface was
mately 0.5 mm in the transverse and depth directionsrfdy increased to allow for better spatial resolution of the resulting
directions on Fig. Rover the entire cut surface. A region consistresidual stress field and to help ensure that the solution was con-
ing of about 30 mm to either side of the weld center was measureerged. The mesh on the bottom surface is even more refined to
with a point spacing of 0.25 mm to better capture the surfaget additional spatial resolution within the peened region. The
profile in the area of expected stress gradients. The point spacimegative of the deformed contour from the average surface was
described above resulted in approximately 25,800 data points &pplied to the finite element model as a displacement boundary
each of the two surfaces. The deformations from opposite sidescohdition at nodal locations on the cut surface of the finite ele-
the cut were averaged to remove anti-symmetric effects of sheaent model. An equilibrium step was taken, and the resulting
stresses present along the plane of the cut and nonlinearities inshress normal to the surface was calculated, which is the estimate
cutting path[25]. of residual stress prior to sectioning.

A finite element model of the part was used to convert the The results from the finite element model provide the residual
measured deformations back to residual stress. Since the surfsttess acting normal to the plane of the cut over the entire cut
deformations are smaltypically on the order of tens of microns surface. A contour plot of residual stress over the weld cross sec-
it is equivalent to apply the inverse of the measured surface to ton is an effective way to visualize the resulting residual stress.
initially flat surface or to flatten a surface that contains the me&ontour plots of residual stress were prepared for both the as-
sured contour. From a practicality standpoint, however, it is muetelded and laser-peened specimens to show how laser peening
simpler to generate a model with an initially flat surf42é]. affects the residual stress. While the contour plot is helpful in

Surface profile data were numerically reduced, and reducei$ualizing the results, it is difficult to draw any quantitative con-
data were fit to a smooth surface to eliminate surface roughnesssions about the effects of laser peening from a contour plot. For
effects. The data from each surface were first translated and tiois reason, line plots of the residual stress versus depth from the
tated until they were aligned with the same coordinate system. Jorface were prepared for both specimens at three different loca-
ensure that measurements were made near the edges of thetsms [center of weld bead x=102 mm), weld bead toex(
face, each CMM line scan was started and completed off the edgd11 mm), outside of weldx= 132 mm)].

(c
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Fig. 5 Experimentally measured strain data and strain fit for @
specimen 10-02 400 : : :

In order to investigate the repeatability of the contour method, _ 2001 -
the difference between the residual stress in the as-welded ancg 20%of S,
laser-peened specimens was also examined. The residual stress &
the laser-peened specimen should be the superposition of the re§ O n
sidual stress in the as-welded specimen, a change in the residuag g 7 GW/em?
stress field near the peened surface due to laser-peening-induceg ok £ | . N . |
plasticity, and a planar stress figlaxial plus bendingdeveloped 2~ / 10 GW/em j
to satisfy force and moment equilibrium on the cross section. § - - ® - - 13 GW/cm?

Therefore, the results of the two measurements should differ by a& 70| = SR I «---- unpeened R |
nonplanar amount near the surfgtaser-peening-affected regipon L ;

and a planar amount below the plastically affected depth. Line ‘ : . 10 layers, 25 ns
plots of the difference in residual stress between the two measure- -600~ L L L

ments were prepared at the three locations where line plots of 0 5 10 15 20
stress versus depth were also prepared. Dept:'bg"'m)

3 Results

Fig. 6 Residual stress versus depth for laser peening param-

Laser-Peening Parameter Variations. To help the reader iate and
gain an understanding of the data reduction for the slitting expe?l-a Vo
ments, an example of the experimentally measured strains and the
elastic inverse solution strain fit is shown in Fig.(§pecimen

10-02. Notice that the fit lines for the two strain gages, whichhe laser

This reduces the amount of uncertainty in the calculated residggkhis stu

sitivity, but eventually the strain readings on the front gage plgresent a
teau and yield no further useful information. As the front-gage

sensitivity decreases, the back-gage sensitivity increases and prd-aser-Peened and As-Welded Plates. The data reduction for
ur method is relatively simple to visualize. The remain-

points, after filtering of near-edge data, were fit to a
urface. In the present work each data set was fit to a
fitting took place. In the case of specimen 10-02, only the first F20urier surface, the surfaces were interpolated at common points

readings from the front gage were included. This is illustrated fhinite element node locationsand the two interpolated surfaces
raged. The progression of the data reduction from raw

vides useful information for the remainder of the experiment. Ifhe conto
the data-reduction scheme employed here, data that was recor@éddata
from the front gage after it lost sensitivity was removed before tHgnooth s

