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Abstract. The structural integrity assessment of 3 weld 1o .
tional techniques 1s inadequate, because of unavoidable di:?'r:it l?}* conven-
composite. The stress situation 1n a component havin ae‘;t?m the Wﬁld
different from that of a homdégeneous material. The Signigﬁ(:ane Ectf fls quite
mechanics to deal with such integrity assessments is brouy hf £.0 ractl{re
review on the basic formulations in the application of fractugre n?: thf-\ .bI‘L::f
followed by established guidelines for evaluating the integrit fC anics is
ing components containing crack-like defects. grity of engineer-
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1. Introduction

The adw::nt of high toughness structural materials necessitated a corresponding
research In the area of welding — the process which is extensively used in fabrication.
The specific properties that characterize a good weld are the homogeneity of the
we]dmept and matching strength of the weld joint to that of the base metal. While these
properties are not difficult to achieve in the weld metal zone, in the zone lying between
the weld zone and the base metal, termed as the heat affected zone (HAZ), control of
property is often difficult to achieve. The successive heating and cooling of the HAZ
during multipass welding could result in a microstructure which is prone to brittle
&acml:ﬂ*(l-ancaster 1980). In fact, a number of catastrophic failures, resulting in huge
1033@5 In terms of personnel and financial, have been reported to have originated from
"i';eggAZtﬂfweld joints (Williams & Ellinger 1953; Bennett & Mindlin 1973; Ghoshet al
W:}?:;adﬁt to evaluate the health of a weld joint, a number
Yolved (ASW 1990). Depending on the convenience and :
4 Manufacturer and the consumer, conventional tests, like the ‘W’ b_ﬂﬂd test for
| asﬂesal:[3't1154il'«1(:1:111t3,r,..f and controlled thermal severity test (CTS)for assessing tﬂﬂdﬁ“?
~Wards cold cracking are generally carried out. These tests, however, SRLE L
Qualitatively acc e - and scientific
- dllatively assess the weld joint as a whole. For a more objective icute thE
s ment of the weld joint, the composite compr rsa e S
~ "ldjoint, viz, the base metal, the HAZ and the weld metal, have s £

of test procedures have been
mutual agreement between
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to cracking (Ranganath et al 1991). It is now
2 invari ' . Defect
ny weld joint will invariably contain defects. Defects could
1 ized that d
widely recognize

. or under-cutting. An
~ r welding €.8. voids, slag emrapmz?éi’red as a defect (Bagrsom
arise due to imprope icrostructure may also be con % :

- ice, all t

ring service, all ¢ rough a component,
o Dlilnitiite. Once initiated, the cra;ks grow th ! Igom - an[; s
sites for crackst;i}or east resistance, leading to failure. A recen ysing
following a pa

.o the behaviour of cracks 1S [racturf: mechanics. The theqretlcal and
and Ch”'“:[e”‘zmgr ture mechanics has been sufficiently well d:evelop?d In qrder fer
ljuncmm} ba;zsof r?;B“ rediction and prevention of service failures In engineering
e ap{plni:rdhéomeseﬁt paper explores the use of fracture rqechamcs in failure
3?12}5;2&11& es-timation and integrity assessments, with particular reference to

weldments.

ir tenden
assessed with regar to thelr

2. Origin of fracture mechanics

Many engineering components fail much below their design stress level, even though

they are designed and inspected as per the relevant codes. This 1s because cracks or
crack-like defects are always present

and around these flaws could be sig
fgﬁ Popelar 1985) Usually, general
Into account while Calculating the

nificantly higher than the design stress (Kanninen
design practices do not take such stress intensities

2.1

schemat; .
. matically shown iy, figure 1. The three modes are

m . _
ode (tensie Stress in dlrection), II for edge sliding mode

nd [1] f s
disc ZEISE:EW‘Shdlﬂg mode (shear stress in x direction). In
ussed (K nott 1973), =5 oceur in mode T, Hence, mode I fracture is

o

e
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ng.

