
Fatigue Crack Propagation 
in A514 Base Plate 
and Welded Joints 

BY M. PARRY, H. NORDBERG A N D R. W. HERTZBERG 

Fatigue crack growth rates in specified base metal 
and filler metals can be predicted after constants for 
a power relationship have been determined. Resi
dual stresses slow crack propagation rates 

ABSTRACT. Fatigue studies of A 5 1 4 
base type plate material and asso
ciate weldments revealed that the fa
tigue crack growth rate was primar
ily a function of the applied stress in
tensity range. Crack growth rates 
were found not to be sensitive to 
specimen configuration or material 
thickness. 

Crack propagation studies in t rans
verse weldments and the associated 
heat affected zone revealed possible 
residual stress effects in certain 
plates where fatigue crack propaga
tion rates were found to be consider
ably slower than anticipated. These 
specimens responded to stress relief 
heat treatment and mean load varia
tions, consistent w i th residual stress 
arguments. The crack growth rate 
was never reduced by stress reliev
ing in any of the plates tested. 

In t roduct ion 

The phenomenon of fatigue crack 
propagation (FCP) has been widely 
studied in aluminum, steel and other 
materials. 1_4 Often such crack prop
agation information has been related 
to fracture mechanics parameters 
such as the stress intensity factor 
range through equations of the form 
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where da/dN is the growth rate, AK 
is the stress intensity factor range 
and C and n are constants. 

Since many structures are subject 
to weld related failures, the knowl
edge of subcritical f law growth in 
weld metal and heat affected zones 

is often very important. Very little 
data are available on FCP in these re
gions since most previous studies of 
weld related fatigue failures have 
used the S-N approach, which is 
summarized by Gurney in a recent 
book.5 However, two studies of crack 
propagation in weldments have been 
performed by Maddox6 and by 
Dowse and R ichards . 7 These 
investigations have shown that prop-
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Fig. 1 — Configuration of 
single edge notch and 
compact tensile fatigue 
specimens 
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Table 1a—Composition of Base Metal and Electrodes, percent by weight 

Base Metal 
and Elec
trodes C Mn P 

A514F .10 /20 .60/1.00 035a 

A514J .12/21 .45/.70 .035' 

AX-90 .07 1.35 008 
AX-110 .09 1.67 .010 

S 

0 4 0 a 

0 4 0 a 

008 
010 

Si 

. 15 / . 35 

. 20 / .35 

.45 

.46 

Ti 

— 
— 
.10 
.12 

Ni 

. 7 0 / 1 . 0 0 

— 
2.00 
2.50 

Cr 

. 4 0 / 6 5 

— 
0 4 / 0 7 

.13 

Mo 

. 4 0 / 6 0 

5 0 / 6 5 

45 
57 

V 

. 0 3 / 0 8 

— 
. 01 / .02 

.011 

Cu B 

. 1 5 / 5 0 . 002 / . 006 

— .001 / . 0 0 5 

— — 
— — 

Al 

— 
— 

.01 / .015 
.005 

(a) Maximum 

Table 1b-

A514F 

AX-90 

AX-110 

-Mechanical Pro 

Yield strength. 
ksi 

108 

99 

1 19 

perties 

Tensi le strength 
ksi 

118 

108 

128 

Elong. 2 in. 

17% 

24% 

20% 

Reduction of 
Area 

~ 50% 

70% 

60% 

agation in welds and heat affected 
zones also obey Eq. 1 and that C and 
n are typical of unwelded steels. 

The objectives of this report are 
two-fold. The first part deals wi th the 
fatigue response of the base plate 
material; the effect of mean load 
variations, specimen configuration 
and thickness on FCP is examined. 
Having established the propagation 
characteristics of the base metal, 
FCP in weld metal and heat affected 
zone (HAZ) was evaluated wi th re
spect to suitable variables in the sec
ond part of the investigation. IQ, both 
Parts I and II an electron fracto
graphic analysis was employed to de
termine the role of the test variables 
on fracture surface morphology and 
to compare macroscopic and micro
scopic growth rate data. 

