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ABSTRACT

Mean stress affects the crack propagation and fatigue
performance of arc-welded joints. However, it is a tough
Pphenomenon because of a complex combination of properties in
the alternating material zones: weld material, Heat Affected
Zone (HAZ) material and base material. First, modeling steps
from weld notch stress distributions to weld stress intensity
Jactors, to a non-similitude two-stage crack propagation model,
to a fatigue master curve formulation are summarized.
Focusing on base and HAZ material, Walker’s mean stress
model is adopted as a result of a concise review and superior
results shown in literature. However, its model coefficient y is
determined using a rational approach rather than curve fitting
and a micro- and macro-crack propagation effect is
distinguished. Subsequently, for base material, the crack
propagation model is modified to incorporate loading induced
mean stress effects. Validation using experimental crack
propagation data shows promising results. In the HAZ, except
loading induced mean stress, the welding process induced
residual stress acts as high-tensile mean stress as well. The
latter dominates the former in the micro-crack propagation
region. Fatigue performance improvement, e.g. a result of
Ultrasonic Impact Treatment (UIT), that reduce the high-tensile
mean stress is included correcting the loading induced macro-
crack propagation mean stress parameter. Finally, the fatigue
master curve formulation is modified accordingly and mean
stress effects in the HAZ are satisfactorily validated using weld
toe failure fatigue test data, including some UIT results.
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INTRODUCTION

Important reasons in choosing aluminium to build off-shore
support vessels and platform parts like heli-decks are its weight-
saving potential, excellent corrosion resistance and welding
characteristics. The latter cannot be neglected since arc-welding
is the primary joining method. However, it is well-known that
arc-welded joints may exhibit poor fatigue properties. Besides,
aluminium alloys generally have higher crack propagation rates
and smaller (fracture) toughness compared to steel. Taking the
dynamic nature of the loading into account, fatigue is a
governing damage mechanism and welded aluminium joints are
in terms of fatigue often the most critical parts. The maritime
innovation project “VOMAS” has been initiated to develop a
(high cycle) fatigue design method for the mentioned type of
structures. Part of the scope is the development of a fatigue
master curve for arc-welded aluminium joints, inspired by the
impressive work of Atzori [1,2], Lazzarin [3] and Dong [4,5,6].

Fatigue is concerned with crack initiation and propagation.
Governing parameter in the crack initiation period, a surface
phenomenon, is the Stress Concentration Factor (SCF). Micro-
crack propagation is included in this period because of the low
crack propagation rate. When the crack penetrates into the
material, the material bulk property induced macro-crack
propagation resistance is taking over control. Governing
parameter in this crack propagation period is the Stress Intensity
Factor (SIF) K. Both parameters, the SCF and SIF, are geometry
and loading determined.
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For arc-welded structures. operating in the high-cycle
fatigue region, it is assumed that crack propagation dominates
since it is inevitable that flaws already exist. Consequently, the
Linear Elastic Fracture Mechanics (LEFM) principles are
adopted.

Crack propagation consists of a micro-crack and macro-
crack part and both are considered to be important. The micro-
crack part in particular because it may constitute a significant
part of the fatigue life as a result of the low crack propagation
rate. However, the crack propagation rate shows in a number of
cases non-similitude behavior in the micro-crack propagation
region and even in the lower part of the macro-crack
propagation region for base material as well as weld and Heat
Affected Zone (HAZ) material. It means that the crack
propagation rate is not fully determined by K. This non-
similitude behavior might be modeled correcting the macro-
crack propagation governing LEFM parameter, the SIF K, for
micro-crack propagation using the SCF related weld notch
stress distribution.

Consequently, weld notch stress formulations are
determined and used to define the weld SIF’s for weld toe
failure cases and to develop a non-similitude two-stage crack
propagation model [7,8]. This model is elaborated into a fatigue
master curve formulation [8]. However, mean stress effects are
not included yet.

In this paper, the natural steps from weld notch stress
distributions to weld stress intensity factors, to a non-similitude
two-stage crack propagation model, to a fatigue master curve
formulation, are summarized. Different mean stress models and
corresponding properties developed over time are shown to
explain the model of choice, its parameters and modifications
for implementation in the two-stage crack propagation model
and fatigue master curve formulation in different material
zones. The proposed mean stress model is validated using crack
propagation and fatigue test data, for base material (notched
plate failure) and HAZ material (weld toe failure) respectively.

