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Abstract In the automotive field, the tolerance analysis isl Introduction
an important engineering design function aimed at improv-
ing the product quality and its assemblability, reducing th In the automotive field, the tolerance stack-up analysisis a
overall costs and time to market. important task [1], which is focused to improve assembla-
Many studies concern with compliant assembly toler-bility and product quality, already from the first engineer-
ance analysis, with the assumption of linear behavior (smaing stages of new projects, with the intent of highlighting
deformations in the elastic range, isotropic material,-conand take methodological action towards the resolution ef po
stant stiffness matrix ...) that is also applied when partdential dimensional and geometrical problems, so to reduce
are joined with the widespread resistance spot welding praiuality related problems during prototyping, fixturing and
cesses. Conversely, technological studies of this joiping ~ Production ramp-up.
cess show that the parts are plastically deformed near the The analyses are useful to support the definition of weld-
welding nugget. ing and assembly methods, production fixtures and control
Through the study and development of a FEM modetools, to verify the reachability of the final results for the
that involves the plastic effects of the complete spot wejdi Whole body of each sub-process and then set the tolerance
process, with parts subjected to dimensional and geometdiimits for controlling the production lines, during produc
cal tolerances, this paper aims to analyse the peculiasteffe tion.
of the joining method on the dimensional quality of a com-  With a correct variational management it is possible to
pliant assembly and defines guidelines to integrate them intobtain a more robust design, to increase product quality, to
a model for tolerance analysis. reduce tool modification costs in pre-series and production
A butt joint and a slip joint case studies are analyzed, apvalidation phases and to reduce the adjusting costs of defec
plying tolerances that cause to two parts mismatching wordtve products.
conditionss: gap and loading interference and measuring th ~ Currently, many studies deal with compliant assembly
residual spring-back of the parts according to a given Daturtplerance analysis, with common assumptions of linear be-
Reference Frame. havior (small deformations in the elastic range, isotropic
The analysis results show that the material plasticity inimaterial, constant stiffness matrix ...) also when pares ar
duced by resistance spot welding and the Body-in-Whitdoined with the widespread resistance spot welding process

process affect the assembly dimensional quality. (RSW).
However, other studies with a prevalent technological

Keywords Compliant assembly FEM - Tolerance focus, shows clearly that plastic deformations are indeed
analysis Quality - Resistance spot welding present near the welding nugget. Though those papers does

not analyze the full welding process with fixture and tol-
Moos Sandre Vezzetti Enrico o _ erance effects, they raise a doubt regarding the validity of
;?gtgg“‘,ﬁgig;]ggr'(gﬁgp?z'ﬁ?rt'mento Sistemi di Produzione @0~ inear hehavior assumption in tolerance stack-up analysis
Tel.: +39-11-5647294 To evaluate the role of plasticity in variational analysis
Fax: +39-11-5647299 for compliant assemblies, welded with RSW, this paper de-

E-mail: sandro.moos@polito.it velops a set of guidelines to define a plastic analysis model,



which consider the principal Body-in-White (B.i.W.) pro- by contact chains and were propagated by vector equations
cess steps with the aim of providing a more accurate calcleonsidering geometric compatibility, force continuitydan
lation of the tolerance stack-up. constitutive relations at nodes.

To integra.te both the dimensional quality problem and Hu et al., in [8], proposed a FE method based to calculate
the technological parameters, for better evaluating thesac 5, i hack effects in a butt joint considering the complete
part springback when released from the welding fixturesg ; \y process and with the assumptions of friction free and
a FEM model has been developed to simulates a complefoo; pehavior. The real springback of the parts, once re-
welding operation cycle (loading, clamps closure, he"*7"“ngleased from the fixture, is sketched in figure [8, fig. 4d]: the
cooling, clamps release, fixture release and key points meﬁ'art returns to an undeformed shape witrequal to the ini-
surement according to a specific DRF - Datum Referencgal gap 4, and a vertical displacemeny which is mainly
Frame). _ determined by the boundary condition sketched in [8, fig.

In sections 1.1 the works concerning tolerance analysigy namely one electrode is still and the other deforms the
on compliant assemblies are recalled to outline the aspecfsy part only.uy is evaluated in that deformed condition [8,
of the common formulation of linear behavior. In sectionﬁg_ 4e]. This approach will be recalled in section 3.2 for a
1.2, the papers concerming the welding of compliant parts, e getajled comparison to the result of the present study.
are discussed to point out the plastic deformations caused b
RSW process and to summarize the recent models, which do Chen etal. considered in [9] a geometrical model with
not consider parts tolerance. parts deformations and tools variations, which highlighte

In section 2 it will be proposed a model set-up to de-the different sensitivity of an assembly to slip joints ottbu
scribe the whole B.i.W. process as an improvement of thosiints and so the importance of a properly designed product
recalled in section 1.1 and 1.2. The model will be applied tgtructure and process fixtures.

a case study regarding a butt joint in 3 and its result willbe  Byungwoo et al. presented in [10] an approach to inte-
compared to some existing works in section 3.1, to providgyrate the Datum Flow Chain analysis ([11,12]), with a com-
validation. The extended results of the B.i.W. processlvéll mercial 3D variation analysis software (3DVA) and FEA.
discussed in section 3.2 and the results for a slip joint casgne first step of the proposed method is to define the com-
study will be shown in section 4. The butt joint and slip joint pliance and sensitivity matrix of each parts by means of
have been selected for their wide use in the automotive fieldnfluence coefficients ([2]). The sensitivity matrix is com-
The conclusion regarding plasticity effects will be drawn i puted once for all by FEM, with the parts located on a set
section 5. of isostatic locator and then applying an unit displacement
to the overconstrained joint at each part. The forces and de-
formations are stored. The compliance matrix of the whole
assembly is computed similarly applying a unit force on

