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Abstract: Manufacturing of complex and large components of airplanes is only possible by modern techniques like the
well-known shot peen forming. The improvement of that forming process comes from simulation with commercial
Finite Element Method (FEM) softwares like Marc, Dytran, Ansys, ABAQUS and others. The optimization of
tridimensional dynamic method that represents virtually the process is based on the validation of the numerical
experiment by reproducing processing parameters defined by some studies found in the literature. Impact modelling
and peen forming simulation, using MSC.Dytran, are explored in this work to contribute to the understanding of this
important manufacturing process. It is shown that is possible to calculate the profile of residual stresses and the final
shape of the piece.
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1. INTRODUCTION

Shot peening (SP) is a cold working process wideslgd to increase the fatigue strength and surfam#nbss, as
consequence of developing compression residuasstseand strain hardening, respectively. The diedrdistortion of
shot peened sheets is the basis of peen formingwRiEh is ideal to form shapes of large metallémels. Nowadays
many researches have been presented to develoghadmi® form more complex and large componentssfume
specific areas like aerospace, airplane and cdtsiry.

The greatest challenge of this work is to deternasineappropriate model to simulate PF considerimyiacy and
efficiency. One of the limitations of simulation B¥EM is the available computational resources teafisimulate the
real process, circumvented by applying equivaleatl$ (Silveet al., 2006). The simulation accuracy lies in studying
the phenomenon locally and extending the resultbdaest of the workpiece to achieve a model whiebt represent
the forming process.

2. FINITE ELEMENT MODELING
2.1. Dynamic Three-dimensional Finite Element (FEModeling of SP

Models from simple impact to multiple dispersed &uois are considered using the commercial finitenefe (FE)
code of MSC (Patran/Implicit and Dytran/Explicifi§C, 2005).

The procedures of the process simulation had as reférences the studies of Megetdil. (1999a , 1999b e 2002)
and Haret al. (2000a, 2000b e 2002).

2.1.1. Model of Simple Impact

Finite Element Model

In this work the dynamic elastic-plastic analysisionple and double impacts was done with a FEiexplynamic
model using the MSC.Dytran commercial FE code. fdli shows one quarter of the part geometry (wedg)i and
one eighth of a sphere of radiegsmall round steel shot), due to symmetry ancetluce the computational time. The
dimensions of the part in the form of a block are®x 4 mni (Hanet al., 2002) (Fig.1(a)). The dimensions defined by
Meguidet al. (1999b) to evaluate the effect of the contoursadse given to one quarter of the geometry Witlx 7R
(length),H = 4R (height) andB = 5R (width) (Fig. 1(b)). The impact area is considedegpending on the size of the
shot.
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A shot shell model was used, representing a samfi computational time reduction of about eightes if
compared to the solid element. In this model al sigiel sphere (density = 7850 kg/mM) was defined for having much
higher hardness than the componamdl for being more appropriate for most impact $athens (Meguidet al., 2002).
The mass of the shot serves as an input paranfetiee E code for simulatiorR(= 1.0 mm, and mass = 4.11x10
kg). Table 1 shows the material constitutive mattedsen as elasto-plastic for the block and rigidtfie shot. The
properties and their values are shown in Tab.iB@ag parameters of the FE code for simulation.
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Figure 1. The geometry and model discretizationbésed HANet al. (2002)

and (b) based MEGUIEt al. (1999b).

Table 1. Selection of material constitutive modaihe block and the shot.

Input Parameters Block Shot
Constitutive Model ElasPlas (DYMAT24) Rigid (MATR)G
Element Type Lagrangian Solid Shell
Yield Model Bilinear -

Strain Rate Model Cowper Symonds -
Failure Model Maximum Plastic Deformatig -
Properties of Rigid Body - Geometric
Table 2. Material properties of the block and thets
Block Properties Steel Al Alloy 7050 T7651
Density (o) =|  7.8x10° kg/mn? 2.83x10° kg/mn?
Elastic Modulus ) = 200.0x16MPa 72.0x16 MPa
Poisson Ratioy) = 0.3 0.33
Yield Stress (jv) = 600.0 MPa 450.0 MPa
Tangent Modulusk,) = 800.0 MPa 120.0 MPa
Sphere Properties Steel Steel
Density () =| 7.85x10° kg/mn? 7.85x10° kg/mn?
Diameter D) = 1.0 1.4
Mass () = 4.11x10%g 1.12x10kg

To discretize the target block, solid FE are usdth wight-nodes (hexahedron - CHEXA) and four-nodes
tetrahedron (CTETRA), both with high capacity ofatenation and displacement. The first element wefindd in the
impact region due to its greater accuracy, andsteond, for the rest of the piece (Megetdal., 2002). Several
numerical experiments were done to test the numecmnvergence (Silva, 2008), generating more t@0GB of data
with various discretized geometries (Fig. 1) aretditized symmetry cell (Fig. 2(a)).

