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ABSTRACT

This study includes both an expe;imental and
theoretiéal'analysis_of\;he effect of residual stresses on:
the fetigue life of,butt-weldedylow-alloy»steel structures.
The purpose is to develop‘a more complete method to estimate
theftotal fatlgue 11fe of%a weldment

. To theoretlcallyl%alculate the,ﬁ5€;l fatlgue life the
process was considered as a comb1nat1on of crack initiation
and crack propagatlon l1ves. Thg initiation portlon was
based on an exten51on of the local- straln fatigue life
initiation model,to,accomodate the effect of residual and
mean stresses. Te deterhine the local notch-root
stress—strain‘COndition more accuratel§ a felationship
between the fatique notch'and stress concentration factors
was developed Using elastlc superposition and modifying
Neuber s equat1on ‘which relates nomlnal stress-strain to
local notch-root stress-strain re51dua1 stresseSUat the
weld—toe were simulated. This analysis allows a more
complete estimation of crack initiation life.

For the theoretical analysis of fatigue crack
proﬁ&gation;life Fofman's equation with an appropriate
combination effective stress ratio, axial and bending
_stresses along with residual stress effects was consideﬁ%ﬂ.
To incorporape the residﬂai stress distribution at the
weld-toe a theoretical e;pression which correlates closely

- with experimentally determined distributions was developed.

Unlike previous investigations this analysis allows the

iv
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4'§tudy of the combined effects ofvaxiéi'loading, bending
‘stresses aﬁ% fesidual_stfesses on the fatigue crack
propagation life to be'considefed. With this theoretical
modeiAtheﬁtotal fatigue life can be predicted using basic
mater'ial p;opeﬂfies.énd the loading history including ény
surface treatment. To £est thé suitabiiify of this analysis
it was épplied to welds with mechanicaily and thermally
induced surface stresses. The residual st;ésses due to -
various treatments (annealing, tensile prelo;dihg, glass and

steel shot peehing, single and mwltiple pdint hammer peening

-

and stress peening) were used predict the
total fatigue life. |
| The more complete théorgtical analysis' of the total
fatigue life: was compared to the experimenaal‘fesults-for
kall £he treated and untreated welded spécimens. The resuifs
show very_gbod agreement; the var%ationsAin applied stress
for a’'given fatigue life were between foug to 15% fof*all

the treatments listed above.
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1. INTRODUCTION AND HISTORICAL REVIEW

1.1 BACKGROUND ' :
, The development of residual stresses in Qelded

construction is intrinsic to the welding process. This can

be extremely important in determihing'the behaviour of a

structure under static and dynamic loads. In the welding oo

process high residual stresses eré inevitably set up and

often cannot be entirely removeé by avpost-welding,heat

treatmeﬁt. The increased use of welding as a joining

technigue accentuates the need for a thorough rnvestigation

of tQé problems of.relating the influence of residual

stresses to the fatique behaviou: of welded structures. The

presence of these "locked-in" stresses frequently threaténs\

the reliability of structures. Recent work has tended to

show that ‘residual stresses are not always to blame, even

though, in certain circumstances they certainly may have a

detrimental»effect.

=g

The role of residual stresses in fatigue performance is
still not fplly understood (Puchner 1963, ﬁoss 1950, Hebran£
& others 1957, Dugdale 1959, Gurney 1979). Many ;
investigators.contend that residual stresses do not have ény:
significant influence. They base their‘opiniohs on

~ 0

comparisons of specimens heat-treated after welding to those

©

in the as-welded condition. These tests have proved
inconclusive; the stress relieving sometimes increased the

‘fatigue limit while either being entirely ineffective or

&



slightly negative in other cases.
Ross(1950), for example, stated that residual'stresses
can be ignored in the case of good welds while‘ﬁebrant(19§7)
suggested that residual stlesses havevlfttle‘effect-on
fatigue behaviour as compared with the effect of weld.
geometry On the other hand, Dugdale (19§9) demonstrated the‘
existence of a/substantlal residual streSS‘effect in small

~notched’specimens If. thlS were true, one might expect. that

re51dual stresses could affect the fatlgue behaviour of

H

welded joints in which flaws or sharp crac exist. However,

there is a great deal of information-in the citerature which
contradicts thisgview (Munse, 1964).

. The above comments cannot honever be'taken as proof
that re51dual stresses do not. markedly affect fatigue life .
as many of these studies 1gnored the changes in materlal
propertles ‘caused by stress rellev1ng. Furthermore,,
especially with pulsatlng,ten51le,stresses, it is known that
residual stresses are redistributed”during testing (Buhler &
" Buchholtz 1933, Horger 1945).’ | |
| The,investigation of the'effect'of residual stresses
reguiresithe study of two phenomena and their matual |
‘ interaction These are, the influence of residual stresses
on the endurance and fatlgue 11m1ts, and the 1nfluence of
" stresses induced by loading on the magnitude of_the resjdual
stresses. Various researthers (Gurney i977;?979, higashida &
'others 1978;~Chang & Lawrence_f981, Lawrence & others 1981,

Harrison 1981) have found that residual stresses exert some



influence on the fatigue limit, the degree depending upon
the kind of external loading. If the residual stresses_are
of the same‘sign as the stresses due to loading they affect

the fatigue limit enly slightly; residual tensile stresses

' . S . ., & .
~reduce the fatigue lifle while compressive ones increase it.

In general, the intent of this work is to predict or at
ieast deternine the.influence of residual stresses on the
fatigUe life of welded structures, in particular butt?welded
steel joints. | : *{ :d |
In the follow1ng sectlons the orlgln and nature of

ﬁresidual stresses rn»butt—welded joints are discussed along
with a brief literature”review'that outlines the hrevieus
work on’ the fatigue behaviour of welded structures. |
Redlstrlbutlon and 1ntroductlon of re51dual stresses are
dlscussed for several types of mechanlcal surface and
thermal treatments.yThese methods are used to study both"

1 experlmentally and theoretlcally the effect of re51dual

tresses on the fatlgue life of butt-welded structures.

\ L 7

8

1.2 Origiannd NaturefOf Residual Stresses;lnﬁWeIded Joints‘
Re51dual stresses, or stresses ex1st1ng in a member 1n-

the absence of any external load are caused by 1ocal
Sx o

y1e1d1ng in an, otherwise elastlc body,‘e g., at a notch root,
- d ’ t *
or by non—unlfcrm.plastlc deformatlon. By def1n1t10n'they

are self equ111brat1ng and thus for most wehded structures‘
they are conflned to the nelghbourhood of the- welds.

/

Re51dual stresses are assoc1ated w1th the fusion weldlng

v Y

~ . [
y E '



‘process which cause dlStOfthn after the welding process.'f
}}Condltlons of restraint 11m1t dzstort1ons but 1mpose largeu
local strains in the welded 301nts glv1ng rise to hlgher _h
residual stresses°and a greatly“increased rlsk_of.failure.
‘»Conversely, ‘low restralnt does not 1nh1b1t the local |
contract1ons whlch result 1n larger d1splacements or
dlstortlons and a lower level of . re51dual stresses (Parlane}
1981). o |
Re51dual stresses in welded components ar1se from the’

»locallzed shrlnkage assoc1ated wlth the coollng down of the -

hot weld metal Whlch 1s restralned elther 1nternally or

-
y

‘ externally by the cold sectlon of the fabr1cat10n
surroundlng the weldment It has been shown by Weck (1947)
that this pr1nc1ple is- un1versal Re51dua1 stresses can only
be produced by those processes whlch 1nvolve a def1n1te or _‘
,permanent alteratlon of at least part of the body, SO that
an: 1ncompat1ble state of deformatlon would ex1st for a’
stress free state. The usual way | 1n whlch thlS o
»redlstrlbut1on occurs, without 1nvolv1ng cuttlng and
‘301n1ng, 1s by plastlc flow. | |

- Dur}ng welding severe thermal stresses may arlse
because thewtemperature dlstrlbutlon in the body w1ll be faru
»from unlform. These thermal stresses can produce large
‘;plaStIC deformat1ons. When the body 1s hot, a compatlble
-system w1ll exlst between the plastlc and thermal

deformat1ons, but on cool1ng, the thermal strains d1sappear'

‘whlle plast1c‘deformat1ons remaln.xThese plastic . h .



deformations will not by themselves satisfy the
compatibility conditions so that a residual stress
distributign is formed.

To better undérstand the process, consider the
behayiourtof an element of material. This is illustrated in
Fig.1.1 (Parlane 1981) which shows a typical thermalﬂ/

. Stress cycie‘for an element of material whose yield strength

kS

in tension and compression decreases with temperature. If

~.

N

the cycle starts at room temperature (RT),0, the initial
thermal expansion is restrained by surrounding cold
ﬁaterial, thus generatigé elastic compressive stresses until
the/yigld'strength is reached at position A. Further
increases in temperature result in plastic strains which
occur following the compressive yielding curve, AB. On
cooling, the initial reséonse is once again elastic, but
"opposite in sign to the heating cycle, until the tensile
yleld strength is achieved at pOShthn<§ Cooling back to
room temperature then follows the’ ten51le yield strength
curve, generatlng residual stresses at room temperature
(position D). This figure also shows .that the magnitude of
residual stress is a function of the temperature difference
experienced. In the case considered, any temperature rise
“exceeding "T" will always generate residual stresses equal
to‘yield, whereas, at lower temperatures theshrigkage
strainé are not sufficient to reach the tensile yield limit.

As a result, the residual stresses are less than the yield

stress.
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Figure 1.1 Origin of residual stress during heating and
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Figure 1.2 Typical residual stress distribution_in
welded plates without fixed ends: (a) longitudinal and

(b)Y transverse directions.



1.3 Previous Investigations On The Effect Of Residual
Stresses On Fatigue Behaviour Of Welded Structures
The influence of residual stress on the fatigué life of

welded steel joints have been studied by numerous
researchers. In oréer to investigate the effect of fatigue
‘the original stress distribution afﬁer welding should be
known. Under normal circumstancgs the residual stress
distribution in the vicinity of a butt-welded joint can be
described with reference to Fig.1.2 (see for example: Gurney
1979, Gurney & Maddox 1973, Munse 1964, Poilard & Cover
1972, Harrison 1965,1981, Parker 1957, Tall 1964). In the
direction parallel to the weld, the weld and the parent
material immediately adjacenﬁ to it are subjected to a high
tensile stress which is balanced by a compressive stress at
points further awaf from the weld. The entire stress system
reduces to zero at the plate edge. Transverse to the weld
the residual stresses are tensile néar the centre of.the
- width and compressive near the plate ends (Fig.1.2b).
Superimposed on this residual stress pattern is the dynamic
ioading. Early investigators (Gﬁrney 1973, Pollard & Cover
1972, Harrison 1965, Parker 1957, Tall 1964) observed the
effect of residual stresses when they found that the fatigue
strength in as-welded butt joints (not stress-relieved) was
less;than that in the stress-relieved ones (pulsating
tension tests). It was observed that under this loading
stress relief produces a small increase in fatigue strength.

However, it was also found that if the thermal stress relief

s
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was incorrectly carried out, a large decrease in strength
could result (Qurney 1960)f Moroever, the improvement in
fatigue resistance by stress relief was found to be less
effective in low cycle fatigue ranges.

Harrison (1981) showed that the effect of residual
stress on fatigue behaviour depended to a large extent on
the appliéd stress ratio, R=Sy,in / Smax. When the applied
stress range was purely tensile the residual stress had
little effect but if the stress cycle passed through zero
they became more damaging; the larger the compréssive‘
components the more harmful. He concluded that stress relief
would be beneficial near the endurance limit and under
alternating loéding.

None of the investigations cited above used any
analytical models which tould estimate thé‘fatigue life in a
welded specimen or completely predict the influence of |
residual stresses. Dowling (1979) studied the notched member
fatigue life predictions and considered the general notched
specimen but not welded structures in particular. Mattos
(1976) studied the crack initiation life of welded joints
but he did not consider the effect of residual stresses and
the influence of effective stress ratio. Burk (1978)
extended the model suggested by Mattos (1976) for estimating
the crack initiation life and applied it to estimate the
residual stress influence on fatigue crack initiation life
of welds. He treated the influence of residual stresses on

weld fatigue life by the use of the damage integral togefher

«
e



with the "set-up cycle" model which establishes a mean
stress. This in turn allowed the mean streos relaxation in
the prediction of fatigue life. |

| Several authors including Harrison (1968), Maddox
(1975), McHenry & others (1979), Frank (1979), and
Zettlomoyer'(1976) used fracture mechanics concept to
predict the fatigue behaviour of mild steel specimens. It
wds hYpOthesized~that welds'aré'fabricated with small,
~crack- like defects atlthe weld toe (Signes & others 1967)
and therefore the crack initiation life was/assumed to be
short or non-existent. Signes & othersr 196;\ ment1oned that
the morphology of some of the defects is such that they
constltute sharp notches, the root radius of which may be
less than 0.0001 inch (0.00254mm). These notches are
situated at the méﬁimum stress concentration due to weld
geometry and fatigue cracking appearedoﬁo initiate from
these defects. The%r”wqu has Shownlfhat there is a high
probability that every weld will contain a'number of defects
which will be sufficiently sharp to bring about the maximum
possible stress\concentration.

For analysis it is convenient to divide the total
fatigue life into initiation and propagation phases. An
investigation by Burk & Lawrence (1977) and Lawrence (1973)
using ASTM A36 butt-welds showed that a significant portion
of fatigue life was spent in initiating'a 0.01 inch
(0.254mm) fatigue crack at the weld toe. In addition,

unrealistically small values of initial crack length (a;)
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(below the threshold crack length a,,) would be required,
especially in the long life regime, to account for the total
fatigue life on the basis of propagation alone. The effect
of weld geometry, material properties, stress level and
initial flaw size were considered. Differences in weld
geometry were found to influence the fatigue crack
propagation life by as much as a factor of three while
material properties and initial flaw size could have an even
lérger effect. _ ’ )
Mattos (1976) studied the crack initiation life (N,) of
ASTM A36,butt-weids (simulated) and considered the influence
of base metal mater1al properties, weld geometry and
simulated residual stress on fatlgue llfe. The weld geometry:
was found to influence the initiation life and was similar
to the influence’of geometry on the propagation life (Np) in
butt or fillet welds (Maddox 1975, Harrison 1968, Frank
1979, Burk & Lawrence 1977, Mattos 1976, Lawrence,1973).
Mattos also found that different weld materials had affected
the length of the crack initiation and propagdtion phases of
the total fatigue life when an initial crack length (a,) of
0.01 inch (0.254mm) was assumed. Mattos also consideredﬁthe
influence of residual stress\on'crack initiation life and

1

found that residual stresses 1ad no effect on the initiation

---1ifﬁ'£d?fLJﬂibiR£8£‘£iX§§ of less than 10° cycles.
Subsequently, Lomacky & others (1975), Smith & others (1977)
and El Haddad & others (1980) considered the crack |

initiation and propagation lives in an analysis of butt-weld
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fatique life. Generally an elastic-plastic fracture
mechanics sélution for fatique cracksiinitiating from weld
toes was introduced. It accouhted for the propagation of
very short cracks by the introduction of an effectiye crack
length. Considerations were élso}given to the effect of mean

stress, and a residual stress adjustment was made on the

‘ assumptibh that the maximum stress at the notch root is

equal to the field stress.

To study the propagation portion of the failure the
crack growth rate constant in Paris' crac£ growth equation
(C) as well as the strain-life fatique properties of the
Heat-affected-zone (HAZ) and the weld-metal (WM) in
butt-welds were considered by numerous researchers-(Maddox
1972, Kapadia & Imhoff 1976, Parry & others 1972a, 1972b).
The crack growth rate in the HAZ and WM in high strength and
low alloy mild steels showed a wide range of scattering in
comparison to the base metal behaviour. Higashida (1976)
determined the strain-life fatigue properties of'the HAZ and
the WM of ASTM A36 and A514 grade F steels. The cyclic
strain properties of WM and.HAZ were found to differ

significantly from the base metal properties, especially at

'lives >10* cycles, but were shown' to vary systematically

with hardness. The relaxation rates of mean stress, an
important material property which governs the influence of
residual stress on fatique life, was also found to be

significéntly different from that of the base metal.
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1.4 Redistribution Of Residual Stresses By Mecyanical And

Thermal Means

1.4.1 Introduction

This section describés the various means available to
introduce beneficial gurf?ce compressive stresses by
mechanical and thermal means with the goal of improving‘the
fatigue life of butt-welded jéints. Also described:are how'

the various treatments were employed and reported

improvements or disadvantages.are mentioned. .

1.4.2 Shot-peening

The resistance tovfatigue of metal components is
influenced by (i) 5urfaée finish, (ii) residual stresses,
(iii) and the structu}e of the surface layer. Shot peening
modifies the above factors and can contribute considerably |
to the improvement of the fatigue life of componeﬁts in
service.

It is recogﬁized that surface compressive stresses due
to peening usually improves the}fatigué prbperties of welded
steel components (Almen & Black 1963, Brine & others 1968,
Gurney 1968, Knight 1976, Sanders 1972). Gurney (1968,1979)
and Knight (1976) have also reported that péening was
beneéicial for fillet welded specimens. Guerrera (1966)
reported that the fétigue life in pulsating teﬁsion was

improved approximately 25 percent above that of the

untreated weld. Baron & Brine (1965) obtained a 35 percent
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improvement for C-Mn steels. Kenyon & others (1966) obtained
a 50 pércent improvement by adding an extra- bead by using an
argon torch and mild steel filler rod. In this way, the weld
profile blended smoothly with qre plate and the notch at the
toe was eliminated. A similar proéedure was obtained by
Kanazawa & others (1970) on medium strength steel. They
obtained an increase of approximately 35 percent. Chaawick
(1971) reported improvements of 40 percent by explosiveiy
peening maraging steel. Horger & Neifert (1944,1945)
mentioned various invéstigations by the previous researchers
who found considerable improvement by shot-peening
processes. It was found that for structures subjected to
iarge number of cycles of lowe: stress level peening gave a
better fatigue life.

Faulkner & Bellow (1972) studied the improvement on the
Afatigue life of butt-welded mediuﬁ‘strength steel
(Columbium-60 Steel). They compared the improvements
obtained by grinding the weld bead flush and by steel
shot-peening the weld.;Four forms of peening processes were
employed in this study; air-blasted glass beads, steel shot,
multiple pbint hammer, and a single point hammer. They
obtained a 45 percent improvement of the fatigue strength by
steel shot peening. The results showed that multiple point
hammer peening‘éave the greatest improvement (65%) but at
fatigue lives higher than 10°® éycles,‘the steel shot,
multiple points and single point-hammer péening processes

gave nearly the same improvement. In general, it was shown
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that the'efféctiveness of the peening is dependent on the
depth of cold‘working of the surface layer.

