
The Fatigue Properties of a Welded Low Alloy Steel 
Residual stress, weld configuration and metallurgical changes can 
affect the fatigue properties of a welded low alloy steel 

BY M. R. B A R E N AND R. P. H U R L E B A U S 

ABSTRACT. S-N curves were determined 
for a low alloy steel using bending fa
tigue test data from welded specimens. 
The specimens were subjected to various 
combinations of stress relief and mechan
ical surface preparation, such as grind
ing and hammer peening. Both grind
ing and peening were beneficial in that 
they produced higher endurance limits. 
The effects of stress relieving were 
varied. The results indicate that residual 
stresses, weld configuration and metallur
gical changes may affect the fatigue 
properties. 

Experimental 
Fatigue specimens were prepared 

with 13 different combinations of sur
face preparation and stress relief. Two 
plates of 3 / s in. thick NES 65 pre
cipitation hardening low alloy high 
strength steel were cut into pieces 18 
x 6 5 / g in. with the rolling direction 
parallel to the 6 5 / 8 in. length. The 
chemical analyses of the plates are 
given in Table 1. The pieces were butt 
welded along the 18 in. length in 
pairs. A root pass and 2 cover passes 
were used. The details of the welding 
procedure are given in Table 2. 

A cross section of a typical weld is 
shown in Fig. 1. X-rays of the weld 
indicated generally good quality welds 
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Table 1—Chemical Analysis of Low 
Alloy Steel Plates Used for 
Fatigue Test Specimens, % 

Plate 1 Plate 2 

Carbon 
Manganese 
Phosphorous 
Sulfur 
Silicon 
Copper 
Nickel 
Molybdenum 

0.15 
0.60 
0.010 
0.010 
0.11 
1.22 
1.20 
0.22 

0.26 
0.71 
0.012 
0.028 
0.21 
0.73 
1.45 
0.19 

with no undercutting. There was some 
porosity and slag inclusions. The weld
ments were cut into pieces measuring 
2V4 in. x 13 x / 4 in. for machining and 
processing. The weld bead was per
pendicular to the long direction of the 
specimens (see Fig. 2 ) . Twelve speci
mens were prepared for each of the 
process conditions which are listed 
below: 

1. As-received and stress relieved at 
1175°F. 

2. As-welded. 
3. Welded, ground, stress relieved 

at 1050° F and peened. 
4. Welded, ground and stress re

lieved at 1050° F. 
5. Welded, ground and stress re

lieved at 1175° F. 
6. Welded and stress relieved at 

1050° F. 
7. Welded and stress relieved at 

1175°F. 
8. Welded, stress relieved at 1050° 

F and peened. 
9. Welded and peened. 
10. Welded, peened and stress re

lieved at 1050° F. 
11. Welded, peened and stress re

lieved at 1175° F. 
12. Welded and ground. 
13. Welded, ground and peened. 

All of the specimens were rough 

Table 2—Details of Welding Procedure 
for Alloy Steel Plates 

Joint preparation: 
60 deg vee—groove with }/% in. land— 
Vs to Me in. gap 

Work schedule: 
Root pass—160 to 170 amp dcrp; 24 v; 

6 ipm speed; H2 in. diam. E7018 
electrode 

1st cover pass"—160 to 180 amp dcrp; 
24 v; 6 ipm speed; %% in. diam. 
E7018 electrode 

2nd cover pass"—180 to 200 amp dcrp; 
24 v; 5 ipm speed; % 6 in. diam. 
E7018 electrode 

a The welds were ground between passes 
to remove slag and wire brushed. 

machined and fully processed before 
final machining. The specimen details 
are shown in Fig. 2. 

The specimens which were stress 
relieved were placed in a circulating 
air oven at 600° F, heated at 100° F 
per hr up to the stress relieving tem
perature, soaked for 3 hr and furnace 
cooled to 600° F. 

Grinding was done with an air driv
en hand tool with an aluminum oxide 
grinding tip. The direction of grinding 
was perpendicular to the weld. The 
effect of the grinding was to smooth 
out the transition between the base 
metal and weld. 

Peening was done with an air driv
en chisel having a radius of V 8 in. 
and a width of 3 / 8 to V , in. with 
rounded ends. The air pressure was 25 
± 3 psi and the peening rate was 
about 4V 2 ipm. The entire weld and 
V2 in. of the base metal on each side 
of the weld were peened. 

After final machining, and before 
testing, surface residual stresses were 
measured by the X-ray diffraction 
method on one specimen from each 
series. 

Bending fatigue tests were carried 
out on a universal testing machine 
equipped with a bending fixture (Fig. 
3). A stress ratio of R = .33 (mean 
stress ± 50%) was used where R = 
minimum stress/maximum stress. The 
specimens were set up with the weld 
in tension. A strain gage was attached 

Fig. 1—Cross section of butt weld in 
% in. alloy steel plates 
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Fig. 2—Details of fatigue specimen preparation 

to the first specimen in each series to 
check the actual stress against the 
calculated stress. 