In 1997, Hu and Liu had already outlined in [2] a mechani-€ach joint. The displacement resulting on the control jsoint
can be defined as a linear combination of the effects com-

cistic FEM modeling of compliant parts to predict assembly i >
variation, using the influence coefficients method to evalua puted on parts .and agsembly. The approach is We,", suited for
the parts’ and whole assembly’s sensitivity matrix. Then, i Monte Ca_rlq S|mulat|on,.t0 calgulate the probability func-
[3], Hu outlined a methodology aimed to the prediction oftion of variations and their contributors.
dimensional variation considering complex hierarchical a Fan et al., in [13] “superimposed” the local spot weld-
sembly trees. The results highlighted that the propagation ing plastic distortions to a nominal FE assembly mesh, with
variation during assembling is driven by the stiffness @& th welding flanges in matching condition. The simulation pre-
parts and sub-assemblies being assembled. dicted the same mode of deformation experimentally mea-
Other technical papers addressing the problem of defirsured on real parts: a distortion of the assembly with a twist
ing a methodology for tolerance stack-up analysis of cominduced around a diagonal axis, but underestimated the mag-
pliant assembly were developed: Liu et al. ([4]) proposed amitude. The deformations measured on the assembly were
offset beam element able to consider the shear stress pralso compared with the variational simulation made with
vided by spot welding and also suitable for 1D assemblyTAA software, which considers the parts deviation fromtthei
variation prediction. nominal dimension with an elastic model and the results
In[5, 6], Hu et al. combined engineering structure analy-show a different deformation profiles. The suggested ap-
sis with statistic methods to consider the effects of parts a proach for obtaining more accurate simulation, is to com-
tools variations, clamping deformations, joining andisgfi  bine local joint distortion with the elastic global deforma
back. tion of components. The paper does not considers the parts
Chang et al. ([7]) grouped parts and tooling as featuresleformation necessary to couple the welding flanges which
from which variations and displacements were representeare subjected to tolerances.

1.1 Variational analysis with compliant parts



In the aircraft field, Saadat et al. ([14]) set up an experthe effect of each deformation pattern on the global assem-

imental rig for large deformable aluminum components, inbly variation.

which simulated the load the external wing panel apply to  Wang et al. proposed in [23] a method to define the opti-

any of the internal reinforcement rib and measured its deformal assembly sequence so to optimize a multivariate process

mations. capability index, considering the variation propagatiathw
These loads come from the parts’ mismatch due to marsompliant parts.

ufacturing tolerances and cause a lateral deformatiorigeof t Maropolous et al. ([24]) highlighted the importance of

ribs which make difficult fastening and other final assemblyassessing the dimensional variation of compliant assesybli

operations. A rib FE model was set up with constraint andvhich should be considered as one of the many design ac-

loads similar to the ones of the experimental rig and the caltivities to be carried out and maintained in the perspectve

culated displacement of control points resulted similaheo  Product Lifecycle Management.

measured value. In [25] Sodeberg et al. emphasized the importance of Vi-
Other papers studied the definition of the contact propsual Quality appearance and presented tools for non-rigid

erties between parts: Liao et al. applied in [15] a fractal gevariation simulation and photo-realistic presentatiopaca

ometry approach to model the variation of surface micro-ilities, to guide the Virtual concept verification.

geometry of parts being assembled, that is used in FEM to To summarize, the above mentioned methodologies [4—

evaluate the final assembly variation. It is shown that diffe 10,14] assumed the sheet metal deformation being in the

ent tool-releasing schemes produce different assembiy varelastic range, with isotropic material, neglected therdeal

ation distributions which can also be asymmetrical and thafiormations and considered the stiffness matrix as constant

micro-geometry of assembly components should not be neand linear, for small part deformations.

glected for high precision assemblies. An approach to reduce the computation time, proposed
The results were further expanded in [16] were a waveleby [10], is to firstly perform a FEA to calculate the stiff-

methodology was employed to identify different scale com-ness matrix with influence coefficients that is later used for

ponents of part variation in the tolerance zone. And in [17)variation calculation with Monte Carlo simulation, instea

it has been set-up a method to simulate correctly the coref running a FEA for many simulations.

tact problem with contact FEM, also considering the fric-  [13]is the only work which starts to consider some weld-

tion forces between assembly surfaces. The study showedry plastic distortions effects on the parts geometry.

weak dependence of the assembly dimensional variations on Moreover, [15-17] showed the importance of parts con-

friction coefficient parameter. tact to obtain a better modeling of the compliant behavior;
Other authors dealt with a proper fixture design: in [18][18, 19] outlined the effects of the fixtures on assembly qual

Camelio et al. developed a designated component analysiy, [22,23] pointed out the importance of the loading se-

to extract from production data the significant variatioasp quence and [24,25] discussed the positive effects of a cor-

terns and correlated them to the fixture faults while in [19]rect tolerance management and representation in the groduc

focused on an optimization algorithm which combines FEA life cycle.

to consider the effect of part variation, tooling variatemd By contrast, after recalling the papers that analyze varia-

assembly springback. Nonlinear programming methods wetinal problems with elastic models, in the following seati

used to determine the optimal fixture position to minimizeare reviewed those papers modelling the welding process

assembly variations. with particular attention to the plastic deformation prese
The problem of tolerance synthesis has been consideregar the welding nugget.

by Manarvi et al. in [20], where they presented a framework

to gather available information to develop an integratéd to

erance synthesis model, based on assembly architecture ang Spot welding modelization

manufacturing process, with FEA to predict the influence of

geometric tolerances on part and assembly distortions.  Spot welding has been deeply analyzed for many purposes:
In [21], Li et al. applied the analytical target cascadingin the mechanical field to define and model the mechanical

process to the tolerance allocation problem, translatieg t strength or the fatigue behavior, while in the technologica

nal product variation targets to tolerance specificatians f field to define the optimal process parameters.

subassemblies and single parts. The part deformabiliggeff Huh et al. in [26] modeled the welding process consider-

on assembly variations has been considered by FEA. ing the specific heat variation during melting, the heat gen-
Other aspects were considered by Camelio et al. ([22])rated by Joule effect, the electric current density gaern

which used the principal component analysis to extract fronby Quasi-Laplace equation, for electric potential, expeels

production measure the part covariance, the deformatitn pan the parts’ volume and on the contact surface and the heat

terns and their contributors. FEA has been used to determirteansfer inside parts by conduction.



