
Effects of Weld Discontinuities on Fatigue 
Strength of Laser Beam Welds 

This study demonstrates that computational modeling is a useful tool in 
understanding weld discontinuity-fatigue property relationships. 
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ABSTRACT. The effects of weld discon
tinuities (i.e., weld underfi l l, poor joint 
clearance and insufficient root penetra
tion) on fatigue strength of lap joint laser 
beam welds have been investigated. Fa
tigue testing of laser beam welds with 
weld discontinuities were conducted. A 
fatigue prediction model that takes into 
account weld geometry changes and a 
statistical analysis method were both em
ployed to evaluate the separate effects 
of these discontinuities on fatigue resis
tance. It was found that wi th in the d i 
mension range studied here, inadequate 
root penetration and/or poor joint clear
ance substantially decreased the fatigue 
life. The presence of underfill degraded 
the fatigue properties, and the decrease 
is more pronounced as the gauge is in
creased. The relative importance of weld 
discontinuities on fatigue life is ranked 
in decreasing order as fol lows: inade
quate root penetration, poor joint clear
ance and weld underfill. 

Introduction 

Recent trends toward economical ly 
fabricating vehicle structures whi le en
suring quality have led to the implemen
tation of laser beam welding (LBW) in 
the automobile industry. It has been 
shown to offer higher speed, greater pre
cision and f lexibi l i ty when compared 
with spot welding. While a great deal of 
effort has been focused on developing 
processing systems, there is an urgent 
need to understand the effects of weld 
discontinuities (i.e., poor joint clearance, 
weld underfill and incomplete root pen
etration) on the durabil i ty of laser-
welded components. 

A common problem in LBW of auto-
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motive sheet steels, especially galva
nized, is the presence of weld disconti
nuities. An underfill (Fig. 1A) is defined 
as a depression on the weld bead sur
face extending below the adjacent sur
face of the base metal. It can be deep or 
shallow, and it can have a ridge in the 
middle (Fig. 1 B and C) depending on the 
process parameters (Ref. 1). Joint clear
ance refers to the distance between the 
faying surfaces of a joint — Fig. 1. Root 
penetration refers to the distance that the 
weld metal extends into the joint root 
(Ref. 2). Although the base metal com
position influences the propensity to
ward discontinuity formation, the pri
mary cause arises from incorrect weld
ing speed, shielding gas pressure and 
welding power or tool condit ions, and 
consequently lead to formation of dis
continuities. Since there are many pro
cessing parameters to control under the 
production environment, it is conceiv
able that welded components may con
tain some weld discontinuities. Under 
service loading conditions, these weld 
discontinuities may induce stress con
centrations and therefore result in fatigue 
crack initiation and propagation. It is es
sential that an understanding of the ef-
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fects of weld discontinuities on fatigue 
resistance of laser beam welds be ob
tained. 

A diff iculty arises when evaluating 
weld discontinuity effects in that 
underfill, joint clearance and root pene
tration are interrelated. For example, 
changes in underfill are often accompa
nied by changes in joint clearance and 
root penetration. It is not easy to alter 
one without changing the others. It is ap
parent that to experimentally separate 
the individual effects of underfi l l , joint 
clearance and root penetration is nearly 
impossible. The present study was un
dertaken to experimentally and analyti
cally evaluate the individual effects of 
underfill, joint clearance and root pene
tration. 

Lap joint laser beam welds were made 
from 0.76-mm (0.03-in.) and 1,83-mm 
(0.072-in.) gauge low-carbon sheet 
steels in which ranges of underfills, joint 
clearances and root penetration typically 
found in laser beam welded prototype 
components were prepared. To deter
mine the relationship between underfill, 
jo int clearance and root penetration, 
laser weld cross-sections were exam
ined. Welded specimens were subjected 
to a zero-to-tensile cyclic load (R = 0, 
where R = min/max load). A fatigue 
model and a statistical analysis method 
were employed to separate the individ
ual effects of the three types of weld dis
continuities. Finally, results from the fa
tigue model were compared with exper
imental data to verify the accuracy of the 
model. 

