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spot weld is tensile (shear) mode at the materials level. Based on the observed failure
mechanism, stress distribution is assumed and related to the far field load for the lap-
shear and cross tension test samples. It appears that the failure load of the cross tension
sample is 74 percent of the lap-shear sample based on the classical von Mises failure
theory. The theoretical model is further extended to the mixed normal/shear loading
condition. Data from strength tests as well as finite element numerical method are used to
validate the model. Finally, the utility of the model in accessing the failure strength of spot
welds is discussed[DOI: 10.1115/1.1555648

1 Introduction the boundary between HAZ and base metal. Because of this find-

Spot weld made by resistance welding has been widely used ¥ th_ey then attempted using the plast_lc strain in the t_hlckness
irection near the weld nugget as the failure criterion to interpret

joining sheet metal for auto body since 1950's and is the prima A strength of spot weld

method of joining in ground vehicle industry. A modern vehicle .
typically contains 2000 to 5000 spot welds. The strength of the I_3arkey et al{12] and Lee et af13] designed a test sample and
fixture such that a spot weld test sample can be loaded under

spot weld under quasi-static, impact, and fatigue loading condl re shear, mixed shear/normal, or pure normal load by changin
tions is therefore extremely important to the durability and safe S e rmal, or pL y ging
e loading position of the fixture. Ultimate strength data of spot

design of automobiles. In this paper, we focus our attention elds using the fixture were reported and curve fitted to a force
the failure behavior of spot weld under quasi-static overloa\bﬁ ng i P . - s .
ased failure criterion for design consideration. Similarly, Lin

condition. ¢ .
Although the spot weld has been used extensively, a Sim‘ﬁ%s?}it[slq reported another mixed mode test fixture and some test
failure criterion that is able to predict the failure strength of a spo At the University of South Carolina, weldability, failure mecha-

weld subjected to various loading conditions does not exist. Coni'sm and strenath of spot weld under static. fatique and impact
ventional practice in industry is to perform extensive tests to ob- 9 P , 1alig P

tain sufficient data sets for design purpése2]. The drawback of oadl_ng cc_)ndltlons are_belng investigated. Since interfacial que
. . . . of failure in spot weld is generally not acceptable for automobile
this approach is that there are simply too many variables to con-

sider, e.g., welding parameters, sheet thickness, weld nugget éa}gglicg_tions dpe to its low load carr)_/ing and energy absorption
for a given material. Consequently, it is costly to develop a meagiaPaPility we first studied the mechanics aspect of failure mode of
ingful and useful database. A verified, mechanics based faiIu?got weld, "gl" qnde][ W.h?t condltlohns a spot V\lljld would fa'll'ln the
theory would be very useful to the designers and signiﬁcam&onaccepta e interfacial moder the acceptable nugget pullout
reduce the number of test required and thus the cost involved. odg [15]. Having the interfacial mode of failure excluded, cur-

Due to its complex geometry, analytical solution for stresses Ir&nt paper as the second paper in the series addresses the ultimate

e . . strength and failure mechanisms of spot weld subjected to tensile,
a spot weld is difficult to obtain. Radf3], Radaj and Zhan{#], L i
and Zhand5—8] have adopted a fracture mechanics approach aﬁgear or combination of the two, under the assumption that the

provided very detailed stress distribution around a weld nuggdfc'd fails in the pullout mode. The objective of this study is to
develop an engineering failure criterion for spot weld in thin sheet

The derived linear elastic stress intensity factor solutions ale tals under nuacet pullout mode. Failure of spot weld under
mathematical in nature and its practical application to the failug% act loadin aggwellpas fatique I(;adin will bepthe subiect of
of spot weld under monotonic loading has not been fully realizefimﬁre reportsgfrom our investigation 9 !