Niku-Lari (1983a,1983b) found that the depth of the
plastically defo;med layer is the greateét in a soft )
material (apéroximately 0.8mm). For a material with a high
surface hardness the maximum residuai compressive stress 1is
situated below the surfacé, while for material with a low
hardness number the maximuﬁ stress is situated at the
surface. He concluded that the residual stresses due to shot
peening change during the external loading of the component,
particularly at high operating temperatures. |

The variations in the effect of peening}a:e at. least in’
part due to variation in peening intensity. In.general, an
' optimum peening condition should be based on a combination
~of the residual stress patfern, the distortion,'and the
surface roughness.}/ |

_;}
1.4.3 Stress Peening

'St:eSs—peening' consists of peening a part while it is
statiéal%y loaded in the direction in‘which it is to be
loaded in service. The elastic 11m1t of the surface metal
increases by strain hardening (plastlc yleldlng) that occurs
during the stress pgenlng. -

Polmear (1980)}carri¢d out extensive investigations of
the effect of surface peening oﬁ the fatigue characteristic
of aluminium allgy specimens having load carrying fillet |

welds to see if @he'improvedvperfofmance reported for
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butt-welded cbmponents‘was also observed., He tested peened
and unpeened bétches of specimens with transverse and
longitudinal fillet’welds over wide stressbranges involving
high tensile preloéd and high‘cfclic loads. Peening of the
welded region'was carried out with a neédle gun either
before or after the application of preload. Polmear showed
that peening was beneficial under most conditions, moét
notably when peening was carried out after preléééing.
Peening after the apﬁlica?ioh of a preload caused a notable
increase (approximately 60% higher than Qrdinary peened
specimens) in fatigue resistance‘over a wide1range-of
preloads and legels of cyclic stress. Peening befofe the
;pplication of a preload increased the faﬁigué reéistance‘at
most -stress levels although the effects were ieqs’than those
recorded if preloading was éarried out before beehing.
‘ . L

1.4.4 Tensile Preloading

A fundamental principle of élastic;piastic'deformétion
theory is that it is only.possible’to redistribute elastic
stresses by decreasing the plastic deformation. Thus, the
occurance of a certain amount of plastic deformatioﬁ results
in a corresponding reduction in theﬂoverall tqta}lelaStic
stfess. This plastic stress occurs at pOinté whefe‘the
pre-existing elastic stresses were closest £6 the yield
point of the materiai i.e. at highly stfessed fégions. By
£he apblication of a contindously increasing static‘load of

less than the yield strength of the materiai, the effect of

~»d

.
S
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,applied load and the pre-existing ELastic strains pfoduces
plasti;tdeformation.‘ln the.welded structures the effectkof
the initial residngl sefess fiel'd and the applied tensile
force causes plastie deformation in regions of peak stress.
The cdnversion of elastic strain to plasticbstrsin produces
a compr3551ve stress field at the weld toe which upon,
unloadlgé cause an uneven stress distribtion,

In the case of butt- wei@ed spec1mens the ten51le

preloadlng causes a compre551v T 51dual stress.\Flrstly,

due to a stress concentrataon at the weld toe, loadlng the
o

- specimen to below the yleld stress of the net sectlon causes.

the rrterlal at the weld toe to become plastlc and undergo

‘ecoverable plastlc strains. The materlal near the

fbccomes permanently strained while the total

j.emalns elastic. Upon unloading, thz’giggzxal T
§ compressed as the _specimen returns 0 1ts orlgrnal

f(or nearly so) as Q&e load is returned to zero. The

i oc then contalns a compre551ve residual stres -

1.4;3 quf—Weld Thermal Treatments |

The nai stress-relieving is the processwof uniform
heateng ¢’ a compenent to a suitable‘tempera%ufe; hbiding it
at thlS t-uperature for a predetermlned perlnd of tlme, then

uniformly cooling it. StreSSfrellef heat treatment is

 usually pe'formed~below the lower critical range to avoid

changes in grain sizes.. The lower critical point A, *

temperggure in_eonsidered at  1290°F (700°C). In the -




(550°C) an initial stress of 12000°psi (83 MPa) and 5000 psi
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annealing ¥relief, recrystél@ization and érain growth‘occur

during the réheating of the metal. Thelperceﬁtége‘reduction

of Eesidual Stéeéées is dependent on steel type,fcoﬁpositidn

or yield strength..Thé closer the temperature té the

critical or recrystallization temperature the more effective

it is in the removal of residual stresses. L
Parker (1957) studied the mechanical properties of mild:  /{

steel at elevated temperatures. He found that at 1020°F &

(38 Mpa) each dropped to less than half of their initial

value in about tho,hours, He~a150‘fdund that stress

- relaxation by creep may contrybute substantially to the

stress relieving process. A large part of the improvement
produced by thermal stress relieving may be a combination of

metallurgical changes and relaxation of welding residual

*

stresses.

De Garmé (1952), Greene & Holzbarr (1946), McKinsey \
(1954), and Jelm & Herres (1946) all found thatthermal1
stress—;e;ieving improved the mechanical properties and

fatigue life ofvcaﬁbon—steel weldments by relaxation of

residual stresses. Nedoseka (1974), Vinokurov (1967), Fried

Lima (1971) and Gruzd (1972) found that the annealing

temperature makes it possible to reduce residual stresses up

\ td‘a»SO percent. They chcluded that the effeétiveness.of‘a

‘ particular method depends on numerous factors such as the.

physical and mechanical properties of the material, the’ v

initiél residual stresses, the geometry of the weld toe, the
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type of stresses, the type of the treatment and the type of
the ]Olnt Pollard & Cover (1972) found that for transverse
butt welded spec1men 1mprovement in fatlgue strength of 14

'to 32 percent have been”obtaxned by stress-relief anneallng.

1.5 The Specific Problems And Objectives
-The‘welding~process is complex and therefore in the ;1;
prediction of the fatigue life of welded structures, many

variables must be\considered: geometry of the weld;.methods"

'd, of welding, variablermaterial properties of HAZ WM and BM

and distribution of the re51dual stresses. To th1s t1me,'
most of the stud1es\carr1ed.out on the fatigue life of
welded joints\were of'eiperimental»nature‘ various cases of
v mechanlcal and thermal treatment of welds showed 1mprovement
‘1n fatlgue life but no clear explanatlons were given for
thelr 1mprovement A complete study is needed to show how
the various materlal properties and post- weld treatment
affect the fatague life of welded 301nts

" The 1nf1uence of the re51dual stress on the fatlgue
life offwelded 301nts ‘is not fully understood at the present_
time. P0551ble reasons may be due to the limitations of the .
methods for theLr determlnatlon, the absence of a complete
analytlcal method to predlct the1r influence and the1r
changes throughout the jat1gue lrfe. Most exper1mental
studies consideredfthe lnitialﬁresidualistresses present
before the fat1gue cycllng and d1d not show the changes thatl

occur durlng fatlgue cycl1ng The 1nfluence of the varlables
(R » '
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(cycli; and fatique material properfies, magnitude and sense
-
of initial residual stre$s, applied stress amplitudes, etc)
which affect the relaxation of the residual stresses have
been controversial. This may be mainly because of the
absence‘of a unified model to explain the effect of thesé
variables. This study intends to discuss the effects of the
redistfibution of residual stresses in the fatigue of
butt-welded joints , the methodsﬁof stress relief and their
efficacy, and experimental and theoretical studies to

predict the total fatigue life of a welded component as the

sum total of crack initiation and crack propagation lives.



2. THEORETICAL ANALYSIS

2.1 Theoretical Approach To Fatigue Analysis

The traditional approach to the analysis of fatigue of
notched structures has been based on thg'classical "stress
cycle to failure (S-N)" curve. The "S-N" curve is aetermined
experimentally. As an alternate to this approach
developments using concepts from fracture mechanics and
low-cycle fatique are used for analysis of fatigue
phenomena. However, as yet no unified approach has béen 4
developed. Independent estimates of the fatigue crack
initiation can be based on the "strain-life" properties and
cumuiative fatigue damage while the fatigue crack
propagation life can be based on fracture mechaniés concepts
(Topper & Conle 19723 Mattos &»Lawrence 1977, and Morrow &
Socie 1981.) k

The low-cycle fatiéue concept for the estimation of
crack initiation life considers the basic material
properties and overall stress-strain analysis relating local
and nominal stress-strain condition. "Local stress-strain
analysis" simulates the notch-root stress-strain which
determines the change in the initial residual stress pattern
upon loading. The simulation of the actual effect of
residual stress at the weld toe, cyclic and fatigue material
propertles and the damage accumulatlon model determine the

crack initiation life. The crack propagation model con51ders

the effect of axial and bending stresses along with residual

.
L
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stress effects. The crack propagation model useé Forman's
equation with appropriate cpmbfnation of effective stres;
rafio,.ldading histories and the crack opening concepts
under constant amplitude lpading. Combination of crack
initiation and crack propaéation lives determines the total

fatigue life and are described in the following sections.

2.1.1 Theory Of Crack Initiation

The rationale behind the theoretical approach to crack
initiation assumes that the most highly strained region can
be represented by a filament of material whose mechanical
response ié similar to that of a smooth fatigue specimen.
Topper & others (1969) proposed that the fatigue crack
initiation of a notched member can be considered to occur by
the rupture of this filament of material. Under an
appropriate control the smooth specimen can be used to

reproduce the stress-strain history of the filament and the

\ .
life of the smooth specimen can be taken as the crack
]

init{ation life.

}he use of the above model requires information
regarding the material properties and the stress-strain
history of the most highly strained region (notch-root). To
obtain an accurate prediétion the properties obtained from
these smooth specimen tests mﬁst be correlated with the
local conditions at the most highly strained region.

Estimation of crack initiation life in a welded

specimen requires the following information as summarized by
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Topper & others (1969):
(i) A mechanical stress aﬁéiysis that relates the
nominal and local (notch-root) stressés and strains,
(ii) Knowledge of notch-root cyclic stress-strain
behaviour;
(iii) The "strain-life" fatigue properties of the
notch-root material.
(iv) A damage accumulation model for'which the
parameters may be determined froméfimple material tests
and which will predict the fatique crack initiation
life.

It is often considered that the fatigue crack
initiation portion in welds is eliminated by the existence
of crack—like defects in the form of impﬁrities, slag, or
other non-metallic inclusions present at the toe of the weld
or in the HAZ material (Signes & others 1967). These‘
assumptions may not be justified mainly Because it is
unlikely that all welds are defective. Even for sharp
notches, a period of crack initiation is required before a
fatigue crack starts to propagate (Jack & Price 1970, 1972).

In contrast with the case of fatigue crack propagation
there exist no adequate analytical models for estimating the
faﬁigue crack initiation life in weldments which include the
effect of residual stresses, cyclic harde;ing and softening
conditions. Although the fatigue crack propagation estimates
can provide a lower bound to the total fatigue life,

omissions of the crack initilation life can lead to an
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underestimation of the total fatigue life. This is
especially true in the high cycle fatigue life regime where
the crack initiation portion occupies a considerable portion

—
The cracktinitiation life is assumed to end when the
cumulative dagage is satisfied. In order to calculate the
damage it is necessary to model the highly stressed region
(weld toe in this case). This is done using the notch
simulation and local plasticity concepts developed by
Neuber(1961). This Chapter will outline the material

properties and calculations necessary for the prediction of

crack initiation and crack propagation lives.

2.1.2 Notch Simulation And Local Plasticity

Theoretical and experimental studies of stress and
strain concentrations around discontinuities have been
limited to certain geometric shapes mainly in the elastic
region. For notched members which have yielded at the notch
root there exists no simple stress-strain relationship. When
the plastic strains occur at the notch the sﬁress
concentrations start to decrease. In this case, the notch
must be viewéd as causing a strain as well as a stress >
concentration. After yielding the strain concéntration
factor Ke increases.while the stress concentration factor Ko
decreases. In this way the fatigue phenomena of metals can
be accounted for by using the basis of loss of energy due to

plasticity. The presence of stress raisers magnifies the
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effect of plasticity and reduces the fatigue life (Stowell
1968). Several anaiytical approaches exist to address the
problem of relating nominal stress-strain to local (at the
weld-toe) stress-strain behaviour ( Stowell 1950, Hardrath &
Ohman 195%, Irwin 1960, Neuber 1961, Dixon & Stfaunigan 1964
and Huang 1972). Of these, Neuber's formulation has gained
more popularity because of its simplicity.

The fraction of life spent in initiation ver;;s.
propagation for a particular matetiai is a function of the
gross stress level and notch sharpness. Figure 2.1 shows the
elastic and plastic zones at a notch root. Remote'from‘the
notch the nominal cyclic stress-strain behaviour is given by

AS and Ae. If no cyclic plasticityvoécurs at the notch root, -

then
AS < A0, /K,

where
Ao’y, is the cyclic yield stress range and

K, is the theoretical stress concentration factor.

7

'ﬁeuber (1946) showed that for elastic behaviour the stress

"

at a point distance "x" ahead of the notch is approximately

0 = K, S(p/(p+ax))'’?
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Figure 2.1 Elastic-plastic stress-strain field at the

notch root.

Figure 2.2 Geometrical parameters for transverse

butt-weld.
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However, if AS is sufficiently large, then cyclic plasticity

occurs at a depth of A, which can be estimated by

1

* . . v . ! 7 .
substituting the cyclic yield stress’range Aoy, for ¢ 1in th

n

above equation'at x" eqgual to A,.
A, = p(u®-1)/4
where

u = K, AS/AUIy,

But for any linear or nonlinear elastic mgterial Neuber

(1961) stated that the elastic stres ¢0ncentrati6n faétor'

. K, is equal to the geometric mean value of the actual stress

concentration factor Ko and the actual strain. concentration

‘factor Ke, that is:

K, = (Ko Ke)'’?2 ’ (1)

and this will apply .at any point a distance "x" ahead of the
notch root. Equation (1) can be-used to esfiméte the Crack
initiation'life of a structure. In this case, it is
necessary to relate local stresses and strains ét the notch

root to the nominal stresses and strains. From the above

equations and using definitions of Ko, Ke Hammouda & others

(1979) showed that

K2 = (Ao Be)E / AS: o (2

where

Ao, Ae = Local stress and strain ranges at the notch
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@
root, .
AS, Ae = Nominal stress and strain rangeé remote from

the notch root.

Topper & othe;é (1969) extended Neuber's hypothesis,
Eq.(1) to fatigue_lbéding, particularly in the low‘aﬁd
intermediéte life ranges where local yielding can occur. For
cyclic loading; K;,'the fat{gue ngtch factor was substituted
fof K, and Eq.(1) can be rewritten as:

. , E 7 ' ,

Kp = (Ko Re)'/2. ) - (3)
When Ko and Ke weré written in terms of the ranges of stress

and strain,

p

Ky = (Ao Ae/AS Ae)'/?.

§euber's'rule is usea to accoﬁnt for plastic action so

K; is defined as a constant whiﬁp‘is different ffoﬁ K, only
as a result of size effects. Fofilarge radius notches, K. 1is
nearly equal to K, and for sharp notches K, is CBnservative
and\K¢ can be used in preference “to Kt.‘ . |
2

Substituting the elastic modulus E into the above

equation yields the following:’v--
Ky(AS Ae E)''? = (Ao Ae E)'/ 7. | | (4)
Under conditibns of nominal elastic cyclic loading
AS = E‘Ae

that is, when elastic conditions are assumed for the bulk of
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the weld or notched member away from the critical location

(weld-toe), ég.(4) can be written as:

i
Al

KZ AS?/E = Ao Ae, . (5)
. 1
‘Equation (5) (Neuber-Topper) can also be obtained by

substituting K; for K, in Eq.(2). The curves given by
K{AS?/E = C, is called Neuber's rectangular hyperﬁola.

Equation (5) relates the nominal,streés-Strain
behaviour to the local notch-root (wéld-toe) stress-strain
behaviour. It also predicts the notched,behaviouE-from
smooth specimen fatigue data provi@eg K; is known, For
smooth specimens that were forced to undergo the
stress-strain behaviour imposed by EQi(S) Topper & others
(1963) found that the fatigue life of the smooth specimen
may be used to esﬁimate the initiation life of the notched
specimen. Equation (4) then relates the local Ac Ae product
to the nominal'AS Ae. .

Equation (5) assumes that the staté. of stress at the
notch iS'uﬁiaxial as in the smooth:specimen. It also asSuhed
that the stress gradient in the notched region is’small so

that the plastic zone is large relative to the diameter of

the smooth specimen.

2.1.3 Thebretical Stress Concentration Factor
The'elastic stress concentration factor Ky is generally
’ t
available for simple geometries such as holes, ellipses,

grooveSfétc'(Petéfsbn 1974), For the case of a‘butt-welded
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specimen the'geometry is not obvious.‘For this case,
‘Lawrence (1973) apprinmated the weld reinfotcement by a |
segment of a circle as shown: 1ndthe Flg 2.2. he specified
the weld geometry by us1ng the flank angle 8 and edge
preparatlon angle ¢ and establ1shed a relatlonshlp between
them and the ratios .of h/w and w/t. Although 6 and‘¢
completely descrlbe the external or macro ‘geometry, the
stress concentration~faétonhis also a function of the
microgeometry at the weld toe. A varlable radlus at the weld
toe "r" was used to represent this mlcrogeometry by Mattos &
Lawrence (1977). They determined the elastlc streés

.

concentrﬁtlon factor K,_for selected butt welded geometrles

by u51ng an elastic - f1n1te element method The K, may be

described by\the'followlng/eqUatlon,
K.=1+A/t/r ) * (6

where the parameter "A" depends on weld macrogeometry.

2.1.4 Fatigue.Noteh Factor
It is also necessary to find K, (see Eg.(5)) fof‘use‘in.-
Neuber's theoryﬁﬁﬁenber 1961). The fatigue notch factor ‘K, |
is determined by taking the ratio.of unndtched to notched~’
fatigue strength at some finite llfe. Hardness and notch
size are important factors in. determlnlng the effectlveness
of notches under cyclic. loading. To account for the above

conditions several equations relating the fatigue strength

 reduction factor K, and the elastic stress concentration
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i:been proposed. The formulas for K, obtained
}S), Peterson (1959), El Haddad & others (1979)
‘Jothers (1981) are frequently used. McEv1ly &
~jf‘77) and recently Mura & Tanaka (1981) rev1ewed the
ffaf those equatlons in various special circumstances
vfct K¢ and proposed that Neuber's Equatioﬁ‘(1958) can
in mast.general casesvbut none of.them‘producé

1 %ent results. f

biéuber s equaxlon (1958) whlch relates the elastic

stres ‘

ffioncentratlon factor to fatIQLP notch - factor can be

writter. as follows:

(Ky=1) | | | /\

& 1+ ‘ (7
' [1+(px/r) /2] : o

K

where
r = radius at the hotch—root'(wéld-toe),
p¥=experimentally determined maﬁeriai paraméter;

The value of px ﬁay be determined for steela baaéd on the

~ultimate strength Sy of the materlal (Graham 1968) in

m1111meters

p*s‘o.ozs4féo7o Mpa/Su M;:a')‘-e
or in inches

px = 107°(300 ksi/Su.kai)‘

Proper determination of the fatique notch factor'K; is
important for estimation of fatigue crack initiation life.

" “The plot of fatigue notch factor K¢ (Eq. (7)) and K, (Eqg.
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(6)), elastic stress concentration factor as a function of
weld-toe root radius "r",is sﬁown in Fig.2.3., From Fig.2.3 ”
it is seen that with a decrease in "r" K, always increases
but K, approaches a constant value of 2.0. For a
conservative estimate of fatigue crack initiation life K,
shéuld be taken at that maximum. Extending'Neuber's .
hypothesis (Eg.(1)) to fatigue loading for the low and
intermediate life region, where l§Cal yielding can occur; K,
was‘substituted,for K. (Eq.(3)) which gives the influence of
‘notch-root in fatigue life. |

~ The difficulty.in selecting the‘K}:value arises because
‘tﬁe notch root radius is not known précisely and thus weld
toes could be considered to have any possible value of
notch-root radius. The value of "r" should be decided in
accordance with the value of fatigue notch factor K. In
this study a root-radius of r=0.001in (0.0254mm) was - .
considered corresponding to a K£.§alue of 1.851 which is
very close to Ehe Ky maximum vaiﬁe of =2.0. The'vélue-also
gives a reasonable estimate of the elastic stress

1

concentration factor K, (Fig.2.3).
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G

2.1.5 Cyclic Stress-Strain Curve And Hysteresis Loops

Under dynamic loading conditions the local
stress-strain curve at the weld toe follows the cyclic
stress-strain curve. The stress—strain'space (starting point
of the hysteresis loop) is found from the intersection of
Neuber's hyperbola and the cyclic stress-strain curve. While
unloéding it follows the hysteresis loop shape which is
discussed below.

The cyclic stress-strain properties and hysteresis loop
shape are determlned by testing a smooth specimen under
axial CYCllC straln controlled conditions. Landgraf & others
(1969) deflned the cyclic stress-strain curve as the locus
of the tips of the stable hysteresis loopstffdm several
companion spécimen tests at completely reversed constant

\ -
strain amplitudes. They pdfnted out that this-curve .could be
considered as a measure of steady cyclic deformation
reéistance of a material.

The equation for the cyclic stress-strain curve (Fig.

2.4)is given by,

e = o/E + (/K" )1V o (8)
where ~ '
“ 0
e = local strain, -
o0 = local stress,

K =cyclic strength coefficient,

n'=cyclic strain hardening exponent.
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It has been found (Wetzel 1968) thét ﬁhe hysteresis
loops can be represented by a power funct1on. Assumlng the
same exponent n’ the equation for the hysteresis loop can be
found from the following conditions. One point on the cyclic
stress-strain curve (Ae/2, Ao/2) corresponds to the tip of
the loop. Substituting these values for stress and étrain in

the above equation yields, \

Ae/2 = Bo/2E + (Bo/2K°)1/", (9)

This represents the equation for the hysteresis loop. It is
the same curve (cyclic -stress-strain) excebt that the stress
and strain are divided by a factor of two. The outer traces
of separate loops have the same mathematical shape as the
cyclic stress-strain curve. A point on a cyclic’
stress-strain curve and the tip of the hysteresis loop is
shown in Fig.2.4.'The monotonic and cyclic responses are not

usually the same.
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Figure 2.4 Tips of hysteresis loop and points on cyclic
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2,1.6 Local Strain Analysis With Residual Stresses

In ofder to apply Neuber's idea whichvrélates nominal
stfess-strain to local stress-strain (Neuber 1961) to the
case of a weld with residual stresses it is'necessary to
determine Ao, the local stress range and Ae, the local
strain range. The simulation of the notch rootqétress-str %n
behaviour with initial residual stress at the weld toe Tr,ir
a nominal mean stress S,, and a nominal stress range AS is
shown in Fig. 2.5 (Reemsnyaer 1981).

