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ABSTRACT Rehabilitation of a welded structure, which involves repair of cracked joints, is achieved
when the local treatment for repair gives a fatigue strength in the joint equal or above
the fatigue strength of the uncracked original detail. If the treatment is properly applied
the rehabilitation of the detail is assured, and the nature of the weld toe improvement
methods can produce a joint, after repair, with a fatigue strength and residual life greater
than the initial detail. The paper presents the results obtained on a fatigue study on the
rehabilitation of non-load carrying fillet welded joints loaded in bending at the main plate
and with fatigue cracking at the weld toes of the attachment in the main plate and though
the plate thickness. Residual stresses were measured at the surface, with X-ray diffraction.
"The residual stresses induced by hammér peening at the weld toe were found to be greater
along the longitudinal direction of the plate than in the transverse direction. The peak
residual stresses near the weld toe were found to be close to yield in compression, justifying
the great benefit of hammer peening. Results of a derived gain factor, g, in fatigue life
were obtained as a fanction of the crack depth repaired by hammer peening.

Keywords fatigue, hammer peened; improvement techniques; life prediction; weld

specimens.

INTRODUCTION

The present trend is to use welded structures to the max-
irnum of their life potential. To achieve this aim, consid-
erable effort should be made to inspeetion, monitoring
and repair of the damaged zones. Life extension of ageing
structures is possible to achieve without pntting in danger
the integrity of the structures, if repair methods are intro-
duced. Current research deals with the fatigue behaviour
of welded joints in a structural steel subjected to the so-
called “local post-welding improvement techniques’, and
is a follow-up of research work carried out by the authors
in this field. "2

The local treatment for repair should give a fatigue
strength not below the fatigne strength of the original
detail before it was damaged. If the treatment is properly
applied, the nature of the weld toe improvement methods
can produce a joint, after repair, with 2 fatigue suength
and residual life higher than the initial detail, if this was
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not subjected to an improvement treatment. The repair
treatment may arrest the original fatigne cracks.

Most of the life improvement techniques, as applied to
original or new welds, were established in the 1960s and
early 1970s.>7> Anumber of investigations have confirmed
the benefit to be gained from improvement techniques,
and large increases in the fatigue strength are usually ob-
tained. In spite of this, some reluctance has been observed
towards the introduction of improvement techniques into
design recommendations, and only recently one method,
toe grinding, has been allowed for in the design of offshore
structures® and pressure vessels.”

An analysis of an extensive amount of data available in the
literature was made by Lieurade and co-workers.? Four
improvement techniques (grinding, TIG dyessing, hamnier
peening and shot peening) for four types of joints (buzt,
Tjoints, cruciforms and longitudingl jointsy were taken into
account in this study.® All the S-N curves were above those
of as-welded assemblies. The best results were obtained
with hammer peening. '

The rather large increase in the fatigue strength, due to
the use of improvement techniques, can be explained by
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the significantincrease of a so-called initiation phase. Due-
ing the initiation phase, the extension of existing ‘crack-
like’ defects is slowed down or even stopped. The duration
of this phase increases with the local fatigue life (or the de-
crease in the stress range).

In a review recently presented by Maddox,? conclusions
and recommendations were defined for hammer peening
which isnow part of an official ITW document of the Com-
mission XTI

Damaged weld toes can be treated locally, and most fre-
quently while the structure is in service. If the repair is
successfully applied, after the treatment, a significant life
extension period can be obtained. This will avoid the need
for repair welding that would be the case if the detail had
to be rewelded and set back into service again.

A report of significant fatigue life extensions in repaired
welds by air-hammer peening is presented in Ref. [11]. In
another work by the same authors!? it is shown that air-
hammer peening of the local weld toe region is a reliable
technique for repairing welds with shallow surface cracks
up to 3 nun long.

"The more traditional fusion rewelding repair procedures
are susceptible to induced metallurgical problems associ-
ated with the formation of brittle phases or another em-
britiling phenomenon.

There is evidence, from tests on welded steel beams,
that improvement techniques, notably those relying on
the introduction of compressive residual stresses, are less
effective in large welded structures cantaining high ten-
sile residual stresses, due to welding, than when they are
used to treat small-scale specimens. That is undoubtedly

Table I Chemical compositions of base metal and weld metal

linked to the fact that the increase in fatigue life, resulting
for an improvemnent technique-—particularly one relying
on compressive residual stresses—tends to decrease with
increase in applied tensile mean stresses.

