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A semiempirical élastic—plastic fracture criterion has
been developed for predicting defect-controlled failure when
gross plastic deformation is involved. This new criterion
utilizes the strain tolerance of the material in the pres-
ence of a defect as the engineering performance parameter.
Strain tolerance, defined as the nominal total strain at
failure, is related to defect size and is shown to be an
extension of linear elastic‘fracture mechanics in the tpugh
region. )

- A

Strain tolerance data are presented for 2014-T6 aluminum,
6A1-4V titanium-STA, and A533B steel containing semiellip;
tical surface flaws. The effect of fiaw geometry and speci-
men restraint on strain tolerance is also shown. The inter-
action effects between surface flaws and plastic strain
gradients due to holes are presented, and comparison is made
with analytical "elastic predictions from linear elastic
fracture mechanics.

An aﬁplication-of—principle example is presented to
show safety factor calculations for a pressuré vessel conQ

taining a surface flaw at a plastic strain concentration

such as a nozzle opening.
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INTRODUCTION

[Oﬁ 40241[”@

The objective of‘this research is to develop an elastic-
plastic fracture criterion, for predicting defect-controlled
failure when gross plastic deformation is involved, that will
be an extension of linear elastic fracture mechaniecs. This
new criterion will utilize the strain tolerance of the mater-
ial in the presence of a defect as the engineering perform-
‘ance parameter. Since the strain tolerance concept is
entirely new and unproven, this research will provide the
analytical andlexperimental development required to define
its capabilities and limits in the design of structural hard-
ware. In order to place the strain tolerance fracture cri-
terion in proper perspective a short review of the state-of-
the-art of fracture mechanics will be helpful.

Sudden bursting or collapsing of welded structures may
occur at nominal stresses below the yield strengthvif a com-
bination of unfavorable material and stress conditions exist
at the 1océtion‘of inadvertent flaws. Such failure that
occurs suddenly and without warning, that propagates rapildly
to a point where structural integrity is impaifed, and oftén
‘to the point of complete separation is charactérized as

"brittle fracture".
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Until the‘advent of linear elastic fracture mechanics
about 20 years ago, pressure vessels and similar structures
were designed primarily on the basis of yileld strength and
room-temperature notched-bar impact strength. Several low-
temperatﬁre failures of welded ships and T-2 tankers(l)
showed the fallacy of characterizing fracture resistance
using room-temperature notch toughness. A material with a
high notch toughness at room temperature may have its
ductile—to—brittle‘failure transition occurring at a higher
temperature than a material with a lower room-temperature
notch toughness. Thus, the'original notehedebaf impact
requirement evolved into the transition temperature method(z).
Criteria for'determining the transition temperature for a
material were based on transition in energy absorbed, change
in fracture appearance, or transition in ductility. The
concept'was’implemented by limiting the operating fempera-
ture of the structure to values above the transition tempera-
ture or by selecting a material whose transition temperature
was lower than the operating temperature. Success in
preventing failure was achieved by using the tfansition
temperatufe method, whose main advantage was that the neces-
sary stress analysis for the structure was simple, requiring
only.avoidance of gross plastic flow. Its overriding dis-

advantage waszthat,'by not relating flaw size and shape to

critical stress levels, it carried many undesirable
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penalties, such as prohibitihg use of high-strength materials
with high transition temperatures, operating~structures at
undesirably high temperatures to remain in the ductile range,
or using expensive materials to achileve a requiredltoughness
which placed structural designs at a competitive disadvantage.
Fortunately during the ensuing time, linear elastic
fracture mechanics was developed to the point where it has
been used reliably to insure structural integrity for thin-
walled aerospace pressure vessels fabricated from aluminum,
titanium, and steel alloys having high strength-to-density
ratios(B). Briefly, the linear elastic fracture mechanics
concept involvgs the practice of preventing brittle fracture
by limiting nominal stress to a value compatible with flaw
size. The analytical basis fbr linear elastic fracture
mechanics is the elastic analysis of the crack tip region
which shows a unique stress field with a singularity at the.
crack tip that dominates all other geometrical features.
The strength of this crack 'tip singularity is the.nofmal
opening mode stress intensity factor,’KI, which is .a func-
tion of nominai stress and crack size. Fracture occurs at
a criticai value of KI called the fracture toughness, KIc’
which is considered to be a material property. |
Linear elastic fracture mechanics in its‘current state

of évolvement is limited to cases where sméll crack-tip

plasticity 1s involved, that 1is, for low-toughness materials
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at_nominal stresses wéll below the yield strength. However,
there are many important design situations where it is
desirable to have a faillure criterion which could predict
defect-controlled failure for cases of both small- and large-
scale plasticity. For example, medium-strength steels of
high fracture toughness used in heavy-section nuclear-reactor
pressure vessels generally exhibit considerable crack-tip
plasticity, that limits the applicability of linear elastic
fracture mechanics and forces major reliance on the transi-
tion temperature method. Also,_in many design situations
using both high- and medium-strength materials, stress con-
centrations are an integral part of the structure and typic-
allj involve lécal stresses above the yield strength. A
pressure vessel will usually have nozzle openings (holes)
with fillet weld. attachment of piping; This area is a very
common site for surface or buried defects inadvertently
formed during fabrication.

A direct extension of linear elastic fracture mechanics
concepts to cases of large-scale yielding would assume again
the existence of a crack tip gingularity. Work by

() (5)

Hutchinson shows that a strain

and Rice and Rosengren
singularity does exist which is uniquely dependent upon.thé
material flow properties. Attempts to charactérize the

crack tip strain singularity havé required'using numerical

nonlinear finite element analysis(6’7). However, .in the
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region where the most’accuracy is desired, the crack tip,
finite elémentSH&reminherently the least . accurate. The
characterization of the crack tip area by a parameter whose
value depends upon thé‘near tip stress-strain field but
whose measurement is remote from the crack tip would provide
a more practical method for analyzing fracture. Currently
there are two promising approaches to elastic-plastic fraé-
ture that avoid the problem of crack-tip modeling: +the J-

(8)

integral concept of Rice and the strain tolerance approach
of Randall(g). Both approéchesvconsider average deformation
occurring over an arbitrary area remote from the crack tip.
In the J-inﬁeg?al concept, the engineering performance param-
eter is thé'raéé*bf change in deformation energy with respect
to crack area at fracture. Similarly, the nominal fracture
strain 1s the critical parameter in tﬁe strain tolerance
approach.

The potential of the J-integral as a fracture criterion
has been advancéd by Begley. and Landes(lo). J can be found-
experiméntally by using a series of identical specimens of
thickness,‘B, with differing crack lengths (a). The area
under the load versus load point deflection curves is
deformation energy (E). Deformation energy 1s plotted as a
function of crack length for fixed values of deflection (8).

1 dE

The slopes of the curves (E 55) for given crack lengths,

plotted as a function of deflection, is equal to J. The
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critical J at fracture (JC) is found from values of § and a
at the onset of instability. In the elastic:range Jd is equal .
to the strain energy release rate (G) from linear elastic

fracture mechanics. Initial tests on a Ni-Cr-Mo-V steel in

the plaétic range by Landes and Begley(ll)

show that J, may
be essentially independent of crack length and geometry,
hence a material constant. For application to design of
practical hardware, the safety factor would be the ratio of
~eritical J to applied J. The calculation of applied J
fequires solutions for J as a function of crack size and
applied strain (or applied load) for various component geom-
etries. Untillthese solutions are developed, ready épplica—
tion of theiJ—integral concent is limited.

The potential of strain tolerance as a fracture criter-
ion has been advanced by Lubahn(l2). The basic premise 1is
that nominal total strain (elastic plus plastic) af failure,
defined as strain tolerance, can be related to defect size.
The safety factor against defect controlled failure would be
the ratio of material strain tolerance to applied strain in
the hardware. A general outline of the fractufe analysis
required ﬁsing tﬁe strain tolerance concept is illustrated
in Table 1. Note that the approach is similarrto that of"
1inear,eléstic fracture mecpanics except that strain, rather

than stress, is the engineering performance parameter. In

fact, at stresses below the yileld strength, the strain
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tolerance 1is identicai to the nominél elastic fracture strain
predicted from linear elastic fracture mechanics.

In general, material strain tolerance will be a func-
tion of flaw size and'temperature. It may aiSO~bé a func-
tion of stress state, geometrical restraint, flawvgeometry,
and str;in gradient. Baseline strain tolerance versus flaw
size curves will be determined for two high strength-=low
toughness materials at room temperature: 2014-T6 aluminum
and 6A1-4V titanium-STA, and one medium strength-high
tnghness material at -20°F: A533B steel. The effect of
material variations, thickness restraint, flaw geometry, and
strain gradien? on the.baseline strain tolerance curve for
2014-T6 aluminﬁm'will be investigated. An application-of-
principle example will also be developed by using the sffain
tolerance fracture criteria to show séfety factor calcula-
tions for a 2014-T6 aluminum pressure vessel containing a

surface flaw at a plastic strain concentration, such as a

nozzle opening.
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EXPERIMENTAL PROCEDURE

The concept of strain tolerance as a basis for an
elastic-plastic fracture criterion was introduced, and the
experimental program briefly outlined, in the previous. sec-
tion. This section will discuss in detail the nominal prop-
.erties of the test materials, the design of test specimens,
the introduction of surface flaws in the test specimens, and

the measurement of strain tolerance.

Nominal Material Property Data

2014—TB aluminum and 6A1-4V titanium-STA in the form of
wrought pla;e weré chosen for this study because they are i
typical of low toughness materials used in thin-walled aero-
space pressure vessels where high strength-to-density ratios
are a necessity for weight savings. 2014-T6 aluminum (60
ksi yield, 35 ksi v/in. toughness) and 6A1-L4V titanium-STA
(160 ksi yield, 45 ksi /TH.‘toughness) have strength-~to-
density ratios équal to 600 and 1000 (in. X 103) respec-
tively. Spectrographic chemical analyses for two heats of
2014-T6 aluminum and for 6ALl-4V titanium-STA are shown in»
Table 2.