WELD NOTCH STRESS DISTRIBUTIONS

Analytical, parametric weld notch stress. formulations
o, (r/ty) are developed for basic welded joints which take the
involved geometry parameters into account [7,8]. These
distributions are assumed to be a linear superposition of an
equilibrium equivalent part (the linear far field stress) and a
self-equilibrating stress part (consisting of a non-linear notch
stress: Williams® asymptotic solution and a linear weid
geometry induced bending term), as shown in Fig. 1. These
stress distributions are related to a far field structural stress
amplitude o, = obtained using the membrane and bending stress
amplitudes o,, and o, and the signs of the corresponding forces
sgn(F,,) and sgn(M,y - and.structural bending stress ratio R;:

o, =sgn(F, ) 0, —sgn(M,) o, (1

R, =sgn(M,) =L Q)
o,
'Om Sy
|
= ST
[
GS
= - = i
|= Ly ’Fm'_‘ +
L =1 < M, }

Figure 1. Weld notch stress distribution

WELD STRESS INTENSITY FACTORS

Generalized X solutions for welded joints are not available.
and hence determined using the equilibrium equivalent stress
part related handbook solutions for standard fracture mechanics
specimen and a self-equilibrating unit stress part induced
correction to cover the weld geometry induced singularity. The.
mode I SIF; assumed to be dominant, yields:

K=0,Y, (a)-Y,(a)V7-a (3)

The crack length dependent geometry factor Y (a) is related to
the equilibrium equivalent stress part and covers the macro-
crack part and includes a linear superposition of the membrane
and bending contribution. The magnification factor Y,.(a) takes
the micro-crack part into account using the (non-linear) self-
equilibrating unit stress part.

NON-SIMILITUDE 2-STAGE CRACK PROPAGATION

A cyclic loading introduces a cyclic stress intensity AK and
may initiate crack propagation. Taking region I as well as region
11 of a characteristic crack propagation rate curve into account,
a Paris equation based non-similitude relation is proposed [7,8]:

‘da 3 1M m

= = C Y (a) "7 {8k, (a)] )
With:

AK, (a):AOjS Y, (a)'\/ﬂ"a )

For geometries with an initial gap a, (a crack configuration),
like standard crack propagation test specimens and arc-welded
joints which typically fail at the weld root (e.g. Partial
Penetrated (PP) butt joints, and. Load Carrying (LC) cruciform.
joints), ¥, is.defined as:

2! Copyright © 2011 by ASME



Y, (a)=§’((z)) 6)

Y,(a) is obtained using the non-linear self-equilibrating unit
stress; Y{a) using the linear unit stress. The SIF X as well as AK
are for the crack configuration fully determined by Y, since the
gap (crack) effect is incorporated in the SIF by definition. Y, is
only used to describe the non-similitude crack propagation
behavior. In agreement with the uncracked geometry
formulation, ¥;= 0 for a, = 0 and consequently ¥, = ¥,.

FATIGUE MASTER CURVE FORMULATION
Using Eq. (4), separating variables and integration of both
sides yields a Basquin type of equation:

S =C-N~ )
With S, a through thickness criterion [8]:

S = Ao, ®

s 2-m 1

tb‘W 1 (Rs );

Note that the crack propagation integral /(R;) is loading and
geometry dependent. Dong [6] already introduced the structural
stress parameter S, however, /(R;) is not the same as a result of
a different o, Eq. (1), magnification factor Y,(a) and 2-stage
crack propagation model, Eq. (4). The fatigue strength
coefficient C and slope m have to be determined by experiment.

MEAN STRESS MODELS

At a fixed mean stress level, the number of cycles to failure
N decreases for increasing S,. However, Eq. (7) does not take
the (loading induced) mean stress effects explicitly into account.
In order to estimate the contribution of mean stress, different
models that modify Eq. (7) to a mean stress dependent one are
proposed over time.

