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Induced Stress Relationships
for Wing Skin Forming by Shot Peening

R.D. VanLuchene, J. Johnson, and R.G. Carpenter

Shot peening has been used to provide fatigue resistance and form teo airplane wing skins for many years.
In the past, the peening intensities used to form these wing skins were obtained through the use of geomet-
ric relationships along with trial and error testing. A computer model was developed to model shot peen-
ing, which could eliminate the trial and error phases of the existing process. The computer model is used
to determine the peening intensities across the wing skin and the initial size of the skin (flat pattern). To
support such a computer model, we have developed in this paper relationships among the thickness of the
material, the stress induced into the aluminum, and the intensity of the shot peening (shot wheel revolu-
tions per minute, rpm). A simple induced stress theory is proposed. Results for a cylindrical wing skin util-

izing the new relationships are included.
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1. Introduction

IN ORDER to produce a method that can effectively improve on
the techniques currently used to predict the peening intensities
needed to form airplane wing skins, the fundamental effects of
shot peening must be quantified. This paper describes the gen-
eral effects that shot peening produces on a peened surface. The
different machines that do the shot peening at the Boeing Com-
mercial Airplane Company are also described.

The actual stresses induced by shot peening are approxi-
mated by simpler induced stress distributions that yield the
same net effect as shot peening. These simplified induced
stresses must be related to shot peen machine parameters and
material properties. This is accomplished through a series of
experimental tests relating geometric changes in peened speci-
mens to theoretical equations. Through the use of these tests,
relationships between the machine parameters and the simpli-
fied induced stress distributions are empirically derived.

1.1 Shot Peening Behavior

Shot peening is a process by which the surface of a metal
part is repeatedly hit, at a high velocity, by small steel shot. Shot
peening is used to induce surface residual compressive stresses
in metal parts. The compressive stress improves the resistance
of the metal to fatigue and stress corrosion cracking, which are
a result of exposure to cyclical loads. Metal parts that are often
shot peened are axles, springs, aircraft landing gear, and struc-
tural parts (Ref 1-4). Shot peening has been used recently to
form thin metal parts, such as airplane wing skins. This process
is called peen forming. Peen forming is performed by peening
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one or both sides of the part with varying intensities so that the
part obtains a desired contoured shape.

When metal is shot peened, shot is propelled against the
piece by means of large centrifugal wheels or by a stream of
compressed air containing shot. The shot impacts the metal and
forms a small indentation in the surface before bouncing off.
The material around the indentation plastically deforms and
flows out radially from the center of the indentation. Usually
the piece of metal is peened until the surface becomes uni-
formly compacted.

Uniform peening produces a thin, plastically deformed
layer with thickness, hp, beneath the peened surface (Ref 2, S,
6). Experimental results show that peening one side of a piece
of metal and allowing the piece to reach equilibrium induces a
stress distribution across the thickness similar to that shown in
Fig. 1 (Ref 5, 6). The plastically deformed layer causes the met-
al to undergo several geometric changes in order to reach equi-
librium. The top layer elongates (grows) in order to alleviate
the compressive stress. The growth of this layer creates a
growth differential across the specimen. This differential
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Fig.1 Residual stress distribution after shot peening one side
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causes the metal part to curve in the direction of the peened sur-
face to maintain equilibrium as shown in Fig. 2 (Ref 7).

1.2 Peening Equipment and Process Description

The wing skin form peening equipment at the Boeing Com-
mercial Airplane Company consists of three different ma-
chines: the spanwise, chordwise, and compression peening
machines. The major differences between the spanwise and the
chordwise machines are that the spanwise machine has larger
shot size and the shot peening area or window is 18 in. wide by
3 in. high while the chordwise machine has a peening area of 18
in. by 18 in. The spanwise machine also achieves 100% cover-
age of shot impact while the chordwise machine achieves a
60% coverage. Percent coverage is defined as the percentage of
the total surface area that has been impacted by shot during the
peening process (Ref 8).