The section and thickness of the welding nugget have The deformation of the weld near the electrode border,
been calculated with 3D FEA for elliptical and cylindrical the detachment of welded sheets and the electrode displace-
electrodes geometry, concluding that the cylindrical elecment due to the thermal expansion and contraction were also
trode produces the largest nugget under the same weldirdgscribed.
conditions, while strongly elliptical electrodes degrade Ranijbar et al. ([31]) with a 2D electro-thermo-mechan-
nugget dimensions. ical model predicted temperature and residual stress-distr

Feng et al., in [27], considered the electric contact conbutions during different stages of resistance spot welding
ductivity dependent from the electrode-to-sheet and sheet The model results, when compared to measured residual
to-sheet contact pressure. The results show that after fegtresses, showed good agreement: the circumferentielk resi
welding cycle, the electrode tip is flattened, then the ntiggeyal stresses are tensile in the weld center and change to com-
formation is greatly delayed because the heating moves t@ressive state towards the edge of the sheet.
ward the periphery of the contact region and the effect is  thg ragial residual stresses are tensile in the weld center
stronger for thicker sheets. and compressive at the border of the nugget. Higher weld-

The pressure graph of the contact pressure versus radiayg times lead to reduced tensile residual stresses, while i
distance also shows that the heating of the first few weldingreasing the welding voltage, brings to enhancing thelensi
cycles cause a thermal deformation which reduces the copesidual stresses.
tact area, when temperature further rise. The material soft Kong et al., in [32], defined a detailed FE model in which

ening induced by the temperature raising provide a leveling,q spot weld was divided into sub-zones with different ma-
of contact pressure. terial properties (particularly yield and strain hardey)idue

In [28], Zhang et al. considered the welding of sheetio the thermal, metallurgical and mechanical deformation
parts with an initial gap through a thermal-elastic-plasti process.
sequentially coupled FEA. The conclusions show an initial  The 3D FE model coupled with a fracture model pre-
mismatch between electrode and sheet, caused by the pgjtied the deformation of spot-welded slip joints well be-
deformation, that will start a delayed nugget formatiorthwi yond initial yield under tensile-shear loading. The coneplut
aring shape, so negatively influencing weldability. deformation mode and force-displacement data were in good
Eisazadeh et al. simulated in [29] the nugget formatioragreement with experimental results.
and the effects of the process parameters on it (welding cur- Rahman et al. defined in [33] a sample spot weld ele-
rent, welding time, sheet thickness and material, eleeBod ment with shell/plate, beam and rigid elements, able testran
geometry and closing force, current shunting). fer from one mesh to another the membrane and bending
It quantified and concluded that electric flow should notstresses. The application of the spot weld element on a slip
exceed an optimal flow limit for nugget growth, otherwisejoint and butt joint, with a load time history, allowed the
the nugget size raises until melt spattering occurs. Toaedu analysis of the fatigue behavior of RSW sheets under vari-
the current shunting effects the spot weld locations shouldble amplitude loading and highlighted how the spot diam-
be spaced above a minimum distance. eter and thickness greatly influence the fatigue life of spot
Increasing welding times brings to a bigger contact surwelded structures.
face and a bigger nugget, while increasing the closing force Other authors dealt with the problem of parts and elec-
of electrodes decreases the nugget size because it ragses fiodes contacts: Feulvarch et al. ([34]) defined a eledtevrbal
contact surface area. Increasing the plate thickness edso rcontact model suited to improve the calculation of the heat
quire a bigger current flow, needed for an appropriate weldlux due to dissipation effects when the meshed electrode-
nugget formation. Decreasing the plate thickness lowers thto-sheet nodes are not linked face to face, so allowing inde-
electrode diameter. pendent mesh dimensions on parts and large displacement
In [30], Hou et al. with a 2D axisymmetric model of cou- between contact surfaces.
pled thermo-elastic-plastic FE model investigated the me- In [35], Song et al. experimentally measured the electri-
chanical behavior of spot welding process considering temeal contact resistance of mild steel, stainless steel and al
perature dependent properties and plastic behavior of-mateninum, considering different contact pressures and temper
rials. atures. It is clearly shown that contact resistance deeseas

The calculated history of the contact pressures showedith pressure, while the temperature role is complex.
high pressure values around the border of the faying surface Other informations regarding the modeling of spot weld-
and at the border of the electrode-workpiece contact. Duiing process were provided by Yeung et al. in [36], where
ing the welding cycles, the stress component along weldingerformed a thermal analysis of welding caps cooling and
axis was of high compression in the contact area of fayin@lso evaluated that convective and radiant heat losses out-
surface. side the electrode are negligible.



The above papers mainly considered geometrical matck 1° model
ing between sheets and focused only on technological proj, g, ....Sate simulation
erties of RSW and mechanical properties of welding nuggei|: Weldgun closure
The initial part mismatch problem has been dealt with by Deformed
[28] but only for the consequences on welding nugget di- geometry
mensions.