However, recent results obtained on real strnctures were
very good as far as the benefit of hammer peening is
concerned. !

Recently the authors have published data in this area,
both for as-welded and defective welds.1+-16 -

The results presented in this paper cover the effect of
hammer peening, mainly as a repair technique for fatigue
cracks at the weld toe. Results are presented also on the
impact forces, distribution of residual stresses induced by
the process and S-N data for the repaired cracks.

EXPERIMENTAL DETAILS
Material, specimens and improvements processes

Table 1 gives the composition and the nominal mechanical
propertics of the base and weld metal used in this study-—
a medium serength structural steel of the 400 MPa yield
class (St 52-3, DIN 17100 specification) with a weld metal
in a overmatching condition. The welds were made by
the covered electrode process more details of which can
be found in Ref. {13]. The mechanical properties were
also obtained at room temperature in tensile, compressive
and LCF tests carried out in cylindrical specimens of 8-
9 mm diameter and 25 mm gauge length machined from
12.5 mm thick steel plates. The results arc presented in
Table 2.

(L131

C Si Mn Cr Mo MNi Ti Al v Cun Co Nb P S
Basc metal (St 52-3 steel)

0.413 1.44 0.063 0.024 0.034 0.009 0.029 0.043 0.018 0.013 0.005 0.011 0.005
Weld metal (E 11018-G; over matched)
0.08 045 1.28 0.50 0.37 1.87 0.017 0.01

Table 2 Parameters of the monotonic and cyclic stress—strain curves [13]. St 52-3 steel

ou.2 {Mpa) £g.2 (%) E (MPa) og (MPa) of (MPa) ep (%) K W 7?2
(A) Tension {monotonic) and reversed cycling (R = —1)
4153 0.56 200302 571.2 356.5 14.27 - - -
406.9 0.50 218254 569.4 3583 15.04 - - -
Average 411.1 0.53 214273 567.3 3574 14.65 101531 0.1535 0.966
(B) Compression (monotonic) and reversed cycling (R = -1)
0.27 205949 696.5 696.5 12.77 - — -
0.31 203625 63840 638.0 7.92 - - -
Average 0.29 204787 667.3 667.3 10.35 1015.31 0.1535 0.966
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Fig. 1 Geomewy of the specimens and loading arrangement, 3PB.
R =0.1. T-joint. St 52-3 steel.

The cyclic stress—strain curve of the material was ob-
tained with one step level testsin cylindrical specimens and
under reversed cycling (R = —1 and, also, R = 0 in tension
and compression). ‘The material exhibited mainly cyclic
strain hardening behaviour. Values of the strain harden-
ing coefficient and exponent were obtained in tension and
compression.”3 Tn Table 2: o3 and gg ; are the yield stress
and strain, respectively, for 0.2% offset parallel line to the
elastic line, with Young’s moduhus, E, oy, is oyrs, oris the
failure stress {of > op)er is the rupture strain for oy K
and #' are the cyclic strain hardening coefficient and ex-
ponent, respectively, of the Ramberg—Osgood-type curve,
This was obtained with a correlation coefficient of #?
(Table 2}.

Macros of the cruciform joints of the fatgue specimens
are shown in Fig. 2 as indicated. The specimen is a non-
1oad earrying TSjoint failing from the weld toe in the thick-
ness dircction. The dimensions of the specimens and de-
tails of the loading arrangement are given in Fig. 1. In
the macros of Fig. 2 the boundaries of the base metal,
weld metal and HAZ are clearly visible. The material has
a pearliicferritic-type microstructure with an average
grain size of 20 pm. In the macros of Fig. 2 it is possible to
detect the differences in geometry of the local geometric
parameters at the weld toe, the radii, p and the tangent
angle, 8. The toe grounding technique changes the values
of p and 8 at the weld roe as can be seen in Fig. 2.

Toe grinding was carried out with a small portable grind-
ing fitted with a rotary barrel type tool rotating at high
speed along the width of the specimen. The operation
procedures were those recommended in Ref. [10].

© 2004 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 27, 785-798
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Fig. 2 Macros of the welded joints. T-joint. 5t 52-3 steel (a)
as-welded; (b) toe ground; () hammer peening at weld tae.

