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ABSTRACT

A softwaresystem has been developedtliie MSC/FATIGUE [1]environment which permits

fatigue life predictions to be made for automotive spot-wgtasing two steel sheets. The
method uses bar element forces to calculate the "structural stresses" in each spot-weld nugget and
the adjacent sheetssing the methodology described by Rupp, Storzel @ndbisic P]. The

system described here extends this general meth&upjmort the use afynamicstresses derived

from road load data,using either a quasi-static or transiesmpproach to stressistory
determination. The method is geometry independent and suibalapplication to largenodels
(because it doesot require localmesh refinement).The system provides a convenient way for

users of MSC/PATRANJ], MSC/NASTRAN [4] and MSC/FATIGUE to predict the location

and life of fatigue sensitive spot-welds.



INTRODUCTION

A key feature othe moderrdurability desigrprocess is the use of computer-bafeaite element
methods to prediaurability at an earlgtage in thalesign cycle. Thiprocess iglriven by the
need fordesigns with low weight, lowost of manufactureshortdevelopment cycles argbod
durability. Calculations based on fatiglife and realistic loading histories perrsiructures and
components to be optimised for durability without the need foexpensive and time-consuming
testing of a series gbrototypes. Dsign analysidased on fatigudife calculations results in
designsthat areless conservativ@.e. betteroptimised) tharthose based on traditionatiteria
such as maximum load or stress for a series of standard load cases.

Resistancespotweldsarevery commonlyused in the automotiviedustry inthe fabrication of all
manner of components and structures, and diebility of suchstructures isvery often
controlled by the strength of the spot weld$ie cost oftooling up for a single weldpot as part

of an automated manufacturing process is around $30000, and this can more than dwabde if a
spothas to be added during production to remegyablem [2]. Theseostsmay be minimised

if the life of spotwelds can be predicted at @aarly stage in thedesignprocess, though the
reduction in development time and improvement in quality is likely to be more significant.

Smith andCooper [5] addressed thwoblem oflife prediction of shearspot welds using a
fracture mechanicsapproach. They noted that a spot weldould be "....considered to be a
circular solidsurrounded by a deeajrcumferential crack, which whdoaded in a combination of
Mode | and Moddl, would grow a branch crack in thdirection of maximumlocal Mode 1".
They showedhat goodpredictions oflife could be made othe basis of calculatedrack growth
rates, and used theialculations to generate some simple design curves. The method was based
on detailed finite element modelling of simmeot-welded lap-joints loaded in sheaiThis
method would need further developmentider to coverll the possible weld configurations
used in automotive structures anddeal withthe variable amplitudeout-of-phasdoadings to
which they are subject. The results of this might benalsi design cod&or spot-welds along the
lines of BS 76086] with families of load-life curvesfor different classes o$pot-weld. In
practical FE models of automotiatructures there is no scope for sutgtailed modelling of
individual spot welds.

In fact, load is a rathgvoor parameter for correlating the fatigue strength of spot-welds under
different loading conditions. Radgj] and Sheppar{B,9] note thadurability of spotwelds of a
variety of configurations and loadings can be betteterstood throughumerical analysis of the
local stresses dhe weld spotedge on the inside of the plate - the structural stresses around the
weld.

Rupp, Storzel anGrubisic[2] describethe calculation of these structural stresses, and also carry
out fatiguelife predictions based omaximumand minimum stresses and a load spectrum. The
software described in thigaper isclosely based othe work of Rupp eél, but combines their
method for structural stress calculation wiile methods of stressaling andsuperposition and
access to transient FE results normally used in MSC/FATIGUE [10]. The currentdpapebes

the software developed and its use is illustrated with a simple example.



FATIGUE ANALYSIS OF SPOT WELDS

General description

The method requirespotwelds to be modelled as stiff beam elementd8C/NASTRAN. The
forces transmitted through thebeam elementare used to calculate the structural (nominal)
stresses in theveld nugget andhe adjoiningsheet metal at intervalgound the perimeter of the
nugget. These stresses can then be usedke fatigudife predictions on thepot weldusing a
S-N (total life) method.

