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Abstract. Large aeronautical structural parts present ingpordistortions after machining. This problem issed by the
presence of residual stresses, which are develdpedg previous manufacturing steps (quenchingfoiebeing put
into service, the nominal geometry is restored leans of mechanical methods. This operation iedatishapingand
exclusively depends on the skills of a well-trairzedl experienced operator. Moreover, this proceduine consuming
and nowadays, it is only based on a trial and expproach. Therefore, there is a need at induséval to solve this
problem with the support of numerical simulatiomlto By using a simplification hypothesis, it wasufid that the
springback phenomenon behaves linearly and it alldeveloping a strategy to implement reshapingnaindustrial
level.

INTRODUCTION

In the aircraft industry, the technical requiremehtminimum weight with maximum strengiknerates parts
with complex geometries. As a result, large mohdalitstructures are made of aluminum forgings. These
components present residual stresses as a consegatmon-uniform plastic strains generated dugangvious
manufacturing steps, especially after quenchidVhen parts are machined, in order to obtain ite feometry,
almost 90% of material is removed under high feaadd high cutting speeds. This material removal ésathe
previous stable configuration and a redistributidmesidual stresses take placas a result, important distortions
that are out of the geometrical tolerances ariggof® being put into service, distortions are reetbmanually by
mechanical methods. This operation is catieshapingand exclusively depends on the skills of a welirted and
experienced operator. Moreover, this proceduriens tonsuming and nowadays, it is only based oiakand error
appr?ach. Therefore, there is a need at industial to solve this problem with the support of rarical simulation
tools'.

Reshaping can be interpreted as an optimizatiobl@m where the goal is to introduce the minimurmbar of
extra reshaping steps in order to fit the geometsyjde a given tolerance. The idea behind this-pesthining
operation is to produce localized plastic stramslétermined part’'s zones to minimize remainingodi®on. One
common reshaping operation consists in loadingdik®rted part backward (bending in the oppositeddion to
observed distortions): during unloading, as themdl load is removed, the elastic component airsiis released
and the springback phenomenon is present. As a&qaasce, an extra plastic strain is required topmrsate this
issue. Although it was originally applied to sti#igning of seam pipes, Katoh et al., proposed egimate the
real springback behavior by a linear hypothesis iforce-displacement diagranirhis idea is translated to our



problem and tested for two different geometriese@angular beam and a T shaped beam. The firstisasolved
experimentally to validate the range of applicapibf Katoh's hypothesis, whereas the second cassolved
numerically. This last model corresponds to a sifiepl version of a cruciform part, which exhibitsital
distortions when machined and is a primary strgctfmain importance for aircraft manufacturers.

This document is organized as follows: first, tHed of the force displacement diagram applied shaping is
explained. Then, the problem setup used for the Ibwam geometries is described. Next, the resultbotif
experiments are analyzed and finally, the obtagmttlusions are addressed.

FORCE DISPLACEMENT DIAGRAM

Given an initial distortion, a warped part is ggteened by using mechanical operations, normathree or four
point bending. The first case is selected for laeal distortions such as kinks whereas the lastsed when
distortion is progressively distributed along tlatpFor the rest of the study, the four point biegds chosen and it
is represented in Fig. 1 (a), wherelefines the effective span lengthcorresponds to the reference distortion and
is the distance between roller supports and théeapforceF.

For a defined technological setup (i.e roller foring), there is an imposed given displacemesited stroke
Ys, capable to minimize distortion, where the spriangdbd is properly compensated. In order to find this
configuration, a traditional FEM algorithm obligesrun a new simulation each tinvgis modified. A more suitable
approach, proposed by Katoh et al., used the fBreedisplacementd diagram to compensate in real-time the
springback behavior by assuming that the gradidnting loading and unloading are paralldt means that the
equivalent Young’s modulus,Fcalculated during loading, can be used for uritupé,, E,~ E,. Therefore, ag} is
an initial data and corresponds to the distortmiioé removed, the loading stage during reshapitigtake place
until the resultanE-dcurve intersects the predicted unloading path.

In theF-ddiagram (Fig. 1 (b)), during loading, the slopeh# curve is defined bl,, and follows the relation:
F=EJ (1)

For the selected reshaping operatigncan be found theoretically by using the beam esgios:
E, = 24E1/[(3L% — 4a?)a] ®)

whereE and| are the Young’s modulus and inertia of the crasgian, respectively. Another option is, given two
load and displacement points before yielding, name@~1,d) and (F,, &), respectively, Ecan be determined
experimentally as:

E, = (Fz - Fl)/(dz _51) 3

this last approach has the advantage that no prewiwterial modeling information is needed. Addiglthy, when it
comes to a part with residual stresses, it allowsrapming the uncertainties associated with sinmgatach
manufacturing step, simplifying the problem andohg the response to each specific part.
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FIGURE 1. Reshaping operation. (a) Initial warped geomédbyForce vs displacement diagram.




PROBLEM SETUP

In order to study reshaping, two models are proghoBist, starting from a flat configuration, atawgular beam
with chamfers at the top surface is plasticallyodefed by imposing a vertical displacement of +9,5during three
cycles. The sample's geometry and the test setupegresented at Fig. 2 (a) and (b), respecti\idy. this test,
displacements are recorded at two locations: abélaen's mid-span and where the force is applieditiddally, the
force data acquisition is done by the hydraulicspréead and strain data at the top and bottors teerecorded by
two strain gauges, located at the intersectionoth bongitudinal and transversal symmetry planethefbeam. The
goal of this test is to validate the applicability Katoh's hypothesis for a simple geometry sulgdcto a
deformation in the range of 4%.

