
Spot Weld Properties When Welding 

With Expulsion—A Comparative Study 

Reduced strength does not necessarily result when resistance 

spot welds are made under expulsion conditions 

BY M. KIMCHI 

ABSTRACT. A high proportion of resis
tance spot welds are made under expul
sion conditions and have been assumed 
to be of lower strength and quality than 
welds made without expulsion. This 
paper provides comparative data on 
weld properties made with and without 
expulsion under various welding condi
tions. 

Although increased indentation occurs 
when expulsion conditions are used, the 
welds are not necessarily of reduced 
strength. At welding currents just over 
the expulsion criterion normally used for 
reference, there is generally some loss of 
strength on the order of 5%. With further 
current increases, considerable growth in 
the nugget size and strength are 
obtained. The strength increase and 
indentation depend to a great extent on 
the electrode geometry and other weld
ing conditions. Elastic stress analysis to 
support the experimental results is pre
sented. 

Welding under expulsion conditions in 
the range where improved weld strength 
is obtained causes rapid electrode deteri
oration. The extent and consequences of 
the electrode deterioration are likewise 
dependent on electrode geometry. This 
study involved only bare high strength 
low alloy (HSLA) and low carbon steels; 
the results should not be extrapolated to 
any of the coated steels. 

Introduction 

Excessive heating in resistance welding 
results in metal expulsion during the 
welding operation. Good welding prac-
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tice is considered to be one that operates 
just below initial expulsion. While pub
lished resistance spot welding schedules 
assume that welds are made without 
expulsion, this seldom occurs in produc
tion where a high percentage of spot 
welds are actually made with expulsion. 
Investigators and text books state that 
expulsion welds are undesirable and 
weak because "further increase in cur
rent does not increase the size of the 
spot, but seriously injures its metallurgical 
structure and markedly increases the 
indentation" (Ref. 1). However, no evi
dence or data to support the above 
statements were found in the literature. 

The investigation described in this 
paper was undertaken to provide com
parative test data on weld properties 
made with and without expulsion under 
various welding conditions. Resistance 
welding electrode life when welding with 
expulsion is also a part of this study. Only 
bare HSLA and low carbon steels were 
considered. An elastic stress analysis pro
viding support to the experimental 
strength results is presented in the 
Appendix. 

Procedure 

Materials used in this investigation and 
their chemical compositions are present
ed in Table 1. Welding schedules used 
are listed in Table 2. Welds were made 
just below the expulsion point for each 
particular schedule, and the welding cur
rent was subsequently increased in incre
ments to well above the expulsion point. 
Spot weld sample geometry is shown in 
Fig. 1. 

Weld indentation was measured, and 
the samples were tested in tensile-shear 
to determine the ultimate load. A number 
of tension-tension fatigue tests were con
ducted with constant load amplitude to a 
maximum value of 450 lb (204 N) and 

Fig. 1 — Spot weld specimen 

R = 0.2 (R = minimum stress/max stress). 
The cyclic loading rate was 20 Hz. 

Welds were examined metallographi
caliy to verify nugget size determined by 
the peel test; welds were also inspected 
for defects and examined for failure 
modes. To analyze the weld nugget 
growth during expulsion welding, addi
tional instrumented tests were made to 
determine the welding current cycle 
where expulsion first occurred. 

Electrode life tests were performed in 
order to evaluate the effect of welding 
with expulsion on electrode deterioration 
and to determine the consequences of 
extensive use of expulsion welding in 
production. 

Results and Discussion 

Figure 2 shows the effect of welding 
above the expulsion point on spot weld 
strength using flat faced (FF) truncated 
electrodes with a 30 deg side angle. At a 
current setting just above the expulsion 
point, a reduction in strength on the 
order of 5% is apparent. At higher cur
rent settings, significant improvement in 
tension-shear strength was observed. 
The relative effect of electrode force is 
also presented in Fig. 2. As would be 
expected, increasing the electrode force 
increases the current level required to 
reach expulsion and also increases the 
strength of the weld made just below the 
expulsion point. 

