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FATIGUE CRACK PROPAGATION IN WELDED STRUCTURAL STEEL

by Michael 0. Parry
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response of butt welded plates. It was found that crack growth rates j
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in as-welded material may be lower than in as-received specimens. 1
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: S ' The retardation in crack growth rate is attributed to a reduction in |
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the effective stress intensity range caused by a residual stress field 1(
T - " introduced by the welding procedure. Stress relieving, which removed

| . | the residual stress pattern, caused the growth rate to increase. Not

éll pPlates tested showed a difference in the fatigue response between

the as-welded and stress relieved specimens, indicating that the re-

sidual stresses do not always occur. The crack growth rate was not

reduced by stress relieving in any of the plates tested.

The microscopic growth ratesg as determined by striation spacings,

were not found to be a simple function of the stress intensity range

L

They did, however, reflect the above mentioned trends that were ob-

served macroscopically.

An investigation into the rate of crack propagation {n material

that had been stressed beyond the point of general yielding was also

conducted. It was observed that the crack growth rate accelerated

greatly, with respect to low stress tests, as the net section stress
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exceeded 95 percent of the yield strength. Good correspondence be-

tween crack growth rates and the maximum crack opening displacement
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was obtained under these conditions.
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introduced by the welding procedure,

Stress relieving, which removed

the residual stress pattern, caused the growth rate to increase. Not

response¢ between
Indicating that the re-

sidual stresses do not always occur. The crack growth rate was not

They did, however, reflect the above mentioned trends that were ob-

served macroscopically.,

as the net section stress

e

.+ Good correspondence be-

tween crack growth rates and the maximum crack opening displacement

was obtained under these conditions.

1




I. INTRODUCTION

Until recently, the main approach in evaluating the fatigue

of welded structures has been the S-N approach, where the applied

stress range, S, is compared with the number of cycles to failure

approach has recently been published by Gurney, Results have
shown that the fatigue life of a structure is inversely proportional
to the applied stress range. The fatigue strength which is used ag
4 parameter for comparing weldments, is definecd to be that stress
range necessary to cause failure in 2X10% cycles. Application of a

smaller range will generally not cause failure.

The fatigue strength of a weld is found to be relatively un-
affected by the static Strength or the general metallurgical con-
dition of the material under consideration. The surface condition
of the specimen ﬁsed, however, was found to be an important variable,
Improper surface finishing tended to create sites for the initiationm
of cracks. The metallurgical Preparation of the surface (i.e.,

carburized, nitrided, etc.) also affected fatigue strength for the

Same reason.

Though widely used, the S-N approach does not separate the phe-

(2)
nomenon of crack initiation from crack Propagation. Signes, e¢t.al.
have shown that a typical weld defect may have a root radius of .000L™

or less. Under such conditions, initiation of a crack in fatigue

would represent only a very short portion of a Structure's fatigue

2
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number of cycles to failure,

Fatigue crack Propagation has been investigated in unwelded

specimens of aluminum, steel, and other materials. These investi-

(3)

gations, using a fracture mechanics approach, have indicated that

da/dN = c(AR)™ ‘ (1)
where da/dN equals the crack growth rate, AK is the stress intensity
factor range and C and N dre material constants. The value of n,

though it may vary from material to material, is relatively unaffected
(9-12)

- fatigue of transverse butt we ldments by several investigators., Mad-

the above mentioned power law relation and the values found for C and

I were typical for steels Previously tested. Dowse and

neighborhood of it, would tend to grow into the region, be it weld
-metal, heat affected Zone, or base metal, that had the lowest yield

Strength. The crack also tended to Brow at a slightly faster rate

in this region.

(17)
-Hertzberg and Nordberg, working with higher strength sgteel

3 .




weldments than either Maddox or Dowse and Richards, also found agree-

ment with the power law relation. However, they observed that the

weld metal in the as-welded condition showed considerably greater re-
sistance to fatigue crack Propagation than did the base metal material.
Upon stress relieving, they found the weld lost this apparent ability
to perform in a superior manner, and the growth rateg became approxi-

Since previous-

ly mentioned authors have found that steels, in general, perform

(1)

Gurney

noted, however, that in general the residual stress patterns in the

neighborhood of a transverse butt weld had only a slight but negative

effect on the fatigue strength, Consequently, tatigue performance was

(15)
improved by stress relieving. Furthermore, Maddox

metals that he investigated. .

