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Abstract

Experimental results and ther analysis are presented concer ning the use of shot peen-
ing as a means of altering the geometries of resdually stressed metals. The application of this
research isto parts that are built up by the successive deposition of metal layers using shape
deposition manufacturing. The goal of this work is to obtain qualitative and quantitative
results which can be integrated into the design and planning of shape deposited parts. The
results of shot peening experiments conducted on steel specimens arc presented along with a |
model of shot peening. Thismodd enables the calculation of the stresses, strains, and curva-
turesinduced by shot peening, based on the measured drains, as a function of the amount of
peening. Using this model, two types of analyses of the peening tests have been conducted
including an analytical beam-based analysis and a numerical finite element analysis. Quantita-
tive and qualitative results are presented concerning the effectiveness of shot peening in pro-
ducing shape changes in a manufactured part One of the primary conclusions drawn from
these experiments is that the peening efficiency is a function of the thickness of the specimen,
due to the manner in which compressive stresses develop in the shot peened portion of the

part.

Introduction

Shape deposition manufacturing is a process in which three-dimensional parts are
manufactured by successively depositing two-dimensional layer s of molten material. The dep-
osition process currently used is termed microcasting, which involves forming layers by the
repeated deposition of molten metal droplets. Each layer is machined to shape after its deposi-
tion. The manufacturing process extends rapid prototyping concepts, linking manufacturing
and computer aided design (see Merz et al., 1994). In parts made by depositing metals, sev-
eral defects can occur such as the distortion of edge geometries, war ping of the part, and
dclamination between deposited layers. These part defects are the result of resdual stresses
that develop dueto the thermal contraction of each deposited layer asit coolsto room temper-

ature from the molten sate. The contraction of a newly deposited layer relative to previoudy
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deposited layer s causes the edges of thelower layersto taper inwards and also produces a con-
cave curvature in thepart One of the primary applications of shape deposition manufacturing
isthe production injection molding tools which require very tight dimensional tolerances on
edge geometries. Shot peening isinvestigated as a method of counteracting the thermal con-
traction of alayer by producing a compensating expansion in the top of that layer. Ideally, the
expansion dueto peening would exactly match the thermal contraction of each deposited layer
eliminating edge defects and warping in the part The goal of thiswork is to quantify shape
changes due to shot peening to allow shot peening to be incorporated into the planning and

design of shape deposited parts.

Shot peening is a process in which small hardened steel balls are propelled with high
velocities at the surface of a specimen. Two commonly used methods for propelling the shot
include using a compressed air nozzle or a spinning wheel to acceler ate the shot. When the
shot impacts the surface of the peening specimen, high contact stresses develop locally
beneath each ball (for areview of contact stress solutions see Johnson, 198S). The magnitude
of the local stresses caused by the impact of the shot is a function of the diameter, velocity,
mass, and hardness of the shot These stresses cause plastic deformation in the material, leav-
ing a small dimple on the specimen. Based on the diameter of the dimple left by the shot, esti-
mates of these stresses can be calculated. The dimpleisdueto the compression of the material
beneath the point of impact, resulting in the radial displacement of material around the point
of impact. Micro-level variations in the resulting residual stresses and strains will exist
because of small variationsin the individual impacts and also because of the random distribu-

tion of impact locations on the surface of the specimen.

A similar application of shot peening to produce shape changes is peen-forming, a
process in which sheet metal is formed into complex curved geometries using controlled
peening. Peen-forming has been developed as a method for manufacturing skin panelsfor air-
craft In peen-forming, the amount of shape change which can be produced is limited by the
thickness of the specimen being peenecl Peen-forming also uses an elastic stretching process

in which atensile pre-stressis placed on the specimen to provide a deeper plastic zone from
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peening and to produce a greater curvature in the direction of the pre-stress. Moreinformation
about peen-forming and other applications of shot peening may be found in Meguid (1986)
and Wohlfahrt, et al. (1987).