J-lntegral Model 

There are three approaches to fatigue 
modeling of thin gauge automotive 
weldments. They are: remote loads and 
stresses, weld local strains and stresses 
(Refs. 3, 4) and fracture mechanics pa
rameters (Refs. 5-8). In this paper, a frac-
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Fig. 1 — A — Schematic of a laser beam weld; B — photograph of a laser beam weld; C — 
cross-section at the arrow location shown in B. 

ture mechanics approach is used to 
model the fatigue life of laser beam 
welds. A fracture mechanics parameter, 
J-integral, is employed to derive an equa
tion relating experimental data with J-
integral value. To simplify the model de
velopment process, it is subdivided into 
three phases: 1) fatigue test data gener
ation, 2) finite element J-integral calcu
lation, and 3) correlation of fatigue test 
results with J-integral. Each step is briefly 
described below. 

Fatigue Data Generation 

Table 1 lists the dimensions for seven 
groups of laser beam welds used in 
model development. Fatigue test results 
for these laser beam welds are plotted 
in Fig. 2. A regression analysis was used 
to determine load vs. life curves for each 
weld. Note that the fatigue life of Weld 
G is much higher than that for Weld A. 
Fatigue life at a given value of load can 
exhibit a difference of more than one 
order of magnitude. The life difference 
is much larger than the data scatter 
within each group. The data suggest that 
fatigue life is strongly dependent on 
specimen geometry. 

J-Integral Calculation 

Definition of J-lntegral 

The definit ion of the J-integral, as 
given by Rice (Ref. 9), is 

J, ' d Y T — ds 
dx 

where r is an arbitrary counterclockwise 
contour enclosing the notch tip of Fig. 3, 
ds is an element of arc length along r, W 
is the strain energy density (W = JOjjdEij, 
where a,, and zV] are the stress tensor and 
strain tensor, respectively), T is the trac
tion vector associated with the outward 
normal n to T, and u is the displacement 
vector. The integral can be carried out 
using a finite element method. 

Finite Element Model 

The laser welds shown in Fig. 1 join 
two steel coupons with thickness t and 
width W. A generalized weld bead, 
which is perpendicular to the applied 
load P, is assumed with bead width bW 
and bead length bD. The steel coupons 
are overlapped by a distance L. A joint 
clearance is represented by C. Figure 4 
shows the element grids for half of a laser 
beam weld. The weld is uniformly 
loaded across the two ends of the spec
imen. Since the loading axis is a line of 
symmetry, only half of the weld is ana
lyzed. A notch exists at the junction of 
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unwelded and welded regions at the fay
ing surfaces of the specimen. The three-
dimensional elements selected are 20-
node brick and 20-node singular ele
ments. Singular elements are used 
around the notch front and 20-node 
brick elements are used everywhere 
else. The singular elements have a 
square-root singular stress field at the 
notchfront (Ref. 10). As shown in Fig. 4, 
the start and end of the weld bead are 
represented by semicircles, which is the 
typical shape observed in the test speci
mens, with a radius equal to half of the 
bead width. The notchfront along the 
weld bead is represented by a wedge-
shaped slot of 45 deg, which is 
confirmed from cross-sectional exami
nations. Weld underfill is modeled by a 
smooth saddle — Fig. 4. Although this 
is not typical ly observed in the laser 
beam welds, nevertheless, it can pro
vide conservative estimations. 

The finite element grid in Fig. 4 has 
2662 nodes and 448 elements. The ma
terial is assumed to be linear elastic. 
Young's modulus and Poisson's ratio of 
the steel are 2.05 X 105 MPa (3.0 X 1 04 

ksi) and 0.3, respectively. Al l calcula
tions are performed with the ABAQUS 
code (Ref. 11) on a Cray computer. 

J-lntegral Value 

The J values along the periphery of a 
laser beam weld with dimensions t = 
0.76 mm (0.03 in.), W = 38.1 mm (1.5 
in.), L = 38.1 mm, bW = 1.2 mm (0.05 
in.), bD = 25.4 mm (1.0 in.) and C = 
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Fig. 2 — Fatigue test results for seven different laser beam welds. 

10% is computed and shown in Fig. 5 
for a load P of 2.1 kN (470 Ib). The de
gree of joint clearance, expressed in %, 
is defined as the sheet separation divided 
by the single coupon thickness. As 
shown, J has a value of 0.04 kj/m2 (1 
kj/m2 = 68.52 ft-lb/ft2) at the center, and 
reaches its peak value of 0.35 kj/m2 at 
the tip of the weld bead. These results 
imply that branch cracks wi l l occur at 
the start or end of the weld bead. 