Various modes of




Using fracture mechanics for weld integrity assessment 5
: ’ 35

n9 Stress intensity factor

The stress ntensity factor (SIF)1s a term coined to characterize the stress magnitude around
he crack fip; in a cracked body, and 1s denoted as K. Although in-servicé com o?un

encounter a mixture of modes I, I‘I and 111 stresses, the contribution of stresses opl'm e::l]ts
1 and IT1 to the fracture processis negligible. Due to this reason, the SIF is indicat;d >
K;, implying opening type of I{Jgding (mode I, tensile) on the crack faces. When t}?z
tress intensity approaches a critical value beyond which the stressed component fails
ina catastrophic manner, the applied stress intensity, K|, is termed as K, . This K. is
called as critical stress intensity factor. Analogous to yield stress, o_. K, Iris a Ina’[gl;ial
property- Customarily, it is known as pl gne—strain fracture toughne';s ané indicates‘ the
material’s resistance to crack propagation. Mathematically, the SIF is represented as

(Broek 1986):
Kl:gao-ﬁf(g)a ' (1)

where o is the applied stress, a is the crack depth and f(g) is a factor depending on the
gcometry of the stressed component.

As can be seen from (1), K| is a function of load, geometry of the component and size
of the crack. A number of relationships between the SIF and various body configur-

ations, for varying crack sizes, orientations, shapes and loading conditions are avail-
able from hand books (Tada et al 1973; Rooke & Cartwright 1976).

2.3 Determination of SIF

Stress intensity factors can be calculated by using numerical methods such as weight
function, boundary collocation and finite element methods (Kanninen & Popelar
1985). Whereas in these techniques most of the conditions are idealized, the experimen-
tal techniques narrow the gap between a service component Stress field history and the

laboratory calibration.
A variety of test specimen geometries can be used to determine the fracture toughness,

K., of metallic materials as described in ASTM (1992a). Two of the most popular specimen
geometries are the compact tension and the three-point bend specimen. Figure 2 shows
a schematic of these specimens.

2.3a Test procedure: 1In order to produce a sharp crack, so that the situatiog in
a service component may be simulated, the test specimen is first subjected to fatigue
pre-cracking under predominantly linear elastic loading conditions. The cFack {ength,.
a, thus generated should be about half of the specimen width, W. The specimen is then
loaded monotonically till it fractures completely. An autographicload vs. displacement
plot obtained during loading is then analyzed for K. A typical plot of such a test 1
shown in figure 3. | : %
Theload point identified as P, in the plot s considered as critical load at which c;m;n
extension starts. From P, onwards, up to the maximum load, the crack exten SK
a stable manner, beyond which it becomes unstable. A tentative fracture toughness &
1s calculated as: " ‘

- K,=[P/BW—a)]a"*F(a, W) e
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If the specimen thickness, B, and the crack length, a, are greater than 2-5(K, ,f"cr},)z, the K,
is validated as K,_ which has units of MPam®>(MNm ™ '-°). K|, is a material property
and is independent of size and geometry of the specimen.

Having known K, of a material, it can be readily applied to evaluate the criticality of

a crack detected 1n a service component during routine inspection by employing the
equation:

a, =Ky /(aF(a/W))], '(3)

:tim Ger s the critical crack llength, K, is the plane-strain fracture toughness, o is the
w? diﬁclt_l? Stg"ss and.F (a/W)is th}? specimen geometry factor, based on crack length to
alio. Depending on the difference between the detected crack length and the

calculat 1t o 1at
ated critical crack length, as per (3), decisions can be taken on immediate
al for next inspection, '

replacement or time intery

Load, P

Figure 3. Schematic load dis-
placement curve and the termt
- nology related to a K test plot.




