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A FATIGUE LIFE PREDICTION METHOD FOR TENSILE-SHEAR SPOT WELDS

ABSTRACT

An empirical Three Stage Initiation—Propagation (TSIP) model has been
developed which predicts the fatigme resistance of tensile—shear spot welds
under constant amplitude leoading test. The TSIP model comsists of Stage I
— fatigue crack ipitiation and early crack growth, Stage I] - through sheet
thickness crack propagation, and Stage IXI - across sheet width crack
propagation. The improvements of tensile-shear spot weld fatigue
resistance through manipulation of geometry, residmal stress and material
property variables are discussed with the aid of the model. The TSIP model
suggests that, in addition to the influence of geometry, residmal stresses
at the site of crack initiation greatly influence the fatigue resistance of
tensile—shear spot welds. The TSIP model opredicts the subtle tole of
material properties in determining the fatigue resistance of tensile—shear
spot welds.

Tensile—shear spot welds of low carbon and HSLA steel sheet spot welds
have been tested to determine the effect of change in nugget shape,
preloading and coining post-weld treatments. The effect of these
treatments on the fatigme resistance of spot welds was determined using
constant amplitude and variable load histories. The experimental results

were compared with predictions made using the TSIP model.
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NOMENCLATURE

Crack depth, major axis of ellipse
Peterson's material constant
Initial crack length

Final crack leungth

Crack growth rate material constant
Fatigue strength exponent

Crack growth rate material constant
Half crack length

Nuggei diameler

Young's modulus

Stiffness parameter of SFD method
Range of local strain

Surface correction factor

Fatigue notch factor

Maximum fatigue notch factor

Theoretical stress concentration factor

Range cf stress intensity factor
Mode 1 stress intensity factor
Mode II stress intensity factor
Threshold stress intensity factor
Bending moment per unit thickness
Finite-width correction factor
Crack growth rate constant

Crack initiation life

Through sheet thickness crack propagation life

Across the sheet width crack propagation life
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Total fatigue life

Reliability factor

Notch root radius

Hominal stress

Nominal stress range

Maximum stress range

Constant cycle stress range

Ultimate tensile strength

Yield strength

Sheet thickness

Sheet width

Geometrical factor for front and back surface
Geometrical factor accounting for finite-width
Fatigue strength coefficient

Initial mean stress

Residual stress

Maximum tangential stress along the surface of
blunt crack tip

Stress field of blunt crack tip in X direction
Stress field of blunt crack tip in Y direction
Stress field of blunt crack tip in Z direction
Non-dimensiocnal parameter

Non-dimensional parameter

Random load factor

Possion's Ratio



I. INTRODUCTION

1.1 Resjstance Spot Welding

Resistance Spot Welding is a process im which workpieces are pressed
together between electrodes, and electrical resistance at the interface
produces the welding hoat when current is applied. A schematic of the spot

welding process is shown in Fig. 1. (1).

1.2 The Fatigne Resistance of Tensile—Shear Spot Welds

Spot weldimg has recently assumed a greater importance im the
mansfacture of automobiles because of changes in manufacturing practice.
Interest in their mechanical behavior and in pafticnlar their fatigue
resistance has iancreased. During the past decade, many studies (2-8) have
been made to better understend fatigue performance of spot-welded sheet
steels. Although numerous studies have measured the influence of variables
such as sheet thickness and width, nugget diameter, load ratio, and loading
history on fatigue resistance of spot welds, relatively little work have
been done on developing an snalytical model to reflect the combined effects
of all those possible variables. Since fatigue testing is expensive and
time consuming, models that predict the fatigue life have great potential
for reducing the need for testing programs and for assisting the design
engineer in optimizing those wvariables which influence the fatigune
resistance of welds.

Motivated by fuel economy and weight considerations, the automotive
industry kas wused increasing zamoeunts of high strength low alloy (HSLA)
steels in car design. To justify use of the HSLA steels their spot weld
fatigue resistance must be better than that of mild steel. However, most
of the experimental data gemerated to date (9-13) suggests that the high

cycle fatigue stremgth is not improved and may actually be slightly reduced



for equivalent welds in the same thickness. Thus, the need for improving

fatigne resistance of HSLA is being increasingly recognized.

1.3 Effect of Spot-Weld Variables on Fatigue Resistance

1.3.1 Effect of Sheet Thickness

Sperie (15) performed an extensive study of influence of sheet
thickness on strength and showed that there is no significant thickness
effect on both static and fatigue strength of spot welded joints for a
given nugget diameter. Cappelli et al. (3) also examined the effects of
three different thickness, 1.5 mm (.,059 in.), 2 mm (.078 in.) and 2.5 mm
(.098 in.) on fatigne strength using the same electrode and found that no
noticeable increase in strength can be observed for thicker material =at
107 cycles. Cappelli et al. explained that this is probably due to the
presence o0f combined bending and tensile stresses introduced by
insnfficient rigidity of the specimen, allowing its rotation during
testing. BHowever, work done by Overbeeke and Draisma (16) on 7 mm (.28
in.) thkick plate ,Of spot welds indicated that increasing the plate
thickness ineressed the life devoted to the propagation of the fatigune
crack through the thickness of the plate. The work of Iwasaki et al. (17)
also showed the fatigue strength of spot welded joints tends to increase
with an increase in sheet thickness. This tendency is more pronounced in &
low—cycle region involving the application of greater load. Davidson (18)
developed a stiffness paramcter to describe fatigue resistance of
tensile~shear spot welds, found an increase in sheet thickness alomg with
increasing nugget size resulted in stiffer joints. As expected, an
increase in joint stiffness improved the fatigue resistance,. This

stiffness concept is a useful index to characterize the fatigne resistance



of spot welds.

1.3.2 Effect of Sheet Width

Orts (2) examined the sheet width effect on fatigne strength of a
single tensile shear spot weld in HSLA (222.4 kN (50 Ksi) yield stremgth)
steel and found that when the sheet width exceeded 50 mm (1.97 in.), there
was little effect of sheet width., Width 25mm (.98 in.) showed reduced
fatigue strength over the entire range of lives. The work of Davidson (18)
showed that the narrower the sheet width, the less stiff is the joint and,

the lower will be the fatigune resistance of spot welds.

1.3.3 Effect of Nugget Diameter

Many investigators (3,16) have shown that increascd nugget diameter
increases both the static and fatigue strenmgth of spot welded joints.
DeFourny (21) observed that as much as a 50% increase in fatigue strength
for HSLA cold-rolled steel at 107 cycles can be obtained when the electrode
diameter was increased from 5 mm (.197 in.) to 8 mm (.315 in.,). BHowever,
Overbeeke and Draisma (16) showed for 7 mm (.275 in.) thick plain carbon
steel that when the nugget diameter exceeded 18 mm (.708 in.) there was no
effect of nugget diameter on fatigme strength. An underwelded nugget
reduces the fatigue stremgth inm the low cycle regime, and interfacial
nugget failure was observed. Davidson (18) showed that an increased nugget
diameter increases the joint stiffness, but to a legser degree than
increasing the sheet thickness. Nugget dismeter also plays a major role in

determining the propemsity for pull-out or interfacial failure.



1.3.4 Effect of Welding Condition

Lawrence et zl. (22) have condocted an extensive study on the
influence of welding schedule on fatigue resistance of tensile—shear spot
welds. Low current (underweld) diminished significantly the fatigue
resistance whereas, high current welding (expulsion) did not grestly alter
the fatigue resistance. Kimechi (23) found that .97 mm (.038 in.)  thick
bare HSLA and 1low carbon steel spot welds made with current levels above
the initial expulsion point showed significant improvement (up to 68%) in
fatigue life due to an increase in nogget diameter. However, welding under
expulsion conditions causes rapid electroude deterioration. The extent and
consequences of electrode deterioration are dependent on electrode
geometry.

One effective techmique for improving the fatigue stremgth, which has
been found by Shinozaki et al. (24), is to genmerate moderate expulsion by
welding with a current just above the upper lobe curve. Fatigne strengths
(107 cycles) of a dual-phase‘steel sheet were increased by about a factor
of two as compared with those of the normal welding method. This
improvement in fatigune strength is dme to the increase in effective area of
"eorona bond’, and due to the increase in compressive residnal stresses

arosnd the nugget.



1.3.5 Effect of Base Metal Strength

Many stundies onm the static strength of the spot welded joint have been
made, and it has been widely accepted that temsile—shear spot weld strength
increases with the tensile strength of the base materials (25)., Also the
low c¢ycle (103 —104 } fatigue strength of spot welded joints improve with
increasing base metal strength, however the (106 _107 ) cycle fatigue

strength does mnot exhibit a dependence on the base metal strength and is

nearly identical for all materials (2,9,10,12).

1.3.6 Effect of Galvenized Coating

The effect of galvanization on the fatigue resistance of spot welds
was investigated by Lawrence et al. (22), Freytag (26} and Orts (2).
Lawrence et al. showed that galvanization of low carbom and HSLA steel
sheets prior to sﬁot welding does not seem to alter the fatigue resistance.
Freytag, however, found that an improvement in fatigme resistance on low
carbon steel as a result of coating. The work of Orts also indicated an

improvement in fatigue resistance on aluminzed steel.

1.3.7 Effect of Oiled Surface

Matsoukas, Stevens and Mai (27) studied the effect of an o0il coating
on the fatigue resistance of stainless steel sheet. They showed that the
presence of 0il on the surface has a bemeficial effect and increased the
fatigue 1life of the welded joint. Thoy also conducted an vxperiment on
fatigue crack propagation of parent metal in szir and in oil and found oil
did not affect da/dn for the same AK in the region II fatigue orack
growth. The threshold stress intensity ( Kth } is higher in an oil

eaviromment than in air. Thus, this increase in 1ife is ascribed to the

incrcasing the number of fatigue vycles required for crack initistion when



0il is present.

Similarily, Overbeeke and Draisma (16), Frost (28) indicate that oil
greatly extends the fatigne 1life of the spot—-welded lap joints. Frost
suaggested that this life improvement is because the presence of 0il on the

surface of the spot welds inhibits atmospheric corrosion.

1.3.8 Effect of Post—VWeld Treatment

Choquet et al. (29) extensively studied the effects of tensile
preloading on fatigue <resistance of spot welds and found that applying a
order of 75% of their ultimate tensile load to & row of stainless spot
welds  increased as muck as 400% in stremgth at 107 cycles. This
application of temsile preloading should result in a more even distribution
of subsequent fatigne stresses among the spots, therely improving their
fatigue characteristics. In addition, Lawrence et al. (30) also found
tensile preloading the single spot weld prior to fatigue testing caused a
substantial improvement in the fatigue resistance which was most marked for
the HSLA steeol.

