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2.4 APPLICATION OF FRACTURE MECHANICS TECHNOLOGY.

2.4.1 Selection of Materials.

In the material selection and design of a tension-loaded structure, such

as a pressure vessel, the following questions must be considerced:

1. What are the critical flaw sizes (sizes which cause failure) in the

different parts of the structure at expected operational stress levels ?

2. What are the maximum initial flaw sizes likely to exist in the

structure before service?

3. Will thesce initial flaws grow to critical size and cause failure

during the expected service life of the structurc ?

The answers to these questions depend heavily upon the inherent
fracture toughness and subcritical {law-growth characteristics of the structural
material. Fracture toughness data derived from test specimens are used in
fracturc mechanics analysis to predict critical flaw sizes, evaluate suberitical
flaw growth, and estimate structural life. They can also be used to determine

the maximum possible initial flaw size in a structurce after a proof load.

As previously mentioned (Section 2.2), the types of flaws encountered
in fabricated structures can be categorized as surface {laws, embedded flaws,
and through-the-thickness cracks. TPor surface and embedded flaws, the
dégree of constraint at the crack leading cdge is high, and planc-strain con-
ditions generally prevail. The initial flaws may or may not rcach critical
size before growing through the thickness, depending upon the plane-strain
fracture toughness (KIc) value, the applied stress levels, and the material
thickness. If the calculated critical flaw size is small with respect to the
wall thickness, the formation of a through-the-thickness crack before frac-

turc is not likely.
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For through-the-thickness cracks, the mode of fracture for a given

material, stress level, and test temperature depends upon the material thick-
ness. If the material is relatively thin, plane-stress conditions generally
predominate. With increasing thickness, the fracture appearance changes
from that of full shear to an essentially flat or plane-strain fracture. Thus,
for thin sections containing through-the-thickness cracks, the plane-stress
fracture thoughness (Kc) values are important, and as the thickness is
increased the plane-strain (KIc) values should be used. The theory of this

has been discussed in detail (Section 2.2.2).

The common types of fracture specimens and their requirements have
also been discussed (Section 2.2.3). It is appropriate to point out the signifi-
cance of end-hardware application and material anisotropy on specimen selec-
tion and to show fracture-toughness correlations among several of the more

common specimens.

Just as conventional mechanical properties generally vary to some
degree among various forms and grain directions in a given basic alloy, it
has been found from fracture tests performed thus far on various materials
that fracture toughness values also vary. In a rolled plate or forging, six
directions of flaw propagation are possible, and planc-strain toughness (KIC)
values may differ in each of these directions (Fig. E2-17). The need to
determine the KIc values in each of these directions depends on the direction
of the applied stresses in the hardware.

Considering the banding and delamination problems in some thick
plates, it appears that the KIc values can be different between the A and
B directions and, likewise, the C and D dircctions. This has actually
been found to be the case from investigation (Ref. 16) and tends to explain
the differences in KIc values obtained using surface-flawed and round-notched-

bar or single-edge-notched fracture specimens. The surface-flawed specimen
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FIGURE E2-17. STRESS FIELD, GRAIN DIRECTIONS, AND
POSSIBLE DIRECTIONS OF FLAW PROPAGATION

is normally used to measure toughness in either the A or C directions, and
the single-edge-notched or center-cracked (pop-in) specimens measure
toughnéss inthe B or D directions. The round notched bar (removed so
that its longitudinal axis is parallel to the plate surface) mecasures the lower
of either the A or B directions or the lower of either the C or D direc-
tions. For material where there are no pronounced directional effects, the
same toughness should be obtained regardless of which specimen is used.
In the short transverse direction of materials, there appears to be no reason
for a significant difference in KIC values between the E and ¥ directions,

although there is no apparent experimental substantiation of this.
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For weldments, it is known that there can be differences in fracture

toughness between the weld centerline and the heat-affected zone. In addition,
it is considered probable that fracture toughness as well as subcritical flaw
growth characteristics vary within the heat-affected zone so that for the
establishment of realistic allowable flaw sizes, the minimum ch values must

be determined.

The foregoing discussion makes clear the necessity for insuring the
use of comparable valid fracture toughness and subcritical flaw growth data
when they are available, or the selection of proper specimen types to obtain
the desired directional data, in comparing materials for selection. While
round-notched-bar specimens might be considercd desirable because they
automatically obtain the lower toughness values in cither the A or B direc-
tions or the lower in either the C or D directions, it may not always be
possible to use the specimen type because of material thickness limitations
(i.e., the required specimen diameter for valid KIc exceeds the hardware
wall thickness). In such a case, the single-edge-notched specimen might
be used for toughness inthe B and D directions and the surface-flawed

specimen in the A and C directions.

In summary, it presently appears that there is no single ""best fracture
specimen'' to use in all situations where toughness data are needed for material
comparisons and selection, nor is such required. Of primary importance
is that the selected specimen toughness data for different materials provide
a valid comparison for selection and be representative of toughness and flaw

growth characteristics of the material as used in the hardware application.
2.4.1.1 Static Loading.

An evaluation of the resistance of materials to catastrophic brittle

fracture requires the following basic material properties:
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1. Plane-strain fracture toughness, KIc'

2. Conventional tensile yield strength, o

An evaluation of materials based on the data accumuléted from test

specimens can be illustrated best by using a hypothetical example.

I.  Example Problem A.

Three materials — a steel, a titanium, and an aluminum alloy — are
initially selected as potential candidate materials for minimum weight design.
The yield strength of cach is chosen to attain nearly equivalent strength/weight
ratios. The yicld strengths and KIc values obtained from the tested specimens

and design requirement are shown in the following table.

¢ /Density Applied Stress
o ys K 1/2 ¢
Density N X 1000 Ic’ NE
Alloy (Ib/in.%) | (ksi) (in.) (ksiN in.) (ksi)
Steel 0.284 250 880 100 125
Aluminum 0.098 85 870 30 42.5
Titanium 0.163 140 860 80 70

Assume that

1.

2.

The defect is a semiclliptical surface flaw with a/2c = 0.2.

The defect is located in a thick plate loaded in tension.

To decide which material provides the most fracture rcsistance is to

establish which material requires the largest critical flaw size for catastrophic

fracture,

For "thick walled" structures critical flaw sizes can be determined

from the following equation:
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or

2
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where the shape factor parameter can be obtained from Fig. E2-5. For this

comparison, Q= 1.26.

The results are shown in the following table.

Depth
P Ay Length, 2¢
Alloy (in.) (in.)
Steel 0.212 1.06
Aluminum 0.165 0.83
Titanium 0.432 2.16

Conclusion.

The titanium alloy is most fracture resistant in terms of requiring

the largest critical flaw size defect, acr’ for catastrophic fracture.

This conclusion could have been reached by considering the K[C/U ys

ratios for the various materials shown in the following table.

Alloy KIC/(Tys (Nin.)