Hertzberg and Nordberg also showed that as the crack growth rate
increased above 10-% in./cycle, the value of '"p" In Eqn. (1) increased
| (12,18,19)
from 2.4 to 6.5. This has been observed several times by others.
The specimens used inp these tests were such that, due to their con-
figuration, the value of AK was elevated by a geometrical correction
The net section

Stress, therefore, was well below the yield Strength of the material.

. 4
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thus associated the acceleration of the crack growth to a yielding

Phenomenon. This observation, however, was made in a specimen where

the net section stress wds again less than the yield stress. The

plastic zone, which in statiec fracture, elevateg the applied stressg

intensity level,

sity levels was re-

ported. It was found that the exponent 'n" ip Eqn. (1) was lower for

striation spacing growth rate measurements which is in Agrecment with
(24) (25)
Previous results by Pelloux and Heiser and Hertzbery

(26)
welded steel. Clark and Bates, however

1N un-




of the microscopic growth rates. First, sgince Hertzberg and Nordberg

studied the fatigue of only one welded plate, it is possible that their

results were caused by some unique combination of welding and machining

procedures resulting in abnormal behavior. To determine if this is the

case, specimens prepared in a similar manner but from different welded

. Furthermore, other specimen

:designs will be considered in the investigation along with
(27)

an evaluy-

ation of strain aging effects as suggested by Coffin.
Secondly, in their high growth rate experiments, Hertzberg and

Nordberg used specimens in which the applied stress was not a large

fraction of the yield stress. Thus

of net section yielding on the rate of crack propagation. 1In this

section stresses are obtained while the applied stress intensity range

phology will be performed. A comparison of macroscopic growth rates,

determined from visual examination of the crack tip position during

testing, and microscopic growth rates, based on striation spacing, will

be made. Since Hertzberg and Nordberg found relatively few arcas with

6




(Broek has shown that by tipping a replica, striations can become

visible in areas where none were observed when the replica was flat.)




2. PROCEDURE
2.1 Materials

Base plate material used in this investigation was U.S. Steel's

T-1 steel which meets ASTM A514F and AS517F specifications. Weld metal

used as AIRCO AX-90 and AX-110. Composition and mechanical properties

of all three are Presented in Table I.

2.2 Specimen Preparation

Specimens were made from Plates welded in the following manner:
Strips of base metal 24" x 6" were cut from a plate 24" x 25" 5/8".

The strips were butt welded with a 60°-V-notch in the longitudinal

direction to a final size of 24" x 12" x s5/8" using a Metal - Inert-Gas

Three types of specimens were used for the investigation: Single

Edge Notch (SEN), Compact Tensile (CT), and Center Notched (CN) (Fig.l).
The dimensions and initial crack sizes for all specimens appear in

Table II.

Iwo methods were used for pfeparing the specimens. The first

consisted of cutting the 24" x 12" x 5/8" welded plate, perpendicular

to the weld, into 3" x 12" « 5/8" strips. For CT specimen, the strips

were cut into 3" x 3" x 5/8" Squares with the weld in the middle. For

1/8" or thinner specimens, the strips or squares were sliced along

8




The second method used for making CT only consisted of cutting the

24" x 12" x 5/8" plate into a 24" x 3" X 5/8" strip with the weld

This was cut into

3" x 3" x 5/8" squares and specimens were made from the squares the

and it was centered with Ireéspect to the leading Pins. An initial crack

was introduced into the weld prior to testing.

2.3 Testing Procedure

Testing was performed on an MIS closed-1loop, electro-hydraulic,
high speed fatigue testing machine. All tests were run at 10 cyclesg

Per second. No special atmosphere was provided; test temperatures and

relative humidity ranged from 72° to 80°F and from 407 to 80%,
spectively, A traveling microscope with a vernier scale was used to
measure crack tip position during each test. All data were analyzed
with the aid of a CDC-6400 computer,

Low stress, high cycle fatigue testing was performed on three
Plates, one welded with AX-90, and two welded with AX-110,

designated

plates 40, /70, and 80, respectively. A plate of AX-90 originally




The stress relijef used was

one hour at 1100°F, followed by an air cool. Mean load effects were

evaluated by varying A(=Kpax/OK) to three different levelg: )\ = 1.07,

A= 2.14, and \ = 4.3, (These correspond to values of R(axmin/xmax)

of .065, .53, and .77, respectively.)