Welter and Choquet (31) showed that a hydrodynamic compression
treatment of single stainiess spot weld which yields above 400% fatigue
strength improvement at 107 cycles. Chandel (32) also found that the
introduction ({or relief) of residual stresses around spot welds by plastic

deformation significantly increases their fatigue stremgth and endurance

limits.
Balasubramanias (33) studied the effects of spot weld heat treatment

on the fatigune strength of spot welds in plain carbon steel and found that

heat treating both in situ in the welding machine and in the furnace
improved considerably their fatijgne resjstance, Hiratsuks and Ito (34)

proposed a method for determining the tempering cycle condition for spot



welds on anti—-corrosion high strength steels and based on the following
principles: The electrical resistance of the steels =rises with the
temperature but, during the austenite transformation, this temperature
drops remarkably. When the weld periphery has been properly tempered, the
center is heated above the austenitizing temperature. Consequently, the
resistance of the weld during post—heating increases first and then
decreases slowly or rapidly depending on the post—heat current. Thms, by

analyzing the resistance characteristics, it is possible to select the
optimam post—heating conditions, To check the validity of this method,
fatigue strength tests were carried out. The results are in fairly good
agreement with temper schedule selected. The improvement by the temper
treatment will be caused by the generation of residual compressive stresses
at 'corona bond’ and indentation., The residual compressive stresses are
probably generated by the tempering of martensite in nugget and plastic
deformation of metal around the nugget by the electrode force. Similarily,
Shinozaki et 8l.(24) also conducted a controlled tempering treatment during
the welding schedule om the fatiguc atrength of spot welded joints in a
precipitation-hardened steel having relatively high carbon coanteant (.12 %).
By this treatment, fatigue strengths at 107 cycles increased by about a
factor of two compared with those obtained wusing conventional welding

me thods.



1.4, Scope

This study wes devoted to finding means of substantially improving tke
fatigue resistance of both high strength low alloy (HSLA) and plain carbon
steel spot welds. The opost-weld treatments (change nugget shape,
pre—loading and coining) have been investigated. Fatigune tests of spot
welds having elliptical nugget shape with stress ratio R=-1 were conducted.
Fatigue tests of pre-loaded and coined spot welds with stress ratio R=-1
and a variable load history were also performed.

To assist in improving the fatigue resistance, & Three—Stage model
(I-P model) was developed for estimating the fatigue resistance of
tensile—shear spot welds. Low cycle fatigne concepts combined with the
reselts of c¢rack propagation experiments on spot welds and existing stress
intensity factor solutions were used to form this Three Stage model.

A three—dimensional stress analysis was performed and the stress
intensity  factor (K;) was calculated for temsile-shcar spot welds.
Thickness, width and nugget diameter effects on stress intensity factor
(KI) were determined msing a stiffness derivative techmique (35).

The Munse Fatigue Criterion (36,37) was used and combined with the
constant amplitnde fatigume test data to estimate the maximun fatigue design

stress for spot welds under the variable load history.



II. THE THREE STAGE INITIATION-PROPAGATION MODEL FOR TENSILE-SHEAR

SPOT WELDS

2.1. Total Fatigue Life of Tensile~Shear Spot Welds

The Three Stage Initiation—Propagation model (TSIP) considers the
total fatigme life of temsile~shear spot welds to consist of three stages:
Stage I - fatigue crack initiation life and early growth (NI)’ Stage II -
crack propagation life involved in the propagation of a crack through the
sheet thickmness (Npt), and Stage III - crack propagation life spent in the
growth of a nugget—size crack across the specimen width (wa):

In Section 2.2, the elastic stress concentration factor (Kt) for

tensile—shear spot welds will be computed as a means of estimating
Kfmax and the Stage I crack initiation life (N;) which will be dealt with
in Section 2.3, The fatigue crack propagation life is estimated in Section
2.4, 2.5 and 2.6 in two segments, propagation through the sheet thickness
(Stage II) and widthwise propsgation (Stage III), corresponding to Npt and

pr in Eq. 1.

2.2. Estimation of Elastic Stress Concentration Factor Lgtl for a

Tensile—Shesr Spot Weld

Btress intemsity factors for the tensile—shear spot weld have been

derived by Pook (38). For a single spot weld, the expressions for the mode

I and II stress intensity factors are

.397}

Ky = D_i':'s‘{.964(D/t) (2)

D/t <10

.710}

P
K= p1.50-798 + 458 (D/¢) (3)
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where P is the load applied to the spot weld, D is the nugget diameter and
t is sheet thickness. The above stress intensity factor exzpressions for
point A in Fig. 2 are based on small deformation elasticity; and, thus,
finite deformations such as nugget rotation have not been included.

The expressions developed by Pook for the stress intensity factor,
(KI), for sharp crack have been modified to predict the elastic stress
concentration factor (Kt) associated with notches having a finite radius
{39). The hyperbolic blunt crack shown in Fig. 3 has a finite crack-tip
{r}. A polar system of coordinates centered at 0 was used where pcos® =
{n +1/2)r, and psin® = Ar. The quantities n and L are non—dimensional
parameters which define the position of a point relative to the crack tip.

The stress field ahead of the blunt crack tip is (39):

For Mode X
o3 f._(8) - cos El 8
x K 1 2
I r 3
a VL) £,(6) + 5 cos 5 B (4)
¥ (2'n'p)l/2 2 2p g
Txy f3(8) - sin 5—6
For Mode II:
11 3
o | —2— || t.®) - r  |sinZs (5)
A e R % 2
Ty £ (8) - cos 5 8
3] 8
where: fl(e) = cos 3 [1 - sin 5 sin % o]
8 3]
fz(e) = cos 3 [1 + sin 5 sin % 6]
5] g i
f;(0) = sin 5 cos 5 cos % e
.8 G 3
£,(0) = -sin 5 [2 + cos 3 cos 0]
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= ain 2 8 38
fs(e) = sin 5 cos 3 cos—f—e

- 8 - - §
f6(9) = cos 3 [1 sin 5 sia 3 o]

The maximom tangentisl stress alomg the interior surface of the blunt

crack tip due to a remotely applied load P is:

K
L cos——...___I...].;..._.. sin® (6)

(wv)l/z
Upon substitution of the stress intensity factors of Pook {Eq. 2,3) into
Eq. 6 the maximum value of 9., is found to occur at an angle 8 of -51° for
D/t = 4.7. The initial angle of crack growth from this point of maximem
Stress 1s predicted to be 66° from the horizontal: see Fig. 4.

If one defines the elastic stress concentration factor (Kt) as the
ratio of the peak notch tip stress (at at @ = -51°) to the remote average

tensile stress in the sheet (P/Wt), then Kt for a temsile—shear spot weld

becomes from Egs., 2,3 and 6:

K

. N : (1.61(0/¢) 3%+ 503 + .34(p/¢) 710y (7

_(wy)l/le'

The above value of Kt will be used to estimate the number of cycles for

initiation of a crack in the next section.

2.3 Stage I Fatigne Crack Initiation Life Estimation

The Stage I crack initiation life consists of the crack initiation and
early crack growth. For long life fatigue {NI>>Ntr), cyclic hardening and
softening effects can usually be ignored. In such cases. NI can be

estimated wusing the empirical Basquin equation {40) and the 1linear damage

summation rule (41):
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Ny -1/b
[, Htop/aoi) 1ma, (28 YEle, T2/ 0aN 1 (8)

&
L]
H
@
-
1

1 fatigue crack initiation life
GE = the fatigue strength coefficient
b = the fatigue strength exponent
k = the mean stress relaxation expomnent
6 . = the local initial mean stress
Ao = the local stress range
When the test results are unavailable, the fatigue properties and
relaxation constant can be estimated from the hardnress measurements of the
region where the fatigue crack initiates (42).
The notch root stress (Ac), i.e. the stress at the critical region in
the weld (point A in Fig.8) can be obtained using Neuber’'s rule (43) and a

i

set up cycle" analysis (44,45):
AcAe = (KfAS)Z/E (9

where: As is the remote nomimal stress range which is in the elastic region
and Kf is the fatigue notch factor.

To proceed with the calculation suggested by Eq. 9 the appropriate
value of XK. for the critical region in the weld is needed. A difficulty
arises from the fact that the notch—root radius of a discontinuity suchk as
weld toe is unknown and variable. Microscopic examination of weld toes
reveals that practically any and all value of radius are observed. To
analyze notches such as weld toes which exhibit all possible values of

notch—-root radiws, the concept of wsing the maximum value of Kf Kfmax has
r

been developed ( 41 ). K. can be estimated using Peterson's equation (47):



i3

Kf =1+ 3 (10)

where Kt is the elastic stress concentration factor, a is material

5

parameter (~1.08 x10 Suwz)(éé). for steel (mm), r is the notch root radius

(mm), and Su is the uvltimate strength (Mpa). Kfmax is K; evaluated for a

noteh root radius {r) egual to the material oconstant {a) in Peterson's

equation (47). Since Kt is in the range 10~30, (Kt—l) in Eq. 7 is assumed

approximately equal to K, Substituting Eq. 7 into Eq. 10, thus, Kemax for

tensile—shear spot weld is

Kfmax 1 +2.41 x 10_3 WSuD_ltljzf(t/D) (MPa - mm uaits) (11)

where

£(t/D) = .569(t/D)-19% &+ 209(t/D)5 + .12(¢/D)"-21 (12)

Substituting Eq. 11 into Eq. 9, the notch root stresses can be

calculated. Then, the c¢rack initiation life (NI) can be estimated using

Eq. 8.

2.4, Fatigue Crack Propagation Life Estimation
Fatigue crack propagation characteristics are conveniently represented

in the form of a power law (48):

%% = ¢(AK)™ (13)

¥here -%% is the rate of crack extemsion and AK is the range of

KI' Rearranging Eq. 13 gives,

(14)
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where C and m are material constants, a; and a¢ are initial and fimal crack

lengths. The range of K; is conveniently expressed in terms of the stress

range AS as
AK = YASYra (15)

where Y is a combination of geometric correction factors for crack shape,
finite plate dimensions and other geometry (49).
A fatigue crack propagation expression which has been derived by Zheng

and Hirt (50) is:

da _ _ 16
3R B{AK AKth) (1s6)
where B is a material constant and AKth is the threshold stress intensity
factor. For HSLA, B is equal to 6.65x107 " MPa™2 and AK,, is equal to
10.10 MPa vVm (50).

The negative inverse slopes of regression analysis of tengile—shear
spot weld BS-N curve in the life range 10* to 3x106 cycles for B6OXK G-90
(HSLA) and 10° to 2x107 cycles for galvanized SAE 960X (HSLA) are 5.2 and

5.6, respectively. Thus, the value of 5 is assumed equal to the exponent m

in Eq. 13 and Eg. 13 becomes

da _ 5
&= c0K a7

The material constant C can be obtained numerically by setting

da
dN

2

B(AK - AKth)

C(AK)S (183
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The fatigue crack propagation life of tensile—shear spot weld consists
of first theé life required to propagate a crack throngh the sheet thickness
until it reaches the specimen surface and then the 1ife spent to grow a
nugget—size crack laterally towards side of the sheet until specimen
separation occurs. These two parts were defined as Npt and pr in Eq. 2.1

and will be considered in turn.

2.5 Stage II Crack Propagation Life Lﬁptl Estimation

Since a spot weld has a three—dimensional geometry, Emery’'s solution
(51) does not work for obtaining the stress intensity factor. The finmite
element method (FEM) was attempted to estimate the stress intensity factor
for various c¢rack lengths by using stiffness derivative technjque (35).
Then, this stress intensity factor is substituted inte the Paris law to
estimate OStage II crack propagation life., However, efforts to obtain the
stress intensity factor for various crack depths have been discontinued due
to the fact that solving this problem unsing FEM is simply too costly.

Smith (52) has carried out a study of crack depth versus 1ife for
different 1load levels for a series of spot weld specimens. Fig. 5 shows
the crack depth versus life data for four different load levels and the
curve fitted relationship {solid 1line) for each lcad level. The calculated
stress intemsity factor range for four different load levels can be
obtained by taking the derivative of 2.22 xN (500 1bs.) curve to estimate
da/dn and by using the material constant
(c = 1.0x 10713 wpa™ 57372, = 5 for HSLA steel). The value of AK
is computed from Eq. 11. Since the stress intensity factor range depends
upon the Jload range applied. AK/P versus crack depth (a) is graphed in

Fig. 6. This relationship should be the same for each load level.