It is assumed that the notch root stresses and strain
begin at some initial point "o" (Fig.2.5) representing the
state of initial residual stress . At maximum Stress Smax, ©
and ¢ are established by the intersectién of the’cyclic
stress-strain cufve and the Neuber's hyperbola, C,, i.e.,

4

point "a" in Fig. 2.5. Neuber's Rule (Eq. (5)) at Smax. iS

-
, N

Omax €max = Cju
where
Omax ~ Ko Smax L
€Emax = K€ €mayx *+ €r,ie

Evaluating,

Co = K% [Smax * 0, ;/ Kol?/E.
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[

Assuming linear elastic behaviour it can be found that
Smax T oos, / Ko = E [emax + er,l/ KGJ-

Combining the above equations and the equation for cycllc
stress -strain (Eq.(8)) the following equatlon relatlng Ke
and Ko was developed:

Ko Smax [1T+E/(K")'/"{(Ko Spax)'-#)/%}]0:5

' [Smux+ar,i/K0]

Equation (10) determines the value of Ko from the known
values of material properties, applied maximpm stress range
and K, value. An accurate value of Ko is ihportant for the
determination of local notch—réot stress v from the.applied'
nominal stress. Reemsnyder (1981) detérmihéd‘the.following'
relationship for K, and Ko which gives a value of'iécal7
notch root stress less than the applied“nominal stresé?from

the basic definition of Ko (i.e. Ko=0/S).
K.=Ko [ 1+{E/(K 1/n}{KUSmax Ii}(1-ﬁ)/é]1/z : (10%) .

Equation (10) can be solved for Ko numerically by using
Newton-Raphson's iterative technique. Once Ko is known Ke
can be computed from Eqg.(3). The coordinates of point “ai
(Fig.2,55 i.e (0maxs €max) can be found by using the above
expressions relating o0,,x and en,~x respectively. N
As the nominal stress S decreases, o and e¢ follow the
Bo-Be curve (EQ.(9)) with origin at point "a". At Spi., ©
and € are obtained by the 1ntersect10n of the Ag-Ae curve

and the Neuber's hyperbola Cg. Using (Eg.(5)) at point ."b"
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and using Eg.(9) for the hysteresis loop (Eg.9), Reemsnyder

(1981) obtained the following relationship:
KZ(AS)?/E=(A0) 2/E+(2) "~/ "[(Ag) ¢+ N/RT)VT] (1)

which can be solved'numericaiiy for Aoc.
The notch root ‘residual stresses at the end of one
, stress cycle can be estimated using local-strain analyses
When the nOminal stress attthe end of a cycle Seqs is
, greater than the nominal m1n1mum stress Smin, the notch root
stresses and stralns follow the Aa Ae curve (Eq (9)) with
orlgln at p01nt "b" and ‘then intersecting Neuber's hyperbola
- C. at point nen (Flg.2.5). Using Neuber's rule (Eq.(S)) at
point c i.e.,v |
. | \
Oend €ens = K% [Sens = Sminl?/E
land.the’hYSteresié loop EQ](Q) it can be found that
(Reemsnyder 1981),*' - |

. -, s
(oe.nd’)/(n¢1)/n

K%(send-smin>2/E=rae;¢1?/E+2<“"ﬁ"l‘ G 12
| [0 *2 | Y

wh1ch can be solved 1terat1vely/for aend.

4 i

Thé notch re51dual stress sub%equent to cyclic loadlng

o, , can be determ1ned by unloadlng the notch to zero

nominal stress (see nominal stress-time curve Flg 2. 5) The -

notch stress and strain follow the Ao~ Ae curve (Eq (9)) W1thttfy'

~origin at p01nt "e" until they 1ntersect the Neuber s
hyperbola C, at point "o "(Fig.2.5). Using Néuber's Rule

(Eq.(S)) at point o’ i.e



: - K2 2
Ouvntosd €unlogd = K; (Send)

and Eq.(9). ylelds (Reemsnyder 1981)

‘ | (UunLoed)(n*1)(h
K2 [sm] /= [0uniossl? /E+2‘""’“‘[ T 1 (13)

-

- which can be solved 1terat1vely for ounLoad'
The notch re51dual stress subsequent to cycllc loadlng

-

oy, can then be found as:

Or &+ = Omax~ A0 + 0pn4 — Ountoad - ‘ ' {(14)
<7

for the case nhen Send > Smine
For the case where §En; ='Smin the notch stress énd
strain during unloading follow the Ac- Ae curve (Eq, (9)) w1th
~origin at p01nt "a" from "b" to p01nt "off" (F1g 2. 6)

\ ‘ : ‘
Combining Neuber's rule (Eg.(5)) at point "o '" i.e;,

K; (Smax)z/E'= Ovunitozd €unload

.and:Eq.(Q)vyields (Reemsnyder 1981), -
.’ - J:_‘ ' ; (UunLoad)(ﬁ‘1)/é | .
Ki[smax‘]2/E=['ouaLo;a;a']"/E+2‘""‘”"[ Y 1 (15)
. . ; . ) (K ) n ‘

/

) v
which can be:solved 1terat1vely for ounLo.d. The re51dual

stress subsequent tO‘CycllC loadlng is glven by

Opy,s é'omux = OyuniLoad ‘ ’ ) L ’ (16)

for the case when Senq = Smine
From the preceding sections the change of 1n1t1al

residual stress-(o,,i) t0vre51dualfstress subsequent-to
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rcyclic lbading (a},‘)»is known. By simulating the effect of
residual stresé at the weld toe on the nominal load A4S,
Neuber's Eq.(5) can be modified to give ﬁHe:actual local
stress-strain conditions at the weld toe.

Gurney (1979), Morrow & otheré (1959) Rave suggested
that residuaf stresses from the welding processes may be
treated as mechanical prestressing. The residual stfeSS'
acting in a transverse direction on an'eleméﬁt of material
at the weld toe was measured experimentally and it wés found
that it varies from neafly a half to the full yield strength-
of the baée metal. It is also assqud that the HAZ and WM
which are often‘of higher stfength than the base metal
cannot be subjected to residual stresses higher than the
yield strength of the baée_metai. -

The residual stresses at the weld toe may be simulated
as shown in:Fig.2.7 considering an infinitely long weld to
avoid the triaxial stress pattern at the ends. A nominal
stress of (o, / K 1s then remotely applied to produce a
local stress equal to the residual stress o, from weldlng
The nominal stress range AS is then added to give (AS +
o./K,) which is equivalent to the remote stress range AS in
Neuber's Eq.(5). |

Considering the initial residuai stress o, ; the first

cycle is bounded by:

K3 [AS/(1-Reg¢)*0c, i /K(1?/E = Ao Be o (17)

‘

where Re;, is the effective stress ratio which accounts for

4
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the effect of initial residual stress. It is assumed that
after the first cycle the initial residual stress changes to
or,, according to Eq.(14) or Eg.(16). For the subsequent 3

cYcle Neuber'§ equation (Eg.(5)) is considered as:
K: [AS + 0. ./K,1?/E = Ao Be = (18)

Equations (17) and (18) were derived in this study by
modifying Neuber's équation(Eq,(S)).

The simulation of weld toe'stress-strain bfhavibUr in
the presence of an initial residualistress»o,,{, a nominal
~ mean stress Sm, and a nominal stress range AS are shown ih
Figs. 2.5 & 2.6. The initiai residuaivstrésé é,,; at the
weld toe does not remain constanﬁ, but changes in si§n;
;nd/of magnitude to a new Qalué Or & dépén@iﬁ@fon the cyclic
properties of the material and loading conditions after the
nominal "set-up cycle" was applied (Figs. 2;5‘& 2.6); |

Initial residual stresses subsequent to cyclic loading -

therefore, change due to weld toe notch{robt'plastiéity.
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AS : _ | AS

N

Residual stress (o) and elastic stress concentfation factor
(Ke) at the weld toe.

—

(AS+oy/KY) ) . o liastorke

-4

Nominal- stress equivalent to q/Ktapplled at the end due to
residual stress and elastic stress concentration factor. The
total nominal stress at the -end becomes (AS+0/Ky .

Neuber's equation (Eq{5) &

K2 [AS + o,  /R?/E = Bo Ae

Figure 2.7 S1mulat10n of resxdual stress at the weld toe -

by elastic superpos1t10n and. Neuber's rule (Eq (5))
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2.1.7 Strain-Life Relation

To calculate‘the crack initiation life the damage rule.
needs to be satisfied. To perform the_damage calculation,
four cyclic properties O;,.e;, b and ¢ elong with the
knowledge of Ao and Ae are reouired. To obtain these
properties experiments which establish strain-life (Ae/2 vs.
2N,) relations are required. These cyclic properties‘are
obtained from smooth specimen testst :' : - | -

Tne fatique behaviour of avsmooth speCimen under
reversed cyclic- straln can be characterlzed by four material
properties that relates the strain amplltude to the fatigue

‘llfe (Manson & leschberg 1964, Wetzel 1968 and Stadn1ck &
Morrow 1972). Manson & leschberg (1964) have shown that the
resistance of a metal to total straln cycling can be

considered as the summatlon of 1ts elastic and plastlc

strain resistances: , .

_ R
Ae/2 = Dec/2 + Dep/2
and
Be/2 = 03(2N) P/ B+ ej(2N,)° (19)

where .

o;.= ﬁatlgue strength coefficient,

¢. = fatigue duct111ty coeff1c1ent

igue strength exponent h | y

Tue dUCtlllty exponent
et of reversals to fallure

stress o, is present thenvK;(19) can be
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corrected (Graham 1968) *as shown below:

Be/2 = (04-00)(2N,) / E + e;(2N,)°,

y

e
/

 An additional useful index of the fatigue'mechanism is the
transitidn fatigue life 2N;r‘or transitién sfrain e.r. The
transition fatigue life is ‘the life of a smooth specimenv
under strain cont;ol atlwhich the elastic Ae./2 and plasfic

Aep/2;strain ampIitudes‘are identical and are given as
P

b

2N, = (e;. E / 0;)1/(b—c)

and
cr = 04/E [(2N,,) P+e,(2N5 )¢,

Once the five constants g;, b, e¢;,c and E are known for a .
material; a fatigue analysis can be performed if the data on
the load spectrum is available. These constahts are obtained

from fatigue tests described in Chapter III. The

. - v . . . v. . .//
experimental curve representing "strain - life" relations

" (Eq.(19)) is shown in'Chépter 1v. b
~2,1.8 Cumulative Fatigue Damage Analysis ~

Several cumulati? fétigué damage‘ruleé are avai;éble
to_calculaté the crack initiation life.undér constant stress
or s£réin.amplitudes (Manson 1964, Manson & others 1967,
Thaﬁg & others 1971,‘Dowling'19%2). For a cumulative damage
calculation a knowledge of'thé elastic and'plasﬁic strain

and mean stress for each cycle is necessary.
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The damage in terms of elast1c strain amplltude of a

partlcular reversal is obtalned from (Basqu1n 1910) ‘-

[1/280)¢ = [ (Ao/z)/-a;]"fb.

-

The damage in terms of plastic strain amplitude is given by
RS l(Aep/z)/ e

If (Omgx * © )2 oy, (cycllc yield stress) in the flrst
cycle the plastlc damage crlterlon 1s considered, otherwlse
elastic conditions prevail. The damage ‘due to mearn stress 0o

may be calculated according to Martin (1973)

[1/2N¢Jo=(e . ) /€ [{(B0/2)/R )= /e 1[(1=00, 2u /o) '/ "E =11,

' The mean stress relaxation criterion is taken according to

Jhansale & Topper (1973),
0o, 2§ =‘0015(2Nf1)k ! (20)

where

0o, 2x=Mean stress at reversal 2N,
¥

\

(1+RY" AS/2

00,1 initial mean stress = :
- R - . (1-R)

k = relaxatidn exponent which,is=depéndent on strain »
amplitude. .
For mild steel thearelaaation exponeni k cah be‘taken as
(Higashida & others 1978) | |
Ae,/z |

k = -4625 [ ] ksi ', o 2

E egr LA .
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The total damage per reversals D, . can be calculated as,
Dy, « = [(1/2N;) ¢ or (1/2N;)}+[1/2N.],. (22)

The crack initiation life is assumed to end whi: the
linear cumulative damage rule (Palmgren 1968, Miner 1945) 'is

satisfied, i.e.,
z D; (=1.0 ' (23)
. .

where 2N; is the number of reversals necessary to initiate a

crack.,
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2.2 Fatigue Crack Propagation Life For A Weld

The successful application of fracture mechanics

~concepts enables an estimation of the remaining crack

propagation iife of the welded~structures\(NP). A large
portion of the fatique life of welded joii‘s is spent in
fatigue crack propagation from an initial flaw size a; to a
terminal flaw size a.. |

Many theories and empirical equations relating fatigue
crack proﬁagation rate (da/dN,) to stress intensity factor
range AK have been broposed by éeveral researchers (Paris &
Erdogen 1963, McEvily 1965, Forman & others 1967, Pelloux
1970, Throop & Miller 1970, Elber 1971) In this study, the
fatigue crack propagation life for a butt-welé was estimated
by using Forman's equation (1967) of crack propagat}on. This
is an improved theory over the freqguently used Paris' crack
propagation law (1963). Forman's theory assumes that the
crack tip stress-intensity factor range AK is thé
‘controlling variable for analyzing crack-extension rates.
This also takes into account the effect%ve load ratio Regg
and the instability when the stress-intensity factor
"approaches the fracture toughness of the material K¢«
Forman's equation is written in the following form:

da Co{BRepp)m
= : o (24)

dNP (T_Rep;) KC - AKe;‘;

where
a = half crack length,

N, = fatigue crack propagation’ life,



K, = critical stress intensity factor for fracture,
K = YS/wa (fracture mechanics stress intensity factor),

AK = range of stress intensity factor (Kmax = Kmia),

"

m,C, = crack growth exponent & coefficient respectively,
Reg, = fracture mechanics effective stress ratio,
Y = generalized correction factor (function of crack
length and specimen geometry).
In Eq.(24) the effective stress ratio Re,, takes into
account the effect of residual stresées in fatigue. The
effective stréss ratio Re.. can be described .in terms of

nominal loads and initial residual stress as shown in the

following equation.

Repr = Kmin/ Kmax = [— 1.
ot‘, i+smax

From Eg.(24) the cycles required to propagate a crack of
initial size a; to a final crack length a, are then:

Np = [ da. (25)
a C'R(AKe,p‘;)m »

Equation (25) can be integrated numerically to obtain the
fatigue crack propagation life. The evaluation of the
requiréd parameﬂers are discussed in the fdllowing
paragraphs. Equétion (25) also provides a satisfactory
description of‘Erack behaviour for the mid-range of crack
growth rates. #he complete variation of the rate of crack
propagation (d%/dN,) with range of‘stress intensity factor
(AK) is approxémately sigmoidal in shape and bounded at the

extremes by AK,, the threshold range of stress intensity
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factor and critical stress intensity factor K.. As AK is
decreased below the AK,, the créck propagation rate
diminishes rapidly. This implies that a crack may not
propagate unless AK exceeds AK‘h. Few empirical relations
are availaﬁle for the range of threshold stress intens;;y

factor (Rolfe & Barsom 1977, Garwood 1978, Baéklund 1982),

Garwood (1978) proposed the following relationship:

AK,, = (190-144R) Nmm %’/? or, 5.46(1-0.76R) ksiyin.

The initial crack leﬁgth a, is taken as the crack size
when the initiation life N; is complete. The initial crack
length for welds may be taken as the length of some
pre-existent weld defect or flaw'bup;a; should not be
smaller than the threshold crack size‘a,h. The threshold
crack length a.hlmay be estimated from the threshold range
of stress intensity factor AK, and the stress range AS
(Mattos & Lawrence 1977)

, AK ¢y

am 2 [1/(ma%)] [—].
AS
By knowing AK,., and AS an approximate result can be obtained
for a.n and consequently a;. The initial crack length can
also be approximated by the following reiationship (Lawrence
& others 1981),
0.1878 vt

ai = (kSi).
A Su

\gftimations of the total fatique life from propagation

theory alone assumes that there exists a small initial
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defect resulting from the fabrication proceSs at the weld
toe. This, howevef, may require a; less than aw especially
for long fatigue lives:?

In order‘to carry out a fracture mechanics analysis of
| a crack at the weld toe it-is necessary to know the_relevant
values of the stress intensiey factor; For a butt-weld with
remote axial and bending stresses, along.with the effect of

residual stress intensity factor Kg, the stress intensity

factor was obtained by superposing all the above effects.
AK = AK, + AKg + Kg (26)

where
AK,, OKg = range of stress intensity factor for axial
loading and pure bending stresses respectively.

Severai researchers have studied the influence of weld
geometry, ma?erial propert%es and loading conditions on
propagetion life (Lawrence 1973, Maddox 1974, Burk &
Lawrence 1977, Gurney 1979). Maddox (1§74) has.considered
the influence of‘ereck shape, plate thickness and weld
“Hflnforcement shape for a weld through a series of

corrections to the stress 1nten51ty factor range::
AK = Y AS VT a . ‘ 3 ~(27)

Lawrence (1973) has used an elastic Superposition method to
study the influence of weld geometry, material properties
and the combined effect of bending and axial loads which is

written as:

S



AK = AS yIT a flc/t, 6 ,¢)

—

]

‘where the function f(c/t?6,¢) is'a correction factor for
weld geometry, loading'type and thickness . The stress
intensity factor fo;/behding AKa,can be w;itﬁen in terms of
ASg nominal extreme fibre stress due to the bending
component of load; coeffiicients of bending, plate thickness

t and crack length:

ASg vIIa £(b/t,0,9).

AKB =
C &
Similarly,
AK, = AS, VMa flc/t,6,¢)
where

AS, = remote axial component of load and f(c/t,6, é)

represents the coefficients for axial loading, plate

fﬁ%ckness and crack length. o

The effect of residual stresses on the fatigue crack
growth in welds under constant amplitude loading must be -
accounted for. Studies by Kapadia & Imholf (1977) and James
(1973) have shown that welding residual stresses are
responsible for higher ornlowér fatigue crack growth rates

in comparison with unwelded base material. It has been shown

that the crack growth rate in the HAZ and the WM are similar-

to what can be expected to occur in the base material

(Maddox 1972, Parry & others 1972a).
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For an estimation of the residual stress intensity
factor Kq Kanazawa's (1961) formﬁlatin combination with the
‘ Oactual‘residual stfess distfibution near the weld toe o, is
considered. In this study the actuél residual stress
distribution is obtained ffbm‘the'expe:imehtalystress
measurements, |

X = a
Kg = | “oe(x) G(x)dx - . (28)
where

G(x) is a function of half crack length a and specimen

shapej It is zero at x=-a and goes to infinity at a

crack lenéth'of x=+a. ;

2Sinm(a+x) /W

G(x) = [ ]112-.
W Sin(27a)/W Sinwm(a-x)/W .

It was assumed that the distribution of residual stress at
the weld toevis a cosine shape in the middle and sloping
‘dowhwards at the ends fFig.2.8)"ahd remain unchanged under
fatigue loading. These assumptions may overestimate the

'effect of residual stress because the residual stress
redistributes after fatigue cycling.

Glinka (1979) and Nelson(1982) studied the effect of
residual stresses on fatigque crack growth in steel weldments
using Kanazawa's formula (1961) for constant and variable
amplitgde loadings. Three specimens (unwelded, tfénsverse,

anngongitudinél’butt;welds) wéte'evaluated with the
Iintréductionbéf,a stressxrafSef. Glinka (1979) used a'

simplifiég\rectangular distribution instead of actual

e
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residual stress distribution. It was concluded that the
inclusion 6f the effect of residual stresses in the
theoretical anaiYsis permits a realistic prediction of the
fatigue life of weldedgstructures.

