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Abstract. The strong competition among aeronautical industries to enhance the capacity/weight ratio of the airplanes
has fostered the research of new manufacturing technologies. Shot peen forming, a dieless forming process, is one of
the most successful methods to produce slight and smooth curvatures on large panel shapes. Through the application
of a regulated blast of small round steel shot on the work piece surface, a thin internal layer of residual compressive
stress causes the elagtic stretching of the upper surface, giving rise to a permanent non-plastic deformation of the
whole piece. Considering that the equilibrium of the reactive efforts due to residual stresses generated by the shot
impact on the surface plate is the mechanical phenomenon that explains its shape change, a series of systematic
experiments have been carried out, in order to identify a functional model relating the controllable variables (shot
diameter, blast pressure, coverage, preloading, thickness and mechanical properties of the work piece) with the
residual stress distribution. Finally, proper statistical methods have been applied to the experimental data in order to
obtain a preliminary peen forming process planning model based on the identified correlations between the
controllable and observable variables of the process.
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1. INTRODUCTION

Shot peen forming is a plastic cold work processhafping a metallic sheet through the impact efgulated blast
of small round steel shot on its surface, in otdémpose to it a previously desired curvature. $hecession of shots
stretches the targeted surface, giving rise tarartisidual stress sub-layer, which, in turn, caubke piece to be overall
elastically deformed.

Although shot peen forming formability could be kzded by theAlmen intensity 0 curvature measure of a
standard steel strip submitted to a standard skehipg process (Almen and Black, 1963)there is not a simple
relationship between this measure and the resitueds distribution generated by the process, diftarent residual
stress profiles can give rise to the same curvdtauagliano, 2001). However, Cammet (2001) suggeststheAlmen
intensity is correlated to the total energy of defation applied to the work piece during the prec@gich depends on
the residual stress distribution developed in lie plastified deformed layer.

In spite of several attempts to establish a mathiealanodel relating thédimen intensity to the peen forming
process parameters, correlations between that measwl the residual stresses introduced duringfdhming is a
subject that remains under investigation. For tmattter, several authors like, for instance, Tat(®886), have
emphasized the importance of adopting experimantthods to investigate the shot peen forming phemoingy.
Moreover, Wanggt al. (2006) stress that the key industrial problemceoning shot peen forming process planning is
the development of a method to identify the optipr@lcess parameters that are able to form the piede according
to a previously desired shape.

The opinion of the heading paper’s authors is thedisuring residual stress profiles of a serieeehgormed work
pieces, undea priori known conditions, is essential to uncover theti@tghips among the variables of the process.
Consequently, this article focuses the statistoallysis of experimental residual stress profilegetbped inside the
plastified sub-layers of 446 work pieces of alummalloy (7050 and 7475) 400mm x 50mm sheets \titicknesses
of 2 mm, 5 mm, 10 mm and 15 mm, subjected to régdlpeen forming processes. These work pieces hese
formed at the Metallurgical Laboratory of the IRMstituto de Pesquisas Tecnoldgicas do Estado dé*&élo), using a
CNC shot peening machine and auxiliary measurememituiments that permitted to generate regulated gease
encompassing variations on the following paramefelsuryet al., 2008) (see Table 1): spherical shot granulgmetr
(0.7 mm (SAE-S230) 1.3 mm (SAE-S550), and 3.2 mi@"}}, shot blast pressure (three levelow, medium andhigh
— properly adjusted according to the type of smla¢rshot used), coverage (two levelsigh or low, properly set
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according to the type of spherical shot used) dastie preloading state (two levelsnen-preloaded work piece and
simply supported work piece loaded by a concentrated force at its midpoint in order to generate stresses that do not
overcome 90% of the material yield stress).

Table 1. Important parameters and characterisfittsegpeen forming process experiments.

Symbol Nomenclature Unit Meaning
d Shot diameter mm Average diameter of the approx@mapherical shots.
p Blast pressure MPa Air pressure, measured at tiinarnee of the Venturi's shqt
peen machine.
c Coverage % The rate between the shot peened aleh@area exposed
to the shot blast.
e Plate thickness mm Work piece thickness.
f Deflection mm Maximum deflection measured at tlamter of the work
piece.
t Static load kN Concentrated static load appliethexmidpoint of the work
piece.
RS Residual stress MPa Residual stress measured iatd@pth point of the work
piece plastified sub-layer.
MRS | Maximum residual stress MPa Maximum measured cosspre residual stress.
SRS Superficial residual stress MPa Residual stresssumed at a superficial point of the work
piece.
MSD Maximum stress depth mm Maximum stress depth.
9D Stress layer depth mm Depth of the compressivesstagrer.
U Energy of deformation Nmm/m} Energy spent by peen forming process to shapewtté
piece.