Fig. 5 as the point where the front gage fit line stops. were ave
Plots of residual stress versus depth from the surface for the
laser-peening parameter study are shown in Fig. 6, and the figures

eter study: (a) effect of number of layers on residual stress

(b) effect of irradiance on residual stress state

energy of a given pulse will not significantly affect the
result from a single fit, match up well with the experimental dataesidual stress state as long as they are within the range examined
dy (7-13 GWI/cR). The residual stress in the unpeened
stresses. Additionally, Fig. 5 illustrates why it is important to havplock is shown up to a depth of 1 m(fig. 6); residual stresses
gages on both the front and back surfaces of the specimen. befond this depth were insignificant. The magnitude and depth of
shallow cut depths, the front gage shows good measurement seidual stress in the untreated blocks is small compared those

fter laser peening.

of merit for each specimen are summarized in Table 2. Figlae 6 tapie 2 summary of figures of merit for each laser-peening

displays the effect of the number of lay€®s 4, 10, and 20 layeys parametric

study specimen

on the residual stress state, and Figb)¥ ¢isplays the effect of _
irradiance(7, 10, 13 GW/crf) on the residual stress state. TheSpecimen
results show that there is a clear increase in the depth of residudHmper

Depth of 20% $  Depth of zero  Magnitude of near

crossing(mm) crossing(mm)  surface stres@MPa)

stress(both 20%S, crossing and zero crossingshen multiple 07-10
layers are added up to 4, but it is difficult to establish a clear trend10-10
after this point. Additionally, it appears as though the levels of ig:ég
irradiance examined in this study produce only a slight amount of 75_g4
variation on the figures of merifTable 2. This suggests that 10-20

deviations from the desired level of irradiance due to variations ia

4.2 3.3 —550
4.4 3.5 —560
4.6 3.7 —490
4.0 2.8 —410
4.5 3.5 —440
4.7 3.8 —540
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Al ‘X.f« ---------- — Fig. 8 Final CMM surface (after fitting, and averaging ) interpo-
1625 : : ' lated at finite element node locations and inverted (for clarity ):
-0.12 —';‘;w'e”:m: R v AR - (a) as-welded weld and (b) laser-peened weld (laser peening
014 i o i applied along y-min surface from x=50to x=150)
) 50 100 150 200
X (mm)
(b) peened weld are easily distinguishable, and these lead to signifi-
Fio. 7 Sample of d surface line t ‘ h half cant differences in the computed residual stress. Note that laser
9. ample of a measured surface line trace from each ha eening was applied along tiyemin surface of Fig. &) between
of the cut (as-welded specimen ) with fits to each surface p_ 9 pE g ty 9. &)
: L . x=50 mm andx=150 mm.
shown along with the average of both fits: (a) line trace along

The resulting residual stress distribution for the peened and
as-welded specimens are shown as contour plots in Fig. 9. Notice
that laser peening produces a deep layer of uniform compressive
) ) o ~ stress throughout the entire treated regjibottom edge of Fig.
data, to fitted data, to averaged data is shown in Fig. 7 for lines )], The peak levels of tensile residual stress are redistributed

constantx andy taken from the middle of the data for the astoward the center of the thickness where they will not negatively
welded specimenx(=102 mm,y=16.25 mm). Note that the data affect the material’'s vulnerability to SCC.

may contain an arbitrary rigid-body rotation, which will not affect

the computed stressg®5]. Additionally, the difference in magni-

tude of surface displacement from one side of the cut to the other

is caused by either the initial presence of shear stresses on the 0 50 100 150 200
cut-plane or cut-path wanderig5]. The data reduction is illus- LA L S L

e or tion s llt — ] 300

trated with line plots because they allow for easy visualization of (a)?’o ﬁ K i 200

the progression without the complications of 3D graphing. The o — > I 100
|

x=102 mm and (b) line trace along y=16.25 mm

actual data reduction involved surfaces rather than lines, but the

same procedure was used. 0 50 100 150 200 103
The final CMM surfaces, after fitting, interpolation at finite el- 30+F S ! " I
ement node locations, and averaging, are shown in Figs.(8s- (b) ‘-: w -200
welded and &b) (peened Thez axis on the plots is reversed to s ———Ce>> ———) -300
allow for better visualization of the data. The peak to valley range 9~ ~— Laser peening —» MP;“OO

of the displacements is 11@m for the as-welded specimen and

92 um for the peened specimen, which is large compared to thgy 9 Contour plot of residual stress distribution across the
accuracy of the measurement devicel(um). The differences plane of the sample weld: (a) before laser peening treatment
between the surface displacements for the as-welded and lasett (b) after laser-peening treatment on bottom surface
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Fig. 10 Line plots of residual stress and distribution before and after laser-peening
treatment: (a) center of weld bead, (b) weld bead toe (9 mm from center ), and (c) outside
of weld (30 mm from center )