The effect of weld time on tension-
shear strength is shown in Fig. 3. Stronger 
welds were made with the longer weld 
time schedule (16 cycles) just below and 

58-s I FEBRUARY 1984 



Table 1—Materials and Chemical Composition, % 

Material and thickness C S 

0.038 in. (0.97 mm) low carbon 
0.036 in. (0.91 mm) HSLA(a) 

0.098 in. (2.49 mm) HSLA<b» 

Cr Ni Mn Mo Cu Cb Al 

038 
054 
031 

.020 

.011 

.016 

.012 

.015 

.009 

.020 

.028 

.022 

.35 

.70 

.50 

.006 

.007 

.008 

.047 

.039 

.036 

<.003 
.360 
.045 

-C002 
.040 
.120 

.005 

.008 

.009 

<.004 
.020 
.042 

(a) Cb-bearing high strength low alloy s t e e l - 5 0 ksi (348 MPa) yield strength. 
(b) Cb-bearing high strength low alloy steel —70 ksi (482 MPa) yield strength. 

Table 2—Spot Welding Schedules*3' 

Welding 
schedule 

A 
B 
C 
D 
E 
F 
G 
H 

K 
L 
M 
N 
O 
P 

Mater al'b> 
and thickness 

0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.038 
0.038 
0.038 
0.038 
0.038 
0.038 
0.038 
0.098 
0.098 
0.098 

n 
n. 
n 
n 
n 
n. 
n 
n 
n. 
n 
n 
n 
n. 
n 
n. 
n 

HSLA 
HSLA 
HSLA 
HSLA 
HSLA 
HSLA 
LC 
LC 
LC 
LC 
LC 
LC 
LC 
HSLA 
HSLA 
HSLA 

Electrode 
geometry(c)<d), 

30 
30 
30 
45 
3 in 
3 in. 
30 
30 
45 
30 
45 
3 in 
3 in 
45 
45 
20 

radius 
radius 

radius 
radius 

Electrode 
diameter, in. 

0.25 
0.25 
0.25 
0.25 

0.25 
0.25 
0.25 
0.25 
0.25 

0.25 
0.25 
0.31 

Welding 
force lb 

800 
450 
800 
800 
800 
450 
450 
800 
800 
450 
450 
450 
800 
800 
450 

1400 

Weld time 
cycles 

12 
12 
18 
12 
12 
12 
12 
12 
12 
16 
9 
12 
12 
12 
12 
24 

(a) 1 in. = 25.4 mm; lb X 4.448222 = newtons (N) 
(b) HSLA-h igh strength low alloy; LC —low carbon. 
(c) Electrodes that are not radius faced, are flat faced truncated electrodes and the side angle is specified. 
(d) Electrodes are RWMA Class 2 in all cases. 

wel l above initial expulsion. Howeve r , a 
greater reduct ion in strength o f the w e l d 
made at initial expulsion is evident. N o 
loss of strength at initial expulsion was 
observed using the short we ld t ime (9 
cycles — see schedule K, Table 2). Figure 4 
illustrates in detail the effect o f we ld ing at 
initial expulsion on we ld strength. In addi
t ion to the reduced strength shown , 
erratic results w e r e recorded w h e n welds 
w e r e made at this current level. 

Figures 5 and 6 clearly indicate that 

we ld ing wel l above the expulsion point 
p r o d u c e d welds w i t h bet ter tension-
shear strength; they also indicate that the 
failure load for a spot w e l d is a funct ion 
of nugget diameter. 

The ef fect o f e lect rode geomet ry o n 
spot we ld strength is presented in Fig. 7. 
Higher we ld strength was obta ined using 
the 30 deg rather than the 45 deg flat 
faced (FF) t runcated e lect rode. Using 
electrodes w i th the smaller side angle (30 
deg) tends to limit the indentat ion and 

helps to contain and mechanically ho ld 
the mol ten nugget. It also seems to p ro 
vide bet ter support t o the edges of flat 
faced electrodes and hence increase 
e lect rode tip life. 