Using fracture mechanics for weld Integrity assessment

237
with the advent of high toughness materials, K, was found
represent fracture toughness because linear elastic Cf;ndithiuns s
tip of cracks so that a crack in these materials may not start orowi
maximum load. To characterize such high mugh;less n:mteri%lrfmmg VSt
J-integral and crack opening displacements have been intmducil T[(tl?jtf?;;?pls o
| 3)

f ¢ Inadequate to
dI€ Not preserved at the

3. Other fracture toughness parameters

3.1 J-Integral

& elet ennttion of J—im.egral can be stated as a measure of energy absorbed b
a cracked body. The J value, in a laboratory specimen, is calculﬁted bf fneééurinig thy
e

area under the load~displacement curve, the test procedure being similar to that of
a K. test. The equation used is of the form: at o

Jy= Aa/(B(W —a)). (4)

where A 1s the area under the load—displacement curve and o is a factor depending on
the specimen geometry and 1s obtainable from handbooks. I ike K., J,. indicates the
critical fracture toughness value at which a fresh crack surface starts fﬂr:ninq in a body
and 1s a material property, having units of kJm 2. The appropriate stand‘ard for J,
testing is ASTM (1992b), 5

3.2 Crack tip opening displacement

For a cracked body under stress, the crack tip opening displacement (CTOD, §) is the
extent of opening at the crack tip. On the application of stress to the component, the
crack tip undergoes elastic opening, blunting and then the crack extends. The amount
of opening at the start of crack propagation is known as critical crack tip opening
displacement, ,.. Experimentally, the CTOD is calculated from the opening measured
at the crack mouth 1n a loaded specimen (BSI 1979; ASTM 1992c). The mouth opening
displacement (MOD) is measured by a clip-on-gauge. The equation for calculating the
CTOD is given in figure 4, which is a schematic of three-point bend specimen under load.

P /2 2

B Y = AN/ J Figure 4. Three point bend
span length | specimen under load.
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PN crack extenston (4a) growth resistance curve.

There exist a number of inter-relations between K. J and 0, knowing any one, the
other parameters can be calculated.

0. = (J1.)/(2ma,) = (K2 )/(mEa ). (5)

In the above equation, m is a constraint factor and depends on the strain hardening
behaviour of the material,

The CTOD concept has gained popularity, particularly for assessment of weldments.
because it is believed that the Jocal crack tip environment is better represented by

CTOD and in the heterogeneity associated with a weldment, the local environment
may vary considerably.

3.3 Crack growth resistaince curpes

ping crack growth resistance curves, generally
R-curve is presented in figure 5.

characterization, 1.€., Initiation and propaga-
the stable tearing regime is termed as tearing modulus, 7,
» and indicates the material’s resistance to crack propagation.

could be compyf d f e laboraml’y tests for a given material, J values
' g olor Crack in a component under service, and the

to whether the taw is stable or approaching instability can be
curve (Turner 1983).

one of th 5 demloped guidelines for assessment of defects in
> e fracture Parameters discussed above. Some of these

C- - > YO v 2 4) by
€r Reseq . astceplastic fractyre analysis (Kumar et al 198
"eh Instituge (EPRI) and Guidance on methods for assessing the
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qcceptability of flaws in fusion welded structures (Garwood 1985) by Central Electricity
Generation Board (EEGB). The lgqer has been the most popular, with particular
ceference to weldments, and the Bntlsh Standards Institution has published a docu-
ment, PD 6493 (BSI 1991), to .strcamlmc procedures for fracture assessment. Salient
features of the document are dlscugﬁed here.

The PD 6493 guidelines are provided for three levels of assessment and are based on
CTOD design curves. The levels are in the increasing complexity of the treatment.
Level 1 is an initial screening level and provides a simplified method of checking
whether particular flaws present a fracture problem, or whether the flaws can be
considered safe without having to use the more complex assessment procedures.
Level 2 1s full treatment and 1s based on the use of an assessment diagram which
combines consideration of fracture and local plastic collapse. It gives the user an
opportunity to assess the scfety margins required. The level 3 approach will permit
greater accuracy but involves greater complexity and more material data. It is
particularly appropriate where failure occurs by ductile tearing (high work hardening).