Steel 0.400
Aluminum 0.353
Titanium 0.572
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The titanium, having the highest KIC/O' ys ratio, could be expected to

be the toughest material for the given application.

Tiffany and Masters (Ref. 17) showed that for screening several
materials, KIc data are often plotted as shown in Fig. E2-18a. Recognizing
that the operating stress levels are generally controlled to a fixed percentage
of the unflawed tensile strength by the design safety factor, the data shown in
Fig. E2-18a might be more appropriately plotted as shown in Fig. E2-18b.
The ordinate is directly proportional to the critical flaw sizc, thus placing
the influence of varying materials strength in better perspective. From
Fig. E2-18b the three matcerials can be compared upon the basis of equal
critical flaw size. For cxample, structurcs designed from a 200-ksi steel,

a 135-ksi titanium, and 2 70-ksi aluminum would all have approximatcly the
same critical flaw size. Considering the cffeet of weight, one might wish to
make the comparison shown in Fig. E2-18c. This shows that titanium pro-

vides a somewhat lighter tank on the basis of cqual [law size.

Based on considerations of the practical capability of available
nondestructive inspection (NDI) techniques, the resistance to catastrophic
fracture could also be evaluated by calculating the maximum allowable applicd

stress for cquivalent defects in cach material.

Reevaluate the preceding example, assuming that the minimum

detectable flaw is 0.15 in. deep by 0.75 in. long.

Rearranging the basic equation results in

2
K@

o7 T T2t (a)

The resulting critical fracture stresses and other pertinent information are

summarized in the following table.
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Design Stress
o} 0.50 Fracture Stress Safety Factor
ys yS ’ c/0.50
Alloy (ksi) (ksi) (ksi) T ys

Steel 250 125 144 1.15
Aluminum 85 42.5 43 1.01
Titanium 140 70 112 1.60

From the above data it is apparent that the titanium provided the

greatest safety factor and resistance to fracture.
2.4.1.2 Cyclic or Sustained Loading.

An cvaluation of the resistance of materials to fracturc requires the
consideration of the crack growth ratc characteristics in addition to other

material properties.

Some cxamples of data obtainced from tests are shown in Figs. E2-19
and E2-20 (Ref. 18). The realistic and practical approach for comparing
materials is to evaluate their crack growth characteristics under a given

application condition. Lect us consider the following hypothetical example.

1. Example Problem A.

1. Materials to be considered are the steel and aluminum alloys for

which the data are given in Figs. E2-19 and 1212-20.

2. The component of interest is a thick plate eyclic loaded in tension

under stresscs that vary from zero to maximum tension during each cycle.

3. The design fixes O ax 28 one-half the yield strength for each

material: 88 ksi for steel and 32 ksi for aluminum.

4, The worst possible type of flaw that is cnvisioned is a semi-

elliptical surface flaw with a/2c = 0.20.
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5. The minimum size flaw that could be detected by the NDI technique
is 0.15 in. deep by 0.72 in. long. Therefore, each material is assumed to

contain this flaw.
Under these circumstances, which material has the longest life ?
Solution.

Step 1. The first step is to compute the value of the initial stress
intensity, KIi' for each material for the prevailing conditions of defect size
and stress. The appropriate expression for KIi for the stipulated defect and.

component geometry is

Ko 121 Ta g?

Ii Q

where

]
i

crack = 0.15 in. = specified,

it

applied stress (maximum during cycle) = 1/2 Uys each materia’,
steel = 88 ksi, aluminum = 32 ksi,

Uys = vyield strength, steel = 175 ksi, aluminum = 65 ksi,
and
Q = 1.26 for specified flaw geometry.

The calculations reveal the following:

1.21 7 (0.15) (88 000)?

2
Ky = 1.26
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and
Kﬁ = 59 000 psi~ in.

for steel, and

2o L21T (0.15) (32 000)?
Ii 1.26

and

KIi = 21 500 psi N in.

for aluminum.

The crack growth rates for the two materials at the beginning of life
can now be determined from Figs. E2-19 and E2-20 using their respective
KI values for the imposed conditions. The results are shown in the following

table.

KI Crack Growth Rates
Alloy (psinin.) (mils/cycle)
Steel 59 000 0.035
Aluminum 21 500 0.030

However, a knowledge of the crack growth rates at the beginning of
life. is not sufficient to determine the respecti\}e life expectancy of each
material. One must consider the change in KI and the associated change in
crack growth rates for each material as the crack grows during service as

well as the threshold stress intensity, KTH'
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Step 2. The growth rate data illustrated in the form shown in Figs.
E2-21 and E2-22 (Ref. 18) provide a convenicnt method for cvaluating the life

expectancy without becoming intimately involved with changes in KI and

growth rates. Figures E2-21 and E2-22 arc constructed from the same basic
test data as were usced to construct Figs. E2-19 and £2-20. To utilize Figs.

E2-21 and E2-22 it is necessary to know the ratio of K . to KIc' The previous

Ii
calculations in Step 1 showed that KI is 59 ksi N in. for stcel and 21,5 ksi

Nin. for aluminum. Since the KIc values for cach material were known

from static toughness tests, the KIi/KIc ratios arc rcadily determined:

Ii _ 59000
K., 144 000 0.41
Ic

for steel, and
li 21 500 .
K.~ 3aoo0 = 83
Ic

for aluminum.,

The cyclic lifc corresponding to these Kli/KIc values may be deter-
mined dircctly from Figs. E2-21 and £2.22 — stecl, 1800 cycles, and
aluminum, 4000 cycles, if the time at maximum stress is short during cach

cycle.

Thus, for this specific example where both materials contained the
samec given size and type of defeet and both were stressed to one-half their

yield strengths, the aluminum has the greatest life expectancy.

It should be emphasized that the result of this example cannot be use:d
to gencralize the relative behavior of the two materials. For other conditions

of initial defect sizes and/or applicd stresses, it is possible that the stecl
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could have the greater life expectancy. This is demonstrated in the following

table, which shows the life expectancy of the two materials for a wide range

of initial defect sizes and for a constant applied stress of crys/z.

... Initial Stress-
Initial Intensity Factor
Defect y KI' Cycles to Failure
Depth K = - N

a, (ksi N in.) Ic ( Lifec Expectancy)
(in.) Steel | Aluminum | Steel | Aluminum Steel Aluminum
0.05 19.6 7.2 0.136 0.210 |>>300x 10° | 300x 103
0.07 27.5 10.1 0.191 0.297 >100 % 10° | 100 x 10?
0.10 | 39.4 14.3 0.274 0.420 30X 100 | 21x10°
0.15 59.0 21.5 0.410 0.632 1.8 x 1¢° 4x10°
0.20 78.8 28.7 0.540 0.845 0.37x10%| 1.5 %x 103
0.25 98.4 35.9 0.683] >1.0 0.25 % 10° _—

From the table it is scen that when the initial defect depth is 0.15 in.
or larger, the aluminum will have the longer life N. Howcever, when the
initial defeet depth is 0.10 in. or smaller, the steel will have the greater life
expectancy. Although the steel has the larger absolute value of fracturc
toughness, KIc’ and thercfore has the largest eritical crack size for
catastrophic failure, it also has a greater crack growth rate for a given
chénge in K as seen from the differences in slope of the growth rate curves
shown in Figs. E2-23 and E2-24 (Ref. 18). Therefore, it is possible to have
a ""crossover" situation between the life expectancics of steel and aluminum,

as noted in the table.