These detailed and complete analysis are a starting poil
to integrate the plasticity effects of RSW into assembly-var

ation evaluation. Temperature
distribution

3" model
ic simulation

2 Resistance spot welding modelling including parts
subjected to variations

+ Weldgun opening
« Fixture release

Considering the effects hinted by the results of [13] for the
effects of the welding distortion on the assembly and thosgig. 1 Analysis set-up.

of [27,29, 30, 34], where a local detachment of the welded

parts was clearly shown, this paper will evaluate the impor- . )

tance of the effects of thermal deformations and plastinity closed, the movable clamps will lock the sheet against the
the welding area. locator supports preventing any other movement.

To accomplish this aim, it has been developed a FEM On part§ are Qefined the mesh part_itions with the shape,
model able to investigate the whole B.i.W. process with &12€ and orientation of the corresponding clamps. The play
variational point of view, considering parts deformatians between the fixture’s pins and the part’s holes and slots has
spring-back resulting after a RSW with a plastic material"0tyetbeen considered because its contribution mainiggia
model. This has to consider parts with geometrical and dithe initial gap/interference dimension, so it's not funam
mensional tolerances on their welding flanges, defined ad@! for the description of the process at this stage.
cording to a specified Datum Reference Frame. Figure 2b shows the worst case condition with both parts

Of all the tolerance combination of the ﬂanges beingat minimum dimenSion, within the tolerance range: between

welded have been considered the conditions that present tfee two flanges is present a gap that will be closed by weld-
maximum allowable gap and the maximum loading interferiNg guns during the squeezing phase. For this gap condi-
ence, being those the opposite worst cases. tion, on the locators are applied encastre boundary condi-
The phases of fixture clamping, weldgun closure, heattions, considering that the clamping force and the friction
ing, cooling, weldgun opening and fixture release are simare enough to prevent any further motion of the parts.
ulated and the measurements of the deformed assembly are Figure 2c shows what would be if the two parts were
made accordingly to a prescribed DRF. in the opposite worst case condition, when both were at the
The approach is described in figure 1: the analysis hagaximum dimension within the tolerance range. The com-
been computed in three stages using different models with enetration is physically impossible, so the last loadatl pa
set-up suitable for common FEM software without requiringwill assume a position like the one sketched in figure 2d: the
the implementation of dedicated co-simulation solutions. back side rest on the fixture locator and the bending radius
A first general static analysis computes the deformedf the flange lean on the vertical flange of the other part.
configuration of the sheets caused by weldgun closure, stop- For the interference condition, the parts are manually po-
ping just before welding. The second FEM model performesitioned considering the loading sequence: the first part is
the calculation of the temperature field during RSW on thecompletely laid down on the fixture, then the following part
deformed shape previously calculated. The third model imis placed partially on the first one and partially on the figtur
ports the temperature distribution from the second moddby mean of adequate rotations and translations. The mesh
and continue the simulation past the end of the first model.partition on the second parts which will not be in contact
In the first model, the DRF prescribed on drawing andwith the fixed locator of the fixture will be moved by mean
implemented as a set of locators on the fixture is translatedf prescribed boundary condition to their nominal position
into equivalent boundary conditions applied to the parts. to simulate the clamping and there locked. The deformation
A schematic example of a fixture is shown in figure 2,work will store some elastic energy into the parts and a plas-
where on the fixture base are positioned the locator supic deformation where the stress reach the yield limit. This
ports for the sheet parts in the Y (vertical) direction, tiimsp  elastic energy will be released on clamp opening and cause
will fit in the hole/slot couple of each part to prevent rota- springback effect, while the plastic deformations alter pe
tion around Y axis and translations along X, Z axes. Whemanently the geometry.




tric simulation to calculate the temperature distributiom-
ing the welding and cooling phases.

The electric field in the conducting material is described
by Maxwell’s equation of charge conservation for steady-
state current (combined the Ohm’s law= —oF - %) and
it is coupled with the energy balance equation that dessribe
the heat conduction:

009 ¢ 09 .
- [ 520 ~def/56(p.]d8+/v6(prcdv, 1)
Fig. 2 Parts positioning on fixtures.) . 000 o6 .
/VpU59dV+/VW k-Soav =
Parts are modeled with the dimensional and geometrical = /v o6rav +/S59qd3 (2)

defect and are meshed with solid elements. It is not possible
to adopt a shell representation under axial-symmetry eondi  WhereV is a volume of surfac& of normaln positive
tions because it is invalidated by the weldgun deformationoutward, ¢ is the electrical potential field] the electrical
The mesh dimension has been chosen as a compromise Is¢lrrent density) = —J-n the current entering surface,
tween simulation time and results precision. rc the internal volumetric current source per unit volume,
The contact property defined for sheet-to-sheet and ele@" (8) the electrical conductivity matri the temperature,
trode-to-sheet interface considers an “hard contact’ier t E = —3Z the electrical field intensity the material’s den-
normal behavior and friction for the tangential one. sity, U the internal energyk the thermal conductivity ma-
Weldgun closure is performed by mean of an initial dis-trix, g the heat flux per unit area flowing into the body and

placement that brings the nodes of the electrodes in contalt the heat generated inside the body.
with the sheet, than the closing force is applied. The electrical and thermal problems described by equa-

The simulation of the slip joint has been set-up similarlytions 1 and 2 are coupled by the temperature dependence of
to the butt joint model: figure 3 shows the parts loaded orfh€ conductivity in the electrical problem and by the electr
fixtures, subjected to the opposite tolerance situatiogs: fi @ current dependence of the internal heat generatiorein th
3a is the case with a mismatching gap, while fig. 3b is thdhermal problem. In fact, the Joule effects is the heat sourc

case with the parts in a loading interference condition. ~ InSide the material volume: = NP with Pe =E-J =E-
0F(8)-E andn an energy conversion factor.