4.1 Information required for assessment

Before the treatment of three levels of assessment, the essential data required for this
purpose can be listed as:

(a) position and orientation of flaw (NDE):

(b) structural and weld geometry, welding procedure (fabrication):

(c) stresses and temperatures including transient (all loadings including those
arising during transport, erection and testing, local loads, misalignments, struc-
tural discontinuities, membrane stress, bending stress, thermal and residual
stress, peak stress);

(d) material properties (yield and tensile sirength, Young’s modulus):

() fatigue data (S—N curves, Paris constants):;

(f) fracture toughness (K., CTOD, impact toughness);

(g) high temperature behaviour of material (creep rupture, creep fatigue, creep crack
propagation data):;

(h) Corrosion data (bulk corrosion, stress corrosion cracking i.e., Kisce).

Once the information as above is obtained (from laboratory tests, stress analysis,
assumptions based on experience, service conditions and NDE), the assessment is
carried out, at different levels, as discussed below.

42 Level 1, preliminary assessment

42a Estimation of the acceptability of a known flaw: Applied CTOD is calculated
as:

0,=(K{/0,)E = (6} na)/(s,E), (6)

Where a is the flaw length and g, is the applied maximum tensile stress.

- Theflaw is acceptable if 6, > (ratio of applied CTOD, é,, to that of 6, of the material)
s less than 0-707 and 5,, plastic collapse ratio, (ratio of net section-stress, o,,, to that of
ﬂﬁﬂf Stress, ./, of the material) is less than 0-8. Since this is a level 1 approach, no
additiona] safety factor is required.
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-  size: equivalent tolerable flaw param
42b  Estimation of acceptable flaw size: Theeq p etera

is given as:

a — 0] },afizﬁ(gl/ﬂ"v)zgr]' (7)

m

The relationship already includes a variable safety factor, averaging about 2. The flaw
parameter, d,,, may represent a variety of flaw shapes and dimensions of equivalent
s Yo

severity. Having obtained the flaw parameter, equivalent part-thickness embedded
Aaw and surface flaw dimensions can be derived from the figure 6.
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43 Level 2, normal assessment

4.3a Estimation of the acceptability of a known flaw: In the level 1 assessment only
primary stresses are considered. At level 2, secondary stress is also taken into account
while calculating o, as per (6). Further, the parameter 6, is calculated as:

5?5 = (51/‘5:-:)0-5 - 0 (8)

where p is a correction factor for plasticity interactions of the primary and secondary
stresses. |

The plastic collapse ratio, S, , 1s calculated as previously. Using the level 2 assessment
diagram shown in figure 7, the point represented by (6%, S )is marked on the plot. If the
marked point lies within the assessment curve, then the flaw is acceptable. If the point
lies on or outside the line, the flaw is not acceptable.

4.3b Estimation of limiting flaw size: The limiting flaw size a,, 1s defined by
a computed point which lies on the failure assessment line given in figure 7. It may be
obtained by plotting a series of calculated points for various sizes, and noting the flaw
size at which the appraisal point falls on the assessment line.

44 Level 3, advanced assessment

The level 3 method makes use of assessment diagram derived from the stress/strain
curve of the material. This allows advantage to be taken of any high work hardening
characteristics of the material which may prevent failure. A partial safety factor may be

applied depending on the consequence of failure. For example, the safety factor may be
taken to be moderate if local failure does not cause complete structural collapse or it
may be taken to be severe if there is risk of complete structural collapse resulting in
severe hazard.

e e

1.0 p—
i_ Assessment line

0.8 |

0.6 L €quation from which the line is derived :

-0.5
n
= or /5!' = Sr{—f-i- lnSEC[TSI]}

K, 0r~/‘5—r .'

0.4
0.2
| FUSEE B l '
O-g..ﬂ 0.2 0'4 ‘ 0.6 : 0.8 1;0
.- o

Figure 7. Estimation of acceptability of a known flaw (lcvel_ .2)-; 7 o
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44a Assessment diagra
of 9, calculated from:

'E]n(]+3)+ 03(1-{-8)3 9
dis ==y - 2o Eln(l ¥ )

1-0-5

s the ratio a(1 + €)/0,, where o, & are stress and strain, respectively,
he component,and g, is the yield stress. The assessment diagram for

level 3 is shown in figure e This failure analysis diagram can be aqopted where the
stress/strain CUrve 1s uncertain (e.g., HAZ regions) and for all materials which do not

exhibit a yield discontinuity in the stress/strain curve.