The amoun t o f indentat ion was s h o w n 
to have little effect on spot we ld 
strength. A l though measurements indi
cated up to 55% indentat ion w i th 800 lb 
(363 N) e lect rode fo rce , significant 
improvement in we ld strength was clear
ly shown as a result o f larger we ld d iam-
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Fig. 2 — Tension-shear strength of spot welds made at various 
current levels when welding with expulsion — effect of electrode 
force. Material—0.036 in. thick HSLA steel; weld time— 12 
cycles; electrodes - 0.25 in. diameter 30 deg FF 
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Fig. 3 — Tension-shear strength vs. current — effect of weld time. Material— 
0.036 in. thick HSLA steel; electrode force-800 lb (3.6 kN); electrodes - 0.25 
in. diameter 30 deg FF 
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Fig. 4 — Detailed analysis of the initial expulsion portion of the tension-shear curve. Material — 0.038 
in. thick low carbon steel; electrode force —450 lb (2 kN); electrodes —0.25 in. diameter 30 deg 
FF 
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Fig. 6 — Tension-shear strength as a function of weld nugget diameter when welding with 
expulsion; note the percent indentation. Material—0.036 in. thick HSLA steel; weld time- 12 
cycles; electrode force — 450 lb (2 kN); electrodes — 0.25 diameter 30 deg FF 
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Fig. 7 — Tension-shear strength vs. current — effect of electrode geometry. Material — 0.036 in. thick 
HSLA steel; weld time-12 cycles; electrode force-800 lb (3.6 kN) 
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Fig. 5 — Correlation between weld nugget 
diameter and tension-shear strength. Materi
al-0.036 in. thick HSLA steel; weld time -12 
cycles, electrode force —450 lb (2 kn); elec
trodes—0.25 in. diameter 30 deg FF 

eters. The elastic stress analysis presented 
in the Append ix suggests that we ld d iam
eter is the main contro l l ing factor o f w e l d 
strength rather than indentat ion. 

Figure 8 shows the ef fect of e lect rode 
geomet ry on the indentat ion. Indentat ion 
was greatest w i t h the flat faced 45 deg 
t runcated e lect rode and least w i th the 3 in. 
(76 mm) radius faced e lect rode for the 
same we ld ing parameters. Severe indenta
t ion d id not affect fat igue propert ies since 
significant improvemen t in fatigue life (up 
to 68%) w h e n we ld ing w i t h expulsion was 
obta ined. Tension-tension fatigue p roper 
ties are presented in Fig. 9. 

In the case w h e r e the current is set just 
above the value that causes initial expul
sion, the expulsion may occur t o w a r d the 
end of the w e l d t ime w i t h little subse
quent current f l ow . At higher we ld ing 
current levels, expulsion tends to occur 
earlier in the we ld ing per iod w i th current 
f l ow ing dur ing the remaining we ld t ime — 
Fig. 10. This ef fect is bel ieved to cause 
the w e l d nugget t o fur ther increase in 
size. Figure 11 shows metal lographic sec
tions of welds made at di f ferent expul 
sion levels. Increased nugget diameter 
and e lect rode indentat ion w i t h higher 
expulsion current is apparent . 

Figure 12 shows we ld specimens made 
at l o w and high expulsion current settings 
after failure in tension-shear. The fracture 
location o f the we ld made w i t h l o w 
expulsion current occurs at the indenta
t ion edge th rough the reduced section 
(case B in the Appendix) . The fracture of 
the w e l d made w i t h the high expulsion 
current is through the full thickness of the 
base metal (case A in the Appendix) . No te 
that the nugget d iameter exceeds the 
electrode diameter and that the f racture 
occurs outside the indented area. Mea 
surements show a 0.275 in. (6.98 mm) 
we ld diameter for the high expulsion 
current w e l d , whi le the nugget d iameter 
o f the l o w expulsion current w e l d was 
0.172 in. (4.37 mm). Both welds w e r e 
made w i t h 0.25 in. (6.35 mm) face d iam
eter electrodes. 