For hammer peening, a small portable pneumatic ham-
mer was used (Fig. 3), fitted with a special hard a metal
tool, ingirumented with four strain ganges bonded in full
bridge (Fig. 3) to measure the impact forces and stresses
during the hammer peening working cycles. The tool di-
ameter was approximately 8.5 mm, the air pressure was
3.5 bar and four passes, along the transverse direction of
the specimen, were applied.'® The frequency was 3000
blows/min.

Local geometry at weld toe

Values of p and # at the weld toe were obtained by optical
measuremest using an ¥—y co-ordinate table with an accu-
racy of 0.01 mm and 0.1 degrees, respectively. More than
100 measnrements were obtained and the statistical data
is given in Table 3 for the as-welded and hammer-peened
specimens. A Gaussian-type correlation was obtained and
the main parameters are given in Table 3 and Fig. 4a the
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Fig. 3 Hammer-peening tool (high strength steel) to measure the impact forces. T-joint (Fig. 1).

Table 3 Statistical data of the measurements of radius and tangent
angle at weld toe. T-joint (Fig. 1)

Mean value Standard deviation Quadratic errar
As-welded
Radins 3.56 mm 2.1 mm 4,38 mm
Angle 27.33° 10.6° 112.64°
Hammer-peened
Radius 3.05 mm 1.2 mm 1.44 mm

latter being the probability density function. ‘The empiri-
cal fit of the probability of occurrence of the value abave,
is shown in Fig. 4b for the radius and for the as-welded
specimens only. Analysis of the results indicates that there
is a very small difference in the values of p between the
as-welded and hammer-peened specimens. However for
toe grinding p is greater than for as-welded and ham-
mer peening (Fig. 2b & c). Hence the benefit of hammer
peening for an increased fatigue life is due mainly to the
introduction of compressive residual stresses.

Drue to the morphology of the surface, in the weld toe re-
gion, after hammer peening, it was not possible to measure
accurately the angle at the weld toe in the hammer-peened
specimens.

Fatigue and hardness tests

The fatigue tests were carried out under constant ampli-
tude loading in a £250 kN capacity servo-hydraulic fa-
tigue test machine. The frequency was 10-15 1z, and the
siress ratio, R = 0.1. The bulk of the tests was carried onr
until complete failure of the specimen or up to 2 number
of cycles close to 6.0 x 105, time when the fatigue test was
stopped.

In the majority of the specimens, including all the
cracked ones subjected to repair, six strain gauges were
bonded very close to the weld toes of the attachment.
These strain gauges measured the variation of the local
strain at the weld toe and along the width of the speci-
men, caused by the initiation and propagation of the fa-
tigue cracks at the weld toe through the thickness direc-
tion of the longitndinal plate. The strain data were used
to establish the onser of fatigue crack tip marking and to
define the crack geometry to be repaired, afterwards, by

hammer peening. The strain gauge data are presented in.
Ref. [13]. )

Misalignment was checked in some specimens, using
strain gauges, and it was found to be negligible.

Vickers data with 1 kg was obtained along the longitu-
dinal directions of the plate, close to the upper and lower
surfaces. The variation of hardness along the thickness of
the specimen at the weld toe and in the erack propagation
direction was also obtained. The main objective of these
tests was to compare the hardness distribudons for the
as-welded and hammer-peened specimens.

RESULTS AND DISCUSSION
Analysis of the hammer-peening process

The variation of the hammer peening impact forces and
stresses in the tool, as measured by the strain gauges, is
depicted in Fig. 5. The duration of the treatment (working
cycles) is indicated in Fig. 5. The mean values quoted in
Fig. § are the static values that produce the same area
under the dynamic stress or load cycle imposed by the
tool in the material,

In the fast cycle (approximately 3 s duration) the mean
farce is significantly larger than in the slow cycle (approx-
imately 35 s duration). The latter cycle follows the proce-
dures recommended in Ref. [10] giving an impact speed
between 50 and 100 mm/min in the direction of the length
of the weldment (width of the specimen). With these re-
sults (Fig. 5) it is expected that the residual stresses in
fast cycles will be higher than in the recommended slower
impact cycles. Work is in progress to assess this behaviour,

The fatigue tests were only cartied out with specimens
treated with “fast’ cycle (Fig. 5a).