The external surfac8 of the body can be divided into

— a) patches for which boundary conditions can be prescribed
‘JF ‘ o ‘ ﬁl_ and patches that interact with surfaces of other bodies. The
l H ’ 1l I , boundary conditions regarding the electrical poteniat
E Z 2| @(x,t), temperatured = 6(x,t), electrical current density

J=J(x,t), heat fluxg = q(x,t) can be directly specified.

The heat conduction across the surface interfaces of dif-
ferent parts is modeled considering a gap thermal conduc-
tion coefficientky: gc = kq(8)(6s — 6) and similarly the
electrical current flow = g4(8)(¢s — @), can be modeled
Fig. 3 Parts positioning on fixtures for sliding joint. with a gap electrical conduction coefficiesy. 6s is the tem-

perature of adjacent body’s surfag,its electric potential,
0= %(9 + Bg) is the average temperature at surfaces of the

For the general static analyses, the materials propertigg/o bodies.
of elastic modulus, expansion coefficient, plastic straid a In the welding step, an alternating current is imposed on
plastic yield are temperature dependent, accordingly¢o ththe rear surface of an electrode for the duration of the weld-
data previously employed in literature. The chosen pligtic ing time and a zero potential is applied on the opposite elec-
model is isotropic with Mises yield surface formulation. trode. Passed that time and stopped the current, the cooling

The first model only computes the parts’ deformed shapstep only considers heat conduction inside parts’ material
at the end of the squeezing step, considering the plastic d&hermal convection and radiant heat losses were neglected
formations, that will be exported as “orphan mesh” to theaccordingly to [36]. All the physical parameters involved a
second model in which is performed a coupled thermal-eledemperature dependent.




The third model is a general static analysis that execute q Jl
all the B.i.W. process, importing the temperature distribu Y
tion from the second analysis as a predefined field, for th .~ * NN
heating and cooling phases. NN R YA

The portions of the parts meshes that passed the meltif  © % < O
temperature at the end of heating step are manually ident } N I « CPX {
fied in a set and during the cooling phase they are locked tc 7~ N~ M~
gether changing the contact properties, to simulate the joi | = &/ & &
ing effect. The weldgun is opened firstly removing the squee BT
ing force, then applying a displacement. ——.—ﬂ _

The fixture release phase is implemented by removiny -
the constraint on sheet parts according to the DRF for th O o
assembly measurement. P \X ‘ “X B

The model set-up here outlined, will be applied and dis- L0
cussed in detail in the following case study. py X a

c) , N ~
.. =Py ‘\*1‘/\ Bl

3 Bultt joint case study g \
The FE models of the butt joint will deal with the geometri- b X
cal condition described in figures 2b and 2d with the aim of ~ /
measuring the deformation induced by clamping and weld__**’
ing, after fixture release. Fig. 4 Datums reference frames for parts, assembly and measurement.

A common datum scheme has been used through the
complete assembly process: part tolerance specificateld; w g
ing and assembly tolerance measurement, to achieve a bet \
understanding of the measure results.

Figure 4a shows the datums used to clamp two shet \

YZ constraint

metal parts shaped for realizing a butt joint; here, the lo

cator scheme for the assembly consists in four local datur e

to define the parts position in the Y direction (A1-A4); one

hole (B) coupled with one slot (C) define the Z position and

the hole (B) also define the part position in the X direction.

The same DRF has been repeated for the other part (D1-D I

E F). The parts.are not in the nominal conditions be.lng_ eacpig. 5 FEM model with boundary conditions.

joint flange subjected to the form tolerance shown in figure

4b, defined using a DRF similar to the assembly’s of figure

4b. Finally, the assembled parts are measured using the DRF As sheet thickness, it has been chosen 0.75 mm, which

shown in figure 4c. is often used for body-side parts, frames, rear light hous-
For the static analysis, the datum references of figure 4imgs, some parts of upper rails in under-body. The sheet-to-

and the fixture shown in figure 2a have been further simplisheet and electrode-to-sheet contact pairs were defined us-

fied into the FE model. Considering figure 5, the boundanjing surface to surface enforcement. Friction was consitlere

condition enforced by Y locator have been realized lockingbetween contact pairdge/re = 0.11, fre/c, = 0.53 and the

the Y displacement of a transversal band at the end of eadther material properties were retrieved from [30].

sheet, the effects of the pin/hole and pin/slot locatorehav  The specifications for thermal and electrical bulk con-

been modeled locking the XZ displacement of the sheetductivity, specific heat(6) = g—%, latent heat, gap thermal

rear section. The weldguns have been constrained so thatd electrical conductance at surface interfaces, wheke to

only X motion is available and on their rear side has beerfirom the same source [30]. On a rear side of an electrode

applied a pressure equivalent to a welding force of 2500 N.has been defined an alternating surface current equivalent t
The sheet geometry has been defined considering the900 A, with 50 Hz frequency and on the opposite electrode

dimensions shown in [28]. Sheets and weldgun have beea potential of 0V has been set. The heating phase duration

meshed using 3D stress C3D8 elements from Abaqus/Stahas been considered 0.15s and it is followed by a cooling

dard library. phase of 0.6 s.



The fixture release phase has been implemented by pr
gressively removing the constraint only on a sheet part: th
XZ constraint are released first so to evaluate the sprirkgbac
in the X direction only, then the Y constraint is also removed
to evaluate the overall springback. The other part has bee
held on the constraint to simulate the measurement phas_
in which a reference system for measure is fit on the pat
considering the datums shown in figure 4c.