High stress or 1low cycle fatigue testing was performed using speci-

mens of unwelded base plate. Due to Specimen geometry, compact tensile

130 KSI VIN. while'maintaining a low applied stress. Reduced width

Stress intensity level tests, The initial AR levels in the CN speci-

mens ranged from 50 to 90 KSI VIN. Variations in the width were used

Straining it 6% and aging at 600°F

for one hour (air cool). The sample was then notched and tested,

2.4 Fractograghx ;

Fractographic analysis was performed on an RCA-EMU-

3G_electron
microscope. Standard two stage replication techniques were employed

with a Platinum-Carbon mixture used as g3 shadowing agent.

10
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3. RESULTS

3.1 High Cycle Fatigue

Test results from plates, welded and prepared for the purpose of

extending the Hertzberg-Nordberg Study, are presented in Figs. 2-5.

The data shown are uncorrected for plastic zone size. Fig. 2 displays

the results of testing specimens in the as-welded condition, Plate 70

specimens, welded with AX-110, demonstrated a higher slope, 4.0 vs. 2.4,
and lower intercept, 1.0X10™24 Vs, 1.0X10'20, than Plates 40 (AX-90)

and 80 (AX-110). Thus below da/dN = 10~% where the curves converge

2

Plate 70 demonstrated more resistance to crack Propagation and gas such,

(17)

wWas in agreement with Plate 20 performance.
When the mean load was increased in Plate 80 specimens, the da/dN

in a manner observed previously
(17)

in the base metal,

70 specimens from )\ = 1.07 to A = 2.14 caused 4 surprisingly large shift

In this case g3 much smaller effect

(similar to that observed in reference 17) was noted,

Stress relieving Specimens from Plates 40 or 80 produced no sig-

nificant effect in the fatigue crack propagation rates over the range

11
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investigated. However, stress relieving specimens from Plate 70 caused

the growth rate curve to shift upwards so that the curve was now

identical to the Plate 40 and 80 curves, Fig. 5.

Hertzberg and Nord-
(17)

berg observed similar behavior in Plate 20.

No effect of specimen geometry or thickness was noted during these

tests. For example the data for Plate 80 was obtained from 1/8" thick
center notched specimens, while the data for Plates 40 and 70 were ob-

tained from 1/8" and 1/2" thick compact tensile specimens.

3.2 Low Cycle Fatigue

The da/dN vs. AK data for base metal specimens which had a high

applied AK but low applied stress appear in Fig. 6. Below da/dN = 10~%

in./cycle, the slope is 2.4, the same as in Plates 40 and 80, and above

it the slope increases to 6.5. The specimens used to obtain these data

were compact tensile specimens, both 1/8" and 1/2" thick.

Or specimen configuration effects on fatigue crack propavation.

Using .050" thick center notched specimens, it was possible to

obtain high stress intensity levels along with net section stresses

near or at the yield point of the material. Furthermore by varying the

specimen width it was Possible to produce net section yielding at dif-

the yield strength, Fig. 7. Thesge transition points were associated

12
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with stress intensity levels of 43, 57, 63, 67, and 70 KSI VIN. in the

tests performed. It was noted that yielding occurred by the formation
of plastic bands that emanated from the crack tip at approximate !y +45°
to the plane of the crack. The crack, however, did not follow these
. After the specimensg

were fractured it was noted that shear-lips formed near the point where

yielding occurred. Previous to that the fracture surfaces were flat."

3.3 Strain Aging .

Strain aging procedures Produced no deviation from normally stress

relieved material in the one Specimen examined for this study, Fig. 8.
(31)
A recent study of aging in 18% Ni Maraging steel has shown that

aging in that material also had no effect on crack Propagation ratesg,

3.4 Fractographic Analysis

In general, striations on the weld metal and base metal fatigue
surfaces were few in number and poorly defined. A typical area of the

surfaces appears in Fig. 9. As OAK increased, the clarity of the stri-

ations improved but their number decreased,

4

while the amount of cleavage

and quasi-cleavage increased, Most visible striations appecared on

surfaces that were inclined to the plane of the crack. This

Furthermore, tipping a replica caused additional striations to be

(28)

observed, as Previously shown by Broek. Thus, more striations are

actually formed than is apparent from viewing the replica in only one

orientation,.