Again, the life expectancics in preceding table reflect short time at
maximum cyclic stress. If the time at maximum stress is long, the portion

of time that the stress-intensity level is above the threshold stress intensities
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for the steel and aluminum would cause reductions in the cyclic lives for the

different initial defect sizes.

The materials could also be compared in another manner by using the
data provided in Figs. E2-21 and E2-22 to answer the question of which
material could tolerate the largest initial defcet (of a given type) that would
not grow to a critical size during some given minimum lifetime for the

component,

II. Example Problem B.

Known Information:

Plate cyclic loaded (sinusoidal) in tension.
Required life — 50 000 cycles.,
Applied stress (maximum stress during cycle) onc-half yicld
strength:

steel = 88 000 psi.

aluminum = 32 000 psi.
Type of defect — semiclliptical surfacc flaw with a/c= 0.4.
Fracture toughness, KIC:
steel = 144 000 psi~ in.
aluminum = 34 000 psi N in.

Unknown Information: Which material can tolerate the largest initial

defect?
Solution.

Step 1. From Figs. E2-21 and E2-22, {ind the K[i/KIc ratio

corresponding to the desired life of 50 000 cycles:

Ky,
— at 50 000 cycles = 0.25
C



Section E2
1 November 1972
Page 58

for steel, and

R

—— at 50 000 cycles = 0.34
c

for aluminum.

Step 2. Knowing the K. and KIi/KIc ratio corresponding to 50 000

cycles, solve for KIi:

i

K. = 0.25 K
Ic

i 0.25 (144 000 psiNin.) = 36 000 psi~ in.

for steel, and

K. = 0.3¢4 K 0.34 (34 000 psiNin.) = 11 500 psi ~in.

Ii Ic

- for aluminum.

Step 3. Since K.li depends upon stress and defect size, it is now
possible to solve for defect size knowing stress. For semielliptical surface

defects with a/c = 0.4, the following expression is appropriate:

2
i 1.21 mo2

for steel,

_ (36 000)* (1.26)
i 1.21 7 (88 000)2




Section E2
1 November 1972
Page 59

and
ai = 0.056 in.

when the defect is 0.056 in. deep by 0.28 in. long; for aluminum,

(11 500)2 (1.26)
i 1.21 7 (32 000)2

and

0.043 in.

%)
]

when the defect is 0.043 in. deep by 0. 215 in. long.

Thus, it is apparent that for the condition imposed, the steel could
tolerate a slightly larger initial defect than could the aluminum. Since the
difference in the maximum allowable initial defect size is not great, the
ultimate choice of a material for this situation may depend more heavily on
other comparative factors, i.e., the applicability and capability of NDI
techniques, the type and size of insidious defects as related to the maximum

allowable initial defect size, availability, easc of fabrication, costs, ctc.

2.4.2 Predicting Critical Flaw Sizes.

As mentioned in Section 2.2. 3, planc-strain stress intensity (KIc)
values can be obtained from several types of specimens. With valid data for a
given material form, heat treatment, test tcmperature, and environment,
critical flaw sizes can be calculated for given hardware operating stresses.
The engineering usefulness of the basic stress-intensity concept in the pre-

diction of critical flaw sizes and the use of 2/Q to describe flaw size has
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been supported by a number of hardware correlations, some of which are
shown in Refs. 17 and 19. Comparisons between measured critical flaw
sizes on test hardware and predicted critical flaw sizes based on test speci-

men plane-strain toughness data have shown good correlation.

From the equation shown in Fig. E2-6, it is apparent that critical flaw
size is equally as dependent on applied stress as on the material fracture
toughness. The following sections show approaches for calculating critical
flaw sizes for the three basic types of initial flaws (surface, embedded, or
through-the-thickness) based on the appropriate fracture toughness values

measured from valid specimen tests.
2.4.2.1 Surface Cracks.

Calculations for surface flaws can be carried out by rearranging the

stress-intensity equation developed by Irwin (Section 2.2. 1),

K 2
_ 1 Ic
(2/Q) ., = 1317 (T)

for a "thick-walled'" structure (i.e., flaw depth less than half of the material

thickness) where l{[c is the plane-strain fracture toughness obtained from
fracture toughness specimen tests, o is the applied stress in structure
normal Vto the plane of flaw, a_. is the critical flaw depth, Q is the flaw
shape parameter (obtained from Fig. E2-5), and (a/Q) op 1S critical flaw

size.

Since the flaw size is an unknown gquantity, it is necessary to assume
a flaw aspect ratio, a/2c¢, to determine Q. Using the preceding equation,
the critical flaw depth, acr, can be determined for a specific value of ¢

and KIc'



Section EZ
1 November 1972
Page 61

I. Example Problem A.

Aluminum alloy 2219-T87 is selected as the material for use in a
20-in, -diam spherical gas bottle. The bottle is to operate at 4000 psig and

be stored in a liquid-nitrogen propeliant tank.
What is the critical flaw size?
A. Assumptions.
1. The defect is a semielliptical surface flaw with a/zé = 0.2.

2. The oberating stress is ¢ = 80 percent (yicld strength of the

material) .
B. Solution.

The yield strength and IIC values obtained from the tested speci-

- mens are as follows:

60 ksi

Q
1

¥s

and

37 ksi N in.

]

%o

The operating stress is
g = 0.80 (ays) = 0.80 (60) = 48 ksi
The wall thickness required is

PR _ (4000) (10)

= 0.417 in.
req 20 (2) (48 oo0) ~ 0-4171in



Section E2
1 November 1972
Page 62

For thick-walled structures,

2
a _ Q (Hc)
cr 1.21 7w o ?

where the shape parameter Q can be found from Fig. E2-5. For this problem

Q= 1.18; then

a = 1.18 -3—'-7- 2= 0.184 in
cr 1.21 (7} \48 ’ '

and
2¢c = a/0.20 = 0.184/0.2 = 0.92 in. .

For surface flaws that are deep with respect to material thickness,

the flaw magnification factor, M can be applied to give a more accurate

k!
critical flaw size,

2
1 KIc

1.217 Mko

(a/Q)cr =

for thin-walled structures.