In this application, the primary focus is on the net effects of shot peening, i.e. the
macr o-level effects which result from the superpostion of all the micro-level impacts. On the
macr o-level, peening a specimen with a sream.of shot produces a biaxial expansion on the
surface of the specimen, relative to the rest of the specimen. This expansion is over a small
finite depth which is based on the depth of plasticity caused by peening. The thin layer of
expanding material, referred to in this work as the peened layer of the specimen, isloaded in
resdual compression by therest of the specimen which resists the expansion due to peening.
A bending moment is also produced by the peened layer causing a convex curvature in the
specimen. Sincethe goal of thiswork isto produce lar ge scale shape changesin the part, small

scalevariationsin stresses and grains can beignored.

Experiments

Initial experiments, aimed at measuring the effects of shot peening on stressfree parts,
wer e conducted on several stainless sted specimens with properties smilar to those of the
stainless stedl used in shape deposited parts. For thesetests, it wasdesred to determinethe net
in-plane expansion produced by peening and the stresses throughout the specimen as a func-
tion of the amount of peening. However, these values could not be directly measured with the
available equipment Ingtead, the grain on the bottom of the specimen and the curvature of the
specimen were measured after each pass of the peener. A model of the shot peening process
was developed to estimate the expansion of the peened layer and the compressive stressin the
peened layer, using the measured srains. The purpose of these testswas to determineif alimit
existed to the grain which could be produced by shot peening and if so, to deter mine the num-
ber of passes needed to reach thislimiting value of grain. Additionally, it wasdesired to know

the changein drain as a function of the number of passes.

30f 12




The specimens for these experiments were made of annealed 304 stainless steel
because it is one of the primary materials used to make partsin shape deposition manufactur-
ing. The specimens were 6.0 inches long by 0.75 inches wide with varying thicknesses,
including: 0.185, 0.250, and 0.360 inches. These specimens were designed to be narrow
enough so that they could be peened lengthwise by one pass of the pecner. The specimens
wer e attached to a hinge on one end and were free at the other end, allowing uniform grain
and curvature along the specimen. Figure 1 showsthe specimens and the method in which

they wer e mounted.

In creating the specimens, a block of stainless steel was cut and machined to the size of
the specimen. A tapped hole was placed on one end of the specimen and was used to bolt the
specimen to the hinge (Figure 1). The specimenswer ethen annealed at 1850 °F (1010 °C) for
one hour per inch of thickness. After annealing, the specimenswer e quenched in water to pro-
vide a cooling rate smilar to that of deposited material. Since they were not annealed in an
inert atmosphere, oxidation developed on the surface of the specimens, which was removed
using a belt sander. The specimens wer e then cleaned and prepared for attaching the strain

gage. A biaxial srain gage was centered and mounted transver sely on the bottom of the speci-

‘Hinge

FIGURE 1: Diagram of the Specimens Used in the Free Peening Tests
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men with the srain gage wires protruding from the side of the specimen. The strain gages
wer e connected to a computer data acquisition system which monitored the srain during the

peening process giving the change in drain on the bottom of the specimen per peening pass.

The shot peener was configured to peen the specimen lengthwise in one pass. The
compressed air peener used for thesetests set at a satic pressure of 52 ps which provided an
operating pressure of 32 psi. The shot had an aver age diameter of 0.065 inches. A robot with a
pre-programmed path controlled the peener to insure uniform peening along the length of the
specimen. The hinge to which the specimens were connected was mounted on a pallet that
was placed in the peener. The alignment of the specimen with the programmed peening path
was checked before each set of tests. Measurements of Srain were made using the strain gage
placed on the bottom of the specimen. In addition, the curvature was calculated after each pass

of peening by measuring the height of the deformed specimen off of the top of the pallet

Model

Tointerpret thetest results and to estimate the expansion of the peened layer using the
measured strains on the bottom of the specimen, an dastic-plastic model has been developed
in which the macro-level effects of shot peening are represented as the biaxial free strain
(expansion) of a thin layer of material on top of a subsrate, the peened layer (Figure 2). This
free strain, denoted as Epeat *° analogous to a biaxial free thermal expansion given by aAT, a
coefficient of thermal expansion times a change in temperature. The advantage of using this
model of shot peening isthat it lendsitself to the analysis of the large scale effects of peening
by allowing an estimation of the stresses and srains within the specimen after peening with-
out requiring a precise knowledge of the development of plastic srains and stresses due to the
individual impacts of shot In addition, the equations for the limiting case of strictly elastic
beam behavior are easy to develop and may be compared agains those presented by TImosh-

enko (1925) in his paper on the thermal expansion of bimetallic beams.
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Free Strain, £peen Thin Elastic Peened Layer, h;
-} —