The present paper is organized in the following waysection 2, the residual stress genesis dpeda forming is
briefly explained. The blind hole technique, usedrteasure the residual stress profiles developéukiplastified thin
sub-layers of the peen formed work pieces, is thgest of section 4. Sections 5 and 6 focus theegmental set up
and the results obtained during the tests. Seétjpresents the final conclusions of this work.

2. RESIDUAL STRESSES CAUSED BY SHOT PEEN FORMING

On a peen formed plate there is a non-homogeneaiesaf compression across its thickness causedebsesidual
stresses introduced by the shots. This compressate of stress combined with the elastic recowdenry to surface
stretching, warps the plate in order to restoresitde of equilibrium. Therefore, the surface ewgo$o the shots
assumes a convex permanent shape under the aétorampressive stress field (see Figure 1a). Eumbre, the
fatigue limit of the material is increased, sinbhe tompressive stresses contribute either to gasiacks or blocking
their growth.
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Figure 1 Plate subjected to peen forming.
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If shot velocity direction were always normal t@ tplate surface (see Figure 1b), the plastic s$tiregcof its fibers
would be isotropic and, consequently, a hydroststiite of stresses would emerge across the péassfib-layer. As
shot trajectories are random in nature, impactsimgtnom several directions would induce the sttessor to assume
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an ellipsoidal shape. However, considering ¢hahique regioof the plate may bsubjected to several omni directional
impacts during the process, it is reasonable toitaithat only small differences shall be observedhia values of the
principal stresses, unless plate aspect ratio & he(i.e., width/lengthl), since in this case the effect of boundary
conditions can accentuate the differences amongrtheipal stresses.

So, as a first approximation, a hydrostatic comgogs state can be assumed for the residual sties#bdtion
developed inside the plastified sub-layer of thighhaspect ratio plates subjected to peen formiingreby, focusing
the shape of the residual stress profiles, th@viellg behavior can be observed (see Figure 2)ofpcessive stress
decreases across the depth until a minimum valuethe saturation level, corresponding to the statewvhich
compressive stress caused by the shots equalizgketstress due to the flexion of the plate etastire O is attained,;
2) at this point, stress gradient sign reverses egrisequently, stress starts to increase; 3pthisess progresses until a
tensile stress state is achieved.

Stress SLD
(MPa

1
1
H t ; ; >
msp! 0.2 0,4 0,6
! Depth from surface (mm)

Figure 2.Typical profile of residual stresses dupden forming.

3. THE BLIND HOLE TECHNIQUE FOR RESIDUAL STRESSDETERMINATION

The blind hole technique is currently one of thestrmopular for determining the residual stresgithistion across
the plastified sub-layer of a work piece.

Originally, this technique, described in ASTM E8@YSTM, 2001) standard, was proposed to measurela dif
uniform residual stresses. As indicated in therretedocument, a small hole (1 to 5 mm diametergtrha made on the
surface test material in order to produce streshstribution (due to material removal) and subseguecal
deformation. Then, the final relaxed deformatiomisasured using an electrical strain-gauge robettded around the
hole. Applying to the gauge measurements someiciezffs indicated in that standard, the residuasses are finally
calculated.

The use of this method requires careful monitodfghe residual stresses magnitude, since strassentration
due to the notch insertion could cause local gleation at the hole root. Considering that forré-axial state of stress
and smallD/w ratios (whereD refers to the hole diameter andto the plate width) the stress-concentration faito
about three, some authors limit the use of thedblinle method to the measurement of residual eselssver than
0330, whert':)ay is the tested material local yield stress; in ca@lane state stress, a maximum ofd).& the

accepted upper limit for residual stress measuré&ssed on the blind hole technique.

It is important to explain why the yield stress sidlered above is tHecal yield stress and not the normally used
yield stress of the material: the reason is that the high degrecold work done by the peen forming to the glat
material locally changes its mechanical properiieqarticular its yield stress, which becomes tgethan that which
remains in the non-plastified core of the plateerBifiore, according to Nobet al. (2006), depending on the cold work
material sensitivity, the local yield stress cahiace a value significantly larger than that uguédund in the materials
handbooks.