The materials used in this section 
met ASTM A514F and A514J 
specifications. Composition and me
chanical properties are shown in 
Table 1. Plates, 24 x 25 x % in. were 
cut in half to 1 2 x 25 x Vs in. d imen
sions then cut into 12 x 3 x % in. 
strips. Two different specimen geo
metries were used in this investiga
t ion as listed in Table 2. Single edge 
notch (SEN) specimens were made 
by cutting the 12 x 3 x % in. strips 
along the mid-thickness plane and 
mil l ing the half-thickness strips to 
the fol lowing f inal thicknesses: .061 
in., .125 in. and .265 in. Compact 
Tensile (CT) specimens were made 

by cutting the 12 x 3 in. strips into 3 
x 3 in. squares and then ground to a 
f inal thickness of 0.5 in. Thinner CT 
specimens (0.125 in.) were prepared 
by cutting the 3 x 3 in. squares along 
the mid-thickness plane and gr ind
ing to f inal dimension. Al l specimen 
configurations appear in Fig. 1, (di
mensions shown in Table 2). All 
notches were oriented perpendicular 
to the rolling direction. 

Tests were conducted on an MTS 
electrohydraulic closed loop test ma
chine at 10 cps. Mean loads were 
varied by changing A (=KmaX /AK) to 
values of 1.07, 2.14 and 4.3. These 
correspond to R (=Kmm /Kmax) values 
of .065, .54 and .77, respectively. 
Test temperatures ranged from 70 to 
80 F and the relative humidity from 
35 to 80% during the course of the 
experimental program. A traveling 
microscope w i th a vernier scale was 
used to monitor the position of the 
crack tip. Al l data were analyzed on 
a computer. 

A fractographic analysts was per
formed on some of the low stress 
specimens. Platinum-carbon t w o 
stage replicas were prepared for 
examination in an electron micro
scope. 

Results and Discussion 

Low net section stress testing of 
the T-1 base plate revealed that 
crack propagation in this material 
was similar to that previously ob

served in other steels,1*3*4 (see Fig. 
2). The crack growth rate was found 
to obey Eq. 1, w i th n - 2.4, below a 
growth rate of 5 x 10 _ 5 i n . cycle and 
approximately 6.5 above that value. 
Similar increases in the slope have 
been observed by others 8*9*10 and 
have been attributed to such things 
as fracture mode transit ion, yielding, 
and enhanced local fracture proc
esses. No fracture mode transit ion 
was observed on surfaces of the 
specimens except during the f inal 
failure. 

No effect of specimen thickness or 
geometry was noted. The data in Fig. 
2 were generated from both SEN 
and CT specimens that varied in 
thickness as indicated on the figure. 

The effect of the mean load level 
was investigated by conducting tests 
at various values of X.(=Kmax/AK). As 
A was increased for a given value of 
A K, the growth rate increased mod
erately as shown in Fig. 3. It is 
possible to incorporate A. into Eq. 1 
and to treat the data presented in 
Fig. 3 as: 

da 

~dN 
CX AK' (2) 

In the lower portion of the curve, 
m and n are approximately 0.4 and 
2.4, respectively, whi le being higher 
in the upper section of the curve. 
Whi le a four-fold increase in A, 
caused a two-fold increase in FCP, a 

Table 2—Specimen Dimensions, inches 

Specimen 

SEN 

CT 

A a 

12 

3.000 ± .005 

B 

3.000 * .005 

3 

C 

6 

1.500 ± .002 

D 

1 /2 

) i .002 

E 

1 500 i .002 

2 500 * .002 

F 

4.500 i .005 

.700 t .003 

(a) Letters refer to dimensions indicated in Fig, 1 
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four-fold increase in A K caused a 
thirty-fold increase in crack growth 
rates. The much greater importance 
of A /Cover that of K mean is consis
tent wi th previous observations.1 

To determine the extent of metal
lurgical anisotropy upon fatigue 
crack propagation, panels were pre
pared such that fatigue cracks were 
grown both parallel and perpen
dicular to the sheet roll ing direction. 
No directionality effect was observed 
in A514F material; the fatigue crack 
propagation rates were identical 
w i th the crack traversing both paral
lel and perpendicular to the rolling 
direction. 

Fractographic data f rom the base 
metal indicate that the microscopical
ly determined growth rates do not 
vary as a simple power of AK (i.e., ac
cording to Eq. 1) Fig. 4, as previously 
observed in other steels.11 Though 
the striations are few in number and 
ill defined as shown in Fig. 5, they 
are morphologically similar to stria

t ions found in other steels of this 
strength level.12 Each point in Fig. 4 
was the result of averaging at least 
10 and sometimes 50 measure
ments. 