The software system consists of samedified versions of existingISC/FATIGUE modules and
a new spot-weld fatigue analyser called SPOTW. The system is outlined in Figure 1.
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Figure 1. Spot weld fatigue analysis system

The system currentlgnly supportdatigue calculations oapotwelds joining 2sheets. In the FE
model, the spot-welds should be representestifijoeam elements joininthe mid-planes of the
2 sheets ofhellelements, and perpendicularioth. Thelength ofthe spot weldand the sheet
separation should therefore bhalf the sum ofthe sheet thicknesses. There is no need for any



refinement otthe mesharound the spot-welds. Tloaly requirement for thehell elementsised

to modelthe sheets is thalhey transmithe correcioads to the baelements. In fact iseems

that best results arecldeved wherthe dimensions othe shell elementare quite large - more
than twice the diameter of the weld nuggets.

The system is used in a similar manner to MSC/FATIGUE. A job-file is createtbégs of a set
of forms. Thisjob-file includes informatiorabout weld spotiameters, sheet thicknesses, and
fatigue propertysets. Thejob-file is read by a translatowhich extracts allthe relevant
information fromthe MSC/PATRAN database and writes an intermedilte The spot-weld
analyser then usede information inthe intermediatdile, any required loading histories and
fatigue properties and makife predictions for eacBpotweld. The results are written to two
output files, one of which is readable by MSC/PATRAN.

The steps in the fatigue calculation are now described in more detalil.
Structural stress calculation

A typical spot-weld is illustrated in Figure 2. The shagbedt is the spot welthugget”. In a
finite element analysighe weld is modelled in MSC/NASTRAN asstff beam elemenjpining
the mid-plane of 2 sheets. The length ofikam elementill be 0.5s, + s,) where sand s are
the thicknesses of sheets 1 and 2 respectively. Point 3 is axisht@the weld nugget and at the
interface ofthe 2 sheets, i.e.. 0s5 from Point 1. All forces and momentre taken to be in the
MSC/FATIGUE beam elemento-ordinatesystem illustrated. This aken to be a Cartesian
system with the Z axis going froRoint 1 to Point 2.This is differentooth from the arrangement
used by Rupp et al [2] and that used in MSC/NASTRAN [4], but a little simpler.
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Figure 2. Schematic of typical spot weld.



Plane 1
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Figure 3: Relationship of MSC/FATIGUE spot weld co-ordinate system to MSC/NASTRAN.

The translator extracts forces and moments, fland M, ,, in the MSC/FATIGUE co-ordinate
system, and ithe conventional right-handed sense, frtime results in the database, for each of
the threespecifiedpoints. These forces and moments (exdép} are used to calculateminal
stresses (structural stresses) oniher surface osheet 1 and sheet 2, and in Wneld nugget at
the interface of the two sheets, at intervalsaround thecircumference ofthe spotweld
(6=0° to 360° by increments of ). The forces and moments at points 1 arate2those
appliedby the spotwelds on the sheets, and the forces andments at point 3 will be those
appliedby the upper section (between point 3 and poirdr2the lower section (between point 1
and point 3).

The stresses are calculated as follows:
Point 1

The equivalentstress on thenner surface othe sheet as &nction of angle® around the
circumference of the spot weld is:

Owu = _Omax(Fxl) cosf-o max(Fyl )sinb +o (le »}o max (Mxl )sif—o maxMyl )co8 1)
where:

F
Omax(Fx ) = xl
g @
F 1
Omax(F1) = y
7 s, @3)
o(F,) = K{%) for F,>0 (4)



o(F,)=0 for F,<0 (5)

so that only the tensile component of the axial force in the nugget contributes to damage, and:

1872M

Oax(M,q) =K (6)
Omax(Myg) =K 187—2;/Iy1 (7)
ds

Note thatK, = 0. 6\/5_l and d is the diameter of the weld nugget, dimensions in mm. Forces are in
N and moments in Nmm.