Results 
Fatigue Tests 

The S-N curves for each of the 13 

series are shown in Fig. 4-16. A 
summary of all the fatigue results is 
given in Table 3. 

It should be noted here that the S-N 
curves were drawn so that almost all 
of the points lie above and to the right 
of the curve. Therefore, the curves 

Fig. 3—Fatigue testing machine and 
bending fixture 

indicate conservative values for the 
fatigue life at any given stress or the 
fatigue strength at any given cycle 
life. 
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Fig. 4—S-N curve-Series 1—as received and stress relieved 
at 1175° F. 
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Fig. 5—S-N curve-Series 2—as welded 
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Fig. 6—S-N curve-Series 3—welded, ground, stress relieved at 
1050° F and peened 
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Fig. 7—S-N curve-Series 4—welded, ground and stress 
relieved at 1050° F 
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Fig. 8—S-N curve-Series 5—welded, ground and stress re
lieved at 1175° F 
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Fig. 9—S-N curve-Series 6—welded and stress relieved at 
1050° F 
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Fig. 11—S-N curve-Series 8—welded, stress relieved at 1050° Fand peened 

Fig. 10—S-N curve-Series 7—welded and 
relieved at 1175° F 

Residual Stress Measurements 

Residual stresses are measured on 
the weld and adjacent to the weld 
after the final machining operation on 
one specimen from each series. 
Stresses were measured in the 
longitudinal and transverse directions. 
Graphs of surface residual stress 
transverse to the weld vs. position on 
the specimen are shown in Fig. 17-21 
for some of the process conditions. 
The accuracy of the measurements is 
believed to be better than ± 10000 psi. 

Discussion 
The effects of mechanical prepara

tion alone on the S-N curves are 
shown in Fig. 22. The curve for the 
as-welded series is also shown. Grind
ing increased the endurance limit of 
the welded specimen by 20%, peening 
by 51 % and grinding plus peening, by 
56%. The beneficial effect of grinding 
was due to the removal of the slight 

stress 

notch condition which existed at the 
edge of the weld, even though initially 
the flank angle was not very sharp. 
The increase in the endurance limit 
for the other two series was due in 
part to the high residual compressive 
stresses in the surface from the peen
ing operation and, according to some 
investigators, to the increased strength 
of the cold worked surface layer. This 
was also true for series 3, which had 
the highest endurance limit and the 
highest residual compressive stresses. 

A graph of transverse residual 
stress at the edge of the weld vs. 
endurance limit is shown in Fig. 23. 
For the 4 series which were peened 
last, there were high compressive 
stresses and relatively high endurance 
limits. The other series had low com
pressive or slight tensile stresses at the 
weld edge and lower endurance limits. 
The stresses at the weld edge were 
used for this comparison because 

mostly all of the failures occurred 
adjacent to the weld. 

On the specimen from series 12 
(welded and ground), a slight com
pressive stress was measured at the 
weld edge. This was unusual because 
the rest of the ground surface had 
high tensile stresses (see Fig. 21) . 
Apparently, the grinding wheel radius 
was too large and there was only 
slight contact with the surface of the 
specimen at the weld intersection. 
However, there was enough "smooth
ing out" of the transition to remove 
the notch condition and cause an in
crease in the endurance limit. 

For those series where grinding was 
done before another operation such as 
stress relieving or peening, the effect 
of the grinding was beneficial. For 
example, in series 5 and 7, the final 
operation was stress relieving at 
1175° F. in series 5, the welds were 
ground before stress relieving and the 
endurance limit was 5 3 % higher than 
for series 7. Small increases in the 
endurance limit due to grinding were 
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Fig. 12—S-N curve-Series 9—welded and peened 

Maximum 
Stress 

psi 

100,000 

Cycles 

Fig. 13—S-N curve-Series 10—welded, peened and 
stress relieved at 1050° F 
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Fig. 14—S-N curve-Series 11—welded, peened and stress relieved at 
1175° F 
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Fig. 16—S-N curve-Series 13—welded, ground and peened 

Fig. 15—S-N curve-Series 12—welded and ground 

also found for series 4 (compare to 
series 6) and 13 (compare to series 
9) . In these cases, any high residual 
tensile stresses introduced by grinding, 
were decreased by the final operation 
(stress relieving or peening) and the 
only effect of grinding was that due to 
removal of the notch condition at the 
edge of the weld. In series 3, two 
operations (stress relieving and peen
ing) followed the grinding and the en
durance limit was higher than that for 
series 8 in which the welds were not 
ground. 

When stress relieving was the final 
treatment, its effect was not always 
clear. In series 6 and 7, the specimens 
were heat treated at 1050 and 1175° 
F respectively. The corresponding en
durance limits were 46000 and 38000 
psi as compared to an endurance limit 
of 45000 psi for the as-welded condi
tion. It was expected that heat 
treating at either temperature would 
increase the endurance limit for two 
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Table 3—Summary of Fatigue Properties 

Series 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 

Condition8 

As reed. 
A.W. 
A.W. 
A.W. 
A.W. 
A.W. 