It was also found that mean load 
had no effect on str iation spacing. 
Since the macroscopic data showed 
that mean load variations had only a 
small effect on FCP, litt le or no 
change in striation spacings was ex
pected. 

It has been suggested by Broek13 

that t ipping a replica relative to the 
electron beam may cause striations 
to appear in areas where they were 
previously not observed. One replica, 
used in obtaining the presented data, 
was tipped w i th the aid of a stereo-
holder to determine whether or not 
striations would appear or disappear, 
as wel l as whether str iation spacing 
would be affected. Whi le additional 
striations were observed (others dis
appeared), striation spacing was rela
tively unaffected. 

Part I I : Fat igue Crack Propaga
t ion in W e l d e d Jo in ts 

Procedure 

Two 24 x 25 x Vs in. plates of T-1 
base metal were cut into 24 x 6 in. 
strips. The strips provided w i th a 60 
deg V-notch were butt welded by a 
gas metal-arc process to a f inal size 
of 24 x 12 x Vs in. Of the four f inal 
plates, two were welded wi th Airco 
AX90 and designated Plates 20 and 
40, whi le two were welded w i th 
Airco AX110 and designated Plates 
70 and 80. The composition and 
static properties of the fi l ler metals 
appear in Table 1. Fatigue specimens 
were prepared in a manner similar 
to that described in Part I. Addit ional 
compact tensile specimens were 
made by cutting the 24 x 1 2 x Va in. 
plate into a 24 x 3 x Vs in. strip. The 
strip was then cut into 3 in. squares 
and finished in the above mentioned 
manner. In all plates, the weld was 
centered in the specimen and 
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Fig. 2 — Fatigue crack growth rates in type A514 steel for 
specimens of varying thickness 
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Fig. 3 — Effect of X (K /A K) upon fatigue crack propagation on 
A514J steel max 
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Fib. 4 — Effect of AK 
on microscopic growth 
rate in base plate 
(including macroscopic 
data from Fig. 2) 

20 5 0 100 
A K (KS I v̂ TR) 

perpendicular to the loading direc
t ion. Furthermore, all specimens 
were loaded parallel to the rolling 
direction. Testing and analysis proce
dures were the same as in Part I. 

Results and Discussion 
The data shown in Fig. 6 reveal 

that FCP in weld metal is, again, con
trolled by the stress intensity factor 
range. In these tests no difference 
was noted between crack growth 
"upst ream" versus "downs t ream" 
relative to the welding direction. This 
lack of difference may be related to 
the self-heat treating nature of mult i 
pass welding leading to a more 
homogeneous material. It is readily 
apparent that the data fall in two dis
t inct bands, indicating a basic dif
ference in FCP response. Whi le 
Plates 40 and 80 exhibited fatigue 
behavior similar to that observed for 
the base plate material (Fig. 2), crack 
growth rates were decidedly lower in 
specimens taken from plates 20 and 
70. In addition, growth rates were 
more sensitive to changes in the 
stress intensity range (i.e., higher 
growth rate exponents, n, were ob

served). 
Since previous investigators8 have 

found that most steels exhibit s imi
lar fatigue response and good agree
ment was found between test re
sults from Plates 40 and 80 and 
the base metal, it was important to 
seek an explanation for the unusual 
behavior of Plates 20 and 70. Weld 
metal composition differences were 
eliminated as a cause of the different 
response because one plate, number 
20, wh ich showed greater FCP resist
ance was welded wi th AX-90 whi le 
the other, Plate 70, was welded w i th 
AX-110. The same was true of the 
plates showing less resistance to 
crack propagation (see text above). 

It is proposed that the improved fa
tigue response shown in Plates 20 
and 70 was related to the presence 
of a favorable residual stress pattern. 
To test this hypothesis, additional 
specimens from all four plates were 
stress relieved to 1100F for one hour 
prior to fatigue testing. This treat
ment had no significant effect on 
crack growth rates in specimens 
from Plates 40 and 80 as shown in 
Fig. 7. On the other hand, growth 
rates in specimens f rom Plates 20 

Fig. 5 — Typical appearance of a fatigue 
surface of A514 steel associated with a 
macroscopic growth rate of 7 x 10 '6 in/ 
cycle. Mag: 11.700X 

and 70 increased markedly, being 
comparable to the results from 
Plates 40 and 80 and base metal 
specimens. Thus, the superior resist
ance to crack propagation, shown 
by Plates 20 and 70 test coupons 
was negated by the stress relief heat 
treatment. It is interesting to note 
that none of the tests revealed that 
stress relieving improved the .fatigue 
characteristics of a crack propagating 
along a weld. Rather, in two sets of 
data (Plates 20 and 70), stress reliev
ing heat treatments worsened fa
tigue performance. 