First, the cyclic stress parameters: the stress range Ao, the
mean value o and the degree of symmetry defined by the mean
stress ratio R, have to be determined using the minimum and
maximum stress values 6,,;, and ,,q.

Ao=0,,, ~0.. )
g .. TO_ .

o- = max mun 10

RS (10)

Rzg_'_ an
o,

For fatigue induced failure, the maximum (elastic) stress range
AGpa has to decrease for increasing tensile mean stress oy to
avoid exceedance of the ultimate strength o, and the stress
amplitude has to satisfy: o < g,,. Consequently, C = f(ap/o,,) is
assumed. Fatigue test results suggest a non-linear mean stress
dependency and Kwofie [9] proposed an exponential relation:

C=f [%] =Cpy e{a[:_)} (12)

us

The coefficient Cg.; is the fatigue strength parameter
corresponding to completely reversed loading: R = -1. Using
Eq. (7) and Eq. (12) denetes o for any non-zero mean stress
corresponding to the fatigue life Ng.;:

o=C,, e{a[:—)} N (13)

The slope m is assumed to be mean stress invariant. For
completely reversed loading, the stress amplitude becomes
using Eq. 7:

1
Oy =Cpy Npy ™ (14)

The quotient of Eq. (13) and (14) denotes:

= ) as)

A first order approximation of Eq. (15), obtained using a
Maclaurin series expansion, yields:

(&)--(2)

It has been found that Eq. (16) is a generalization of several
empirical mean stress models, developed over time [9,10].

a. For a = 1, the linear mean stress dependent Goodman
(1899) relation [11] is obtained:

EonaE

Generally speaking, it shows good results for a small
mean stress and low (elastic) stress amplitude, typical

3 Copyright © 2011 by ASME




in the high-cycle fatigue region: (oz/o,) — 0 and
(olog.)) — 1.

b. For a = (0.,/0,s), using the yield stress o), instead of the
ultimate strength o, compared to the Goodman
relation, the more conservative Soderberg relation {12]
appears:

(" )= 1—(ﬂj (18)
O.R—l O"W

¢. For a = (0x/o,s), the non-linear Gerber (1874) relation
[11] shows up:

2
Expics
o-R-l o-m'

Generally speaking, it is applied in the low-cycle
fatigue region: plastic strain cannot be neglected for
increasing (or/0ys) and (o/or.1) and mean stress effects
will become non-linear.

Exponential mean stress models have been developed in
order to overcome the fatigue induced failure prediction
problem in the high-cycle fatigue region with relatively low ¢
and high oz. The Kwofie mean stress model, Eq. (15), can be
considered as a generalization of these models.

a. Smith, Watson & Topper [13] proposed the SWT
model taking R directly into account. It can be
obtained for a = -{0,s/(20z)} ' In{(1-R)/2}:

1
o = [ﬂ)z 20
Oga 2

b. Walker [14] introduced a comparable model, obtained
using a = -{o,; /(y ‘'og)} " 1n{(1-R)/2}, which contains a
fitting parameter y that substitutes the square root in
Eq. (20):

4
Oz 2

Effective Stress

Using Eq. (7), (12) and (15), an equivalent, effective,
completely reversed stress amplitude o4 can be defined which
gives the same fatigue life N as the combination of stress
amplitude ¢ and mean stress og:

1

‘ (22)

6;=Cpy' N ™
With: ‘
Oy =0 e{a{:_:J } @3)

For the first order approximation, .4 becomes:

o
O,=——— (24)

eff
1-c- &’
0.118
Using Eq. (7) and (23) and the a expression for Walker’s
model, the effective stress range denotes:

Ao

Ao, =——— 25
Ay =

Note that (1/2)” as appeared in Eq. (21) is incorporated in the
fatigue strength coefficient C.

Walker’s model parameter v, a rational approach

Considering the mentioned mean stress models, Walker’s
model show superior results [10,15,16] and is decided to be
used. It has been found using curve fitting that y ~ 0.5 for R > 0;
y = 0.0 turned out to be a good assumption for R < 0.