II. Example Problem B.

Use the same design that was shown in Example Problem A except that

the spherical diameter of the bottle is 15 in. The wall thickness required is

PR _ 4000 (7.5)

= == = = 0.313 in.
tveq - 20~ 2 (a8 000 0.313 in
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For thin-walled structures,

K 2

Flaw magnification factors, M for the 2219-T87 aluminum are available

k’
from Fig. E2-8. Since the critical flaw depth, acr’ is unknown, a 'trial-and-

error' iterative solution is necessary to determine the magnification factor

corresponding to the critical flaw depth.
Without a magnification factor, acr = 0.184 in. (Example Problem A).

For a/t=0.184/0.313=0.59, M, = 1.21,

k

2

der T T.21 7

1.18 37 :
= 0. in. .1 in.
[1.21 (ZﬂT} 0.126 in. < 0.184 in

. + 0,
Take an average a = 0.184 0.126 = 0.155 in.

2

For a/t = 0.155/0.313 = 0.50, M

1]

L = 1.15,

qer T T.o1w

1.18 [ 37

2
= 0.139 in. < 0.155 in.
T35 (487:1 0.139 in 55 in

. + .1(
- Take an average a = 0-155 5 0.189 _ 0.147 in,

For a/t = 0.147/0.313 = 0.47, M

K 1.13,

Q

a = 118 37 t o 0.l4d~ 0.147 4
er T.21i7 |[T.i3(a8) | - ™ PO

Further reiteration will provide more accuracy if desired.
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If adequate flaw magnification values are not available for a particular
material, a reasonable estimate for Mk is the approximate Kobayashi solu-
tion shown in Fig. E2-25. However, it should be understood that its use can

result in somewhat conservative answers for more ductile materials and

perhaps unconservative answers for more brittle materials.
2.4.2.2 Embedded Flaws.

The calculations for embedded flaws in thick-walled structures will
be the same as for surface fylaws except that acr is the one-half critical
flaw depth of the embedded flaw, and the correction factor of 1.21 for the
effect on stress intensity of the stress-free surface (Section 2.2.1) is elimi-

nated. Thus the equation for one-half critical internal flaw size is

K 2
wa,, {2 )

Although flaw magnification effects have been studied for decp surface
flaws, apparently no similar research has been done for internal flaws with
large flaw-depth-to-material-thickness ratios. The fact that internal flaws
are hidden, making their sizc difficult if not impossible to accurately deter-
mine, presents a problem in the study of internal flaw magnification effects.
The assumption might be made that the same flaw magnification factors,

Mk’ used for deep surface flaws might be applied to the equation for critical
embedded flaw sizes. However, there is no evidence of how conservative or

unconservative this assumption is.

On the other hand, to account for the lack of knowledge about flaw
geometry and orientation, it can be conservatively assumed that flaws are
surface (or barely subsurface) flaws and that they are long in relation to

depth (Q = 1.0).
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2.4.2.3 Through-the-Thickness Cracks.

To calculate through-the-thickness critical crack length, the basic
plane stress equation for through-the-thickness cracks in an infinitely wide

plate (Section 2.2.2.1) can be rearranged to give

2 2
cr T\ o Y ’
ys

where KC is the plane stress fracture toughness obtained from an edge-
notched or center-cracked specimen, o is the applied stress in the structure
normal to the plane of the crack, Uys is the tensile yield strength of the

material, and icr is the critical crack length.

I. Example Problem A.

Aluminum alloy 2219-T87 is selected as the material for use in a 15-
in. diameter compressed air cyclinder. The cylinder is to operate at 1000

psig in ambient room atmosphere.
What is the critical flaw size?
A, Assumptions.

1. The defect is a semielliptical surface flaw with a/2c =

0.2,
2. The operating stress is ¢ = 80 percent of material
yield strength.
B. Solution.

The yield strength and K[c values obtained from test speci-

mens are as follows:

g = 50 ksi
ys
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and
KIc = 32 ksi N in.

An estimate of KC versus material thickness based on

2219-T87 test specimens is shown in Fig. E2-26 (Refs. 20 and 21).

The operating stress is
g ='0.80(ayS) = 0.80(50) = 40 ksi

The wall thickness required is

For thick-walled structures,

2
o9 (e
cr 1.21 o

From Fig. E2_5, Q= 1.18; then

_ 1.18 [32)? ,
acr = {1 (Zﬁ) = (0.199 > 0,188 in.

Therefore, the critical flaw is apparently a through-the-thickness crack and
the tank will leak before failure, The critical crack length of failure is pre-

dicted to be
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FIGURE E2-26. ESTIMATE OF KC VERSUS t FOR 2219-T87 ALUMINUM

(T=70F, K, = 32.0 ksi Nin.)
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The plane-stress fracture toughness value, Kc' from Fig. E2-26,

is 84 ksi N in.

2 f84\2 1 [84\?
f = - — - - = _ . - . . .
or - o (40) - (50) 2.81 0.91 1.90 in

2.4.3 Structure Design.

2.4.3.1 Service Life Requirements and Predictions.

With pressure cycles and time at stress, an initial flaw or defect in a
structure will grow in size until it attains thc critical size at the applied oper-
ating stress level, and failure will result. The flaw-growth potential (in
inches) is equal to the critical size minus the initial size. The life of the
structure directly depends upon this flaw-growth potential and the subcritical

flaw-growth characteristics of the material.

The determination of the initial flaw sizes generally relies upon the
use of NDI procedures; however, the conventional proof test can be considered
to be one of the most positive inspection procedures available. A successful
proof test actually defines the maximum possible initial flaw size that exists
in thelv_essel. This results from the functional relationship between stress
level and flaw size as defined by the critical stress intensity (ch) and illus-

trated in Fig. E2-6.

Probably the most predominant types of subcritical flaw growth are
fatigue gfowth resulting from cyclic stress and environmentally induced
sustained stress growth. Also, growth may occur even in the absence of
severe environmental effects if the initial flaw size approaches the critical

flaw size,
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The technique used for predicting the subcritical cyclic or sustained
stress flaw growth makes use of fracture specimen testing and the stress-

intensity concept.

It has been shown (Refs. 6 and 17) that the time or cycles to failure at
a given maximum applied gross stress level depends on the magnitude of the

initial stress intensity at the flaw tip, K compared with the critical stress

Ii’

intensity, KIC [that is, cycles or time to failure = f (KIi/KIc) ]. Also, itis

seen that the ratio of initial flaw size to critical fiaw size is related to the

stress-intensity ratio as follows:

‘:ﬂ-i—
1_(}}_ 2 _ Qi
ch acr
cr

Thus, if cyclic or sustained stress fracture specimens are used to

" obtain experimentally the K“/KIC versus cycles or time curves for a material,
the cycles or time required for any given initial flaw to grow to critical size
can be predicted. Conversely, if the required life of the structure is known

in terms of stress cycles or time at stress, the maximum allowable initial

flaw size can be determined.

