
Low-cycle Fatigue in Welds 

The lives of parent and welded specimens of 
ASTM A-516, grade 55, steel plate are compared 

by W. R .  Miller and H. S. Amin 

ABSTRACT-Hour-glass-shoped specimens were made from been applied to the study of low-cycle fatigue, but 
ASTM A-516, grade 55, steel plates which had been welded only within the last few years has attention been 
together. The specimens were manufactured so that the turned to that of low-cycle fatigue in welds. Fall, 
weld material was at  the minimum section. The specimens et all studied the effects of various welding conditions 
were strain cycled about zero mean strain and the results on the low-cycle fatigue of serected low- 
were compared with tests conducted on specimens taken alloy, ":-,. & ". 

I I I ~ L L - S L X I I ~  LLI-steel weldmenis. Tnis work 
from the parent material. When the total strain range vs. 
cycles to failure was plotted on log-log coordinates, the showed that weld-bead shape had more effect on life 

curves for both the welded and parent-material specimens than weld-joint design, filler material, or weld-metal 
had nearly the some slope; however, the curve for the cleanliness. Hersh2 investigated the effect of discon- 
welded specimens was disDloced downword from that of +he tinuities on fatigue of aluminum welds and found that 
parent material. Thus, for a given strain range, the parent- 
material specimens had lives approximately six times greater 
than the welded specimens. 

Two-level cumulative-damage tests on the welded speci- 
mens indicate that  using I; n / N  = 1.0 is reasonably accu- 
rate. 

List of Symbols 
c,, = plastic strain range 
st, = total strain range 
~t = fracture ductility 
n = actual cycles 
N = cycles to failure 

nH = number of cycles at the high-strain range 
nL = number of cycles at the low-strain range 

a, C = material constants 

Introduction 
Over the past twenty years, considerable effort has 
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if the bead was left intact, the tests were of no real 
value in determining allowable defect sizes, since 
failure always occurred at  the edge of the weld. 
Gross and Heise,3 using pressured boxes, found that 
low-cycle-fatigue life was closely related to total 
strain range, and that the life of a complex structure 
was more sensitive to design and fabrication than to 
material. 

Based on the foregoing information, it was decided 
to run a series of tests on welded specimens in such a 
manner that the weld material was in the test zone. 
The purpose was to compare the fatigue lives in the 
low-cycle region of the parent and welded materials. 
Furthermore, the welding was to be done under field 
conditions by a certified welder. The effect of the 
weld bead was removed by machining the welded 
specimen smooth. 

Method of Investigation 
The material used in this investigation was 3/4-in. 

(19.05-mm) -thick plate of firebox quality, ASTM A- 
516, grade 55, fine grain steel. Specimens were made 
from the parent material by cutting 3/4-in. (19.05- 
mm) strips from the plate and turning on centers. 
The test section had an hour-glass shape with a mini- 
mum diameter of 1/4 in. (6.35 mm). The ends were 



turned to 1/2-in. (12.7 mm) and threaded. The 
welded specimens were made in a similar manner, 
except the plate was first cut in half, beveled, and 
welded before the 3/4-in. (19.05-mm) strips were cut. 
The plate had a double-vee weld applied and the 
specimen was oriented as shown in Fig. 1. The welds 
were neither stress relieved nor X-rayed. The filler 
rod used was P5; the welds were made by a certified 
welder at the plant of a firm specializing in the con- 
struction of pressure vessels. 

tests Were conducted at zero mean strain, with 
specimens made of the parent material being tested 
first. A diametral extensometer was used for strain 

measurement, while a load cell, in series with the 
specimen was used to record the load. The second set 
of tests was on the welded specimens, while the third 
set of tests was cumulative-damage tests on the 
welded specimens. 

In  the cumulative-damage tests, the basic strain 
ratios, n L / n H ,  used were 5, 20 and 100, where nL 
represents the number of cycles at  the low-strain 
range and n H  represents the number of cycles at  the 
high-strain range. In approximately half of the tests, 
the basic strain ratios 2-" ---- - 3  -----"-- "--- w e ~  t: l u u u w r u  ~ X ~ C L L Y .  P ur 
instance, if the ratio was twenty to one, twenty cycles 
would be executed at  the low-strain range followed 
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Fig. 2-Completely 
reversed strain-cycling 
tests at various 
constant-strain ranges 



by one cycle at  the high-strain range. This pattern 
would be adhered to until failure. The remainder of 
the tests were varied in that, for example, for the 
twenty to one ratio, 100 cycles a t  the low-strain 
range would be followed by five cycles at  the high- 
strain range. 