A533B steel was chosen for this study because it is

typical of the high toughness-medium strength materials used
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in land based nuclear reactor pressure vessels, where weight
savings is not a predominant consideration. A533B steel (65
ksi yield, 180 ksi /in. toughness) has a strength—to—density'
ratio equal to 230 (in. x,103). The A533B steel came from
the heavy section steel technology program (HSSTP) of the
Atomic Energy Commission. All 2-in.-thick stock was cut
from a section 2 to U inches from the top of 12-in.-thick
HSST plate 0O1l. A chemical analysis for this heat of AS533B

steel 1s given in Table 2.

Specimen Design
The basic laboratory specimeﬁ that was used for measure-
ment of material strain tolerance in the presénce of a defect
was a tensile specimen that contained a central semiellipti-
cal surface flaw oriented perpendicﬁlar tb the applied load.
The surface flaw was chosen because it was most representa-
tive of natural flaws encountered in practical hardware.
The strain tolerance specimen was designed to cover the com-
plete failure range from elastic to fully plastic using the
following guidelines: -
(1) The gage section musﬁ be large enough to provide suf-
ficient restraint for valid fracture toughness determina-
tion 1n the elastic region with.large flaws. Linear
elastic fracture mechanics only applies to cases of

limited crack tip plasticify. A sufficiently large
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(2)

ligament width¥* and thickness will decrease the size of

the plastic zone at the crack tip by virtue of prevent- .

ing lateral contraction of material ahead of the crack

. tip, thereby induéing a state of triaxial tension. The

local stress distribution at the tip of a crack is such
that the size of the plastic zone will be proportional

to the square of the fracture toughness-to-yield strength
ratio (KIC/Sy)2(13). Therefore, ligament width and
thickness should also be proportional to the ratio
(KIC/Sy)2. Experimental results for through-thickness

flaws in high strength steel, titanium, and aluminum

alloys indicate that dimensions of thickness and liga-

N

ment width that show full restraint range from a low of
0.4 (KIc/Sy) for U340 steel (210 ksi yield) to a hlgh
of 3.4 (KIC/Sy) for maraged steel (280 ksi yleld)(la)
A practical, thbugh sometimes conservative estimate has
been suggested as 2.5 (KIC/Sy)2(15).

The gage section must be wide enough to measure nominal -
strain, as opposed to local strain, on the plane of the
flaw for valid strain tolerance determination in the

plastic region with small flaws. The plastic strain

distribution around a semielliptical surface flaw has

¥The ligament width is defined as the distance between the
crack tip and the edge of the gage section.
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(16)

been measured by Beck in 4340 steel and in 2014-T6

(17)

aluminum ~-The distance away from the crack tip .
where the local strain is only 10 percent above nominal
is equal to three half-crack lengths (3c¢c) when the sec-
tion is elastic, but on the verge of yielding, to ten
half-crack lengths (10c) when the section is fully plas-
tic. This would indicate that the specimen width required
for valid strain tolerance measurement needs to be equal
to four crack lengths [4(2c)] when the section is elastic
and eleven crack lengths [11(2c)] when the section is
fully piastic.

(3) Sample design must also have the normal size restraints

|

to minimize material and machining costs and to fail 8

within the available load capacity of the test machine.

The tensile specimen design for 2014-T6 aluminum, 6A1-4V
titanium-STA, and A533B steel is shown in Figures 1, 2, and
3, respectively. The specimen ends were made to be friction
gripped using laterally applied hydraulic pressure. Nominal
thicknesses conveniently available consisted of 0.50-in.-
thick 2014-T6 aluﬁinum plate, 0.090-in.-thick 6Al1-4V titan-
ium sheet, and ZQin.—thick A533B steel plate. Flaw depths
were never more than half the thickness. The ratio of
thickness—to-(KIC/Sy)2 ranged from 1.1 for titanium to 1.7
for steel. The ratio of ligament width—to-(KIc/Sy)2 for the

largest flaw that caused elastic failure ranged from 2.5 for
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steel to 9.4 for titanium. Thus, the specimen gage section
had adequate size for a valid fracture toughness determina-
tion. The ratio of specimen width-to-flaw length (W/2c) for
the largest flaw when‘failgre was elastic ranged from 5.1 for
steel to 13.5 for titanium, and when failure was plastic
ranged from 11.1 for steel to 27.8 for aluminum. Therefore,
the specimen gage section also had adequate width for valid
strain tolerance measurements. The restraint in the width
direction is probably at its maximum and can be considered

to be "full width restraint”.

The basic 2014-Té aluminum center-crack strain tolerance
specimen gi#en'iﬁ Figure 1 was modified for determination of
the'effect of éhickness reétra?nt, flaw geometry, and strain
gradient. The thickness restraint specimen was identical’to
the strain tolerance specimen except ﬁhat thickness was
varied. The flaw geometry.épecimen consisted of two quarter-
elliptical surface cracks at the edges of the specimen. The
strain,gradient'specimen contained two quarter-elliptical
surface cracks at the edges of a centrally 1odated, through-
thickness hole. Specimen width was still sufficient to
. measure nominal strain at the edge of the specimen. These
various specimen geometries are schematically shown in

Figure 4.
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Surface Flaw Introduction

After*specimen machining, a surface flaw was introduced :
in the gage section by tension-fatigue extension of an
electric-discharge machined (EDM) starter notch. The
desired final fatigue flaw shape ratio (a/2c) was 0.40 to
0.50. The initial EDM notch size was determined by sizing
the final fatigue flaw and then subtracting off the desiréd
fiaw extension (i.e., generally in the range of 0.005 to
0.050 inches depending on the flaw size), taking account of

the observation that the depth growth-to-width growth ratio

PIRVE

(Aa/Ac) has a specific value. For center cracks and edge -

cracks in 2014-T6 aluminum, Aa/Ac was about 1.8. For center
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for A533B steel, Aa/Ac -was approximately 1.3. For the

o sepamis, L om st

2014-T6 strain gradient specimen, the growth ratio, Aa/Ac,
was assumed to be the product of 1.8 (growth ratio for edge
cracks in uniform stress field) and the ratio of elastic )
stress céncentration at the edge of the héle—to—elastic
stress concentriation at the location of the ndtch tip. For
hole diameters fanging,from 1/8 to 3/4 in., the hole edge-
to-notch fip ratios varied fromr2.l to 1.2. This corre~
sponds to a variation in Aa/Ac between 3.8 and 2.2. These

values came extremely close to the actual measured growth

ratios.
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A O:OlO—in;-thick tungsten-copper electrode was used to
machine the notch. The tool radius of the semi-circular
electrode was determined using simple geometry, as shown in
Figure 5. For center crack and edge crack specimens, the
tool radius (R) was calculated from Equation (A), Fig. 5,
for a known notch depth (a) and length (2c). For circular
hole-edge crack specimens, Equation (C).was solved for 4 or
a using the quadratic formula, by substituting known wvalues
of hole radius (r); effective preflaw depth (é_d); and
effective preflaw length (c—r)., Tool radius (R) was
determined as before from Equations (A) or (B). The EDM
electrode was §harpened to a tip radius of no greatef than
0.0015 in. by hand.

The maximum stress used during fatigue extension was
equal to approximately L5 percent of the room temperature
yield strength, or 30 ksi for 2014-T6 aluminum, 70'ksi for
6A1-4V titanium-STA, and 30 ksi for A533B steel. Surface

1

growth (Ac) was monitored with a measuring microscope.

Strain Tolerance Measurement

'After.surface.flaw'introduction, specimens were instru-
mented with foil strain gages for accurate measurement of_
material strain tolerance.

‘The center-crack strain tolerance, center-crack thick-
ness restraint, and edge-crack geometry specimens were instru-

mented with four strain gages for the purpose of measuring
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Specimen ¢ t
Cross Section I

CENTER-CRACK GEOMETRY EDGE-CRACK GEOMETRY
. a tc
R= ——— (A)
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1 !

3 f - \% 1 ‘

A - e c— R=?—912¥i- - (B)
&__-T—-*K-;— 2 2
N (a-d)da = ar?-dc ()

SN ——

CIRCULAR HOLE
EDGE CRACK GEOMETRY

Figure 5. EDM Tool Shape for Center Crack, Edge Crack, and
Circular Hole-Edge Crack Geometries.
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nominal strain parallel to the loading axis. Two gages were
placed in the-plane of the flaw at least five half-crack
lengths (5c¢) away from the crack tip when failure was elas-
tic, and ten half-crack lengths (10c) away from the crack
tip when failure was plastic. For center crack samples,
these gages were at the specimen edge, and for edge crack
samples, the gages were at the specimen center. The other
two gages were located at the same distance, but were offset
one-inch from the crack plane. Gage placement is schematic-
ally illustrated in‘Figure 4, Since net section-to-gross
section ratios are 0.98 or greater, on-plane and off-plane
gage readings gught to be very close. If they are not close,
specimen width\was insufficient for valid nominal strain
measurement. On-plane and off—plané strains do not differ
by more than 0.001 in./in. (0.1 percent) for the strain tol-
erance data presented in this report. The active grid of
the gage used was 0.125-in. long by 0.090-in.-wide. A
smaller gage was not necessary since strain was essentlally
uniform at 10c from the crack tip. The gages used for
2014-T6 aluminum and 6A1-4V titanium-STA were made of con-
stantan foil with an elongation capability of 5 percent
strain, while those used for A533B steel were made of
annealed constantan foil_with an elongation capability of 20 per-
cent strain. In-addition to strain gage,meaéurements, strain

tolerance was also estimated from a photogrid with O.lOO—in,—
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spacing, for comparison. These photogrid strain tolerance
values are not :as direct as those from strain gages since
the total strain is the sum of the measured plastic failure
strain and the elastic strain calculated from failure stress.
The determination of the effect of a strain concentra-
tion gradient on.the strain tolerance of 2014-T6 aluminum
necessitated measurements from two geémetrically identicél
specimens. The first contained the circular hole-edge crack
geometry used for measurement of nominal failure strain and
ngt section failure stress under the influence of the strain
concentration gradient. The second contained the circular
hole by itself, used for measurement of the plastic strain
distribution-aé‘the flaw location as a function of net sec-"—
tion stress. The active grid of the gage used to measure
nominal strain at the specimen edge was 0.125-in. long by
0.090-in. wide. This gage was made from constantan foil
with an elongation capability of 5 percent strain. Pro-
gressively smaller gages were used to measure strain as the
edge of the hole was approached because of the progressively
steeper strain gradient. . The active grid of the gages
intermediéte between sample edge and hole edge was 0.031-in.
long by 0.032~in. wide, and for thpse close to the edge of
the hole was 0.015-in. long by 0.020-in. wide. The peak
strain was measured by a gage on the inside surface of thé

hole. These smaller gages were made of annealed constantan
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foil with an elongation capability of 10 percent strain.