The following formulation for the distribution of
residual stress (o) was derived in this study. The actual
shape of the distribution of tﬁe residual stress at the welds
 toe was obtained experimentally.'The distribution of
residual stress is shown in Flg 2 8. This correlates
closely with the actual shape found from experlments. Slnce
'the residual stress redlstrlbutes 1tself dur;ng fatique
cycling it is not possible to know the exact dlstrlbutlon.
Therefore, the 1n1tial re31dual stress is taken for the

2
propagation part of the model. S e

From Fig.2.8 the nondimensional term €ps is‘writtén'as:
. eps = [ X + CDIFF, ] / HPI
JEPe .

where o P
| B
CDIFF = distance between centre of the specimen and
centre of crack,
X = distance from centre of the crack to the
intersection of the residual stress distribution,
HPI = a constant according to the distribution of

residual stress.

—

o
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’

6

or = [5,/2] Cos{(x/2)%(eps)]

Residual
Stress

W/(2HPI) @ Em=W/(2HPI)

g?k
N

-

' End stress
-1
|
de
End stress

width of the specimen

r

.Figure 2.8 Distribution of residual stress at the weld

IR
' ' ™
- Deformed layer /iigffif~ffne

toe.

Crack closure

i'Ae

Figure 2.9 Fatigue craciiclosure concepts. Plastically

induced crack closure.
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The distribution of residual stress from epg=-1 to €, =+1

can be taken as:
o, = [5,/2] Cos{(n/2)%(eps)}. (29a)

For the straight line portion, that is e, =+1 to W/(2HPI),

~0
o = (eps—1)%[- i ] (29b)
W/(2 HPI)-1

and from e, .=-1 to -W/(2HPI),

o
0, = [eps+1]*| : ] (29¢c)
W/ (2HPI )-1 '

where o is the end streds (see Fig. 2.8).

The non-dimensionalized equations (Egs.(29a),(29b), (29c))

which give the residual stress distribution along the toe of

the butt-weld were derived in this stud The location of

the crack could be consiéeredranywhe e along t weld;tbe.
Numerical integra£ion over the cradk léngﬁh'was pRrformed

for the K; by using Simpson's Rule as_the érack propagates
from the initial crack length a; to.a final crack size ag.
Combining the effect of axial, bending and residual stress
intensity factors Eqg.(26) for AK can be solved.

. To evaluéte fﬂe effective stress intgnsity factor AKefr_;
in EQ.(ZS) it is reqﬂgged to consider the influence of the
crack openifig factor 6} (Elber 1970, 1971, Barsom 1373,
Socie 1975, and Bell & Wolfman 1976)‘ﬂﬁé ngnge'of effective
stress intensity factor can be written in terms of crack |

opening factor and the range of stress intensity factor,as °

shown below:

o



AK.,, = C,. BK. | (30).

The crack opening factor at any stress rétiS,C;(R) is a
function of range of stress intensity factor and crack
opening stress intensity factor. The crack opening factor,
thus takes into‘consideration the loading condition,
residual stress intensity factor and the crack opening
stress Sop. The crack opening factor at any stress ratio

C.(R) can be expressed as:

AR - AKOPEI’!.
C.(R) = when AK,pen < AK
AK ’
| p
=0.4 to 1.0 ' when AKopen 2 OK
C¢(R=0.0) = 0.5 for steel,

’ ,/'T'\/

where ‘ . _ ’//"‘\\\\\B
AK, pen is the crack opening stress intensity factor ra'gf,
‘ \
AKopen = KR + AKB+(Smax - SOP) f(C/t, 9: ¢)- 1

. 1

/
The crack opening stress (S,,) can be approximated as (EXber

1976) : / '
_ o ; L Ve
~ ~__/ -

Smin = 1.25 [ (1.6 Smax Sop - 0.78 Smax)1/2 - 0.1 Smnx]-

The above equation can be ‘solved iteratively for S,,.
Finally;<£he crack growth coefficient considering the crack

| opening céncept,can be found as (Socie 1975):

Ca = C [Co(R)/Co(R = 0.)]" | (31)
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where C is crack growth rate eonstant,fqrimaterials at the
crack 1n1tlat10n 51tes. |

In recent years a considerable amount of work has been
done on the concept of crack opening (or crack closure) for
fatigue crack g;owth. Varioue fechhiques for estimating |
crack opening have been employed which include surface
measurements by displacement geuges, strain_gaugeé place;:
across the crack sufface and fraetOgraphicfmeasurements.
Experimental and analytlcal 1nvestlgat10ns ‘have been shown
that Kop/Kmax = Sop / Smax =0.66 for- alloy steel when R=0
(Kobayashi & others 1981). The K., represents the level of
stress intensity factor where the epposing crack surfaces
are no longer in-contact. Elber (1971) has proposed this
plasticity induced crack opening concept in fatigue crack
growth as shown in Fig.2.9. It shows'that a crack in a
fatlgue spec1men is fully open for only a part of the load.
cycle even when the loading cycle is f%ﬁlywln ten51on. For
the same material various technlques give different values.
of Ko, / Kmax+ The reqeon is due‘to_the fact that surface
meqﬁﬁrements may not geflect inner crack closure in the bulk
of the material, . .

The fatigue crack propagatiohMbroperties K., , mand C"
are assumed oﬁ the basis of materialAproperties (see
Appendix D)..Finally, the crack pgopagation life (Np)lpan be .

estimated by integrating Eq.(25) over the crack length.

//“\



59

2.3 Method Of Analysis For Fatiqgue Life
| The total fatigue life of a butt-weld containlng
_re51dual stresses was estimated based on the crack
1n1t1at10n and crack propagatlon-models.as described in this
Chapter. The initiation life was based on the damage
integral (Eq (23)) which allowed the damage durlng cycling
' 'to vary as the mean stress relaxed The 1nfluence of cyclic
hardening and softening on mean stress‘was ignored-in the
‘analysis. The crack propagation life was calculated uaing
Eg.(25)). Combinin‘g}NI and N. gives the total life model.
The same model was also used to study‘the effect of‘
mechanically or thermally induced compressive residual |
streases-oh the fatique life of transverae-butt-welded _ Eb
specimens.’For the eStimatioﬁ of the total fatigue life due
to various mechanical andbthermal‘treatment'(i.e.,
annealing, tensile preloading, glass.ana steel shot-peening,
single and multiple point hammer peening, and |
stréss—paenidg) residhal'stresses along the:weld toe were
measured experimentally. The measured values of,the'residual
stfesses (with sign) were used in the estimation of |
initiation and propagatioh lives while assuming the initial.
residual stfess due to welding as zero after the treatment.
In th{s study the effect of fesiduaI»Stresses are -
considered in both cases otlerack initiation and crack
propagation along with the effect of material properties,
imean stress relaxation behaviour, weld‘geometty and the

effect of}bendihg stresses on the specimen. The concepts of
v 9 . )

-



‘locdl stress strain ana1y51s are used whlch take into 4»

~account the materlal propertles of the cr1t1cal locatxons,i
the severity of the notches, the 1n1t1al res1dual stress and
the remotely applied stress range. F1gure 2 10 schemat1ca11y
illustrates the fat1gue analys1s for the calculatzonxnfn‘

total fatigue life. Comparlsons of the total fatique life

predlctlon with actual data are made by test1ng Columblum-SO

steel welded Spec1mens.

L
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3. EXPERIMENTAL PROGRAM

3.1 Scope Of The Experimental Investigation

The choice of the appropriate experimental method for
evaluating the total fatigue life of welded structures
depends on an accurate determination of the fatigue créck
initiation and propagation lives. The tradltlonal approach
has been based on the "stress-1ife" curve. High cycle
stress-controlled fatigﬁe tests are used for the region
where the strain remains essentially elastic. Low-cycle
(<10* cycles and at relatively high stress) strain ‘
controlled fatigue tests are used for the crack initiation‘
life in the region where the strain is mainly plastic. High
cycle fatigue tests were performed to study the effect of
residual stresses on the fatlgue life of welded joints. Low
cycle strain-controlled tests were performed on the base

material for the determination of cyclic and fatlgue

properties. These properties were used in the calculation of

crack initiation life of the welded structures.

"For a welded joint it is necessary to calculate the
cyclic stress—sfrain and fatigue;propertieé of the wﬁ and
the HAZ materlals for accurate determ1nation of total |
fatigue llfe. These propert1es are obtained from’ the )
micro-hardness readlngs in these regions using the emp1r1ca1
‘relationship (Graham 13968, Landgraf 1970, and Chang &
Lawrence 1981) established frbm the micro-hardness readings.

The equations._necessary to calculate these properties are

o

i e
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shown in Appendix C. More accurate determination of these
‘properties requires the proper simulation of the HAZ
" microstructures. fhis can be done by uniformly reproducing
the weld thermal cycle in the specimens. The specimens
should be of large ehough size for normal method of fatigue
testing. This was not possible at the presént time, due to
lack of proper.iacilities. |

Experiments were designed to obtain the base ma;erial
properties for the prediction of total fatigue lifefénd to ¢
obtain the experimental data ("S-N" curve) for mechanically |
and thermally treated welded joints. High cycle, pulsating
tension tests were performed for a "stress-life" curve and-
to study the effect of reéiduél stresses. Determination of
the base metal properties are discussed in the following
section. | |

3.2 Determination Of Material Properties
/

The crack initiation lifé ends when the cumulative
damage criterion is satisfied. To determine the damage
criteria and the cyclic behaviour of the material under the
influence’of'a mean stress the cyclic and tensile properties
of the base metal are needed. Cyclically stabilized
stress-strain curves are an important characterization of
the cyclic response'of the'material as the tensile
properties of the material are not the same as the cyclic

properties due to the formation of cyclic plasticity during

. the fatigue loading. To study both properties, base material
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cylindrical specimen were used for cyclic and fatigue
properties while base metal flat specimens were used for the

_tensile material properties.

3.2.1 Tensile Test

For the monotonic tension tests a 2000 lbs (8895N)
Instron, open loop, servocontrolled, axial, hydraulic test
system was used. A MTS clip-on extensometer with a one inch
(25.4mm) gauge length was used on a rectangular shaped
specimen (Fig. 3.1). The transducer signals (load and
strain) were recorded on an X-Y plotter. Strain was
controlled before necking and then stroke was controlled to
failure. The material pr&perties were then calculated from
the plot of the load-strain curve and the dimensions of the
specimen before and after the tests. True strains and true
stresses were calculated from the engineering strains and
noﬁinal stresses respectively. The results~ob§ained are

discussed in Chapter IV.

3.2.2 Cyclic Strain-Controlled Test

For the determination of cli stress—strain and
fatlgue properties Columbium-50 base metal cyllndrlcal
specimens were cut and carefully machined from 0.25 inch
(6.35mm) thick plate to form cylindrical specimens. After
machining the specimens were mechanically polished with
three successively finer grades of emery paper tb the final

dimension and geometry shown in Fig. 3.2.
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¢
f

" Cyclic stress-strain properties were determined by
testing smooth polished specimens undef axial cyclic
strain-controlled c6nditions. The cyclic stress-strain curve
was obtained from the locus of the tips of stable true
stress-strain hysteresis losps obtained from companion test
specimens (several specimens were tested and stabilized
hysterésis loops were taken) and ére shown in Figs. 3.3 and
3.4. |

Testing was conducted‘on a MTS élosed-loop
servo-controlled hydraulic test systém pusing a 0.5 inch
v(12,7mm) gauge length clip-on extensometer for the
méasurement of strains under strain-controlled conditions.
Préper axial alignment was critical for this small specimen
to prevent bending or complete bu¢kling of the specimen
dufihg the compressive portion of the loading cyclé.
-Amplified signals froﬁ t%&ﬂextenSOmeter and load-cell were
‘recorded at predetermined intervals on an X-Y recorder to
determine Eycle-dépendent changes in stress and plastic
strain amplitudes. Tests were conducted at frequencies from
0;1 to- 5 Hz at room temperature. In order to maintéin.
isothermal conditions during the tests, tests were run at
‘these lowef freqﬁencies. For zero méan straih.condifion and
for stréss'ratio R=-1 a full sine wave form was used whereas
for non zero mean strain a "Havgr.Sine" wave form was used.
The cylindrical shaped specimens wereicycied to failufe at
essentially a constant strain range to detérmine éyclic

stress-strain propgrties. Because of the limitation in the

rn

o~
S



66
size of the specimen the maximum strain amplitudéyyasIO.OOQ.
The data obtained from these_tésts were ﬁsed tolaéze;mine‘
the "strain-life" curve-whiéh in tur; determined the fatigue .
prOpefties (a;, €e;r b and c). Exberiment&l data from a few
of the specimens were also used to study the cyclic
hardening and‘éoftening behaviour of the base metal. The

results obtained are shown in Appendix B.
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Figur'e‘3.3-§tab1e hysteresis loop for fully reversed

condition.

(o)

‘Stress

Strain (e)

Figure 3.4 Cyclic stress-strain curve drawn through
~ stable hysteresis loop tips,
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3.2.3‘Cyc1ic Relaxation Test Of Mean Stress )
For a fully reversed condition (when R=-1) either mean
stress (o,) or mean strain (em), or both simultaneously are
zero. In the case where the loading is not fully reversed
(e.g;.zero to tension loading) some mean stress or mean
strain or both is normally preSeut. The -mean stress or
strainvchanges in the same cycle dependent fashion as do the
~stress o: strain amplitudesf'This cycle dependent stres$
relaxation is defined as a-decrease in the absolute value of
the mean stress (oo) under copstant strain amplitude
cycling. All of these changes are caused by-cyclic “ R

‘plasticity. The effect of mean stresses is such that the

£

tensile mean stress reduced and compressive mean stress
increased the fatigue life at a given amplitude offloading.
The general observation was that under loading that produces
cyclic plastic strains thf mean stress tends to become

" smaller as cycling»progresses (Morrow & Sinclair 1958).

According to the concepts developed in Chapter 11, Fig.

3.5 shows that for Columbium-50 steel weldments under zero
to tension fatigue loadings an initial tensile residual
stress (o,,,) changed to residual stress subsequent to first
}cycle'(a,‘,). Upon‘loading, the mean stress (0o) does not
remain constant but relaxes during. the fatigque cycling The
criteria for the relaxation of mean sé%%sses was ‘necessary - Py

for the prediction of crack initiation life (Eqs.‘(20) ‘and

(22)).

-
Ty
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The criteria,chosen were according to Jhansale & Topper
(1973) (Eq.(20)) and Higashida & others (1978) (Eq. (21))
which was diaCUssed in Chapter Ii;-The mean stress -
relaxation criteria in the Calculationwof,éamage due to mean
stress (0o) (Eg.(22)) was correlated by using the results
from the tests of base material cycllndrxcal specimens. The
follow1ng exper1ments vere performed to determine whether_
B the‘damage criteria: due to mean stress (oo 25, Eqe(20)) and
the.relaxatzon exponent (k, Eq.(21)) used was applicable for
Columbium-50 steel. | . o
,Tno’cases of mean stressireiaxation tests’were
condncted. In the fir;t casef,mean stress relaxation data f
vere obtained by axially ioading’the material to a
_Apredeterm1ned mean i}ra1n (em) but constant straln amplltude
“(Ae/Z) and then peak stresses were calculated at certain
.1ntervals as the mean stress relaxed. Three ?pec1mens were
tested at constant strain amplltude but varlable mean
stra1nsc In the second case only one spec1men_was used at
_constant mban strain but three different strain anplitudes. :
The‘conoept‘of Jhansale & TOpper'(1973) was applied to a
single Speoimen to ensure stabilizatron of the hystereeis
loop before inducing a ’nean streaf. Figure 3.6 illustrates a
| tybical strain block sequence used:tor the stndy of mean
stress relaxation in;the material which yas cyclically
, stabilized prior to'testing.>This-e;iminated‘aﬁy transient
cyclio hardening or softening interactions with the mean

stress relaxation response. The data for tensile and
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compressive peak stresses'sere'reQOrded'at spécifiC*
intérvsls as the mean stréss relaxed, ‘Afsef the meah stress
relaxed the stress and strain were returned to zero. A"
l,stab11121ng mean stress wash-out block (wash- out block

.,removes "the memory of the prev1ous stra1n1ng, see Fig.3.6)

- was then employed iﬁich allowed further mean stress

relaxat1on testzng w1th the same spec1men. The next mean
stress was 1nduced and Telaxed with a. dxfferent straln R

\l

ampl}tude.
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Figﬂﬁg 3.6 Block sequence of the mean“stress'rélaxaéﬁonﬁ

tests on the base material.
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. sawed 1nto three 1nch (76. 2mm) w1de strlps with.the weld v?;&
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3.3 Exper1ments On Welded Structures | f;75$,‘
The experlments were. performed on Columb1um—50 / 'V‘f{ﬂf

Oxweld#36 welded ]o1nts to obta1n fatlgue ( stress llfe ) )

curves for h1gh cycle tests. The tests on the welded Joxnts

were of pulsatlng ten51on (stress level var1ed from zero to

‘ tens1le) Fatzgue tests performed on mechan1c;lly and ‘

| thermally treated welded specimens. are dlscussed in the |

later part of thlS sectlon ~where the program of hlgh cycle f'

fatlgue testzng on the welded spec1mens 1s described

!

3.3.1 Preparat1on of ngh Cycle Fat1gue Specxme% e ,';;QF
The high cycle fatlgue spec1mens were made by weldlng G
two flVe 1nch (127mm) w1de 0 25 1nch 6. 35mm) tthk platesw_l;+

of as- rolled low carbon Columb1um-50 GrMn) steel Thls

’ o
steel was selected as it. has good weldab111ty and relat1vely

"V .

'hlgh yleld strength The plate edges were mach1ned stralght

| and the edges bevelled at 45° degrees to a depth’of aboat sﬂf:‘

1/16 1nch (1 '59mm) . An. automat1c submerged arc w}ld1ng

| process was used for double vee butt weldlng t‘ plates The ’

welding electrode Oxweld#36 rod

Mf Prepatat#onf‘fi[
of the weld. The chemical compos1 'f _,fﬁfllreri;fe
“ metals ang the ;eldlng parameters employed #‘e glven 1n‘t“ B
*’t\Appendlx D. The welds were all fluroscoped/to check for }

&

flaws, slag 1nclu51ons or any other ueld1ng defects and;then L;;

: .Iaxls transverse to the saw cut A few of the speczmens were

tested ultrasonlcally

A
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Both "dog—boned" shéped (Fig.3.7a) and rectangular
shaped specimens (Fig.3.7b) were used. It was obéerved that
(Bellow & Faulkner 1979) for the same maximum tensile load _
and cross-sectional width there was no significant
difference in fa£igue results between these two types of.
specimens. Therefore, most of the specimens tested werk of
- the rectangular type which reduced the amount of machining
for specimen preparation. Some of the fatigue specimens were
made from the as?welded condiFion. The res}_?f‘the specimens

¢

were treated mechanically_and thermally before the fatigde.

[

testing. The methods used for surface treatment are

discussed in the next section.
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3.3.2 Generation Of Compressive Residual Stress By
Mechanical And Thermal Treatment
In order to examine the effects of induced residual

stresses four different peening processes were applied to

£
l‘\_\
N

the transverse butt-welded specimens. These were:
(1) A single point hammer of 0.25 inch (6535mm)
diameter,
(2) a multiple point hammer using flat needles of 1/8
inch (3.18mm) diameter. The time of peening of é;ch of »
these processes was 25 to.35 seconds per square inch |

(6.45 sg.cm.) of surface area tested, )
i

(3) Glass bead shot peening of bead sizes of 0.007 inch
(0.18mm) to 0.012 inch(0.31mm) in diameter. Peening was
done in and around the weld toe for five to six minutes.

2

The angle of impingement was approximatel& 45° degrees.