To further examine the hypothesis 
that a favorable residual stress pat
tern beneficially affected FCP in 
specimens prepared from Plates 20 
and 70, additional tests were per
formed at various mean load levels. 

As previously mentioned in Part I, 
mean load variations generally do 
not have a large effect on crack prop
agation rates. This is true for tension-
tension loading conditions. If a por
tion of the applied load excursion 
were negative, no crack growth 
would occur during that portion of 
the cycle14 since the crack would be 
closed. Thus, if a compressive resi
dual stress were present in a speci
men, a portion of the applied load 
cycle would be used to overcome the 
residual stress and, thereby, open 
the crack. Consequently, crack exten
sion would only occur during the 
now reduced tensile portion of the 
load cycle. By raising the mean level 
of the applied load, less of the load 
excursion would be needed to over
come the residual stress. Therefore, 
a larger mean stress effect would be 
anticipated in the presence of a resi
dual stress field. Once the residual 
stress is overcome, further increases 
in the mean load should cause little 
or no effect. 

As-welded specimens were tested 
at the fol lowing values of A : 1.07 
(initial results), 2.14, and 4.3. The re
sults, presented in Fig. 8, reveal that 
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Fig. 6 — Fatigue crack growth rates in as-received welded plates 
20, 40, 70. 80 
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Fig. 7 — Effect of stress relief heat treatment on fatigue crack 
growth rates in plates 20, 40, 70, 80 

increasing A in Plate 80 had approxi
mately the same effect on propaga
t ion rates as found in the base metal 
in Part 1. However, increasing \ to 
2.14 in Plate 70 caused the speci
mens to perform as though they had 
been stress relieved, whi le raising A 
to 4.3 caused no further increase in 
the propagation rates over that found 
when A= 2.14. Since this behavior is 
similar to that described above, it 
tends to reinforce the possibility that 
a favorable residual stress pattern 
was present in Plates 20 and 70. 

On the basis of the stress relief 
and mean stress tests, it is con
cluded that a favorable residual 
stress pattern was present in Plates 
20 and 70. Initially, one might con
sider a residual compressive stress 
perpendicular to the weld line; that 
is unlikely. Gurney5 and others have 
demonstrated that the main residual 
stresses caused by butt weld ing are 
parallel to the weld and are tensile 
in nature except near the plate 
edges. These stresses could exert a 
bending moment which would tend 
to resist the opening of the crack in 
the weld plane.15 Such a moment 
would have the same effect as a 

compressive residual stress per
pendicular to the crack surfaces. It is 
possible that this was the case in 
this investigation. Since applied 
stress levels rarely exceeded 10,000 
psi in this study, the magnitude of 
the residual stress necessary to 
cause the observed effect would 
have been too small to measure w i th 
out the use of extensive sectioning 
techniques. This was beyond the 
scope of the project. 

The reason why two of the Plates 
(20 and 70) apparently contained 
residual stresses but not the other 
two (40 and 80) is not readily ap
parent. Welding processes used to 
produce the plates were virtually 
identical, and specimen machining 
processes sufficiently varied, making 
it impossible to associate the dif
ference on this basis. 

Propagation rates were also mea
sured for a crack growing in the heat 
affected zone next to the weld. The 
specimens used in these tests were 
taken from Plate 20. Similar to weld 
metal specimens from this plate, the 
crack growth rate was considerably 
lower in the HAZ than the growth 
rate in the base metal. Again, stress 

relieving caused the growth rate in 
the HAZ to increase considerably. 
This suggests that the HAZ was also 
under the influence of the residual 
stress pattern described above. 

Microscopic growth rates were 
generally slower than the associated 
macroscopic values as shown in Fig. 
9. It would appear that fracture me
chanisms other than striation forma
tion were also operative during the 
fatigue process so as to account for 
the growth rate differences. This is 
consistent w i th the observation that 
striations covered only part of the 
fracture surface whi le other mechan
isms (e.g., quasi-cleavage and void 
coalescence) predominated. 