Hardness data

In the hammer-peened joints, an increase in hardness
was obtained, and the hardness profile, through the plate
thickness, shows peak values close to 260 HV near the
surface at the weld toe zone (Fig. 6). Figure 6 also shows
that the depth of the zone affected by the hammer peen-
ing is about 2.5 mm, i.e. the material has hardened up
to this depth, and this could be the limit of the residual
stress field creared by hammer peening. This result also
indicares that the treatment could be effective if the crack
is inside this hardened zonc, where the hardness increases

© 2004 Blackwell Publishing Ltd. Fatigue Fract Engng Maler Struct 27, 785-798
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06
sl As welded:
b Mean value - 3.56mm
Variance - 2,10
Hammer peened:

04 1 Mean value - 3.05mm
iy Variance - 1.20
=
=]
g
~ 03t fifh - As welded
o
g
- =z fifh - Hammer peened

02+

------ f.d.p.(radius) - As welded
——f.d.p.(radius) - Hammer peened
0.1 1
0 e
0 1 2 3 4 5 5 7 8 9 19 1 12
radius [mm]
a)
As welded
120

80 1

60+

40 T

Probability of detection [%]

20 1

¥ = 0.0097x° - 0.3182x" + 3.7451x%° - 17.39x° + 11.012x + 99.297

R? = 0.0986

radius [mm]

b)

Fig. 4 Statistical data of the local geometry at the weld toe. T-joint {Fig. 1). St 52-3 stecl (a} PD.E. for the radius p {as-welded and
hammer-peened joints); (b) probability of occurrence of the value above for the radius p. As-welded joints.

from nedr the value 190 HV of the base metal up to near
260 HV at the surface at the weld toe in the WM/HAZ
hammer-peened zone. :

Fatigue data in the welded joints

Tivo typical plots of the variation of strain in the weld toe
region are shown in Figs 7a and b. "These can be used to
detect crack initiation life, N, and also to define a crack
marking death, at the associated number of cycles, Nom,

© 2004 Blackwell Publishing Ltd. F;arigue Fract Engrg Mater Siruct 27, 785798

or the number of cycles of crack propagation, Ny, before
hammer peening was carried out M.

The crack initiation [ife, N was defined for the first vari-
ation in strain in the strain gauge(s) due to the nucleation
of the crack near the strain gauge closest to the crack.
{strain gauge 5 in Fig. 7a and strain gauge 2 in Fig. 7b).
The depth of the repaired eracks was defined as indicated
in Fig. 7. )

Speciniens failed by crack propagation froin the weld toe
and through the plate thickness.

hm
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Fig. 5 Variation of itupact forces and stresses measured in the hammer-Ipeening tool {Fig. 3) during the treatment at weld to¢ (one pass). (z)
Fast hammer-peening cycle; (b) slow hammer-peening cycles (recommended in Ref. [107).
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Fig. 7 Variation of strain, at weld toe region, with the number of cycles (o detecr crack initiation and define number of cycles to detect crack
initiation and define number of cycles of marking. Myy,. T-joints (Fig. 1). R = 0.1. St 52-3 steel (a) as-welded with marking of a crack depth
o = 1.67 mm. Ac = 325 MPa {20% of strain reduction); (b} specimen repaired by hammer peening of a crack of ey = 1.27 mm (25%

reduction of strain) Ag = 325 Mpa.

An improvement in fatigue behaviour was obtained
in the treated joints. Thus, for fatigne lives above
105 cycles, hammer peening provides higher fatigue
strength- since higher fatipue limit stresses were ob-
tained (%350 MPa). Progressively higher fatigue crack
initiation periods were obtained in the toe ground and

© 2004 Blackwell Publishing Lid; Fatigue Fradt Engng Mater Strct 27, 785-798

hammer-peened joints, as reflected by the higher val-
ues of m in the equation of the S—N curve (iable 4 and
Fig. §).

The results (Fig. 8) show that the fatigue strength of
this detail is very high. Comparisons can be made with
available fatigue design S-N codes,!7-18
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Table 4 Values of X, and m for the non-repaired specimens. S-IN curves. N, = (AK# T-joint. 3 PB. R = 0.1 (Fig. 1)

Gain in fatigee strengdh Gain in fatigue strength  Gain in fatigue life

Ref (R=0.1) M K, t (2 x 10% cycles) (3 x 10 cycles) (Ao = 350 MPa}
As-welded 8263 4.99%10% 09469 1 1 1
Toe grinding 11.068 493103 09380 (367.4/294.0)=1.25 (350.0/294.00 = 1.19 (3.4 % 106/4.7 x 10%) = 7.22
Hammer peening ~ 6.751  1.85x102* 07866 (325.6/294.0)= 1.11 (375.0/294.0) = 1.27 (1.2 x 108/4.7 x 10%) = 2.60
T Joints
1000

a Toarl

o 7 bar
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= ] 4

; S i ggr iy -

[/2] E o A ., Jd .