(4) Steel shot peening with shot sizes of 0.025 inch
(0.635mm) to 0.045 inch (1.14mm) with a velocity of
impingement approximately 250 ft/sec (76.2m/sec) were
used to cover the complete area of éhe'specimens for
«about eight minutes.
Iqéallithesg cases visual checks were made to insure
thét the coverage of peening near the weld toe and the
surrounding region was uniform, For a few of the specimens
from each batc; an ultra-violet sensitive coating (magnaflux

.penetrant and developer) was applied to the surface in the

region of the weld toe and the surrounding area before the
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) _
peening. Full coverage of the surface during peening removed
the coating so that incémpletefeoveragé was detected by
directing ultraviolet -light on the surface. Also visual
examinations of the weld toe regions did rot feveal'any
indication that the profile had been alterea significantly
by shot peening,

The intensity of peezing-was measured by standard Almen
strips. As this does not always give a reasonable indication
of the peening intensity (Horger & Neifert (1944) and Fuchs
(1981)), thé actual depth of work-hardening wa; evaluéted by
thelmethod used by Faulkner & Bellow (1972). The specimen
near the weld toe was’ cut at an angle of“appréximatélyA10
degrees to thé'peened surface of the specimén.'The,sméll
piece of the material was moulded in Bakelite powder and
prepared as a smooth and polished specimen for
micro-hardness tests. The hardness versus the deéth.was
measured on this incliﬁed surface using‘a Knoop indentor
with a 300. gm. load. The depth of the work hardening was
obtained by\plotting the hérdness measurements versus the

actual depth and estimating the depth at which the hardness

approached that of the parent material,

-

(5) The technique of tensile preloading was used for the

Yeneration of compressive residual stresses in the \
butt-welded specimen near the weld toe. This technique was
%

used to verify the fatigue life predictions made for welds

with initial compressive residual stresses. The welded

specimens were preloaded to a value slightly less than 90 -
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92 percent \Rf the yield strength of the base metal. To .

verify that;tgfgmaterial awéy from the weld toe remained
elastic two striin gauges were fixed to the specimen 1/2

inch (12.7mm) awaf from the weld toe. Load-strain plots were

made during the préloading. To control the limit and speed ;F

of the load1ng a one\inch (25. 4mm) c11p on extensometer\ggs
used along WIth a ramp\generator. The rate of preloading was
'1700‘lbs/minnte (7.5 kN ~innte). Stress measurements were
taken by using X-ray ditf':ctionamethod near the weld toe

before and after the preloadyng to measure the‘chenges in

the nature of the residual str

r(6) Stress-Peening |
(a) Stress—Peening; preloaded first \3nd then peened:
| Two types of stressfpeeninngere \onsidered.‘In the

first case wélded specimens were preloada- and then.peehed
at this stress level using a multfple‘rod | |
Ultraviolet sensitive coatings were applieh‘t.‘the surface
to check. the coverage of peening. The specimen wgs then |

unloaded slowly after the peening was completed.

_(b) Stfess-Peening, Peening first and: then pteloaded ce:

, e
In this case the specimen was'first peened after gripping

into the machine using a multlple rod hammer. It was then
‘preloaded to the same level as|above and then unloaded
slowly. The coverage of peenlnq near the weld toe was

|

" checked by ‘ultraviolet sens1t1ve coatlngs. In both the cases

stress measurements were taken before and after the

.
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treatment.

-

(7) The process of annealing was used for residual stress
relieving in the welded specimen and to study the effect of
annealing on fatigue lifeg The specimens were annealed in an
oven a:$1020°F (550°C) for 30 minutes and coolea slowly for
five to six hours. Stress measurehents were taken before and
after the annealing freatment.

. 4 5" ' -
All welded dPecimens were:;é{igue cycled to obtain the
: N <4

"stress-life" plots. The method of fatigue testing is

discussed in the next section.

3.3.3 High Cycle Fatigue Testing Of Welded specimen

Fatigue tésﬁing of the yelded specimens was performed
in thé stress-controlled and zero to tensile loadiﬁg
conditions. The tes{ing was controlled for a programmed mean
and dynamic load. The peaks of the dyhémic load were
controlled within +10 percent of thé péak load. Control was
set’ s0 as to stop thehhachine as soon as a very small crack
initiated. The initiated crack was checked with liquid
penetrant and ul;rayiolet light. The tesf was then run again
until the specimén broke completely fo obtain thé’tofal
fatigue life of the specimen. Care was taken to ensure that
~the loading was as near uniaxial as possible. The specimen
was gripped in hardened serrated clamps.It was nogiﬁﬁd that
slight tightening of these grips could result in bending ”
strésseé which were as high as 30 to 40 percent of the axial

- load. To help eliminate this bending a special jig (Fig.
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v

3.8) was designed to fit smoothly on both sides of the
specimen;’Wifh the proper tightening sequence the variation
of bendi?g séress was kept within ;pproximately 10 -percent
of the axial load. This was checked by attaching strain
 gauges on a weldeé specimen and comparing with the "bending

stress jig" readings.

%

ERY

3;? Measufement Of Residual Stress
' Iﬁ order to ;heq;etically predict the crack initiation
and the crack propagation lives of welded joints the
distribution and redistribution of the re;idual stresses are
necesgary; it ig also necéssafy to know the amount of
imposed surface éompressive stresses caused by various
treatments so that an estimatioh of fatigﬁe life under these
éituatiogs can be obtained. , |

The accurate determination of the iesidual stresses
near the weldxtoe is cruciai for the.study of the effect of
residﬁal stresses on the fatigque life. Allithé relevant
stress measurements were performed by (using the “ﬁ%qmas
Method-B" double exposure X-ray diffraction technique. The
details of the x—fay technique, calibfation and the éther
‘methods used for measuring residual stresses are discussed
in Appéndix A. To calibrate the X-ray diffraction method a
semi-destructive (blind—hole~a;illing) and a destructivé
methoé (sectioning) were used as well as calibraking againsg

strain-gauge readings and strain measurements by using an

extensometer. A close correlation was obtained among the

L s



various methods which are shown in Appendix A. The
.percentage errors at 20 ksi (138 MPa) (X-ray stress) between
upper énd lower ranges of scattered data from the line of
calibration was found to be 26.5%. Before fatigue tebtiné
the residual, stresses were determined in areas aé close as
‘ ,
péssible to the toe of the weld. Additional; stress
measurements were made for a few spec}ﬁens at the end of
fatigue cycling. Residual stress meaerements were also
taken for peened and inclined cut specimens. To im?rove the
accuracy and to compensate for the selective action of the
X-rays at least three exposures of each setting were taken.
|
3.5 Hardness Test
, Information regarding the cyclic and fatigue properties
of the WM and the HAZ materialé were established from the
empirical relations and micro-hardness readings in those
areas (Appendix C). Hardness measurements were also
‘necessary to study the variation of hardness due to surface
treatments.
{  Hardness tests were.carried out on both peened and

unpeened welded specimé%s. The peening intensity in terms of
surtace hardness aﬁé&the‘depth of work hardening were

%

‘mmeasured with a Knoop indentor. Micro-hardness tests were .

conducted on untreated welded specimens near fhe critical
locations using Vicker's hardness indento;‘and a 300 gm,.

load. The position of the critical locations are shown in

Y

the Fig.3.9 (Chang & Lawrence 1981). Micro—hardnessvtesfs

>
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2

vere also performed on olished specimens of the base metal,
P polished sp

?,d o

the WM and the HAZ area.

Cyclic stress-strain and fatigue properties of the WM %
and the HAZ materlals were.g%&culated from the data obtained
from micro~hardness megsurements at these locations and
using the‘empirical relationships (Grah;h 1968, Laﬁdgraf'
1970, Chang & Lawrence 1981). Usually the test aata on the
HAZ and the WM were difficult to obtain\gfperimentally but
approximate values were measured. | | |

Both hardness and stress)measurements were also taken
on a welded specimen cut at a small 1nc11ned angle (three to
five degrees) along the width of tie specimen from the weld
toe. This was to correlate any changes in sﬁfféCe hardness
with changes in surface residual étress.

The material properties and the diétribution of
redidual stresses necessat& to calculate the crack
initiation and crack propagation lives of welded joints were
obtained from the experiments described above..This data was

used in the theoretical models to estimate the fatigue life

discussed in Chapter II.
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(1) Represents highly diluted, untempered weld matal

/

(2) Represents grain'céérsened HAZ qlé;p to fusion line

. ]
(3) Represents tempered weld mefal %ﬁie.

Figure 3.9 Typical locatioris of fatigue crack initiation

in a butt-weld.
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4. RESULTS AND DISCUSSION

4.1 Intreduction

In this Chapter the results of both the experimental
and theoretical defblopment are presented Tke experimental
flndmngs include the “results of the static and dynamic - -
mater1al properties, fatigue life testefand residual stress
measurements. The theoret1ca1 development 1nc1udes the
results for prediction of both the 1o1t1atlon and
propagation phases of the fatigue process. The final
analysis.compares these predictions to the experimental’

%

results.

P

4.2 Experimental Results

JThe laboratory results include the determination of the
static and.cycllc propertles of the parent material, the WM
and the HAZ metal As well the residual stresse. existing in
the butt- welded joints are measured, The effect of various
mechanical treatmeﬁts_o; these residual stresses and the
hardness variation also is given,

g ! «

4.2.1 Properties Of Columbium-50 Steel Mateg?al
Mopotooic And Cyclic StreSs-Strain‘Behaviodr:‘

Therstatic and cyclic stress-strain properties of ‘the

base metal, the WM and the HAZ materials are listed in

Tables 1 and 2 respectively.

85 .
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The p;operties of the WM and the HAZ meFai were calculated
from‘the ehpirical relatibnsbié using &pe hardness values

' measured (Appendix C, Egs. (6,1) to (C.8)). A few of the
vproperties which could not be derived from the empirical
relations for the HAZ and the WM were tgken to be\thé same
as those of the base metal (see Table 1). The proﬁerties of
‘the base material détermined from tﬂe experiments we

}'compared.ﬁith tﬂe empirical relations.and found to be close.
The empirical formulas which relate hardness values to
maferial properties (Eg.(C.1) to (C.4)) were obtained by
Chang & Lawrence (1981) from a w%de range of data. This
emphasizes that the empirical formulas (Eq. (C.1Z to (C.4))

are approximate. For parent material the static and cyclic

,ﬁ'

true stress strain responses are shown in Fig™» 4.1. Figure
4,1 shows the cyclic stress-strain curve determined by
companion specimens (i.e. stable hysteresis loops takén from
several specimens). From Fig. 4.1 it is observed that the
material below the yield strength is cyclically softened and
the material above the yield strength cyclically hardened
since the monotonic and cyclic stress-strain curves —_
intersect each other. Like,ofﬁg;N;ild steels Columbium-50
steel exhibits an upper and lower yield point (Fig. 4.1).
‘True plastic strain as a function of true stress is
plotted in Fig. 4.2. The static strength coefficient (K) and
the strain hardening exponént (n) were determined as shown
in Fig. 4.2. A single straight line fit of these data would

/ot be appropriate for all the data points, therefore, the

#
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stress-strain curve was divided intd two parts.

Figqure 4.3 shows the plot for the determination of
cyclic strength coefficient K° and the cyclic strain
hardening exponent n’. These were determined by plotting the
true plastic strain amplitude Ae,/2 versus the true stress
amplitude Ao/z. The plastic strain amblitudes and the stress
amplitudes wefe obtained from the stabilized hysteresis

loops of smooth specimen strain-controlled tests.
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4.2.2 Results Of Smooth Specimen Fatigue Behaviour

The results of thé completely reversed
strain-controlled fatigue tests for the Columbium-50 base
material are summarized in Table 3. The stress and strain
amplitudes were taken from a half-life stable hysteresis
loop for each test. Both éiastic (Ae, ) and plastic (Aep)
strains were calculated from the stable hysteresis loops'
(Fig.3.3). The fatigue strength coefficient (o.) and
exponent “b"; the fatigue ductility coefficient (e.) and
exponent "c" were calculated by least squares mefhod to fit
the data for elastic and plastic strain-life results.o
 Figures 4,4 and 4.5 show the results of these tests in terms

AN

of stress / strain and reversals to failure. Due to the
limitations of the availagle size for Célumbium—SOlsteel
plate material the di%meter_of the smooth polished Specimen
was small (d=0.18 inch, 4;5;}mm.),and the maximum strain
amplitude tésfed was 0.009. ‘

Mansdh & Hirschbérg (1964) argued that the fatigue
resistance of a material subjected to a given strain range
could be estimated by superposition of elastic and plastic
strain components. The total strain amplitude (Ae/2) is
given-by Eq.(19). It would be expectéd that the "total
strain—life" curve would approach the "plastic strain-life"
curve at large strain amplitude whereas the "total
strain-life" curve would approach the "elastic strain-life”

curve at low strain amplitudesf(F{gﬂ 4.4). In high cycle

‘fatigue tests on the weld the strain (stress) amplitudes are
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‘usually low and therefore, the total strain-life curve

approaches the "elastic strain-life" cur&é The fatigue
damage is caused by cyclic plastic sgfaln\and the only
significant dlfference between various l1fé ranges is the
amount of cycllc plasticity due to ﬁatlgue cycllga&\ ¥
The four cyclic fatique properties o.,b, e, and c found
from the experﬂﬁ%ﬁﬁs vere used in the calcul%tion of fatigue
_ créck initiéti%n life of the weld as describédyin Chapter
II1.. From Fig; 4.4 it can be seen that the transition fatigue
life 2N,, of Columbium-aométeel is 26x10" cycles which falls

within the range’ of medium strength steels. The transition

fatigue life is defined as the life at which elastic and

A
Ii

plastic amplitudes are equal.
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4.2.3 Cyclic Mean Stress Relaxation

Figure 4.6 shows the result of tﬁe tests conducted at
coﬁstant strain amplitude (Ae/2 = #0.001) and positive mean
strains (em,= +0.002, +0.003 and +0.004). Figure 4.7 shows
the resulf of constant positive mean strain (eq : +0.003)
and three strain amplitudes (Ae/2=+0.000875, %0.002 and
+0.003) respectively. These results show that for constant
strain amplitude and variable mean strain the stress o«
amplitﬁde changes very little in thejrange from 1 to 10° o
cycles. This showg that a negligible damage in softening or
hardening. The mean stress was measured as an average of fwo
stress peaks. Results from Fig. 4.7 show that the rate of
relaxation of mean strain is higher for constant mean strain
;hd variable strain amplitudgs. The cyciic relaxation of
mean stress depends on mean strain,‘strain amplitudes and
ﬁumber of cycles. For higher'mean strain (Fig. 4.6, €5 =
+0.004) and higher strain amplitudes (Fig. 4.7, Ae/2 =
+0.003) Columbium-50 steel showed thé tendency of higher
rate of mean stresslreiaxation‘in the range of 10% cycles.
(Tables of the experimental data are shown in Appendix D). "

Figure 4.8 shows the resulté of the tests conducted on
Columbium-50 steel at a constant value of mean strain
(e.=+0.003) and three strain amplitudes (Ac/2 = +0.003,
+0.002 and 10.600875). The data shown in ;ig. 4.8 were
replotted in terms of dimensionless values of the mean

stress (expressed as ratios of the current mean stress oo an

to the initial mean stress o, ; which is the mean stress”
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h]

corresponding to the first reversals) and Reversals=l, i.e.
(2N-1). The straight lines were drawn fer data up to 10®
reversals assuming the power law relatlon suggested by
Jhansale & TopperA(1973) (Eq.(20), Fig. 4.8). From Flg 4.8
the mean stress relaxation exponent’ (k) for a glven test at
a constant strain amplitude (Ae/2) can be obtained. The mean
stress at partlcula: reversals (oo,ZNg can be calculated,by
knowin; the relaxation exponent and initialgmean stress. The
laréer’the absolute value of "k" is, the more rapidly the
mean stress diminishes with feversals (2N—1).‘The'straight
lines drawn from the experimental data points in Fig. 4.8
shows that the complete relaxatlon of mean stress can be
obtained as the number of reversals increases. But by simply
joining the data points it can be observed that the complete
relaxation is not possible i.e. aglzN/oo,, will not become
eere as the number of reversals increases. This can be
observed in Fig. 4.6 and 4.7 that the mean stress relaxes to
a very small value as the number of reversals‘inereases. |
The relationship (Eq.(Zl))/for the relaxation of mean
stress exponent (k) for medium and high Strength steelslean
be adequately used for Columbium—SOlsteel. This can be |
_observed from Fig. 4.9. The relaxation expoﬁént‘(k)_is
plotted as a function of mpduius of elasticity (E),‘
: transitionkstrajn (e,.) and the plastic strain amplitude
(Aep/2). The plastic strain amplitudes'were cafculated;from

the measured values of stress ampiitudes‘(Ao/2), cyciic

strength coefficient (K') and cyclic strain hardening
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~exponent (n’). Also for a few of the data points-the plastic
strain amplitudeé[were obtained from the hysteresis loops

under the condition of mean strain and strain amplitudes.

o~

The straight line drawn from the theory (Eqg.(21)) shows that

the correlation between the experimental points and the
theory is quite good, although only over a shor¥ interval
and Eq.(21) can be used as a relaxation criteria for

Coiumbium-SO steel,
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4.3 Experimental Verification Of The Welding Residual

Stresses

4.3.1 Introduction

Experimental stress measurements were made along the
toe of the weld before fatigue cycling of the specimens'to
show the presence of the Qelding residual stresses., A fey of
the specimens were measured before and after fatighe cycling
to demonstrate the redistribution of residual stresses.
Stress measurements were also taken across the thickness of
both the parent material and transverse butt-welded
specimens to examine the presence of a stress graaient due
to welding. All these stress measurements were made using
the X-ray diffraction method.

Several mechanical treatments for the improvement of
weld fatique life and a thermal method (annealing) were
studied. Stress measurements on the surface of these treated
specimens showed that there was a variation of compressive
stress level due to each method of treatment. Centre line
average readings were noted to study the smoothness of the
surface after the peening operation. Hérdness measuremeﬁfs
wvere taken across the weld and on a glass shot peened
specimen to show the variation of surface hardness due to
peening and that dle to the welding. Surface hardness was
measured on a glass peened specimen to show that the cyclic
properties of the material might change due to peening on

the surface. Hardness readings were taken across the

.

[\
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thickness of the mechanically treated specimens to measure
the depfh of work hardening. Hardness readings taken on the
WM and the HAZ metal to establish the static and cyclic
properties of the weld and HAZ metals are.shown in Tables 1
and 2. Usually the crack initiated in the critical regidns
of the untempered WM, the HAZ metal close to the fusion and.
the WM zone (Fig. 3.9). Thus the cyclic properties of the WM
and thé HAZ metal could be used to determine the fatique
crack initiatibn life. -

Axial fatigue tests were performed on the base material
specimens, welded and treated sp;cimens to obtain
"stress-life" curves for éach spec%men type. The. theoretical
predictions of total fatigue life were obtained as a
combination of crack initiation and crack propagation life"
for each case -using the analysis discussed‘in Chapter- II.

The experimental results were then compared with the theory.

4.3.2 Distribution Of Welding Residual Stresses

Residual spfesses neér the weld toe ii welded joints
were assumed to be the cause of the reductidn in fatique
strength of the welded joints. Consequently, the
di%t;ibpﬁion‘of welding residual stresses-near the weld toe
was inQestigated and are shown in Figs. 4.10 and 4.11. It
was observed that away from the weld toe the residﬁal
stresses decreased‘abruptly. This indicated that residual

stresses due to welding exist very close to the weld toe. A

tensile residual stress of 20 (138 Mﬁa) to 25 ksi (172 MPa)



107

was observed to exist in the middle near the weld toe and a
compressive stress of -13 (-90 MPa) to -17 ksi‘(-117 MPa)
was obtained at the end of the specimen. Because of the
preparation of the specimen.the residual stress may not have
been the original stress present in the specimen. There
could be a slight change in the residual stfess pattern at
the ends due to the machinihg stresses. The effeét of this
positive tensile residual stress was considered in the
evaluation of theoretical fatigue iife, In the actual
fatigue testing of the welded joint it_ﬁas found that the
fatigue crack originatéd in the "second pass” éide of the.
weld. Therefore, most of the stress measurements wéré
performed on this side of the weld.

A few of the!ﬁglded specimens were stress cycled- .
between 0 to 21 ksi (145 MPa), 0 to 24 ksi (165 MPa) and 0
to 38.5 ksi (265 MPa) in the as-welded candition. Residual
étress measurements at several locations were performed
before and after fatigue cycling at various ranges of
cycles. |

From Fig. 4.11 it can be seen that the magnitude of thé
initial residual stresses are the same whereas the residﬁal
stress pattern changed considerably after cycling. This
shows that the residual stress redistributes during fatigue
cycling but its pattern is not well known or predictable.