All strain gages' were bonded to. the specimens.with
Micro-Measurements AE-15 heat-éuring epoxy cement having an elon-
gation capability of 20 pércent strain. The gages were cured
at 150°F for 2 to 3 hours under a clamping pressure of
approximately 15‘to 20 psi. If a photogrid was to be
applied to the gage section, it was done before strain gage
installation. The gage section was first sprayed with a
photosensitive coating, such as Kodak metal etch resist
(KMER). The coating was then exposed to ultraviolet light
through a black and white negative transparency contalning
the grid. ‘Aftgr exposure, the coating was developed in KMER
developer and then stained with a blue dye.

After strain gage installation,‘the specimens were tested
to tensile failure at a strain rate of approximately 0.01
in./in./min. Strain gage and load cell outputs were meas-
ured every 10 seconds during the test with a null-balance
type digital strain indicator containing automatic switch-
ing,‘sensing, and recording units that could scan up to 20.
channels of data per second. Strain tolerance for the
center-créck and edge-crack specimens was. taken as the
average of 4 nominal strain readings at failure (2 strain
gages were located on the crack plane and 2 strain gages
were located off the crack planemas is illustrated in Figure

4)y, Effective strain tolerance for the strain concentration
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gradient specimens was taken as the average of 2 nominal
-strain readings at failure (both strain gages were located

on the crack plane as is illustrated in Figure 14).
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RESULTS AND ANALYSIS

Experimental strain tolerance results will be discussed
as follows:

(1) Baseline center-crack strain tolerancenfor 2014-T6
aluminum (heat 6670), 6A1-4V titanium-STA, and A533B
steel.

(2) Material variation effect on stfain tolerance of 2014-T6
aluminum (heat 5867).

(3) Thickness restraint effect on strain tolerance of
2014-T6 aluminum (heat 6670).

(W) 7Edge-érack flaw geometry effect on strain tolerance of }n
2014-T6 aluminum (heat  6670).

(5) ' Circular-hole strain gradient effect on strain toler-

ance of 2014-T6 aluminum (heat 6670).

Baseline Strain Tolerance

Strain tolerance data for 2014-T6 aluminum (heat 6670),
6A1-4V titanium-STA, and A533B steel are given in Appendix
A and plotted (open circles) as a function of crack depth in
Figures 6, 7, and 8, respectively. The failure region
marked "brittle" is a region of negligible plastic flow over
which linear elastic fracture mechanics is applicable. The

failure region marked "frangible" is a region of gross

26
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Figure 6. Strain Tolerance Curve for 2014-TA Aluminum
(Heat 6670) at Room Temperature.
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Figure 7. Strain Tolerance Curve for 6A1-4V Titanium-STA
at Room Temperature.
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plastic flow over which strain tolerance increases rapidly
with decreasing flaw size. The failure region marked "duc-
tile" is a region of plastic instability characterized by
local necking. The brittle-frangible boundary is arbitrar-
ily located at the point where the first measurable plastic
flow starts. This corresponds to a plastic strain of
approximately 0.0002. The frangible—auctile boundary is'
located at the point of plastic instability, which corre-
sponds to the ultimate stress point in a tensile test. The
limiting value of strain tolerance at zero crack size cor-
responds to the ductility in a tensile test, as calculated
from reduction'in area.

For 201&-%6 aluminum (heat 6670), strain tolerance
increases from 0.44 percent for a 0.300-in.-deep flaw in the
elastic region to 5.6 percent for a 0.030-in.-deep flaw in
the plastic region, and reaches a limiting value of 26.8
percent at zero flaw size. For 6A1-4V titanium-STA, strain
tolerance increases from 0.69 percent for a 0.080-in.-deep
flaw in the elastic region to 2.6 percent for a O;OQO—ih.—“
deep flaw in the plastic .region, and reaches a limiting
value of 45.4 percent at zero flaw size. Limited data for
A533B steel at -20°F suggest that strain tolerance increases
from 0.16 percent for a }.lo-in.—deep flaw in the elastic
region to 5.0 percent for a O,2Hiin.-deep flaw in the plaétic

region, and reaches a limiting value of 71.5 percent at zero
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flaw size. Also plotted in Figure 8, for comparison, is a
result of Loechel(l8) for A533B steel (HSST-Plate 01) at 5°F
using a brittle weld bead-on-plate surface flaw geometry.
The shift of the strain tolerance curve to higher values
with incfeasing temperature is reasonable.

For engineering design applications, it would be useful
to have the strain tolerance versus crack size curve in the
form of an equation. In the elastic region the strain
.tolerance versus fiaw size equation is determined by expres-
sing the linear elastic fracture mechanics stress inﬁensity

(13)

equation for a surface flaw in terms of total fracture

strain as

A - (1)
¢ 1.1/7 E

where Q is the flaw shape parameter, KIc is the fracture
toughness, and E is the elastic modulus. Elastic calcula-
tions for 2014-T6 aluminum (heat 6670), 6A1-4V titanium-STA,
and A533B (-2OOF) are outlined in Appendix B. In the plas-
tic region (up to the point of necking instability), the
rapid increase in strain tolerance can be takeﬁ ihto account
by the use of a plastic strain multiplying factor such as
(1+nsc), where € is the plastic part of the»strain tolerance
and n is - an empirical constant to be determined by a best-fit
of the experimental data points. Rewriting Equation (1) in

these terms, we have
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A= Ic , 1 (1+n€c). (2)

¢ 1.1/Y71 E /a2 .

The relationship between total strain (A) and plastic strain’
(¢) can be determined from a tensile test. For a stress-
strain curve expressed in the form of a power function, the
relationship is

A= % e + e, fore >0, (3)

where m 1s the strain hardening exponent, and B is the
‘stress constént at unit strain. Plastic calculations are
~outlined in Appendix C. Results for 2014-T76 aluminum (heat
6670), 6A1-4V titanium-STA, and A533B steel at -20°F and 5°F
are shown in Table 3. The accuracy of the strain tolerance
curve in the frangiﬁle region may be only 15 percent becauée
strain is changing so rapidly with‘crackAdepth. Improved
accuracy would require a statistical error analysis of a

larger amount of data.

Material Variation Effect

Center-crack strain tolerance was determined for a
second heat of 2014—T6_aluminum (heat 5867), having a yield
strength df 58.3 ksi, for comparison with baseline heat
6670, having a yield strength of 66.6 ksi. Strain tolerance
results are given in Table b, Over a range'of crack depths
from 0.050 to 0.090 inches, the strain toleitance of heat

5867 is an average of 38 percent higher than for heat 6670.
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It 1s apparent that differences in the tensile flow proper-
ties for these two heats 1s also indicative of their dif-
ferent strain tolerance behavior in the presence of flaws.
In engineering design whererweight-savings are of primary
concern, it therefore becomes important to determine actual
strain tolerance values for the particular heat of material
to be used in the application. If this approach becomes

prohibitively expensive, then design must be based on lower-

bound wvalues for a particular alloy.

Thickness Restraint Effect

Baseline strain tolerance data for 2014-T6 aluminum
(heat 6670), shown in Figure 6, was determined using a sec-
tion size nominally 0.375-in. thick and 3.5-in. wide. For
maximum utility in hardware design, it is hoped that strain
tolerance will have a minimum value corresponding to "full
restraint", in the plastic region, similar to "plane strain
fracture toughness", in the linear elastic region. If this
'is true, then strain tolerahce should increase with decreas-
ing width and thickness below that required for "full
restraint".

The width criteria'for valid strain tolerance measure-
ments, namely that ligament width be equal to 10 times ﬁhe
haiffcrack length (w2 > 10c), may also be a necessary and
sufficient criteria for "full width restraint". This seems

reasonable as a hypothesis, since the width restraint is at.
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least sdfficieﬂt to cause the local plastic strain distribu-
tion at the crack tip to die out to the nominal strain before
reaching the specimen boundaries. If this is the case, then
M"full thickness restraint" should also be present when the
ligament.thickness is equal to 10 times the crack depth

(t, > 10a). For the largest size flaw tested that still

2
caused plastic failure (a = 0.054, 2¢c = 0.126), the ligament
width was equal to 26.8 times the half-crack length (Wz =
26.8¢c) and the ligament thickness was equal to 6.0 times the
crack depth (tg = 6.0a). If the hypothesis is correét, then
the 2014-T6 strain tolerance sample has full restraint in

the width direction but has something less than fullvrestraint:
in the thickneés direction.