Wung [9] and Wung et all 10] have recently reported the fail- To develop the failure criterion of spot welds, we first per-

ure strength of spot weld under in-plane torsion and advocated %?med the strength test using cross tension and lap-stuar

force based failure criterion which is used in commercial ﬁnit?ensile-shee)rsam les made of a high strenath steel. The cross
element code such as LS-DYNAS3D. . P 9 9 ' .
tension(lap-shear sample geometry is chosen as a representative

Zuniga and Sheppard.1] performed failure test of spot weld ! g
on high strength steel and studied detailed failure mechanisms. 6y - for predominantly openirgheay load or a normalsheay

lap-shear and coach peel samples. One of the main findings friQrce to the weld. Observation during the test reveals the fracture

their work is that the failure mechanism for lap-shear sample ! \liation site and pattern. Fractographs from the fractured surface

localized neckingshear localizationin the base metal and near& © examined and the fractu_re mechamsms _are_the_n identified.
Based on the fracture mechanism a stress distribution is developed

buted by th | or oubl o and related to the failure load or ultimate strength of the spot weld
Contributed by the Materials Division for publication in theURNAL OF ENGI- : f R .
NEERING MATERIALS AND TECHNOLOGY. Manuscript received by the Materials fpr the two sample ggometrles. A.mechan!cs baseq failure C.me
Division February 5, 2002; revision received August 12, 2002. Associate Editor: 0N for the spot weld is then established using classical von Mises
Newaz. or Tresca criterion. Having the failure criterion for each of the two
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Fig. 1 Engineering and true stress-strain curves for the HSLA
steel tested Fig. 2 Cross tension and lap-shear test sample geometries

for the 1.2 mm, 1.5 mm, and 2.0 mm sheets. These weld nugget
sample geometries established, i.e., tensile and shear, we finglhes satisfy the conditions set by the predictive mdds] that
extend the failure criterion to combined tensile/shear loadirghsures pullout failure mode of the weld nugget.
mode. Comparison with our test data as well as those from operstrength testing was performed on a MTS universal tensile test-
literature indicates that the prediction based on the develop@g machine with a rate 1.524 mm/m{0.001 inch/secthat is
theory is very credible. In the section of discussion, potential apearly quasi-static. Test fixtures for the cross tension samples
plications of the developed theory in design are discussed.  were fabricated according to AW38]. The displacement in the
lap-shear sample was recorded using an extensometer with 50.8
mm (2.0 inche$ gage length. The strok@r maching displace-
2 Material, Welding, Ultimate Strength Testing, and ment was u§ed for the cross tension sample. The Io.ad and dis-
placement histories were simultaneously recorded during the test-
Results ing. Tests were terminated as the two coupons of a test sample
A high strength steel with sheet thicknesses 1.2 mm, 1.5 mgeparated completely.
and 2.0 mm was selected for the test. The engineering as well agigure 3 shows schematically the load-displacement curves as
the true stress-strain curve at quasi-static loading (@t625 observed from the tests. It is seen that in the lap-shear test the
mm/s is shown in Fig. 1. The true stress-strain curve includes thead-displacement curve exhibits a nonlinear region before reach-
Bridgman’s correction for necking following the procedure outing the peak load. This part is very similar to the stress-strain
lined in [16,17]. Relevant material properties are obtained fromurve of ductile metals such as that shown in Fig. 1 and is attrib-
the stress-strain curve as upper and lower yield strength of 38&d to the strain hardening of the material. The load starts to drop
MPa (52 ks and 345 MP&50 ksi), respectively, ultimate tensile as the crack initiates. As the crack propagates along the circum-
strength 434 MP#63 ksi, reduction in area or ductility 61 per- ference of the nuggei.e., pullout failurg the load drops gradu-
cent, and the fracturing stress and strain as 676 @Bks) and ally. The shape of the “tail” of the curve depends upon the post
0.95, respectively. The stress-strain curve indicates that the mdglure mode, i.e., a long tail corresponds to a parttgpically
rial is ductile with a median strain hardening, i.e., a strairene-halj nugget pullout and subsequent tearing of base metal
hardening exponent of 0.17. Its carbon content is less than @&long the loading direction and a short tail corresponds to com-
percent and magnesium less than 1 percent. The material is clpkge nugget pullout. In the cross tension case, the displacement is
to HSLA (high strength low alloy Grade 50 steel or cold rolled large relative to the lap-shear sample and a nearly linear curve is
340 steel. maintained until failure. The load drops to zero quickly immedi-
Cross tension samples composed of two 50.8 (@nincheg ately after failure and the failure mode is typically clean and com-
wide by 152.4 mn(6 inches long coupons and lap-shear sampleglete nugget pullout.
from two 38.1 mm(1.5 inche$ by 152.4 mm(6 inche$ coupons Batches A-C in Fig. 4 shows the test results in term of ultimate
are spot-welded, as shown in Fig. 2, with a square overlap arstrength(or peak loag which corresponds to the crack initiation
These sample dimensions follow the recommendation by SAH the spot welds based on the observation during the tests. It is
[18] and have sufficient widths to not affect the strength of theeen that the ultimate strength of the spot weld is a functiga)of
weld [19]. sample geometry—lap-shear samples have higher strength than
Welding was done using a 100 KVA spot welder machine usirije cross tension sampléb) thickness of the sheet—thicker cou-
Z-Trode electrode cap that is Zirconium Copper based with a 7.8®n has higher strength, arid) weld nugget size—weld with
mm radius hemispherical dome cap. The cap also has a flat lpger nugget fails at a higher load. These trends are well known
face of 4.8 mm in diameter. Before welding, hand robbing usingnd documented in industry. An unresolved and challenging issue
cloth with acetone was applied to remove grease and dirt from thethis type of data is “can one develop a mechanics based model
coupon surface. such that this behavior can be predicted quantitatively?” In the
It is well known that both the interfacial failure and excessivéollowing sections we attempt to address this issue by studying the
expulsion reduce the strength of a spot weld, partly due to tfigilure mechanisms and then develop an analytical solution for
small size of the nugget formed in welding and the porositpredicting the ultimate strength of spot weld.
present in the weld, respectively. The welding schedules, listed in
Table 1, are determined after several trials guided by industsy EFajlure Mechanisms
standards such as AWRS8] and strength tests using lap-shear
sample geometry such that neither interfacial failure nor excessiveLap-Shear Sample. Observation during tensile test of lap-
expulsion would occur. The resulted nomiiialerage weld nug- shear samples reveals the failure process as schematically demon-
get diameters are 7.1 mm, 7.26 mm, and 7.58 mm, respectivelyated in Fig. 5. As the sample is pulled initially, the weld nugget
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Table 1 Welding schedule for the steel sheet

