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5.4.1 Ground specimens

A total of six specimens, in which the continuous /elds had been burr-ground, 

were supplied for testing. Three of the test specimens were fabricated from BS 

4360 grade 55E, and three from the higher strength ROQ-tuf AD 690. It had beer, 

proposed by the fan manufacturers that a weld fabricated using a 309 L 

austenitic stainless steel electrode would help eliminate any potential hydrogen 

pick-up by the carbon manganese base material (109). Accordingly, two of the 

ground specimens (one 55E and one AD 690) were made using the 309 L electrode, 

such that the fatigue strength of this detail could be evaluated.

The results of the fatigue tests performed on the six ground welds are 

suiTTnarised in Table 5.6, and it is clear that there is a significant improvement 

in fatigue strength, compared to the as-welded specimens (Table 5.3). It is 

also evident that the 309 L welds do not have a great effect on the fatigue 

strength of this detail, although it can be s^en that specimen T27 recorded the 

lowest crack initiation stress range of 150 MPa. However, as will be detailed 

in the following Chapter, examination of the fracture surface indicated that the 

initiation had occurred from a small surface defect near the weld toe, whereas 

in the other five ground specimens the initiation site was removed from the weld 

toe to the weld root. This is considered a crucial point: if the weld dressing 

is not adequately performed, the fatigue strength of the detail may not be 

increased at all. However, an endurance limit of 160 MPa can be obtained if the 

welds are properly ground. The anomalously high result obtained for specimen 

T15 is due to the fact that this test was started at a stress range of 60 MPa, 

and the actual, endurance limit of the detail was enhanced by coaxing.

(Subsequent tests on the dressed specimens were started at an initial stress 

range of 160 MPcJ.



5.4.2 Peened specimens

A total of nine continuously welded specimens were supplied for testing; the 

weld toes of these welds had been peened using three pa sses with a si .gle point 

(10 mm diameter) pnea.iatic harrwer. Five of these specimens were fabricated 

using the E70i8 electrode (three from 55E and two from AD 690), and four using 

the 309 L electrode (two 55E and two AD 690). The results are summarised in 

Table 5.7, and it is clear from this Table that the cold-working of the weld toe 

has a very significant effect on the fatigue strength of this detail. It is 

also evident that the peening operation 'oust be carried out with some 

considerable care; if the tool is not directed accurately onto the weld toe, 

initiation can 3till occur from weld toe defects, as was the case in specimens 

T23 and T29. It is also evident that at these high stress ranges, crack 

initiation can occur remote from the weld (as in the case of specimens T22 cJid 

T24)i where crack initiation occurred from the flame cut edge of the load 

bearing plate. It has in fact been shown (95) that micro cracks can originate 

at plate edges from even high quality gas-cutting.

However, the fatigue strength of the peened detail was shown to be in excess of 

200 MPa, provided the weld toe is sufficiently cold workad, and that there were 

no other preferential crack initiation sites in the vicinity of the weld. The 

anomolously high values recorded for specimens T19 and T20 are again due to a 

relatively low starting stress range; thus the endurance limit recorded for 

these 3pecimnens was enhanced by coaxing. The results obtained in the peened 

specimens also indicate that the 309 I. stainless steel weld does not affec the 

fatigue strength of this detail to any great extent.

5.5 Sunmary

This test programme has shown how the fatigue strength of non-load rrarrying 

fillet welds can be improved significantly by cost-effective pr>x»dures such as 

grinding and hamner peening. The results obtained in the test programme are
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summarised in Figure 5.9, where it can be seen that the endurance limit of the 

stitch and continuously welded specimens is 50 MPa. In the case of the 

continuous welds, which were thought to represent an improvement over the stitch 

welded detail, small undercut defects at the weld toes led to fatigue crack 

initiation at relatively low stress ranges. If these welds are poorly 

fabricated, i.e. using high welding currents and welding without a pre-heat, a 

hard near-heat affected zone acts synergistically with the undercut defects to 

lower the endurance k.;nit (as defined in Action 5.2) to 40 MPa.

The results of the tests carried out at high mean stress levels indicated that 

while the reduction of residual stresses by heat treatment can be an effective 

method of increasing the tolerance of a welded structure to brittle fracture, it 

may well be relatively ineffective in increasing the fatigue life of that 

structure.