However, as seen in Fig. 6, the curves for the four different load levels
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do not «coincide. The probable reasons for this difference are the
inconsistency of welding schedule, crack measurements and test enviromment.
The dashed lines shown in Fig. 35 represent the calculated (based om Eq.
17) c¢rack depth ~versus life for four different load levels using 2.22 kN
(500 1bs.) data and .08 mm (.003 in.) for the ap

The 2.22 XN (500 1bs.) load ramge was chosen to characterize crack
propagation behavior in stage II growth. Consequently, the empirical

geometrical factor ¥ ( AK/AS vwa ) is a function of a and curve

fitting was used to obtain the relationship below:
Y = ~8.96(a/t)® + 20.03(a/t)2 -16.2(a/t) + 8.20 (19)

When Y is substituted into Eg. 15 and .254 mm (.01 in.) and sheet
thickness t are used for a; and agy the life Npt can be caleulated. The
-254 mm (.01 in.} was used for 81 because the crack depth whick is less
than .254 mm (.01 in.) 4is dominated by mode I and mode II. The .254 mm
(.01 in.) was used simply to avoid the complexity of mixed mode I and II

crack propagation behavior.

2.6 Stage III Crack Propagation Life iEpr Estimation

As shown in Fig. 7, a crack emanating from a hole loaded axially with
a centrally located force at the hole and an equal and opposite distributed
force at the opposite edge represents the axial loading as the crack
propagates across the sheet width (53). Note that P is the force per unit
plate thickmess. The hole should be small with respect to the crack. The
stress intensity factor at this stage has been derived by using elastic
superposition (54). According to Fig. 7 the desired case can be obtained

from a superposition of three others. Thus,
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ARyp = 8Kpp + AKpp - ARyg (20
Since it is obvious that AKIA = AKyp, the stress intensity follows from:

The spot weld actually experiences both axial and bending stresses.
Becanse bending stresses have a direction parallel to the axial load and
normal to the crack surface, they are superimposed on the stresses due to
the axial load. The stress intensity factor for combined axial and bending

loads can be obtained again by using superposition (54).

AKyp = .5(AKpp, + AKypy, + AKyp, + AKppy) (22)

where subscript a and b stand for axial and bending. See Appendix A for

the stress intensity factor solution of AKIBa' AKtpy s AKyp, . AEypy -

¥hen AKIA is substitated for AK in Eq. 17 and the nugget diameter and sheet
width are used for a; and a; the life N _ can be calculated.
» pw
Thus, an analytical model for estimating the total fatigue 1life of
spot welds has been developed in which the total fatigue life of a spot

weld (N;) is the sum of the initiation (Eq. 8) and propagation stages (Eq.

17) given by

Np = Ny + Nog + Npy (23)

Eq. 23 is used to estimate total fatigue life of spot welds for comparison

with experiments in Section V, Results and Predictions.
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2.7 Assumptions znd Approzimations of The Three Stage Initiation—

Propagation Model

Stage I:

Stage Il:

Root of nugget may be considered to be blunt notch.

No cyclic hardening and softening occur.

The Basquin equation with mean stress correction valid.
Linear damage rule was assumed to be valid.

Mean stress relaxzation was assumed to occur as a functiom
of life.

Residual stress was assumed to be equal to the yield
strength of the base metal in the as—welded state.

The cyclic properties were estimated from hardness

measnrements (DPH).

Direct observation of crack development in temsile-shear
spot welds was used as a guide to mocdelling and a source
for the stress intemnsity factor.

The Paris power law was assumed to epply.

The crack aspect ratio was assumed to be comstant.

The material properties of the HAZ were takemn

asm=25, C=1.0x 10_13 MPa—5 m3/2.

. The initial ecrack length was assmmed to be .254 mm (.01

in.).

The final c¢rack length was assumed to be sheet
thickness.

The effect of residuoal stress was assumed to be
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negligible.

Stage III:

1. A model for a crack emenating from a loaded rivet hole
was taken to model the tensile—shear spot welds.

2. The Paris power law was assmmed to apply.

3. The injtial crack length was taken as the mngget
diameter.

4. The final crack length was taken as the sheet width.

5. The effect of residnal stress was assmmed to be

negligible.
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III EXPERIMENTAL PROCEDURES

3.1, Materials and Specimen Preparation

Three galvanized sheet steels were used im this investigation. A
low—carbon galvanized sheet steel 1,14 mm (.045 in.) thick designated DQSK
G-90 was donated by the U. S. ©Steel Corporation. A high strength low
alloy (HSLA) galvanized sheet steel 1.29 mm (.051 in.) designated B60XK
G-90 was donated by the Bethlehem Steel Corporation. A galvanized high
strength low alloy sheet steel 1.40 mm (.055 in.) designated SAE 960X
(HI~-FORM 60) was donated by General Motors Corporation. The chemical
composition and averege tensile properties for these steels are shown in
Tables 1 and 2. The Heat—-Affected-Zone (HAZ) fatigue properties estimated
from hardness measwrements (53,56) for these three materials are listed in
Table 3.

The specimens were fabricated from 38.1 x 69.8 mm and 38.1 x 44.4 mm
(1.5 x 2,75 in., and 1.5 x 1.75 in.) counpons sheared from sheet with their
longer dimensions parallel to the longitudinal orientation. The specimen
is shown in Fig. 8. A fixture was used to emsure comsistency im weld
location, as shown in Fig. 9.

Specimens were welded at the General Motors Technical Center using
Fisher Body division recommended procedures (57,58). The spot welds were
prepared with a single—phase. microprocessor-controlled AC electrical
resistance Spot welding uwnit. The optimum welding conditioms for the DGSK
G-90, B60XK G-90 and palvanized SAE 960X steel were listed in Table 4, The
welding lobe diagrams for DQSK G-90, B60XK G-90 and galvanized SAE 960X
were given in Fig. 10. The welding lobe diagram is a plot of the welding
time in cycles (ome cycle equals 1/60 second.) versus the welding current

in thousands of amperes (KEilo amperes). Im each of the three diagrams, the
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cpen circle represents the optimum welding condition.

3.2. Post-Weld Yreatment To Enhance Fatigue Resistance

Three variations in specimen preparation procedure designed to enhance
the fatigune life were assessed for their influence on the fatigue life of
tensile—shear spet welds. These included change of nugget shape.

mechanical preloading and coining.

3.2.1 Change in Nugget Shape

Tensile~shear spot welds were manufactured using an elliptical end a
rectangular c¢ross sectional electrodes. Tha same welding conditions were
applied except higher current was used to reach the desired nugget
dimensions. These welding processes resulted in roughly elliptical nugget
shapes having an approximate aspect ratio of 1.7 : 1.0. The influence of

nugget orientation is considered in Section 6.5.1.

3.2.2 Preload

Specimens were preloaded in tension to 50% and 75% of their

anticipated meximum static strength prior to fatigue testing.

3.2.3 Coining

Coining technique was used to stress—relieve or introdumce compressive
residual stresses to the spot weld region through the applicaetion of a high
compressive load to the nugget of the spot weld, mnormal to the specimen
face.

Specimens were 'coined’ using a die which fitted dinto the dimple
surface of spot welds. A jig of two steel blocks was used to facilitate
the accurate positioning of spet weld. The load was applied throogh & 6.35

mm (.25 in.) diameter steel rod with a flat tip which covers the weld
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nugget. A RIEHLE machine was wused for the compression, The optimum
coining treatment were determined by trial asnd error. This coining
operation was carried out using two levels of compressive load: 22 XN
(5,000 1bs.) and 44 kN (10,000 Ibs.). To avoid upsetting the back face of
the specimen or bending the specimen, an insert was used to support the
nugget and to apply force equally to both sides of the nugget. Specimens
were coired with and without the use of a lubricating oil. The lubricating
0il wes uvsed to facilitate the lateral plastic flow of the material during

the compression. A schematic drawing of the coining pretreatment is shown

in Fig. 11,

3.3. Fatigune Testing Program

The specimens were gripped with self-aligning hydraulic grips, as
shown in Fig. 12 (59) and tested inm a 3 kip capacity MIS testing machine,
The design of the specimens (60) and the grips were such that the specimen
sustained 6.7 kN (1,500 1bs.) compression without buckling. To minimize
bending stresses during testing, both ends of the specimens were reinforced
by welding two filler plates of the same thickness. As seen in Fig, 8,
two small holes were drilled in the specimen for alignment purposes. Thus,
it was possible to carry out tensiop—to-compressiom (R=-1) load cycle
tests. All constant amplitude fatigme tests were performed at 5 to 20 Hz
frequency under ambient laboratory conditions.

Fatigue tests using & variable load history in which life was measured
were &lso carried out. Fig. 13 shows a load history which was donated by
the Ford Motor Company. A histogram of this load histoy which contains
18,844 events is shown in Fig. 14. The events of the Ford history were
stored in a function generator which replayed the varisble load history to

the {atigue testing apparatus. The test matrix of B60XK G-90, DQSK G-90
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and galvanized SAE 960X steel spot welds is shown in Table 5.

In both the comstant amplitude and variable 1load history tests,

pull-out failure and/or complete separation of the test piece into two

pieces was defined as failure. Thus, the test results reflect crack

initiation at the circumference of the weld nugget plus early crack growth

through the thickness and later crack growth laterally across the specimen

until final separation occurred.



24

IV. FINITE ELEMENT ANALYSIS OF TENSILE-SHEAR SPOT WELD

The application of the finite element method (FEM) to  the
determination of notch-tip stress fields has led to repid progress. The
method has great versatility: it allows the analysis of complicated
geometries (welded structures), it enables treatment of three~dimensional
problems, and it also permits the use of elastic—plastic elements to

include notch tip plasticity.

4.1 Stress Analysis of Tensile—Shear Spot Weld

The 20-node brick element was used to model the geometry of the
tensile—shear spot weld. The element grid was plotted by using a mesh
generator (61) and is shown in Fig, 15, Because of symmetry, only
one—half of the specimen was analyzed.

The stress analyses were performed using the ABAQUS finite element
progxam, developed by Hibbitt and associates (63). All computations were
performed on a Cyber 175 computer of University of Illinois.

The results of this analysis for the tensile-shear spot weld are shown
in Figs. 16 and 17. Figure 16 shows the notch—root stresscs as a funotion
of positicn around the periphery of the spot weld nugget. Yt was assumed
that the root of the weld nugget kad & very small but defined radins.
Around the notch root radius, Fig. 17 shows the profile of the magnitude
of the stress concentration factor of the weld nugget. The maximum stress
concentration factor occurs approximately 70%°above or below the horizontal
for the geometry studied, suggesting that fatigue cracks should initiate
and propagate in this jnitial direction as has been shown by experiment.
Fig, 18 shows a comparison of the calculated stress concentration factor

using Eq. 7 and computed stress concentration factor using finite element



25

method (FEM) for wvarious ellipticity. The stress concentration factors
(Kt) calculated using Eq. 7 and computed using FEM ggree within 25%. This
encouraging agreement gave confidence in using Eq. 10 to obtain the fatigue
notch factor and, thus, to estimate the fatigune dinitiation 1life of
tensile-shear spot welds.