As emphasized before, the original standard blinte method only considered uniform residual striésisls.
Therefore, many extensions to this method have Ipeeposed in order to approach the cases wherduadsstress
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shows a non-uniform distribution. All the aboveemeéd proposals are variations of the so-calledemental hole
technique (Soete, 1949), based on alternant inerndrilling and measurement operations — the, ficsachieve the
desired measurement depth, the second to measudefirmation at that depth. Using calibrationdestgenerated by
the application of the finite element method to tmmsidered problem, the proper value of residtr@ss can be
obtained at each depth.

Apart from the incremental hole drilling technigaed its variations, several other methods to mézguron-
uniform residual stress fields are related in tiberdture as, for instance, the Method of Averagai® Method
(Nickola, 1986), the Method of Power Series (Sahal®81; Schajer, 1988) and the Integral Methodurffdn and
Manning, 1985). This last one, indicated to apphosizongly non-uniform residual stress fields, okltes residual
stresses at each depth based on the contributidghe telaxed deformations measured along all gphts. Concerning
resolution, that is the main weakness of all thentineed techniques, Integral Method is the one giats the best
results; however, it must be emphasized that poetisf the measurements generated by this mettgrdfisantly
decreases with the hole length.

4. EXPERIMENTAL APPARATUSAND TECHNIQUES

As mentioned in the first section of this articketotal of 446 aluminum alloy plates submitted &eip forming
processes which priori known characteristic parameters (shot diametasstlgressure, coverage and pre-load), have
been used in order to identify a cause-effect icrlahip among these parameters and the residwedssprofiles
developed in their plastified sub-layers. Howeveithis article, only the results concerning measwents of 42 (7075
alloy aluminum) specimens will be reported.

For measuring the residual stresses, it was apptiedd-Drill program (Shajer, 2008), which implements the
Integral Blind Hole Incremental Method mentionedfidoe. The necessary high precision small holes Haeiag
machined with the aid of a high rotation drillingugpment -RS-200, supplied by Vishay Micro-Measurements Co. The
strains were measured by the strain indicator egeitP-3, supplied by Vishay Micro-Measurements Gtrain gauge
rosettes used are tRé&\-13-062RE-120, supplied by Excel Sensores Ltda. Figure 2 shbe®kperimental apparatus.

Strain gauge
rosette

-

Figure 2. Experimental set up.

5. RESULTSAND ANALYSIS

Table 2 shows the list of parametegsd, p, t, ¢) considered in the experiments (see nomenclatufable 1), their
respective levels and the measurements of the depewariables - maximum residual streBHRE) and superficial
residual stressSRS). It is necessary to emphasize that the energyedrmation () (area under the residual stress
profile graphics) has been considered in this amslys an input variable.
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Table 2. Experimental design relating work piece peen forming process characteristic
parameters to the characteristic values of theluasistress profile.