Correlation of J-lntegral Value 
with Fatigue Test Data 

In a fatigue situation where crack 
propagation is dominant, fatigue life can 
be estimated by integrating the stress in
tensity range, AK, from an initial crack 
size to final size, where AK = Kmax -
Kmin. However, crack shapes are com
plex and change as cracks propagate. It 
is difficult to estimate stress intensity so-

/ , 
dY - T ^ ds 

Fig. 3 — Notch-tip coordinate systems and arbitrary line integral con
tour. 

Fig. 4 — Finite element mesh for the laser beam weld. The inset draw
ings show the detail of the finite element modeling at the notch front 
and weld bead. 
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Fig. 5 — Left — Schematic sketch for half of the laser beam weld; right-
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12 16 

variation of /-integral 

where Jm a x is cal-

lutions at various crack lengths for a laser 
beam weld. Therefore, it is impractical 
to use the above approach. Instead, we 
wi l l use the maximum initial J-integral 
value as a measure of the propensity for 
crack advance in a given weld geome
try. 

AJ <AJ = Jmax ~ Jmlm 
culated at the maximum load and ,mi 

is calculated at the minimum load) val
ues at various load levels for the seven 
welds included in Table 1 are computed. 
They are plotted against fatigue lives Nf 
in Fig. 6. For each data point, the ab
scissa is the experimental fatigue life 

1.0 

0.8 

data and the ordinate is the AJ value cal
culated from the applied load range, 
weld geometry and material properties. 
A least squares fit through these data 
points gives the following equation: 

N f 3.5 X10 4 (AJ) - "3 (2) 

where Nt- is in cycles and (AJ) is in kj/m2. 
The correlation coefficient is 0.79. As 
shown in Fig. 6, at a given AJ value, the 
scatter in life is wi th in a factor of two. 
In comparison to the load vs. life plot 
shown in Fig. 2, where the fatigue lives 
for the seven weld geometries do not al-
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Fig. 6 — Correlation of J-integral value with the fatigue life of laser beam welds. 

10 

ways overlap, using the AJ parameter 
collapses the fatigue data of different 
laser welded geometries into a narrow 
band. The AJ parameter allows design
ers to estimate the fatigue life of laser 
beam welds without having to resort to 
extensive test programs. 

Experimental Procedure 

Specimen Preparation 

Bare SAE 1005 AK sheet steel wi th 
gauges of 0.76 mm (0.03 in.) and 1.83 
mm (0.072 in.) were used. The laser 
beam welds were fabricated from 38.1 
X 127-mm (1.5 X 5-in.) coupons sheared 
from sheets with the longer dimension 
parallel to the rolling direction. A 25.4-
mm (1-in.) long laser beam weld was 
centered on the 25.4-mm overlap re
gion. 

To study the underfil l effect, welds 
with three underfills of 0, 24 and 50% 
were prepared by adjusting the joint 
clearance between the sheets. A fixture 
was used to achieve the desired joint 
clearance. The percent underfill, which 
is used to describe the degree of the 
underfi l l , is defined as the deepest de
pression on the weld surface divided by 
the single coupon thickness. The 
coupons were welded with a Spectra-
Physics (Rofin-Sinar) Model 825 carbon 
dioxide laser (2.75 kW). Coupons were 
fixed on a movable, motor-driven table 
whose velocity was control led. The 
welds were made by moving the work-
piece on the table under a stationary 
laser system. Table 2 lists the LBW pa
rameters that gave the best results based 
on weld bead appearance and/or com
pleteness of penetration. 

Underfill Profile Measurement 

Optical measurements were taken 
along the weld centerline using a micro
scope with a calibrated focus knob. Each 
reading represents the highest (or low
est) value at 1-mm (0.04-in.) intervals 
along the weld bead. For each point, the 
foundation (sheet surface) was deter
mined by averaging two measurements 
at the right and left sides of the weld 
bead. Then, the difference between the 
readings along the weld centerline and 
the foundation is plotted as a point on 
the weld profile. The accuracy of the ab
solute underfill values is estimated to be 
about 1.5%, due mainly to error in 
image focusing. 

Cross-Section Examinations 

To determine the relationship be
tween joint clearance and root penetra
t ion, cross-sections of six specimens 
with various underfills were examined. 
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Each specimen was sectioned along the 
loading direction to obtain sections per
pendicular to the weld. Three sections 
(start, middle and end of the weld) were 
taken from each specimen. Photographs 
were taken by a low-power binocular 
microscope using oblique illumination. 