J
|
I
I
|
i

3.1 Comparison of butt joint results with other studies -
[l ECO. Resultant

The the butt joint with gap is the geometrical condition more
similar to those analyzed in literature. Its results areeher
compared to those previously obtained, always considerin
an important difference of the model set-up: while the lit-
erature works solve the problem under an axial-symmetri
condition given by parts matched together before the weld
ing, the current model is not symmetrical around the weld: |
ing axis because the contact surfaces are the result of the ¢ b)

formations imposed by the welding guns, on parts affectegtig. 6 Electrical Current Density distribution on a) Z plane and b) Y

by tolerances. For this reason the results are always shovptane.

on two planes passing through the weldgun axis: the medial

(vertical) plane Z and the Y (horizontal) plane. ) ) )

The unsymmetric contact surface has a weak effect on So, reducing the sheet thlckpess, the contact resstar_me
the electrical current distribution shown on figures 6a and!2ys aboutthe same role for the joule heat production evhil
6b. Because the sheets are matched above the electrodes tHiy Pulk resistance decrease. The resulting temperatsie di
allow an higher electrical current flow than below. This will tribution is more similar to [30, fig. 3].
also cause an higher Joule heat generation above the elec- /N the medial plane Z, the non symmetric contact condi-
trode. The results are comparable with those of [29, fig. 13]fion plays an important role in the heat conduction, as can
The electrical potential difference calculated at the ehd obe seen in figure 7a. Above the electrodes axis the sheet are
the two clamps is 1.2 V. completely matched for all their length, while below thesaxi

The temperature distribution of figure 7b is comparablghey are separated by a gap widening downward, so the first
to those calculated by [29, fig. 8] and [31, fig. 4] for a sheeg@eometrical condition is more capable of heat conduction
thickness of 1.52mm and 1 mm respectively, though it idhan the latter, thus leading to temperature distributionem
more flattened because of the smaller sheet thickness hef&tended above the electrode than below.
considered. Figure 7a reports the temperature variation of the core

This affects the temperature distribution in two ways: thenode of the welding nugget during the welding time and the
cooling effects of the copper electrodes are more effectivéentral node of the contact interface of sheet and electrode
on the nugget given its narrow thickness and the heat prd=omparing this result to [30, fig. 4] and [29, fig. 9] are evi-
duction by joule effect is differently split between magtri dent some differences.
resistance and contact resistance. The heating time is shorter than those calculated on other

The equivalent circuit can be thought as a series of thregtudies for the smaller thickness of the welding sheets. The
resistors, the first and the last to consider the sheetaesist temperature of the sheet/electrode node reach about 450-
proportional to its thickness, the middle one to consider th°C and the node at the center of the faying surface reach
contact resistance inversely proportional to the conteet-p 2115°C. In [30] the values are respectively about 7Z%nd
sure [35, fig. 3,4,5]. 2050°C while in [29] the temperatures reach about 1000

Because the electrode force is adjusted on the base ahd 2000C.
the sheet thickness, it could results that the contact press The Von Mises stress distribution of figure 8b is similar
does not vary much, in fact, the model results show a conto the one obtained by [29, fig. 6] and it is confirmed that
tact pressure of 80 MPa at the center of the faying surfacthe maximum stress occurs at the border of the contact sur-
and a maximum contact pressure of 91 MPa along a radidace between the electrode and the sheet. Figure 8a show a
direction on Y plane, at the end of the clamping step, whictclear disuniformity of the Mises stress: at the lower end of
are values corresponding to those determined by [30, fig. 5the sheets contact there is a bigger section of material sub-
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Fig. 7 Temperature distribution on a) Z plane and b) Y plane. c)
Temperature variation at the core of the welding nugget and a
sheet/electrode interfaced as function of welding time.

jected to high stress values, because those elements are
first to be deformed during the initial closure of the welding
electrodes against the sheets. The figure also shows a str
distribution along the sheet thickness due to the bending dt
formation imposed by the electrodes.

Figure 9a presents the results of equivalent plastic strai
distribution (PEEQ) which is defined C=y ‘OJrfé edt.
Each part shows large plastic zones: immediately below th
electrode axis there is a large deformed area, which is late
ally extended on both sides of the electrode and there is als
a permanent deformation near the fillet between the vertic:
flange and the horizontal plane of the sheet.

Though the mesh resolution is small, in section 9c it is
recognizable a plastic strain concentration near the Iborde
of sheet/electrode contact, like in [30, fig. 9], while sewti
9b shows again a larger deformation at the lower end of th

s, Mises
(Avg: 75%)

+4.331e+08

S, Mises
(Avg: 75%)

+4.331e+08
+3850e+08

i

Fig. 8 Von Mises stresses a) on Z plane b) on Y plane.

PEEQ
(Avg: 75%)

+7.770e-03
+0.000e+00

PEEQ
(Avg: 75%)

+7.770e-03
+0.000e+00

c)

Eig. 9 Equivalent plastic strain (PEEQ): a)distribution on the sheet su

sheets contact which is congruent to the results of Von Misegces, b) on Z plane, ¢) on Y plane

stress in figure 8.
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Table 1 Comparison of the result with existing studies. verse bend under the electrode effect and shortly detesmine

material plasticization, particularly concentrated atltbwer

C tud It Other stud It .

ase S udyresu S : er study restls border of the electrode/sheet contact area. The plastic are
E:]i%t”cal potential differ- 4 5, [0.88;1.53v  [31] grows to the limits of figure 10b, where the weldgun is com-
Sheetlelectiode t wre asgc | 775°C [30] pletely closed and applies the total welding force.

e_e electroce temperature 1000°C [29] Then, the heating caused by the welding current makes
Faying surface center tem-,, -~ 2050°C [30] the material near the electrodes to become plastic 10c.
perature 2000°C [29] . .