o= & i @

o 2 &~ L X 2R R EEnE
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E @ © As welded

o s | & Ground

= £ #® Hammer peened

E ]

) — - Mean curve-as welded

< - - - Mean curve-ground

<o —— Mean curve-hammer peened

TE+04 1 E+C5 1E+:06

Endurance, N,

-

£407 1E+08

Fig. 8 S-IN data and hest fit of data for the as-welded, toe ground and hammer-peening joints. T-joint (Fig. 1). Unrepaired specimens, R =
0.1. 3PB. 5t 52-3 steel.

Tuble 5 S—N data for the repaired joints by hammer-peening T-joint (Fig. 1)

Ref. Ag (MPa) N; (cycles) N {cycles) Condition

22 325 1357537 2024529 As-welded only with fatigue marking

23 325 260000 483201 As-welded only with fatigae marking

24 325 65100 1398259 As-welded inidally and repaired by hammer peening

26 400 75000 156255 As-welded initially and repaired by hammer peening

27 400 10000 230613 As-welded initially and repaired by hammer peening

23 400 100 000 379581 As-welded initially and repaired by hammer peening

29 300 2080000 3401893 As-welded initially and repaired by hammer pecning

53 400 160 000 543 810 As-welded initially and repaired by hammer peening
261254 -

54 325 360 000 514619 As-welded initially and repaired by hammer peening

57 325 470000 3506191 Ag-welded initially and repaired by hammer peening
263809 -

57 400 - 900266 As-welded initially and repaired by hammer pecning

38 500 10000 111939 Hammer-peened initially and repaired by hammer peening ~

46 500 85000 144252 HMammer-peened initially and repaired by hammer peening

47 500 30000 93 809 Hammer-peened initially and repaired by hammer peening

Note: Ao is the nominal stress range in bending in the wefd toe arca. It was only possible to obtain Njuy values after hammer peening in a
few specimens (Table 5).
*Nisg—Number of cycles of crack initiation after hammer peening,

© 2004 Blackwell Publishing Lid. Fatigue Fract Engng Mater Struct 27, 785798
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Fatigue endurance was defined as the number of cycles,
Ny, to initiate and propagate fatigue cracks up to final
failure.

Results of fatigue life in the repaired joints

The S—N data is given in Table 5 and these results are plot-
ted in Figs 9 and 10 for comparison with the appropriate
S-IN curves for the unrepaired joints shown in Fig. 8. Tt is
seen that, for the initial untreated welded joints (Fig. 8), an
increase in fatigue life was obtained after repair by hammer
peening (Fig. 9) because all the data points (Table 5) of the

FATIGUE BEHAVIQUR OF WELDED JOINTS 793

repaired joints are above the S-IN curve of the nnrepaired
as-welded joints. Also, the results of the repaired joints
are very close to the S-IN curve of the specimens which
were subjected initally to the hammer-peening treatment
{Fig. 10). Therefore repair of fatigue cracks by hammer
peening gives an improved life in comparison with the un-
repaired joints and only a negligible varfation of fatigue
life was obtained as against the fatigue life results obrained
in the joints subjected to hammer peening initally (with
no fadgue cracks). Then repair by hammer peening of ex-
isting fatigne cracks gives a very similar improvement in
fatigue life as if the treatment was applied inidally.

T Joints

1000
o)
=]
c
g o
o O [
i i
= = el A ﬁ;\
= il LS
EE #& "--A—-—,\_-.-.-.é--_-_-_-_-__
[i2] E 1 T [
c
=1 ] — = Mean curve-as welded
E c
O wfd — .
2 £ —— Mean curve-hammer peened
"
=] . .
<] A Repair by hammer peening

100 1 IlIIIIII 1 1 IIIIII{

1E+04 1E+05 1E+06 1E+07 1E+08

Endurance

Fig. 9 S-N results for the as-welded specimens with fatigue cracks repaired with hammer peening. T-joints (Fig. 1). R = 0.1. 3PB. 5¢. 52-3

steel.,
T Joints
1000
£
[44)
g
g s I R R
0 = I —
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gy
T =
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E c L —- Mean curve-hammer peened
o E
z Fi
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Fig. 10 SN results for hammer-peened specimens with fatigne cracks repaired by hammer peening. T-joints (Fig. 1). R = 0.1. 3PB. 5t52-3

steel.
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Table 6 Fatigue life data for as-welded specimens with cracks treated {repaired) by hammer peening, R = 0.1. T-joint (Fig. 1)