Kim and Dong et al. [17] presented a rational approach to
take the mean stress into account. It has been assumed that only
the tensile part of the stress range Aoc” contributes to o as
shown in Fig. 2. The effective stress range is defined as:

Ao, =40 -Aoc* (26)

max

Using Eq. 9 and 11, Ag,y yields for R>0:

Ao
Ac,=——"+ @7
(1-R)>
Considering R <0, Ao,y becomes:
Ao
Ao, =—— 28
o (1—R) (28)

Following this procedure, the effective stress range Aoy is only
loading dependent.

4 Copyright © 2011 by ASME




AGC /_30'
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= b =\ s dh =/ N ] 4 mean
e —_—)
\ Lt

min

Figure 2. Top: mean stress ratio R > 0
Bottom: mean stress ratio R < ¢

However, comparing Eq. (27) and (28) to (25), it turns out that
this rational approach is similar to Walker’s model with
y=(1/2) for R> 0 and y = 0 for R < 0. Hence, these y values are
adopted.

MEAN STRESS EFFECTS

A complex combination of properties in the alternating
material zones: weld material, Heat Affected Zone (HAZ)
material and base (parent) material, as shown in Fig. 3 for a
Single Sided (SS) butt joint, influences the fatigue performance
of arc-welded joints.

weld

HAZ
basc material

Pl
S

Figure 3. Alternating material zones

For base material, the mean stress is loading induced. However,
in the HAZ, the important material zone for weld toe failure, the
welding process induced residual stress act as high tensile mean
stress (at yield magnitude) as well. To include both, the loading
and welding process induced part, a superposition is required.
Although, the latter is proposed to be left in the fatigue strength
constant C for now and only loading induced mean stress is
explicitly taken into account. The weld material zone, important
for weld root failure, is left out of consideration to focus on
mean stress effects in base material in comparison to HAZ
material only.

If at some day a fatigue master curve formulation is
required that covers both base material (notched plate failure)
as well as HAZ material (weld toe failure), the welding induced
residual stress have explicitly to be taken into account as well. A
modification of Williams® asymptotic solution as part of the
weld notch stress distribution (a micro-crack propagation region
correction!) for heat input developed by Lazzarin et al. [18] has
to be mentioned.

Now, constant amplitude loading induced mean stress
effects are investigated for base material using crack
propagation data; for HAZ material using fatigue data of basic
welded geometries, failed at the weld toe.

Base Material

It is assumed that the loading induced mean stress affects
both the micro- and macro crack propagation region. Modifying
the non-similitude two-stage crack propagation model (4) using
the effective stress range according to Walker’s model (25)
yields:

m

1
2
%:C- L, =" Y, - AK, (29)
o (I=R)7 |a-r)?

s

The square root behavior of the mean stress is naturally
included according to the micro- and macro-crack propagation
related magnification factor ¥,,.

The proposed model (29) has been verified using
experimental crack propagation data of aluminium 5083 Centre
Cracked Tension (CCT) specimens in T-L configuration,
published by Sonsino [19].

Al 5083, T-L config.

10 - ; —

3 N ]
10 1 t E
| Im} I = s Iy E
— 4 + 1 mm’,t | j ]
L 9 - - o .
3 f 3
E i 3
E : P )
5 ] »
=) 10 ¢ - e -
.
-fg\ .

3 '} e
= e R=-10 3
F = R=00
-7 T
10 | E

:
10’8' s T Ay } Py I P+ v ek L 1 FE—" o
1 2 3 4
10 10 10 10

AK [MPa~ mm ]

Figure 4. CCT specimen, (da/dn) - AK data [13].
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2 Al 5083, T-L config.
10 2 ;
=
> 10
E -
—
~ 10
i ofd ?
a2 o
=z 10 -
~ o
> é
~ 10
- ® R=-10
= = R=00
-
g 1
E ]
=2
-8
10 pran |

1 2 3 - 4
10 10 10 10

AK“V(Y,/Y,)/N(1-R) Y [MPav mm]

Figure 5. CCT specimen, (da/dn) - AK data [13]
using crack propagation model (29).

Two data sets were provided at different mean stress ratios:

= -1.0 [-] and R = 0.0 [-]. The original data contains some
non-similitude behavior and mean stress effects as shown in
Fig. 4. The model results are shown in Fig. 5. Note that the non-
similitude part at the right hand side of Eq. (29) is moved to the
left to present the data in single slope region Il behavior.