Finite element 2nalyses were used to determine if nugget shapes other
than circular could have a bemefical influence uwpon the fatigue resistance
of tensile—shear spot welds. Figure 19 shows the calculated maximmm stress
concentration factor (Kt) for tensile—shear spot welds having circular and
elliptical nugget shapes. In these calculations, the nugget
cross—sectional area was maintained constant, and the Kt of the circular
nuggel was compared with the K. of various shapes of elliptical nuggets.
The calculations indicate that elliptical nuggets having their major axes

rerpendicular to the 1oad shoulid have a Kt at their notch root

substantially less than that of & circular nungget. Conversely, the
elliptical nuggets have higher Kt at their mnotch root than that of a
circslar nugget when the major axes are parallel to the loading direction.
The nugget shape effects on fatigue resistance of tensile—shear spot welds

will be discussed in Section 6.5.1.

4.2. Stress Intemsity Factor (K.) of Tensjle-Shear Spot Weld

Three—dimensional finite element analyses for various specimen
dimensions were carried out to obtain the values of stress intensity factor
of a tehsilc—shear spot weld using 2 stiffness derivative technigune (35).
The dashed lines in Figs. 20 to 22 give the KI velues with Pook’s solution
for changing the sheet width, thickness and nugget diameter, respectively.
The solid 1lines were obtained by connecting the KI values from finite

element analyses for changing the dimensions of the specimen. Combining
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Figs. 20 to 22 , the curve fitted stress intemsity factor solution (KI) of

a tensile—shear spot weld can be expressed as:

_ 0 D, .27 ,D,.285

As seen in Fig. 20, Pook's stress intensity factor (38) (KI) deviates
from the stress intensity factor of FEM in the range W/D<§ . This
disagreement is because the free edges affect the stress intemsity factor
in the finite element study when the width becomes narrow. Fig. 21 shows
the thickness effect on stress intensity factor of spot welds, The stress
intensity factor of FEM is approximately 20% higher than that of Pook in
the range 1/60¢ t/W{ 1/10 . The stress intensity factor of Pook and FEM

egree with each other reasonably well for the nugget diameter within the

range 1.25¢ D/t<10 .
Generally spesking, the stress intensity factor of Pook agrees with
the empirical stress intensity factor (KI) from finite element analyses

except at narrow sheet widths (W/D<K§).

4.3, Fracture Mechenics Analysis of The Fatigue Behavior of Spot Welds

Plotting fatigue test results of tensile—shear spot weld in terms of
initial stress intensity factor cam rednce the scatter (62). It seems
interesting to study the initial valme of stress intensity factor for
various spot welds, The designer can easily use this initial stress
intensity factor to judge the fatigue resistance of different spot welds.

Fig. 23 shows the values of initial stress inteasity factor for three
ﬁifferent spot welds., A is a spot weld having sheet thickness t; B is a

spot weld having two different thicknesses t and t/2; and C is for two spot
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welds consisting of three sheets having sheet thickness t. As seen in Fig,

23, the spot weld C has a substantially reduced stress intenmsity factor.

The spot weld € has a K;/S of approximately 3 and 3.4 at point U and V.

The stress intensity factor of spot weld A has a KI/S of about 11 at U and
V. According to this amalysis, the spot weld C shouwld have a much higher
fatigne resistance than spot weld A. Fig. 24 shows the experimental
results of spot A and spot C for galvanized SAE 960X (HSLA)., The spot weld
C consists of two spot welds: becanse of the two spot welds it is
anticipated that the fatigue strength will be at least two times that of
spot weld A. In fact, weld C exceeded weld A by a factor of three as can
be seen in Fig. 23. This difference is due to the fact that spot weld A
has a large nugget rotation and bending which is almost absent for spot
weld C when the load is applied. Thus, if & spot weld having little or no
nugget rotation and bending can be prepared, significantly improved fatigue
resistance may be expected (20).

An analysis of spot weld B also is included in Fig, 23, Although it
is difficult to establish a standard for comparison of the weldment of
dissimilar sheet thickness with the weld of eqgual sheet thickmess, there
doas appaar to be some nnusual effects involved as shown by curve B in Fig.
23. The stress intensity factor, XK;/S has a value of approximately 17 at
point V and 5.6 at point U. The value of stress intensity factor (KI)
gradually increases along the notch root. This implies that the spot weld
B will fail at the thinner sheet. Comparing spot weld B with spot weld A
and C, spot weld B has the poorest fatigne resistance, The results
indicate that the geometry of tensile—shear spot weld exerts ome of the

most important infliuences on the fatigue resistance of spot welds.
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V. RESULTS AND PREDICTIONS

5.1 Results for Constant Amplitude Loading Fatigue Tests

The constant amplitude fatigue test results and life predictions for
the as—welded B60XK G-90 (HSLA), DASK G-90 (low carbon} and galvanized SAE
960X (HSLA) tensile—shear epot welds are given in Tables 6 to 8 ond shown
in Figs. 25 to 27. B60XK G-90 and DQSE G-90 spot welds were tested under
R=-1 loading condition and galvanized SAE 960X spot welds were tested under
R=0 1loading condition. The wvertical axis represents the applied axial
stress range which is defined as the 1load range divided by the cross
sectional ares of the sheet. FEach of the solid linas represents the total
life predictions based on Eg. 23.

A 'pull-out' feilure in which the fatigue crack initiated at the weld
nugget and propagated rapidly into the base metal sheet was observed in
specimens at short lives (less than 108 cycles), A specimen separation
where the crack has progressed to the outer surface of the specimen and has
subsequently advanced awey from the nugget and across the width was
observed ip specimens at long lives (particularly longer than 106 cycles).
The interfacial failure in which the crack propagated through the weld
nugget was seldom observed in this study. The gemeral appearances of the
pull-out failure and specimen separation are shown ian Fig. 28. Fig, 29
shows a comparison between the number of cycles to fﬁilnrﬁ observed and the
number of cycles to failure predicted for B60XK G-90, DASK G-90 and

galvanized SAE 960X using the TSIP model.
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5.2 Resnlts for Variable Load History Fatigue Tests

Tables 9 to 10 and Figs. 30 and 31 give the fatigue test results and
predictions using the Munse Fatigue Criterion (see Appendix B) for B6OXK
G-90 (HSLA) and DQSK G-90 (low carbon) tensile—shear spot welds subjected
to the Ford variable 1load thistory. The nominal stresses shown in the
figure were computed from the largest absolute load value of the Ford weld
history, amrd the 1life was represented as blocks (18,844 reversals in one
block). The data in both of these diagrams range from approximately 10
blocks to over 600 blocks. The dashed and solid limes shown in Figs. 30
and 31 are predictions for 50% reliability (the central tendency of the
fatigne data) and 95% reliability made using the Munse Fatigne Criterion
(36,37). The slope of the S-N regression analysis lime, uncertainity,
random load factor and reliability factor for B60XK G-90 samples and DQSK
G-90 samples are given in Table 11. Fig. 32 shows a comparison between
the number of blocks to failure observed in these experiments and the
nmber of blocks to failure predicted using Munse Fatigue Criterion at 50%
reliability. The dashed 1lines are a factor of two im life. As seen in
Fig. 32, the Munse Fatigue Criteriom at 50% reliability slightly
overestimated the fatigue 1life. A conservative life predication will be

obtained if the Munse Fatigue Critetion at 95% reliability is used.

5.3 Improvement of Spot Weld Fatigue Resistance

5.3.1 Results of Changing Nugget Shape

As shown in Fig. 33, a and b stand for the axes of ellipse parallel
and perpeadicular to the loading direction. Spot welds having elliptical
nuggets with the major axis aligned perpemdicular to the 1load, that is

b/a=1.7, and parallel to the load, that 1is b/a=.6, were tested, The
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results of these R=-1 tests on B60XK G—-90 (HSLA) are shown in Table 12 and
Fig. 33. The dashed line stands for the fatigue resistance of as—welded

B60ZK G-90 circular spot welds which have the same nugget area. From these
tests, it seem that the introduction of different ellipticity does mnot

appreciasbly improve tho fatigue life of spot welds.

5.3.2. Results of Pre-Loading

The improvement of fatigue life due to pre—loading in tension prior to
fatigse testing was substantial. Fig. 34 shows the monotonic
load~displacement curve for B60XK G-90 (HSLA) and DQSK G-90 (low carbon)
tensile~shear spot welds. The 75% of the ultimate tensile load, which is
11.1 ¥N (2,500 1bs.) for B60XK G-90 and 9.2 XN (1,620 1bs.) for DQSK
G-90, is shown by an arrow on each curve. These specimens were tested
under R=—1 loading condition and resmits of these tests are listed in
Tables 13 to 14 and shown with predictions in Figs. 35 to 36 for B6OXK
G-90 and DQSK G-90 steel, respectively. The dashed lines are the fatigue
resistance of as—welded spot welds from Figs. 25 and 26. As seen in Figs.
35 and 36, the preloading to 75% of their =ultimate tensile load does
increase the fatigume strength (21106 cycles) as much as 95 for B60OXK G—90
and 73% for DASK G-90. However, this preload only resulted in 13% increase
in strength for bothk materials at 104 cycles. Predictions of the total
fatigne lives were made by assuming the maximum compressive residual
stresses which are equal to base metal yield strength at the notch root.

Results of B60XK G-90 and DQSK G—90 which were subjected to the Ford
weld history are given in Tables 15 to 16 and shown in Figs. 37 to 38.
The strength at 700 blocks increased 61% for B60XK G-90 and 28 for DQSK
G-90 when preloading of 75% of their nltimate temsile load was applied.

This preload only resulted in 1% and 8% increase in strength at 10 blocks
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for B60XK G-90 and DQSE G-90, respectively.

5.3.3 Results of Coining

The test results and predictions for B6GXK G—90 (HSLA)} specimens which
were subjected to the coining operation under R=-1 conditions are given in
Table 17 and Fig. 39. The dashed line represents the fatigue resistance
of as~welded B60XK G-90 spot welds. As much as 50% increase in strength at
2x106 cycles can be obtained by applying 44.4 kN (10,000 lgs.) compressive
load. However, this compressive load only resulted in a 24% increase in
fatigue strength at 104 ¢cycles. The maximum compressive residumal stresses
which equal to base metal yield strength at the notch root was used to
estimate the total fatigume life (Np).

Results of B6OXK G—-90 spot welds which were subjected to the Ford weld
history are given in Table 18 and Fig. 40. The 56% incresse in stremgth
at 700 blocks canm be obtained by applying 44.4 XN (10,000 1bs.)
compressive load. This compressive load only resulted in 15% increase in
strength at 10 blocks. Table 17 and Fig. 39 clearly demonstrate that the
higher 1load 1level (44.4 XN} resulted in substantial improvement in the
fatigue life of the BEOXK G-90 steel. From these tests, it seemed that the

introduction of the 1lubricating oil did not appreciably improve much the

effect of this pretreatment.
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Vi. DISCUSSION

6.1 Comparisop of TSIP Model Predictions with Experimental Results

The stages of the TSIP model are: Stage I — crack initiation and early
crack growth, and Stage II - through thickness crack propagation, znd Stage
IIT - lateral erack propagation. For Stage T, the Pook's stresge intensity
factor solution for the temsile-shear spot weld and Creager’s blunt notch
tip stress field were used to evaluate the notch root stresses. The 1life
spent in crack initiation and early crack growthk canm be estimated using
smooth specimen fatigue data. For Stage II, estimates of the life involved
in the prapagation of 2 erack throngh the sheet thickness (Npt) were based
on the crack growth studies (52) for tensile—shear spot welds. For Stage
ITTI, the 1ife spent in the growth of a nugget—size crack across the width
of the specimen (pr) was evaluated using existing and estimated stress
intensity factor solutions (as described in Appendix A). Predictions of
the total fatigne life (NT) were made by adding the separate estimates of
e¢rack initiation life (NI) Stage I and the crack propagation lives Stage II
and Stage ITI.

