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CRACK FORMATION

Cracking caused by the developmen( of low melting poiw liquid fitms at the grain boundaries, by the
presence of britlle segregates al the boundaries Lhal are unable to withstand the restraint imposed dunng
welding. In this case the resulting cracks are ivergranular [4.5).

The welding operation causes internal siresses in the immediate vicimty of the weld. These siresses.
acung on the base of a sharp netch. are sufTicient to cause a crack to be formed spoutancensly or under
low load. This crack then eilher arrests or propagates catastropliically through the structure. depending
on the inherent crack sensitivity ol the melal and or siress level.

This work deals with investigaling the nature of brittle fracture in welded pressure gas cylinders and
1o the contribution of welding Lo the Enlure of 1the cvlinders,
PROPOSED GUIDELINES

To guaraniee Lhe performance of such welded jownts in service condilions, 1l is necessary w estublish
cenatn guidelines al the manuwfactering stage for preventing crack initiation leading 1o an unsiabla
fracture. The implementation of the fracture-mechanics concopl as 2 Irclure design procedure (hen
consists of tive essemial steps.
{-Considering the problem developed on a cnrvature plate for the calculation ol siress intensicy
Boor K; in temms of various combinations of crack geometry. curyvalure shape paramercr
and typc of applied loading.
2-Evalvauion of the effect of the residual siress developed in the weldments, since 11 is necessary
10 derermine relevant limits for cracks in residual siress field,

3-Determunation of the critical siress intensity factor (K ) oblained fromn the vilue of K
under condilions where a rapidly propaganng crack 15 arrcsted.

4-Determination of  the crack arrest size that will keep the valne of K, in the componem
less than K, A safety range way apply to the siress. and a safety margmr may also
incorporaie in the crack size.

5-The CGinal step is 10 delermine she woral value of the stress intensity factor TXK; including the
effect of the suress intensity factor due W the residuwal stress and then compare this value with
1he determined value of crilical steess intensity factor (Kc).

1. FORMULATION

Considenng the problem developed on a curvature plane as shown in Fig 1. a point g on the middle
surface of the shell can be defimed by a sci of coordinates (r.8). The polar coordinates (.8} with crack
tip as Lhe origin related w (X, Y) by

Xe=|+r cos 6

¥=r1sin B

The govening differential equation for @ thin cylindrical shell. can be wrilten as lollows:
Vig=0

where

¢'"'= R, (r){cosn@.sinn}

It now remans w transform Lhe solution 1o polar coordinales (r,8) with crack Lip as origin in order 10
recover the sinpular stress in the usual form and deleroune Lhe stress intensity factors. Procedures for
determination of expression for membrane and bending stresses al the crack up are given in appeudix-A
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- Membrane stresses: .
The stress funclion obtained can be expressed in the [ollowing form-

LN i, - i .
$, = m, +m (r.cofd) +m.(r" cos L)+ m{r* cos¥)rm,(r sin @) +m(r sin %)
+m, (r’% sin )
F7

- Leogi 4 Lons?
o = 5[7003¥+%C05:]
A
mo_ i h [.d hid
a; -Jz_r[%cos?—}cos—:—] (0
m F}' . T
T, =:/-£—;-[J;sm—-_.——&sm%]

where

F
Fr=0,0+20)
2- bending stresses’

The stress funcrnon obtasned <an be expressed in the following form:
@ = b, +b,(r.cos8) +b,(r* cos £) + b,(r'"t cos¥) +b,(r.sin @) +b,(r " sin £)

+h,(r" sinit)

o= i—-%[{.’;l“ =)+ L+ u)) cosf - 5(1- pycos
e
o = (=)~ (1 i cost + (1 - sycos¥]
7 =i%[f(l-u)sin%-(l—msin—‘fl @
where
1+35°

‘Fih = O-\l
7 f:h;’{l-,u:)

The state of stress at the tip of an arbitrarily oricnted crack characterized as opening mode (Mod-[)
Following the convention for plates. Lic membrane and bending stress intensity factors X" and X
for the welded pressure gas cylinder may be defined as follows [6.7]:

K =2mr of(r.®)

K} = t\2mr o)(r.0)

)]

where + and - signs vefer to the cuter and inner surfaces of the container respectively.

The perurrhation parameter being a curvalure pacameter (3 defining the size of the crack with respect 1o
the shel]l dimension and gwven by

- « f
SEJI2(l-ut) — 4
i} J_( #)4‘!' tH

where . d, thickness and diameter of the cylinder,
For opening-mode situation, the abovc equalions are then modified where K;, (he mod-[ stress intcnsiiy
factor can be evalwiled as follows:
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K7 = Era o 1422 [3cost - - eos(z - )] ®

and
1
K! =tylm o, SeLL . fI(1+ a) = 2 (1~ )] cos(§ - ) +4 (1~ uw)cos(£ - )
"\ - i) ;

6
Ptots of membrane and bending components of stress intensity factors for general crack angles and
dimeunsionless parameter of crack length to shell radius ratios are given in Figs. (2-5)

2. RESIDUAL STRESS ANALYSIS

Weldmems arc oflen the most sensitive part of a structure with regard 1o crack growth and fadure. There
are several reasons for this. The most imponant couse is Lhar ihe temperature cycling of the material
dunng welding process that sets up residual stress field in the weldment These stresses are superposed
on the meshanical stresses and thas affect the fracture behavior af the weidment [8-104.