The spanwise machine is first used to form the skin. The sec-
tions of the skin that are spanwise peened are then sanded down
to a specified smoothness in order to get rid of the large inden-
tations made in the skin by the large size of the spanwise shot.
The next step in the peen forming process is to run the skin
through the chordwise peening machine. No sanding is re-
quired for the parts of the skin that are chordwise peened as a
smaller shot size is used, which yields a relatively smooth sur-
face.

After contour forming (spanwise and chordwise machines),
wing skins are run through a third or compression peening ma-
chine, which has smaller shot size than either of the other ma-
chines. Compression peening is at 100% coverage across the
entire skin. This protects the skin against fatigue cracking by
putting a residual compressive layer on any section of the skin
that is not peened with either the spanwise or chordwise ma-
chine.

1.3 Limitations of the Present Method

The present method for determining the peening pattern for
a new aircraft wing skin has limitations. The initial flat shape
(flat pattern) of the wing skin must be found before peening so
that it ends up the correct size after it has undergone the growth
and curvature associated with peening. The correct peening in-
tensities must be obtained across the skin without trial and er-
ror. In the past at Boeing, the peening intensity pattern was
modified numerous times before it was capable of accurately
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Fig.3 Proposed shot peening equivalent induced stresses

producing the desired shape with only one run through the
peening machine. Several wing skins were commonly
scrapped before an acceptable pattern was found. Under the old
system, methods involving no knowledge of the intensity pat-
terns were used to estimate the initial flat shape. This is clearly
an oversight in method. The goal of the method developed
herein is to convert the final shape of a wing skin into a flat pat-
tern, which under the peening intensities predicted by the
method, will form the aerodynamic shape of the wing skin.

2. Induced Stresses

2.1 Egquivalent Peening Stresses

In order for shot peening to be modeled accurately, the mod-
eling must account for the overall effects that shot peening pro-
duces in the material. Growth and curvature of the specimen, as
seen in Fig. 2, must be capable of being developed by the
model. If an aluminum specimen were rigidly constrained and
then shot peened, a set of initial or induced stresses would be
developed. If the specimen were then allowed to elastically de-
form into the shape of Fig. 2, the final residual stresses would
be as shown in Fig. 1. The major thrust of this paper is to de-
velop relationships for the initial or induced stresses. The term
“induced” is used throughout and should not be confused with
either the elastic recovery stresses or the residual stresses of
Fig. 1. The induced stresses in the aluminum specimen are
complicated and difficult to obtain. The effects that shot peen-
ing produces, however, can be achieved using a different and
simpler set of stresses, as shown in Fig. 3.

The method developed for calculating peening intensities
combines a finite element package along with sophisticated op-
timization software (FEM/OPT), which is proprietary to the
Boeing Commercial Airplane Company. This method can pre-
dict the peening pattern and globally minimize the peening in-
tensity needed to form a specific shape. The method calculates
the total induced stress needed on the top, G1qp, and the bottom,
Ggop hecessary for the correct shape to be formed. The stress
distribution needed is defined by a straight line between the to-
tal stress at the top of the material, 61gp, and the total siress at
the bottom of the material, SggT This stress distribution must
be capable of being formed by the superposition of the simpli-
fied stress distribution due to peening the top of the material
(see Fig. 3) and a similar simplified stress distribution due to
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peening the bottom of the material. FEM/OPT calculates a
value of oygpand opgrfor each element used in the finite ele-
ment mesh selected to model the wing skin.

Relationships among the simplified induced stresses of Fig.
3, the thickness of the material, and the peening intensity (shot
wheel rpm) are needed in order to relate the stresses, Gropand
Ogop calculated by FEM/OPT to shot peen machine parame-
ters. This is accomplished by measuring laboratory specimens
or coupons and developing the empirical relationships below.