44b Estimation of acceptability of a known flaw: When 0o,,, a single value of
toughness of the material, is known, the parameter 0, 1s calculated as per (8) as
a component of the assessment point. Equation (9) is used for calculating 6, while
constructing the failure assessment diagram. The value of L, 1s the ratio of net section
stress to that of yield stress. Note that the denominator 1s the yield stress, as compared
to the flow stress while calculating S, in level 1 & 2 approaches. The resulting point (4,
L,)is plotted on the failure assessment diagram. If the point lies within the assessment

curve, then the flaw 1s acceptable, if the point lies on or outside the line, then the flawis
not acceptable.

44c Estimation of limiting initial flaw size: The limitin g flaw size, a_,, 1s that flaw size
which touches the failure assessment line tangentially when a locus of all possible
assessment points 1s drawn. All the other points on the locus lie outside the area
bounded by the axes and the assessment line. This corresponds to the limiting load

e e
1.0 Tha accss e . :
€ assessment line is derived from the equation
K orn/g
- r r =(1-0.14 LE) {0.3+0.7 exp(-0.65 Lf))
Q Rels
; 0.6 |
(™
s 0.4
Cut-off X 1.15 - typical of low alloy steels and welds
. | Cut-off atEl. :typical of mild steel and austenitic welds
CUlﬂrrﬂ[EIEE[yplc Dfawsienilic steels 1
o veal ;
s BRI e 1.8 S48
Figure § ! .
available |
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(ratio of limit load to that of applied load) equal to unity, and is most easily

or, F - s '
o lot of F as a function of 1nitial flaw size.

obtained from a p

5 Assessment for fatigue cracks

Incomponents subjected to fatigpe loa;ling, ﬂz?tws can originate from any of the existing
defects €.8., StTESS concentrators, inclusions, misalignments, machinin g/welding defects
etc. Most of the life of such components is spent at the crack initiation stage itself. Once
the crack has initiated, 1t grows steadily and the crack growth in this stage can be
represented by the Paris Law, which can be mathematically stated as:

da/dN = A(AKY' (10

where, da/dN is the crack growth per cycle, AK is the operating stress intensity range
(difference between maximum and minimum operating stress intensity) and A and n are
material constants obtained from laboratory tests. Schematically, the Paris Law is
shown in figure 9.

Inalaboratory test (ASTM 1992d), standard specimens from the material of interest
are loaded in fatigue. During the test, the crack increment is monitored along with the
number of cycles. AK 1s calculated from the specimen size, load levels and the crack
length at a given instant. The Paris constants, 4 and n are calculated respectively, from

Final Failure
Sajosa) (b) ()]
P s
o -~
5 L
o ~ds
X aﬁ=C(¢K)n
7
: |
B
E -
O
Y
S
; |
s
| Paris Regime a0
l
- Threshold
8Ky : | :
Figure 9. Schematic represen-

. - RS — tation of fatigue crack growth
Alternating Stress Intensity (AK)  rate data showing Paris regime.



der
hand S Taraf

v/ R Ranganal

244

__oction of the da/dN vs AK plot.lFljom the*plot in
slope of thf.i“ llﬂﬂiiik growth rate curve has th.ree d1§t1nct regimes. If
that th;: [ifEZlow AK ,, the threshold stress mtenslt%iiictzr raazgej
the operating stress I?WEE life. If the gperatil‘]g Stresses '81'6 approa l g i ;H
the component has mﬁmteh S‘negligible life and needs immediate replacement. In

nt nd

regime e 15 Paris regime, the crack growsin a steady state manner

regime I1, whichis 31?0 kfﬂggr; omponent can be predicted, by separating the variables
life 0