To (ake residual stress into account in [racture analysis it is necessary 1o determine relevant parameters
for cracks in residual siress field i.e. stress intensity Mctor.

K =025.p, d" 228 (JL] [HLJLH ‘]. m
L

Details of the derivation of equation (7) are indicated in Appendix-B.

3. CRITICAL STRESS INTENSITY FACTOR

11 is vo be expected that in the LEFM regime the criterion for crack growth iniliation is

IK <K, (8)

For britle behavior where crack growth initiation and unstable crack growth occur almos
simultaneously it would be relevant lo use Lhe maximum value of ZK, along the crack (ron(, Ths
intzcpretation  of the criterion has also found experimenial suppon in several siudies as rcponed
n [9.11).

Investignlions were carried out (0 evaluate the value of critical stress intensity factor. that can be
considered as the material fracture 1oughness. An allempl was made 1o correlate the critical crack size
al vhe design siness level with criticad stress intensity foctor. However. a simplified approach has been
made based on cenain assumplions in the preseny analysis. On the basis of above, che best arnived
correlation and the arrived empirical melalion for delermination of Ky~ can be given by using the
[ollowing equalion.

-

Ki=ylxd o, |l+f [di] 9

Detaits of the of equation (9} are indicmed in Appendix-C

Where b is an independent variable thal represents the crivical ceack size.

The leak-before-break cricrion that was proposed by Irwin as a means of csunsating the neccssary
lovighness of pressure-vessel so that a surface crack could grow through the wall thickness and the vessel
leak before fracturing. That is. the critical crack size at the design suess level of a material meeting
this crilerion would be grealer than the wall thickness of vessel. Thus the leak-before-break criterion
assumes that acrack of Iwice the wall 1luckness in length should be stable a1 a siress equal 10 nomiual
desigi stress,
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4. CRACK ARREST

Considering the fracture mechanics criteria it may be ascertuned (hat conditions for crack arrest are still
maintained al an applicd siress o, wilh ralio of G./Cig a5 for design stress. provided (hat the arrest
fracture 1oughness of the weld metal is al least given as o, {mb)'” [12-14].

The first approach to crack arest was to postulate that it wns essentially a reveres process of crack
inittation, 1f stilic conditions. in panicular a swalic stress intensity factors. is responsible for crack
initiation. (hen c¢rack arrest should occur at a stress intensiny that is calculated from the arrest geometry

and siress lpading condition

An aempi was made to comelate the critical crack size al the design siress level with vield strengih
property D1 is generly accepied that yield stress loading may occur in the vicimty of stnrcture
discominuities. Lhe critical crack size .a,. is proportional to (Ky-/ @,)*. Thus, the maximum crack size 4
structure member can (olerate M a particular stress level is

\2
2a = ({ K‘Cj (10}
J_v
oo [ [+ Sﬁzj
r

where ¢ 15 a geometry factor

By knowing the critical value of siress ineusity factor Ky for o paruicular thickness and loading rate.
thns 11 15 possible to determine the crack size thal can be lolerated for a given design stress level. 101s
also possible 1o determine the design stress level that can be (olerated for an existing crack (hat mav be
Presciit M a Struclure,

5. TOTAL APPLIED STRESS INTENSITY FACTOR

This value of critical stress intensity facror K- may compare with the 1otal values of stress intensity
faciors obtasned. Hence. the simple analytical expression for crack growth in finite plates Aa = a - 2,452
function of K, in the process of monotonic loading given as 11.5]:

Aa [EK,]' l (zx,“'
a, K}C w4

This equation can be modified by laking the curvalure parameter inlo account to satisfy (he onginal
problem of crack growih in cylindncal shells by Lhe following expression.

Al (IKY N
E=[I+J{3' —[-K-lJ ~1n|—(££—} (1

a, i jer

Equation (11) in the dimensionless variables describes the available daia quite well as shown n Fig. 7

DISCUSSION

It is essemial to emphasize that the quantity Ky~ which corresponds 1o (he transition on the nnstable
region and, therefore. Lhe determined failure point is less than the maximum value reached a8 Aa— .
The difference between the failure point and the maximum value of K; disappears only during brittle
fracture, when Lhere (3 no slow growth or plastic zone. IFthe crack is stable. that is dK,/da = 0.