2.2 Development of Total Stress Equations

Several coupons of different thicknesses were peened at
varying intensities. Measurements of these coupons were used
to determine the induced bending stress, 6}, and the induced
growth stress, O, for peening on one side, using analytical
equations. When one side of a coupon is peened, the total in-
duced stress on the side that is peened will be (G, + Oy), and the
induced stress on the side away from the peening will be (Og -
O},), as shown in Fig. 3. When both sides of the wing skin are
peened (top and bottom), the total stress on the top of the skin,
OTop Can be obtained by superposition of the stresses induced
by peening the top and bottom of the material:

G1op = Og + Ogp + Opr ~ O (Eq1)

where O and o, are the induced growth stresses due to peen-
ing on the top and bottom of the material, respectively, and oy,
and Oy are the induced bending stresses caused by peening on
the top and bottom of the material, respectively. Similarly, the
total induced stress on the bottom of the wing skin, 6ggp, will
be:

Opot = Ot + Ogp + Oy — Op1 (Eq2)

The growth stress, G, for peening on one side may be de-
scribed as a function of the bending stress, G, for peening on
the same side. A relationship between the bending stress, 6},
and the growth stress, G, is shown using Fig. 3. The growth
stress, G, in the simplified stress distribution is equal to the to-
tal force, F, given by the unknown actual induced stress distri-
bution divided by the thickness of the material, 7.

(Eq3)

NI‘T]

The bending moment due to the actual stress distribution, M,
is equal to the total force, F, multiplied by the moment arm, e,
from the center of the material to the resultant of the induced
stress distribution:

M, = Fe (Eq4)

The moment due to the simplified induced stress distribution
being used is:

Journal of Materials Engineering and Performance

M

| =0,1%/6 (Eq5)

mode

These two moments must be equal to one another in order for
the simplified model to accurately depict what is happening
during shot peening. Equations 4 and 5 lead to:

0, = 6Fe/f? (Eq 6)
The ratio of o, to Gy, is then equal to:
0,/Gy, = t/(6e) (EqT)

Since the compressed layer due to shot peening is very thin, e is
approximately equal to one-half the thickness of the material,;
thatis e = #/2. The ratio of O, 10 Gy, can then be approximated by:

ooy 3 (Eq8)

Because the depth of the compressed layer is not infinitesi-
mally small, e is actually smaller than one-half the thickness of
the material. This will make the ratio of O, t0 G, slightly larger
than 1/3.

The total required induced stresses, Grgpand Gpqy, are pro-
duced by a finite element optimization program (FEM/OPT). A
relationship of the form given by Eq 7 and 8 is also present be-
tween the induced growth stress, 6, and the induced bending
stress, Oy, This relationship along with Eq 1 and 2 will aliow
calculation of the two bending stresses, 6, and 6. Once the
induced bending stresses are known, it is possible to use a rela-
tionship described below to find the shot wheel rpm and the ma-
chine with which that section of the wing skin must be peened.
The bending stress is being used to relate rpm to stress rather
than the growth stress because the deformations that occur due
to the bending stress are much larger and therefore easier to
measure on a test coupon than the smaller deformations that oc-
cur due to the growth stress.

3. Experimental Procedure

3.1 Peening Intensity versus Stress

In order to relate the induced stress, which simulates the
shot peening process, to the shot wheel rpm and the thickness
of the material, 2.75 in. by 15.5 in. coupons of various thick-
nesses were shot peened at several peening intensities (shot
wheel rpm). These thicknesses and intensities covered the
range at which currently manufactured wing skins are peened.
The test coupons were peened with a constant shot wheel rpm
over the entire surface in order to obtain constant induced bend-
ing and growth stress.

Test coupons contain holes, which are drilled near both
ends, to facilitate hanging the coupon on the racks, which carry
the wing skins through the peening machines. The holes in the
coupon were small enough that the effect they had on the re-
sults could be neglected. Rubber masking is placed on the back
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Fig.4 Deflection of experimental coupon versus finite element
deflection of a coupon with uniform bending stress

side of each coupon. This removes any accidental peening on
the back side, which results from shot bouncing off the walls of
the peening chamber.