A symmetry cell model is the alternative that caotheis adopted for simulation of SP for multipimpacts. The
convergence tests were performed using many mdehéke geometry defined by HAR al. (2002). HANet al.
(2000) considered that the size of the block elémarst be less thab/10, whereD is the diameter of the shot. In this
model, we opted initially to discretize the regiohimpact 2.1 x 2.1 x 4.0 mh{number of elements: 30x30x20;
element dimension: 0.07x0.07x0.08 fhmlements: 18000 CHEXA and 16482 CTETRA), adoptirgsymmetry cell
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defined by refined>/20 mesh block (Fig. 2(a)). Figure 2(b) shows tmponentXX residual stress profile converged
for a shot (1/8) mesh of 560 elements.
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Figure 2. Convergence of the residual stress profithe sphere mesh and
the symmetry cell with 2.1x2.1x4.0 mirfv = 36.0 m/s): (a) meshes of block and shot andt(e}s profile

Oblique Impact Model

To verify the effect of an oblique simple impactm@del was used with half-symmetry of the piece diffitrent
incidence angles ranging from°3@ 90 in respect to the normal direction to the incideptzme. The effect of friction
coefficienty was simulated for an incident angle of 3dd varied from 0.0 a 0.5.

Strain Rate Effect

The main difficulty to solve the SP FE simulatiatd obtain data of the sheet material and cholbsertost
appropriate model for it. In SP it is common taabtish only the hardness of the workpiece and efstiot. In general,
there are no data of the stress-strain curve oslileet material in the plastic region. Another majmblem is the high
strain rate involved in SP that reaches 6 Xs'(Meguidet al., 2002) for a time of impact aboup2.

The Cowper-Symonds power law, already implementdd$C.Dytran was used to consider the strain rate:

p
Udin

where £ is the rate of deformationgy, dynamic tensiong . is the static yield stress, aandp are constants of
the material. The coefficients proposed by Majzoaital. (2005) were applied to validate the numerical $ations
(LS-DYNA), adoptingC = 2 x 10, p = 3.3 and0 . = 1500 MPa.

Implicit/Explicit Models, Materials, and Contact Damping

The FE implicit method has numerical difficultiesea in quasi-static nonlinear problems due to teeaiive
approach used to achieve the convergence for highfinear materials. The FE explicit method equratiavailable in
the software can be solved directly to determire gblution without iteration which and representare robust
alternative method. The FE implicit method, moraditional, presents a smaller time solution for @amloading
conditions, but for some loading conditions, likediynamic contact, the explicit solution is advgetzus.

To model the interface sphere/target (“master/Slaeatact pair), contact elements were used foh lmmdies in
which the FE explicit method is the best choicee Thntact nodes were created in the surface diltok to be peened
near the impact region and the bottom half of thieese, since only these regions could be in confidw friction
coefficienty= 0.25 used by Meguid al. (1999a) ang/= 0.1, by Al-Hassani (1999) are some of the vafoesd in
the literature. Hamt al. (2002) state that values greater than 0.2 haw&gmificant influence on the profile of residual
stress, as confirmed by Silva (2008).

2.1.2. Double Impact

A dynamic three-dimensional double impact modehwito spheres placed side by side was developedaoate
the effect of the proximity of the impacts on threfpe of residual stress, as found in the worlMaguidet al. (1999b).
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Silva (2008) describes the layout of the pointsngbact by two spheres of radisdistant byd and the discretized
geometry of the components for the symmetry of riiedel with the same elements previously seen fersihgle
impact. Strain rate sensitivity of the materiah@ considered, the coefficient of frictionsis= 0.2, the sheet material is
defined by Haret al. (2002), Table 2, and the impact velocity is 36/8.m

2.1.3. Multiple Impacts

Dynamic modeling of multiple impacts is definedthis work by the dynamic elasto-plastic analysisrafitiple
local and distributed impacts with an algorithm &ynamic explicit finite element method. Local ksl stress and
strain profiles are obtained to be applied throughioe part as input data for the implicit statéusion.