e (mm} | d (mm)| p (MPa) |t (KN) | e (%) | TRS (MPa) | TRM (MPa) | U (Nmm/mm2 ) e (mm) | d (mm)| p (MPa) | t (KN) | e (%) | TRS (MPa) | TRM (MPa) | U (Nmmimm2 )
1 2 06 | 0138 | 375 | 200 231 442 1112 21 10 32 | 0138 | 422 | 200 278 T34 1384
2 2 06 | 0276 [ 375 | as 128 277 625 22 10 32 | 0138 4220 60 277 749 1906
3 2 06 | 0276 | 375 [ 200 376 572 1276 23 10 32 | 0138 |422,0| 200 41 568 1676
4 2 06 | 0276 350 a&s -143 -402 106, 24 10 32 | 0472 | 422 | &0 241 282 481
5 2 06 | 0276 [ars0| 200 315 489 1455 a5 10 32 | 0472 | 422 | 200 261 954 2576
3 2 06 | 0414 350 @2 -199 526 164,4 25 10 32 | 04172 |4220] &0 381 506 1482
7 5 06 | 0276 | 422 | as 277 511 178,2 27 10 32 | 0172 |422,0| 200 515 939 3217
8 5 06 | 0276 [4220( 200 243 a7 1006 23 10 14 | 0138 | 422 | 60 102 899 307,2
3 5 06 | 0414 [4220| o2 236 553 163, 29 10 14 | 0138 | 422 | 200 255 441 1279
10 5 06 | 0414 [4220( 200 485 430 875 30 10 14 | 0138|4220 200 241 369 77,0
1 5 14 | 0069 | 422 | 0 188 256 90,0 3 10 14 | 0207 | 422 | &0 324 725 2418
12 5 14 | 0069 | 422 [ 200 187 485, 127 6 32 10 14 | 0207 | 422 | 200 178 638 2405
13 5 14 | 0069 |4z20| 60 82 387 1139 13 10 14 | 0207 |4220] 60 229 383 1387
14 5 14 | 0,069 [4220( 200 2 385, 774 34 10 14 | 0207 |4220]| 200 228 -419 162,0
15 5 14 | 0138 | 422 | &0 178 451 1526 15 15 | 32 | 0138 | 422 | 80 149 504 1332
16 5 14 | 0138 4220 0 84 528 1746 % 15 | 32 | 04138 | 422 | 200 65 442 1337
17 5 14 | 0138 [4220( 200 _281 505 1135 a7 15 | 32 | 0138 [422,0] 80 197 739 2119
18 5 14 | 0207 | 422 | 200 361 440 11,8 g 15 | 32 | 0138 |a22,0{ 200 383 625 1996
19 5 14 | 0207 |4220( &0 137 473 98,9 g 15 | 32 | o472 [ 422 | &0 153 479 813
20 5 14 | 0207 |4220( 200 128 57T 1083 40 15 | 32 | 0472 |4220| &0 2T 562 2089

Aiming to derive an empirical function relating theaximum compressive residual strelgdiRE) with the selected
process variables and the energy of deformatigriaaning analysis of the experimental data, with &gmificance
level, has been carried out using multivariate@sgion implemented by ti@atistica software (StatSoft, 2008).

Table 3 and Figure 3 show, respectively, the coiefiits of the predictive variables of the proposadtivariate
regression model and their correspondent Parefgradia In both table and figure it can be clearlyicenl that the
energy of deformation is the most significant vilgaof the process. Furthermore, there is not amakle that could
be considered irrelevant; all the variables intevéth the energy of deformation and all contribtdehe residual stress
prediction. Moreover, the high coefficiem&correlation and their correspondent squaredesalu955 and 0.913 (Table
4) show a strong linear relationship between theeddent and independent variables.

Table 3. Mode coefficients model and predictorsificance.

TRM (param.){ TRM (t) | TRM (p)
Intercept 551,97 1,77785 | 0,092327
e 47,84 -1,26470 | 0,222108
d -98,11 -0,65950 | 0,517922
p -1972,02 -1,61069 | 0,124643
t -0.,48 -1,42754 | 0,170545
c -1,76 -1,84686 | 0,081274
U -3,64 -2,26586 | 0,036027
e*d 5,96 0,99949 | 0,330805
e*p 113,82 1,05498 | 0,305390
dp 142,82 0,26579 | 0,793420
et 0,00 0,06658 | 0,947649
d*t 0,06 0,39517 | 0,697363
p't 0,41 0,36546 | 0,719028
e*c 0,15 1,50414 | 0,149890
d*c -0.25 -0,58075 | 0.568608
p*c 1,98 0,56982 | 0,575842
t'c 0,00 0,54303 | 0,593769
e*U 0,07 0,65213 | 0,522558
d*U -0.33 -0,93806 | 0.360633
p*U 3,90 0,77887 | 0,446177
U 0,00 1,14544 | 0,267030
c*U 0,00 0,48860 | 0,631021
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Pareto Chart of Standardized Coefficients
wariahle: TR

VW

e

N

C
et B

Ui
el G

Vi
SV
B Bl
eV
W
U B
't B
Pt
U
ot G
d'p
Pt
IS
et

N

2

&

Ry

0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6
Standardized Coefficient (Absolute valug)

Figure 3. Pareto’s diagram

Table 4. Model summaries.