Elastic - Perfectly Plastic Bottom Layer, h;

FIGURE 2: Model of Shot Peening as the Free Strain of A Thin Top Layer

Thismodel contains several implicit assumptions. Fird, it assumes that the expansion
in the peened layer is uniform over the length and width. This assumption is reasonable
because small local variationsin srain dueto non-uniform expansion are minimal and are not
reflected in the measurement of the grain on the bottom of the specimen. Secondly, it assumes
that the depth of the peened layer isknown and that it isconstant Estimates of the depth of the
peening have been made through physical inspection. In futurework, it isdesired to be ableto
determine mor e accurately the depth of the peened layer through methods such as X-ray dif-
fraction. Third, it assumes that the expansion is congant over the depth of peening. Since the
peened layer is thin, only the net force produced by the expansion isdesired. Thus, the non-
uniform expansion over the small depth can be approximated by an equivalent uniform expan-
sion over the same depth. The error produced by such an approximation will be minimal and

will result dueto a dight difference in the moment produced in the specimen.

An analytical beam-based analysis of shot peening was developed assuming a thin
elastic peened layer on top of the thick eastic-perfectly plastic bottom layer. Again, the biax-
ial free grain dueto peening was modeled as being equivalent to a biaxial thermal expansion,
aAT. Using the same procedure as Timoshenko (1925), the two layer ed specimen was decom-
posed into separate beams with an interfacial force/width, P, acting in compression on the bot-
tom of the peened layer and in tension on the top of the bottom layer (Figure 3). The condition
was then imposed that the strains at the interfaces must be equal. In this manner, the bottom
layer was analyzed as a elastic-perfectly plastic beam with aload on the top for the following
three individual cases: fully elastic, plastic deformation on the top of the bottom layer, and
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Elastic-Perfectly Plastic Bottom Layer

FIGURE 3: Decomposition of the Specimen into Two Beams

plastic on bath the top and bottom of the lower layer. Therange of the grain on the bottom of
the specimen for each of these three cases was determined by evaluating the two limiting
cases in which plastic deformation isjust beginning. Next, a general elastic-perfecdy plagtic
sressdigribution with ayield stress of 45,000 psi (determined from tensile tests on the ain-
less steel used) was assumed for each case and was solved by integrating the stresses and
requiring the net force/width to equal P and the net moment/width to equal Ph,/2. Thus, the
force/width, P, required to produce this stress distribution was determined and was expressed
as a function of the grain on the bottom of the specimen. After obtaining P and matching the
interfacial strains, the free grain of the peened layer, fpe> " 2° determined as a function of
the grain on the bottom of the specimen. Plots of P and £peg, ver sus the srain measured on
the bottom of the specimen were made using this mode for specimens with thicknesses of
0.185,0.250, and 0.360 inches. The thickness of the peened layer, hy, used for this model was
0.01 inches, as determined by physical inspection of the test specimens after peening was
completed.

A second analysis of shot peening, smilar to the beam-based analysis, was solved
using finite elements. The primary purpose of this analysis was to verify the results generated
by the beam-based analysis. The same dimensions were used in both analyses. The top,
peened layer was assumed to be elastic and the bottom layer was assumed to be elastic-per-

fectly plastic since these were the assumptions used in the beam based analysis. The speci-
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mens were meshed and analyzed in ABAQUS using axisymmetric, 8 noded, biquadratic

was

elements. The free srain of the peened layer (Epoon) modeled as a thermal free grain
(ctAT). The grains on the bottom of the specimen wer e output for several step temperature
loadings. In thismanner, apoint by point plot of £,4, VS. the grain on the bottom of the spec-
imen was obtained A plot of aAT vs. drain for the0.250in. thick specimen comparing results
from the beam based analysis with data points from the axisymmetric finite element analysis
iscontained in Figure 4. Thefinite element results do correate with those generated from the

beam-based analysis verifying the validity of the beam-based analysis.