Limited tests were performed to determine the effect of
thickness on strain tolerance. Test results for two thick-
nesses, 0.089 and 0.145 inches, are compared with 5aseline
strain tolerance results for 0.375-in. thickness in Table 5.
The flaw size was kept constant. Ligament thickness-to-flaw
depth ratios.(ti/a)’for thicknesses of 0.375, 0.145, and
0.089 inches are equal to 6.0, 1.7, and 0.7, respectively.

The nominal fracture strain for the 0.1U45-1in. thickness 1is
46 percent lower, and for the 0.089-in. thickness'is 60 per-
cent lowef, than the strain tolerance for the 0.375-in.

. thickness. This result is exactly opposite to what was

expected, indicating that the lower restraint at these
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thicknesses was overshadowed by another effect. Apparently,
at flaw depth ratios (a/t) equal Eo as little as.0.35 and
greater, there 1s a stress ihtensity magnification effect
by virtue of the ligament thickness being too thin.

Note that the back-surface strain, measured in the
plane of the flaw, for the 0.375-in. thickness (tg/a = 6.0)
is only U percent higher than the strain tolerance, while
for the O;1H5;in. thickness (tz/a = 1.7) and for the 0.089-
in. thickness (tz/é = 0.7), it is 33 percent and 94 percent
higher, respectively. This result indicates that thé
liéament—dimension criteria for nominal strain measurement
in the thickne§s direction is something greater than‘6 times
the crack deﬁth, though not necessarily as high as 10 times ’
the crack depth as was true with respect to width.

More testing is needed to definitely establish the
effect of thickness restraint on strain tolerance, especially
at ligament thickness-to-crack depth ratios greater than 6.
It is probable that strain tolerance may still have a minimum
value at full restraint and may increase with decreasing
thickness over a limited range of lower reétraints, since
the ligament thickness is still sufficlently large so that
the stress intensity magnification effect is negligible.
However, as thickness is decreased further, the strain tol-
erance will pass through a maximum éhd rapialy decrease due
to the»iﬁcreased'domination:of the stress intensity magnifi-

cation effect at low ligament thicknesses.
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Until the effect of thickness restraint is more com-
pletely understood, it will be necessary, when using -the
strain tolerance approach in hardware design, to make the
strain tolerance specimen thickness identical to that

expected in the hardware.

Flaw Geometry Effect

The effect of an edge-crack geometry (quarter—ellipticai
corner flaws) on the baseline center-crack strain tolerance
(semielliptiéal surface flaw) of 2014-T6 aluminum (heat 6670)
was determined because the strain gradient specimens con-
tained quarter-elliptical corner“flaws at the edges of a
through-thickness circular hole. In the elastic range, for
through—fléws with 2a/W < 0.04, edge cracks are 11 percent
more severe than center cracks when compared on the basis of:

nominal fracture strain(ls).

Test results for surface flaws
in the plastic range (2¢/W = 0.03) are given in Table 6.

Over a range of flaw depths from 0.030 to 0.050 inches, the
nominal fracturg strain for edge cracks 1s an average of 22
percent less than the strain tolerance for center cracks.
From these results, it'abpears that the severity, of edge

flaws as compared with center flaws, in the plastic case is

a factor of two higher than in the elastic case.

Strain-Gradient Effect

The determination of the effect of a strain concentra-

tion gradient on the strain tolerance of 2014-T6 aluminum



42

T 1652

966°0

80¢€°T

0€8°0

€1e’1

9TV

1€1°0 090°0 850°0 0S0°0 8%0°0 106°¢ GLE®O
866°0 11€"1 8€8°0 €80°0 9¢0°0 8€0°0 T€0°0 0€0°0 €1e’1 T05° ¢ SLETO STV
(Gur) (‘ur)  (*ur)  (ur)  (fup)  Gur)  (CuR) (uy)

8 u ¢ A T "z 1 ‘3

v/ Vv Uy o/e 3/ b b B B v n 3
oT3ey o1y oTIwvy , oOT1ILY yas8uos yadsq ea1y YIPIM A SS3UNOTYJ aaqumy -
vaay I8N adeyg yadaq netd mnef §soxy uswy oadg

(0£99 3®B°H) wnumNTy 9L-%10Z JO
9JUBISTOL, UTRIIS U0 I093J3F AxjowodH) MeTd NoeaD-28pH 9 ATIVIL



43

€€L0°0 = UTeIds IJBWIITN °OniL
.aﬂ\r ISy €'9¢ = ssouysnoJ aanjoeaj Tsd Q08¢%. = 882138 9IPWIITN °ONAL
ﬁm&»@Oa X 9°01 = ,mzazvoz oaummﬁu 1sd 009°99 = §59135 PTSTX onif
SL°0 1610°0 66°0 00€°99 mqﬁo.o‘ 02198 91V
. \
mm;o.illll _
18°0 19%0°0 §0°T 00£°69 %2€0°0 029°88 STV
(*ur/°ur) . (1sd) (*ur/cur) (an)
b} o] £ u u .- :
<\m< ¢ S/ S S w« wm
o11¥y ?ourIaTOL oT3Ivy 592138 urealg 8aInjoeag peo IaqunyN
ureIls ureIis §8913§ aanjoevag 1®30L °niL '?2an3joeaq uswioadg
anag,
(qV]
N
Ve
—
E

(penur3uo)) 9 FTAVI



T 1652 Ly

(heat 6670) necessitated measurements from two geometrically
identical specimens. One contained the circular hole by
itself used for measurement of the plastic strain distribu-~
tion at the flaw location as a function of net section
stress. The other contained the circular hole-edge crack
geometry used for measurement of nominal failure strain and
net section failure stress under the influence of the |
strain concentration gradient.

Circular Hole Geometry Tests: Strain distribution meas-

urements, from elastic to fully plastic, were made for four
hole sizes ranging from 1/85'to 3/b-in., diameter. For a
hole in a semifinfinite plate (hole diameter-to-plate width
ratio (D/W)'eqﬁal to zero), the theoretical peak elastic
strain concentration factor (Kt) is "equal to 3. Kt is
defined as the ratio of peak strain-to-net section strain,
where net section strain is equal to net section stress
divided by elastic modulus. For an increasing D/W ratio

greater than zero, K_ will decrease because the peak strain

t
will be progressively less at any given value of net section
strain(lg). Experimental peak elastic strain concentration

factors for 0.750, 0.500, 0.250, and 0.126-in.-diameter
holes, based on net section strain, are given in Table 7.
Experimental Kt ranges fpom 2.98 for the smallest hole
(D/W = 0.036) to 2.39 for the largest hole (D/W = 0.214).

These values are within 3 percent of the theoretical values.
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However, if peak strain at the hole edge is compared to nom-
inal strain at the sample edge, the peak elastic strain
concentration factor will be a constant equal tQ the semi-
infinite plate value of 3, independent of D/W ratio. As D/W
increases above zero in finite width plates, the whole strain
gradient decreases proportionally (peak strain as well as
nominal strain) for force equilibrium; since the strain éon—
céntration gradient exists over a significant part of the
plate width. Only as D/W apbroaches zero and the concentra-
tion gradient becomes an insignificant part of the plate
width, will the nominal strain at_the sample edge approach
the net section strain. Experiméntal elastic strain concen-
tration gradie;ts for:0.750, 0.500, 0.250, and 0.126-in.-
diameter holes, based on nominal strain,‘are given in Figuré
9. Note that the peak elastic strain concentration factor
is independent of hole size (D/W ratio), being equal to 3.1
at the edge of the hole. Also, note that the steepness of
the strain gradient is inversely proportional to hole diam-
eter. - )

Peak strain and nominal strain are plotted as a func-
tion of net section stress, well into the plastic region, in
Figure 10 (0.750-in.-diameter hole), 11 (0.500-in.-diameter
hole), 12 (0.250-in.-diameter hole), and 13 (0;126—in.—
diameter hole). The net‘section“strain curve is identical

in all four figures and provides a common reference level.
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Figure 10. Peak and Nominal Strain as a Funct,iori of Net Sec-
tion Stress for a 0.750-in.-Diameter Hole.
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Sample A8
_‘_ Hole Dia = 0,500 inches
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Figure 11. Peak and Nominal Strain as a Function of Net Section
Stress for a 0.500-in.-Diameter Hole. .
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Figure 12. Peak and Nominal Strain as a Function of Net Section

Stress for a 0.250-in.-Diameter Hole.
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Peak and Nominal Strain as a Function of Net Section
Stress for a 0.126-in.-Diameter Hole. ‘
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Note that as hole diameter decreases (decreasing D/W), the
nominal strain and peak strain both increase, with the nom-
inal strain approaching the net section strain only for the
smallest hole size. However,‘by defining the peak strain
concentration factor by the ratio of peak strain-to-nominal
strain, it becomes independent of D/W ratio. Up to a net
section stress of 22 ksi (66 ksi yield) the section is com-
pletely elastic. At this point, the edge of the hole will
flow plastically,,so that peak strain will increase more
rapidly with further increase in net section stress, than
will nominal strain which still remains elastic. This will
cause the peak strain concentration factor to increase, above
. |

its elastic value of 3, as a function of net section stress
(or strain). The rate of increase will depend on the mater-“
ial flow properties. At a net sectioﬁ stress of 66 ksi,
the whole section will be completely plastic, so that the
nominal strain will increase at approximately the same rate
as the peak strain. This will result in the peak strain
concentration factor being essentially constant for the
fully plastic section. In other words, the plastic strain’’
concentration factor will have a limiting value that is-only
dependent on the material flow properties.