Fatigue Testing 

Specimens were gripped in self-align
ing hydraulic grips and then cycled in 
an Instron machine (Model 1331) under 
ambient laboratory conditions from zero 
to a tensile load (R = 0, where R = 
min/max load). To minimize bending 
stresses during testing, both ends of the 
specimens were attached by adhesive 
to two filler plates of the same thickness. 
Al l fatigue tests were performed at 
10-20-Hz frequency. Tests were termi
nated when specimen separation oc
curred through weld bead failure. If a 
specimen did not fail, a test was termi
nated at about three- to five-mill ion cy
cles. 

Experimental Results 

Underfill Profile Measurement 

Figure 7 A-B shows the surface ap
pearances of 1.83-mm gauge specimens 
with 50% underfill. As shown, there are 
depressions and ridges on the weld sur
face. Underfi l l profile along the weld 
centerline is shown in Fig. 7C. Underfill 
varies along the weld bead, and a big 
dimple is seen at about 5 mm (0.2 in.) 
away from the end of the weld. This is 
mainly caused by existence of molten 
metal f lowing into the sheet separation 
during LBW. A 50% underfill is obtained 
by dividing the deepest depression along 
the weld bead by the steel thickness. 
Similar results were also observed for 
the case of 0.76-mm specimens. 

Table 1 — 

Specimen 

A 
B 
C 
D 
E 
F 
C 

Dimensions of Lap 

Sheet 
Thickness 

(mm) 

0.76 
0.76 
0.76 
0.76 
0.76 
1.78 
1.78 

Laser Beam Welds 

Bead 
Length 
(mm) 

25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 

Bead 
Width 
(mm) 

1.2 
1.2 
1.2 
1.2 
1.2 
I.2 
1.4 

Joint 
Clearance 

(%) 
ID 
10 
0 
0 

10 
0 
14 

Overlap 
(mm) 

38.1 
38.1 
38.1 
38.1 
38.1 
25.4 
25.4 

Table 2 — Laser Beam Welding Parameters 

Sheet 
Thickness 

(mm) 

0.76 
1.83 

Welding 
Power 
(kW) 

2.6 
2.6 

Welding 
Speed Cas 
(cm/min) 

267 
127 

Shielding 
Gas 

He 
He 

Shielding 
Flow 

(m3/h) 

0.85 
0.85 

Focal 
Length 
(mm) 

190 
190 

Beam 
Diameter 

(mm) 

0.76 
0.76 

Beam 
Mode 

TEM20 

TEM20 

Cross-Section Examinations 

Because the underfill varies along the 
weld bead, three cross-sections [i.e., 
weld start, middle and end) for each 
specimen were prepared. Visual and op
tical examinations of specimens showed 
that the greater the root penetration, the 
larger is the weld bead width. Thus, bead 
width was uti l ized in the remainder of 
this paper to represent root penetration. 
For each cross-section, the bead width 
and joint clearance near the weld bead 
were measured. The average bead width 
is plotted against average joint clearance 
in Fig. 8 for 0.76-mm and 1.83-mm 
gauge welds. In this figure, each point 
represents the average of three measure
ments. Fitting the data to a straight line, 
using a least-squares regression analy
sis, gives 

bW (bead width) = 0.81 (G) + 0.77 
for 0.76-mm gauge (3) 

bW (bead width) = 1.07 (G) + 0.98 
for 1.83-mm gauge (4) 

where bW is in mm. The associated cor
relation coefficients are r = 0.33 and 
0.66 for 0.76- and 1.83-mm gauge, re
spectively; thus reflecting the large data 
scatter. Student t test for small sample 
sizes (Ref. 12) reveals that there is a 
significant difference between the mean 
values of the bead width for a small and 
large joint clearance, at more than a 
95% confidence level. 

Fatigue Test Results 

Figure 9 shows the fatigue test results 
for 0.76-mm gauge laser beam welds 

Fig. 7 — A — Photograph of bottom side of a 1.83-mm gauge laser beam weld with 50% 
underfill; B — photography of top side of a 1.83-mm gauge laser beam weld with 50% 

underfill; C — profile measurements of underfill. 