Two weldéd Specimens in the as-welded condition were
used to perform the stress measurements through the |

thickness as shown in Fig. 4.12. The specimens were milled

/
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~out at an angle of three degrees along the width from fhe
weld toe. The.milling operétion was performed very slowly -
and in small increments. Care was taken not to introduce
extra machining stresses by allowing sufficient cooling time
between operation. The results showed that a sharp stress
gradient exists throughiihe thickness. The makimum stress
nearvthe weld toe exists mainly on the surface and up to a
depth of 0.005 in (0.127 mm). During fatigue cycling these
surface‘stresses play an important role in the reduction of
fatigue life of welded structures. Measurements of residual.
stresses through the'thickness were alBokPerformed’at the
end of the "second pass" side of the weléed joints. It can
be seen from Fig. 4.13 that the compressive end stress

existed only up to a depth of = 0.003 in (0.076 mm). Figﬁres.

4.14 and 4.15 show that there existed a compressive surface
’_7’,.5

<

stress of 3000 (21 MPa) to 5000 psi (35 MPa) on the surface
of the base metal specimens. Figure 4.15 showed the |
measurement of surface stresses of parent'material by the
sectioning method.\The plot was obtained by noting‘the‘
strain changes versus the.shim thickness as the small Elocks
of the material were milled out from the middle of the

thickness to become thin shims.
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4.3.3 Surface Compressive Stress Measurements Of Treated

Welded Specimens o

The X-ray‘diffraction stress measurements were made .
near the weld toe for'all of surface'treatments studiedVQFor
the annealed spec1men the stress level varied from 0 to 3000
psi (21 Mpa). For the case of ten51le preload1ng stress
vmeasurements were taken near the weld toe before and after
the appllcat1on of preload The preload was controlled by
the ramp generator settlngs of the testlng machine and v
descrlbed 1n'Chapter III Figures 4. 16 to 4. 18 show the dataa
obtained by an appllcatlon of a- 51ngle preload1ng It can be
seen that the 1n1t1a1 residual stresses weré redlstrlbuted |
and aAcompre551ve res1dual stress of approximately: 7 ksi
(-48 MPa) was 1mposed near the weld_toe, By comparing F1gs;zv
4.16 to 4.18 it can'be observed that although the initial
tensile residual stress changes to compre551ve values at the
toe of the weld the stress pattern after the preloadlng was
not_con51stent..The.method of tensile preloading introduces
the compressive residual.stresses at the weld toe without‘
tﬁeimodification of the weld toe root radius (r).

x—raytdiffraction;stresssmeasurements were alsotmade
on -the glassjand steel shot‘peened multiple and single ooint
hammer peened and stress peened spec1mens The results
obtalned are plotted in Figs. 4.19 and 4,20. It was observed.
that glass shot peened 1ntroduced approxlmately 9 k51 (-62
_,MPa) compre551ve surface re51dual stress whereas steel shot

peened, -16 hs1 ,e110 MPa); 51ngle -point hammer peened, ~22
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ksi (-152 MPa); and multiple point h?mmer peening and stress
peening produced a surface compressiv; stress level of -25
ksi (=172 ME§). Figure 4.20 shows that the two types of
stress peening‘introduééd almost the same level of residual
stresses.

The forgoing levels of surface residual stresses were
used to calculate the total fatigue life of thé welded
treated specimens. The method of analysis of fatigue 1ifé

which included these surface compressive residual stresses

are described in Chapter Ilf“
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a Annealed (0.0 ksi,MPa) <

& Glass shot (-9 ksi,-62 MPa)

A Steel shot (-16 ksi, -110 MPa)

D Single point hammer (-22 ksi, -'152 MPa)
© Multiple point hammer (-25 ksi, =172 MPa)
® 0Stress measurements before peening.
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Figure 4.19 Introduction of compressive peening stresses

by various mechanical / thermal methods.
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Figure 4.20 Introduction of compressive stresses by

stress-peening
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4.4 Fatigue Testing, Methods Of Stress Relief And Their

Effectiveness

~ The data obtained from the fatigue tests were plotted
in Figs. 4.21 to 4.23 for "stress-life" curves for each of
“tﬁes%»cases mentioned above. The tests were discontinued
with the appearence of a very small crack in the specimens.
The levels of the applied dynamic peak stresses decreased
with the appearence of a crack whereupon the machine shut
off automatically. Usually four to‘51x specimens were tested
vat a particular stress level and the curve was drawn through
the mean values. A specially designed bending stress jig
(Fig. 3.8) was used to minimize the effect of bending
stresses while gripping the specimens in the testing
machine. A considerable amount of scattering showed in the
data particularly at intermediate and lower stress levels.
For single point hammer peened specimens scattering was
found even at large stress ranges. This may be due to the
fact that the weld toe could not be peened smoothly with the
single point hammer and there could have existed shérp(\
stress raisers due to the non-uniform peening effect. Thé\

3

orlglns of the scatter of data may be due to the varlatlons

/

in the preparation of the specimen surface, allgnment‘of ‘the
test specimens, metallurgical variables and varyéglbns ;n
stress concentrations. In most of the caseg it wés noted
that the crack started on‘the sufface and near the weld toe,

the HAZ or in the weld metal and at the highly stressed

"second pass" side. It was observed that for few of the
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multible point hammer peened and stress—peened specimens it l
did not break near the toe or weld region but in the base
metél part of the specimens. The specimens which "ran out“.
are shown by a special notation (o—) to indicate that they
do not represent the actual number of cycles to failure.
From the results of the fatique tests (Figs. 4.21 to
4.,23) it can be seen that the fatique strength at 2x10°
cycles of the base metal was 49 ksi (338 MPa) and the
as-welded specihen was 21lksi (145 MPa) i.e. 43% of the
parent material. The fatigue strenéths for the other cases
mention above lie withinﬂthe rangé of 43% to 100%. The
‘fatiqgue strength improved up tq‘SO% (24.5 ksi, 169 MPa) for
tensile preloading, 49% (24 ksi, 165 MPa) for annealing, 59%
(29 ksi, 200 MPa) for glass and 72.5% (35.5 ksi, 245 MPa)
for steel shot peened, 74.5% (36.5 ksi, 252 Mpa) for single
point and 77.5% (38 ksi, 262 MPa) for multiple point hammer
peening, and 83% (40.5 ksi, 279 MPa) for stress peening.
From thé data it was observed that the.two cases of stress
peening (first the specimen was preloaded to less than the
yield stress of the base metal and then the surfaée was
peened and secondly the specimen was peened first‘and then
preloaded as above) resulted in a considerable amount of
incresse in the fatigue strength of the weld. Aiclear
difference in the imprbvement of stress-peening between the
above mentioned two methods was not observed for this medium

strength steel. The dpta showed that the. 1mprovement of

fatigue strength at stress level greater than 35 ksi (241
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MPa) or at life less than 5 x 10° cycles glass and steel
shot peened specimens were small in comparison to the long
life regime.

The total fatigue life Nep obtained for all the above
cases are compared with the .theoretical predictiohs léter in
this Chapter.

Figure 4.24 shows the percentage improvement in fatigue
strength over the as-welded butt-joints as a function of the
difference in induced stress from the initial residual
stress of 2? ksi (15% MPa) due to welding. The difference in
induced stress was calcqlated as thé absolute value of the
initial residual stress at the weld toe minus the induced

1

compre;sive str;ssvdue tb various forms of bOSt—welding
treatment. The fatigug‘Strength was taken at 2x10% cycles. A
fourth order polynomiél”curvé fit“wasvobtained and the
eduatioh ofufheycﬁrVe was shown fn Fig, 4.24/which showed
theotrend of the improvément @ue to mechanical and thérmal
treatment (ahnealing, tensile§breload, glass and steel shot,’
single and multiple point h;mmer and stress-peening). A
maximum improvement of 93% was obtained due to stress
peening. Thermal stress relieving (annealing) produced an
improvement of onlY’j4%.lMuitiple point hammer peening and
st:ess.peening introduced the samé ahount of surface |
compressive stresses (-25 ksi ,-172 MPa). The-difference.in
improvement on‘fatigue strength between multiplé point‘

hammer and stress peening is approximately 12%. Therefore,

the surface residual stress measurements alone may not give
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the justification for improvements in fatigue strength.

The following observation was made from Fig. 4.24:

(1) A close fit (correlation coefficient r.=0.965) was
obtained assuming the curve did not pass through the origin
for a straight line. This states that for residual stresses
less than about 20 ksi (138 MPa) no beneficial effect can be
expected in fatigue life.

(I1) Assuming that any residual stress, no matter how small,
will improve fatigue life then'a fourth order polynomial fit
which was almost linear for residual stresses in excess of
30 ksi (207 MPa) showed that for residual stresses less than
20 ksi (138 MPa) the beneficial effects to increase fatigue
life were less than 10%. T

(III) In support of the assumptions in (II) it was found
that the fatigue life could be improved in butt—welded
specimens when mildly peened with glass shot beads.

It has been reported by various researéhers that the
maximum amount of codpressive‘étresses that can be induced
-lon the specimen surface is of the order of 0.4 to 0.6 Sy
where Su is the ultimate tensile st>éngth of the material.
It can be cdoncluded that by sevefe peening on the surface
the improvement’on fatigue stréngth will not increase
considerably (by large percentage) rather iE may damage the
surface. Severe surface roughness due tq‘pgéning may ggze

rise to very localized variations in stress which, in turn,

may be harmful in improving the fatigue life.

4
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Figure 4.24 Percentage improvement in fatigue strength

and difference in induced stress. = - ‘ - o
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To study the depth of work-hardening Knoop hardness
readings uéing a 300. gm. load across the depth of
_work—hardened area were taken. The data showing the hardness
véfsus the depth are plotted in Figs. 4.25 to 4.27. The
glass shot peening produced a depth of work-hardenin§ of
0.008 in (0.203 mm), steel shot peened 0.017 in (0.432 mm),
multiple point and single pcint hammer peening 0.027 in
(0.686 mm) and 0.030 in (0.762 mm) respectively and the both
formg of stress-peening produced a depth of work-hardening
of 0.028 in (0.711 mm). Figure 4.28 shows tﬁe plét of
surface residual stresses as funqtions of Almen strip
readings and the depth of work-hardening. A consistent trend
was found between ghe residual stress levels and the depth
of work-hardening. Although the depth of work hardening was
slightly more.for single point hammer peening than that of
multiple point hammer peening the improvement on fatigue |
strehgth by multiple point hammer peening was greater. This
may be because when these two peenlng processes were
investigated by using an ultra-violet sensitive coatlng
(magnaflux penetrant and developer) it was observed‘thét the
toe of the weld was not uniformly and completely peened in
the case of single point hammer peening. The compressive
residual stress level was higher in the mglfiple poiht
- hammer peening than that of the single point hammer peening.
‘éonsequently,‘multiple point hamm;r peening produced an : A
increase éf 7.2% improvement in fatigue\strength over the

‘
!

‘single point hammer peening. » y

§
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® Untreated specimens.
& Glass shot peened (0.008in,0.203mm)
o0 Steel shot peened (0.017in,0.432mm)

0
o
(Vo)
"0'0  0.002 | 0.006 ' 0.010 in  0.014
0 0.05 0.1 15 mm .2 0.25 0.3  0.35

Depth of work hardening (h)

Figure 4.25 Kndop hardness values vs. depth of work
hardening of glass and steel shot peenea and

untreated welded spécimens.



Knoop hardness values

132

o6 Single péint hammer peened (0.030in, 0.762mm)
O Multiple point hammer peened (0.027in, 0.686mm)
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Figure 4.26 Knooﬁ\hardness values vs. depth of work

hardening for multiple and single point hammer peening.
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s Stress peened (loaded & peened) (0.028in,0.711mm)
@ Stress peened (peened & loaded) (0.028in, 0.71mm)

L 1 T

) 1
0.006 in 0.010 0.014

> J 3 = " Y " &
- -+ n 4 4 ¢+ +—r—

. ‘ — A
0.0 0.05 0.10 0.15  0.20 0.25 0.30 .35

0.0 (.002 .

i

Depth of work hardening (h)

Figure 4.27 Knoop hardness values vs. depth of work

hardening for two cases of stress-peening.
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From Fig. 4.28 it was seen that the Almen strip readings did
not give a consistent indication.as anunction of surﬁace
compressive stresses,

Surface peening produces the work hardening of the
surface metal. Figures 4.29 & 4.30 show the difference in
Rockwell B hardness values on the base metal, the weld
metal, the HAZ metal and across the thickness for an
untreated ground flat welded specimen and a gléss peened
specimen, It can be seen that there is considerable change
in hardness values in the weld and the HAZ material areas.
Micro;hardness measurements require the smooth and highly
polished ;urface-finish. It was not possible to use
micro-hardness measurements on tﬁe.lérge specimen énd‘glass
peened surface because of the size and surface,roughne§s of
the specimen. Therefore, ﬁockwéll hardness measﬁreménﬁé
(1/16 in (1.6 mm) ball, 100 Kg. load) were taken fof'£ﬁé
measurement of hardness on glass shotupeeﬁed quciméhé
(Figs. 4.29 and 4.30). Micro-hardness readings .using a 300
gm. load and Vicker's hardness test on the critical
locations of the weld also showed that there were
differences in haraness readings at those critical
locations. From the average of about 10 readings the HAZ haa
a hardness of VHN 170. The highly diluted an& untempered

weld 'metal had a hardness of VHN 205 and the temq@rea weld

metal zone measured VHN 206 (Fig. 3.9).
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OUntreated ground flat weld
4 Glass peened weld

Measurement locations
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Figure 4.29 Hardness on the surface across thefwéld,,phé.f

HAZ and the base metal
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a Untreated=wéldéd_specimen

o-—
= O Glass shot peened
o
.0- l
b Y T ¥ P— Y =7 U | il
0.0 o.ro-o,33 0.01635 0T02_616 in  0.0393
0'0 002 0'4 0.6 0.8 mm 1'0

z‘Thitkness removed from the surface’

t

Figure 4.30 Hardness readings acrosS the ;hickness_of

untreated weld and'glass Shot.peéned-specimehs. .
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4.5 Theoretical Results, Correlations With Experiments And-

Discussion

4.5.1 Introduction

This section correlates the experimental results to the
theoretical prediction of fatigue cracksinitiatign and crack
propagation. This secfion also examines the suitability of
the experimental measurements and the assumptiéns used in
the theoretiedl anaiyses in pr;dictiﬁg the total fatigue
life of butt-welded joints,

f
Fatigue lives .of weldments were estimated by using the

theoretfggl model discussed in Chapterlli. The K, value was
cémputed,b;;ed on Neuber's equation (Eg.(7)), the weld
geometry (edge preparation angle 6=90°, flank angle ¢=45°)
and the weld toe root radius (r). The theoretical stress
concentration factor K, was computed by using Eq.(6) taking
the value of A=0.27. The weld toe root radius (r) as a
funétion of Ky and K. were discussed in Chapter II
(Fig.2.3). The parametric study showed that the crack
initiation life was sensitive to the weld toe root rédihs.
With the increase of "r" the fatigue life impfoves. The
crack initiation life (stress range AS=25 ksi (172 MPa),
residual stress o0.=22 ksi (152 MPa)) improved by an ammount
of.'63% for an increase of "r" value from 0.001 ;n\£0.0254
mm) to 0.01 in (0.254 mm) while the crack initiatio; life
increased by 44% due to an increase in root radius from

.r=0.0001 in (0.00254 mm) to 0.001 in (0.0254 mm). The values
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of Ko éhd\Ke.were obtained for each individual level cf Smax
by using Eq.(10) and Eg.(1). quified Neuber's Equations
(Egs. (17) & (18)) were used to compute the effect of
»res1dual stresses 1n1t1ally and subsequent to the flrst
cycle. The damage in terms of elastic, plastic and mean
stress effects were calculated on a cycle by cycle basis
until the cumulative damage law (Eq.(23)) was satisfied
which calculated the crack initiation life of a weld. For
the calculation of fatigque crack propagation life the crack
growth rate constant C and ctack growth rate exponent m and
fracture toughness stress’iﬁtensity factor K., were assumed
Mfor the base metal, the HAZ and the WM which were chosen‘on
the basis of material strength and'ptoperties (Table 10).
The total fatigue life was estimated by summing the crack
ipitiation and crack propagatlon lives. |
Equation (10) wh1ch determlnes the value of Ko from -
material properties, loading conditioﬁ‘and Ke value was
developed in this study. Reemsnyder (1981) alSo'derivedta
different relationship between K, aﬂd Ko as shown in |
Eq.{(10%). Equation (10) is an 1mportant equation to
determlne the local notch root stress from the applled
nomlnal stress. Thls local notch~root stqess.;s.lmportant in
the estimationvof crack in;tiation‘life. FOrﬁa value of
Ke=1.851 Eq;Q1d5:produces alvalue cvao=T.521; whéteas
Eq.(10*)’produceSTKb=0.851(at'nomihalkstress §=25 ksi (172
" MPa), E=29000vksi\é200x10? MPa), c'¥0.278, 0., 1=22 ksi (152

Mpa) “=183 ksi (1262 MPa)). Using the basic definition of
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ko (i.e. Ko=0/S), Eq. (10) produces a local notch-root

etress 0=38 ksi (262 MPa) which can be expected due to the

~stress concentration at the local notch-root. For the same

case, Reemsnyder's (1981) Eq.(10%) prodyces a local

‘notch-root stress ¢=21 ksi (145 MPa) which is even less thazg
/ -
‘ ¥

. & _ ,
the applied nominal stress S=25 ksi (172 MPa). This stress

condition at the notch-root may not be possible., Therefore,

Eq.(10) derived in this study calculates local stress

condition more accurately than Eg.(10%). i

4.5.2 Predictions Of Total Fatigue LifevAndbExperimental

Results ' ,, B | |

The comparlsons of predlcted and measured fatlgue llfe
are given }n Figs. 4.31 to 4.40. This includes.the results
fot the as-welded Specimene as well as those for the various
surface treatments described above. (

Figure 4;31 showed“the plot of stress ranée vetsus
total number of cycles‘to faildre for the theories and
experlmental data p01nts for the as-welded condition. The

3

theories were based on parent materlal, weld materlal and

the "adjusted weld—parentllnterface.materlal properties™

The "adjusted" weld—parent_interfaee‘mateﬁgal properties
. L ' '

wvere taken as the average values of the,parent and weld
material properties‘(Tatle 4). From Figuf4.31yit can be
observed that'the theoty baeed on the parent materiai :
propertles predlcts a hlgher total llfe than that obtalned

experlmentally The percentage error in the applled stress

-~
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range between theoretical predictions based omn parent
material and experimental results at 2x10° cycles was
épproximately 16%. The percentage error in stress range at
2x10°% cycles between the theories based on parent and weld
material properties for the as-welded conditon wés. , |
approximately 25%.

It was observed (Fig. 3.9) that the critical locations
of the fatigue crack initiation in butt-welds are in the
weld metal énd the 'weld-parent’ intérfacé material close to
the fusion line. Figure 4.31 also showed. the predictionbof
total life based on WM proerties. The weld metal properties“
were obtained from the émpirical relations using‘hérdness
readings. It was observed that the WM estim&tes the total
life less than the experimentél results. The percentage
error in stress range at 2x10°:cycles was approximately 8%
ffom the experimental resulté.

To obtainAa_more'accurate prediction of total_life the

e

\ CooRl ‘
actual 'weld-parent' interface material properties are

~

needed. These material properties can only be obtained ffom
the standard size specimens made from ‘the actual
'wéld-parent' interfaée materials. This would have been
difiidult due to the small area of the interface. To g

rgvercome this difficulﬁy and to obtain a better correlatfég'
“ between the expérimental results and the ﬁheofétical

redictions adjusted 'weld-parent' interface material (as

iy

d above) properties were obtained by averaging

he WM and base metal. It can be seen from Fig. 4.3



142

.that the adjusted material properties correlated closely

with the experiment;i results.«The,ﬁercentage error in
stress range at 10° cycles between the experlmental results
and the theory based on the adjusted material properties was
5%. |

Before con51der1ng the correlat1on between experlmental :
results and the theoretical predictions the d1screpenc1es |
due to:the;following reasons shouldfbe considered. These
discrepencfes Tﬁy be (i).in the measurement Qfdinitial
residual stresses, (ii) difference in taking the exact
weld.toe root radius, (111) effect of 1n1t1al re51dual
stress d1str1but10n which was con51dered in the calculatlon

¢

of crack propagation life, (iv) difference in the values of

_actual CYCllC mater1a1 propertles than that found from

exper1ments (v) the appllcablllty of linear cumulative
damage rule for Columbium-50 steel, (vi) in the assumptlons
of initial and final crack length of 0.01 in (0.254mm) and_
0.05 in (0.2t, 1.27 mm) respectively and (vii) localized
variationsuin stfessAdue to surface roughﬁess. There are
various types of discohtfnuities other than geometric
discontinuities which maf betconsidered stress-raisers.