Thickness Weld Hold Nominal % Nominal
of the Time Time Weld Weld Nugget Nugget %
sheet (cycles (cycles Current Force Diameter Thickness Nugget
(mm) at 60 Hz at 60 Hz (KA) (N) (mm) (mm) Indentation
1.2 14 2 10 2,982 7.1 0.94 22
1.5 21 5 11 4,228 7.26 1.17 22
2 28 5 12 5,340 7.58 1.3 35

experiences a rotatiofsee Fig. )), which essentially aligns the initiation site is at the locatio®=0 and some crack propagation
nugget with the loading line. In stage) the material surrounding (2 to 4 mm) along the circumference of the weld nugget already
the nugget is subjected to a predominantly tensile load and tbecurred on this sample.

deformation near the nugget is similar to a rigid button embeddedNote that similar feature of those demonstrated in Fig. 5 is first
in a ductile sheet. As the load increases, localized necking of treported by Zuniga and Sheppddd] and later by Lin et alf14].
sheet metal occurs at the two apices, ife=,0 deg and 180 deg at

locations near the juncture of the nugget and the base metal. Note

that these two points are on the two different pieces of the co A-A cross section
pons. Fracture then initiates at one of these two pdsttge(c)) t view p
when the ductility of the sheet material is reached. Eventual —t . ) ! Q
i - f — ——— —— 1 H M
pullout failure of the weld occurs as the initial crack grows aroun PR
the circumference of the weld nugget. (@
Figure 6 is taken from the surface of a test sample. The loadil
was stopped and reduced to zero as the fracture was first obser // A 4
during the tensile test of this sample. The dark hairline at tre T = c:? Y f=>
lower circumference of the nugget is the crack indicating the fra = :
ture initiation site. As can be seen from the figure, the fractui )
necking
. [EAN
necking R
R :
Lap-Shear - / = e ; O =
\necking
=
8 (©)
= Cross Tension Fracture initiation
fracture
. % , = o =
()]
0 Fig. 5 Global deformation and failure process of a lap-shear
Displacement spot-weld sample: (a) initial configuration,  (b) nugget rotation