Effective removal of the preferential crack initiation sites at the weld toes bi- 

grinding increases the endurance limit of this detail to 160 MPa. If the weld 

toe is effectively cold worked by peening, such that the preferential crack 

initiation sites are removed a.id a residual surface compressive stress is 

generated, the endurance limit is increased to more them 200 MPa. At these hign 

stress ranges, however, cracking can initiate from iie edges reir.oce Trom

the weld, thus illustrating the effectiveness of the^j cichanical dressing 

techniques in improving the fatigue strength of the weld.

Both mechanical dressing techniques should be iinplemented with care, however.

In the limited number of specimens tested in this work, two peened specimens and 

one of the ground specimens failed early on in the tests; the fatigue cracking 

initiated from defects still present at the weld toes after th*' dressing 

procedures had been carried out. A false "sense of security" arising from the 

use of these dressing techniques, therefore permitting higher operating 

stresses, may well lead to serious problems in commercial practice in the 

absence of appropriate controls and inspection.
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and BS 4360 grade 55E steels.

Table 5.1 : (a) Specified compositional ranges of ROQ-tuf AD690

Steel % Composition (maxima unless range stated).

C Mn Si P S Nb V MO

ROQ-tuf 

AD 690

.12-

.21

.45-

.70

.20-

.35

.035 .04 - -
.50-

.65

BS 4360 

55E

.22 1.6 .10-

.60

.04 .04 .003-

.10

.003-

.20

-

Table 5.1 : (b) Specified mechanical properties of ROO-tui AD690

and BS 4360 grade 55E steels.

Steel Specified properties (minima unless range stated).

Yield Stress 

(MPa)

Tensile Strength 

(MPa)

Charpy Inpact Energy 

(J)

ROQ-tuf

AD690

690 760-895 -

BS 4360 

55E

450

i.

61 (at -20°C)
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Table 5.2 : Summary of test data for stitch welded specimens.

Specimen Steel type Initiation 

stress range 

(KFa)

Cycles for 

initiation 

(xlO6)

Fatigue crack 

initiation sites

T1 55F 120 7.0 Weld roots

T6 AD 690 60 4.57 Weld toe and weld roots

T7 55E 60 2.68 Weld roots

T8 AD 690 60 1.59 Weld roots

T13 55E 70 2.27 Weld root

T14 55E 60 2.0 Weld root and weld toes

Note: In this Table and in Tables 5.3, 5.5, 5.6 and 5.7 to follow, the 

"cycles for initiation’ refer only to the numbo* of loading cycles 

imposed at the initiation stress range before cracking occurred.
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Table 5.3 : Summary of test data for continuously welded specimens.

Specimen Steel type Initiation 

stress range 

(MPa)

Cycles for 

initiation 

(xlO6)

Fatigue crack 

initiation sites

T2 55E 80 1.89 Undercut defect

T3 55E 110 4.2 Weld toe

T4 AD 690 70 4.0 Undercut defect

T5 55E 130 4.8 Weld toe

T9 55E 140 1.0 Weld toe

T10 AD 690 80 1.0 Undercut defect

Til 55E 110 6.0 Weld toe

T12 AD 690 60 .0 Undercut defect
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Table 5 4 : Suranarv of test results and specimen details in the initial

investigation into the effects of microstructure

Specimen Welding procedures and fatigue test results.

ADI Welded after cooling to -25°C, so as to contain a hard 

heat affected zone. No cracking after 34 million cycles.

AD2 Welded so as to contain hard HAZ and undercut. Fatigue crack 

initiated after 8.0 million cycles at 50 MPa. After 25 million 

cycles, crack was 4 mm deep, 15 mm long.

AD 3 welded so as to contain undercut. No fatigue cracking after 

34 million cycles, but two hot cracks present in final brittle 

fracture surface.

AD4 Welded so as to contain undercut. Very small fatigue cracks 

(less than 2 mm deep) in final fracture surface after 34 

million cycles.

ADS Welded so as to contain hard heat affected zone and undercut. 

Fatigue crack initiated at a stress range of 50 MPa. After 

4.5 million cycles at 50 MPa and a further 3 million cycles 

at 40 MPa, fatigue crack 8 mm deep and 55 m  long.
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Table 5.5 : Summary of test data obtained in the investigation 

of the mean stress effect

Specimen Pea* hardness 

(Hv)

Initiation stress 

range (MPa)

Cycles for 

initiation (xlO6)

DM1 370 60 8,18

DM2 430 50 4,90

DM3 420/440 70 2,83

DM4 380 60 3,84

Note: (1) The peak hardness in the near-heat affected zone should 

exceed 400Hv in order to simulate the service failure.