Underfill Depth, mm 

k i t 
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Fig. 8 — Bead width as a function of the joint clearance at the various underfills for 0.76-mm 
and 1.83-mm-gauge laser beam welds. The data for all underfills are included. The data points 
represent average values, while the error bars show the minimum and maximum values mea
sured. 

with 0% (Weld Z), 24% (Weld U) and 
50% (Weld V) underfills, respectively. 
A regressional analysis was used to de
termine the load vs. life for each case. 
Comparing the test results of welds Z, 
U and V, we see the introduction of 
underfill decreases the fatigue life of a 
laser beam weld. However, different re
sults were found for the case of 1.83 mm 
gauge laser beam welds. Figure 10 
shows the fatigue test results for welds 
with 0% (Weld AA), 24% (Weld W) and 
50% (Weld X) underfills. As shown, the 

welds with a 24% underfil l gave the 
highest fatigue resistance, whi le the 
welds with a 50% underfill had the low
est fatigue resistance. The cause of the 
difference in fatigue resistance shown 
in Figs. 9 and 10 wil l be discussed in de
tail later. 

Maddox (Ref. 13) studied fatigue 
cracks in fillet joints and found that if 
the negative inverse slope of load vs. life 
obtained by a regression analysis is close 
to the base material propagation con
stant m (shown in Paris's power law, 
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Fig. 9 — Effect of underfill on fatigue resistance of 0.76-mm-gauge laser beam welds. 

da/dN = C(AK)m , where a is the crack 
length, N is the number of cycles, AK is 
the stress-intensity factor range, and C 
and m are the material constants (Refs. 
14, 1 5)), then the fatigue is dominated 
by crack propagation. As shown in Fig. 
9, the inverse slopes of regression line 
for welds Z, U and V are 5.02, 3.87 and 
3.28, respectively. Abe, etal. (Ref. 16), 
performed an extensive study of the 
crack propagation rate of sheet steels 
and found that the value of m is approx
imately equal to 4 for mild steel. Com
paring this value and the inverse slopes 
for these three welds suggests that the 
fatigue of laser beam welds is dominated 
by crack propagation. Similar results can 
be seen in Fig. 10 where the inverse 
slopes of regressional lines for welds AA, 
W and X are 4.57, 4.30 and 3.94, re
spectively. This deduction is consistent 
with the scanning electron micrographs 
reported in a previous study (Ref. 1 7). 

Modeling 

As mentioned in the introduction sec
tion, a difficulty in assessing the effects 
of weld discontinuities on fatigue per
formance is how underfi l l , joint clear
ance and bead width are interrelated. 
Here we use the aforementioned fatigue 
model and a statistical analysis method 
to separate the individual effects of these 
three on fatigue resistance of the laser 
beam welds. As shown in Fig. 1, a spec
imen is made of two steel coupons with 
a bead width (bW), joint clearance (G) 
and underfill (U). A 23 factorial design 
was used in this study. That is, two lev
els were chosen for each of the three 
variables ("factor"), and fatigue life cal
culations were performed for all combi
nations (Ref. 18). 

In order to analyze the calculated re
sults from using a fatigue model, a l in
ear relationship is assumed between fa
tigue life and the variables (bW, G and 
U). Both "main" and "interactive" effects 
are combined to form the linear model 
used in the analysis of the calculated fa
tigue lives obtained in this study: 

Nf = c1+c2-bW+C3-G+c4-U 
+c5-bW-G+c6-bW-U+c rG-U 
+c8-bW-G-U (5) 

In Equation 5, Nf is the calculated fa
tigue life for a particular set of the vari
ables. The coefficients c2, c3, ....c8 are 
the estimated effects of (bW),(G),....(bW) 
(G) (U), respectively. 

Fatigue life for a specific set of weld 
geometries under a given load can be 
calculated using Equation 2. The values 
of Cf, c2, c8 can be determined by solv
ing the simultaneous mathematical 
equations after inserting the fatigue life 
Nf into Equation 5. 
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Discussion 

Effect of Weld Discontinuities 

The statistical analysis described 
above was applied to examine the ef
fects of bead width (bW), joint clearance 
(G) and underfill (U). For practical pur
poses, a range of dimensions for bead 
width, joint clearance and underfill typ
ically found on the prototype compo
nents were investigated. The welds were 
made on two steel coupons wi th an 
overlap length of 38.1 mm (1.5 in.) and 
a sheet width of 38.1 mm. The specific 
values chosen were bW = 0.8 mm 
(0.031 in.) and 2.4 mm (0.094 in.), G = 
2 and 25%, and U = 0 and 50%. The 
eight weld geometry cases are listed in 
Table 3. A load of 2.1 kN (470 Ib) with 
a load ratio R = 0 (R = min/max load) 
was applied to the welds. Individual ef
fects of the above three variables on fa
tigue life are discussed in detail below. 