(align first with the loading line ); (c) stretching, thinning, and
) ) ) ) necking, and (d) tensile fracture due to localized necking.
Fig. 3 Schematics showing the load-displacement curves of

lap-shear and cross tension samples ﬁ
20000
HSLA steel, Sy=350 MPa, 4 symbols- {}
18000 ... UTS=434 Mpa — Solid: Lap-shear (LS) 0
Resistance Spot Weld A Hollow: Cross Tension (CT)
16000 - Unit- mm weld nugget
g 14000 - § e
B 12000 ' minin]
S
% 10000
3 ko) ® ALS-t=1.2,d=7.10 O/
o O ACT- *
8000 M BLS-t=15,d=7.26
O BCT - 3
6000 2 g(L:sr - t=2.0, d=7.58 )
® DLS - t=0.91 - d=6.35 ¢ fract
4000 ® DLS-
# ELS-t=0.76 - d=5.1 % crack o r‘aC UI_‘e
2000 © ECT- | initiation site
A B C D E

Batch {Il ﬂ

Fig. 4 Ultimate strength of the spot welds; batch A,B,C-USC
data Batch D, Zuniga and Sheppard [11]; batch E, Sawhill and Fig. 6 Fracture initiation site of a lap-shear spot-weld sample.
Furr [24] (some data are shifted horizontally for clarity ) The hairline at the bottom of the nugget is the crack.
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‘ Shear fracture around the nugget

Fig. 9 Global deformation pattern  (b) and the weld nugget
pullout failure (c) of a cross tension sample

one coupon and stays with the other cougbiy. 9c)). To dem-
onstrate this, a micrograph of the cross section of a failed 1.5 mm

) ) ) i . specimen from Lin et al[14] is reproduced here as Fig. 10. Be-
Eé%sYOf g?;;fh?;rgg;?&? ngyl?g)f?ngt?gf Zhogvﬂlhuerepfgg;ess sides the 'initial global bending of the sheet, the failure can be well
of the localized necking and  (d) final fracture (reproduced from  characterized as through thickness shear around the weld nugget.
Zuniga and Sheppard [11]) To further verify this failure mechanism, SEM examination on the
fractured surface produces the picture shown in Fig. 11. The elon-
gated or “fish scale” dimples shown in Fig. 11 indicate that the

Optical micrographs from a sequence of deformation pattern %fcture mechanism at the material level is ductile ahdar de-
lap-shear sample frofi1] are reproduced here as Fig. 7. Figure $Pite that the global loading mode to the sampleeissile
clearly shows the stages of failure process development in a lap-

shear sample-a), (b), and(c) showing the progress of the local-
ized necking at a position near the weld nugget edge and fir
fracture in(d).

The observation and Figs. 5—-7 demonstrate that the failL
mechanism of lap-shear sample at the material levetéasile”
even though the global loading mode to the test sampshésr
To further verify this point, a broken sample was cut, prepared ai*
the fracture surface &1=0 deg was examined under a scannini
electronic microscopéSEM). Figure 8 shows a fractograph with &8
1,000<. The near circular dimples shown in Fig. 8 indicate
ductile andtensilefracture mechanism at the material level. ]

Cross-Tension Sample. The deformation pattern and failuregig 10 optical micrograph of the cross section of a failed 1.5
process of a cross tension sample is demonstrated in Fig. 9. As#hi8 specimen showing the pullout failure of the weld nugget
sample is loaded, large bending deformation of the sheet occursund the nugget circumference  (reproduced from Lin, et al.
initially (Fig. 9(b)). Eventually the weld nugget is pulled out from[14])