S.R. 1175° F 

G, S.R. 1050° F, 
G, S.R. 1050° F 
G, S.R. 1175° F 
S.R. 1050° F 

A.W., S.R. 1175° F 
A.W., S.R. 1050° F, P 
A.W., P. 
A.W., P., S.R. 1050° F 
A.W., P., S.R. 1175° F 
A.W., G 
A.W., G., P. 

Endurance 
limit, psi 

63,000 
45,000 
81,000 
49,000 
58,000 
46,000 
38,000 
70,000 
68,000 
50,000 
51,000 
54,000 
70,000 

Fatigue strength 
at IO6 cycles, psi 

69,000 
50,000 
84,000 
59,000 
63,000 
52,000 
47,000 
73,000 
73,000 
54,000 
54,000 
62,000 
73,000 

'A.W.—as-welded; S.R.—stress rel ieved; G.—ground; P.—peened. 

reasons. First, the tensile stresses due 
to welding would be reduced and, sec
ond, the precipitation reaction would 
increase the strength of the steel. 
However, it was found that the residu
al stresses due to welding were already 
significantly reduced by cutting the 
specimens out of the plate. The re
maining stress level probably had little 
effect on the endurance limit. Subse

quent heat treating at 1050° F or 
1175° F further reduced the residual 
stresses to about the same level. 

Microhardness measurements were 
made at the edge of the weld in the 
heat-affected zone on specimens from 
series 2, 6 and 7. The measurements 
were made .005 to .010 in. below the 
surface. The average DPH numbers 
were 274 for the as-welded condition, 

222 after stress relieving at 1050° F 
and 213 after stress relieving at 1175° 
F. This decrease in hardness may have 
been due to overaging of the metal in 
the heat affected zone. Table 4 shows 
the effects of the two stress relieving 
temperatures on the tensile properties 
of round bar specimens machined 
from a 3 / 8 in. plate. 

In series 10 and 11, the peened 
specimens were stress relieved at 1050 
and 1175° F respectively. The endur
ance limits were nearly the same— 
50,000 and 51,000 psi. The endurance 
limit for the welded and peened speci
mens (series 9) was 68,000 psi. In this 
case, stress relieving at either temper
ature reduced the high compressive 
stresses from the peening operation to 
a low compressive stress. The higher 
endurance limits obtained after peen
ing and stress relieving (as compared 
to the as-welded and stress relieved 
specimens) may have been due to 
either the slight compressive stresses 
remaining after heat treatment or to a 
work hardening effect remaining from 
the peening operation. 

Stress relieving after welding and 
grinding had a slightly different effect. 

Distance from Center ot Weld (In.) 

Fig. 17—Residual stresses transverse to weld—Series 2 
specimen 
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Fig. 18—Residual stresses transverse to weld—Series 3 
specimen 
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Fig. 19—Residual stresses transverse to weld—Series 5 
specimen 
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Fig. 20—Residual stresses transverse to weld—Series 9 
specimen 
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Fig. 21—Residual stresses transverse to 
specimen 

After welding and grinding (series 
12), the endurance limit was 54000 
psi. Stress relieving at 1050° F (series 
4) reduced the endurance limit to 
48000 psi. Stress relieving at 1175° F 
(series 5 ) , however, caused an in
crease in the endurance limit to 58000 
psi. Because of the complicated effects 
of grinding, precipitation and stress 
relief, we cannot explain these results 
which are based on a relatively small 
number of specimens. 

The results for those conditions in 
which stress relieving was the final 
operation, should be interpreted with 
care. It should be recalled that the 
heat treating was done after the speci
mens were cut from the welded plates 
and that the initial stresses were 
significantly reduced by cutting. The 
stress relieving, therefore, did little to 
reduce welding stresses. This is not the 
case in large weldments where stress 
relieving is usually necessary to reduce 
welding stresses and the chance of 
premature failure. Furthermore, due 
to the uncertainty in the thermal his
tory of the heat-affected zone, it is 
difficult to predict whether strengthen
ing by precipitation will occur during 
stress relieving or whether overaging 
will occur. 

Summary 
The effects of grinding the welds to 

remove a notch condition between the 
base metal and weld edge were benefi
cial. This was true for the as-welded 
condition and for all conditions in 
which some other operation such as 
peening or stress relieving followed 
the grinding. 

Peening as a final operation pro
duced high surface residual compres
sive stresses and the highest endurance 
limits. 

The effects of stress relieving at 
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Fig. 22—Effect of mechanical preparation on S-N curves 
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Fig. 23—Endurance limit vs. transverse residual stress at edge of weld 

Table 4—Tensile Properties of Alloy Steel Plates 

Yield strength (0.2% offset), psi 
Tensile strength, psi 
Elongation in 2 in., % 

As-received 

50,000 
72,000 
31 

Stress relieved Stress relieved 
at 1050° F at 1175° F 

76,000 
91,000 
25 

65,000 
80,000 
29 

either 1050 or 1175° F varied, de- pending upon prior operations. 
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