The fatigue life predictions for as—welded, pre—loaded and coined
tensile—~shear spot welds were made and compared with experimental results
from this study. The primcipael difficulty in applying the TSIP model was
determining appropriate values of HAZ fatigue properties. Because of the
buckling problem in the testing of thin sheet materials, obtaining the
strain—controlled fatigue properties for these HAZ is extremely difficult.
Thus, the fatigue properties used in this study were estimated from
hardness measurements of HAZ (55,56). Fig., 41 shows the hardness profile

of B60XK G-90 (HSLA) and DQSK G-90 (low carbon). Detail of the predictions

of total fatigue life (Ny) are deseribed in Chap. II.



33

Figure 29, compares of the predicted total fatigone lives with the
observed total fatigue lives. The predictions of total life agree with the

experimental results within a factor of two.

6.2 Effects of Geometry on Tensile~Shear Spot Welds

6.2.1 Width Effects

The effect of width (W) predicted by the TSIP model on tensile—shear
spot weld fatigume 1life is diagrammed in Fig. 42 for B6OXK G-90 (HSLA)
steel. Since the Pook stress intemsity factor solution is not & function
of width, the stress intensity factor solution which wes developed using
the finite element method for a finite width specimen was used to estimate

the notch severity. The elastic stress comcentration factor is:

K, =R 13.96m/¢) 2T (/w285 503 + .34(pse)-T10 (23
t 1/2D1.5

(nz)
The fatigue notch factor can be obtained by substituting Eq. 25 into Eq.
10. As seen in Fig. 42, the initiation life drops drastically when the
width is less than 38.1 mm (1.5 in.) because the proximity of the free
edges results in a higher stress concentration eround the notch root and,
thus, decreases initiation life., The initiation 1ife is insensitive to the
width when the width is larger than 50.8 mm (2 in.). As shown in Fig, 20,
the stress intensity factor (KI) at the notech root is essentially
indopendent of sheet width whean (W/D)>12 due to the fact that the free edge
effects diminish.

The Stage II crack propagation life (Npt) was estimated from crack
propagation experiments on tensile—shear spot welds having a width 38.1 mm
(1.5 in.). A finite width correction factor was needed to account for the

width effect on the stress imtensity factor range during this stage. The



34

range of stress intensity factor AK of Stage II is:

AE = YwAS Yna (26)

where Yw is the geometrical factor accounting for finite—width and can be

expressed as:

t (27

Mw is the finite~width correction factor for an embedded elliptical crack

My = /sec(%fw/%f) {28)

where ¢ is the crack length, a is the crack depth, Y is a geometrical

is (64):

factor and M, i3 4 finite-width correction factor for an  embedded
elliptical crack in a 38.1 mm (1.5 in,) wide specimen. From failure
surface obscrvations, the ratio of ¢/a is about 2.5. Thus, the Stage II
propagation life due to various widths can be evaluated by using Eq. 14.
As shown in Fig. 42, the Stage II propagation life becomes more important
when the width increases. Also in Stage IYY, increases in sheet width
result in an increase in the life devoted to the propagation of a crack
across the width of the sheet.

The TSIP model predicts that the fatigue resistance of tensile-shear
spot welds is relatively insensitive to specimen width except at marrow

widths.



6.2.2 Thickness Effects

The effect of thickness (t) predicted by the TSIP model on
tensile—shear spot welds fatigue life is shown in Fig. 43 for B60XK G-50
{HSLA) steel spot welds.

The crack initiation 1life gradwally dominates the total 1life as
thickness increases. An increase in thickness results in a decrease in
stress concentration factor and an increase in crack initiation life.

For Stage II crack propagation, a correction factor for the fromt and
back surface is needed to account for the thickness effect om stress
intensity factor range. The range of stress intensity factor AK of Stage

II is:
AEK = YtAS /g (29)

where Yt is the geometrical factor for front and back surface and can be

expressed as:

Tt
FS (30)

¥. is the surface correction factor (front and back) which was obtained by
curve fitting from Kaju’'s (65} three—dimensionral frinite element results

{c/a=2.5) and is given:
F, = - 3,3 ay2 _ a
t 2'63(t) + 3.87(t) 1’15(t) +1.23 (31)

where Y and Fg are geometrical factor and free surface correction factor
for an embedded elliptical crack im a 1.3 mm (.051 in.) thick specimen.
Thus, the Stage II propagation can be evaluated for various thicknesses

using Eq. 14.
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For Stage III, crack propagation life increases with the thickness.
Thus, an increase in thickness should result in a significant improvement
in fatigue 1life. However, some investigators (3,15) have claimed no
noticeable improvements in fatigue strength from increasing thickness.
This observation is probably due to the fact that the changes im thickness
studied were too small to show any significant effect. As far as vehicle
weight savings and fuel economy are concerned, increasing sheet thickness

in order to improve the fatigue resistance of spot welds is probably not a

practical suggestion.

6.2.3 Nugget Diameter Effects

The effect of nugget diameter (D) predicted by the TSIP model on
tensile—shear spot weld fatigue 1life 1is shown in Fig. 44. As seen in
Figs. 42 to 44, within the practical range of width, thickness and nugget
diameter included in this stady the degres .of life change caused by
altering the nngget diameter is not as great as the thickness effect, but
is larger than the width effect.

Increasing the nugget diameter results in a decrease of the stress
concentration factor arcund the notch root, and thus, causes an improvement
in the Stage I fatigue initiation life.

It has been assumed that throegh thickness crack propagation life
(Stage II - Npt) is the same for various nmgget diameters.

The nugget diameter was assmmed for the initial creck length (aI) for
the cross—width crack propagation (Stage III) study. Thus, the stage IIX
crack propagation life decreases with an increase in nugget djiameter.

Although the improvement in fatigme resistance due to the nugget
diameter is not as effective as the thickness effect, increasing the nogget

diameter would seem to be the most direct and practical means of increasing
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fatigue resistance through changes in gecmetry.

6.3 The Mixture of Geometry Effects

For practical applications, it is important to know the 'trade off’
between the geometrical variables on fatigue resistance of spot welds.
Since fatigue resistance of spot weld is insensitive to the sheet width,
this discussion will be focused on the nugget diameter and sheet thickness.
Oigh streogth steel sheet has high static strength and allows thickmess
reduction and weight savings. However, the fatigme resistance of high
strength steel spot welds is about the same as that of 1low carbon, steel
spot welds . Thus, a reduction in thickness needs to be balanced, in term
of fatigue life, by increasing the nugget diameter. For example, the
results predicted by tho TSIP model indicate, for B60XK G-90 (HSLA) steel
under load range 2.67 kKN (600 lbs.), s thickness redunction from 1.91 mm
(.075 in.) to 1.3 mm (.051 in.) could in terms of total fatigue life be
compensated for by increasing the nugget diameter from 6.1 mm (.24 in.) to
9.9 mm (.39 in.). Conversely, a thickness increase from 1.02 mm (.04 in.)
to 1.3 mm (.051 in.} could be balanced by deercasing tho nugget diameter
from 6.1 mm (.24 in,) to 4.8 mm (.19 in.).

According to Fisher Body recommended procedures (57), the nugget
diemeter (D) is wassally proportional to the square root of the sheet
thickness (t) for nominal spot welding condition. A given electrode
produces larger nugget sizes in thicker sheet (15}, Thus, an increase in
sheet thickness will result in life improvement both due to increase in
sheet thickness as well as attendant incresse in nugget diameter. For
example, the results predicted by TSIP model, for B60XK G-90 (HSLA) steel

tensile-shear spot weld test using a load range 2.67 kN (600 1bs.) for a

thickness increase from 1.3 mm (. .051 in.) to 1.9 mm (.076 in.) and an
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associated nugget diameter increase from 6.1 mm (.24 in.) tao 7.5 mm (.29
in.) would result in fatigue 1life improvement from abount 21106 to
5x107 ¢ycles. Increase in thickness alone will result in life improvement

only from about 23106 to 91106 cycles.

6.4 Effects of Materia]l Properties

It has been shown in many investigations that the high cycle fatigue
resistance of spot welds seems to be independent of the static strength of
the base metal (4,10,19,22). The tensile residual stress cancels out
material property effects and thus, no life improvement occurs im the high
eycle regime (>105 cycles). In the low cycle regime ( ~10* cycles), the
tensile residoal stresses may be partially ‘'washed out' by notch root
plasticity:; and high strength materisls give a higher fatigue resistance
(66,67).

The predicted effect of material properties on fatigue 1l1life for =
given geometry and load range is shown in Fig, 45, In this analysis, the
BAZ residual stresses of spot welds are assumed to be equal to the yield
strength of the surrounding base materials {(45)., The yield strength of
base material can be obtained from the mltimate temsile strength of the HAZ
(55,56) . The relationship Sy = .5 S, vas used in this stody (55). As seen
in Fig. 45, the crack initiation life decreases slightly with increasing
the HAZ  strength. Barsom (68) showed  that the region II
fatigne-crack-growth—rate behavior of steels in a benign enviromment is
essentially independent of mechanical and metallurgical properties. Thus,
the HAZ material properties are presumed to have mno influenmce on erack

propagation life (N _ and N )
pt v
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An increase in HAZ material stremgth results in a slight decrease in
fatigue resistance because of the high tensile residual stresses associated

with the weld in the high strength materials.

6.5. Improvement of Tensile—Shear Spot Weld Fatigue Resistance

The three most important factors which are inherent properties of the
discontinuity (notch) camsing fatigue failure in weldments are: geometry -
the severity of the stress concentration; residual stress- the sign and
magnitude of the residmal stress at the root of the stress concentration;

and material properties— the fatigue properties of the material at the root

of the stress concentration. All methods of improving the fatigue
resistance of weldments do so by altering one or more of the
above-mentioned factors (69,70).

Thus, there are two main avenunes for inoreasing tensile*§haax spot
weld fatigne resistance: altering weld geometry (imcreasing in sheet
thickness, nugget diameter, decreasing nugget rotation throngh increase in
specimen stiffness, altering nugget shape) and controlling residunal
stresses (altering of the welding parameters, changing in material

properties through post—weld thermal or mechanical treatments).

6.5.1 Change in Nugget Shape

Finjte element analyses were used to determine if nugget shapes other
than circular could have a boneficial influence upon the fatigue resistance
of tensile—shear spot welds. The FEM results show that elliptical nuggets
baving their major axzes rerpendicular to the load have =& Kt at their notch
root substantially less than that of a circular nugget. If this is so, the

elliptical nuggets of shape b/a=2 should have a substantially improved

initiation life (NI).



However, tects made using spot welds having elliptical shape did not
improve the fatigme life. It seems that any improvement in initition life
(NI) must bave been of fset by decreases in propagation life (Npt + pr). S0
that the test results for spot welds having lives of approximately a
million cycles indicated that circular spot welds and elliptical spot welds
having a b/a ratio of about .6 and 1.7 all had about the same fatigue life.
The data spans the range of approximately 105 cycles to 3x106 cycles.
Further tests would be required to determine if the different ellipticity

can produce increases of life in the very lomg life region.