Y in the chse-of peened specimens. The

Surface roughness may give rise to very localized variations
in stress particul

effect of surface roughness was not con51dered in this

study Also, the experlmental data showed a- w1de range of

. scattering 1n,the low and intermediate ranges of life.
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All the tests were performed atifgom temperature but because
of the high frequency of the‘tésts (approximately 87 Hz) an
isothermal condition did not prevail. However, from all the
above considerations it can be concluded that the
theoretical predictions based on the adjusted material
properties is in good agréément with the experimental data.
Either the actual "weld-parent" interface material
properties should be obtained experimentally or
approximately the average values of the weld and parent
material properties should be considered for the prediction
of total fatigue iife.;

Figure 4.32 showes the predictions (parent material) of
initiation , propagation and total lives of as-welded |

butt-welds with the experimental“data. It can be seen that

Tife beyond 1.5x10° cycles (i.e. at low stress ranges)

initiating a crack takes the largef part of the total life
for the same range of nominal-stresé AS; Qheréas at ‘higher
stress ranges and at a life less than 1.5 x 10° cycles
propagation life predominates.

Figuré 4.32 also showes the predicfions (based on the
adjusted material properties) of initiation, propagation and
total lives of as-welded butt-welds. It can be observed that
liveé >1.7x1055cycles required larger part of the total life
as the crack initiation life for the same stress range;
whereas lives <1.7x10°% cycles propagation life predominates,

Figure 4;33 showed the theoretical predictions

(adjusted matérial properties) and the experimental results
. J '

/
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of total fatigue life for the annealed specimens. It was
found that thg variation in percentage stress range was &
8%. The percentage error in stress range at 2x10° cycles
between the theories based on pareﬁt and weld material
properties for the annealed specimens was approximateiy 23%.
It was obtained experimentally (Fig. 4.19) that the jnitial
residual stress at the weld toe after annealing was about 2
ksi(14 MPa). For annealing, there could be a slight
modification of the material properties at the weld toe. The
degree of prior cold-working of the parengfmégérial was not
known accurately and thérefore, the annealing temperature
(1020°F (550°C)) which was used might have caused a slight
recrystallization or grain growth in the HAZ material. For
medium cold-working a lesser annealing temperature is
required. o

Figure 4.34 showed the theoretical predictions
(adjusted matefial properties) and the experimental results
for the tengile preloaded cases., It was observed-that the
percentage error in stress range between the predictions and
the experimental results was 14%. The percentage error in
stress range at 2x10° cycles between the theories based on
pﬁrent and weld material properties for tensile preloaded
specimens was 27%. For the tensile preloaded case almost no
modification of the weld toe root radius occurred during the

generation of compressive residual stresses.
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But this generation 'of compressive residual stress was found
to be not uniform throughout the weld toe region which was
evidencedAfrom the stress measurements shown in Figs. 4.16
to 4.18. This non-uniform distribution of initial tensile
}residual stress due to preloading might have caUsea‘the
discrepency between theory and experiments.

Experimental results from the glass shot peened
spécimens and the theoretical predictions were shown in Figqg.
.4.35. The percentage error in the applied stress range
beﬁween predictions and the experimental results was about
14%. The percentage error.in stress range'at 2x10° cycles
between the theories based on parent and weld material
properties for the glass shot ‘peened specimens was 23% For
the prediction of fatigue life the smooth specimen>material
properties aloﬁg with the measured value of the surface
compressive stresses due to peening were uséﬁ. The actual
material properties of the peened surface may be different
from that of the smooth specimen due to the work hardening
and roughness of the peened surface. Although, there may be
a small change to the weld toe root fadius the work
hardening due to peening, whi¢h_incfeases the hardness and
strength, could have caused this difference. Increase in
hardness near the HAZ and weld toe due to peening was
evidenced and shown in the Figs. 4.29 and 4.30. Also it was

assumed in the prediction that stresses due to peening was

uniform throughout the peened area
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but the measurements (Fig. 4.19) showed that there was
variation in the surface compressive stress levels due to
peening.

Comparisonsfof theoretical predictiohs (adjusted
material properties) of total-fatigue life with experimental
data for steel shot, single and multiple point hammer and
stress peeqing were shown in Figs. 4.36 to 4.39. The
percentage errors in the applied stress range between
gheoretical predictions and experimental results were 5%,
6%, 9%y and 4% for 'steel shot, single point hamher,.multiple
point hammer and stress peened specimens respectively. The
percentage errors in stress range at.2x10° cycles between
the theories based on parent and wela material properties
for steel shot, single point, multiple points and ﬁ}
stress-peened specimens were approximately 19%, 21%, 22% and
22% respectively. |

In the case of multiple and single point hammer peening
some work-hardening and modification of the weld toe root
radius might have oecurred. The crack initiation life is
sensitive to the weld toe root radius as mentioned earlier.

Figure 4.40 shows the plot of nominal stress range AS
as a function of total life N for all the cases mentioned
above. The predictions indicate tha£ the-induced surﬁace
compreseive residual stress only influenced total fatigue
life in excess of 10° cycles. Various techniques (annealing,
tensile preload, glass and steel shot, single and multiple

point hammer and stress peening) are predicted to be most
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" effective at low stresses or at long lives. For example, the
percentage improvement in applied stress range over the
as- welded cond1t1on due to multiple po1nt hammer peen1ng at
2x106 cycles was 45% whereas at 105 cycles it was only 20%.
This trend was found to be con51stent with the experlmental‘
work done in this the51s (Figs. 4.21 to 4, 23) ' ‘

Flgure 4.41 showed the pred1ctlons based on WM and HAZ
properties and the experlmental results for the as- welded
}»cond1t1on. The WM and the HAZ material propertles vere
obtained from the empirical: relatlons and micro- hardness
'}readlngs. These empirical relatlons (Appendlx C) glve only
~the approx1mate values The percentage errors in stress
range at 2x10%cycles” yere 6% and 8% for WM and the HAZ
material. respectlvely | ‘

The percent of total llfe spent (N a NT&\for initiation
for the base metal the WM-and the HAZ materials are shown

e .
in Fig. 4.42. It can be seen that the base metal takes about )

"
RS

30 to 50%, the weld metaigzo to 60% and the HAZ material 25

to 50% of the total life in the ri%ge of 10°% to 5 X 108
¢

cycles The percent of total life spent ih crack initiation ¢
is dependent on the cyclic material;properties and-streSS
ratios. It can be seen from.Fig..4.42 that Columbium-50

steel weldments takes about 46% of the total llfe in

pulsatlng tens1on (1 e. R=0) as the crack 1n1t1at1on ‘life at

'f2x105 cycles.
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4.5.3 Observations On The Total Life'Model

The theoretical total life model applied in this study
was found to predict with reasonably géod accuracy the
fatigue behaviour of transverse butt-welds of Columbium-50
sﬁéel wilh residual stresses. |

‘Theoretical work on the damage rate model proposed by
Socie (1977) indicates that the initial crack size (a;) is
in the range of 0.01 inch (0.254 mm) for mild steel plates
with holes as crack initiation sites.

The initiation period was more difficult to measure or
to predict. The duration of this period depends upon the
cyclic stress-strain behaviour of the material,
stress-history, residual stresses and the geometry of thé‘_
defect. Furthermore, there are no exact theories évailable
which allow a correct quantitative estimates of the crack
initiation life. It is often conservatively assumed that the
initiation period does not exist and all the life is spent
in crack propagation. However, this assumption is not
ﬁustified on the basis of observed data by various
researchers (Lida 1972, Lawrence & Munse 1973, Rolfe &
Barsém 1977, Abtahi & others 1976, Klensil & Lukas 1976).
This preéent gtudy also confirms that the crack initiapion
period cannot be neglected and it should be ¢ohsidered for
the estimation of total fatigue life for a transverse
butt-welded joints. This is especially true in the high

cycle and low stress ranges of fatigue life.
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The percentage of total life devoted to initiation (or
un-detected propagation) appears to vary considerably
depending on the material properties, loading histories,
level of observation of crack and to some extent on the
definition of crack initiation. It was found (for example,
see Fig. 4.42) that at short lives (higher stresses) the
percéntage of life devoted to initiation was smaller than

for longer lives (low stresses).



5. MODEL PREDICTIONS FOR CRACK INITIATIDN AND CRACK

PROPAGATION

5.1 Introduction | L

A theoretical study was made on the crack initiation
life showing the influence of residual stresses and stress
ratios on'fatigue life and the effectiveness of stress {
relieving"ThewtheoretiCal study also includes the crack
propagation phases of fatigue life. This shows the behav1our‘f
of crack length and crack propagation llfe, changes of crack
‘growth rate and strebg intensity factor and the effect of

residual stress 1nten51ty factor on the rate of crack

propagat1on.

5.2 Influence Of Residual Stresses, Stress Relieving And
Stress Ratios On Fatigue L%fe
The theoretlcal model was\useﬁ ‘to 111ustrate the

2R
interaction of 1n1t1al re51dua1 s&zeés (on 1), nominal

stress range ( AS = Sp., - Smin» ) and the nominal stress
ratio (R=Smin / Smax) On the fatigue life of Columbium-50
steel weldments. The influence of complete stress rellef

the tensile re51dual stresses, and ‘the- effect of stress

ratios (R=-1, 0.0 and 1/2) on fatigue life’ of butt wel&s was

investigated.
The crack size (a,) at the end of the 13 é@?life“
was assumed to be 0.01 in (O.254mm)v This could be essumed

to be a reasonably sized "small" crack which will existeat

163
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'séme éafly stage in the fatigue iife of a weld. It is
assumed that smaller cracks, (= 0.0001in) (0.00254 mm{) pose
no prqb;gms‘for.the analytical procedures described f: this *iﬁ
work. However, the behaviour of smaller cracks may not be
properlyfdeécribed by the crack propagation power law (Eq.
(24));‘The'distribution of initial residual stress |
developed, the craék‘opening stress concept and the
influence of,effectivé stress ratio were considered for the
;réck pfopagation life,

The influence of cyclic hafdgning and softening were
not included in this stﬁdy . For long life fatigue (>10°
é}cles') cyclic ggrdening anavsoftening effects can usually
b? ignored and.gé;erally stabilized conditions may be
assumed. The results of the experiments performed for the o
cyclic'éoftening and“cyélic hardening are shown’ in Appendix/

B. The results showed that Columbium-50 steel exhibits~verfx

.

little softening or hardening behaviour. , ————
The predicted influence of sfress-relief”and stress

ratios are shown in’Figs. 5.1 aﬁd 5.2 for the puPsating

tension (R=0), alternating (R=-1) and half-tensile (R=+1/2)

cases. These.are commonly reported stress ratios for fatique

testing, From the stress difference AS vs. N (Fig. 5.1) and

AS vs. N, (Fig. 5.2) it cén be seen fhat both stress relief‘

and'sfress ratios have a marked influence on the fatigue\

iives of Columbium-SO butt-weids éreater than 10°% cycles.

From‘Fig.5.1 it can also,Be seen that for alternating cycles-

(R=-1) the stress relief is not very helpful.

3
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Figure 5.3 shows the modified Goodman diaéram for
 as-welded condition (¢.=22 ksi, 152 MPa) and complete stress
relieved condition (0,=0). The modified Goodman dﬁagtah
shows the dependence of the maximum and‘minimﬁh“acplied-
stresses (Smax r Smina) ON mean stress (Smea;), For each
value of mean stress there is a different value of the
limiting range of stress (Sm,, Smin) which can be wlthstood
without failure. The stress relieved (dotted lines) and
as-welded condition (solid lines) show the improvement of p
stress telieving of Columbium-50 butt-welds at particufarA_,
fatigue lives of 1083 2x10° and 107 cycles. The mod1f1ed
Goodman cr1t8r10n predlcts the fatigue resxstance of the
‘welded joints when sub]ected to both varying mean stress and
the stress amplitude under fatigue cycllc cond1t10ns.

The theoretical credictiens for'percehtage of'totalr
life sper.Itf(_N1 / N ) in crack ihiﬁiation?for Columbium-50
butt-welds as a function of total Tﬁfe NTeie shoﬁn'intFig,
5.4 for both as-welded and’stress—relieved‘ccnditions‘and'
three streas ratios of R=0, +1/2vand -1. From Fig. 5. 4-it
_can be seen thatqcracﬁ 1n1t1at1on occurs faster when the

I ,
stress cicﬁe passes thﬁough zero#(1 e. R=—?) and requ1res a
larger percentage of. total fatlgue life to initiate a crack
-when the‘stress cycle is completely tensile (A.e. R = 1/2).
iFor R = 1/2 the percentage of crack 1n1t1at10n life should

dominate total fatigue lives!greater than 10°® cycles.

/7
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o, = 22 ksi(152 MPa) (as-welded)

emeem 0y =0.0

_MPa
ksi

\ 40 ksi
': —— —
200 300 MPa

'y d —
. j R ol | | A v v

— +
=300 -200 -100 00 100

f
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-~

Figuré 5.3 Modified Goodman diagram showing the
és-welded (solid lines) and stress relieved (dotted

" lines) conditions.
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It can also be seen that the percentage of total life
spent in crack initiation was 1ncreased due to stfess rellef
(04=0) for lives greater than 105 cycles. It is also noted
that as the stress ratlo increased the percentage of life
spent in crack initiation also increased.

Y
5.3 Results Of Theoret1cal Study From The Crack Propagat1on
Model

The theoretical.predictions on the study of crack
propagation life of a butt-weld was made according to the-
analy51s developed in Chapter I1. Forman's . equatlon

%"

(Eq.(24l) for rate of crack propagatlon w1th ‘the effect%@e
stress ratlo and Crack open1ng stress concepts were.taken
into consideration for the numerical integration of‘the
crack propagation llfe Np. The effect of axial loadlng,u
iﬁbendlng stresses due to gr1pp1;§.the 'specimen and of the
effect of residual stresses were incorporated-for the
fdetermination of the range of the stress‘intepeity’factgiﬁ
To find the'éffective'stresa inténsity factbr'assumptione
were made for the crack.openingifactor; Thisvcrack openi ,f
(or crack°closing)‘concept confirms the recent experimen:S&\
study reported by Harrison (1981) He found that crack
closure alwaysﬁoccurred towards the bottom of the tensile-
part of the cycle while the applled stress<wa5'stlll
tensile. In1t1al re51dual stress d1str1but10n was. taken for

the calculatlon of residual stress 1nten51ty factor. A

d1str1butlon which approximates the shape of the actual

4



.cycles The initial dlstrlbutlon of re51dual stresses was

ST
. Caoh

residual stress distribution was developed in Chapter II. It.

' was observed that the residual stress redistributes itseif‘f-.,

after the fatique cycling starts but no constant-shape of

) PR

dlstr1butlon was found experlmentally (see Flg. 4, 11) BrOmgj‘

1

Fig., 4. 11 it was also observed that the shape of the o

A
redxstr1but10n of the. re51dual stresses‘changes 1n a certaln.v‘

fashlon but it- d1d not remaln constant after the 1n1t1al few

7 e -
A

v

the shape that was. con51dered in thxs study It 1s also :

\

assumed that a crack can occur anywhere along the stralned

o

‘region (toe of the weld) due to ‘the appllcat1on of tensxle

Lo S
residual stress. To apply compre551ve stresses for peenlng, W -

the negat1ve compre551ve ‘stresses were super1mposed on the J:“”

L‘appl1ed stresses taklng the 1n1t1al re51dual stress as: zero.}v;’”

Flgure 5.5 shows the predlctlons of the half—crack

length' as a funct1on of crack propagatlon 11ﬁe Np for 7 “{\j
‘three stress ratios of R=—1/2 0 0 and.+1/2 It yas obServed
‘ that for. the same crack length the propagatlon ife - _1:°'
1ncreased‘as the stress\rat1o 1ncreased It car also,he seen ild}
that W1th the 1ncrease of stress range AS the rack .ff‘#F h (‘.
propagatlon 11fe decreased fqrﬂ&fwlﬂeme crac length ‘fv?f];;f!f

_The effect of the range ofl- ,ess 1ntenstty‘£a¢tor‘(AK)

‘as ‘a functlon of the fatxgue crack growth ate (da/dup) are

I

‘shown in FlgS ‘5.6 and 5.7. It shows that/pos1t1ve R vaﬁues f*”'u

~ lead to sllghtly hlgher growth rates\than does R=0 0 for the

A

same value of AK. As R ratlos become 1ncrea51ngly negatlve ”';yif

the -growth rate drops. because only stresses whlch open the S
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crack are eapable of driving‘it. From this it could also be
said that any compressive component in a stress cyc;e wili
be ineffective in driving the crack because it will cause
the crack to close.

The effect of residnal stress intensity factor\othhe
rate of.crack nropagatidn (da/dNg) are shown in Figs. 5.8%
and 5.9, It was observed that the rate of fatigue crack
propagation on the residual stress intensity factor depended
on the applied stress ratﬁo . Figures 5.8 and 5¢9 also show
the effect of three stfeSS‘ratlos R=-1/2, 0.0 and 1/2.
can be seen that the higher thesapplied stress range the‘
lower the residual stress intensity factor fot the same rate '
of crack propagation. Thls suggests that hlgher applied load
caused greater relaxatlon of residual. stresses. Figures 5.8
and 5.9 also show the tendency that as the residual stress
intensity factor increased the rate of crack propagation
almost becomes the same for the three stress ratios studied. .

The behaviour of the range of stress intensity factor
(AK) with the residual stress intensity factor (Kg) for tne
three stress ratios are shown in‘Figs. 5.10 and 5,11, For '
the same AK, the residual stress intensity factot was
greater for bositive R ratio. It can also be said that for>
the same residual stress intensity factor the tange'of
stress intensity factor was largest for R=-1/2, therefore,
crackhpropagation life decreased with negative stress ratio.

On the other hand, stress ratio R=1/2 produced lower AK

which in turn, increased the crack propagation life.
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Figures 5,15 and 5.13 show }%e effect of initial

residual stress (0p,= 22 ksi, fgi MPa), stress relieving ‘
(0r=0.0) and the induced compressive residual stress (o, = = b

-5 ksi, -34 MPa) in a plot of-4§ and fatigue crack growth
rate (da/dNg). The effect of stress relieving on growth rate

from tensile residual stress to the zero residual stress is

L

comparatively more than‘that dué to the application of

surface compressive stresses. For the samé~fatigue-crack

3

- growth rate the stress intensity factor range AK increases
\/ b :

for the tensile residual btresseg and therefore, the crack
propagation life decreaged. The improyement of fatigue craék
propagation was small with the application of compressive
residual stresses as can be seen froEﬁFigs.,S.lz‘and 5.13

for Columbium-50 steel. 2!

1

-3
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Figure 5.13 Enlarged view of Figure 5.12 showin§ the
‘effect of stress relieving and induced compfeésive_
stress as a function of the range of stress intensity

and the rate of crack propagation.



6. CONCLUSIONS & RECOMMENDATIONS FOR FUTURE WORK
0 , ) ,

6.1 Conclusions
M

The theoretlcal approach to the estlmatlon of the

fatlgue crack 1n1t1at10n used Neuber s crlterlon and a

*

cumulat1ve fatlgue damage analy51s whlle the fatlgue crack
. &)
'propagatlon phase used Forman s equation of crack

' propagatlon incorporated. w1th the concept of crack openlng

stresses. The combined effects of axial loading, bending

3

stress and residual stress were considered in the crack

propagation phase. The results. of these calchlations Qere
_compared to experimental results for welds which have been
mechanically and thermally treated and lead to the following

conclusions: _ 0

(1) The influence of rgsidual'stresses'on the fatigue life
of welded structures may be treated by a notch-root stress

and stra1n model which establishes the mean stress and
A

predlcts the weld-toe residual streds subsequent to cyclic
loading. The effect of residual stress at the we%d toe can

be simulated by using elastic 5uperposition of residual

P

stress and elastlc stress concentratlon factor and

~

modification to Neuber" S equatlon. The cumulative: damage

which allows for the mean stress relaxation~determ1nes the

crack ini&EZtion life,

i
-

{
% S » . )
(2) The resulting total life predictions based on adjusted
(Tweld-parentY interface)'material‘properttes are in close

I

183



é\‘ . 1es
Q ‘ ‘

‘ ' o S S

_agreement w1th exper1mental results. The percentage error in

stress range for as- welded COﬂdlthﬂ at 10°,cycles between
, ™

predlctlons ‘and experrgents was w1¢h1n 5% .