Finite Element Models

The first model considers the multiple concentraipacts (punctual) and the second, the impact olfijphe
dispersed spheres of radiRsvhich collide in a normal angle of incidence aswh in Fig. 3a and Fig. 3b.

The block dimensions are 2.1 x 2.1 x 4 78R x 3R x H). H corresponds to the thickness of the blasted pladeis
kept to minimize the boundary conditions. The sapieere of the simple impact model was adopted leagroperties
of the aluminum block are provided in Table 2.

layer 1 - 5 impacts (@) = 5§
B le3 .c4 layer 2 - 4 impacts (@) = &

layer 3 - 4 impacis () =13
layer 4 - 8 impacts () =21

fayer 1- 5 impacts (@ =5
layer 2 -4 impacts {@) =9
fayer 3 -4 impacts (1) =713

layer 4 - 8 impacts {l§) =21

R layer 5 - 4 impacts (&) =25 layer 5-4 impacts (&) =25
A 5 c2
O R R " o T R x
(0,0,-R-0.05) ? (0.0,-R-0.05)
(a) (b)

Figure 3. Scheme of the position of the pointsispersed impact: (a) cartesian and (b) radial.

The distance between the impacts is the radius &gsare enough time for the oscillations, causethéycurrent
impact, not disturb the solution of the next impaair a velocityy = 36 m/s the time between impacts is aboup20
The damping effect on the deformation at the impatt is calculated according to Silva (2008).

Levers and Prior (1998) observed that the expligihamic FEM to model the multiple impact is consate
attractive in its efficiency and application in theocess of PF. However, they found that the eipinethod is truly
dynamic so that the model can not reach the stdigilibrium state simply extending the computatiotime.
Therefore, adopting some parameters of dampingdapted by Meguidt al. (2002), is an alternative to unwanted
numerical oscillations associated with the expBaitution to this problem as considered by SiNGO&).

2.2 Static Three-dimensional FE Modeling of PF

After the explicit modeling of the SP multiple ingts, the profiles of stress and strain were obthared applied in
models for implicit static analysis, as an initiahding condition. The implicit method was usedstidve the static
problem and obtain the equilibrium with the finafrhs of plastic deflection and residual stresestihis procedure is
justified because one can consider that stressksteains are uniformly distributed in the horizrdirection and are
the same for the same distance from the blastddcsurTherefore, the states of stress and straim unction only of
the coordinate in the thickness. Based on this thygses also mentioned by Hetral. (2002), one can use a coarse FE
mesh in the horizontal direction reducing the madel obtaining a realistic PF solution.

In this work the solution is done using a shelh&@t that most closely resembles the geometryeopttrts that are
peen formed. (Silvat al., 2006) presents a model with composite shell elénwesimulate a plastic layer in the region
near the blasted surface, whose thickness couldsbeciated with the results obtained in the expiiwidel of SP
multiple impacts. This layer corresponds to antelgdastic material and the rest of the plate khiss is assumed to
be the elastic element model with the compositeeri@t The explicit dynamic model mesh with soligreent is
transported to the implicit static model with ttzere distribution in the thickness of the plate.
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3. RESULTS AND DISCUSSIONS
3.1. Dynamic Modelling of Shot Peening
3.1.1. Model Validation

Figure 4a shows the variation of speed throughmishot impact against the surface of a steel vieckpmodeled
by MS.Dytran explicit code and compared with Megatdal. (1999) (Tab.3) that used ANSYS implicit code.
Czekanski and Meguid (2006) compare their FE medt the results of this example using the comnagrekplicit
code LS-DYNA. They kept the initial shot velocitysed a strain hardenird) =1000 MPa and the final shot velocity
was 17.3m/s. Table 3 shows the results of thes&swtirwas verified by Silva (2008) that increasstgain hardening
of the surface fronil = 800 to 1000 MPa, residual stress decrease hyt 4086, and resulted in a final velocity of 15.6
m/s very close with the results of this work whitii not use damping numerical values.

Table 3. Results of velocity variation during theties impact process.