Growth rates, determined from striation spacings, increased with

the stress intensity range but at a lower rate than the macroscopic

received specimens (A = 1.07) however, were lower than the growth rates
determined from stress-relieved Plate 20 and 70 specimens and from all

Plate 40 and 80 specimens. This observation 1s consistent with vari-

ations in the associated macroscopic data,
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4. DISCUSSION

. Specimens

, AX-90, as Plate 20, did

not show any difference between the as-welded and stress-relieved

conditions. Similarly, Plate 80 which was welded with AX-110, revealed

€ Cracrk ropg-

»y using AX-110
weld metal, were more resistant to crack growth than stress relieved

specimens from the same plate,

The fact that Plates 40 and 80 performed asg one would expect on
(3,4,6,7,9-13,15,29)

the basis of Past experience with unwelded specimens

indicates that the greater resistance to fatigue crack Propagation ob-

served in Plates 70 and 20 may have represented unusual behavior,

and 40 series) was welded with AX-90, while the other plate in each




pattern as Previously suggested may have been present in the ag-

received Plates 20 and 70. A residual stress is further indicated by
the manner in which specimens from the as-welded Plate 70 responded to

changes in the mean load, Fig. 5. Doubling A from 1.07 to 2.14 pro-

Earlier investigation into the effect of mean load on fatigue
(1) (29)

strength Or on the rate of crack propagation in steel have

shown that alterations of the value of a tensile mean load have little
. (30)

or no effect. However, these authors and others have indicated

that if a portion of the applied loading cycle is compressive,
the
mean load to eliminate the compressive portion can cause significant
increases in the growth rate. This is dye to the fact that the stress

range experienced by the crack tip is now the entire range applied

rather than only some fraction of it. Thus, if a completely tensile

load excursion is applied to a specimen containing a Pre-existent
compressive residual stress field, a portion of the cycle would be

used to overcome the residual stress, Consequently, the effective

Stress range experienced by the crack would be reduced. If the applied

16 Q




intensity ranges would be increased. Once the applied mean load reaches

a value such that the entire load range applied is experienced by the

crack tip, further increases in mean load should not have any signifi-

cant effect on the growth rate.

Applying these arguments to the results obtained by Hertzberg and
Nordberg, and the results frpm Plate 70, it would appear that both
Plates contained residual co;pressive Stresses which reduced the of-
fective stress intensity range when A = 1.07. The substantially higher
growth rates associated with a higher mean stress, A = 2.14, would be
consistent with the above comments, Also, since there was no effect of
increasing A from 2.14 to 4.3, it appears that ) = 2.14 was sufficient

to overcome the residual stress,

The occurrence of a compressive residual stress normal to the weld
(1) |
line is rather unlikely. Gurney and others have demonstrated that
the residual stresses caused by butt welding are tensilec in nature,
Fig. 11 displays the residual stress patterns expected in the neighbore
hood of the weld. Clearly the stress pPerpendicular to the weld cannot

act in a compressive nature. However, the stresses parallel to the

weld are of such a configuration that they could apply a moment, which,

“would act in the direction indicated by the arrows in Fig. 11. This




it is quite possible that these stresses could have been the cause of

the fatigue behavior observed,

Because the 1loads applied during testing rarely exceeded 10,000
Psi., the magnitude of the residual stress necessary to cause the

observed effect would have been too small to measure without the usge

of extensive sectioning techniques. This was beyond the scope of this

Project.
No explanation is apparent for the reason why two of the plates

(20 and 70) should contain residual stresses and pot the other two (40

and 80). Welding processes used to produce the plates were virtually

identical, and the machining processes sufficiently varied (see PRO-

CEDURE) so that it is impossible to make a determination on this basis.