/

'(3) The influence of.welding residual'streséeSVVariea as a

‘

‘.EUnction.cf the material properties; Material'grcperties of
the base metal HAZ and the weld metal were found to \
‘51gn1f1cantly influence the effect of re51dual stresses on
“the weld: fatlgue llfe. The weldlng res1dual stress ¢ |

| ,1nf1uenced the total fat1gﬂe 11fe in the long- 11fe,regime.

(4) It was found that™ stress rellev1ng‘or 1ntroduct10n of

¢

compre551ve stresses by mechanlcal means 1mproved the
fatlgue llfe'1n the.long llfe reglme.'The percentage |
blmprovement in applled stress range due to varlous 5urface
.treatment over the ‘as- welded cond1t1en at long 11fe (2x10°%"
"cycles) varied upto 45% whereas at life less than 10° cycles

1t was only 20%.
,l

(5) BenefiCial'surfaCe-compressive'stresses by tenside
vpreloading,_glass and steelrshot‘peening, single‘and.
multiple pcint‘hammer.peening,'stress -peening and streSS'

relief by anneallng gave large 1mprovements for llves
exceedlng 5 x 10° cycles with maxlmum 1mprovement in the_ﬁ

case of mu1t1ple p01nt hammer peenlng and stress peen1ng

°

ggThe 51ngle p01nt hammer peen1ng caused unacceptable surface
s .

| damage and modlflcatlon of the weld toe root rad1us.

(6) The ratic oficrack‘initiation to total life was S

/i
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dependent on the cycllc and fatlgue propertles of the

‘ materlal ahd on the range of fatlgue life under

n,
& !
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consideration. It was found that approx1mate1y 44% of total

life at 2x10° cycles was spent as the crack initiation life.’

(7) The theoretical study showed that the weld-toe root
radius influenced the crack initiation life and hence, th

total .fatique life qf the weld. The crack initiation life

increased by 44% as the root radius increased from 0.0001in

(0.00254mm) to 0.001in (0. 0254mm) and 63% for an increase

from 0.001in (0.0254mm) to 0. 01in (0.254mm).

4
(8) The depth of work hardening due to peening increased
exponentially and approximated a constant value of 0.035in
(0.89mm) as the surface comﬁ?esssive residual stréss of 25

ksi (-172 MPa) was attained.

(9) The improvement in fatique strength over the as-welded
conditioh can be represented by a least square fit (corr.
ceeﬁ; r =0.965) for the difference in induced stfese by
peeniﬁg. A maximdm improvement of 93% in fatigue strength
over as-welded condition %t 2x10;)¢yc%es was obtained due
stress peening while annealing produced an improvement of
14%. It was found that for induced residual stresses less
than about 20 ksi (138 MPa)Ane beneficial effect can be

- expected in fétigue life.

(10) Stress relieving was found to be more beneficial for

zero or a positive stress ratio than under alternating

to
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loading.

(11) The fatigue crack propagation life increased with an

increase ofistress ratio.

(12) For the same stress intensity factor range the fatigue
crack growth rate of Columbium-50 steel increased with

inqrease df sfress ratio. Increase of growth rate was about
75-80% more for increase in stress ratio 0.0<R<0.5 than for

-0.5<SR<0.0.

(13) The effect of residual stress on.the rate of fatigue»
crack propagatidn depeﬁded on the applied stress .range and
the stress ratio. The tensiie residual stress,
stress-relievipg and compressive sﬁrface residual stresses
~played a minor role in the propagation life regime more than

_for the initiation period.
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A
6.2 Recommendations For Future Work

This investigation was limited to a study bf{tﬁe crack
initiation life using the strain-controlled low-cyle
fatigue behaviour of the base metal, tﬁeoretical.calculatibn
of crack propaqation life and the experimental and
theoretical predictions of the fotal‘fatigue life.vThis
study also included the redistribution of surface résidual
| stresses due to various mechanical and one type of thermal
treatment. At the present time due to the lack of
experimental facilitizs it was not possible to obtain cyclic
and fatigue properties of WM and 'weld-parent' interface
material from cyclic strain-controlled test. Determination
of these properties will indicate more accurately the
influence of the materials on the fatigue life of welded
joints, Furthermore, the measufements of crack propagation
rates as a function of stress intensity factor range will
improve the prediction of fétigue crack propagation life.

The efféct of mean stress relaxation on the low-cycle
fatigue lives of actual weldsAis complex and should be
further analyzed by experimental studies using smooth welded
specimens and establishinig correlation with the results
from the relaxation behaviour of the base haterial and
Wcomputer simulétion.

] -

The local-strain analyses based on parent material

properties overesimated the fatigue life of welded

structures for Columbium-50 steel. Further research on the

effect of surface roughness and a criterion for defining
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crack initiéfioﬁ in smooth and welded specimens'is
recommended.

An attempt can also be made to~extend the anaiytical
.model of the total fatigue life to inéludé ﬁhe variable:,
amplitudé or random loading histories using a statistical
approach‘fot'thé load#ng, because the random loading

histories would reflect actual service,situations.
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7. APPENDIX A

7.1 Introduction: Calibration Of X-ray Diffraction Stress
Measurements

i

To calibrate the measurement of residual;stressés by
X-ray diffraction techniqués a semi-destructive (blind-hole
driliing) and a destructive method (sectioning) were used.
X-ray diffraction was calibrated using strain gauges and an
extensometer. |

The X-ray diffraction technique has two ad&aptages:
first, it is non-destructive and secondly, the measurement
need not be in a reference condition of ze;o—stfess |
(measurements on un-stressesd metal5 which ailows one to
measure the‘appligd stress, the residual stress or the
combinea effect of both. The methoﬁ is:based on the
principle that changes in atomic spacing iﬁ a metal are
proportional to applied'lqads. The X-ray.héthod, otﬁér»
techniques and its calibrétion for measuring‘residual
stresses are discussed in‘the'folloéing séctions¢
7.1.1<§alibration_0f X*ray-Stfess Measurements'

The éxperimental results obtained ffom various:
measurement techniques are plotted in Fig. A.6 and showed a
good correlation between X-ray diffraction and other
measuring techniques. The meaéurements of stress by X-fay

diffraction at a very low stress range was not very accurate

because of the small difference in "Debye-Scherrer™ ring

200
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diameter. The central hole drilling technique wag\Essuméd to
_be an accuraté method of surface stress measuring technique.
In comparison to the blind-hole drilling, the X-ray
technique gave good resﬁltse(variation of‘5%-11%) as shown
in Fig. A.6. The slight variation from different methods
could result becausé of the misalignmentJOf the point of
“irradiation }n determining the film to specimen distance for
X-ray stress measurements énd measurements in the difference
in "Debye-Schrrer" ring diametgr or due to,thé selective
action of the X-rays.

|

7.1.2 Meésurements Of Stresses In gteel Parts By X-ray
Diffraction )

To measure the distribution of residual stress present
in fhe Columbium-50 steel tr&nsverse butt-welded specimens a
flat camera "Kristalloflex-2" (Siemens Ltd.) X—rayi
diffraction Qnit with AgCr36 tube was used. Although many
techniques of X-ray diffraction are available the technique‘
used in this study was the double-ekposure "Thomas ﬁéthod B"
for its known better accuracy. Vanadium filtered chromium Ka
radiation (35 Kv, 18 ma)’diffracted from the {211}
crystallographic planes provided the sharp deflection lines
éh the photographic film. The developed negatives were then
‘scanned with the microdensitometer (Joyce, ﬁoebel & Co.) for
the "Debye-Scherrer" ring diameters. o

"Thomas method B" (Sproull 1946, Cullity 1978) requires

two exposures at the same point "O" with different known
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camera inclinations a, and a, to the normal "ON" as shown in

»

Fig. A.1.

Figure A.1 "Thomas method B" X-ray diffraction stress

. 7
measurements
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If ﬁ, and 7, are small angles the spacing computed from
‘the diameter U,U; may be taken as representative of the
{211} planes‘for chromium radiation, planes P, nbfmal to the
primary beam W,O7and the spacing computed from the ring
diameter U,U; as representative of the séme set of P, normal
to the primary beam wzo} Abplying stress—-strain relétion and
using*eiastic‘theory (épréull 1946) the residual stress o,

. can be calculated from:

i

~
o

E (U, - Us) tan o Cos? 2q

4D (1 + v) (Sin?a, -SinZa,)
where
o, = stress at target location,

E

"

modulus of ‘elasticity for steel,

vy = Poisson's ratié; 0.28 for. steel; |

n = 905 - Bragg}s angle = 11.8025 degrees for Chromium
radiation on steel,

D = film to specimen distancé,

normal exposure angle, 0 degreg,
s 4 . - .

a, =
g. o . .
a, = inclined exposure angle, 45 degrees,
U, = stress ring diameter on normal exposure,
= stress ring diameter on inclined exposure.

Uz,

hBu£thelded specimens made from Columbium-50 steel were
polished in ;reas close to the toe of the welds with 400/600
micron eﬁery paber to‘removehany adhering tinder. It was
then treated with 35 percent hydrochloric acid and greased

lightly for preventing renewed oxidation. Calibration

powders (Iron, Silver and Gold) were used with vaseline as a
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thin coat on the specimen for determining the film to
specimen distance, the film centroid and to compare the
intensity of the diffraction lines. The true o, was

calculated from the foliowing relationship:

True stress = Indicated stress X (Measured

distance)/Actual film to specimen distance,

Dtrye=Dca L/2 tann

7

where _
D¢rye = the actual film to specimen distahce,'
D¢p. = calibration ring diameter.

&

7.1.3 Measurements of Resxdual Stresses By The Bl1nd Hole
Dr1111ng Techn1que T
Residual Stressesunear the weld toe and on the'aurface‘
of the specimens‘were also measured by'the blind-hole
drilling Eechnique and used to compare with the X-ray
dlffractlon measurement. A 45° rectangular strain rosette
(Micro-measurement type EAXX- 062RE (Flg A. 2)) was applied. to
the surface on which the re51dual stresses were to be )
measured A small hole ‘was drllled (0. 0673 in dla., 1.7 1mm 5
-at the rosette Centre. Thle drrlllng relaxed the radial
stresses at'the edée of the hoie‘and caused a local
redistribution of the stresses. The resulting etrainvchanges
were detected by the gaugee. These strain ehangeevcouid‘be |
related to residuai stresses in the material by an equation.

which was developed by Beaney & Procter (1974),
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€q1t€3 1
0112' = —(E/2K1)[ + — ‘/—(?‘1—63)z+(2€2_61‘63)zv]
: 1-vK, /K, T+7K 2 /K, '
and
i —2€2+€3
a = -(1/2) tan~'[ ]
€47 €3

where
01,2, = principal siresses,
K,,K; = constants, |
E = Young's qunlus,
~enéz,ea = relaxed strains,

Poisson's ratio,

Y

angle between gauge 1 and principle stress

a
direction. .

1/K, and 7K;/K; can be found by meésUring the relaxed

strain in any known stress field.

Bathgate (1974) showed there was a good correlation
between conventional gauges and hole drilling using milling
cutters and standard loading equipment. Other researchers
have aiso_shown'good results using an eif—abrasion_teehnique
to drill tne'hole. But for this study a standard milling

machine was used to drill the holes. To correct any error

"due to milling, one gauge was first applied to a specimen of

known stress (annealed specimen) a hole drilled and relaxed
tralns recorded. ThlS gave the stress due to the mllllng
operation. Other gauges were. then used to measure the
stresses near the weld toe and at various points an the
specimen and}which were then corrected by the‘amounf found

from the first test.

7
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Figure A.2 Rectangular rosette for residual stress

measurement (Micromeasurement type EAXX-062RE).

Al
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7.1.4 Stress Measurements By Sectioning

Residual stress measurements were made both on annealed
:énd cold-rolled Columbiqm—SO steel bé%e material by the
sectioning method. Strain gauges were atta;hed to the lower
and upper surfaces of the cold-rolled flat plate specimen as
shown in Fig. A.3a. Before seg\ioniﬁg initial strain
readings were taken from the gauges. Following this, the Bar
' was sawn across i/? inch (12.7 ﬁm) away from the centre of
the strain gauge'grid and the length of the bar . not
supporting the gauge wasvdiscarded. The strain gauge
readings were {ecorded. The gauge bearing block was removed
from the bar as shown in‘Fig. A.3b and the thickness of the
block was measured. Metal was'then progfessively removed

. N
.from the inner block faces by careful milling and filing
where necessary. This was done in small increments to avoid
plastic bending of the remaining shim. Using a high speed
cuttigb saw (112 teeth per inch, 4.5 teeth/mm) and a cutting
speed of 175 ft/min (52.5 m/min) gave consistent strain
readings. At each stage thickness and strain measurements
were méde. ,

This modified sectioning method of Rosenthal ahd Norton
(1945) requires phree‘sets of data to predict the complete’
residual stress pattern through the specimen thickness. The
first qas‘the_Change in gauge readings when the first and
‘second cuts Qere made across the specimen on either side of
the.gauges.’The second was the strain changes after making

the longitudinal slit in the middle. The third was a plot. of
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strain changes versus shim thickness as the blocks were
milled out to become thin shims.

For the second case of annealed specimens three strain
gauges were mounted on the surface of the speciﬁan and the
first cut was made one 1nch (25.4mm) away from the gauges
whereas the second and th1rd cut were made 0.25 inch
(6.35mm) away from the gauges (Fig. A.4). The changes in the
strain readings wvere noted. Before the sectioning X-ray. o
diffractionyétress measure%ents were taken close to the

strain gauges.

Zin

~Strain gauge

strain gauge

202

'10¢(254mm}— =

o

)

Figure A.3a Sectioned by sawing

g
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Figure A.3b Side view of base metal specimen showing

sectioning m?:hod.

L]

. 1} 2,38train gaugesG.F=2.08,’Resiétance=12an

~, First cut  Third cut
Second cut - . ‘
L ———
| 0.125" (3.2mm)
Eulng
2 ,
] S I TH - .
0.57(12.7mm)
| == _
- ~

025" (6.35mm) -

1% (25.4mm)

Figure A.4 Sectioning of annealed specimen.



7.1.5 Stress Measurements By A Strain Gauging
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Calibration of X-ray stress measurements using a single

strain gauge and a‘longitudihal bar of Columbium-50 steel

are shown in Fig.A.5., The lodgitpdinal‘bar was annealed for

stress relaxation., It was sanded and cleaned with 35% HCl. A

strain gauge was mounted after the surface'preparation.

Tensile forces were applied to the bar by a screw

arrangement and strain gauge readxngs and X- ray stress

measurements were taken.

It was assumed that the depth of penetration of X-rays

wvas of order 0.001in (0.0254 mm), the stress was uniaxial

“and parallel to the longitudinal axis of the bar and. was in

pure ten51on. The stress along the thxckness was zero as the

stress g measured only on the top surface.

BN

Strain gauge

fPoint of irradiation  G.F=2,08,

0.25" (6.35mm)

Resistance=120n.

o
9

v

V PP
| 5 A40. 197 (4. 76mm) E{H

7 o H ”

. — o
F-0.5"(12.7mm) i
il

o | | 1 |
- 5.57(139.7mm) —empg——— 4,5 (114, 3mm)
. |

27(50.8mm)

Figure A.7 Strain gauge and X-ray stress measurements.

L4
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Figure A.6 Calibration of X-ray stress measurements vs.

other methods.
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7.1.5 Plastic Strain Measurements Bf Strain Gauging

The annealed specimens with'twobstrain gauges‘mounted
on the top andhbottom surfaees were'loaded slowly-inithe
Instron testing machine and yielded to the blastic‘ranges‘of
the material and.then unloaded. Stress readings nere taken'vr
by x-ray diffraction near the strain gaugeskof~the’specimen
before gr1pp1ng the spec1men in the testlng machlne. Initial
strain readings were also taken after grlpplng the spec1menf
After unloadlng X- ray stress measurements and straln gauge
readings were noted There was, however, no control on the

~amount of plastrc straln after-the y1e1d1ng of'the materlal.

7.1.7 Plastde Strain Measurements~Using“An'Extensomete:

The értensometer method in combination with: |
hole~- drllllng method was used to callbrate the X-ray ’ ,_'\;
,dlffractlon stress measurements. Base. materlal specimens
were loaded beyondwthe elastlc limit and stralns were .
measured u51ng a one ihch (25 4 mm) extensometer; From 1oad
and straln measurements and using stress- straln' . |
relatlonshlps in the plastic range (i.e., e= (a/E)+(a/K)"“)
the amount of 1nduced plastlc stress was obtalned Later,on,
"a spec1al purpose 45° rectangular rosette was mounted on the
~y1elded Spec1men and a hole ‘was drllled at small 1ncreaments

»

and the stress relaxlon was noted X-ray dlffractlon stress

-

measurements were also_taken/pefore and after the y1eld1ng
of the specimen. I~
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8. APPENDIX B -
3 1 Cyclxc Harden1ng And Softening Behaviour Of Constant
Strain Amplxtude Tests

The laboratory results of cycllc hardening and

softening behaviour of Columbium-50 steel base material‘are

discussed in this section. It was observed experimentally

that for fatigue cycles (>10%) hardening and softening

effects can usualiy be ignored and a generally stabilized
conditien may be' assumed. e

Figure B.1 indicates the variation of stress amplitudes
for Columbium-50 steel during completely reversed
constant-strain cycling for strain amplitudes of 0.001'and
0.0015 to 0.0070. The material cyclically softened for the
lower strain amplitudes. Cyclic softening causes a decrease

in stress amplitude or an increase in plastic strain

amplitude with feversals. For higher strain amplitudes the

'material cyclically hardened. This caused an increase in

stress amplitude or a decrease in plastic straln amplitude
with reversals. While experlments could not be performed at
very high strain amplitudes because of the limitations of
vspecimen size, Fig. B.1 indicates that Columbium-50 steel
has a tendency for both cyclically softenlng and cyclically

hardening depending on strain amplltudes

! 213
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This was observed by Manson & Hirschberg (1964) in th;;
cyclic hardening ér softening depends on thé ratio of static
ultimate strength to m 2% off%et yield strength. When the
above ratio is greater than 1.4 the material will usually
harden and 1f 1t is less than 1.2 softenlng‘generally

occurs.
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9. APPENDIX ¢

9.1 CycliclStress-Strain Pfopefiies From‘Micfo—Hardness
Measurements : |

The cyclic and fatique properties of fhe’weld metai‘and
the HAZ metal are estimated from émpiricai relatiénsﬂips and
microhardness readings (Chang & Lawrence 1981, Morrow 1965, |
Landgraf 1970, Graham 1968).‘There vas éood agreement wheh
the Columbim-50 base materialbproperties were correlated
with the empiriéal'formulas. |

The relationship showing the fafigue strength
éoefficient (0p), fatigue strengtb exponent (b), cyclic
~yield strength (o,,) and tranéient fatigue life (2N{r),wi£h

hardness readings are shown in the following equations

(Chang & Lawrence 1981): o

o, = (BHN/2)+50 ' | , ‘ (6.1),
b = ~(1/6) log[2(BHN+100)/BHN] | (c.2),
o0,, = (-21.5 + 0.331 BHN) (CQ35;
LogzN,} = (0.600633 BHN + 5.463) | o v_(c.4).

The cyclic strength coefficient (K") and ¢yclic strain

hardening exponent (n’) can be approximated as (Morrow

1965) : S \
K =03/ (e | (c.5),
n' = b/c | (c.6)i

216
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v

[e]

A relationship showing the fatigue strength exponent (b) and -
fatigue ductility exponent (e;) can be obtained (Lahdgraf

1970, Graham 1968) as follows:

b=n"/ (145 n")

€, =0.002 [0, / o,,1""



10. APPENDIX D

S

10.1 Tablesiof Expefﬁmental Data L’
This section cdntains_experiméntal data obtained from
the tests that were used in the theoretical calculation of
crack initiation and ¢rack propagatioh lives'pf transverse
butt¥welded~joints of Cglumbiumfso steel{.Thé_data related
to mean stress rélaxgtion tests('cyclic hardening-and
softening behaviour, the weiding'parameters, perCentage
improvements in fatigue strength vefsus»ind&ced}stress-and :
material properties are'élso‘shéwh in the tables‘thaé_\‘

follows.

- 218
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