The cyclic flaw-growth data are plotted in terms of stress-intensity
ratio, KIi/KIc’ versus log of cycles, as shown schematically in Fig. E2-.27a.
By squaring the ordinate value, the plot of the ratio of initial flaw size to
critical flaw size versus the log of cycles (Fig. E2-27b) can be obtained. It
should also be recognized that flaw size can be determined after any incre-
mental number of cycles. For example, if the initial flaw-size ratio was
0.40, the flaw would have grown in A cycles, increasing the ratio to 0.6;

in B cycles, it would have grown to 0.8, etc.
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FIGURE E2-27. SCHEMATIC REPRESENTATION OF CYCLIC
FLAW GROWTH
Cyclic flaw-growth data have been obtained on a number of materials
used in the acrospace industry. Some such data are shown in Figs. E2-28

and E2-29.

The application of fracturc-specimen testing to define the effects of
sustained load on flaw growth is essentially the same as used in defining cyclic
flaw growth. A constant load is applied to a flawed spccimen such that the
initial stress intensity is less than the critical value and the time to failure
is recorded. The KIi/KIc values are computed and the KIi/KIc ratio is
plotted versus log of time to failure.

- Plots of KIi/KIc versus log of time for most materials indicate the
existence of a threshold stress-intensity level below which sustained stress
growth does not occur. Figurc E2-30 shows data for 17-7 PH steel tested in
both dry and wet environments, and Fig. E2-31 shows surface-flawed speci-
men data for 2219-T87 aluminum tested in liquid nitrogen. In neither case
does it scem that the environment played an important role in the sustained

stress growth. In both cases the apparent threshold stress-intensity levels

are quite high.
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FIGURE E2-29. CYCLIC FLAW-GROWTH DATA OF 6Al1-4V
TITANIUM PLATE TESTED AT -320°F
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FIGURE E2-30. SUSTAINED STRESS FLAW_-GROWTH DATA FOR
ROOM-TEMPERATURE TESTS OF 17-7 PH STEEL
Let us now consider the significance of sustained stress flaw growth

and specifically the threshold stress-intensity concept on the estimated total
cyclic life of a tension-loaded structure containing an initial crack or crack-
like flaw. To illustrate this, thc schematic representation of the K-N curve

is reconstructed in Fig. E2-32, but superimposed on this curve is a horizontal

like at KIi/KIc = 0.80. This is assumed to be the threshold stress intensity.

Now consider the situation where the initial flaw size and applicd cyelic stress
result in an initial stress intensity cqual to 50 percent of the critical value.

From the curve, it is scen that it would take a total of A cycles to grow this
However in B cycles, the

initial flaw to critical size and causc failure.
initial flaw would have increased in size cnough to cuase the stress intensity

to reach the threshold valuc of KIi/KIc = 0.80. With additional cycles the
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stress intensity would further increcase and, if the stress were sustained
sufficiently long, it appears possible that failurc could occur on the (B + 1)

cycle,

If, on the other hand, the cycles were applied with little time at
maximum cyclic stress, it appecars that the total of A cycles could be
realized. It is hypothesized that below the threshold K-value, the time at
sustained stress has little or no effect on cyclic life. Above the threshold
value there will be an interaction such that failure could occur anywhere
within the range of (B + 1) to A cycles, depending on the time the maximum
stress is held during cach cycle. The development of the exact time-cycele
interaction curves above the threshold value would be a complex and expensive
task and, as appliced to most tankage structure, may not be of great importance.
It appears more rational to determince the basic eyclic data and the threshold-
intensity values and then verify (through prolonged-time specimen eyelic
tests) that time at load is not of major significance below the threshold value.
In the application of the data to fatigue-life estimation, the maximum allowable
stress intensity would be limited to the threshold value as determined for the
material in question and for the applicable service environment. If the
threshold is very low, steps should be taken to proteet the material from the

environment.

The operational cyclic life of pressure vesscls can be determined if

the following data are available:
1. Proof-test factor «.
2. Maximum design operating stress Oop'
3. Fracture toughness KIc'

4, Experimental cyclic and sustained stress flaw growth for the

vessel material.
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If the cycles to be applied to the vessel have short hold time at the maximum
stress Uop, the stress intensity at oop can be allowed to reach the critical
value ch and therefore the allowable flaw growth potential is acr - ai. For
long hold times at the maximum stress, the stress intensity could not be
allowed to exceed the sustained stress threshold value K and the allowable

TH

flaw growth potential is a_ - a,. Typical threshold stress-intensity data

th
can be obtained from Refs. 12 and 22.

1. Example Problem A (Thick-Walled Vessel).

Cyclic life prediction can be made by utilizing the proof-test factor and
the relationships between Kli/KIC and cycles to failure for various values of
R (ratio of minimum to maximum stress during a cycle) for the material-

environment combination.

The procedure for assessing the structural intégrity of the thick-
walled vessels follows. In the first analysis for the assessment of the struc-
tural integrity of the thick-walled vessel, it is always assumed that all the

pressure cycles are applied at R= 0. Since the analysis based on R= 0
will always show the remaining cyclic life less than that based on the analysis
of R# 0 (actual R ratios), the prediction of cyclic life based on the analysis
of R= 0 is invariably conservative. If the pressure vessel is shown unsatis-
factory for the flight based on R = 0, then the prediction analysis for the
remaining cyclic life is conducted based on the actual R values at which the
cycles are applied. An excellent illustrative example abstracted from Ref. 12

is given as follows.

Suppose that a thick-walled 6A1-4V (STA) titanium helium tank is
successfully proof tested at a proof-test factor of 1.50 times the maximum
design opérating stress. Suppose that the proof-tested tank is subjected to the

following pressure cycles before the flight, as shown in Fig. E2-33:
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FIGURE E2-33. CYCLIC HISTORY OF A THICK-WALLED VESSEL
(EXAMPLE PROBLEM A)

1. 200 loading cycles with the maximum stress as 90 percent of U(m
and R = 0.1.
2. 4300 loading cycles with the maximum stress as Gop and R =

0.7.

3. 260 loading cycles with the maximum stress as 95 pereent of o

op
and R= 0.4,
4. 40 loading cycles with the maximum stress as Uop and R= 0.1.

The cyclic life curves for 6A1-4V (STA) titanium for the environment
of room-tcmperature air arc reproduced for R= 0.0, R= 0.1, R= 0.4, and
R= 0.7 in Fig. E2-34. The diffecrence between the plots of cyclic life against

K‘Ti/KIc for R=0 and R = 0.1 is nepligible for this material-cnvironment
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combination, and hence both are shown by the same plot in Fig. E2.34. The
threshold stress-intensity level for the material in the environment of room-

temperature air is 90 percent of ch'

The maximum possible KIi/KIc ratio that could cxist in the vessel
after thg proof test at O'Op is 1/e= 0.667. It can be scen from the R= 0
plot in Fig. E2-34 that the maximum cyeles to failurc are about 600 at 00
if the hold times at maximum stress are small. If the analysis is based on
R =0 instead of actual R, the pressure-cycle history shows that the vessel
is critical. In the following, the assessment of the vessel is made based on

the appropriate valucs of R.