Bead Width 

The main and interactive effects of 
the two levels of bead width (bW), joint 
clearance (G) and underfill (U) on fa
tigue life of 0.76- and 1.83-mm-gauge 
laser beam welds are shown in Table 4. 
It should be recognized that the fatigue 
life for a specific case of bead width (bW 
= 0.8 or 2.4 mm) is given by inserting 
the bead width value into Equation 5 
and using the appropriate coefficients 
from Table 4. Figure 11 shows the cal
culated effect of bead width on fatigue 
life of laser beam welds wi th U = 0%, 
and with G = 2 and 25%. As shown, fa
tigue life is found to be very sensitive to 
bead width. An increase in bead width 
resulted in a substantial increase in fa
tigue life. Furthermore, there is an inter
action between bead width and joint 
clearance. The lines drawn between bW 
= 0.8 mm and bW = 2.4 mm for each 
joint clearance are not parallel (as it 
would be if there were no (bW)(G) in
teraction). For larger bead width, there 
is a greater increase in fatigue life with 
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Fig. 10 — Effect of underfill on fatigue resistance of 1.83-mm gauge laser beam welds. 

decreasing joint clearance. The increase 
in fatigue life due to an increase of bead 
width is more pronounced for the case 
of 0.76-mm-gauge laser beam welds. 

Joint Clearance 

Figure 12 shows the effect of joint 
clearance (G) on fatigue life of laser 
beam welds wi th bW = 1.2 mm, and 
with U = 0 and 50%. Increasing the joint 
clearance results in a decrease in fatigue 
life. This reduction in fatigue life is at
tributed to the high geometric stress riser 
introduced at the intersection of the weld 
bead and opening of the sheets. As 
shown in Fig. 12, for 0.76-mm-gauge 
specimens, underfi l l does not interact 
with joint clearance, but there is a slight 
interaction for the case of 1.83-mm-
gauge specimens. Specifically, the spec
imens having the larger underfill show 
a greater decrease in fatigue life when 
the joint clearance is increased. The de
crease in fatigue life due to an increase 

of joint clearance is more pronounced 
for the 0.76-mm-gauge specimens. A 
comparison of Figs. 11 and 1 2 reveals 
that the degree of life change caused by 
altering joint clearance is not as great as 
the bead width effect. 

Underfill 

The effect of underfill on fatigue life 
of laser beam welds with bW = 1.2 mm, 
and with G = 1 0% is shown in Fig. 13. 
It is seen that as the underfill increases, 
fatigue life decreases. The decrease in 
fatigue life is more pronounced for 
thicker gauge specimens. Within the se
lected range of bead width and joint 
clearance studied here, the degree of life 
change caused by altering underfil l is 
not as great as the effects of bead width 
and joint clearance. 

The analyses conducted above as
sume a linear relationship between fa
tigue life and the underfi l l , joint clear
ance and bead width. In reality, this may 

Table 3 -
Analysis 

Case 

1 
2 
3 
4 
5 
6 
7 
8 

- Range of Variables for Statistical 

Bead 
Width 
(mm) 

0.8 
0.8 
0.8 
0.8 
2.4 
2.4 
2.4 
2.4 

Joint 
Clearance 

(%) 
2.0 
2.0 

25.0 
25.0 

2.0 
2.0 

25.0 
25.0 

Underfill 
(%) 
0.0 

50.0 
0.0 

50.0 
0.0 

50.0 
0.0 

50.0 

Table 4 — Calculated Effects of Bead Width, 
Laser Beam Welds 

Effect 

Mean 
bW 
G 
U 
(bW) (C) 
(bW) (U) 
(G) (U) 
(bW) (G) (U) 

Coefficient 

C1 

C2 

C3 

Q 
C5 

C6 

C7 

C8 

Joint Clearance and Underfill 

Sheet Thickness 
0.76 mm 

Calculated (cycles) 

-1 .55 X 10b 

2.12 X 106 

1.70 X 106 

2.29 X 103 

-2 .26 X 106 

-2 .98 X 105 

1.82 X 104 

-5 .34 X 10J 

on Fatigue Life of 

Sheet Thickness 
1.83 mm 

Calculated (cycles) 

-1 .07 X 107 

1.51 X 107 

1.10 X 107 

2.38 X 106 

-1 .18 X 107 

-3 .89 X 106 

2.87 X 106 

-6 .02 X 106 
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Joint Clearance 

Fig. 11 — The 
predicted effect of 

bead width on fatigue 
life of a laser beam 

weld. 
1.2 1.1 
Bead Width mm 

S) ° 
5 "8; "ft 

Fig. 12—The 
predicted effect of 

joint clearance on fa
tigue life of a laser 

beam weld. 