Specimen Ao (MPa) Ao (as-welded) (MPz) ay1 (mm} cq (mm) Ne {cyeles) N {cycles) N ;:H’ Nig
24 3125 107 241 536 202306 65100 1130853*
24 400 400 3.18 18.29 42321 75000 38934++
27 400 . 382 2.50 772 88458 10000 132155+
28 400 360 40 921 109237 100000 1703445
29 300 276 3.3 5.81 427107 2080000 1194786%*
53 400 344 L.44 11.96 38746 100000 405064*
54 325 347 6.1 26.84 132775 360000 21914**
57 325 275 1.27 3.69 - 470000 -
57 400 324 1.27 3.69 - - 194075%

Niz., Caleulated values of N aH; Vi = 261254 evcles,
paH M ¥

For the repaired joints (Fig. 9y a correlation was not fitred
to the results since crack depth is anather variable, bur
Comparisons can be made on a basis of constant stress or
for a range of fatigue lives,

From data in Fig. 9 Tt is apparent that a crack may not
change significantly the compressive residual stress field
of hammer peening. For initial hammer-peened joints
(Table 5) a second hammer-peening treatment applied for
repair of an existing crack does not provide any significant
improvement in fatigne life as shown in Fig. 10. This is
due to the fact that the beneficial effect of hammer peen-
ing is mainly a consequence of the initial residual stress
field left in compression, due to hammer peening, as will
be analysed later.

For the conditions in F; ig. 10 the material attains a shake
down state in the initial treatment by hammer peening,
and any additional impact stresses induced by a second
set of hammer peening will not change significantly the
residual seress field.

Detailed work is in progress in this area using an elastic -
Plastic 3D FE model to compute the residual stresses
caused by hammer-peening operations. !

Gain factors gy and &s to quantify the beneficial effects
of hammer peening in repair could be defined as;

N

=N n)

For gy, N, is the fatigue life of the repaired joint and
N; is the expected fatigue life of the joint if it was not
repaired. The g factor depends on the crack depth, ar of
the repaired crack and also on the applicd stress range.
No correlation was obtained with the stress range but a
correlation was obtained with the crack depth. This is
valid since for these specimens stress range variation in
the fatigue specimens was small (Table 5)

In Eq. (1a) N; and N, are given by the equations

N, = N, Nops + N, {2)

where M is the crack initfation life before the first crack for
repair starts (Figs 7a & b) Nyyy is the fatigue life in crack
propagation (Figs 7a & b) and Table 6 before repair by
hammer peening was carried out in a crack with dimen.
sions #y5; and ¢y and Ny is the fatigue life after repair
which will include crack initiation and crack propagation
petiods (Fig. 7a & b). Both Ny and N,z were obtained
experimentally:

MH = MaH + Jf‘\il—JaHr- (3)

N,g was obtained experimentally and Narr can also be
calculated.!3
Finally, N, will given by the equation:

Ny = N + Mu + Ny, C)

where NJp; is the fatigue life (in crack propagation) that
would be obtained in the specimen if repair by hammer
peening was not introduced.

Ny is therefore the number of cycles to propagate an
initial crack from the size (#y; c11) to the size for the fail-
ure criterion (s = B/2) where B is the specimen plate
thickness. This failure criterion is acceptable as seen in
the macros of fracture surfaces in Fig. 11aand b, since the
applied nominal stress range has not varied very signifi-
cantly in the specimens (Table §).

Calculated values of Nynr were obtained from integra-
tion of the Paris law of the material with values of con-
stant €' and exponent # obtained in crack propagation
tests carried out on the same marerial?® € = 1.362 101!
[mim/cyele]; # = 3.34. The appropriate LEFM K solution
was taken from B57910.2

For the specimens in Tuble § che results obtained for the
terms in Eqs (2)-(4) are presented in Tables 6 and 7 and
the values of the gain factor gy (Table 7) are plotted in
Fig. 12 against crack depth of the repaired crack,

More appropriate values of C and # should have
been used to predict the Npayr values in the hammer-
peened material (Fig. 11b). Towever, it is known in the
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literature®? that the values of C and 7 do not vary sig-
nificantly with the hardness and strength in carbon steels.
Therefore crack propagation behaviour in the hammer-
peened zone is expected to have values very similar to the
metal leading also to similar values of N, for both re-
gions. Thus, the increase in fatigue life in hammer-peened
joints is due to increased crack initiation life induced by
the compressive residual stresses in the critical areas. A
discussion on residual stress values is presented in in the
section ‘Residual stress management’.