A rectangular plate of length, L, width, W, and thickness, ¢,
subjected to a constant induced bending stress in each direc-
tion, will have, according to thin plate theory, an elastic deflec-
tion at the center of the plate given as follows (Ref 9):

A=0 (L2 + W?2) (1 - Vv)4E: (Eq9)

Here oy, is equal to the uniform bending stress in the plate as
shown in Fig. 3, v is Poisson’s ratio of the material, and E is the
modulus of elasticity. Equation 9 is valid for small deflections.
This assumption may be violated in coupons peened at high
wheel speeds. Some test coupons had as much as 1.5 in. of de-
flection over the 15.5 in. length. When large deflections are an-
ticipated, the large deflection theory should be considered in
order to determine the bending stress, Gy,

Coupons that are peened with a constant intensity will also
have a constant growth stress in both directions perpendicular
to the peening direction. The induced growth stress, Og present
across a uniformly peened coupon will produce a growth strain,
€g given as follows (Ref 10):

g = og(l -V)/E (Eq 10)

3.2 Experimental Tests

The induced bending stress, 6, predicted by Eq 9 was found
for various peening intensities and thicknesses utilizing the de-
flection measured for each coupon. The equation that describes
the intensity of the shot peening machine (rpm of shot wheel) as
a function of the thickness of the material and the stress to be in-
duced into the material is:

rpm = AtBof (Eq11)
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where A, B, and C are constants obtained through a regression
analysis. The form of this equation was chosen because it
physically matches what happens during peening. If the ma-
chine intensity remains constant and the material gets thicker,
the bending stress, 6, will go down due to the plastic layer
reaching through a smaller percentage of the material. Simi-
larly, if the bending stress, G, increases while the material re-
mains at a constant thickness, the rpm of the shot wheel must
also go up to achieve a deeper plastic layer; that is, C mustbe a
positive constant.

The accuracy of Eq 8 above was verified by equally peening
on both sides. The growth strain, € (Eq 10), was found by
measuring the length of the coupon after peening, subtracting
the original length, and dividing by two, to obtain the growth
for peening on one side. The growth stress was then found us-
ing Eq 10. To develop an empirical relationship between 6, and
G,, these stresses were compared for the same rpm of shot peen
wheel and thickness for the spanwise machine. Equation 12
shows the empirical relationship chosen:

o, = AGy, (Eq12)

where A is a constant obtained through a regression analysis.
The form of this equation was chosen due to an observation that
the ratio of the growth to bending stress was constant for all
thicknesses as predicted by Eq 8.

3.3 Multiple Peening Machine Considerations

The coupons that are peened with each of the three machines
must be treated differently in order to obtain an induced stress
that accurately models what is going on when a skin is peened
by all three in a combined fashion. The coupons peened with
the spanwise machine are sanded down to certain smoothness
specifications to which actual wing skins must adhere. Coupon
measurements of deflection and growth are therefore taken af-
ter the sanding has been performed. The sanding reduces both
the deflection and the growth due to a loss of part of the plasti-
cally deformed compressive layer during sanding.

As noted above, the sections of a skin that are shot peened
with the chordwise machine only have a 60% coverage. When
a skin is compression peened, the remaining 40% is peened.
This leads to higher induced stresses in these sections than if
chordwise peening acted alone. Therefore, when a coupon is
measured for chordwise peening, it must also be compression
peened on the same side that it is chordwise peened to account
for the increase in stress.