Electrode life tests w h e n we ld ing w i t h 
expulsion (15% heat above the initial 
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electrode geometry. Material—0.036 in. thick HSLA steel; weld time — 
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expulsion point) using 0.25 in. (6.35 mm) 
diameter 45 deg t runcated e lect rode, 
results in rapid deter iorat ion o f the elec
t rode ; nugget diameter d r o p p e d f r o m 
0.27 in. (6.86 mm) to 0.20 in. (5.08 mm) 
after 500 welds and then stabil ized. Sur
face expulsion was observed , and the 
expulsion current changed f r o m 10,500 
to 7,500 amperes (A) after 1,500 welds. 
No significant change in nugget size was 
observed using 3 in. (76 mm) radius faced 
electrodes in the life test. Af ter 2000 
welds the expulsion current increased 
f r o m 9,700 to 11,500 A. 

The apparent behavior of the t w o 
e lect rode geometr ies can be explained 
by the di f ferent deter iorat ion phenome
na shown in Fig. 13. In the case o f a flat 

Fig. 9 - Tension-tension fatigue life of expulsion welds at maximum load 
of 450 lb (2.0 kN) and the ratio of minimum stress to maximum 
stress = 0.2 —effect of electrode force. Material—0.038 in. thick low 
carbon; weld time — 12 cycles; electrodes - 0.25 in. diameter 30 deg FF. 
X6 (reduced 52% on reproduction) 

faced e lec t rode, deter iorat ion begins at 
point E (edge) and results in decreased 
electrode diameter and increased current 
density —Fig. 14. In the case of radius 
faced electrodes, deter iorat ion begins at 
po int C (center) and results in increased 
e lect rode diameter and decreased cur
rent density. 

In addit ion t o shorter e lect rode tip life 
w h e n we ld ing w i th expulsion in p roduc
t ion, the amount of indentat ion may 
present a p rob lem if appearance is an 
impor tant factor. For such applications, 
indentat ion greater than 5% is usually 
considered undesirable. The excessive 
sparking characteristic o f expulsion spot 
weld ing should be recognized as a 
potent ia l safety hazard. 

Conclusions 

1. Electrode indentat ion is not o f 
pr ime impor tance in determining spot 
we ld strength. 

2. An increase in we ld ing current wel l 
above the initial expulsion point results in 
an increase in nugget diameter w i th 
at tendant increase in shear strength. 

3. Spot welds made w i th current lev
els above the initial expulsion point 
s h o w e d significant improvemen t (up to 
68%) in fatigue life due to an increase in 
nugget diameter. 

4. For current settings b e l o w and just 
above the expulsion point , bet ter we ld 
strength was obta ined using 800 lb (363 
N) weld ing fo rce than the 450 lb (204 N) 
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Fig. 10 — Time of expulsion current flow at various current settings. 
Material - 0.038 in. thick lo w carbon steel; electrode force - 450 lb (2 kN); 
electrodes — 0.25 in. diameter 30 deg FF 
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Fig. 11 —Spot welds made at various current levels below and above 
expulsion point. Note the nugget diameter and indentation. Material — 
0.036 in. thick HSLA steel; electrode force-450 lb (2 kN); weld 
time — 12 cycles; electrodes — 0.25 in. diameter 30 deg FF. Nital etch, 
X12 (reduced 43% on reproduction) 
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Fig. 12 — Welds made with different expulsion current settings. Note the failure 
location in relation to the electrode indentation and nugget diameter. Materi
al-0. 036 in. thick HSLA steel; electrode force - 450 lb (2 kN); weld time - 12 
cycles; electrodes — 0.25 in. diameter 30 deg FF. Nital etch, X10 (reduced 50% 
on reproduction) 
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Fig. 13 — Differences in deterioration of flat-faced and radius-
faced electrodes 

Fig. 14-Electrode deterioration-0.25 in. 
(6.35 mm) diameter flat face, 45 deg truncated 
electrode after 1500 welds 

r ecommended for this gauge o f steel. 
5. Stronger welds w e r e made w i t h 

longer we ld t ime b e l o w and above the 
initial expulsion point . Howeve r , lower 
strength at initial expulsion was obta ined. 
N o loss in strength was observed using 
the short we ld t ime schedule. 