Point 2

The equivalentstress on thenner surface othe sheet as &nction of angle® around the
circumference of the spot weld is:

Oy = _Gmax(sz)Cose_omax(Fyz )Sirﬁ—O' (':22 )_G max(MXZ )Sir9+0 maxMyZ )CO@ (8)
where:

I:x2

Feo) = 9
Gmax( x2) T[dSZ ( )
F
Omax(Fy2) = myl; (10)
o(F,)= Kz[%) for F,,<0 (11)
o(F,)=0 for F,=0 (12)

so that only the tensile component of the axial force in the nugget contributes to damage, and:

1872M,,

(0) M =K 13
max( x2) 2 d822 ( )

Y ax(l"l 2)"(2 il s (14)
" Y ds,?

Note thatK, =0.6,/s, and d is the diameter of the weld nuggiétensions in mm.Forces are
in N and moments in Nmm.



Point 3

From the forces calculated for point r&minal stresses are calculated iatervalsaround the
circumference othe weld nuggetsay at 10degree intervals. The method of Rupp et al then
suggests that the direct stresschéulated on multiple planes at tlégree intervals, i.e. use a
stress-based critical plameethod. This would mean 36« 1& 648&alculations for eackveld

nugget. This is very computationally intensive, especially in vievihe fact thaspotwelds do

not usually fail bycracking through the nuggetfor this reasonfwo faster approaches were
considered: to ignore the possibility of nugget failure altogether, and to use the absolute maximum
principal stress as the damage parameter, as used in MSC/FATI@IYE36 calculations).This

is calculated as follows:

T= T (Fg)Sin®0+ 1, (F,3)cos 6 (15)
0= G(Fz3)+omax(Mx3)Sine_omax(M yS)C()g3 (16)
where:
16F,
Tmax(Fx3) = 3_,_[(:123 (17)
3 16Fy3
Tmax(Fy3) = ey (18)
o(F;3) = j;zj when E;>0 (19)
0(F3)=0 when FE;<0 (20)
32M,
Omax(My3) = - 3 (21)

From the shear and direct stresses on the nugget, the in-plane principal stresses can be calculated
from:

2
ongi (%) +12 (22)

The principal stress with the greatest magnitude is taken as the damage parameter.

Material properties

The system requires &N curve for eacimetal sheet anfibr theweld nugget at loacatio R=0,
plus a meastresssensitivityfactor and a standaetror parameter.The formulation othe S-N
curve is as follows:

AS= SRI( N )™ (23)



for N; <N the transitiorlife. For N; > N, a second slope,lis used. It ipossible tacorrect

each cycle with amplitude &d mearstress § to calculate an equivaleatressamplitude at
R=0:

S+ MS,
=——T 24
> M+1 (24)
Rupp et al [2] describe generic S-N curves for sheet steel and weld nuggets. There isidaite a
scatter band, which is partly a reflection of the fact that this data represents spot-welds in a variety
of steels, including mild and higtrength. Bettepredictionsmay bepossible ifS-N dataspecific
to the materials being used is available.

Damage Calculation

Damage calculationare carriedout at 10degreeintervalsaround the spotveld in both sheets
and in the ld nugget. There are therefore 108 fatighadculationsper spot-weld. Ateach
calculation pointthe effective stress history is calculated eithéirectly from the force and
moment results from a transient EBalysis, or by scalingnd superimposinghe results of a
number ofstatic load cases according to the quasi-static md¢@jd The stressistory is then
rainflow cycle counted to form a range-mean histograrRainflow cyclesare converted to
equivalentstressamplitudefor R=0, then damage is calculated auwhmed using Miner's rule.
The results are written tovo files: aMSC/PATRAN 2.5 .elsfile containing summaryesults for
postprocessing in MSC/PATRAN, and a more detailed file for post-processing by SPOTW.