Experimental piastic strain concentratioﬁ factor for
2014~T6 aluminum (heat 6670) is ehown'as a.functien of net

section stress (and strain) in Figure 14. It,inereases from
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an elastic value of 3.0 to a limiting value of 7.0 when the
section becomes completely:plastic. Also shown is an .

analytical approximation for the plastic strain concentra-

(

20) for monotonic
(21) and

tion factor originally developed by Neuber
shear loéding, but which has been applied by Krempl

(22) to tension and compression loading. The basis

Papirno
of the Neuber approach is the suggested rule that the geo-

metric mean of plastic stress concentration factor (KS) and
the plastic strain concentration factor (KA) is equal to the

theoretical elastic concentration factor (Kt)’ or

1/2
(Ks K,y ) = K (4)

t’
_whefe;Ks }g_equai to the r%tig'oﬁ peak stress—to—net'section

stress and K, 1s equal to the ratio of peak strain-to-net

A
section:stfain. This relationship is derived fromﬂhonflinear
elastic theory for sharp notches and must. be regarded as

being purely empirical for_non—linear elastic-plastic behavior.
For a material with a plastic flow curve that can be expressed
in the form of a power function, the stress-strain relation

at the plastic notech is

m
Sp_—,B Ap s (5)

where Sp is the peak stress, Ap 1s the peak strain, m is the
strain hardening exponent, and B is the,stress'constant at
unit strain. The stress-strain relation in-the elastic net

section is
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where S_ is the nominal étress, A, is the nominal strain,
and E is the elastic modulus. ‘By substituting Equations (5)3
and (6) into Equation (4), the plastic strain concentration
factor (Kl) can be expressed as

+ -
K, = 1{,02/1 m (gsp)L/1tm xnl m/1+m

for (1/Kt)(Sy/E) < xn < Sy/E, (7)
where Sy 1s the yield strength. For the case of complete

A
and for the case of full plasticity (An > Sy/E), Equation

2/1+m
Kt .

circular hole in 2014-T6 aluminum (heat 6670) plate are out-

elasticity [An < (1/Kt)(sy/E)]’ Equation (7) reduces to K, =

(7) reduces to Ky = Analytical calculations for a

lined in Appendix D. Plastic strain concentration factor,

from the Neuber rule, is given by

K, = 3.0, for A, < 0.0021,

and X, = 780x_"°°,  for 0.0021 < A_ < 0.0063,
n —_— n —

and K, = 8.0, for A > 0.0063.

The agreement bétween the analytical curve and the experi-
mental curve is good considering that the Neuber rule is
based on non—linéar elastic theory.

»In summary, the experimental plastic strain éoncentra-
tion factor for a circular hole in 2014-T6 aluminum (heat

6670) is a function of net section strain, increasing from
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an_elastic value of 31to a 1imiting'value of 7 when the
section becomes completely plastic. The analytical plastic
strain concentration factor for a circular hole in 2014-T6
aluminum (heat 6670), determined by Neuber's method from the
theoretical elastic stress concentration factor and fhe
material flow curve, reaches a limiting value of 8 when the
section becomes fully plastic.

Circular Hole-Edge Crack Geometry Tests: In order to

understand the effect of plastic strain concentration gra-
dients on strain tolerance for surface flaws in 2014-T6
aluminum, it i1s advantageous to first consider the effect of
elastic strain'gradients on strain tolerance from éxisting
linear elastictfracture mechanics solutions. Bowie<23) has -
analyzed the case of an infinite piate containing two rédial,
diametrically opposite, through—thickﬁess cracks of length

a originating at the edge of an internal through-thickness
hole of radius R.‘ The analysis is outlined in Appendix E.
Briefly though, ﬁhe elastic. strain tolerance (eu) expression
for a single central through—crack of length 2a in a uniform

strain field,

K

Ic )
e. = , (8)
u E(wa)l72

where KIc is the fracture toughness and E is ﬁhe elastic

modulus, is modified for the case of two edge through-cracks

of length a at the edge of a_ciréular hole of radius R as
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: % |
Ic 1/2
= 173 (a/R) F(a/R), (9)
) E(na)l/? ‘- *

where eg is the nominal fracture strain in the strain gra-

1/2 F(a/R) is a function that expresses the

dient and (a/R)
influencé of the strain concentration gradient. The effec-
tive strain tolerance is equal to the ratio of nominal
fracture strain in the strain gradient-to-nominal fracture

strain in a uniform strain field (eg/eu), or

e /eu = (a/R)1/?

g F(a/R). (10)

Effective strain tolerance is plotted as a function of strain
gradient ratio (R/(R+a)) in Figuré 15. For R/(R+a) equal to

zero, the effeétive strain tolerance is equal to 1, since

‘the crack is in a uniform strain fiéld. As R/(R+a) increases
above zero, the effective strain tolerance decreases, even |
though the strain gradient is still too steep to affect the
crack tip, because the crack length 1s effectively increased
by the hole dilameter. As R/(R+a) increases still further
(decreasing strqin gradient for a larger hole), the effec-
tive strain tolerance continues to decrease because of the
more severe conditions that exist when the crack tip 1is
subjected to a progressively higher strain in the strain
gradient. As R/(R+a) approaches unity, the effective strain
tolerance approaches a limiting value of 0.333 for a crack
that is subjected to the full strain concentration at an

infinite hole. Also plotted in Figure 15 are the experimental
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results of Derby(zu)

for cylindrical epoxy pressure vessels
containing a quartér—circular corner crack at the edge of a
circular nozzle opening in the vessel wall. The agreement
with the analysis, for practical strain gradient ratios
greater than 0.60, is excellent. The fact that the nominal
fracture strain for a crack that is subjected to the full
strain concentration is 1/3 of the noninal fracture strain
in a uniform strain field is not surprising, sincelthe
theoretical elastic straln concentration factor fqrAa'hole
is 3. It is probabie that the effective strain tolerance
in the elastic-plastic regiqn'will have a limiting value
~that'is the»repiprocal of the plastic strain concentration
factor (KA)' \ |

Exgerimental elasfic—piastic résultsAfrom the cifcular
hole-edge crack geometry tests on 2014-T6 aluminum are given
in Table 8. ©Nominal failure strain (Af) and net section
failure stress were measured for 0.750, 0.500, 0.250, and
0.126-in.-diameter holes containing quarter-circular corner
cracks approximately 0.035-in. deep. The baseline center-
crack strain tolerancev(kc) for 2014-T6 aluminum (heat 6670)
is determined from Figure 6 or Table 3. The strain toler-
ance for edge cracks (Ae) in a uniform strain field is O.78Ac,
since edge cracks are 22 percent more severe than cehter
Udfénké'inyfhé‘eiésﬁic—plastic_feéion;f'Effeétive strain tbi—'“

erancev(kf/ke) is plotted as a function of strain gradient
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ratio (R/(R+a)) in Figure 16. The.data indicate that the
effective strain tolerance approaches a value of 0.142,
which is the reciprocal of the limiting KA value of 7 (Fig-
ure 14), for a créck that sees the full strain concentra-
tion. Tﬁis is not surprising since the net section in all
six tests was on the verge of being fully plastic at frac-
ture, with the net section strain approximately equal to
0.62 percent. However, since the limiting value of effec-
tive strain tolerance is a fﬁnction of plastic strain con-
centration féctor and net section strain, it is also ulti-
mately depehdent on strain tolerance and crack size. Pro-
gressively larger flaws than the average 0.035-in. dépth
used in the tests would have increasingly higher limiting
values of effective strain tolerance. This relationship,
for 2014-T6 aluminum, can be seen as follows: .

The limiting value of effective strain toleraﬁce is
expressed as.

Ap/Ag = 1/K,, (11)

where Af is the nominal fracture strain in the strain con-
centration gradieht and Ae is the strain tolerance for edge
cracks in a uniform strain field. But, Af i1s also identical
to the net section strain (Anj, for small values of the D/W

ratio, which is empirically related to KA from Figure 14 as

230,

KA = 1.65 e s

for 0.0026.< A < 0.0063. (12)
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By combining Equationé (11) and (12), the plastic strain
concentration factor‘(Kx) can be related to the edge-crack
strain tolerance (Ae) as

Kl(ln KX—1/2)

he = 230 >

for 3.0 < X, < 7.0. (13)

The complete effective strain tolerance curve invthe
elastic-plastic region might possibly be approximated by
assuming that the effective strain tolerance (EST), decreases
between i and 1/KA at the same rate as the elastic effective
strain tolerance (EST)_  decreases between 1 and 1/3. Cal-
culations are outlined %n Appendix E. The approximation
equation for 2014—T6ua1ﬁminum (heat 6670), for a limiting
effective strain tolerance of 1/7, is

(EST)A = 0.214 [1-(ESTje] + 0.500[3(EST) -11,. (14)

where (EST)e can be found as a function of R/(R+a) from
Figure 15. The approximation curve is plotted in Figure 16
for comparison with the experimental data points. Note that
the experimental effective strain tolerance is approximately
30 percent lower than the approkimation curve would indicate,
over the range 0.60 < R/(R+a) < 0.90.

In hardware design, expression of the strain gradient
effect in terms of the geometric ratio R/(R+a) limits the
applicability'of'the results to circular hole-edge crack

-geométries aloﬁe; at -least for steep strain gradients
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trating effect. For shallow gradients (R/(R+a) > 0.90),
however, where the full strain concéntrating‘effect exlsts,
only a slightly higher degree of generality is posSible,
with the effective strain tolerancé beingvequal to the
reciprocal of the plastic strain concentfation factor for
the appropriate geometry. The plastic strain concentratién
factor can be calculated by Neuber's method from the appro-
priate theoretical elastic stress concentration factor and
the material flow curve. If, on the other hand, effective
strain tolerance could be expressed directly in terms of the
strain gradienp itself, then the results would be generally
appiicable to ény situation for which the strain gradient is
known, be it thermal stress gradients from differential
heating or residual stress gradients from welding. Plastic
strain concentration gradients at fracture are given in
Figure 17 for the circular hole-edge crack geometry tests.
These were determined from the circular hole geometry (straiﬁ
distribution)_tests at the appropriate value of net section
failure stress. The average strain over the crack length is
compared with the strain tolerance in a uniform strain field.
The crack length strain is taken as the average of the peak
strain at the edge of the hole and the strain.at the crack
tip.’ Note that the average strain over the crack length at

fracture is approximately equal to the strain toleranoe in.a
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uniform strain field,‘within 4 percent on the average.
Inﬁsﬁmmary,.effective strain tolerance for a flaw in a
strain concentration gradient decreases gradually with
decreasing gradient steepness from a Value of 1 when the
flaw is in a uniform strain field, to a limiting value equal
to the reciprocal of the plastic strain concentration factor
when the flaw is subjected to the full strain concentratiﬁg
effect. Also, the average strain over the crack length in
the strain concentration gradient at fracture is approxi-
mately equal to the strain tolerance in a uniform strain

field.
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CONCLUSIONS

The capabilities and limitations of the strain toler-

ance concept as an elastic-plastic fracture criteria were

analyzed in the previous section. The conclusions are the

following:

(1)

(2)

(3)

(4)

The strain tblerance approach, as an elastic-plastic
fracture criteria, can be applied now to the design of
hardware with the reservation that strain tolerance
specimen thickness is the same as in the hardware.