6.5.2 Preload

The TSIP model predicts that residual stresses have a large influence
upon the fatigue 1life of a tensile—shear spot weld. It was thought that
inducing compressive residual stresses in the locations at which fatigue
creck initiatiom and early crack growth occur would substantially improve
the fatigue resistance. As seen in Fig. 35 and 36, the iatroduction of
compressive residual stresses resulted in a substantial improvement of
fatigune resistance at 22108 cycles. In the low cycle region (103 to

10*

cycles), this compressive residual stress did not improve fatigue
resistance much because the motch root plasticity presmmably 'washed—out'’
the residual stresses after a few cycles.

The incresses in strength at 2x100 cycles are 95% for B60OXK G-90
(HSLA) and 73% for DASK G-90 {low carbon) spot welds. Because B60XK G-90
(HSLA) has a high yield strength, a high compressive residual stress could
be induced. Thus, tensile preloading causecs a substantial improvement in

fatigue resistance which was most beneficial to the high strength material.

This observation is alsc confirmed by the work of Choquet (29).
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If it is assumed that the whole of the fatigue 1ife of a weld comsists
of crack propagation from pre-existing small crack—like defects then, as
has been shown by Maddox (71), one would anticipate that the negative
inverse slope of the 5-N regression analysis line should be equal to the
value of the index, m, in the Eq. 13. If there should be a significant
¢rack initiation period, the slope would be less than m. As seen in Fig.
35 to 36 , the negative inverse slope of regression analysis 1line for
gs—welded spot welds is 5.2 and 5.5, and for pre—loaded specimens the
slopes are 11.2 and 9.8 for B60XK G-90 (HSLA) and DOSK G-90 (low carbon),
respectively. An reduction in slope of the test results possibly indicates
a8 greater period of time spent in fatigue crack imitiation and early crack
growth, In addition, the negative inverse slope of the S5-N diagram of
as—welded specimens for B60XE G-90 (HSLA) and DQSK G-90 (low carbon)
indicated that the fatigue 1life of spot welds is made up of significant

contribution from <fatigune crack initiation as well as fatigne creack

propagation.

6.5.3 Coining

Coining treatment caused the fatigue resistance improvements by the
introduction of compressive residual stresses or tensile residual
stress~relieve at notch root. The factors which influvence the degree of
improvements are (1) the size of the compressed area of weld nugget. (2)
the magnitude of the compressive load. (3) the shape of the tool tips
used.

As seen in Fig. 39 and 40, the improvement in fatigne resistance
cansed by coining for B60XK G—90 (HSLA) is not as great as caused by the
tensile preloading treatment. The 44.48 kN (10,000 1bs.) force applied

and the size of the rod tip caused the entire nugget to be ‘coined’ but
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these c¢onditions are prcbably not the optimum combination of lead and tip
shape, and further improvements in fatigue resistance through coining may
be possible.

The coining treatment resulted in a change of slope from 5.2 to 6.4
for the B60XK G-90 (HSLA) steel specimens. The degree of change in slope
is not as great as produced by the temsile preload treatment.

The dimple surface residual stresses of B60XK G-90 (HSLA) and DQSK
G-90 (low <carbon) specimens were measzred by the Caterpillar Tractor
Company using X-ray technique to show that the state of residual stresses
in the =angget and presumably at the notch root were altered by these
mechanical pretreatments. Table 19 shows the residual stress measurements
for as~welded, preloaded and coined nugget at the dimple surface. Although
the existance of high compressive residual stresses at notch root has not
been  demonstrated for the coining and preloading treatments, these
measurements do show that some stress relief and compressive residual
stress have been induced at the mnugget surface throogh wcoining and

preloading treatments,

6.6. Comparison of The ISIP Model with The Method of Davidson et al.

Davidson and Imhof (20) developed a spot-weld fatigme design curve
(termed here the SFD method) which relates the tensile shear spot weld

fatigue life to a parsmeter AE:

1/2
AE = APAGN

(32)
t

for the R=0 load condition. Where AON is the nugpget rotation angle, t is
the sheet thicknmess and AP is the load range applied to the spot weld. The

SFD method is based wupon the assumption that the fatigne of spot—welded
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sheet is governed exclusively by fatigue c¢rack growth. The SFD method uses
the stiffness of the specimen as a index to characterize the fatigue
resistance of tensile-shear spot welds. Using this stiffness parsmeter,
the total 1life of tensile—shear spot weld were related to the stiffness

parameter AE:
Nf = A(AE)_B (33)

where A is equal to 1.84 x 106 when AE is in the unit of kN—degllzfmm.
Davidson hoped that the SKFD method would apply to all single tensile-shear
spot welds and would be independent of material properties (20}.

The experimental data of of this study for galvanized SAE 960X (HSLA),
B60XK G-90 (OSLA) and DQBEK G-90 {low cvarbon) tensile—shezr spot welds
compared with the prediction of Eq. 33 were using the SFD stiffness
parameter AE. Since the nugget rotation angle (AGN) was not experimently
determined for our specimens, a three—dimensional finite element stress
analysis  was carried omt to obtain the nugget rotation angle by
enlculation. The angle was subatituted into Eq. 32, and the data of this
study was plotted and compared with Eq. 33 in Fig., 46,

As seen in Fig. 46, the SFD method works reasonably well for the R=0
loading condition but does not work well for the B=-1 loading condition.

The SFD method has the advantage of invelving only the stiffness
parameter in the calculation. However, the nugget rotation is a function
of loading and specimen geometry, and the rotation angle measurement must
be performed for each different leading and specimen geometry. Although

rotation angle can be measured experimently, it is not an easy task.
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The TSIP model has the disadvantage of requiring three separate
analyses. The HAZ material properties must be determined from hardness
measuremens in the HAZ. However, the sdvantage that TSIP model c¢an be used
to estimate the influence of residual stresses and stress ratio on the

fatigue resistance of tenmsile—shear spot welds offsets these difficulties.
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V1l. CONCLUSIONS

The fatigue resistance of tensile-shear steel spot welds strongly
depends wupon the specimen geometry. The separate or joint changes in
sheet thickness, width and nugget diameter will influence the stress
intensity factor (or stiffmness) of the spot welds. The lower the
initial stress intemsity factor, the greater the joint stiffness is the
spot welds and the higher will be the fatigne resistance of spot welds.
Material properties have little effect on fatigue resistance for 1life

greater than 106 eycles for the as—welded condition.

Preloading and coining post-weld mechanical treatment greatly improve
the fatigue resistance of tensile~shear spot welds under both comstant
amplitude and Ford variabie load history. Both preloading and coining
were more beneficial for the high stremgth material due to the higher
compressive residuoal stresscs imduced. Thus, material properties are

important in determining the effect of post-weld mechanical treatments.

The stress intemsity factor (K;) developed by Pook agrees with the
empirical stress intensity factor (KI) from finite element analysis

except at narrow sheet width (W/D<(§).

The Three—Stage model (TSIP) predicted the fatigue life of
tensile—shear spot welds for the as-welded, preloaded and coined test

condition under constant amplitude loading. The TSIP model suggestes

that a signifiecant portion of NT is spont in Stage I — grack imitiation

and early growth in the high cycle region ( 3x106 cycles). Stage IT -

through thickness crack propagation dominates the total 1ife in the low
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and medium life region, and Stage III - cross sheet width propagation

is important when the sheet width becomes large.

Using constant amplitude test resmlts, the Munse Fatigue Criteriom
provided good estimates of the fatigue strength of temsile—shear spot

welds subjected to Ford variable load history.
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Table 1

Chemical Composition of DQSK G-90, B6OXK CG-90
and Galvanized SAE 960X Sheet Steels

Element* DGSK G-90 BEOXK G-90 Galv. SAE 960X
C 0.024 0.033 0.07
Mn 0.24 0.56 0.06
P 0.009 0.08 0.11
S 0.017 0.005 0.016
Si 0.026 0.34 0.02
Al 0.041 0.072 0.08
N 0.007 - _
Cb -— 0.043 -
Nb -~ - 0.029
Ce -— - 0.026

* weight percent
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Tahle 4

Welding Procedures

Electrode Force Hold Time Weld Time Weld Current

Material KN (1b.) (Cycles) (Cycles) (Kamps)
DQSK G-90 3.0 (675) 30 18 10
B60XK G-90 3.8 (850) 30 20 11.5

Galv. SAE 960X 3.7 (825) 30 20 12,7
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Table 6

Fatigue Test Results for As-Welded B60XK G-90 Tensile-Shear Spot Weld (R=-1)

NT N,r

AS Predicted Observed
Specimen MPa (Ksi.) Cycles Cycles
HG-1 54 (7.8) 1,789,000 2,280,000
HG~-2 54 (7.8) 1,789,000 10,200,000 "
HG~-3 90 (13.0) 85,600 143,000
HG-4 9% (13.0) 85,600 245,000
HG-35 % (13.0) 8,600 18,000
HG~6 127 (18.4) 15,760 29,200
HG-7 127 (18.4) 15,760 34,400
G- 8 127 (18.4) 15,760 31,500
BG-9 54 (7.8) 1,7 89,000 3,070,000
BG-10 127 (18.4) 15,760 23,400
HG-11 127 (18 4) 15,760 32,300
HG~12 90 (13,0) 85,600 144,000




Table 6 Cont.

N N

T T
AS Predicted Observed
Specimen MPa (Kei.) Cycles Cycles
HG-13 % (13.0) 85,600 107.000
HG=-14 163 (23.6) 4,770 8,200
HG~15 163 (23.6) 4,770 8,700
HG~16 163 (23.6) 4,770 8, 800

=+ .
no failure
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Table 9

Fatigue Test Results for As-Welded

B60XK G-90 Tensile-Shear Spotr Weld Subjected to Ford Weld History

max NT NT
Specimen Sa min Predicted Cbserved
MP (ksi.) Blocks Blocks
a st (50% reliability)

+135 (+19.6)

HGV-2 / / — 7
-135  (~19.86)
+108  (+15.7)

HGV~3 / / 36 23
-108 (-15.7)
+81 (+11.8)

HGV-4 ! / 150 64
=81 (-11.8)
+68  (+9.8)

HGV-5 ! / 390 132
-68  (-9.8)
+54 (+7.8)

HGV-6 / / 1250 655
=54 (-7.8)
+108 (+15.7)

HGV-7 / / 36 20
-108 (~15.7)
+81 (+11.8)

HGV-8 / / 150 61
-81 (-11.8)
+68 (+9.8)

HGV-9 / / 390 132
-68  (-9.8)
+54 (+7.8)

HGV-10 / / 1250 670
=34 (-7.8)
+81 (+11.8)

HGV-11 / / 150 83
-81 (~11.8)
+81 (+11.8)

HGV-12 / / 150 93
~81 (-11.8)
+68 {(+9.8)

HGV-13 / / 390 186
-68 (-9.8)
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Table 10

Fatigue Test Results for As-Welded DQSK G-90
Tensile-Shear Spot Welds Subjected to Ford Weld History

max
S / Hp Ny
Specimen A min Predicted Observed
MPa (ksi.) Blocks Blocks
+61 (+8.9)
LGV-1 / / 200 158
-61 (-8.9)
+77  (+11.1)
LGvV-2 / / 62 38
=77 (-11.1)
+77  (+11.1)
LGV-3 / / 62 49
-77  (-11.1)
+61 (+8.9)
LGV-4 / / 200 58
~-61 (~8.9)
+61 (+8.9)
LGV-5 / / 200 72
-61 (-8.9)
+46 (+6.7)
LGV-6 / / 1,030 514
=46 (-6.7)
+46 (+6.7)
LCV-7 / / 1,030 694
~46 (-6.7)
+77  {(+11.1)
LCV-8 / / 62 37
-77 (-11.1)
+92  (+13.3)
LGV-9 / / 21 18
«02  (-13.3)
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Table 12

Fatigue Test Results for As~Welded B60XK G-90 Tensile-Shear Spot Weld with

Different Nugget Ellipticity (R=-1).