Shear direction

Fig. 11 SEM fractograph (1000X) of a cross tension sample:
Fig. 8 SEM fractograph (1000X) of a lap-shear sample: the cir- the “fish scale” rupture microstructure indicating shear
cular dimple rupture microstructure indicating tensile fracture fracture
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S/ Weld nugget Fig. 13 Assumed stress distribution around the weld nugget

in a cross tension sample

ey S N N

ﬂ /N ‘ e stress distribution around the weld nugget is assumed. As shown
max in Fig. 13, the shear stress distribution has four identical sectors to
‘ : reflect the symmetric condition of the loading. The distribution of
T~ 0 0 the stress in one sector can be written as
G( ) - Gmax Cos 7(0) = Tayx COS 20 4)
Fig. 12 Assumed stress distribution around the weld nugget where 7,5 IS the maximum shear stress occurringéat 0 deg,
in a lap-shear sample 180 deg(and =90 deg, 270 deg on the other piece of the cou-
pon). Equilibrium condition requires that
w4
4 Stress Analyses and Failure Load Pzsz 70 1tdo=1td 7, ®)

ereP is the applied tensile load in far field. At the initiation of

residual str material inhom neity, weldin ramet
esidual stress, material omogeneity, welding paramete écture, Eq.(5) becomes

thickness, nugget size, and material properties of the HAZ and t
base metal. Attempts to include all these parameters in a failure Pi=tdr (6)
criterion would require substantial analytical, numerical, and ex- . . I

perimental efforts. Besides, any complex criterion would severef§1€rér is the fracturing stress of the material in shear.

limit its use in engineering applications. As such, we chose ;o Examining the failure loads af3) and (6), it appears that the

Failure of spot weld is likely related to many parameters, e.gt%h

focus on developing an engineering approach by assuming a s lure load is proportional to the thickness of the sheet metal and
plified stress distribution based on the identified failure mech}?e weld nugget diameter. Furthermore, two material properties,
nisms in lap-shear and cross tension samples. These stresses/@&fH/Ng stress in tensian and fracturing stress in sheay, are
then be related to the far field applied load and subsequently ff€Sent in Eqst3) and(6), respectively. These two can be related
ure load or ultimate strength of the spot weld test sample. to each other by using classical failure criteria. For example, for
For lap-shear samples, since the failure is predominantly by ctile_ materials von Mlses_ failure criterion requires
uni-axial tensile load and the weld nugget is circular, a harmonic0-57 7%+ and Tresca requires = 0.50 [16]. Using these failure
tensile stress distribution around the weld nugget, as shown in Figteria and(3) and(6), one has
12, is assumed. The distribution of the stress can be written as pgross tension. y 735 plfap-shear von Mises

0(0) = 02COSH 1) =064 Plfap-shear Tresca @)

where 6= _99 deg t_o 90 deg and,y is the maximum tensile Equation(7) relates the failure load or the ultimate strength of a
stress occurring ab=0 deg. Due to symmetry there is another,

similar stress distribution i9=90 deg to 270 deg withr,, at spot weld tested in cross tension to lap-shear sample geometry.
0#=180 deg acting on the other piece of the coupon. Equilibrium
condition requires that 5 Effect of Weld Indentation

For steel, the thickness of the nugget of a spot weld is often less
than the thickness of the base metal sheet due to the applied pres-
sure by the electrodes during the welding. The effect of this weld
whereP is the applied tensile load at far field. Equati@ relates indentation is more pronounced in thick-gauged sheet than in thin-
the local maximum stress to the far field load. At the initiation ofjauged sheet depending on the welding parameters. As shown in
fracture, Eq.(2) becomes Table 1, the percentage of reduction in thickness from the base

P.—0.78%do 3) metal to the_ nugget is about 22 percent, 22 percent, and 35 percent