(2) Fatigue cracking occurred on both sides of the balance pad 

in specimen DM3, thus two peak nardnesses are recorded.
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Table 5.6 : Summary of test data for ground specimens

Specimen Steel/weld

type

Initiation 

stress range 

(MPa)

Cycles for 

initiation 

(xlO6)

Fatigue crack 

initiation sites

T15 55E/E7018 210 2.0 Weld root

T16 55E/S7018 180 5.0 Weld root

T17 AD 690/E7018 :no 1.5 weld root

T18 AD 690/E7018 170 5.5 Weld root

T27 AD 690/309 L 150 2.47 Weld toe

T23 55E/309 L 170 6.5 Weld root
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Table 5.7 : Summary of test data for peened specimens.

Specimen Steel/weld

type

Initiation 

stress range 

(MPa)

Cycles for 

initiation 

(xlO6)

Fatigue crack 

initiation sites

T19 AD 690/E7018 250 2.2 v*tid root

T20 55E/E7018 280 3.0 • Weld root

T21 AD 690/E7018 230 5.0 Weld root

T22 55E/E7018 220 3.0 Flame cut edge

T23 55E/E7018 200 2.5 Weld toe

T24 55E/309 L 240 7.4 Weld root

T25 AD 690/309 L 240 5.74 Weld root

T26 55E/309 L 240 3.64 Weld root

T29 AD 69Q/3C' L 230 3.0 Weld toe



-123-

Figure 5.1 A schematic illustration of (a) fully reversed and fully

tensile loading (b) the effect of a tensile residual stress 

and (c) the two loading conditions after a thermal stress relief.
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on the subsequent fatigue strength (from (22)).
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Figure 5.3 A comparison of the effects of grinding and peening on

the fatigue strength of fillet welded joints (from (20)).
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Figure 5.2 The effect of various post-weld dressing techniques 

on the subsequent fatigue strength (from (22)).

Figure 5.3 A comparison of the effects of grinding and peening on

the fatigue strength of fillet welded joints (from (20)).
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Figure 5.4(a) Specimen simulating the old stitch welded balance pad.

Figure 5.4(b) Specimen simulating the new continuous balance pad weld.
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Figure 5.5(a) Continuous-type balance pad specimen, with the weld 

fully ground

Figure 5.5(b) Continuous type balance pad specimen with the weld toe 

hainr.er peeened.
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Figure 5.6 A schematic diagram of the four point bend test fixture.

Note that the balance pad weld is on the tensile surface.

UrT-l C,

Figure 5.7 The longitudinal (L) and transverse (T) welded stiffeners 

investigated by Gurney (12). Note the similarity to the 

stitch and continuous type balance pad welds respectively.
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Figure 5.9 A graphical sumrviry of the results obtain* 1 in the fatigue tests, clearly 

illustrating tho beneficial effects of grinding and peening.
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CHAPTKR SIX

CRACK INITIATION SITKS, CRACK SHAPE DKVKhOPHH'fr ANI) CRACK (JttWTH 

RATKS CaSKHVW) IN THK KATIGUP, TESTING (V KIIJ.KT WKIi)KX) JOINTS

6.1 Introduction and Background

6J.1 Typical fatigue crack initiation sites m  welded }ointa

The previous Chapter -ietailed the results obtained in the endurance limit 

testing of specific fillet welded details, and it waa shown in this work, 

consistent with related published work, how srull defect* at the toes of what 

would normally oe cons. V*red 'good wolds* caused a drastic reduction in the 

fatigue strength of that weld (12,95,99,104,106-111). It should be noted 

however, t^at ill weld xunt ^flgurati ns cauve itress concentrat ;<*is, and are 

therefore lively to provide preferential crack initiation sites (18). In this 

reference doc\rvnt, wel<V»d details ire essentially on** of two types, and either 

perpendicular (transverse) or parallel (longitudinal to the direction of 

loadi'v.