N

T
AS Cbserved
Ellipticity Specimen MPa (ksi.) Cycles
HB-1 0 (13.0) 74,790
HB--2 90 (13.0) 84,060
HB-~3 72 (10.4) 149,350
b/a = 1.7
HB-4 54 (7.8 334, 800
HB-5 54 (7.8 567,700
HB-6 54 (7.8) 43 8,700
HA-1 %0 (13.0) 75,99
HA-2 54 (7.8 3,170, 800
HA-3 54 (7.8) 2,664,900
b/a = .6
HA=4 54 (7.8 524,500
HA-5 54 (7.8 773,200
HA=b 34 (7.8 524,400
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Table 13

*
Fatigue Test Resultrs for Pre-Loaded B&OXK G-90 Tensile-Shear Spot wWeld (K=-1).

NT NT
AS Predicted Observed
Specimen MPa (ksi.) Cycles Cycles
BGP-1 163 (23.6) 42,700 22,700
HGP-2 163 (23.6) 42,700 26,900
HGP-3 135 (19.6) 171,000 174,700
HGP-4 135 (19.6) 171,000 147,900
HGP-5 108 (15.6) 1,008,500 2,317,200
BGP-6 108 (15.6) 1,0 %,500 2,709, 900
BGP-7 95 (13.8) — 9,999,990
HGP- 8 8 (11.8) — 6,465,000"

* 75Z ultimate tensile load

no failure
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Table 14

*
Fatigue Test Results for Pre-Loaded DQSK G-90 Tensile-~Shear Spot Weld (R=-1).

N

N

T T
AS Predicted Observed
Specimen MPa (ksi.) Cyeles Cyecles
LpG~1 123 (17.8) 38,970 27,760
1PG-2 123 (17.8) 38,970 33,850
LPG~3 92 (13.4) 24,900 385,700
LPG~+4 92 (13.4) 247,900 423, 800
LPG~5 a (11.8) 566,200 773,800
LPG-6 8 (11.8) 566,200 1,33,500
LPG=T a (11.8 566,200 2,860,000
1PG-8 72 (10.4) — 9,345,6007
+
LPG~9 51 (7.4) o 10,485,500

‘t 75% ultimate tensile load
no failure
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Table 15

Fatigue Test Results for Pre-Loaded* BHOXK G-90
Tensile-Shear Spot Weld Subjected to Ford Weld History

max N N
/ T T
Specimen SA . Predicted Observed
i Blocks Blocks
Mpa  (ksi.)

+108 (+15.7)

HPV-1 / / -— A
-108 (-15.7)

+68  (+9.8) .

HPV-2 / / -— 803"
~-68  {-9.8)
+81 (+11.8)

HPV-3 / / -— 779
-81 (~11.8)
+95  (+13.7)

HPV-4 / / —_— 161
-95 (~13.7)
+81 (+11.8)

HPV-5 / / —— 928
-81 (-11.8)
+95  (+13.7)

HPV-6 / / — 176
-95 (-13.7)

* 75% ultimate tensile load

+ no failure
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Table 16

Fatigue Test Results for Pre-Loaded* DQSK G-90
Tensilie-Shear Spot Weld Subjected to Ford Weld History

max N N
s / T T
Specimen min Predicted Observed
MPa (ksi.) Blocks Blocks
+61 (+8.9)
LPV-1 / / . 477
-61 (-8.9)
+92  (+13.3)
LPV-2 / / o 32
-92 (-13.3)
+77  (+11.1) )
LeV-3 / / —_— 57
=77 (-11.1)
+61 (+8.9)
LPV-4 / / e 142
-61 (-8.9)

* 7574 ultimate tensile load
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Table 17

Fatigue Test Results for Coined BGOXK G-90 Tensile-Shear Spot Weld (R=-1).

NT NT
AS Predicted Observed

Specimen MPa (ksi.) Cycles Cycles Remark

HGL-1 90 (13) — 515,000 3,000 1b. compresaive
load without oil

BG1~2 %0 (13) —— 347,400 5,000 1b. compressive
load with oil

BGL-3 90 (13) 2,318, 800 1,666,300 10,000 1lb. compressive
load without oil

HGL~4 %0 (13) 2,318, 800 92 8,600 10,000 1b. compressive
load without oil

HGL~5 90 (13) 2,318, 800 769,100 10,000 1b. compressive
load without oil

HG1~6 Q0 (13) 2,318, 800 2,001,500 10,000 1b. compresaive
load with oil

HGL~7 90 (13) 2,318, 800 1,19%,700 10,000 1b. compressive
load with oil

HG1~ 8 127 (18.4) 123,400 143,870 10,000 1b. compressive
load without oil

HGL~9 127 (18.4) 123,400 126,370 10,000 1b. compressive
load without oil

EGL~10 127 (18.4) 123,400 194,100 10,000 1b. compressive
load without oil

HGI1~11 127 (18 4) 123,400 173,400 10,000 1b. compressive

load with oil
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Table 18

Tatigue Test Results for Coined B60XK G-90
Tensile-Shear Spot Weld Subjected to Ford Weld History

N N
max T T
Speci S / Predicted Observed Remark
pecimen a min Blocks Blocks
MPa (ksi.)
+81 (+11.8)
HCV-1 / / -— 309 10,000 1b. compressive load with
-81 (-11.8) oil
+68 (+9.8) +
HCV-2 ! / - 1291° 10,000 1b. compressive load without
-68 (~9.8) oil
+108 (+15.7) _
HCV-3 / / — 56 10,000 1b. compressive locad without
-108 (-15.7) oil
+81 (+11,8)
HCV-4 / / — 745 10,000 lb. compressive load with
-81 (-11.8) oil
+108 (+15.7)
HCV-5 / / -— 114 10,000 lb. compressive load without
-108 (-15.7) oil
+95 (+13.7)
HCV-6 / / —~— 259 10,000 1b. compressive load without
=95 (=13.7) oil
495 (+13.7)
HCV-7 / / -— 274 10,000 1b. compressive load without
=95 (-13.7) oil
+81 (+11.8)
HCV-8 / / ——— 500 10,000 1b. compressive load without
-81 (-11.8) oil

+ no failure
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Table 19

Residual Stresses Measured for the Dimpled Surface of Tensile-Shear Spot Weld.

Measured
Value Average
Condition Materials Specimen MPa (ksi.) MPa (ksi.)
BR-1 +390 (36.5)
B6 OXKG-90 BR-2 +455 (66) +415 (60.2)
BR-3 +402 (58.3)
Asg=Welded
DR-1 432 (4.6)
DQSKG—-90 +163 (23.6)
DR-2 +295 (42.7)
BR-4 +70 (10.1)
B6 0XKG 90 +11 (1.6)
BR-5 ~-48 (7.0)
Pre~Loaded
DQSKG-90 DR-3 +92 (13.3) +92 (13.3)
BR-6 «232 (33.7)
Coined B6 0XKG-90 -332 (48.2)
BR-7 =432 (62.7)
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Fig. 1 Schematic Diagram of the Spot Welding Process
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Table 7

Fatlgue Test Results for As-Welded DQSK G-Y0 Tensile-Shear Spot Weld (R= -1)

Np N
Specimen AS Predicted Observed
MPa (Ksi.) Cycles Cycles
16-2 143 (20.8) 7,600 3,530
1G-3 143 (20.8) 7,600 3,790
16~4 102 (14.8) 37,300 16,500
G-5 102 (14.8) 37,300 238,500
1G-6 102 (14.8) 37,300 20,600
e~7 102 (14, 8) 37,300 31,900
1G-8 143 (20.8) 7,600 6,620
1G-9 143 (20.8) 7,600 4,320
16-10 61 (8.8 4%, 800 282,000
G-~11 61 {8.8) 4%, 800 206,000
16-12 61 (8.8 4%, 800 449,000
16-13 51 (7.4) 1,469,300 1,530,000
s—-14 51 (7.4) 1,469,300 1,256,000

Le-15 51 (7.4 1,469,300 1,513,000
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Table 8

Fatigue Test Results for As-Welded Galvanized SAE 960X

Tensile-Shear Spot Weld (R=0}

N

N

T T
AS Predicted Observed

Specimen MPa (ksi.) Cycles Cycles
86-1 67 (9.7) 46,000 95,000
SG=2 67 (9.7) 46,000 117,000
3G6-3 67 (9.7) 46,000 ©115,000
S5G-4 42 (6.1) 652,400 705,000
8G-5 42 (6.1) 652,400 721,000
5G-6 42 (6.1) 652,400 741,000
5G~7 33 (4.8) 3,383,000 994,000
5G-8 33 (4.8) 3,383,000 2,389,000
5G-9 33 (4.8) 3,383,000 3,100,000
SG-10 33 (4.8) 3,383,000 3,110,000
SG-11 33 (4.8) 3,383,000 3,400,000
§G~12 29 (4.2) 11,084,000 4,299,000
86-13 29 (4.2} 11,094,000 6,381,000
SG~14 29 (4.2) 11,094,000 9,218,000
8G-15 29 (4.2) 11,094,000 9,527,000
8G-16 29 (4.2) 11,094,000 19,311,000
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Fig. 4 The Initial Angle of Crack Growth.
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Fig. 9 Photograph of A Fixture for Spot Weld Preparation,
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Fig. 11 Schematic Drawing of Coining Post-Weld Treatment.
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Fig. 15 Finite Element Mesh for the Tensile-Shear

Spot Weld. The Inset

Drawings Show the Details of the Finite Element Modelling at the

Nugget Notch Root.
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the Notch Root.

ipal Stress

Fig.
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Eq. 7 and Compuied Stress Cencentration Factor Using FEM for
Varicus Ellipticity.