Bead Width • 1.2 mm 

12 16 
Joint Clearance {%) 

2 I 
OD fc 

Fig. 13 —The 
predicted effect of 

underfill on fatigue life 
of a laser beam weld. 

Joint Clearance = 10% 
Bead Width = 1.2 mm 

30 
Underfill (%) 

not be the case, and a high order rela
tionship may be needed for better anal
yses. However, since the dimension 
range studied here is fairly narrow, we 
think that, to a first order approxima
t ion, the use of a linear relationship is 
justified. 

The Combined Effect of Bead Width, 
Joint Clearance and Underfill 

Based on the above discussions, the 
fatigue life is mainly determined by the 
balance of the negative changes in joint 
clearance and underfill against the pos
itive effect of the bead width. As shown 
in Fig. 8, for the case of 0.76-mm-gauge 
specimens, the joint clearance increases 
with increasing the underfill from 0 to 
24%, while the bead width varies little. 
Model ing results showed that increas
ing joint clearance led to an increase in 
stress concentration at the periphery of 
the weld bead, and consequently, re
sulted in a decrease in fatigue resistance, 
which is consistent with the test results 
shown in Fig. 9. An increase in underfill 
from 24 to 50% resulted in an increase 
in both joint clearance and bead width. 
Model ing results showed that fatigue 
strength decrease due to the increase in 
joint clearance and underfill is compen
sated by the gain from the increase in 
bead width. As a result of this, the com
bined effect of underfill, joint clearance 
and bead width reduces the fatigue 
strength for specimens wi th 50% 
underfill only slightly more than that for 
specimens with 24% underfill, which is 
in agreement with experimental results 
shown in Fig. 9. 

For the case of 1.83-mm-gauge spec
imens, bead width and joint clearance 
both increase wi th increasing weld 
underfil l — Fig. 8. Model ing results 
showed that, under a load of 2.1 kN 
(470 Ib), as the underfill increased from 
0 to 24%, fatigue life decreased from 
4.2 X 1 06 cycles to 3.86 X 10 6 cycles. 
An additional decrease in life from 3.86 
X 106 to 3.65 X 106 cycles was predicted 
with the change in joint clearance from 
1.6 to 16%. An increase in life from 3.65 
X 106 to 6.18 X 106 cycles was estimated 
with the increase in magnitude of bead 
width from 0.99 to 1.2 mm. As a result, 
welds with 24% underfill gave a higher 
fatigue resistance. A comparison of pre
dictions wi th the experimental results 
shown in Fig. 10 indicates that the 
model gives good predictions. Compar
ing the welds with 0 and 50% underfills, 
calculations show that the life loss due 
to increase in joint clearance and 
underfill outweighs the life gain due to 
the increases in bead width. As a result, 
welds with a 50% underfill had the low
est fatigue life. Thus, it appears that there 
is an optimum combination of underfill, 
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bead w i d t h and jo in t c learance for each 
spec i f i c gauge laser b e a m w e l d tha t 
gives the highest fat igue resistance. 

T h e present i nves t i ga t i on c lea r l y 
demonstrated the usefulness of the c o m 
p u t a t i o n a l m o d e l , w h i c h can p r o v i d e 
des igners w i t h a t oo l fo r assessing the 
effects of w e l d d iscont inu i t ies o n fat igue 
res is tance o f laser beam w e l d s . H o w 
ever, the results and fa t igue m o d e l pre
sented here are o n l y for transverse laser 
beam w e l d s , whereas, laser -we lded ve
hic le componen ts are designed w i t h var
ious w e l d or ien ta t ions . Since the analy
ses agree w i t h expe r imen ta l results, w e 
be l i eve that the same a p p r o a c h can be 
used for the l o n g i t u d i n a l laser beam 
w e l d [i.e., w e l d is paral le l to load ing d i 
rect ion). 

Conc lus ions 

The effects of w e l d d iscont inu i t ies on 
the fat igue l i fe of laser beam we lds have 
been i nves t i ga ted . The f o l l o w i n g c o n 
clusions can be d r a w n : 

1) Bead w i d t h (root penet ra t ion) has 
a s t rong i n f l uence on the fa t igue l i fe o f 
a laser b e a m w e l d , w i t h l i fe i nc reas ing 
as the bead w i d t h increases (good root 
penetrat ion). 