In order to allow for quantitative comparison between thef process variations. Previous work has obtained good results
peened and the as-welded specimen, line plots of residual strasig x-ray diffraction(XRD) to measure residual stress profiles
versus depth from the bottom surface are shown for the centerioflaser-peened specimefis4,20. While XRD is a valuable tool
the weld bead X=102 mm), the weld toex=111 mm), and for measuring near-surface residual stress, it is difficult to use this
outside the weld regionx& 132 mm) (Fig. 10. These plots show technique to measure stresses far from the surface. Additionally,
that laser peening is very effective in eliminating near surfageeasurements showed that the average grain size for similarly
tensile residual stresses that were left behind by the welding pprepared Alloy 22 material varied from approximately 50 to 150
cess. At each location, laser peening transformed a tensile or ngar for a group of specimens. Materials with grains of this size or
zero surface stress into a compressive residual stress down targer have been known to cause experimental difficulties for dif-
depth of at least 4.3 mrttenter of weld begdand up to 7.7 mm fraction measuremen{28]. Early in the test program, an attempt
(30 mm from weld center Additionally, the depth of 20% yield was made to measure the residual stress to a depth of 4.0 mm in a
crossing is 5.3 mm for the worst cageenter of weld bead and set of 13.5 mm thick Alloy 22 specimens using XRD with layer
weld bead tog removal. Three Alloy 22 specimens were peened with a varying

Subtracting the residual stress in the laser-peened weld from the@nber of layerg2, 4, and 10 at a laser setting of 10 GW/dm
residual stress in the untreated weld gives the change in residual
stress caused by laser peeniiig. 11). As previously stated, the
change in residual stress should consist of a nonplanar distribution
within the laser-peening affected zone plus a planar component
elsewhere. The linearity of the change in residual stress outside
the laser-peened region serves to illustrate the repeatability of the
contour method. Figure 11 also shows that in this experiment,
laser peening plastically affected material down to a depth of
roughly 11 mm.

100 : '

Py N R
-100

] ) -200
4 Discussion

The two objectives of this work were to summarize a paramet-
ric study of the effect of the number of peening layers and the
laser pulse irradiance on the residual stress generated in Alloy 22
and to determine the effect of laser peening on the longitudinal
component of residual stress in a thick Alloy 22 butt-welded plate. i (Laser peened - unpeened) .
Throughout this study a few choices were made in selecting meth- '6000 5 10 15 20 25 30 35
ods, and the consequences of these choices will be discussed in
the following paragraphs.

One of the most fundamental methodological decisions magg. 11 Contour plot of the change in residual stress caused

during this experiment was the selection of a residual stressylaser peening [peened minus as-welded residual stress from
measurement technique capable of providing data for comparigeg. 9(a) through Fig. 9 (¢)]

-300F

-400

Residual Stress (MPa)

Change in longitudinal weld residual stress - - —

-500

Distance from Surface (mm)
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sidual stress than a thin geometry. This effect must be considered

3 layers when estimating the depth of residual stress in a full-scale com-

600 T T — — 4layers ponent from results in a test specimen of a different thickness and
: I ----8---- 10 layers geometric constraint.
400 ] . - From the results presented here, it is difficult to give an answer
5 : : _I I as to what is the optimaleffective and efficientset of laser-
N o ~ r . . .
£ 200 =) P D S - peening parameters for welds in Alloy 22 storage canisters. Cur-
e ] . ! rent work is under way to cover a larger range of the number of
£ 0 I .. | layers(below 10 layersand larger range of the irradiandeelow
g ‘ [ o : 7 GW/cnt). From the results presented in this paper it appears as
° -200 : \i o . | though a peening treatment at 7 GWfcwith 4 layers of peening
@ : X - will produce a satisfactory residual stress state with the least
o Specimen: 13.5 mm thick .
400} Laser peening: ] amount of effort. These peening parameters (7 G\/ca% ns,
1 : 10 GW/em? and 4 layerswould lead to a 72% decrease in total peening time
i i Izs“s i for the weld joint studied, compared to the parameters that were
-600 7 1 2 3 4 5 actually used (10 GWicfp 25 ns, and 10 layeysThis helps to
illustrate that it is important to establish minimum values for both
Depth (mm) . . .
irradiance and the number of peening layers such that test
Fig. 12 Effect of number of peening layers on residual stress samples, and the waste packages, can be peened in the least
in 13.5 mm thick Alloy 22 specimens measured using x-ray dif- amount of time.
fraction with layer removal There are many specific benefits that can be realized by laser

peening the Alloy 22 storage canisters. The most direct benefit is

that laser peening significantly decreases the possibility for SCC
and 25 ns. The XRD work was performed by a commercial pr@e occur since it produces such a deep layer of compressive stress
vider (with a record of obtaining good results in smaller grainedn the surface of the part. This depth is important because pre-
material3 and the results are shown in Fig. 12. These resulicted general corrosion of Alloy 22 over the design life of these
provide no basis for a determination of the effect of the number ghnisters will result in thinning of the cylinder w4B]. The effect
layers of peening on the residual stress state, and therefore, XBkhinning of the cylinder wall on the residual stress induced by
was deemed unsuitable for ranking one set of laser-peening Rgser peening is a topic of current research. Initial results suggest
rameters relative to another. that the depth of compressive stress relative to the original surface