80

.Aﬁmnavmm:wﬂumHSUHmu

JuaweTy 2ITUFd syl 21y $2721TH ISOD ¥/ ) 1oivey

wOTIBIIUIOUOD S5I1IE OTISETY Yyl uo (B/q) adeys 983Ny Jo 199334 61 314

0/q

=D)¥
(0/q) uf 9E0-1 slmv_lm

|
M
|

oS

col

oSt

(D=q) ¥
Iy



91

TSUOIIBINOTRY JuUBWATY 2ITLI4 2yl aay sarBueial ‘piom 20dg aeesys
-arrsuar jo (ly) 10310e3 £31Susjur 53138 U0 YIpIM 1I99YS§ JO 1993371 Q7 ‘F13

a/m
e 8l 4] 9 OO
[ ! ] [
| —01i
B —02
! o —og I
=1 G= - ™~
Q w
5 —0t
m%ﬂmﬁm_n?
a7
Lo IS5 e || —0S
H
HI
b 3 -
] t { I




92

*SUOTIRINDIRD
ucwsmdm 9ITUTH Yl 31y SAR[RDII) "ploM 10dS IBayg-aTISua]
Jo ("¥) 1031oeg AITSUIIUI SSIII§ U0 SSBUNDTYL 129YS JO yoo332 12 911

09X M/l
A 9 S v e 2 i OO
] I I [ T [ !
;1:..||....|1¢...l|_.,_m_w:,_om $M00d
. l-.-.........-. -{01
(M, T.s:m.& el |1,
sgzo O 120 Q d
N -40¢2
°
N ¢
020 '9= —
| M -—{0¢
i —0t
o o Y
j— — I,fir..!.q—
i g —os
° e o |im
i
]
.
1 1 1 1 1 L i

S/



*SuoOTIETNOTE)
Juowaty 93Tulg 2yl 81y saxenbg -pyram Jodg aesyg-s1rsul]

3O AHMV 103084 L3Tsu2ju] SseIlg§ uc aalsweIlq 1988ny jo 3109331 TZ 814
74¢
Ol 6 8 L 9 G 14 £ 4 | OO
m W ! M _ _ _ * | |
i —0!
B
] N\ —0¢2
My e 8@ \
{cord B, d5 282} 5 = T NOILNT0S W3 .
o \ \
- Tmn.o:\eqmm.&m%l = % NOILNTOS $,%00d —0¢
i WEL— IOV
=
a T
F1on
= -] H 9 m.._ @ M —0¢
¥

(]

S/



94

ﬂom— -

«021

o009

«OGl

*suofaeandyuoy

199yg-adral pue °Ss5auUdOTY] JIETTUISSTQ ‘gsauyofyl tenbd SutaerH
piaM 10dg 1eoyg-2[TSUL 2yl 10 SUOTIETNITE) JueweTg °23ITUTd €7 ‘874

 m——— = — N\m 9

§ - =

S —— ..I..N\m




95

puE 199y3 om]

‘pTaM Jodg aeay§-aTsua] 18aYyg-a21y]
(VISH) X096 VS PazTuealen 103 s3[nsay 1Is9] andrieg %z "814

s919Ay ' 1N
g0l Kol el <Ol L0l (Ol
S 0 Y O A €1 I I N 0 0 B 1Ol
I -
0Tee ey, §
i R 7 S l,n._
- B
> - W
0 E _
~ Ol -
= . T
= B ; z
M [14]
i R e £y h_ = Ot
- a i i8ayg om] €
E B | aayg aal 7
20l ° | 5 i e | m » .. c.m i @ i}
i : 9g =71 "WUIETE = M
- i 0:=Y ‘Wwg=:-q‘wuwgy=} 7
| 1 1928{S X 096 J¥YS 'AlDYH -
= O O I S R | i lidda 1.0 3 I FIW T I I U L bt b Log 1o 1 Lisd ot g 3 L a |NO_




96

DAiN 'SV

suo13rpuoy 3uipro]
1-=4 1°puf} pT2M 10dg 1BIYS-2[TSUa], (VISH) 06-9 MAX09d 10F SITNSaY
Teiuautiadxy pue [9POoW dIS) Suis) SUOTIDIPRid 231 an8tied [e30] €7 ‘814

$S310A0 ‘N
O e o o o no_o_
o__”_I:_:_ T WL | LLALILILIL [T 1 AL -
mmﬁmlp ]
! -t .
i sjinsay |Djupuntadi] @
i 2 uold1pasd N
[ @ 9 o M - wiul || =7 "uA)ge=M .
3 _ Y wwpg=g twwg=) 4,
~o_m.. 3 12315 06-9 AX 099
- -0 E
: -0l
Ol
AR NEI| 1 1 _._-._ 1 L m:.-n 1 i —:-.-- 1 m--.._ L L lNoa

1ISM ‘SsV



57

OdW ‘SV

*ueT3ITPUOg Bulpro] [-=Y
1spufl pTeM 10dg IeSyS-3TTSUI], (U0qiE) MOT) P6-H NSVA I0F SITNSIY
Teiuawiiadxy pue Tapol JISI Sursq suoTioipeag o3t ondiieg [eiol 97 *914

Ol

saj0hky LN
mo_ N.O_ wO_ mO“ Ol Ol ol
|:___ i :_:___ I _:_:, LI _I:__ L LLEEREE 1~
i
| [N =T s§insdy |ojudwIedr] ¥ -
| ' uoldipald -
- g I-=d ‘wwigg=m -
[~ ® @ & e M wwegs g tww| = -
- 1 [#31S 06-9 ¥50a -1
[~ 1 }
e ]_ L |
- o
— v
haid -
J I L HE U T S A el il b bk 'l | N O R k T T R T | i |No_

sy ‘sv



98

*uor3fpuoy Suipwo] (=9 I3pufl
piom 31odg aevays-o77sual (VISH) X096 dVS P2ZFuealed 103 SITNSaY
[E3usuwTIadxg pue [9PCH 4ISL BuTsSn SUOTIDTpaig o311 @nBriey [eIol ([T 'Ird

sapphy LN

Ol (O 40l <Ol sl el
= L1 12 I s | 1 111 N B 1 A A [

%L
!q—

sjinsey |ojuowyiadyy @

= d u -

- ® o U ® " WO 2Ipaid 7]

- i wwgjg =" ‘WW|'gE = M 3

- _ 0=y 'wwig=Q ‘wWwe=} =
> OIf- 1 X096 3VS A9 >
w - n
z | 1 0=
Mu_u M ® ® . 0

= ol

20F

}

)

|

AN

A VT T R 5 [ T | 1 | I | 1 [ Fl lile il b i 1 NO_




99

Fig, 28 Photograph of Untested and Fatigne Tested BAOXX G-G0 (HSLA) Spot
Weld Specimens. Top Untested Specimen, Middle Pull-Out Failure
and Bottom Separation Failure.
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APPENDIX A

Estimation of Stress Intensity Factor of a Central Crack Subjected to

Axial and Bending Load

As seen in Fig. A.1, the stress intensity factor of a central crack
(Stage III) subjected to the axial and bending loads can be obtained using

superposition (see Sectiom 2.6):

AKIA = 'S(AKIBg + AKIBb % AKIDa + AKIDb) (A.1)

In Fig. A.1, AK,p s the stress intensity factor of structure B

under the sxiszl loading and is expressed as:
MRyp, = $/%a Ypp, (A.2)
where YIBa is geometrical factor (72).
Ypp, = [1 - .5(2a/M° + 37(2a/M2 - L044(2a/WM1/11 - (2a/W]  (A.3)

where W is the shoet width and a the crack length.
The quantity AKIBb is the stress intensity factor of structure B

subjected to the bending moment and is expressed as:

1 +v  6M
AKIBb = (3 + v )t2 J/ fa YIB'D (A.4)
1+ —
= () 38 /ma Y, (A.5)

where v 1is the Possion’s ratio, and YIBb is the geometrical factor (73),

given by

Yipy = =.595(2a/M% + .244(2a/M2 + .738(2a/W) - .034(2a/W + 1 (A.6)
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The guantity AKIDa is the stress intensity factor of structure D

subjected to the axial loading and is capressed as:

1

P
AK Y (A.T)
IDa IDa
Yra

SW_ ¢
™
Yra *

n

(A.8)

where Yi,  is geometrical factor (72), given by

Yyp, = 29.71(2a/W° - 36.07(2a/W)2 + 16.32(2a/W) - 1.56(2a/W) + 1 (A.9)

Finally, the gquantity AK,, is the stress intemsity factor of
structure D subjected to the bending moment. Since this stress intensity

gsolution iec not available in a closed form, an estimate of AK

Dy i°*

AKp o~ 25 I\ o (A.10)

As seen in an infipnite plate contzining & crack suobjected to a
centrally located force P at the edge is shown in Fig, A.2. This loading
condition is equilvalent to a central located force P at c¢rack center and a
bending moment M also shown in Fig., A.2, Due to bending, the crack will
get longer on top surface but closure at bottom surface shouwld cause no
extension. Combined with the opening due to uniform (axial) force, closure
will be reduced on the bottom surface and the crack opening on the top
surface will be increased by combined effect of temsion and bending.
¥When a stable crack shape is established (dotted line in Fig. A.2), it is

anticipated that it will propagate to critical size maintaining approximate

goometrical similitnde.
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Using the average crack length to characterize the crack length and
anticipating that the total stress intensity factor K is largest on the top
face, smallest on the bottom face. A stress intensity factor K that can be
associated with the midplane orack growth rate is expected to be equal to
the stress intensity factor K dune to the central (axial) force plus a small
contribution from bending,. As seen in Fig. A.2, the tensile part of
bending stresses contribution to cause crack growth may be approximated as
one quarter of the axial forces. The bending stresses lead to a triamgular
shaped stress distribution having an area approximately ome—quarter of the
arca of the axial stress distribution. Also, the bending stresses have s
direction parallel to the axial forces. Thus, the stress intensity factor
range AK for the surface load P (see Fig., A.2) was estimated using

superposition and taking Axbendinz to be approximately .25 AK . ,

AR = AR zial * Mpending

+ .25 AK

2

axial

m 1,25 Axaxiul (A.11)

axial
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APPENDIX B

Monse Fatigne Criterion for Estimating the Fatigune Resistance
of Spot Welds Subjected to Variable Loading

A simple random—-load fatigue criterion was proposed by Munse (36) to
estimate the maximum stress range of weld under the variable loading. The

maximum stress range S; is obtained from the following equation:

‘

5, = Sy & Ry (B.1)

where Sy jis the constant cycle stress range for detail, the quantity & is

the random load factor, and R, js the reliability factor. The procedure of
this criterion is shown in Fig. B.1 and may be recapitulated by the
following steps:

1. Establish the appropriate loading history for the detail

2., Obtain the S—N curve of detail

3. Find random load factor &

4, Find reliability factor Rf
5. Compute the maximum stress range SD

When a detzil is subjected to a constant stress range S, the mean

fatigue life N is given by the straight line S-N relationship:

N =SB (B.2)

where C and m are constants that can be determined from a regression
analysis of the constant stress range fatigue data. These constants C and

m are, respectively, the intercept and (negative) slope of the regression

of logN on logS.
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The Munse Fatigue Criterion requires that the loadinmg history be
represented by a probability distribution function. Consequently, it was
necessary to find a distribution or distributions which provide the best
fit to the weld 1loading histories. If a hi#togram is.available for the
loading to which a structure will be subjected, it i3 possible then to
establish a Beta distribution such 'that the mean value and standaxd
deviation for the Beta distribution and the histogram are equal., Beta
distribution is a very versatile function and can be made symmetrical or
skewed depending on the valunes of q and r selected.

The random load factor which is based on the aasswmption that the

loading history can be modelled by a Beta distribution is given by:

= [ Ir{(qQ )T (m+qg+r) ]1/m

T{q+)T{m+q) (8.3)

where q and r are the shape parameters of the Bota distrxibution, m is slope
of SN regression analysis line, and (q) is gamma function of q.
The reliability factor is given by:
1.08

Q -
N
(PF) ]lfm

% =

(B.4)

1.08
r(l + QN )

where PF is the probability of failure, and QN is the total uncertainity in
fatigue life (37). The maximum fatigue stress range for a detail subjected
to random loading can be estimated using Eq. B.2, B.3 and B.4,

The advantage of using the Munse Fatigue Criterion is the ratiomal and
simple way 1in which it deals with several complex problems. The method
deals with the complexity of 2 weldment by relying on laboratory tests on
welds. The method sopes with the problem of variable load distributions

which model service histories. The influence of these histories 1is
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reflected in the wvalue of the variable 1load factor ¢ in Eq. B3. The
uncertainities in design, testing, fabrication, and stress analysis are
dealt with in an elegant but simple way through the reliability factor

RF in the Eq. B.4. The Munse Fatigue Criterion ignores sequence and mean

stress effects.
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Fig. B.1 The Procedure of Munse Fatigue Criterion.
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