the intercept and
figure 9, 1t 18 S€eT

and integrating for N

N,= J'NdN= J da/(A(AK)") b
0 ai /

. : ife (1 of cycles), a; 1s obtained from non-
iR Nf ghl‘v"eitmhe ;T‘lt::lltl 1{}61:;:52:; i‘raclz ]eng)th, a. is obtained from (3).
dBS(t)I‘HCtl:’E: Eﬂ?;z;o;: ::nd Erient;tions are known using sfand_ard non-destr_uc-
tive If,:;ar‘i;nin.::atir:m methods, the flaws are resolved as per th?’ dlrectlcc:;n of‘ ;hz gct;)rg
stresses. Various guidelines on flaw resolutions and assumptions are escrl gﬁ 1:11 i
6493 (BSI 1991) and some stress analysis h::mdbqoks. The flaw, thus 'ld?}tl ? {' ;
operating stress cycles and the limiting flaw dimension are the data required for fatigu
assessment, Fatigue life is then calculated as per (11). Where the constantslf and n are
- not available for a particular material, they may be taken as A =3 x 10 and_n =.3
(for da/dN units of mm/cycle; AK units of Nmm ~*2) for all ferritic steels operating in
air or other non-aggressive environments at temperatures up to 100°C. For structpral
ferritic steels operating in a marine environment, in the absence of specific corrosion- |
fatigue data, the crack growth constants may be taken as: A =2.3 x 10~ '* and n = 3.
These values correspond to the upper bound values of all the published data. For
carbonand carbon manganese steels. analysis of published data shows that AK, (stress

range below which crack does not grow) is about 63 Nmm ~ /2. In welded joints, if the
residual stress (g )

1s not available, it is assumed to be of yield strength magnitude. In
the absence of data, on a particular material, AK,, of 63 Nmm ~3/2 may be assumed for

:;eldglems_ Whe?e th’f‘« materials are non-ferrous and the specific data are not available,
4 4 LISt approximation, the constants can be calculated as:

daiaio e | (12

th(steel) 'E""—-'- Iz | (13)

Cces complex th - o : hat are
¢ heatip . ree-dimensional residual stresses tha
YOPer fit-up of 8and cooling effects on the

Jacent nie : 1d pool.

0 © Y adjacent pi _ parent metal adjacent to the weld pO
poriii, L idments, the o & Of the Weld assembio wanid mineraei s
T lack of fyg, Alial crack starters are internal imperfections, such s
Weld toes, weld terminators (Signes et al 1967;
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her 1970; Watkinson et al 1970). However, the existence of tolerable imperfections
2 b ;;voided and in some cases, attempts to remove these imperfections may
Cam;OT ':condition worse than the original condition (Barsom & Rolfe 1987b).
res&;; conducting fracture toughness tests on heat affected zone regions, consider-
able variability can occur due to locatic{n o'f the crack‘ tip in different microstructpral
regions. It is necessary to carry out sectioning of specimens for tests on HAZ regions
after testing to determine the precise location of the crack tip. In cases where the HAZ
toughness cannot be assessed, 1t can be assumed to be the lower of the toughness value
of the adjacent weld metal or parent metal.

For assessing as-welded assemblies, the tensile residual stresses may be assumed to
be equal to yield-strength of the material. for flaws lying in a plane transverse to the
welding direction. For structures subjected to postweld heat treatment, the level of
residual stress may be assumed to be 30% of the yield-strength. The desirability of
having appropriate accurate fracture toughness data cannot be emphasised too
strongly, and it is vital that toughness data be obtained from weld procedure samples at
the time of construction and recorded if there 1s any likelihood of flaw assessment being

required at any later stage.

7. Concluding remarks

The stress situation in a flawed component under stress is quite complex as compared
to a homogeneous component under identical stress. Lack of knowledge on behaviour
of cracks in weldments has led to severe catastrophic failures in the past. Optimum
decisions on retiring a component with a crack, or to continue in operation, could be
based on fracture mechanics concepts. These concepts are particularly effective in
dealing with integrity assessment of weldments wherein defects are most common.
Fracture toughness evaluation has now been standardized by ASTM and BSI. The
developments in this area are now at a stage where they are being used routinely in
space and nuclear engineering components. Guidelines and a few specific software
codes have also been evolved for fracture assessment by shop-floor inspection engin-
eers with minimum exposure to principles of fracture mechanics.
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