. f corresponding to the thickness 1.2 mm, 1.5 mm, and 2 mm, re-

wheret is the thickness of the base metal sheet or one half thickpectively.
ness of the weld nugged,the diameter of the weld nuggé; the For thin gauged sheet, i.e., around 1 mm or less, the change in
failure load or strength of the sample aag the fracturing stress thickness due to electrode indentation is typically not significant.
of the material in tension. Here, “failure” of the test sample iAs can be seen in Fig. 7, the thickness of the nugget is nearly
defined as the “fracture initiation” which corresponds to the peatwice of the base metal sheet thickn€891 mn), i.e., no inden-
load as discussed earlier. tation, and the failure site is actually in the base metal. On the

For cross tension test samples, since the failure is predomther hand the fracture initiation site in a thicker sh@imm), as
nantly by shear around the circular weld nugget, a harmonic shefiown in Fig. 6, is clearly at the corner where the change of

2 d T
P=J /20'(0)~ Et-cosﬂ-d¢9=thomax=0.783d0'max (2)
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Table 2 Maximum tensile stress  (N/mm?) predicted by Eq. (2) 20000

and finite element analysis [5] (P: load, d: nugget diameter, t: 15000 | HSLASteel, Sy=350 MPa, Symbols -
sheet thickness, b: length, W: width ) UTS=434 MPa T Solid: Lap-shear (LS)
L6000 Resistance Spot Weld v I-_Ito!low: Cross Tension (CT)
Eq.2) FEA PMN) d(mm tmm b(mm W(mm) : nit : mm
147 145 100 54 16 796 TR & A
99 95 100 8.0 16 79.6 31 5w S  \ L 1
14.7 13.8 100 5.4 1.6 49.6 31 3 A T
9.9 8.5 100 8.0 1.6 49.6 31 S 10000
§ @ALS - t=1.2, d=7.10, th=0.94
< 8000 ] ACT -
-4 n gg-_t=1.5, d=7.26, tn=1.17
6000 ACLS -t=2.0, d=7.58, tn=1.3
ACCT -
®DLS - t=0.91 - d=6.35
4000 @ ELS - t=0.76 - d=5.1
SECT-
thickness takes place. Stress concentration associated from ** x B T D E

geometry change at the location could also contribute to the ir.- Batch
tiation of fracture.

Strictly speaking, in applying the formul#8) and (6), t is the
thickness where the necking or fracture occurs, i.e.tus&ac-
ture is in the base metal amgl(thickness of the nugggif fracture
is along the circumference of the nugget. It was observed that the

Fig. 14 Failure loads normalized with respect to batch A, lap-
shear sample (ALS)

fracture site depends on the welding schedule and thickness. How- b
ever, since in practice the nugget thickness not measured and | " f ——' for lap-shear sample
reported, the base metal thickngdzecomes the nature candidate \ td/ . td P P

in all formulas in the current paper. Note that the recommended
practice by American Welding Society is the depth of depression [ 0.785 Py
on sheet surfaces caused by welding electrodes not to exceed 25 |\ 0577
percent of the sheet metal thickng®4]. The thickness of both

the base metal sheet and the weld nugget from our test is provided _1 365 f . | Mi

in Table 1. The weld in the 2 mm thick sheet has excessive inden- T or cross tension samplévon Mises
tation apparently. It is anticipated that the error involved in using

the base metal thickness in E¢8) and(6) would not be signifi- (8)