The slitting method is possibly the best method to measujg)| increase as material is removed from the outer surface of the

residual stress through the thickness of_small blocks of_ Ias%wnder because the depth of laser-peening-induced plasticity is
peened material because of the strong signal that the foil str@fiater than the original depth of compressive residual stress.
gages can pick up for the given specimen geometry and residiahnother benefit of laser peening for this application is the po-

stress distribution. One assumption of the slitting method thatia) to reduce the thickness of the Alloy 22 layer while main-
sometimes limits its applicability is that the stress is uniforyining the same level of safety. Since Alloy 22 is very expensive,
along the length of the slit. In this work, laser peening was appli

iforml th > ¢ d thi tion | | d a great deal of this material will be required over the life of
uniformly over theé Specimen suriace, and this assumption 1S Valile roject, any reduction in the amount of material would lead to

T_he contour mthod ha_s recentl_y emerge_d as "’.”OOI for mapp'ggsignificant cost reduction for the project. Additionally, laser
residual stresses in specimens with two-dimensional nonunlfO%ening could open the door to using other materials instead of
res@ual_ stress variations. Welds are one of the more practi oy 22 for the storage canisters since there is the possibility that
applications for this method because residual stresses are oﬁe%a} ss expensive stainless steel that has been laser peened will

issue in their mechanical performance and the residual stresses ar - . . .
spatially nonuniform. Another method to measure a spatial dist %‘é‘; Zs"zmr'rl]gie‘:'itéfss corrosion-resistance properties o unpeened

bution of residual stresses in welds is neutron diffraction. Ho L ingis al d f licati d
ever, it is difficult to make these measurements in thick sections: aser peening Is aiso a vantageous rom an app ications stand-
because they require long measurement times for spatially int. .F'rSt' laser peening can be easily adapted_ to treat more
solved result$29] and suitable facilities exist in only a few |0ca_compllcateo_l geometries. The energy fqr laser peening is delivered
tions. In addition, there are troublesome issues with determini@‘the part in the form of photons, which are absorbed_and pro-
the stress-free lattice spacing inside the weld region due to micfJic€ high-pressure plasma. The pressure always applies a force
structural variation from the welding procd8]. Although neu- normal to tht_e surface and_ the' magnitude of the pressure is con-
tron diffraction is difficult and time-consuming in thick-weldedStant for a given level of iradianceegardless of the incidence
joints, a number of such studies have been published in the liteffd'e of the photons, up to a limit of roughly 60 degherefore,
ture (e.g., [29,30). In contrast, the analysis for the contouraser peening can effectively treat geometrically complex sur-
method is only dependent on the elastic properties of the matef@fe€s. There is evidence of this at the weld toe of the welded
that are not significantly affected by microstructure or grain-siZ&Pecimen in this studyFigs. 9b) and 1@b)], where consistent
variations, making the contour method well suited for measuridgVvels of compressive residual stress exist despite the surface fea-
residual stresses in welds. Results of the contour method and niétie. Similar geometric features may pose difficulties for other
tron diffraction have been compared and were found to be f¥rface treatment techniques. Further, the weld bead on this speci-
agreement in welded coupof1]. men is a small feature that does not fully demonstrate the capa-
The most significant aspect of the results presented here is Bilify to treat complex shapes, and laser peening is currently de-
deep level of residual stress that is induced in Alloy 22 by las@toyed in the treatment of more complex shapes, such as those of
peening. The depth of compressive residual stress measured figfigine engine componen{20]. A second advantage of laser
is up to 3.8 mm in 20 mm thick blocks and varied from 4.3 mm tpeening is related to the fixturing of treated parts. Since the pres-
7.7 mm in a 33 mm thick weld. The depth of compressive residuglire buildup during laser peening lasts for a short amount of time
stress is a function of both the depth of plastic deformation irfless than 100 ns the reaction force required to keep the part
duced by laser peening and the geometric constraint of the peestationary is minimal because the fixture will experience only a
geometry. For a given depth of laser-peening-induced plastic danall impulse, which can be largely attenuated by fixture
formation, a thick geometry will exhibit deeper compressive resompliance.
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