For 0.375-in.-thick 2014-T6 aluminum (heat 6670) at
room température, strain tolerance increases from 0.4}
percent for a 0.300-in.-deep flaw in the elastic region
to 5.6 percent for a 0.030-in.-deep flaw in the plastic
region, and reaches a limiting value of 26.8 percent at -
zero flaw size.

Strain tolerance for 0.370-in.-thick 2014-T6 aluminum

(heat 5867) was 38 percent higher than for heat 6670

due to differences in their material flow properties.
For 0.086-in.-thick 6A1-UV titanium-STA at room tempera-—
ture, strain tolerance increases from 0.69 percent for

a 0.080-in.-deep flaw in the elastic region to 2.6 per-
cent for a 0.020-1in.-deep flaw in the plastic regioﬂ,

and reaches a limiting value of 45.L percent at zero

68
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(5)

(6)

(7)

(8)

(9)

69

flaw size.

Limited data for 1.50-in.-thick A533B steel (HSST Plate
01) at -20°F suggest that strain tolerance increases
from 0.16 percent for a 1.10-in.-deep flaw in the elas-
tic region to 5.0 percent for a 0.24-in.-deep flaw in
the plastic region, and reaches a limiting valueyof.
71.5 percent at zero flaw sige.

The elastic strain tolerance versus flaw size equation
for a surface flaw from linear elastic fracture mechan-
iecs can be extended into the plastic region by use of a
plastic strain multiplying factor and associated
empirical constants.

The nominal fracture strain for edge cracks is 22 per-
cent less than the strain tolerance for center cracks
in the elastic—plastié region.

The experimental plastic strain concentration factor
for a circular hole in 2014-T6 aluminum (heat 6670) is

a function of net section strain, increasing from an

‘elastic value of 3 to a limiting value of 7 when the

section becomes completely plastic.

The énalytical plastic strain concentration factor for
a circular hole in 2014-T6 aluminum (heat 6670), deter-
mined by Neuber's method from the theoretical elastic
stress concentration factofwand the material flow |
curve, reaéhes a limiting value of'8 when the section

becomes fully plastic.
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(10) Effective strain tolerance for a flaw in a strain con-

(11)

centration gradient decreases gradually with decreasing.
gradient stéepness from a value of 1 when the flaw is

in a uniform strain fiéld, to a‘limiting value equal to
the reciprocal of the plastic strain concentration fac-
tor when the flaw is subJected to the full strain con-
centrating effect.

The average strain over the crack 1ehgth in the strain’
concentration gradient at fracture is approximately

equal to the strain tolerance in a uniform strain field.
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DESIGN APPLICATION OF THE STRAIN TOLERANCE

FRACTURE CRITERION

This section will illustrate the use of the strain tol-
erance concept in designing against defect controlled frac-
ture in the elastic-plastic region where linear elastic
fracturé mechanics 1s not applicable. Actual strain toler-
ance data presented in this report will be used, and where
data is not available, realistic data will be assumed. This
will serve the dual purpose of making the problem practical
as well as indicating what follow-on research and develépment
isvfequired. )

Let us compute the faétor'of‘safety'againét burst of a
2014-T6 aluminum gaseous helium tank,‘for an aerospace liquid
propellant pressurization system, dufing a room temperature
proof test. The tank is a 1l0-in.-diameter cylinder that is
48-in. long with hemispherical ends and a wall thickness of -
0.300 inches. The operating pressure is 1800 psi and the
proof pressure is 22007psi. Assume that the most severe
defect that may exist in the tank is a quarter-elliptical
surface flaw of shape ratio a/c = 0.6, at the'edge of a 2-
in.-diameter nozzle opening in the cylinder séétion, oriented
normal to the maximum principal stress. Nondestructive

inspection sensitivity is such that the maximum size flaw

71
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that might be missed is 10 percent of the wall thickness.
Elastic modulus is 10.6 x 106 psi, Poisson's ratio is 0.3,
and yield strength is 66,500 psi.

The maximum nominal principal stress in the membrane
wall during proof is the tangential stress which is equal to
36,700 psi (Pr/t). The factor of safety against general
yielding in the membrane wall is 66,560/36,700 or 1.81. }The
elastic stress concentration factor for a hole in a biaxially
stressed (Sl.= 282) infinite plate is equal to 2.5 which
gives an apparent elastic peak stress of 91,700 psi. Since
the yield strength is 66,50Q psi it is apparent that the
nozzle opening has yielded significantly, so that linear
elastic fractufe mechanics cannot be used to determine the
safety factor against fracture. The first step in applying
the strain tolerance approach is to find the nominal applied
“strain (Aa) in the structure. This can be found from the
nominal membrane stresses using Hooke's Law. For a maximum
principal stress (Sl) of 36,700 psi in a thin-walled cylinder,
the intermediate principal stress (82) will be 18,350 psi,.
and the minimum principal stress will be zero. Therefore,
from Hooke's Law'()\a ='(Sl - vsg)/E), the nominal applied
strain is equal to 0.29 percent.

The second step is to determine the nominal fracture
strain (Af) due to the strain concentration gradient for the

largest defect that may be present. The maximum undetected
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flaw size is 0.10t or 0.030 inches. For illustrative pur-
poses it wlll be assumed that the uniaxial room temperature
strain tolerance data for 0.375-in.-thick 2014-T6 aluminum
(a/c = 0.8) is not influenced by multiaxiallstress*, plate
thickness*¥¥, or flaw shape. For a flaw depth of 0.030
inches, the center crack strain tolerance (XC) is 5.60 per-
cent (Figure 6 or Table 3). The edge-crack strain tolerance
(Ae) is 0.78 Ac or 4.36 percent (Table 6). The strain grad-
ient ratio, R/(R+a), is equal to 0.97. It can be seen from
Figure 16 that the effective strain tolerance (Af/le) is
eésentially equal to the limiting value (l/KA) for

R/(Rfa) > 0.90. KA can be found as a function of edge-
crack strain tglerance (Ae) from empirical Equation (13).
For Ae equal to U4.36 percent, KA is equal to 7.0, and xf/xe
is equal to 1/7 or 0.142. Therefore,.the nominal fracture
strain (i) is equal to (0.142)(4.36%) or 0.62 percent. The

safety factor is equal to the fracture strain (Af) divided

\

¥Normally in both linear elastic fracture mechanics and the
strain tolerance approach it is assumed that biaxiglity of _
stress or strain has no effect on the nominal fracture stress
or the strain tolerance because of the overriding influence
of the multiaxiality introduced by the crack itself. Ex-
perimental verification of this assumption in linear elastic
fracture mechanics is inconclusive.

¥¥This assumes that full thickness restraint exists in the 0.375
in. plate so that the strain tolerance is a minimum similar to
plane strain fracture toughness.. Experimental verification of
this assumption 1s inconclusive. , R :
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by the applied strain (Aa) which is 0.62/0.29 or 2.14. Since
the safety factor against fracture is greater than the

safety factbr agaihst yield, the vessel will malfunction
first by general yielding of the membrane wall.

Let us now assume that inspection sensitivity is not
quite as good as'before, so that the maximum size flaw that
might be missed is 15 percent of the ﬁall thickness or O;OMB
inches. For this case R/(R+a) = 0.96, Ac = 2.30%, Ae =

1.79%, Kk = 4.2, and A, = 0.43%. The factor of safety is

T
equal to 0.43/0.29 or 1.48. 1In this case the vessel will

malfunction first by fracturing at the nozzle opening.

ARFy .,
GSMQOS;Q@@Z*
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RECOMMENDATIONS FOR FUTURE WORK

There are a number of uncertainties still assoCiatéd
with design application of the strain tolerance fracture
criteria that were indicated in the application—of-principle
example presented in the previous section. Recommendatioﬁs
for future research are the following:

(i) Effect of thickness restraint on strain tolerance.
(2) Effect of stress state on strain tolerance.

(3) Effect of flaw shape on strain tolerance.