cant, relative to other factors, if the recommended practi¢@ih  Equation(8) can be used to convert the test data from one test
is followed. condition, i.e.t, d, andP;, to a reference condition of a lap-shear
sample, i.e., anothdr d, andP; of a lap-shear sample. Test data
of batches A-C shown in Fig. 4 are normalized usii8y with
respect to batch A, lap-shear samp#¢.S) and plotted in Fig. 14
with the same scale. As can be seen in Fig. 14 the scatter of data
6 Comparison With Numerical and Other Results after norma!ization is greatly reduced compqred to that shown in
) o Fig. 4. It indicates that the developed model, i.e., E§k5.(6), and
Zhang(5] performed detailed finite element analyses for spgt) s indeed respectable. In Fig. 14, (half of the nugget thick-
weld subjected to mixed far field normal/shear load.As0 in  nes is used for batches A-C for a more precise comparison since
[5], the problem reduces to the lap-shear sample and loading c@i& have each nugget thickness measured individually. Batch C
dition discussed in Section 4. The maximum tensile stress, cal@kta would be slightly lowered in Fig. 14 if the sheet thickness
lated numerically, which occurs #@=0 shown in Fig. 12, is re- \ere used because of its deeper indentation. However, it would
ported in[5] for four cases that have different sample dimensionsot affect the overall conclusion.
and weld nugget diameters. Table 2 lists the results calculatedzuniga and Shepparid1] performed tests to study the failure
using Eq.(2) and the numerical solutions for the four cases frormechanisms of spot weld in lap-shear and coach peel geometry.
[5]. The comparison indicates that H@) is indeed a very good They used a steel that is very close to ours and hence a direct
approximation. comparison is possible. Two groups of ultimate tensile strength,
Close examination of Eq2), one can find that this equation, 8282+ 147 N and 8536:62 N, with a slightly different welding
derived from the simple stress distribution shown in Fig. 12, ischedules for the spot weld=0.91 mm, d=6.35 mm) are re-
precisely the analytical solution developed from a more rigoroysrted for the lap-shear sample. These two are included in Fig. 4
analysis by Radaj and Zhafig2,23. In[22,23 stress distribution as batch D. The ultimate strength of batch D is considerably low
around a weld nugget is derived by assuming the weld nuggetratative to batches A-C because of its relatively thin gage and
a circular rigid button embedded in an infinitely large plate angmall nugget size. However, when convertiiog normalizing to
subjected to far field tension. Since for steels, the yield stressthe reference weld nugget and sheet gage of batch ALS using Eq.
the nugget is generally one to three times of the base metal, (i8¢ the “predicted” ultimate strength for the reference weld batch
“rigid button” assumption is indeed a good assumption for stres&LS is in-line with other test data as shown in Fig. 14.
analysis. This is also evidenced by the failure process discussed isawhill and Furr[24] tested spot weld samples to study the
Section 3. weldability of steel sheets. The materials tested include a wide
range of yield strength, i.e., from plain carbon steel to HSLA and
the test sample geometries include cross tension, lap-shear, coach-
peel as well as in-plane torsion. Envelope encompassing the weld
strength of cold-rolled steels using lap-shear and cross tension
7 Comparison With Test Data from Cross Tension and samples is shown in Fig. 15. The predicted failure load envelop
for cross tension samples, using the lap-shear data in Fig. 15 and
Lap-Shear Samples Eq. (7), is also plotted in Fig. 15 for comparison. As can be seen,
Assumingo is a constant for a given material, using E(®, the prediction is very reasonable with Tresca being slightly better
(6), and(7) one has than von Mises theory.
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BASE METAL ULTIMATE TENSILE STRENGTH, ksi Fig. 16 Tensile /shear mixed mode test sample geometry  [13]
(Cold-rolled steels)

kN

MAXIMUM LOAD, Ib

Fig. 15 Falil t th of lap-sh d tensi . L .. .
s;gmples ma%'eljg; cglgerr;?led soteelzav?the\?a:rici?s ulgnge t::;:gn width, as it is less than the critical value. For the sheet thickness

strength [24] and prediction by (7) (The predicted is shifted to and nugget size used by Lee et[d3], the first two widths are

the left (Mises) and right (Tresca) for clarity ) apparently less than the critical width to ensure a “width indepen-
dent” failure load. Our analytical model does not include the ef-
fect of the width and this could contribute to the fact that better

. . comparison is obtained for wider samples shown in Fig. 17. In
8 Mixed Normal/Shear Loading fact, if the prediction were made to each group of data with equal
Having the stress distributions developed for spot weld suldth individually a better comparison would be obtained.

jected to normal force, i.e., cross tension sample, and shear force,

i.e., lap-shear sample, an extension to mixed normal/shear loadéhg Discussion

conditions is investigated in this section. The analytical result is

; The most intriguing result from the current work is that while
then compared with test data.