The compression peening machine produced coupons that
could be measured without further processing. The compres-
sion peening machine test coupons are needed in order to ob-
tain the minimum induced stress values for 6, and G, These
minimum induced values are used by FEM/OP’%‘ during the cal-
culation of Ggpand Gt

3.4 Experimental Results

The deflected shapes of several of the uniformly peened cou-
pons were compared to the deflected shape of a finite element
model, subject to uniform bending, to ensure that the peened cou-
pons were behaving as though a bending stress acted uniformly
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across the coupon, Deflections measured along the long axis of a
typical coupon and the finite element solution with the same de-
flection are shown in Fig. 4. The agreement between the finite ele-
ment shape and the actual shape of the test coupons was convinc-
ing evidence that uniform peening does induce a uniform bending
stress.

When the constants for Eq 11 were calculated for both the
spanwise and the chordwise machines, the shape of the equa-
tion closely matched the experimental data, as shown in Fig. 5
and 6.

The tendency for the induced bending stress, o, to increase
with wheel rpm is not observed in the relatively thin 0.125 in.
plates above a certain intensity. This is due to the plastically de-
formed layer in the coupon producing stresses that decrease the
overall bending moment. Once the plastic layer reaches a depth
near the middle of the coupon, the bending moment begins to
decrease. Further peening decreases the moment. Intensities
past the peak bending stress are not requested by the FEM/OPT

Journal of Materials Engineering and Performance

Fig.6 Spanwise machine: bending stress as a function of shot
wheel rpm

[

Cuter
Surface

200"

48"

Inner Surface

v

—»| |a— 0.25"

Fig.8 Target cylindrical shape

program. Neglecting high intensities with thin coupons leads to
the maximum stresses being low with thin specimens, reaching
a maximum in specimens with an average thickness, and going
down as the thickness of the specimens increases from the av-
erage.

The coefficient for Eq 12 was 0.366 for the spanwise ma-
chine data using a regression analysis. This value is close to the
limiting value of 1/3 predicted by Eq 8. No growth data were
available for either the chordwise machine or the compression
machine. Because the intensities of these two machines are less
than the intensity of the spanwise machine, the compressive
layer logically will be thinner. Then, the ratio of 6, to o, will
approach the limiting 1/3 value for these machines. Figure 7
shows a line that depicts the 1/3 value running through the
spanwise data. This value fits well for the lower intensities on
the spanwise machine. Data at high intensities that deviate
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from the 1/3 value are rarely used due to rough surface resulting
from these intensities. The 1/3 value for the coefficientin Eq 12
therefore appears acceptable for all peening intensities that are
used in FEM/OPT.

4. Verification of Results Using a Test Skin

4.1 Purpose

The purpose of this test was to investigate the accuracy of
the FEM/OPT software using the equations developed herein
for predicting the shot peening patterns necessary for forming
contoured surfaces, such as wing skins. A cylindrical section
was selected as the contoured surface to test. Generating a cyl-
inder from a rectangular plate presents a challenge due to the
similarity between its required shot pattern and that of the eas-
ier to generate pattern of the spherical shape. A spherical shape
usually results when a plate is subjected to a constant magni-
tude blast over its entire surface. A cylinder, on the other hand,
usually results from a pattern that has a slightly higher magni-
tude peening along the outer edges than it does down the center
of the plate. The test was structured to peen a cylindrical shape
along the short (chordal) length of the coupons with no curva-
ture along the long (span) length.

4.2 Procedure

The test started as a computer-aided design (CAD) model of
a48in. by 144 in. by 0.25 in. cylindrical section curved along
the short (48 in.) side. The cylindrical section was given a 200
in. radius, as shown in Fig. 8. The preprocessor to FEM/OPT al-
lows control over the number of rows and columns of elements
in a grid. For this test, a grid with 20 rows and 38 columns was
constructed. This resulted in a mesh of 760 elements having an
element size of 2.40 in. by 3.78 in. Figure 9 shows the resulting
mesh. FEM/OPT also allows the selection of the maximum
peen wheel rpm for the inner and outer surface peening both
chordwise and spanwise machines. For both tests, an 800 rpm
maximum was specified for chordwise inner and chordwise
outer peening. No peening was specified for the spanwise peen
machine. Once modeling was complete, the analysis portion of
FEM/OPT was executed using the generated input files. The re-
sults were then plotted using the postprocessor of FEM/OPT,
and the resulting peen output files were manually converted to
numerical control (NC) instructions. Figure 10 shows the peen
pattern predicted by the software.