High strength aluminium 2024 CCT specimen and 7075-
T651 Compact Tension Test (CTT) specimen crack propagation
data is used for validation as well, published by Tenpierik [20]
and Jiang et al. [21] respectively. The original data is shown
Fig. 6 and 8; model results are presented in Fig. 7 and 9.

-8
105 nnn — e —
10 10 10

AK [MPaV¥mm]

" A2024, L-T config,
10 ; - 5
-3 Tl R v °
10 + e ]
100 04 L
— B e
2 10
Iy
P 4
E 10 (4 %
5 .
= 10 I
3 ¢ R=01 %
* R=05
10’ v R=07 i
10

Figure 6. CCT specimen, (da/dn) - AK data [14].

N Al 2024, L-T config.

“
10

.5
10

e R=0I]

10 ¥ R=07

(da/dn) " (Y,/Y,).(1-R) "7 [ mmeycle |

10 — L Iz '3 — ~3,
10 10 10 10
AKV(Y,/Y,)/V(1-R) T [MPaVmm]

Figure 7. CCT specimen, (da/dn) - AK data [14]
using crack propagation model (29).

Heat Affected Zone (HAZ) Material

As the HAZ is in between base material and weld material,
it is constraint. The welding process induced residual stress is
highly tensile in the micro-crack region, dominates the loading
induced mean stress no matter its level and decreases in the
macro-crack region. Assuming that the residual stress effects are
approximately the same for all welded joints, the loading
induced mean stress part is ignored in the micro-crack region.
Modifying Eq. (29) accordingly and using the Basquin equation
(7), the stress parameter S, becomes:

Ao,
Sg= e 1 (30)

(I—R)T 'tbF 'I(R );

s

Note that in [17] the mean stress correction is proposed (only)
to be included in the micro-crack propagation region.

To reduce the high-tensile mean stress in the micro-crack
region and improve the welded joint fatigue performance,
peening techniques or Ultrasonic Impact Treatment (UIT) can
be used. The effects may be taken into account by introducing a
mean stress improvement (technique dependent) ratio R; in the
micro-crack region. For very effective techniques, R; -— -co.
However, fatigue induced failure requires that at least a small
part of the stress cycle is in tension. Quantifying R; is not an
easy task and hence it is estimated comparing as-welded and
improved welded joints. Consequently, R; is a relative
parameter and prevents for the definition of a welding induced
high-tensile mean stress ratio. To maintain the Sz formulation
(30), an equivalent mean stress ratio R,, is defined:

2(1-%)

R, =1-(1-R)-(1- R )m(-n 31)

eq

6 Copyright © 2011 by ASME



For verification purposes, some fatigue test data series for basic
welded geometries [22,23,24]: T-joints, butt joints and
longitudinal stiffener joints are considered to highlight the mean
stress effects. The effects of improved fatigue performance
using UIT is included as well using the test data published by
Haagensen [25]. The 2-parameter curve fitted nominal stress
data is shown in Fig. 10. The scatter range index
T, = 1:{o (P; = 10[%] ) /o (Ps = 10[%] )} is quite large. One of
the major causes in scatter in fatigue data is the welding
induced second order bending stress, which is not the same for
the different data series. It is decided to take it into account for
the master curve formulation if this information is available.
Fig. 11 and 12 show respectively the model results excluding
and including mean stress effects.

» Al 7075-T651; T-L config.
10 — =

-5
10

(da/dn) [ mmvcycle ]
S

Data analysis demonstrated that R; = -1.5 [-] in this particular
case, meaning that Ac’™ = (4/10)Ag. It turns out that the high-
tensile mean stress is not only reduced but even altered to a
compressive one.