The method forlife prediction of spot-welds described here is somewhat computationally
intensive. Computatiotime is roughly proportional téhe number ofdata points in théoad
histories. Substantial reductions in computatione cantherefore be achieved Qudicious
filtering of the loading inputs.

SIMPLE EXAMPLE

The following example is intended as an illustrationtltd method andot as avalidation. The
component is a laboratotgst specimen made from mild steel V-1147 withtwo rows offive
spot welds. The test piece is illustrated in Figure 4. speeimen is loaded in tensiontbat the
spotwelds are subject to shedwadings. A series of constaamplitudetests were carried out
with a load ratio (minimum to maximum load) of 0.1.

Thefinite element model idlustrated in Figure$(a) and 5(b)includingthe loads antboundary
conditions. Notehatthis is ahalf modeldue to theplane of symmetry.The model consists of
two sheets othell elements joined by fivear elements representititge spotweld nuggets. The
bars are stiff and have a length equal to half the sum of the sheet thicknesses.

The spot weld fatigue analysis systenwas used to predickoad-life curvesfor thesetest
specimens. The calculation was basedhenS-N curves fospotwelds in Referenci2] derived
for spotwelds in St1403with thicknesses fron.66 mm to 2.5 mnand spot weld nugget
diameters from 3.5 mm to 6.5 mm.
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Figure 4. H-profile spot welded laboratory test piece.
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Figure 5: Finite element model of spot welded laboratory test piece.
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Figure 6. Comparison of test data with scatter band predicted using data from Reference [2].

In Figure 6 thetest data areompared with the calculated B10, B50 and B86s based on
Reference [2].

The spot weld fatigue results can be post-processed in a number of ways:
1. By listing the global results file.

2. By plotting the results in MSC/PATRAN. Insightgarticularlygoodfor this, allowing the
fatiguelife of eachspot weld to beclearly visualised irthe form of colour codedpheres
attached to each beam element.

3. Detailed information may also be obtained about the life, damage, stresses and forces at each
calculation point (i.e. 108 sets of results per spot weld).

4. Damagemay also be visualised ithe form of a polar plot. Figure 7 is a polar plot of
log(damage) for the most damaged spot weld after one cycle of 3kN - 30kN - 3kN.
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Figure 7: Polar plot of damage in the most damaged spot weld. Maximum load 30kN.

DISCUSSION

There appears to be reasonable correlation betweeresite and the analysis, given the
assumptions madeClearly the predictedoad-life curve is somewhat conservative compared to
the experimental data. There are a number of possible reasons for this:

1. Theremay be a significantlifference betweethe fatigue strength afpotwelds in V-1147
and those in St1403 which were used to build the S-N curves used in the calculation.

2. A better spot welding technique may have been used in the specimens.

3. Whenthe S-N data for shednadingswere processed for Referenfd, it seems that the
effect of axial forces in the bar elements was neglected. In practice there is some axial force in
shear tests which is quite sensitive to the geometry of the test assembly.

4. Thefailure criterionused in thetest data plottedhere was 30% decreasedtiffness. The
failure criterion used to derive the basic S-N curve is not known.

Further work isdesirable to identifithe reasons for thdifferences betweethe predicted and
experimental lives, and to validatke softwaresystemfor other testspecimens andor real
automotive parts. Thenfluence of the parent plate orspot weld durability also needs
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investigation, and therare some structures iwvhich three sheets ofmetal are spotwelded
together. This method does not support such joints at present.

CONCLUSIONS

A softwaresystem has been develodedthe fatigudife prediction ofspot welds. It idased on
the work of Rupp, Stérzeind Grubisid2] and supportainalyses based onadload datausing
either a quasi-static or a transient approach to stress history determifdti®system provides
a user-friendly way of predicting the location and life of fatigue sensitive spot welds.

This system could be ofreat benefit to users of MSC/NASTRAN, MSC/PATRAN and
MSC/FATIGUE, especiallghose concernedith the durability of automotive chassis, suspension
and body parts.
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