Parameters Current Model MEGUIDet al., 1999 Czekanski and Meguid (2006)
Initial shot velocity (m/s 75 75 75
Strain Hardening (MPa) 800 800 1000
Contact time |is) 1.75 1.7 1.7
Shot rebound starji§) 1.3 1.25 1.25
Final shot velocity (m/s 15.9 14.3 17.3
Coeficient of restitution (% 21.2 19.1 23.1
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Figure 4. Simple shot impact: (a) the time histofyhe velocity of the shot and (b) Z deformatfostory of the block
at the impact point of the shopz€ 0.2;v= 6.3 m/sR = 25mm)

Figure 4b shows the indentation using parametekobhyashiet al. (1998) for the dynamic impact test of a single
steel shot against a flat plate of steel. The depthdentation was 18am, while in the simulation with MSC.Dytran a
depth of 187um was observed. Thus this simulation representsod gpproximation compared to the dynamic test.

3.1.2. Single Impact

A finite element analysis of a single impact waseéor an aluminum alloy Al 7050 T7651 sample witbperties
shown in Tab. 2, and considering the bilinear algdtastic behavior of the material. It was alsmsidered a rigid steel
sphere of radiuR = 0.7 mm and a velocity af= 36.0 m/s with density = 7850.0 kg/m Friction is not considered in
that analysis.

The results are represented as graphs of the sindsdeformation versus depth by selecting noddh@renterline
of the impact along the thickness, to determineetfect of different parameters (Silva, 2008), sash velocity and
size of the sphere, friction, strain hardening sindin rate and the effect of oblique impact witldl avithout friction.

The effect of the sphere velocity was observed B@h 72 and 108 m/s shown in Fig. 5 with the realiciiress
profile in XX. With increasing ball speed causes an increagbencompressive layer. From a certain velocity the
Bielajev point also increases and moves into tieetshnd the deformation increases proportiona&lyg, 2008).
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Figure 5. Residual stress profile in XX for thref#fedtent shot velocity for a sphere radius R = Bun.
3.1.3. Double Impact

The stress profile at the point of impact decreasethe ball approached with a difference of ald@i$6 for the
Bielajev point, as shown in Fig. 6 fdfR= 1 ed/R = 2. Ford/R < 1 there is uniformity in the residual stressfiledo a
value intermediate to the above ratios, and aneas® in the depth of the plastic zone. This lasdition is not
physically possible for the simultaneous normal actp However, in practice most of impacts are alditp the plate
and the duration of impact is extremely short (82 Fig. 4). Figure 7 shows the distribution foiosat/R = 2,d/R=1
andd/R=0.4.
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Figure 6. Residual stress profile on the center difithe block for three different raticd/R). (1/=0.2; a = 0.007).

d/R=2 d/R=0,4
Figure 7. Residual stress distributionXX (x10° MPa) for three different ratiog#£0.2; a = 0.007).

3.1.4. Multiple Impact

The results are separated into a model that carssithe multiple concentrated impacts and a modal thost
closely approximates the actual process that odounsultiple impacts of dispersed balls againstshenple. The last
model may have various configurations in terms isfrithution, here considered regularly distributadhe cartesian
and radial coordinate systems (Fig. 3).

Multiple Concentrated | mpacts

The model of multiple concentrated impacts simualaténe impacts against a sample with an arrangemént
spheres that collide successively and resultedsdatration is established from 8 impacts as shiowrig. 8 for the
deformation in Z. There is a gradual convergencgefdrmation and stress results by increasing timeber of impacts.
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Figure 9 shows the results of MSC.Dytran of steaid tension distribution after nine impacts.
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Figure 9. Multiple concentrated impacts (9 spher@g)deformation, (b) tension - compon&nt

Multiple Dispersed | mpacts

The numerical simulation of multiple impacts onadaminum plate is developed using layers with 513,21 and
25 impacts. The simulation in MSC.Dytran, adopts types of regular distribution, called a Cartegf@®d% coverage)
and a radial (70% coverage) as shown in Fig. 3aFamd3b, respectively.

» Cartesian Digtribution
Figure 10 shows the results of MSC.Dytran of steaid stress distribution after 25 impacts.
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Figure 10. Multiple Cartesian dispersed impactsq@3eres): (a) deformation, (b) tension - compodent
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The non-uniform state of residual stress is sigaiitly influenced by the number of shots. Figureshbws that
results converge with 13 impacts, but with 21 intpabe maximum residual stress is attained and®$hshot model
deteriorate the response. It indicates that thdteeare not improved with the increase of impacts.
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Figure 11. Residual stres¥XX component profiles for various shot models atddater of the sample
at a velocity of 36 m/s in multiple cartesian digsel impact model.

