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ATTACHMENT 2 Report W. WM

FRACTURE MECHANICS ANALYSIS OF MANWAY STUDS j

by L. H. Burck -

.

Introduction

This attachment presents an analysis to determine the critical defect

si:e for stress corrosion cracking in the thread root region of the subject
-

t

| manway studs and to determine the critical crack si:e for final fracture
|
'

of a stud. The nominal stresses and stress concentrations utili:ed in this

analysis are those which were determined by the stress analysis presented

in Attachment 1 of this report.

Summary of Results

1. The critical defect size for the onset of stress corrosion eracking

at the roots of threads in the subject studs is 0.070 inches for
i

normal operational loading, exclusive of any safety factors.

2. The critical crack si:e for final fracture of the studs is 0.40

inches beyond the thread root for ncrmal operat ional loading, exclusive

of any safety factors. This value does not reflect the unloading
,

effects of prior crack propagation by stress corrosion which would

result in a larger critical crack size for final fracture but could
;

also accelerate cracking in neighboring studs.

Analysis

Stress Intensity Factor

In calculating the stress intensity factor for a crack emanating from

the root of a stud thread, the thread form is modeled as a hyperbolic notch

having the same depth, width, and stress conce". ration factor as a thread,

in the non-engaged portion of the stud.

.

, - p ee = f

.n ,
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hyperbolic notch

nfn

.

For a 2-8UN-2A thread (1),

p = 1/3 = 0.125 in.
.

f = p/3 = 0.125/8 = 0.015e in. "

d = (2.0 - 1.847)/2 = 0.0765 in. '

Stress concentration and stress intensi*y factor solutions for an '

isolated cracked notch of the above geometry are presented in (2), page 19.13, )- 2c -

? $
n

b 2c = p - f = 0.125 - 0.0156 = 0.109 in.
'

i.e., e = 0.0545 in. gcrack n '
'

b = d = 0.0765 in.> a
i

If

The stress intensity factor is given by,

Ky = e6 F(a/b c/b)
where, c: nominal stress based on gross ares (major diameter),

-

load per stud = 93,400 lbs. (Attachment 1),
,

gross area = 1r(2.0) /4 = 3.14 in!,

a = 93,400/3.14 = 29,700 psi for normal operating

conditions. !

. . . . . . !
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F(a/b,c/b): function of a/b and c/b which is given in graphical

form in (2), page 19.13.

The stress concentration factor for a isolated notch of this geometry

is also given by (2), page 19.13,

= (1 + 2b/c)(1 + 0.122(1/(1 + c/b) }2.5)
-

k g

k = 3.93

However, because the thread form represents a series of notches, the stress

concentration factor is less than for an'* isolated notch of the same dimensions;
in the present case k

g 3.0 (see Attachment 1). Thus the factor a = 3.0/3.93
=

is incorporated into the stress intensity factor expression (in the limit

for very small cracks, F = 1.12k ), i.e. ,g

Kg = ae6 F(a/b,c/b) ..

In general, this expression is set equal to a critical value of the stress

intensity factor, such as the threshold level for stress corrosion cracking,

and the critical crack size is determined by a numerical iteration procedure.
.

Stress Corrosion Cracking
s

Stress corrosion cracking of a material in a particular environment

may be expected when the stress intensity factor, K , equals or exceeds theg

threshold value for stress corrosion cracking, KISCC, f r that material and

environment. Literature values of K
~

for quenched and tempered AISI 4340ISCC

steel tested at room temperature in a sulfide / chloride environment range from

, 17.5 ksi/6. for a tempered hardness of R 39.1 to ,a value of 40 ksi/in, for
i C
l

a hardness of 'I
C 29.4 (3). A value of KISCC = 17.5 ksi/in. is therefore

I -

|

_

, , ,,- --4,,,m
-

,, , , ----,p--,- ---,,,,-- ,,--,p-- -w-'-
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F(a/b.c/b) : function of a/b and c/b which is given in graphical

form in (2), page 19.13.

The stress concentration factor for a isolated notch of this geometry
.

is also given by (2), page 19.13,
i

= (1 + 2b/c)(1 + 0.122{1/(1 + c/b} }2.5)
-

kg

k = 3.93
t

However, because the thread form represents a series of notches, the stress

concentration factor is less than for an'' isolated notch of the same dimensions;

in the present case k = 3.0 (see Attachment 1) . Thus the factor a = 3.0/3.93g

is incorporated into the stress intensity factor expression (in the limit

for very small cracks, F = 1.12k ), i.e.,g

Kg = a % F(a/b,c/b)..