The basic relation for uniaxial low-cycle fatigue, 
first proposed by Manson4 and given by eq (I) ,  is 

where E,, is the plastic strain range, N the cycles to 
failure, a and C material constants determined by 
test. Later, Coffin5.6 proposed the same equation pri- 
marily for thermal fatigue. 

In  the region where the present tests were con- 
ducted, the total strain range rt, can be used with 
little error in eq ( I ) ,  rather than the plastic strain 
range E*~. Thus eq (1) becomes 

The material constants a and C in eqs (1) and (2)  
have different numerical values because of the differ- 
ence in variables, and they must be determined ex- 
perimentally. 

Experimental Results  and Discuss ion  
The results obtained for the reversed-strain tests 

are shown in Fig. 2. The results are expressed in 
terms of the total strain range, and the curves were 
fitted by least squares. Using log-log coordinates, a 
good linear relationship is observed for both the par- 
ent  and welded material, although the welded speci- 
mens show more scatter. The constants in eq (2) 
were determined to be, for the parent material, 

and for the welded material 

For the parent material, a good approximation for C 
has been found to be r1/2, where rf is the fracture duc- 
tility determined from a tensile test. The value of 2C 
for the parent material agrees quite well with the 
fracture ductility of 0.93. Two welded specimens 
were tested to obtain the fracture ductility; the re- 
sults were 0.27 and 0.77. The value of 2C for the 
welded specimens falls between these two values. 

The surfaces of the welded specimens were exam- 
ined for defects after machining, and small defects 
were found in all but three. A specimen with a defect 
is shown in Fig. 3. I t  was observed that cracks gen- 
erally originated from the region of the defect; how- 
ever, if cracks originated elsewhere, they eventually 
passed through the defect. Of the three specimens 
without visible defects, two failed at the welded edge. 

The specimen shown in Fig. 3 and one without a 
visible defect were chosen for closer observation than 
the others during testing. Both were cycled at  a total 
strain range of 0.026 in./in. (.026 m/m), and the ex- 
tensometer was removed at  the end of every ten cy- 
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Fig. 3-Specimen with defect 

cles and the surface examined for cracks. In the 
specimen with a defect, cracks u7ere first detected on 
either side of the defect at  120 cycles, with failure 
occurring at 214 cycles. The defect-free specimen, 
however, showed two pin-point dots on the surface 
at two different elevations after 50 cycles. Through 
these two points, horizontal cracks propagated until 
80 cycles, at  which time the two cracks were joined 
by an  inclined crack. The predicted life of these 
specimens was 100 cycles. 

There is no reason to believe that the defects had 
a preferential orientation, or that there were not 
other defects beneath the surface. This could explain 
the manner in which the cracks propagated in the 
two tests cited, and the reason that the two dots ap- 
peared on the surface of the defect-free specimen. 
The weld defects observed would be considered typi- 
cal for this class of weld. 

The tensile tests show that  the welded specimen is 
less ductile than the parent material; hence, one 
would expect the curve for the welded specimens to 
be shifted downward. Examination of Fig. 2 shows 
that, for a given number of cycles to failure, the 
welded specimens can tolerate a strain range of 



TABLE 1-RESULTS OF CUMULATIVE-DAMAGE TESTS 

n 
2 -  

No. €ti. e t ~ . ,  n l  NI n? Nz ndN1 ndNe N nL/nH1 nL/nH= 

Superscripts 1 and 2 signify the programmed and actual ratios, respectively. 

slightly less than half that of the parent material. 
Conversely, for the same strain range, the parent 
material has a life approximately six times longer 
than that for the welded material. The parent ma- 
terial also strain hardened slightly during testing, 
while the welded material strain softened slightly. 

The results of the cumulative-damage tests are 
shown in Table 1. The low-strain range was imposed 
first, except for tests 27, 28 and 29. The average of 
n / N  for the tests is 1.16, while the sample variance 
is (1.12)2. Based on a sample size of 29, the 95-per- 
cent confidence interval on the average of n / N  is 0.75 
to 1.57. 

Conclusions 
This study leads to the following conclusions: 

1. The slope of the curves for the parent and welded 
materials is nearly the same. 

2. For the same strain range, the parent material has 
a life approximately six times longer than that of 
the welded material. Conversely, for a given num- 
ber of cycles to failure, the welded specimens can 

tolerate a strain range of slightly less than half 
that of the parent material. 

3. The Manson-Coffin relation is applicable to the 
welded specimens. 

4. More work should be done on smooth welded spec- 
imens, with particular attention paid to defect size 
and orientation. 

5. Cumulative damage tests on the welded specimens 
indicate that n/N = 1.0 is reasonably accurate. 
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