At the beginning of 200 loading cycles with the maximum stress as
0.90 Uop’ the maximum KU/KIC is given by 0.90 X 0.667= 0.60. This
point is indicated by E on R = 0.1 curve. The 200 loading cycles of 0.90
Uop and R= 0.1 change the KIi/KIc ratio from Point E to Point D on the
plotof R=0.1. The Kli/K[c ratio at the end of 200 loading cyeles of
R=0.1 is 0.63.

The stress is increased by 10 percent at the end of 200 cycles. Hence,
the KIi/KIc ratio at the beginning of 4300 cycles at Uop and R= 0.7 is
(1.0/0.9) x 0.63 = 0.70. This is shown by Point D on the plot of R=0.7.
The 4300 loading cycles at 7 o and R= 0.7 changc the KIi/KIc ratio from
Point D to Point C on the plot of R = 0.7, wherc its value is 0.78.

.The stress is decreased by 5 percent at the end of 4300 cycles. Hence.
the Kn/KIc ratio at the beginning of 260 cycles at 0.95 % op is (0.95/1.0) x
0.78 = 0.74, which is shown by Point C on thc R= 0.4 plot. The 260 cycles
at 0.95 Uop and R = 0.4 changce the KIi/KIc ratio from PointEC to Point B
on the R= 0.4 plot, where its valuc is 0.80.
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The stress is increased by 5 percent at the end of 260 cycles. Hence,
. N . ) . X 0.80 =
the KIi/K[c ratio at the beginning of 40 cycles at O0p IS (1.0/0.95) x 0.80
0.84, which is illustrated by Point B on the R = 0.1 plot. The 40 cycles at
¢ and R= 0.1 increase the KI/KI ratio from 0.84 to 0.875, which is
op i Ic
shown by Point A in Fig. E2-34,

Since the stress intensity at the end of 40 cycles at Uop is less than
the threshold stress intensity, the vessel is considered to be safe for the
flight, It will take 20 loading cycles at aop and R= 0.1 to increase
Kli/KIc from 0.875 to 0.90. Thus, the estimated minimum cyclic life

remaining for the vessel is 20 cycles.

II. Example Problem B (Thin-Walled Vessel).

In thin-walled vessels the flaw depth becomes deep with respect to the
wall thickness prior to reaching the critical size. Thérefore, Kobayashi's
magnification factor for deep surface flaws Mk must be considered. In
thin-walled vessels it is assumed that the flaws are long with respect to their
~ depth and, consequently, Q is assumed to be equal to unity in the Kobayashi

equation.

To determine the cyclic life of a thin-walled vesscl, the following

relations are required (Ref. 22).

1. Proof-test factor, Uop’ KIc’ and KTH'

2. The o versus a curve, similar to Fig. E2-35, to determine the
flaw size, a, a_ . and a_,. The curve is obtained from the following

Th
equation:

] “
(1.1 Mk\/TrE)

(o)
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FIGURE E2-35. DETERMINATION OF INITIAL AND CRITICAL

The KIi/ch versus flaw growth rate da/dN to determine the

1.21 7w

flaw growth rate at any stress level.

N curve by the ecquation

_I—%_i_z

0y

The flaw growth rates can be obtained
by differentiating the KIi/KIc versus cycles to failure curve, similar to that
of Fig. E2-36 (Ref. 22). This curve is obtained from the specimens where
acr/t is less than half. For an assumecd maximum cyclic stress level, say

04, the given KIi/KI versus N curve can be converted to an a/Q versus
C
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FIGURE E2-36. COMBINED SUSTAINED AND CYCLIC STRESS
LIFE DATA [5 Al — 2 1/2 Sn (ELI) TITANIUM
AT -320°F]
The slope of the a/Q versus N curve gives the plot for the flaw growth rate
d/dN (a/Q) versus KIi/KIc for the stress level o4. From the preceding
equation for a given K[i’ a/Q at the stress level o, is related with a/Q

at o4 as

v () (3)

From this equation it can be concluded that the flaw growth rate at any stress

level o, is related to the growth rate at o, as follows:

(d/dN (a/Q)] o, = (04/0,)* [d/dN (a/Q)] o,
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The prediction of the remaining cycle life and the structural integrity
of the thin-walled vessel is demonstrated by an illustrative example abstracted

from Ref. 22 and is given as follows.

Suppose that a thin-walled 6A1-4V titanium (STA) propellant tank
containing N,O, at room temperaturc is successfully proof tested with water
at room temperature to a proof-test factor of 1.41 times the maximum design
operating stress, cop. Suppose that the proof-tested tank is subjected to the

following pressure cycles before the flight:
1. Twenty loading cycles with the maximum stress as 90 percent of

op’

2. Twelve loading cycles with the maximum stress as 95 percent of

op’

3. Five loading cycles with the maximum stress as oop'

It is desired to asscss the structural integrity of the pressure vessel
from the fracture mechanics standpoint and ¢stimate the minimum cycelie life
remaining for the vessel at oop. This example is treated with specific
numbers since the stress-intensity factor has to be corrected for the a/t
ratio according to Fig. E2-25. The thickness of the tank is 0.022 in. The
maximum design operating strcss, UOp’ is 87.5 ksi. The material of this
gage under the above-mentioned cnvironmental conditions has the minimum
fracture toughness of 37 ksi Nin. and the threshold stress intensity of 80

percent of K_ .
Ic

The o versus a plots arc given for [\Ic and KTH = 0.80 KIc in
Fig. E2-35. Since thc proof stress is 1.41 X O’Op = 123.6 ksi, it is clear
from Fig. E2-35 that the maximum possible a, that could cxist is 0.0143

in. Here it is assumed that the depressurization from the proof pressure is
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rapid enough so that no significant flaw growth occurs during the depressur-
ization. Also, as shown in Fig. E2-35, for the stress level of oop, acr
is 0.0196 in. and aTH is 0.0160 in.

The plot of the KIi/KIc versus flaw growth rate for 6A L_4V titanium

at room temperature is reproduced in Fig. E2-37 for ¢ = 100 ksi., The 99-.
percent confidence level flaw growth rate curve is obtained from the cyclic
data of R= 0.0; it is assumed in this example that all the cycles are applied

at R= 0.0.

Taking into account fhe effect of stress level on the flaw growth rates,
the rates are arithmetically integrated from ai = 0.0143 in. to a_ .= 0.0196
in. according to Fig. E2-38 to calculate the cycles to failure for the stress
level of Uop. The plot of flaw depth against cycles to failure for the stress

level of oop is shown in Fig. E2-39.