In general, this expression is set equal to a critical value of the stress

intensity factor, such as the threshold level for stress corrosion cracking,

and the critical crack si:e is determined by a numerical iteration procedure.
j

Stress Corrosion Cracking

Stress corrosion cracking of a material in a particular environment

may be expected when the stress intensity factor, K , equals or exceeds they

threshold value for stress corrosion cracking, KISCC, i r that material and

environment. Literature values'of KISCC for quenched and tempered AISI 4340

steel tested at room temperature in a sulfide / chloride environment range from
"~

17.5 ksi/in. for a tempered hardness of R 39.1 to a value of 40 ksi6. forC

a hardness of R
C 29.4 (3) . A value of KISCC = 17.5 ksi 6 . is therefore

..
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considered to be representative of the stress corrosion cracking resistance

of the stud material at the maximum hardness level measured for the three

stud bolts examined (R 9. ). us, for the onset of stress comsion crachng,C
.

Kg=KISCC * 8* **

Re critical defect size for the initiation of stress corrosion cracking, ascca
.

is thus calculated from th1 previously discussed stress intensity factor
,

expression, yielding,

scc " O' '"* ***a

for nor=al operating conditions, exclusi$e of any factors of safety on

either the calculated stress intensity factor or the assumed value of

K It is noted that, because of the stress concentration effects of,

'

the threads, a safety factor applied to the strass intensity factor has

a considerably greater effect on the calculated critical defect si:e than

would be the case for a surface defect not associated with s notch or other

stress concentration. For example, a safety factor of 2.0 applied to
K results in the calculated value of a being reduced to 0.003 inchesISCC sce

in the present analysis whereas for surfacecracks away from stress concentrations,

the calculated critical defect size would be reduced by a factor equal to

the square of the safety factor, i.e., by a factor of 4.0 in this example. !

Final Fracture

Final fracture will occur by a brittle mode when the stress intensity
'

factor of the stress corrosion crack reaches the fracture toughness of

the stud material. However, a stud will effectively have failed if net

section yielding occurs prior to that.

In the case of final failure, the crack sizes involved are substantially-
4

larger than for the initiation of stress corrosion cracks and, therefore,

the previously used stress intensity factor is not applicable as the finite

i

o

.
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si:e of the stud bolts must be taken into account. Conversely, the stress

conctntration of the threads will have little effect on the final critical
crack si:e. The case of final fracture is modeled as the stud being a

circumferential1y cracked cylinder, the stress intensity factor for which
i

*

is given by (2), page 27.1,
-

d load = 93,400 lbs.

U
' 2b;

crack " ,.27/,. b = 1.0 in.

MJ
-a

'

2ca ; ,
,

/Ea F (c/b)K =e 2net

2J where, e : net section stress, o = 93,400 /(vc )net net

F2: function of (c/b) which is given in

numerical form in (2), page 27.1.

I

a

For AISI 4340 steel heat treated to a roca temperature yield strength

level of 165 ksi, a representative fracture toughness is KIC = 110 ksi/In. (4).

Utili:ing this value with the above stress intensity factor expression*

yields a = 0. 621 inches for brittle fracture. Subtracting the depth of the

thread gives a critical crack dimension of 0.54 inches beyond the thread root,
t -

.

.

,. -+ 4
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exclusive of any factars of safety. This calculation does not reflect load

relaxation effects which might occur as a result of prior stress corrosion
.

cracking. Such bolt unloading would result in increased critical crack

sizes if the studs were not re-torqued subsequent to stress corrosion crack-

ing. However, such unicading would transfer pressure loading to adjacent -

studs and could thereby accelerate cracking in those studs.

At the critical crack size for brittle fracture indicated above, the

(hypothetical) net stress would be given,by,

net = 93,400/(s(1 . 621)2) = 207,000 psi,e
.

whereas the studs tested showed room temperature yield strengths as low

as 145 ksi and tensile strengths of 158 ksi. At a temperature of 550 F,
1

these yield and tensile strengths would be approximately 140 ksi and 150 ksi,

respectively (5) . Therefore, overload failure of the studs would be ,xpected
{

| to occur prior to the brittle fracture considered above. Considering '*

tthat loss of preload would effectively occur upon net section yielding,

the criterion for failure is given as,
y

. o = yield stressnet

93,400/n(1 - a)2 = 140,000 psi

which gives a = 0.54 inches or a crack depth of 0.46 inches beyond the thread

root, exclusive of a factor of safety. Again, this calculation does not 3

consider the effects of unloading due to prior crack growth which could

result in larger critical crac' sizes if the studs were not re-tightened.
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