For the initial as-welded joints the gain factor g in-
creases for small repaired crack depths and one order of

Fig. 11 Macros of fracture surfaces of fatigue specimens. 'I-joints
(Fig. 1). 3PB. R = 0.1 5t 52-3 steel. (a) As-welded only with fadgue
marking at 40% strain reduction. 2y = 3.86 mm. Ae = 325 MPa.
Np = 489201 cycles. (b) Repaired by hammer peening of a crack
depth of 1.27 mm. Fatigue marking of 25% strain reduction. Ag =
325 MPa. Ny = 900266 cycles.
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magnitudein fatigue life g 22 10 could be obtained for crack
depths in the region 1-1.5 mm. For crack depths above 3
mm, the increase in fatigue life is very small (Fig. 12} (g
between 1 and 2.5) and for crack depths above 5 mm, the
value of g is very close to 1 (no benefit). Therefore, re-
pair by hammer peening is effective if the crack tip region
is still within the depth of the region where hardness has
increased due to the hammer-peening treatment (Fig. 6}.
The scatter obtained in the results of Fig. 12 should be
mainly attributed to the values of stress range, Ac, in
the specimens which were not constant (Tables 6 & 7)
although with a small variation.

For the initial harnmer-peened specimens, and as ex-
pected from above and from the S-N curves in Fig. 10, the
gain factor is very small (Fig. 12 & Table 7). In the ma-
jority of specimens the number of cycles after repair by
hammer peening, Ny, was greater than Ny This is due
to the greater crack inidation phase after hammer peen-
ing (Nai > Npau in Eq. (3)). Work is in progress to pre-
dict the crack initiation phases using LCF data obtained
in the base metal (Table 2) applied to local stress—strain
models.?? Also for the specimens subjected to the second
hammer peening for repair (Fig. 10) prediction of Ny
should be made taking into account the stain hardening
and increase in hardness induced by the initial hammer
peening applied after welding.

The gain factor for strength, gg was calculated for the
fatigue endurance, N of the repaired specimens. The val-
ues of g5 arein Table 7 and the plot gs against crack depth
ay, as in Fig. 12, is in Fig. 13. ITn Eq. (1b) for gs, Ao
is the applied stress range in the fatigue tests of the re-
paired specimens and Ag 4, is the fatigue strength for the
as-welded specimen and for the same value of N, whose
values are in Table 7, The results for gs show somne scatter
due to the difference in N values from specimen to spec-
imen, However gs is always greater than 1, and increases

Table 7 Continuation of Table 6 and also Hlammer-peening specimens repaired by hammer peening. R = 0.1. T-joint (Fig. I)

Specimen Ao (as-welded) [Mpa] ayy (mim) EZ‘H, Nig N, N, N as

24 307 - 344358** 34439% 1398259 4.06 1.06
26 400 - 124523* 125004 156255 1.25 1.00
27 3182 — 126741%* 126710 230613 1.82 1.05
28 360 - 230795 208561 379581 1.82 1.11
29 276 - 2603875 2074325 3401893 L.64 1.09
53 344 - 147153** 415122 543810 1.31 1.16
54 347 - 493360% 1319086 514619 3.70 0.94
57 275 - 5944345+ 6255953 3506181 1.04 1.18
57 324 - - 82211 200206 10.95 1.23
38 417 237 36107 86107 111939 1.30 1.20
46 404 398 19330 137383 144252 1.05 1.24
47 426 2.87 33507 80870 Q3809 1.16 1.17

Nt = 263809 cycles.
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Fig. 12 Gain factor, g, in fatiguc life, against depth of fatigue crack repaired by hammer peening. T-jeints (Fig. 1}. R = 0.1, 3PB. St 52-3
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Fig. 13 Guin factor, gs is strength against depth of fatigue crack repaired by hammer peening and for the N; values. T-joints (Fig. 1). R =

0.1.3PB. 5t 52-3 steel.

when the depth of the repaired crack decreases (Fig. 13).
This result indicates that the fatigue strength of the re-
paired joints is above the as-welded joint (Figs 13 & 9).
Hence, with repair by hammer peening there is gain in
fatigue life and fatigue strength from very tiny cracks up
to cracks with a depth close to half of the thickness of the
specimens.