After the parts cooled down and the welding gun is re-
Contact pressure at the center, . . . . . ; .
of the faying surface 80MPa  85MPa [30] moved 10d, it is possible to identify a slight vertical sjgrn
Maximum contact pressure o, o o0 MPa [30] back of the welded flanges, directed along Z-, of 0.66 mm.

around welding nugget This vertical displacement calculated considering the ana

Iytical solution of [8, eqn. 1] for elastic material, will del
to an overestimated result of 0.85mm (widh= 30 mm,
b=12mm,d, = 0.5 mm for each part).

To simulate the CMM measurement, the constraints of

Table 2 Correspondence of the field variables with existing studies.

Other study

resul Fi
Case study results 9 esults

Comparison

Electrical current distri- 4a Slight unsymmetry

[29, fig. 13]

bution ab Comparable one sheet have been removed in the FEM software accord-
[29,fig 8] Comparable ingly to the datum system specified in figure 4c. The removal
Temperature distribution 5b (31, fig. 4] Comparable . .
) [30.fig. 3] mggrﬁfnn;gr?cfab'e has been performed in two stages, the first to evaluate the X
a . . . . .
Temperature vansient 50 g 109 Comparable,Tower —elecrode springback in the welding direction 10d, the second to com-
= letely free the sheet.
\Von Mises stress gz [29, fig. 6] gg?’gﬂﬁ!ﬂ%@i@?&? P hy inaback Iti f . . .
— = e T e X springbac resulting from tr_]e p!astlc simulation,
Plastic strain T [Eofige  edrode contacts removing the corresponding constraint, is equal to -0.22-

7c

Sheet parts are deformed outside
welding nugget area

mm. When the sheet is completely freed it is evidenced in

figure 10e a rotation around Z axis of an angle of abgut 2
This behavior differs from the one predicted with an elastic

Figure 9 shows analogies and evident differences to thmodel by [8, fig. 4, 5]. The substitution of an elastic for-
other studies of welding simulation [29-31, 34], the latter mulation of the material properties in this simulation wbul
be attributed to the initial part mismatch that should be-conresult in a completely different behavior: 1 mm horizontal
sidered when dimensional and geometrical tolerances aspringback and no rotation. The result calculated with-plas
present. tic model is 78% smaller than the elastic one.

Considering also the condensed comparison of the re- The results of the case described in figures 2c, 2d, when
sults provided by tables 1 and 2 it is possible to concludgarts are in a geometrical and dimensional situation which
that the proposed model setup is able to consider the mafrinders the loading onto the fixture, are shown in figure 11.
aspect of the welding process. The parts would compenetrate of 1 mm, so after the first part
is normally loaded onto fixture, the second part lays down
against the first one and only partially rest on the fixture
fixed locator (fig. 11a).

In the first step has been simulated the effect of the fix-
Other important aspects of the welding process that influture clamps closing on the sheets and deforming them into
ence the geometrical and dimensional quality of the joinedhe expected position (figure 11b). Here, it is evident a first
parts are taken into account with the complete welding proplastic deformation of the left sheet, near the edges of the
cess simulation of both gap and interference condition. Thelamping fixture constraint, which has a negative effect on
plastic behavior is described in figures 10, 11 for each prothe part geometric quality.
cess phase. The parts behavior during squeezing step has been de-

Starting from the initial worst condition in which the tailed in figures 11c and 11d. The left vertical flange is de-
parts present a gap for the dimensional and geometrical migarmed by the electrode that push it on the upper contact
match of figure 10a, the electrodes are closed against thmint above the welding axis, so the flange will bend out-
vertical flanges and bend one toward the other. This produosard. At the base of the flange, just above the fillet, the
a bending stress distribution which will be superimposed tdending cause a pronounced plasticization of the material.
the other stresses calculated in the other process phages (fi  The right flange is also bended outward in the other di-
ure 8). rection, by the contact with the electrode below the weld-

After the upper trim of the two flanges have made con-ing axis. The material at the base of this flange also become
tact, the contact constraint makes the vertical flange to replastic, though with a smaller extent.

3.2 Detailed analysis of butt joint results
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a) Initial gap b) Electrodes squeezing

| @

d) Electrodes opened

c) Heating

I 3x
W U Resultant W v Resultant

e) X fixture release o f) Measure

Fig. 10 Plastic deformation at the conclusion of welding steps. Gap tiondi

The two flanges are bended and curved in opposite d4 Slip joint case study
rections, so when the complete squeezing force is applied,

they are counter-bended and another plasticization o@turs The results are summarized in figure 12 on pag. 13. The
the right sheet near the lower contact border of the eleetrod same material parameters, sheet thickness and DRF similar

The following thermal steps extends the material plasti{© those of fig. 4a-b-c were used.
cization around the welding nugget (figures 11e, 11f). For the slip joint, in a tolerance condition which pro-

vides a 1 mm gap between the two sheet parts (fig. 12a), itis

When the left sheet is freed along X direction, as in fig-~ . . o .
. . evident that there is only a limited amount of plastic defor-
ure 11g, the measured springback is +0.3 mm and at the up- . . . .
ation, localized near the welding nugget (fig. 12b).

per edge of the vertical flanges occurs a displacement of 1.7-
mm in X direction and -1.9 mm in Y direction. The figure 12c provides the measured displacements ac-

o cording to a DRF similar to fig. 4c: a vertical spring-back
After the complete release shown if figure 11h, the left

X i , of 1.07mm along Y- and a negligible X displacement are
sheet shows a considerable springback beil@mm the ¢, \n4 The deviation from an elastic prediction is about 7%.