75
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~APPENDIX A

STRAIN TOLERANCE DATA FOR 2014-T6 ALUMINUM

(HEAT 6670), 6A1-4V TITANIUM-STA, AND A533B STEEL

76
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Baseline center-crack strain tolerance data for 2014-T6
aluminum (heat 6670), 6A1-4V titanium, and A533B steel is
given in Tables A-i, A-2, and A-3, respectively. The most
accurate determination of strain tolerance was from strain
gage measurements. Total strain at failure, or strain tol-
erance,. was also estimated from a photogrid with 0.100-in.
spacing, and from'a tensile test. Thélstrain tolerance |
estimatés from the photogrid required addition of the meas-
ured plastic. failure strain and the elastic strain as cal-
culatéd from the failure stress. The strain tolerance
estimates from the tensile curve reflect the total strain in
the tensile test at the same stress level as caused failure
in the flawed étrain tolerance specimen. The photogrid
strain tolerance 1s surprisingly close to that measured from
the strain gages considering that the value is subject to
averagihg errors and optical precision. The strain values
from the tensile curve are also in the same range as the
strain gage measurements, though not as close as the photo-
grid values. On the basis of this limited data, it appears
that strain tolerance could be estimated within 20 percent
from one tensile test well instrumented with strain gages
and several strain tolerance tests where only failure stress

1s measured.
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APPENDIX B

ELASTIC STRAIN TOLERANCE CALCULATIONS FROM

LINEAR ELASTIC FRACTURE MECHANICS

r
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The linear elastic stress intensity expression for a

surface flaw is given(13) by

"Kp = 1.1 /7 S /a77_ , (B-1)

where Q 1s the flaw shape parameter given by
Q= [4° - 0.212 (5/5,)°1 ,

and 4. is the complete elliptic integral of the second kind

given by

g = /Jl— ®a%) 5% ao .

At fracture, Ky becomes the fracture toughness, K

Ic’_S is
the nominal failure Stress,ia is the crack depth, Sy is the
yield strength, and ¢ is the half-crack length. This expres-
sion will be used up to the yield strength since it contains
the plastic zone size correction factor,-O.212(S/Sy)

Fracture toughness (KIC) calculations for 2014-T6 aluminum
(heat 6670) at 7OOF, 6A1-4V titanium-STA at 7Q°F, and A533B
steel at —209F are given in Table B-1.

The strain tolerance versus flaw size curve in the elas-
tic region can be determined by rewriting Equation (B-1) in
terms of fotal fracture strain (Ac) using Hooké's Law as

/2 KIc =

A= |—==1 [va, (B-2)
¢ 1.1 /7 E|



86

T 1652

whE*S

056°0  109°L ¥L%*0  0EE°0 TV0'T %60  S00°8 864" 1 €s.
4,0z- = *dwsy TTALS dEGSY
696°0 9SY¥I*0 LSE*0 ' SES°0 621°0  9%0°0  2TOST°0  LYL'Y 980°0 YL
A 0L = tdwmg VIS = WOINVIIL A% ~TV9
6L6°0 $8T°1 7860  TIE'O 90€'0  LIT°0  €IE°T  106°¢€ SLE®O 6V
296°0 . 992°1 06€°0  8I¥*0 €0%°0  LST°0  9IE'T  T0S°§ 9L£°0 8V
0%6°0  TET'T €8€°0  %2S°0 2IST0 961°0  OIE'T  Z0S°€ YLE®0 LV
| 4,04 = *dwsg (0299 IVAH) WONIKOTV 9I-¥10Z
(7D (up)  (EB)- (CuR) (T '(*ur)
v % oz aye o7 . ® 3y M 2
OF3®y  ®BOIY of3ey  oF3RY y3sus 1  yadeq  eeay ; I9quny
BIY I™N adeys yadaq mery . melg 58019 YiPIM  BSIUWIIYL uswroadg
Hamwm geesv pue
‘V1S-unjuell] Ay-IV9 .aanaaba< 91-%T0Z 103 ®BIEQ SS83aUY3NO] ?1n3081yg ‘1-g4 91dVL



87

T 1652

35 8°0L = sumnwuum PTISTX T®923S dEESV

TSN €°09] = YIBuaa3ls PIATX VIS-WNTUBITI AH-TVO

751 9°99 = y3aBus13s pTaTA (0L99 IB9H) WNUTWATY 9I~4T0T

0°99 v1°2 L6670 00%‘oL 000°s€S €S
1,02~ = °dus TEELS 9EESV
0°LYy 991 906°0 006l 00112 Y1
4,0, = "duag VIS - WAINVLIIL AY -TV9
6°2€ 9T L16°0  001°S9 065°€8 " v
2 LS LL°T 1960  000°%9 0L0°T8 8V
8° 8¢ 8L 106°0  000°09 0Z6°€L LV
4,00 = *dwel (0,99 IVAH) WONTWATV 9I-¥10Z . \
~upf\ g5y (18d) - @n
°Iy d /% s ¥
gsauysnog 19jouRIRg 0T3RY $89138 peo1 Iaquny
sanjoeag adeys MeTg §s913S - @anjoexy 2an3oeay uawyoadg

(penutauo)) -4 ATGVL



T 1652 88

where E is the elastic modulus. For 2014-T6 aluminum (66.6
ksi yield), using a flaw shape ratio (a/2c¢c) equal to -0.40,
an average value of flaw shape parameter (Q) equal to 1.88

over the range of 0.5 < (S/Sy) < 1, an elastic modulus equal

6

to 10.6 x 10" psi, and a fracture toughness (KIC) equal to

36.3 ksi vin., the linear elastic strain tolerance versus
flaw size expression is Ac = 2.408 x 10-3//5. For 6A1-4V

titanium-STA (160.3 ksi yield), using (a/2c¢c) = 0.40, Q =

6

1.88, E = 17.0 x 10° psi, and K, = 47.0 ksi /in., the elas-

Ic
tic strain tolerance versus flaw size expression is;kc =

1.944 x 10—3//5. For A533B steel at -20°F (70.8 ksi yield),
using (a/2c) =\O.M7, Q = 2.19, E = 29.9 x 106 psi, and KIc =
66.0 ksi /THT, the elastic strain tolerance versus flaw size

expression is A, = 1.675 x 10—3//§f
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‘APPENDIX C

CALCULATION OF A SEMIEMPIRICAL EQUATION FOR

STRAIN TOLERANCE IN THE ELASTIC-PLASTIC REGION

89
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A semiempirical equation, that describes the strain tol-
erance versus flaw size curve in the elastic-plastic region,
can -be developed by modifying the elastic strain tolerance
expression calculated in Appendix B. The rapid increase in
strain tolerance in the plastic region can be taken into
account by use of a plastic strain multiplying factor such
as (l+nsc), where €, 1s the plastic part of the strain tol-
erance énd n is an empirical constant. Rewriting Equation

(B-2) in these terms, we have

/Q K
A= _————Eg— . l: (1+ne ). (Cc-1)
¢ 1.1/7 E  Va ¢
The relationship between total strain (A) and plastic
strain (g) can be determined from a tensile test, where the

stress versus plastic strain curve can be expressed as a

power function of the form

S = Bem s for e > 0 , (C-2)
where m is the strain hardening exponent and B is the stress
COnstant'at unit strain. Rewriting Equation (C-2) in terms
of elastic strain (e) and plastic strain (e), we have

e ='S/E = Be"/E for e >0, (C—?)
where E 1is the elastic modulus. Since total strain (A) is

the sum of its elastic and plastic parts, we have

A=e+e=Be/E + ¢ s for € > 0.° (c-1)
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Equations (C-1) and (C-4) are sufficient to describe the com-
plete strain tolerance versus flaw size curve up to the point
of plastic necking instability. The empirical constants B
and m are determined from tensile data, and the constant n
is determined from strain tolerance data in the plastic
region.

| True stress- versus true plastic‘étrain curves (Equafion
(C=2)) for 2014-T6 aluminum (heat 6670), 6A1-4V titanium-STA,
and A533B steel are given in Figures C-1, C-2, and C-3,
respectively. Note that the curve for A533B steel at -20°F
assumes that the strain hardening exponent is the same as
at 709F. Also, note that it is necessary to use two equa-
tions to descr;be the A533B flow curve as it exhibits a dis-
continuous yield point. The relationship between total
strain (A) and plastic strain (g) can be calculated by sub-
stituting appropriate values of B; m, and elastic modulus
(E) into Equation (C-4). The resulting equations are:

For 2014-T6 aluminum (heat 6670) --

A =7.755 x 103 938 4 e, rore > o0

For 6A1-4V titanium—STA —-

A= 11.412 x 1073 2930 4 ¢, for e > 0

For A533B steel (-20°F) —-

>
1

= 2.370 x 1073 + ¢, - for 0 < € < 0.009

= 5.027 x 1073 190 + ¢, for e > 0.009.

>
\



‘wnuTuntTy 9L-4T0C 40J SAJN) UTBJIFS-SS8J3S °T-) 24nltg

) yaui/your  ‘(3)  NIVHLS OILSYd 3Nyl :
G0 1°0 GO0 , -~ 100 G000 100°0
_ T T [TTTT [ T 1 | [TTT1 T 1 101
—jui0d 8Jn}oD.4 —
ulo al ]
uiod ose_._:@ e PR —log
v - =
o .
— 001
Ayoixoig 40
9snpoaq ssalg ybiy
gco0® 002 ‘28+=S
. -

(0199 D8H) wnuwNly 91— 102 - O

005

SS3YLS 3Nyl

‘(S)

183



Y

o *YIS-UNTUBYTL Ah-TV9 J0J SAJIN) UTBIZS-SS8d3S ‘g-D o4anli4
youlzyour  ‘(3) NIVHLS 2J1LSV1d 3NYHL
¢0 | 1°0 . SO0 , _0.0 — .mO0.0. . 100°0
— L ] 1 ] ] — | L | — | J ¥ 1} — . — | ] qlq |} | |
—10G
—joo1 _,
— JUI0d 94N}0DI4 z
,_‘1 m
@
= ...
o, Q ulod pe! Q, m
JUI0d BjowlIN Hiod piRtA %
KioiXDLLL 40 - »
asnpoaq ssaiS YbIH oco'o® 000°‘v6l1 =S -
—00G8
N -~
_ 3
VLS-WNUDiL Ab-1V9 -0 4 500!