Scatter in the results of gain factors can be reduced by
testing treated specimens with variable crack depths, and
fixed (few) stress ranges, to obtain £, or with fixed (few)
crack depths and variable stress ranges, to obrain gg data.

Residual siress measurements

Values of the residual stresses were obtained in some se- -
lected specimens by X-ray diffraction at the weld toe and
at 1-3 and 5 mm from the weld toe in the longitudinal
w-direction. The residual stresses were obtained for dif-
ferent types of specimens, as-welded and hammer-peened
after a fatigue test. The objectives of these tests were to
quantify the residual stresses introdnced by the hammer-
peening process. ‘The residual swesses decrease as the
a-distance increases (Table 8(a) & 8(b)).
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"Table 8a Values of the longimdinal residual stress, o, (MPa) at the surface along the longitudinal direction, » from the weld toe. X-ray

diffraction (for orientation see axes in Fig. 1)

Weld toex =0

x=1mm

x = 2 mum x =3 mm x=5mm

As-welded not tested - -
Hammer-peened —334 —298

—18 - 14
—258 —185 -7

Table 8b Values of the transverse residual stress, o,(MPa) at the surface along the longitudinal direction, x from the weld toe. X-ray

. diffraction. (for orientation see axes in Fig, 1)

Weld toex =0 a#=1mm a = 2 mm & =3 mm &= 5 mm
As-welded hefore fatigue testing 22 - - 11
Hammer-peened —439 —288 —213 -172 —22

The results (Table 8(a) & 8(b)) have shown that the
residual stresses in the x-direction are usually significantly
higher than in the transverse z-divection. This effect is
predicted in the theory of welding. Both in the »- and
z-directions, the residual stresses in the hammer-peening
condition are above those of the as-welded condition. The
maximum value of residnal stresses is compressive, and oc-
cur in the location at the weld toe and in the transverse
z-direction.

Because the residual stress is of yield magnitude in com-
pression its effect is beneficial for the fatigue behaviour
of the joint, thus explaining the large increase in fatigue
strength obtained for the hammer-peened joints. The re-
sults also show that the effect of hammer peening, in terms
of residual stresses, is Iocalized near the weld toe where
the treatment is applied since, at the zone § mm away for
the weld toe x = § mm, the residual stresses arc negligible
(Table 8a). The residual stresses decrease as the longitu-
dinal distance from the weld toe increases (Table 8(a) &
8(b))

The residnal stresses in the as-welded tested specimens
are low, at least 5 mm away from the weld toe. Some relax-
ation effect of stresses may occur after the fatigue tests.

CONCLUSIONS

For non-load carrying T-joints loaded in 3PB in the main
plate, gain factors, g, were obtained to assess the fatigue
lives of repaired fatigue cracks at the weld toe, using the
hammes-peening process. A correlation was found be-
tween g and the erack depth, ay, of the repaired crack.

"The results of hardness distributions at the weld toe have
shown that the depth in the thickness direction of the zone
affected by hammer peening is about 2.5 mm, the limit of
the compressive residual stress fields induced by hammer
peentng.

© 2004 Blackwell Publishing Ltd. fatigue Fract Fngng Mater Struct 27; 785798

For the as-welded joints with fatigue cracks of known size
obtained by marking, and repaired by hammer peening,
the fatigue lives were found to be significantly above the
fatigue lives of the initial as-welded specimens only.

Beneficial effects of repair were found to be greater (high
values of gain factors, g) in small repaired fatigue cracks
with depths below 2.5 mm,

For specimens initally subjected to hammer peening,
treatment repair of the fatigue cracks by hammer peen-
ing did not produce any significant increase in fatigue life.
However the fatigne data obtained in the repaired spec-
imens fitted rather well with the S-IN curve for the as-
welded hammer-peened specimens without fatigue cracks.
Hence the benefits of hammer peening, in terms of in-
crease in fatigue life, are identical whether there is or is
not a fatigue crack at the weld toe.

In the hammer-peened specimens, values close to the
yield stress in compression were obtained at the weld toe
region using the X-ray diffraction technique, which is the
main reason for the great increase in fatgue life when
hammer peening is applied.
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