Including more fatigue test data results [26,27,28,29,30]
provides Fig. 13. It contains only weld toe failure cases for
aluminium 5000 and 6000 series arc-welded joints in basic
geometries. The base plate thickness #, = 3.0 ... 25.0 [mm]; the
loading induced mean stress ratio R = -1 ... 0.5 [-]. The (u-20)
line is included for convenience; the slope m=3.4 [-].

nominal stress formulation; To =1:9.54

10 — T T T — -rvr.l—v—v—'-ﬂ-rrv:'
L Y-y
p L
2 PhAsd -gee e -
10 . ’?...‘:?:'c""n“'ﬂ % 3
o o C
® g wd
g . oo .
© *
< r
e  T-jomt;R= 0.0
10k s T.joint; R =-1.0 ]
¥  Buttjoin; R= 0.0 ]
4 Butt joint; R = -1.0 1
¢ Long. stiff. jomnt; R = 0.1 1
> Long. stiff. joint; R = 0.5
4 Long. stiff. joint; UIT |
0
10 I — \
10 10 10 10 10 10

N

Figure 10. Fatigue nominal stress formulation.

) master curve formulation; T°= 1:3.50
10 T v T

10 J
¢ R=-100|
= R=010| ]

107 v R=050|
4 R= 075

IO—RIV 1ol M SRS "

2 3 4
10 10 10 10
AK [MPav mm]
Figure 8. CTT specimen, (da/dn) - AK data [15].
2 Al'7075-T651; T-L config.
10 : e
- f i g
@ _-/
[ 3
g 10 7 E
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o 10 4
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- 10 ) 4
>.= - . # 1
~. 10 2 I
5 . " e R=-160| 7
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3 * 4 R=075 3
=) T 3
-t L PR Sy ] 1 1 |
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Figure 9. CTT specimen, (da/dn) - AK data [15]
using crack propagation model (29).
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Figure 11. Fatigue master curve formulation,
mean stress effects not included.
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master curve formulation; To=1: 1.60

10 T v — e
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Long. stiff. joint; UIT
P T YT R S G WS 11 R S S ST S ST R S S W |

4 5 6 7 2
10 10 10 10 10

N

=3

- e
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Figure 12. Fatigue master curve formulation,
mean stress effects included.

master curve formulation; To=1:1.54
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Figure 13. Fatigue master curve formulation;
weld toe failure cases for arc-welded joints
in basic geometries, mean stress effects included;
(u4-20) - line is shown for convenience, m = 3.4 [-].

CONCLUSIONS

Mean stress affects the crack propagation and fatigue
performance of arc-welded joints. However, it is a tough
phenomenon because of a complex combination of properties in
the alternating material zones: weld material, HAZ material and
base material. The different zones are respectively important for
weld root failure, weld toe failure and notched plate failure
cases.

Focusing on base material and HAZ material, Walker’s
mean stress model has been adopted because of the superior
results shown in literature. However, its model coefficient vy is
determined using a rational approach, rather than curve fitting,
assuming that only the tensile part of the stress cycle contributes
to fatigue structural damage.

For base material, mean stress is loading induced and it
influences the micro- as well as the macro-crack propagation
region. The non-similitude two-stage crack propagation model
(29) has been modified accordingly. Validation using
experimental crack propagation data of aluminium standard
specimens, obtained at mean stress ratios R = -1.0 ... 0.7 [-],
show promising results.

In the HAZ, important for weld toe failure cases, except
loading induced mean stress, the welding process induced
residual stress act as high tensile mean stress (at yield
magnitude) as well. In the micro-crack propagation region, it
dominates the loading induced part no matter its level.
Assuming that it is approximately similar for all welded joints,
it is not explicitly considered and its effect is proposed to be left
in the fatigue strength constant C. Consequently, the loading
induced mean stress is ignored in the micro-crack propagation
region and only taken into account in the macro-crack
propagation region. The fatigue master curve formulation (30)
is modified accordingly. However, fatigue performance
improvement techniques like UIT that reduce the welding
induced high-tensile mean stress in micro-crack propagation
region exist. Hence, an equivalent mean stress ratio R, is
mtroduced to correct for these effects. The improvement
technique dependent mean stress ratio R;, a relative parameter,
is based on comparison of as-welded and improved arc-welded
joint fatigue test results. HAZ material mean stress effects are
satisfactorily validated using weld toe failure fatigue test data of
welded joints at different mean stress ratios R =-1.0 ... 0.5 [-],
including some UIT fatigue performance improvement results.
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