In as-welded lonjitudinal leMils, the fatigue crackinj is lUely to initiate 

from stop-start positions, weld »>nds, or If then** ire not present, at weld 

surface ripples (18). If *:h«*!ie preferential initiation si' *s are removed, by 

grinding the weld flush for instance, fatigue cracking would be associated with 

weld defects (18). In transver ,•* b,: » weldsf fatigue cracking is associated 

either with the welds ends or the weld toe. The fatigue strength of this detail 

Is determined by the weld shape and c.in therefore be improved by grinding the 

whole weld flush with the plate surface. In such a case fatigue crack 

initiation would occur either from the weld root or from weld subsurface defects 

(18). In transverse fillet welds, fatigue cracking either occurs at the weld 

toe and propagates into the stressed menber, or at the weld root and propagates



into the weld (IS).
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Thus '.t is clear that in all cases, the local conditions of the weld ends or 

weld toes are the prime factor in determining the fatigue strength of any welded 

joint. Signes et al.'s initial work in this field (13) indicated that the 

crack-initiating deferts in weld3 made from a rutile coated manual metal arc 

electrode were either undercut or 3lag intrusions located at the edge of the 

weld metal. It was tnerefore considered that the welding process itself may be 

the pjime cause of the defects, and to eliminate the incidence of defective 

welds, other welding processes should be considered (99). Related studies 

(112-114) therefore evaluated "arious MMA, TIG, MIG and SA welding techniques 

and consumables, but it was shown that all processes produced son^ weld toe 

defects, although the weld pool turbulence was an important contributory factor 

in ‘-ne number and type of these defects. This work (112-114) therefore served 

to confirm, as shown in the preceding Chapter, that post-weld dressing 

techniques are the most effective method of removing weld toe defects, and 

therefore in improving the fatigue strength.

This therefore indicates that, in order to fully understand the variations that 

may occur in fatigue testing of weldments, it is necessary to identify the crack 

initiation point in each specimen, and relate this to the result of test.

6.1.2 Crack shape development and crack monitoring

The fatigue crack shape developed in any specimen is a function of the specimen 

geometry and the loading arrangement; thus fatigue cracks will have a "preferred 

propagation path", and tend to an equilibrium shape (115-119). The crack shape 

developed in any specimen is different when the applied loading is pure tensile 

as compared to that in the same specimen under bending loads, as shown in Figure

6.1 (115,11*'. In the case of pure tensile loading of finite thickness plates, 

the cracks grow in a near semi-circular shape until the depth is greater than 

the h<tlf-plate thickness, whereupon the cracks elongate to a semi-elliptical



shape (115). In bending fatigue, the crack shape development is less well 

understood, although it is clear that there is a preferential propagation path 

(115). An obvious complicating factor in bending is the stress distribution, 

which will change from tensile to compressive across the plate thickness, as 

described earlier in Chapter Three. Clearly, there can be no tensile stress 

across a crack, and thus the peak tensile stress will exist along the crack 

front. Obviously, if the crack is not full width, the exact value of the 

applied stress along the crack front will vary, from a maximum at the deepest 

part of the crack, to a minimum at the surface.

However, fatigue crack growth is further complicated by the fact that the 

initial crack shapes are strongly dependent on the initiating notch geometry, 

and thus the preferential propagation path can only be defined when the crack 

has grown away from the influence of the starter notch (116,118,119). This is 

illustrated in Figure 6.2 which shows the change in crack shape in bending 

fatigue as a function of the configuration of the starter notch (119). In this 

work, two general types of starter notches; those with a large depth to width 

ratio (denoted by numbers 3, 8, 10 and 17 in Figure 6.2), and those with a 

shallow depth to length ratio (7 and 12 in Figure 6.2) were used to investigate 

the subsequent changes in shape of the fatigue crack. It will be noted that 

there is a wide variation in early crack shapes, but this range decreases as the 

crack depth increases, such the t the different growth patterns converge to a 

single line. It must therefore oe expected that, in the fatigue testing of 

weldments, there will be some considerable scatter in the early cracl; shapes 

due to the different initiating defect shapes.

Fatigue crack growth rates in weldments must, of necessity, be measured either 

by indirect means such as the pote. cial drop methods, or by marking the crack 

front at various stages during the propagation, by heat-tinting or 

beach-marking. This i3 because, at most, only the crack surface length is 

visible at all stages during propagation. Thus, it would only be possible to 

evaluate the crac' >pth if the exact relationship between the two parameters
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