2) A n increase in the j o i n t c learance 
b e t w e e n sheets w o u l d resul t in a 
s ign i f i can t decrease in fa t igue l i fe . The 
degree of l i fe change is smal ler than the 
bead w i d t h effect. 

3) The presence of under f i l l decreases 
the fa t igue l i fe . T h e decrease in fa t igue 
l i fe is m o r e p r o n o u n c e d as the sheet 

gauge is i nc reased . The degree o f l i fe 
c h a n g e is no t as great as the ef fects o f 
bead w i d t h and jo in t c learance. 

4) The f a t i gue l i fe o f a laser b e a m 
w e l d is d e t e r m i n e d by a b a l a n c e b e 
t w e e n the ef fects o f j o i n t c l e a r a n c e , 
under f i l l and roo t pene t ra t i on . As a re
sult, there is an o p t i m u m fat igue strength 
for each speci f ic gauge laser beam w e l d . 

5) Fat igue o f a laser b e a m w e l d is 
domina ted by crack p ropagat ion . 
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WRC Bulletin 370 
February 1992 

Recommendations Proposed by the PVRC Committee on Review of ASME Nuclear 
Codes and Standards Approved by the PVRC Steering Committee 

The ASME Board on Nuclear Codes and Standards (BNCS) determined in 1986 that an overall technical review of exist
ing ASME nuclear codes and standards was needed. The decision to initiate this study was reinforced by many factors, but 
most importantly by the need to capture a pool of knowledge and "lessons learned" from the existing generation of techni
cal experts with codes and standards background. 

Project responsibility was placed with the Pressure Vessel Research Council and activity initiated in January 1988. The 
direction was vested in a Steering Committee which had overview of six subcommittees. 

The recommendations provided by nuclear utilities and industry were combined with the independent considerations and 
recommendations of the PVRC Subcommittees and Steering Committees. 

Publication of this document was sponsored by the Steering Committee on the Review of ASME Nuclear Codes and Stan
dards of the Pressure Vessel Research Council. The price of WRC Bulletin 370 is $30.00 per copy, plus $5.00 for U.S. and 
$10.00 for overseas, postage and handling. Orders should be sent with payment to the Welding Research Council, Room 
1301, 345 E. 47th St., New York, NY 10017. 

WELDING RESEARCH SUPPLEMENT I 217-s 



WRC Bulletin 364 
June 1991 

This bulletin contains two reports: 

(1) New Design Curves for Torispherical Heads 

By A. Kalnins and D. P. Updike 

(2) Elastic-Plastic Analysis of Shells of Revolution under 
Axisymmetric Loading 

By D. P. Updike and A. Kalnins 

Publication of these reports was sponsored by the Committee on Shells and Ligaments of the Pressure Vessel 
Research Council. The price of WRC Bulletin 364 is $40.00 per copy, plus $5.00 for U.S. and $10.00 for over
seas, postage and handling. Orders should be sent with payment to the Welding Research Council, Room 1301, 
345 E. 47th St., New York, NY 10017. 

WRC Bulletin 366 
August 1991 

Recommended Practices in Elevated Temperature Design: A Compendium of 
Breeder Reactor Experiences (1970-1987), Volume IV — Special Topics 

Edited by A. K. Dhalla 

The recommended practices for elevated temperature design of Liquid Metal Fast Breeder Reactors (LMFBR) 
has been consolidated into four volumes and is published in four individual WRC Bulletins. 

Volume I — Current Status and Future Directions, in WRC Bulletin 362, April 1991 
Volume II — Preliminary Design and Simplified Methods, in WRC Bulletin 363, May 1991 
Volume III — Inelastic Analysis, in WRC Bulletin 365, July 1991 
Volume IV — Special Topics, in WRC Bulletin 366, August 1991 

In Volume IV, WRC Bulletin 366, special topics such as, fracture mechanics, nonlinear collapse stress classifi
cation of structural discontinuity stresses, and high temperature design as practiced in Germany are discussed. 
Flaw evaluation (fracture mechanics) procedures are recommended to supplement the design codes which as
sume perfect, defect-free structures. The fracture mechanics methods have been extended into the plastic and 
creep regimes. 

Publication of this Bulletin was sponsored by the Committee on Elevated Temperature of the Pressure Vessel 
Research Council. The price of WRC Bulletin 366 is $40.00 per copy, plus $5.00 for U.S. and $10.00 for over
seas, postage and handling. Orders should be sent with payment to the Welding Research Council, Room 1301, 
345 E. 47th St., New York, NY 10017. 
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