Y displacement and°sthe rotation around Z axis. An elas- s ¢onfirms that the slip joint is less sensitive to vadati
tic material model applied to this analysis would return anpropagation

elastic springback of 1 mm and no rotation. ) ) )
Due to the local plastic deformation caused by welding

Both analysis of the butt joint found a notable plasticspot, the edges of the welded flanges are also distanced from

permanent deformation of the parts caused by electrodgge facing part of 0.13 mm at a distance of 10 mm from the
squeezing (figures 10b, 11c-d) and in the case of loadinge|ding axis, in the Y direction.

interference also by fixture clamping (11b). For the slip joint, with tolerances that provide a 1 mm

No approach found in technical literature has been exloading interference (fig. 12d), it is evident the plastitode
plicitly set-up to consider the effects here described. mation localized near the welding nugget (fig. 12e).
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PEEQ
(Avg: 75%)

+8.796e-03

+3.773e-04
+0.000e+00

a) Initial position b) Fixture clamping

PEEQ
(Avg: 75%)

+2.974e-03
+0.000e+00

+3/933e-03
+0.000e+00

c) Electrodes closure d) Electrodes squeezing

PEEQ
(Avg: 75%)

PEEQ
(Avg: 75%)

+3.934e-03 [ +4/905e-03
+0.000e+00 +0.000e+00

e) Heating f) Electrodes opened

Il U Resultant Il U Resultant

[ v

g) X fixture release h) Measure

Fig. 11 Plastic deformation at the conclusion of welding steps. Loadiitly wterference.

From the displacement represented in figure 12f, it isator. If, for the force applied by the operator, the gun push
possible to determine a vertical spring-back of 1.29 mm orin the vertical direction the two sheet it will cause an highe
Y+, caused by the permanent deformation imposed by thsliding between the two parts that will be made permanent
electrode, which is 29% higher than the initial tolerance in by the welding spot. No previous literature work has been
terference. In the same conditions, an elastic materiabiodexplicitly set-up to consider this effect.
would foresee 1 mm of spring-back and no rotation.

Figure 13 provides evidence of a sliding phenomenon
occurring along X direction, between the two sheet faces,
during the electrode closure movement. The total slip mea Conclusions
sured once the weldgun are completely closed is quite sig-
nificant, being about 0.67 mm. The results of the present model of RSW process show some

This fact could be the source of more inaccuracy particpeculiar behavior when parts are mismatching for tolerance
ularly for manual RSW processes, in which the welding gurreasons. The following phenomena occur when a butt joint
is suspended on a winch and manually handled by the opepresents a gap condition:
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PEEQ
(Avg: 75%)
+0.000e+00

PEEQ +0.000e+00

(Avg: 75%) +0.0006+00
+0.000e +00 +0.000€-+00
+0.000e+00 +0.000e+00
+0.000e +00 +0.000e-+00
+0.000e +00 +0.000€+00
+0.000e +00 +0.000e+00
+0.000e +00 +0.000e-+00
+0.000e +00
+0.000e +00
+0.000e +00
+0.000e+00

L,
a) Initial gap d) Initial interference

PEEQ
(Avg: 75%)

PEEQ
(Avg: 75%)
+7.571e-02

+8.412e-03
+0.000e+00

L
b) Heating (gap) e) Heating (int)

[l v Resultant
Wl . Resultant

s

L
c) Measure (gap) f) Measure (int)

Fig. 12 Plastic deformation at the conclusion of welding steps. Gap aedémence condition for slip joint.

— plasticization near the fillet at the base of the welded
flanges, caused by weldgun closure;

— the material plasticization significantly reduces thersgpri
back along the welding axis;

— itis present a bending moment near the welding nugget
that causes a relative rotation of the parts when freed
from the fixture.

mvw

In a butt joint which presents interference and cannot be
correctly loaded on fixtures (fig. 11) occurs:

ol

— plastic deformation caused by fixture clamping, with sig-
nificant change to parts morphology;

— amore pronounced plastic deformation near the flanges’
fillet;

Fig. 13 Sliding motion of the sheet parts along X direction during — a reduced springback along the welding axis;

weldgun closure. — a relative rotation of the parts.
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The slip joint, characterized by a small stiffness in the  To improve stack-up models for compliant assemblies,
welding direction, is far less sensitive to the phenomena ddt advisable to consider:
scribed above. For the gap condition, the deviation of its be
havior from the elastic model is almost negligible, prodde
a short tolerance stack-up, in fact:

— isotropic plastic behavior of sheet parts to be welded,

— two distinct solution models for gap and interference ge-
ometrical conditions,

— the plasticization is localized only near the welding spot, — the loading sequence, contact surfaces, fixture locator

— and there are no other plasticization hinges due to the position and dimensions,

small stiffness of the parts along the welding direction. — for interference condition is necessary to adopt repo-
— ltis evident a small distancing of the sheet edges due to sitioning algorithms for the parts, to correctly describe
the welding deformations. their misplacement on fixture locators,

o o . — the welding sequence.
The slip joint with interference condition presents:

In real application it will also be required to adopt shell
‘mesh elements to reduce the computation time, so it will
BIso be necessary to transpose these results on that kind of
elements.

The integration of these improvements into existing ap-
eproaches like [2,10,13], will permit to evaluate the stiff-
ness matrixes of each model, dependent on the deformation

With the results here described it is possible to define émposed during influence coefficient calculation to be later
ranking of the various joint based on their sensitivity te th combined with Monte Carlo simulation so to obtain a statis-
plastic deformation: the butt joint with loading interfames tical description of assemblies dimensional and geonatric
could be subjected to the most extended plastic deformaticguality.
imposed by fixture closing and welding, followed by the butt
joint with gap condition, the slip joint with loading intenf-
ence and the slip joint with gap condition. The more the part&eferences
are subj_ected to plastic deformation, the more unsuitable i 1. Chase, Kenneth W. and Parkinson, Alan R., A survey of re-
an elastic tolerance stack-up model. search in the application of tolerance analysis to the design of
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