Microscopic growth rates from 
Plates 40 and 80 were the same 
regardless of the mean load or the 
heat treatment as were the micro
scopic growth rates from Plates 20 
and 70 in the stress relieved condi
tion or at A = 2.14 in the as-
welded condition. The as-received 
Plate 20 and 70 specimens at A = 
1.07 showed a lower microscopic 
rate of growth at low A K levels, con
sistent w i th the macroscopic re
sponse. 
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Fig. 9 — Effect of A K on microscopic growth rate in weld metal 
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Summary 
The fol lowing conclusions sum

marize the f indings of this investiga
t ion: 

1. Crack growth rates in fatigue 
specimens in both A514 base metal, 
heat affected zone and weld metals 
(AX-90, AX-110) could be described 
in terms of a Paris type power rela
t ion: ^g 

dN 
2. Crack propagation rates in weld 

metal or HAZ may be slowed by 
residual welding stresses. Stress 
relief heat treatments of such speci
mens resulted in a considerable in
crease in the crack growth rates. Re
duced crack growth in as-welded 
plates was not observed in every 
plate tested, and in those where it 
was not observed, stress relieving 
had no effect on FCP. 

3. Fractographic examination re
vealed that the striation spacings 
were not a good indication of the 
macroscopic growth rate. The micro
scopic growth rates, however, did re
spond to test variables in the same 
manner as the macroscopic behavior. 

Acknowledgements 
The authors wish to acknowledge 

financial support for this research by the 
Office of Naval Research under Contract 
N0014-68-A-0514 and by the Sweden-
America Foundation. We thank Profes
sors G. I. Irwin, A. W. Pense, L. Tall, J. 
Fisher, P. C. Paris, B. Yen, and Messrs. 
M. Pearlman and R. Jacard for their 
many discussions and contributions to 
this work and to members of the Project 
Themis Advisory Committee who re
viewed the manuscript. 

References 

1. Paris, P. C, "The Fracture Me
chanics Approach to Fatigue," Proc. 10th 
Sagamore Army Mat. Res. Conf., Burke, 
J. J., Reed, N. L., Wiess, V., ed., Syracuse 
Univ. Press 1964. 

2. McEvily, A. J., and Boetner, R. C, 
"On Fatigue Crack Propagation in FCC 
Metals," Acta Met.. Vol. 11,1963 p. 725. 

3. Donaldson. D. R., and Anderson, W. 
E., "Crack Propagation Behavior of Some 
Airframe Materials," Proc. of the Crack 
Propagation Symp., Cranfield, Vol. 2 
1961. 

4. Frost, N. E., and Dugdale, D. S., 
"The Propagation of Fatigue Cracks in 
Sheet Specimens," J. Mech. Phys. 
Solids, Vol 6, 1 958 p. 92. 

5. Gurney, T. R., Fatigue of Welded 
Structures, Cambridge Univ. Press, 1968. 

6. Maddox, S. J., "Fatigue Crack Prop
agation in Weld Metal and HAZ," Met. 
Const, and Br. Weld. J., Vol. 2, No. 7, 
1970 

7. Dowse, K. R., and Richards, C. E., 
"Fatigue Crack Propagation Through 
Weld Heat Affected Zones," Met. Trans. 
Vol. 2, No. 2, 1971. 

8. Clark, Jr., W. G., "Sub-critical Crack 
Growth and it's Effect upon the Fatigue 
Characteristics of Structural Alloys," Eng. 
Fract. Mech., Vol. 1, No. 2, 1968. 

9. Liu, H. W., "Fatigue Crack Propaga
tion and the Stresses and Strains in the 
Vicinity of a Crack," App. Mat. Res., 1 964. 

10. Liu, H. W., Discussion to Ref. 1. 
11. Bates, R. C. and Clark Jr., W. G , 

Trans. Quart. ASM, Vol., 62, No. 2, 1969, 
p. 380. 

12. Phillips, A., Kerlins, V., and White-
son, B. V., Electron Fractography Hand
book, Tech. Rpt: ML-TDR64-41 6, 1 965. 

13. Broek, D., "A Critical Note on Elec
tron Fractography," "Eng. Fract. Mech., 
Vol. 1, No. 4, 1970 

14. Hudson, C. M., and Scardina, J. T„ 
"Effect of Stress Ratio on Fatigue Crack 
Growth in 7075-T6 Aluminum Alloy 
Sheet," Eng. Fract. Mech., Vol. 1, No. 3, 
1969. 
1 5. Paris, P. C, Private communication. 

490-s ! O C T O B E R 1 9 7 2 