Id | ith o ¢ | h spot weld in a lap-shear test sample is subjected to a global shear
For spot weld loaded with a combination of normal and sheg{ the failure mechanism of the weld at the microstructure level

forces, superposition of Eqel) and(4) can be used for the stress,iq i fact tensile. On the other hand, while the spot weld in a cross
which leads to a biaxial stress field. Using von Mises and Tresgansjon sample is subjected normalload the failure mechanism
failure criteria for a biaxial stress field, one has of the weld is shear. These failure mechanisms help us to develop
1 V2 the applied load-stress relations, Effs-7). And, accordingly the
5[202+67]1’2=? o¢ von Mises failure load relations are able to explain why cross tension sample
2 o2 similar spot weld which is well known in industry but had lacked
+ 72:(—) Tresca (9) mechanics based explanations.
Substituting Egs(1) and (4) into (9) and acknowledging that to many factors such as residual stress, welding parameters and
points atd=0, 180 deg are the most critical points around thenaterial inhomogeneity. A rigorous mechanics based model,

always fails at a lower load than the lap-shear sample containing
(a
2 2 As stated previously, the strength of spot welds can be related

weld nugget for failure, one obtains which includes all these factors in predicting spot weld failure
P2 P2 would require significant development and complex material con-
1.62%—3 +3(_N) =02 von Mises stitutive models for the inhomogeneous materials in the weld,
td td f thermal-electrical-mechanical models for the welding and ad-
P2 P \2 vanced fracture criterion including the residual stress. Using the
1.62<t—dS +4 t_dN) =g? Tresca (10)
. . 1200
wherePs=P cosa is the shear_ component arlRi,:_ P sina the Tresca Foilure Griterion A 19 mmwide
normal component of the applied for&eas shown in Fig. 16. 0.577 6. ... von Mises failure criterion | © 31 mm wide
Mixed mode test data from Lee et f1.3] is used here to vali-  '%%® ok v 0 43 mm wide
date the developed model. Mild steel with yield stress 170 MPg ~ §*-------. . o = 1562 MPa
ultimate tensile strength 282 MPa and 0.89 mm thick sheet w3 sow T
tested using two weld nugget sizes, 4.3 mm and 6.4 mm. Failug ﬁ\f
loads are reproduced in Fig. 17. The average of the test data in g 600 | 050 A4° .
pure shear case is used (B) to obtain the fracturing stress;, 3 > 2
1562 MPa. Using this fracturing stress, the prediction of the fai'g' w00 ° o6 \
ure envelope or Eq0) is then plotted in Fig. 17. As shown in = ° N
the figure, test data in the mixed mode region are somewhat low \
than the predicted. Nevertheless, considering the simplicity of tt  ** _ \
proposed model, the comparison is reasonably good. \10'785 Or
Note three different widths of test coupons are usdd 8}, i.e., 0 :
19 mm (0.75 inch, 31 mm(1.22 inch, and 43 mm(1.69 inch. ’ 200 600 200 1200 1500

. . . . . . Normalized Shear Load (MPa)
Failure loads, shown in Fig. 17, show an increasing trend witn ’

increasing width. As studied by Zhou et f9] failure strength of Fig. 17 Tensile /shear mixed mode test data [13] and predic-
a spot weld is not affected by the width of a test sample when then by (10) Normalized load =failure load /(nugget diameter x
width is beyond a critical value. The strength decreases with thieet thickness )
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model in the current paper, however, detailed studies on the effegth test data from coupons and structural components, in quasi-
of these factors to the failure load are circumvented. This convgtatic, fatigue and impact loading conditions are necessary.
nience is achieved mainly by using a fracturing stress Al-
though the property; is most likely dependent upon the weldingAcknowledgment
parameters and base metal material, in practice it can be obtaineg,artial
easily from a simple lap-shear tensile test and using(8qfor a CMS0116
batch of welds fabricated from a designated set of welding param: \ ann
eters and sheet material. '
Note that the “fracturing stress” for the HSLA material studie
is 676 MPa from the uniaxial tensile tests shown in Fig. 1. Tht?‘u
“fracturing stress” as defined in Eq3) is about 1780 MPa from
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