It is interesting to note, however, that none of the tests revealed

that stress relieving improved the fatigue characteristics of a crack

propagating along a weld. TIn fact, in two sets of data (Plates 20 and

cally as the net section Stress approaches yielding, regardless of the

value of the stress intensity range, Fig. 7, indicates that AK is no

gested that the crack opening displacement, or 6, may be the controlling

factor,.

crack actually opens during each load excursion. In the elastic region

18




ys 1s the yield stress and E the modulus of elasticity, As

the net section yields, the permanent displacement, due to the super-

Position of a plastic Sstrain, causes increases in both the maximum and

minimum values of § (hence K) but their difference, 3§ £2K) should be

relatively unaffected. Since the growth rate is accelerated by yield-

ing, it was thought that comparing the former with a loading parameter

‘that was also increased by yielding (e.g., the maximum Or minimum ralye

of §) would lead to an improved correlation. The maximum & was chosen

and was determined from the known maximum values of the stress nuﬁnsity

factor by Eqn. (2). The maximum K values were first corrected to

account for the size of the plastic zone ahead of the crack.

plastic zone correction factor of:

Iy = Plastic zone size

!

(1/21) (K/0yq)2 (3)

values of 8, corresponding to the points in Fig. /7, were obtained by

an iteratiﬁe process. (The iteration terminated when (a + Tyv)p -

(a + ry)n-l.f .005 inches. When this did not occur within 20 such

iterations, the data point was not used.) When the growth rate isg




which the applied stress was well below the yield strength, this data

fell in the same band. It is apparent that a simple relationship be-

tween § and the growth rate jis obtained irrespective of the gross

stress applied.

e et S A bt g e

it to the crack growth rate,.
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- This is because the values
Presented in Fig. 10 are the result of averaging at least 10 separate

measurements, and in some cases ag many as 50 readings,

The fact that the microscopic growth rate was less sensitive than

the macroscopic growth rate to changes in AK,

and did not obey a simple




oneé exception to this was that microscopically determined growth rates
from as-welded Plate 70 specimens at A = 1.07 were noticeably lower
for a given AK than striation spacings from Stress relieved Plate 70
specimens at A = 1.07, or from as-welded specimens at A = 2_.14. That

1s, the as-welded specimens which showed more resistance to crack

a residual stress effect.




5.  CONCLUSIONS

The results of testing three welded Plates indicate that the
Hertzberg-Nordberg observation that a fatigue crack propagates at a

slower rate in as-welded weld metal than in stress-relieved weld metal

does not always occur. One of the welded plates tested did resist

by some favorable residual stress effect, Stress relieving such a weld

served to increase fatigue crack propagation ratesgs,
The testing of unwelded Specimens in low cycle fatigue revealed

- that yielding in the net section of the specimen accelerated the

growth. It was also found that ONK was no longer the controlling 1..ad

parameter. Good correlation was obtained, however, by comparing the

observed to be slower in the as-welded condition, the microscopic

growth rates showed the sgame tendencies,
Strain aging was found to have no effect on the rate of crack

Propagation in the one specimen tested,

22




6. NOMENCLATURE

(o] Material Constant

da/dN Crack‘Growﬁh Rate

K Stress Intensity Factor

Kmax Maximum Stress Intensity Factor
AK Stress Intensity Range

N Number of Cycles to Failure

n Material Constant

ry Plastic Zone Size ~
S Stress Range

W Specimen Width

6

Crack Opening Displacement

Crack Opening Displacement Range

A - Ratio of Kmax/AK

23




S

TABLES AND FIGURES




Material C ﬁ»Mn
1i°°  .10/.20 .6/1.00
Ax-9037 o7 1.35
ax-110°7 .09 1.67
.
M
Material  Cu B .
36
Ti .15/.50 .002/.006
ax-9037 . i
ax-11027 . _
s
-1 8 108
AX-90 7 99
19

AX-110 119

TABLE I

Comgosition

P S 51 Ti
.035 max. .040 max. .015/.35 -
. 008 . 008 .45 .10
.010 .010 .46 .12
Al
.01/.015
.005

Mechanical Properties

_IS Elong.2"
118 17%
108 247%
128 20%

STy oo e R - o

Ni Cr Mo
.70/1.00 .040/.65 .040/.60
2.00 .04/.07 45
2.50 .13 .57

_RA
~ 50%
70%
60%

L,




Specimen
SEN
CT
CN

TABLE II

Length Width
12 11 3"
3" 3"
12" 11— 30

Thickness a8
.125" ~.50
.125" to 50"

050" to .125" _25"¢o 50"

»
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Fig. 9 - Typical Appearance Of A Fatigue Surface Of T-1
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