When the maximum cyclic stress is 0.95 Uop’ a.l is still 0.0143 in.
but acr is 0.0208 in. and aTH = 0.0167 in. from Fig. E2-35. Based on
~ the stress level of 0.95 oop’ the flaw growth rates are integrated from
ai= 0.0143 in. to acr = 0.208 in. to calculate the cycles to failure. A
similar procedure is followed to obtain the relation of flaw depth against
cycles to failure for the stress level of 0.90 crop. These plots are shown in

Fig. E2-39.

At the end of the proof cycle and the beginning of the first cycle at the
maximum cyclic stress of 0.90 oop, the maximum possible flaw depth is
0.0143 in. This is shown by Point D in Fig. E2-39. The 20 loading cycles
with the maximum stress as 0.90 oop change a from Point D to Point C

on the plot of 0.90 % oo (Fig. E2-39).
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FIGURE E2-38. ARITHMETIC INTEGRATION OF FLAW-GROWTH-RATE
DATA (DEEP FLAWS IN THIN-WALLED VESSELS)
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The tank-wall stress is increased by 5 percent at the end of 20 loading
cycles with the maximum stress as 0.90 Uop' The flaw sizc remains the
same during the stress increase. This is shown by Point C on the plot of

0.95 ¢ in Fig. E2-39.
op

The 12 loading cycles with the maximum stress as 0,95 Uop change

a from Point C to Point B on the plot of 0.95 Gop in Fig. E2-39.

At the end of 12 loading cycles with the maximum stress as 0,95 Uop’
the stress is increased by 5 percent.  This is shown by Point B on the plot

of o in Fig. £2-39.
op

The {ive loading cycles with the maximum stress as O'Op change a
from Point B to Point A on the plot of oop in Fig. £2-39. The flaw depth
at A is 0.01534 in. This is smaller than a

T’
the vessel is considered to be safe for the {light., Also from Fig. E2-39, it

which is 0.0160 in. Hencce

will take seven cycles at Uop to increasc the flaw depth from 0.01534 in.
to 0.0160 in. Hecence, the minimum estimated cyclic life remaining for the

vessel is seven cycles.
2.4.3.2 Allowable Initial Flaw Sizc,

Allowable initial flaw sizes in a designed structure depend on the
service life requirements for the structurce and fracture toughness properties
of the material selected. The prevention of failurce requires that cither the
actual initial flaw sizes or the maximum possible initial flaw size be known.
Nondestructive inspection provides the only means of determining actual
initial flaw sizes. A successful proof test specifics the maximum possible
initial flaw size which can exist after the proof test and, in turn, provides the
maximum possible initial to critical stress-intensity ratio, KIi/KIc' To
determine the maximum allowable initial {law sizc, the initial to critical
stress-intensity ratio, bascd on the service life requirements, must be

determined.
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The calculation of allowable initial flaw size is demonstrated by the

following example.

I. Example Problem A.

A cyclic loaded pressure vessel of aluminum alloy must meet the

following design conditions:
| 1. Required minimum life, 40 000 cycles.
2. Maximum stress in a cycle 1/2 O™ 35 000 psi.
3. K of weld metal = 15 000 psi Nin.
4. Semielliptical surface defect (length 4 X depth).

What is the allowable initial flaw size which will grow to a critical

size in 40 000 cycles?
Solution.

From Fig. E2-40 (Ref. 18), the KIi/KIc ratio corresponding to
40 000 cycles of life is 0.36. The initial stress intensity can now be
determined:

K
K/Kpe = 0-36 = 15060

and
Kn = 0.36 (15 000) = 5400 psi N in.
Knowing the design_ stress of 35 000 and the expression of the type of

defect, it is now possible to find the defect size corresponding to a KIi of
5400 psi Nin.
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FIGURE E2-40. CYCLIC FIAW-GROWTH DATA FOR
ALUMINUM ALLOY

4 = KIiZQ _ (5400)? (1.4)

= - 0. .
i 1.21 v g2 1.21 7 (35 000)2 0088 in

The value of Q= 1.4 is taken from Fig. 12-5 for a/2c= 1/4= 0.25

and /0 =1/2=0.50.
y¥s
2¢;, = 4da, = 4 (0.0088) = 0.0352 in.

Therefore, the size of an initial flaw which will just grow to a critical

size in 40 000 cycles is 0.0088 in. deep by 0.0352 in. long.
2.4.3.3 Nondestructive Inspection Acceptance Limits.

The NDI requirements for any given structure are a function of the
allowable flaw sizes. They are limited by any economic or schedule impli-

cations associated with a proof-test failure and by the reliability of the
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inspection techniques for detecting initial flaws. Allowances should be made
for any lack of specific knowledge of flaw geometry and orientation. When
there is a lack of flaw definition, the worst possible flaw geometry and

orientation might be assumed.

Also, in arriving at acceptance limits, the allowable spacing for
internal or surface flaws (that is, aligned flaws in weldments) must be con-
sidered. An approximate analytical solution for the interaction of elliptically
shaped coplanar flaws has been obtained by Kobayashi and Hall (Ref. 23). The
results are shown in Fig. E2-41 along with experimental results on several
Ladish D6AC steel specimens containing two coplanar semielliptical surface
flaws. The curves are plotted in terms of stress-intensity magnification
ratio (K;/K,) versus flaw spacing ratio (d/a). Probably the most significant
point is that there is very little interaction between coplanar flaws unless they

are surprisingly close together.

Kie
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The establishment of NDI acceptance limits when service life require-
ments are known might best be shown by an illustrative example involving a
hypothetical pressure vessel that is expected to encounter a rather complex

loading history.

Figure E2-42a shows the assumed scrvice life requirement con-
sisting of one proof-test cycle {(at a stress level of @ times the operating
stress) followed by 1000 cycles and then 100 hr, both at a constant operating
stress level of (¢ = 1.0). To define the minimum inspection standards
required prior to service, it is necessary to determine the critical flaw size,
(a/Q) or’ at the end of service (Scction 2.4.2) and work backwards, cvaluating

all portions of the loading profile that can cause flaw growth.

Figure E2-42b represents a dimensionless relationship of stress-to-
flaw size as shown previously (Fig. 1'2-6). The ordinatc now is plotted in
terms of percentage of critical flaw sizc at operating stress. Figures E2-42¢
and d are schematic representations of the cyelic load flaw growth and sus-

tained load flaw growth, respectively,
The approach is as follows:

1. The critical flaw sizc at operating stress is represented as 100
percent of critical and is the maximum allowed at time TD (at the end of the

service life).

2. Maximum allowed flaw size at time TC is shown by Point C and
represents the maximum allowable flaw size at the start of the 100-hr sus-

tained stress period.

3. The effect of cyclic loading is shown in Fig., £E2-42¢ by moving
1000 cycles from TC to TB' Point B then represents the maximum allowable
size at time TB or at the start of the 1000-cycle period. This size is the

maximum allowable size before the vessel is placed in service.
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4. It can be shown that the previous one-cycle proof test generally

has a negligible effect on flaw growth compared with the chosen service life.