Swdy of the pattern shows distinct symmetry, which is ex-
pected for a cylindrical section. Since the output is based on a
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rather fine resolution (2.40 in. by 3.78 in. element size) grid, it
had to be converted to the coarser resolution (18 in. by 9 in.)
grid on which the peen machine is based. Figure 11 shows the
peen grid (dashed lines) overlaying the analysis grid. All peen
values that fall within a given peen window are averaged, and
this single value is used in the NC instructions to conirol the
peening. A source of error is possible at this stage, so care must
be taken to ensure that the requested peening values are accu-
rately converted to NC instructions.

After the averaged peen values are converted to NC instruc-
tions, the instructions are down loaded to the shop floor peen
machine controller. The coupons are prepared for peening by
mounting them onto the overhead rail system that feeds the
panel through the peen machine. Mounting is at four attach-
ment points, as shown in Fig. 11. The mounts are tightly
clamped down to suppress any relative motion between the
coupon and the rail system.
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Fig. 13 Results of the radius of curvature measurements for
the coupon

Test results, in, Errors, %
Input, in. First end in Middle Lastendin  Firstend in Middle Last end in
Top 1.077 0.562 0.750 0.625 48 30 42
Center 1.436 0.688 1.000 0.813 52 30 43
Bottom 1.077 0.562 0.688 0.562 48 36 - 48
Equivalent radius 200 417 287 352

4.3 Results

A dial indicator gage with data recorder was used to gather
data at 48 points on the surface of the peened test coupon. Also,
a series of 9 chord height measurements were recorded using a
straight edge and steel rule. Figure 12 shows the results of the
chord height measurements along with a comparison of the tar-
get input chord heights. Table 1 shows the percentage error at
each of the 9 measurement points when compared to the values
of the target. Figure 13 and corresponding Table 2 show the re-
sults of the radius of curvature measurements for the coupon.

On the basis of the results shown in Tables 1 and 2, the cou-
pon was underpeened. In general, the goal of the test was to
produce a cylindrical shape that was without serious rippling or
waviness. There were no expectations to produce a shape that
exactly matched the input. A study of the chord height measure-
ments and the radius of curvature measurements easily shows
that the shape is fairly well behaved.

One of the problems with this test was that the material da-
tabase used was for 2324 aluminum alloy, whereas the tests
were conducted using 2024 alloy (due to easy availability of
2024). This mismatch in materials caused some difference in
the resulting curvature. Another problem was that the measure-
ments were taken as the coupons hung vertically from the over-
head rail system, rather than on a horizontal test fixture. This
caused the radius measurements to appear larger than actual,
due to the effects of gravity tending to straighten the hanging
coupon. This will give the impression of underpeening. Neither
of these two problems will account for the errors that these tests
produced. The software should produce better resuits when us-
ing the correct material database and a measurement test fixture
along with other refinements in FEM/OPT.
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5. Conclusion

Form peening is a process that has been modeled by inade-
quate methods in the past. Through the use of finite element
modeling procedures and experimental data analysis, the proc-
ess of arriving at the peening intensities necessary to form a
specific shape can be greatly improved. This new method uses
a simplified induced stress model. The induced stresses are ca-
pable of providing the same net effects that shot peening pro-
duces. Empirical relationships can be derived for the
parameters that control shot peening intensities, material prop-
erties, and the resulting induced stresses. The relationships al-
low for a simple and accurate method to determine shot
peening patterns. A full scale test has been run using FEM/OPT
and the equations developed herein on a cylindrical panel with
positive results.
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