The second model corresponds to a T shaped beasicase is based on the results previously obtaimed
referenc® where distortion was generated numerically and teonfigurations were selected, named as
configuration A and B, respectively (see Fig. 3).(dhen, reshaping was done by incrementing setplignthe
imposed vertical strok¥suntil distortion was minimized. The results weedcalated by using a nonlinear material
behavior. Now, they are compared by assuming avaditg linear path.

For both experiments, the selected material is slum AA7010, which was previously characterized by
Airbus. Its elastic properties are summarized irbl&@al. To run the reshaping simulations, a Chabische
isotropic/nonlinear kinematic hardening model waseds However, as the material parameters are uader
nondisclosure agreement, they are not includedisnpgaper.
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FIGURE 2. Rectangular beam experiment. (a) Geometry dedimiifb) Laboratory setup.
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FIGURE 3. T shaped beam model. (a) Geometry definition|r{ltial distortion as a function of machining offdé,, (c)
Distorted geometry cases and reshaping setup.

TABLE 1. Elastic properties for Aluminum AA7010

Young's Modulus E (MPa) Poisson’s ratiov (-) Yield stresso, (MPa)
73000 0,3 390




RESULTS AND DISCUSSION

For the first experiment, the force-displacemeagdim is obtained at two locations: the beam’s spiah and
the section where the imposed displacement is eghpBoth diagrams are represented in Fig. 4 (a) (@hd
respectively. The equivalent Young’'s modulyd€calculated by using equation (3), then, a lingdoading path is
represented at the final position of each cycleah be seen that the experimental unloading patbepts a small
discontinuity at the beginning and then, it folloawsonlinear trajectory. However, this traject@yconvex and for
reshaping, we are interested in two points: whestdp the loading curve and what is the finaladtgin in the part.
Therefore, if the linear approximation of the urdivey path is used, both points can be trackedstraghtforward
way for a given tolerance.

An explanation to Katoh's hypothesis can be founditeraturé, where Yu et al., statéWhen a complete
unloading is performed after applying a bending reatrM to a beam, if unloading does not cause revegislding,
then effectively the unloading process is equivaierthe elastic effect caused by applying -M ® learth. Here,
the key is to not produce reverse yielding. Thism@menon is present in the automotive industryndumetal sheet
forming. However, the structural elements thatsarejected to reshaping in the aircraft industry barconsidered
as thick walled, and the levels of strain undehaging cannot produce reverse yielding. Therefire,unloading
path can be approximated to a linear behavior. milai analogy can be done respect to the residuesses
generated during machining, which are required ¢oifcluded in a distortion simulation for a thin lied
componeritor that can be neglected in a thick walled bart

If the lineal hypothesis is valid during unloadinigen superposition can be used and the resideskssi;csiqual
can be found by adding the stresses generatedgdoadingoi,,q to the unloading stressasoad

Uresidual = aload + Uunload (4)

By reproducing numerically the experiment, for tradues obtained during thé' tycle, Ojpaq aNd Oresigual are
known, which correspond to the stress states abéginning and at the end of the unloading stegpeetively.
Then, oynioag IS Obtained by using expression (4). The previsuiess states are shown in Fig. 5 and they are
represented along the cross section height (y-axiff)e intersection of the longitudinal and trarsal symmetry
planes. Again, it can be seen h@yhoad presents a nonlinear distribution (Fig. 5 (b)). &Hitted linearly, an
approximated residual stress distribution is oladin(Fig. 5 (c) in dashed lines), which provides lase
approximation of the result obtained numericalljtef each cycle, the residual stress (RS) followtsde zero-
cross patter!d, its order of magnitude is around + 200 MPa aftédpading and bend straightening causes RS similar
to the values generated after quenching.
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For the second experiment, corresponding to théndped beam, the numerical results were obtainea in
previous work with a nonlinear material mdde\ similar procedure as the one previously desctils used to
calculate B Again, a force-displacement diagram is generéedeshaping configurations A and B, which are
represented in Fig. 6 (a) and (b), respectivelyitAan be seen, the linear unloading path appratin is valid for
both reshaping configurations, although, configoratB presents a more pronounced nonlinear unlgagath,
probably caused by the higher initial distortionorid the multiple available stroke scenarios, weanly interested
in the parameter that minimizes distortion, whidiresponds to the red curves depicted in both digguFor the
optimum curves, if the linear unloading path isdjgbe difference in terms of maximum load durieghaping is
less than 3%. The corresponding values for corditiom A and B are summarized in Table 2. Additibnaf both
configurations are considered as the extreme vdbrethe interval of machining offséflo = [5, 10] in the initial
distortion diagram (see Fig. 3 (b)), it is expectedt Katoh’s hypothesis remains valid for intermaésl values as
well.
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TABLE 2. Starting point for the unloading curve at the optimstroke (named as Opt in Fig. 6)

Configuration Numerical max. load (KN)  Simplified max. load (KN) Error (%)
A -25.99 -26.7 2.732
B 85.5 86.52 1.193




CONCLUSIONS

Reshaping simulations can be considered computdijoexpensive, as 3D solid elements are used aritiphe
simulation steps are required before obtainingratial warped geometry. Additionally, an adaptivesponse is
desired to modify a simulation if some reshapingdititons are changed at the workshop level. Theeefsome
simplifications hypotheses are needed in ordemtplément the numerical results in an industrialiemment.
Following this line, the idea of considering a distd part free of residual stresses for simulatesipaping was able
to describe the part's distortion evolution compate the case with residual streSsdsowever, its resolution
remains subjected to the progressively variatiothefimposed vertical stroRés until distortiond is minimized.
Now, by using a linear approximation to the unlogdpath, only one loading simulation would be reeghiand
multiple unloading scenarios can be easily exploremhally, the force and displacement measuremeat a
parameters that can be implemented in an industngronment.
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