Note in this schematic illustration that the maximum allowable flaw
size is less than that which could have been present during a successful proof
test, and thus the proof test could not guarantee successful fulfillment of the
service life requirement, As a result, NDI must be capable of detecting flaws

1 .
as small as (ai/Qi)max

If it is determined that inspection technique limitations preclude the
assurance of service iifc rcliability, then either the proof-test factor must
be increased to assure that (ai/Qi) max 1S the largest possible existing flaw
size at the beginning of service life, or conservative assumptions might be
made about flaw geometry and orientation to account for the inability to detect
small flaw depths. For cxample, the length (L) of an indication scen in X-ray
inspection could be assumed to be the minor axis of an clliptical flaw where the
major axis is large with respect to the minor axis (i.c., L= 2a, Q = 1.0).
Conscquently, the critical flaw size must be larger (and the operating stress
lower) in order to meet the service life requirements. In other words, both

» highe b i U Mg, 52— .
(ai/Qi)max and (a/Q)Cr move higher up the ordinate of Fig., E2-42b

It should be noted that in terms of "percentage of critical," flaw size
is independent of actual stress and toughness values. Obviously, the deter-
mination of finitc maximum allowable flaw sizes (or smallest flaw size for
NDI detection) requires a detailed knowledge of applied stresses in the various
tank locations and of the fracture toughness of the materials used., This has
been illustrated by the Example Problem A in Scetion 2.4.3.2 in which the
allowable initial flaw size in an aluminum alloy pressure vessel is calculated
based on a required service life. In the case where NDI acceptance limits
are being considercd, the calculated initial {law depth and length are the

minimum demensions which NDI must be capable of detecting.
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2.4.3.4 Proof-Test Factor Selection.

It has been previously noted that a successful proof test determines
the maximum possible flaw size which can exist after the proof test and prior
to the beginning of service. The proof test is the most powerful inspection test
presently available and offers the most reliable method for guaranteed service

life.

Figure E2-43 shows a schematic theoretical relationship between the
critical flaw size, (a/Q)cr,. and the corresponding fracture stress, as pre-
viously illustrated in Fig. E2-6, along with a similar relationship between
initial flaw size (a/Q)i and stress level, The relationships hold true for

applied stresses below the yield strength of the material. For stresses above

N
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the yield value the relationships follow some experimentally determined curve

up to the ultimate strength, Uu If proof pressure is o times the operating

1t’
pressure, the critical flaw size is

K 2
: 1 Ic

a = =
(a/q) max (a/Q); 1.2i7 \ao

proof oper oper

and
K 2
1 Ic

(a/Q) T.217 \o

oper oper

Thus the proof-test factor, «, is a function of the maximum initial flaw sizc

and critical flaw sizc for the operating pressure level

(a/Q)i
oper 1
ia?Qscr T o
oper

Since subcritical flaw growth is a function of the initial stress intensity as

compared with the critical value, the proof-test factor can be related as

LN (a/Q)ii/2

max K_,
Ii opcer 1
- - = 3
e l.1INTa @ (a/Q)’,/2 @
oper i
oper

where KIi is the initial stress intensity at the operating stress level and

temperature, and K is the fracturc toughness value at proof test

Ic
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temperature. It should be noted that lower proof test factors {and therefore
lower proof stresses) can be employed if the proof test is performed at a
temperature where the material has a lower ch than at operating temperature
and, consequently, greater susceptibility to flaws. In this way the risk of

proof-test failure is minimized insofar as practical.

The maximum K[c at proof temperature should be employed in the

equation rather than the minimum or average K_ because it results in the

selection of a higher proof factor, a conservativfacevent. Figure E2-44 illus-
trates the difference between the use of maximum and minimum KIc at proof
temperature. For a given maximum initial flaw size, (a/Q)i (ma), the

proof stress required by KIc (min.) is less than that required by Ko, (max.).
In fact, if KIc (min.) were used and a component fabricated from material

characteristic of (max.) and containing a flaw slightly longer than
c

(a/ Q)i (ma) were proof tested at the lower level, the component would pass

PROOF STRESS
BASED ON Klémul

Ko T2

PROOF STRESS

( BASED ON ch!min’

BREAKING STRESS, @

FLAW'SIZE, /Q et

FIGURE E2-44. DETERMINATION OF PROOF STRESS BY MAXIMUM
AND MINIMUM VALUES OF ch
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the proof test successfully but probably would fail in service. The use of

KIc (ma\x)p in the proof-factor equation precludes this.

It has been shown by analysis that regardless of the structural wall
thickness, the required minimum proof-test factor « is always 1 =
allowable KIi/ch' However, the value of the proof test in providing assur-
ance against service failure changes with decreasing wall thickness and/or

increasing fracturc toughness, K o’ the same as occurs with the predicted

I
pressurc vesscl failure mode. This is discussed in more detail in Ref. 22

and illustrated in Fig. E2-45.

Having cxperimentally obtained the cyclic and sustained flaw growth
for a matcrial under consideration, the nceessary proof-test factor can be
determined to assure that the structure will mect the service life requirements.
Proof-factor dctermination can be appliced to at least two general problem arcas

in the design of structural componcents:

1. Evaluation and modification of proof-test conditions for current

components for which operating stress and mission arc already fixed.

2. Preliminary design of components intended for known missions,
including sclection of material, maximum opcrating stress, minimum proof

stress, and proof temperature.

The following sample problem illustrates the proper selection of a proof-test

factor for a hypothetical pressurce vessel design.

-I.  Example Problem A.

Suppose that a thick-walled liquid nitrogen 5A1-2.5Sn (ELI) titanium
pressure vessel must mceet a service life requirement of 600 pressure cycles
where the pressure is sustained for a prolonged period during cach cycle. The

vessel has alrecady been successfully proof tested with LN, to a proof factor
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a = 1.25. Will this proof factor assure that no failure occurs during the

service life and if not, what proof factor is required?

The cyclic life curve for 5A1-2.58n (ELI) titanium is reproduced in
Fig. E2-36. The estimated threshold stress-intensity value for sustained-

stre I h i i .92,
stress flaw growt (KTH/KIC) is approximately 0. 92

For long hold time, max. K[i/KIc'—- 1/a =1/1.25= 0.80. From
i . E - = . = . = .
Fig. E2-36 for KIi/KIc 0.80, N = 300 cycles. For KTH/KIC n.92,
N = 100 cycles.

In 300 cycles minus 100 cycles, or 200 cycles, the stress intensity
would have reached the estimated threshold value for sustained-stress flaw
growth. Thus the predicted minimum life would be only 200 cycles and the

proof factor of 1.25 will not assure a service life of 600 cycles.

For 100 cycles plus 600 cycles, or 700 cycles,

1
Kn/KIc = 0.70 = =
and

0.70 '

Thus, the 600-cycle service life requircs a proof-test factor of 1.43

times the operating pressure.
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