Dependent Test ofSSWhole Model
variable Multiple R Multiple R° F p
MRS 0,955 0,913 8,981034 0,000009

In order to generate a mathematical model to ptegitimum residual stress characteristics fromitickependent
variables, the Desirability Optimization Method hvitnultiple characteristics, proposed by Derringeat Suich (1980),
has been applied to the experimental data. Thibiadeis based upon the so-called desirability fumstthat returns a
value D, the free desirability value) in the interval [Pdccording to the achieved objectives (Aggaretadl., 2008).
Thereby, for instance: 0 indicates a value of #est desirable response; 1 indicates a value ofmib&t desirable
response; a value between 0 and 1 indicates tisaathdity’ of the associated response.

Figures 4a-b show examples of desirability functiditted, respectively, to the objectives of maximg and
minimizing the responses.

e o <[ Y -MAX
MAX -~ MIN MIN - MAX
AMAX . MAX
Y Y
MIN MIN

»
>

Figure 4. Desirability functions for: (a) respomsaximization; (b) response minimization.

In the problem focused below=1 means that the objective “obtain variable valtieg minimize the provided
residual compression stressBRS)” has been achieved. As predicted values for éisgdual stresses vary in the range
[-310 MPa, -960 MPa], the values 1, 0.5 and OtHerdesirability function, correspond, respectiyédy-960 MPa, -635
MPa and -310 MPa.
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Applying theDesirability Tool implemented by th&atistica software, a series of graphics relating the dbgita
function outputs of the primary independent pairvafiables é,d; ep; d,p; et; dt; p.t; ec; d,c; p,c; t,c) have been
generated. Figures 6 a-d show four of these graphic
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Figure 6: Contour plots for residual stress deditgtfunction of the following primary independepgir of
variables: (a) Plate thickness vs. Shot diaméb@late thickness vaBlast pressure;
(c) Coverage vs. Energy of deformation; (d) Stataed vs. Coverage.

As a simple example of how to interpret the aboraphics, we can notice that shot diametdrif the range of
[1,5 mm, 4.0 mm] and deformation enerdy) (greater than 150 Nmm/nfntead to residual stresses below -635 MPa
whatever be the values assumed by the other vasialblthe process. Moreover, graphics of the Efgéa, 6b, 6¢ and
6d, respectively, show that: (1) &6,0mm andd=2,0mm, thenD=0,5 andMRS=-635MPa; (2) ife=6,0mm, then
MRS=-700MPa andD=0,6, whatever be the value pf (3) for U>150Nmm/mm, then MRS>-635MPa andD>0.5,
whatever be the value of (4) if t<422kN therlMRS>-635MPa and>0,5 whatever be the value af

The role of energy of deformation as an essentjalti variable of the mathematical model has beefircoed after
comparing the results provided by a new factorigdegimental analysis, usingatistica software, but excluding that
variable from the set of input variables. The regien coefficients of this new generated mo&=i0(809 eR’=0.655)
are lower than the ones generated by the previmgemHowever, it must be emphasized that: 1) demed as a
process planning tool, this last generated mod#luring energy of deformation as an input variabée properly set
up industrial peen forming processes in order tpase to a metallic sheet a previously establisksitual stress
profile; 2) energy of deformation can be estimaisthg a Finite Element model, as described in Kletal. (2008),
and so included as an input variable of the expemtal model.
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7. CONCLUSIONS

In this work, an experimental design has been mwegand carried out in order to identify an emplricased
model relating the peen forming process variabled the characteristic parameters of the residuakstprofiles
developed in the sub-layers of a large set of alumi alloy sheets subjected to that process. Apglilie Desirability
Optimization Method to the experimental data, ativatiate regression model has been finally synlegsand the
following conclusions have been achieved: 1) thehigh linear correlation of the input predictariableshickness,
shot diameter, blast pressure, preload, coverage andenergy of deformation, with the predicted variableesidual stress
(R = 0.955 and?? = 0.913); 2) if energy of deformation is not usedtlie model, its accuracy declines (new linear
correlation of R = 0.809 and¥’ = 0.655); this should be attributed to the smiakk ®f the experimental set; 3) residual
stress values below -635 MPa can be expectedrfgrset of values of independent variables provided the
diameter of the shots be in the range [1,5 mm@awn] and the energy of deformation be greater hNmm/mm;

4) the obtained mathematical model relatihigkness, shot diameter, blast pressure, preload andcoverage with the
predicted variableesidual stress (R=0,809 eR?=0.655) can be used as a process planning toalojpefy set up a
peen forming process able to forming an aluminuoyaheet exhibiting a previously defined residsta¢ss profile.
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