It should be noted that shot peening isa strain controlled problem as modeled. In this
modd, there are no stresses directly applied to the specimen, all that is specified is a uniform

free drain of the peened layer. Therefore, within the elastic range, the srains throughout the
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FIGURE 4: Comparison of Results from the Beam Based Analysis with
Data Points from the Axisymmetric Finite Element Analysis
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specimen are determined uniquely by the expansion of the peened layer independent of any
congtitutivereationships. The stressesthen are determined from the strainsusing the constitu-
tive relationships of the material. The beam-based analysis determined the S,.., needed to
produce an amount of srain on the bottom of the specimen. The above considerations were
accounted for in this analysis when the stresses wer e determined from the strains. The biaxial
stresses which resulted wer e calculated by multiplying the biaxial srain by E/(1-v). The finite
element analysis accounted for the biaxial grainsdirectly since axisymmetric elements were
used.

Results

Results have been generated using the developed mode of shot peening to analyze the
experimental data obtained. The experimental measurements of the grain on the bottom of the
gpecimen wer e input into the beam-based analysis to deter mine the fiee strain, fpean> needed
to produce this measured grain and the corresponding for ce/width, P, which exists between
thelayers. Figures 5 and 6 contain respectively plots showing P vs. srain on the bottom of the
specimen and E p” vs. grain on the bottom of the specimen for all three specimen thicknesses
aspredicted by the beam-based analysis with data points of actually measured strainsfor each
pass of peening. These plots show that the initial pass of peening produces the largest change
in £pean- They also show that the change in Bpemn decreases with successive passes for the
0.360in. and 0.250 in. specimens. Together these plotsdemongrate the " shakedown" effect in
the 0.360 in. and 0.250 in. specimens. Shakedown occurs when additional peening produces
less grain change until thereis no further changein grain for additional peening. Shakedown
results from the build up of compressive stresses in the peened layer. It isinteresting to note
that shakedown did not occur in the 0.185 in. specimen because the bottom layer of the speci-
men plastically deformed, reducing the stiffness of the specimen. Therefore, £pes, increases
steadily without causing alargeincreasein P. Thefact that shakedown occursat lower strains
- for thicker specimensisdueto the greater gtiffness of the thicker specimens. It should also be —
noted that the same Epen will result in larger P'sfor thicker specimens because of their higher

stiffnesses.
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FIGURE 5: Plot Showing Values of P Predicted by the Beam-Based Analy-
sis with the Strains Measured After Each Pass of Peening

0.03 f }‘ . ! ; !
0.025k +reevei
002k
j 0.015%
0.01

0.005¢

0 0.5 1 15 2 25 3
"Strain on th# Bottom x10*

FIGURE 6: Plot Showing Values of £pee, Predicted by the Beam-Based
Analysis with the Strains Measured After Each Pass of Peening
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Conclusions

Based on theresults of the tests conducted on stressfree specimens, several qualitative
conclusions can be drawn concer ning the effectiveness of using shot peening to produce shape
changes in shape deposition manufacturing. Firg, it isevident that thefirst pass of peening is
the most effective in producing shape change since the build up of compressive stressesin the
peened layer inhibits free srains due to peening in subsequent passes. Second, initial peening
of deposited layersin shape deposited parts will be more effective than peening stress free
specimens dueto the resdual tension on the surface of the deposited layer. Finally, peening of
shape deposited parts should be sdf-correcting. Because deposited parts are built on alaige,
siff pallet, they are sgnificantly constrained form bending deformation. The resulting rapid
build-up of resdual compressive stresses will lead to shakedown and will prevent over peen-
ing, the case where excessive peening causes shape changes that are greater than those dueto
the thermal contraction of the deposited layer. In this manner, peening can correct the shape
changes due to cooling without itself inducing excessive shape changes. These conclusions
indicate that shot peening will be an effective method for producing shape changes to correct
the thermal contraction of deposited layersin shape deposition manufacturing.

Theseinitial sets of tests suggest the need for more extensive testing on the shot peen-
ing process. Future test will be conducted to more specifically deter mine the effects of speci-
men constraint. In addition, the stresses on the top and bottom of the specimen will be

measured using X-ray diffraction and will be compared to the values predicted by the model.
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