6. Electrode indentat ion was greatest 
w i t h the 45 deg t runcated electrodes, 
least w i t h the 3 in. (76 mm) radius faced 
e lect rode, whi le the indentat ion w i th 30 
deg t runcated electrodes was intermedi
ate. 

7. lust a b o v e the expulsion point , 
expulsion occurs near the end of the 
weld ing t ime. At higher current levels, 
expulsion tends to occur earlier in the 
we ld ing per iod , and the w e l d continues 
to g r o w dur ing the remaining weld ing 
t ime per iod . 

tfwt2 

2 Total Load = tf Wt, 

lit dw 

4V 

-
dw 

UTTTTt 

(JWt, 

Fig. 15 — Tension-shear specimen 

tfwt2 

2 

8. W h e n we ld ing w i t h expulsion, t w o 
accelerated e lect rode deter iorat ion 

mechanisms w e r e observed. In f lat- faced 
electrodes deter iorat ion starts at the 
edges, whi le in radius-faced electrodes 
deter iorat ion begins at the center. 

9. A l though g o o d results w e r e repor t 
ed in the radius faced e lect rode life test, 
more w o r k is needed to determine the 

feasibility of using expulsion we ld ing in 
p roduc t ion . We ld ing w i t h expulsion using 
f lat-faced electrodes is the least desirable 
of the t w o alternatives. 
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Appendix 

The fo l low ing elastic stress analysis is 
in tended to explain the tension-shear 
exper imental results demonstrat ing the 
relative impor tance of w e l d sample var i 
ables wh ich inf luence tension-shear 

i r t 2 
T = 

Fig. 16 - Specimen bottom half 

tfWta _ 4 d W t , 
nd2 nd2 

X - Average Shear Stress 
in the Weld 6 Wti I 

Fig. 17—Analysis of failure at point B 
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strength. Depicted in Fig. 15 is a tension-
shear specimen for which: 

w = specimen width, 
d = nugget diameter, 
t i = sheet thickness, 
t2 = Vi nugget thickness, 
a = average applied stress, 
<rw = load per unit length in thickness 

direction, 
<r\Nt-\ = total applied load, and 
(a wt1)2 /2 = end bending moment due 

to offset of lap joint. 
One can consider the static equilibrium 

of the bottom half of a tension-shear spot 
welded specimen as shown in Fig. 16. 
Here two failure locations are possible — 
points A and B. Although the stress at 
point B (<rB) is greater than the stress at 
point A (<rA), the ultimate tensile strength 
may be greater at point B due to metal
lurgical changes in the heat-affected zone 
(HAZ). 

Failure at Point B 

Referring to Fig. 17, total elastic stress 
at B,ITB, is determined by summing the 
axial and bending contributions: 

total load 
"axial - effective cross section area at B 

(TWt-i 

dt? 

^bending — 

(bending moment at B) X 

(distance from centroid to B) 

effective moment of inertia 

gwtj t2 s , t2 

2 X 2 

— dt, 
12 2 

<rB = 

o-axial + o-bending = — 
dt2 1 .J 

12 
dt, 

--•(3)© 

2 

Fig. 18-Analysis of failure at point A 

— A _ _ 
U l l l l - tfWt, 

d 

Failure at Point A 

Since point A is slightly removed from 
the weld nugget, consideration must be 
given to the portion of the sheet at A 
effective in resisting the applied stress. 
Since t-|/t2 is significantly less than W / d , 
the distance from the weld at which the 
full t i is effective is significantly less than 
the distance at which full w is effective. 
Thus, the effective thickness and width 
are assumed to be t i and d, respective-
ly: 

°"A — °"axial T G'bending 
<j-Wti 2 2 

dU J_ 
12 

dt. 

C A -(T)-(^) 

<TA = 4 a (T) 

The above equation suggests that fail
ure loads are proportional to the nugget 
diameter when failure occurs at point A. 
In most of the tests, failure did occur at 
point A, and calculated proportions of 
loads and nugget diameters showed 
close agreement. 

The above is an elastic analysis valid up 
to first yield. However, it does provide 
insight into what parameters are signifi
cant in determining ultimate tensile-shear 
loads. 
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