Examination of equation (10} and Fig. 7. indicates that. using a lower sirengh level matenal with
higher loughness {a larger K-/ ,). even al a design siress which 1s of a higher percentage of the vield
stress. would have been better. However (K,-/ o, ) ratio is onc of the primary conroling design
paramcters that can be used to define the relanve safers of i siructure aganst brittle fracture
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In applving conventional crack propagation theories in the presence of combined stretching und
bending, as well as residual siress. a so-called elfective siress intensiv factor is derived based on an
extension of Dugdales theory to ¢ylindrical bending of plates. In mode-1 type. the effective siress
iniensicy factor is obrained as
K7 =1K

=K+ K +K;
which is found 10 give good correlation with Ky in predicling crack propagation raies in cylindrical
shells.

Such a numerical analysis presented [for solving the problems of existing eracks in wefded cylindrical
pressure gas cylinder. from which if may invent (he condition for crack arrests.

TABLE. 1. Crack arrest condltiona,

p (t/ds) t 2a, W=k | M
mim. ™ma. &K‘ &
gl 012 3.52 704 13,34 U.U5
0.2 0,048 3.63 1.26 Q.50 0.9
0.3 0.190 +4.05 410 0.70 0.21
0.6 0.430 +.75 Q.30 0 80 032
0.8 0.780 5.72 1144 0.90 L4 |

The results of the calculstions may be sumply expressed in that the possibility of practicable crack
iarrest conditions determined at an applied stress up to a certain rauio of vield stress. Therevpon Lhe value
of crack arrest fracrure 1oughness can be determined by using equation (%)

CONCLUSIONS

[-Simple analytical expressions have besn developed to amalvze and provide a simple methed for
fracture conlrol in welded pressure gas cylinders.

2-Analviical results hnve been obwained by using the developed equations for the determination of
singular stresse< that characterize the stress feld at the crack up. The siress inlensity factor for the
cffccts of residunl stress has been  evaluated. Thereupon, charts are also prescnied from which the
siress intensity faclors can be determined..

3- An alleinpt have been made lo correlale the critical crack size ar the design stress level with vield
strength, in thal the possibility of practicale crack arrest conditions determined at an applied stress
up 10 2 cerain mud of yield siress.an the other hand. it 15 possible (o determine the crack size Lhat
can be tolevated for a given design stress level. It is also possible 1o determine Lhe design siress Ievel
that can be tolerated for an existing crack that may be prescut in a structure.
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APPINDEX-A
DETERMINATION OF STRESS INTENSITY FACTOR K

In discussing sresses in cylindrical shell of curcular cross section, it is advamiagequs (o use polar
coordinates.  The siress equations of equilibnum in polar coordinates can be derived from 1he free body
diaggramn of (he polar elements. Summing all forces in the radial r and tangential B Direclions and
considering the body-force intensity F. gives the simplified equations of equilihriuin. The two equations
of stresses n radial and tangential directions take (he final form

A-in the radial direction.

. 19t |
—_ e —— - - +f =0
F r & r(crn, o) + 1

B-in the tangential direction.
1&g, ©or 27,
_lw L P LE, =0
r a9 & r
Wheo the body force 15 zero they are satisfy by putting

1@, L4
"Tr& ras
a2
| & 1 ¢

where @ is the siress fungiion as a function of r and 0.

The membrane and bending stresses us the crack Up are obwained from the stress funclion O using the
following refations;

oo L 2[13]
“T et & rc?@d,
7 o 2

PR - £ 11“{1%%}‘_5{:]1

20'(1—;1‘) a’ ra& @ J
3 Al

s B 12,1502
21i-p)\r & & @’

r?b—t E’ _é_.[.l_&" *
Qa'(l+p)c} r &,
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APPINDEX-B .
DETERMINATION OF RESIDUAL STRESS INTENSITY FACTOR K| .
pr ‘dJ: pr ‘dJI
0,5 ————xT
(@) [ 20 -]
d;
o_r__ P] 1 \ =
GG
' \d ) \d )
pl

K =0, Jxhp

Where b is independent variable that cepresents the critical crack size in the residual stress zone of
total length twice the evlinder thickness t and P is the curvature parameter defining the size of the
crack with respect to the shell dimensign. The residual  stress inlensity factor can be evajuated as
follows,

0ol

K =025p J[di)[u(;’-) J\} J2unp

-}

APPINDEX-C
EMPIRICAL RELATION FOR DETERMINATION OF K-

Fracture mechanics assumes Lhat fracture occurs when the near up stress field. described by K, meaches
acrincal value. In other words in mode-1, fracture occurs when K, reaches K.

K, =025 p,.d" [2z8 {V@

The mteraction of material propenies. such as the fraciure toughness with yield stress the crack size or
ithe crack effected zone size and 1he geometry factor of the component. controls the conditions for crack
exiension i that componenl. Thus the critical siress inteasity Facior is proportional to o s 2k andis

represenied by a letter K-
K!r‘ = Krnﬂ
KJ:' =¥ zﬂ'-b Jucld' f(ﬂ)
. ( N
where f{r) isa geometry factor. f{f)= |1+ / '\d_
[\ :

14
X;' = J‘Z—fr_b O ol |+ﬁ[ﬁ*} J v}
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Fig. 1. An arbitrarily orlenied cracl.
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Fruation (5).
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Equation (7}
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