* Radial Distribution
Figure 12 shows the results of MSC.Dytran of steaid tension distribution after 25 impacts.
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Figure 12. Multiple Radial dispersed impact (25espR): (a) deformation, (b) stress - componéent

The non-uniform state of residual stress is sigaifily influenced by the number of shots. Figuresti@ws that the
results in Radial model don’t converge with 13 ifga but with 21 impacts the maximum residual stiesattained
again and the 25-shot model also deteriorate thporese. It indicates that the results are not ingmowith closer
impact model (Radial) but create instability.
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Figure 13. Residual stres¥XX component profiles for various shot models atddater of the sample
at a velocity of 36 m/s in multiple Radial dispetsmpact model.



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

Comparing the residual stress profiles of 13 impaot two points (A-middle of the block; B-middle ofie
symmetry) for the cartesian (Fig. 14a) and radig.(14b) models suggest that a uniform state eifdtml stress
distribution in cartesian model is established,nt@ning the Bielajev point and the depth of pagtne (Fig. 15a).
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Figure 14. Residual stres¥XX component profiles for 13-shot model at pointsndl 8
for dispersed impact model: (a) Cartesian and @g)i&t.

3.2. Static Modeling of Peen Forming

An implicit FE static analysis is done across thegy which was blasted in the previous model tedaiced sample
with explicit dynamic analysis. The FE mesh cossigtonly 300 shell elements with coarse elemef$s»5 mnf and
thickness of the same number of layers and the s@aef the solid sample. The restriction mentibimesection 2.2 is
applied to the plate and the procedure of applifiegresidual stress as the initial condition ofieglent loading results
in the deflection of the part as shown in Fig. D8 &n impact velocity of 36 m/s and 8 shots witk thultiple
concentrated impacts model when it reaches theasama point.

Figure 16. Deformed plate with the residual stpgsdile obtained with eight shots amd= 36 mm/s.

The 2.2 mm of deflection obtained in this work #&igated by the result obtained by Hairal. (2002) of 2.1 mm for
the same impact velocity after 32 steps of multiphpacts using a mesh of 4500 solid elements obdes, with a
computational cost of 300 MB instead of only 50 Mih 300 shell elements of 4 nodes in this workv&i2008).

4. CONCLUSION

The aim of this study was to determine the profifemechanically induced residual stress resultirgnf shot
peening metallic surfaces and the results of peemifig sheet blanks, both by numerical analysisagishe finite
element method for some proposed models validatetebliterature.

A small-scale model of SP was adopted whereasftéet ®f ball impact is local; there is no needbtast the entire
piece that can be very complex, and with an acgusagdficient for a regular domain with the same ena and
subjected to the same blasting parameters; antlyfima those models it is only necessary to refihe mesh in the
region of interest which is the region of impact.

The simple impact model represents the residualpcessive stress profile, confirmed in this work,which a
stress peak occurs near the surface (Bielajevigtpas found in the literature.

The effect of speed and ball size on the profileesfdual stress and deformation were evaluated.ififtuence is
mainly on the thickness of the layer under compoes®n the surface and subsurface stresses, amyisxpressive
on the deformation. The effect of material hardgne much smaller than these effects except orstinface stress.
Friction converges to a value around 0.2, as meatidoy Haret al. (2000b), and significantly influences the surface
stress profile and the Bielajev point. In addititris work considered the effect of strain ratenggshe Cowper Symond
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model. The results show the significant influen€steain rate on the compressed layer and on te&ajgv point, and
that the deformation decreases significantly whetha sensitivity to strain rate.

An alternative to the explicit dynamic simulatianstill the very low cost model of equivalent laagli even though
it is still difficult to specify the temperaturergssure or equivalent stress to obtain the worlkpfeal shape and the
residual stress profile. There is a tendency te thie advantages of each model to define a hybodeim since it is
known that the explicit model is efficient in detening the plastic layer and the residual stresdilprfor the SP and
the implicit solution is immediate to obtain thadl form for PF.

Comparing the results of this work with MS.Dytrandther results with FEM codes like LUSAS (Barrgsal.,
2005), LS-DYNA (Bravoeet al., 2007), ABAQUS (Guagliano, 2001, Waagal., 2002), one could concluded that shot
peening can be successfully simulated, but stithvai prohibitive cost. It is still a challenge tongpare simulation
results with empirical results of measured residitiedsses over the depth by expensive X-ray difracas done by
Wanget al. (1998) for many materials of technological impoda.

Further information about the work described hene lse found in Silva (2008).
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