T 1652



*19938 dEEGY J0J 9AIN) UTBIGS-SS8d3S *E€-0) 0an3Td

9l

yaul/your - *(3)  NIVHLS JILSV1d 3Nyl

| G0 o) GO0 10°0 G000 2000
[TTT T T 1 I ________ | I T T 11 1 Ol
4004 = 1
03 00€ ‘8¢| =S . 7
JuI0d 3IN49014 o OL osrem > | 006 '59=8 _
,ﬁ jui0d 21n4oD14 4, 02— —06
/ﬁ tulod atowiin w
pailddy uoioai0) ubwabpug .@ -
lL -
—100
008°‘0L=S
°
o
/ mo ON' = I—I
o pajoalban Asoixola) - —
v , Oo_.o.w 00€ 06l =S AO3I0Id PIRIA ——=
= |0 8bld LSSH _
199iS 9EECV

‘(S) ~ SS3YLS 3Nyl

18y



T 1652 95

The empirical constant n in the strain tolerance versus
crack size expression (Equation (C-1)) is determined by a
best-fit of the éxperimental data points given in Appendix
A. Appropriate values of the elastic paraméﬁers (Q, KIc’
and E), strain tolerance (Ac), flaw depth (a), and plastic
strain (e_) are substituted into Equation (C-1) which is
then solved for n. The resulting besthit equations are:

For 2014-T6 aluminum (heat 6670) --

-3
by = 2.'—‘08 x 10 (l + 62 sc)

¢ /a

For 6A1-4V titanium-STA --

-3
(] /g [¢]
For A533B steel (-20°F) --
_3 )
_ 1.675 x 10
xc = (1 + 290 ec).

Va
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-APPENDIX D

NEUBER APPROXIMATION OF THE PLASTIC STRAIN

CONCENTRATION FACTOR FOR A NOTCH

96
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An analytical approximation of the plastic strain con-=
centration factor for a notch under monotonic shear loading

(20). The basis of the Neuber approach

was developed by Neuber
is the suggested rule that the geometric mean of the plastic
stress concentration factor (KS) and the plastic strain con-
centration factor (KA) is equal to the theoretical elastic

stress concentration factor (Kt),

(x, k)% = k.. (D-1)
This relationship is derived from non-linear elastic theory
for sharp notches and must be régardéd as being purely
empiriéal for non-linear elastic;nlastic behavior. Eguation

(21) (22) to ten-

(D-1) has beenkapplied-by Krempl and Papirno
sion and compression loading, where K  1s defined as the
ratio of peak normal stress-to-net section normal stress
(Sp/Sn) and KA is defined as the ratio of peak normal strain-
to—net section normal strain (Ap/An).

For the completely elastic case where the stress—strain

behavior, both in the net section and at the notch, can be

expressed by Hooke's Law, Equation (D-1) reduces to

for A, < = (S,/E), (D-2)
' t
where Sy is the yield strength and E is the elastlc modulus.

K ="Kt,

For the case of an elastic net section and a plastic

notch, two separate stress—strain equations are necessary to

describe the material behavior at the two locations. For a
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material with a plastic flow curve that can be expressed in
the form of a power function, the stress-strain relation at

the plastic notch is given by

m .
Asp = BAp s (D-3)

‘where m is the strain hardening exponent and B is the stress
constant at unit strain. The stress-strain relation in the
elastic net section is

s, =.Ex,. (D-4)

By substituting Equations (D-3) and (D-4) into Equation (D-1),

the plastic strain concentration factor (KA) can be expressed

as
23 1 1-m
- 1+m 1+m 1+m
Ky, = K, (E/B) A >
for (l/Kt)(Sy/E) <A, £ S,/E (D-5)

In this case, the plastic strain concentration factor (Kx)
for a given notch (Kt)’ is a function of elastic modulus (E),
material flow properties (B, m), and net section strailn
level (An). :

For the fully plastic case, the stress-strain relation

at the piéstic notch is expressed, as before, by Equation
(Df3). The stress-strain relation in the plastic net section

is given by

‘ - m
Sn = Bkn . (D-6)

By substituting Equations (D-3) and (D-6) into Eguation (D-1),
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the plastic strain concentration factor (KA) can be expressed

as

K, = K » for A > S,/E- (D-7)

In this case, the plastic strain concentration factor (KX);
‘for a gilven notch (Kt)’ is only dependent on the strain
hardening exponent (m).

For a circular hole (K, = 3.0) in 2014-T6 aluminum
(E = 10.6 x 10° psi, s, = 66,500 psi, S = 85,000 r-053%y,

the plastic strain concentration factor (KA)’ from Equations

(D-2), (D-5), and (D-7), is given by

K, = 3.0, for A_ < 0.0021,
and K, = 7801 °9%,  for 0.0021 < A_ < 0.0063,
and X, = 8.0, for A > 0.0063.

¥This equation expresses the same flow behavior as the tensile
curve in Appendix C, Figure (C-1), except that total strain
(X)) is used instead of plastic strain (e).
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APPENDIX E

ELASTIC STRAIN GRADIENT EFFECT FOR A CIRCULAR HOLE-EDGE

_CRACK GEOMETRY FROM LINEAR ELASTIC FRACTURE MECHANICS

100
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Bowie(23)

has apblied Griffith's theory of brittle frac-
fure to the case on an infinite plate containing two radial,
diametrically opbosite, through-thickness cracks of length a
originating at the edge of an internal through-thickness
hole of radius R. The circular hole-edge crack geometry is
illustrated in Figure E-1. The plate is loaded in uniaxial
tension perpendicular to the plane of the cracks, and is
thick ehough to provide full restraint. The length between
the crack extremities is 2(R+a) and the relative crack
length is a/R.

N In the limiting case where R equals zero and the infin-
ite plate contains a single through-crack of length 2a in a

uniform stress field, the nominal fracture stress (Su) is

expressed by

K _
Ic
S. = ——==_ (E-1)
u (ﬂa)1/2 '

whefe KIc i1s the plane strain fracture toughness. Equation
(E—l)ucan be rewritten in térms of nominal fracture strain
»(or strain tolerance), e, ﬁsing Hooke's Law as
K_ . :
®u T E(ﬂi§1/2 > (E-2)
where E is the elastic modulus.
| In the general case where R is greatervthén zero and the

cracks are influenced by the presence of the hole, Bowie

expressed the nominalbfraCture stress (Sg) as
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Figure E-1. Circular Hole-Edge Crack Geometry in Infinite

Plate.

e—2 (R +a)—=

Al

102
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2q1/2
E Gc/l-v
sg =|—r F(a/R), (E-3)

where Gc is the critical strain energy release rate, v is
Poisson's ratio, and F(a/R) is a stress function that takes
account of the influence of the stress concentration gradient.
F(a/R) is plotted in Figure E-2 as a function of relative
crack length a/R.- Equation (E-3) can‘be'expressed in thé
more convenient form of equation (E-1) as

S_ = e (a/R)
g (ﬂa)l/2

1/2 ga/m). (E-1)

Equation (E-4) can be rewritten in terms of nominal fracture
strain (eg) using Hooke's law as

KX
e = __._I_c.__. (a/R)l

g E(“a)l/2

/2 w(a/r). (E-5)

The effective strain tolerance is equal to the ratio of nom-

inal fracture strain in the strain gradient-to-nominal frac--

ture strain in a uniform strain field (eg/eu). Dividing

equation (E-2) by equation (E-5), we have

;5 = (a/r)1/? F(a/R). (E-6)
u

In order to express the whole range»from zero hole size to

infinite hole size, it is convenient to exéfess strain grad-

ient as the ratio,fb%R+a?, which will have values between 0

and 1. Effective strain toleranée is plotted as a function

of strain gradient ratio in Figure E-3. For R/(R+a) equal
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to zero, the effective strain tolerance is equal to 1, since
the crack is in a uniform strain field. As R/(R+a) increases
above zero, the effective strain tolerance decreases, even
though the strain gradient is still too steep to affect the
crack tip, because the crack length is effectively increased
by the hole diameter. As R/(R+a) increases still further
(decreasing strain gradient for a larger hole), the effective
strain ﬁolerance continues to decrease because of the more
severe conditions that exist when the crack tip is subjected
to a progressively higher strain in the strain gradient. As
R/(R+a) approaches unity, the effective strain tolerance
approaches a limiting.value of 0.333% for a crack that is
subjected to tﬁe full strain concentration at an infinite
hole. The fact that the nominal fracture strain for a crack
that is subjected to the full strain éoncentration is 1/3-
of the nominal fracture strain in a uniform strain field is
not surprising, since the theoretical elastic strain con-
centration factor for a hole is 3. It is probable that
effective strain tolerance in the elastic-plastic region will
have a limitingfvalue that is the reciprocal of the plastic

strain concentration factor (KA>'

¥If this limiting value were to be checked experimentally,
using a center-cracked sample for baseline strain tolerance
in a uniform strain field, it would be 0.297. The reason for
this discrepancy is that two edge-cracks of length a are 11
percent more severe than a center-crack of length 2a. This
geometry effect is not predicted by elasticity theory. If
the baseline strain tolerance sample were an edge-cracked
sample, the limiting value would be 0.333 as predicted.
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It was implied iﬁ the foregoing discussion that there
might be a limited region where the strain gradient due to a
very small hole is so steep that the crack is essentially
still in a region of uniform strain, except that the effec-
tive half-crack length (ae) is longer by the hole radius (R).
qu this to be true, by inspection of Equations (E-2) and

(E-5), the following identity must exist, namely that

1 = 1 ~ 1
172~ (aem)t/2 - R172

1/2

(a/R) F (a/R). (E-7)

(ae)

Reducing Equation (E-7) to a simpler form, we have

2
: 1
1+ a/R = [F(a/R ‘] . (E-8)

If 1 + a/R is greater than [l/F(a/R)]Z, then a+R overestimates
the effective crack length. If 1 + a/R is less than [l/F(a/R)]z,
then a+R underestimates the effective crack length. For
0 < R/(R+a) < 0.85, 1 + a/R is never different from [1/F(a/R)]2
by more than 3 percent on the average. Thus, for 0 < R/(R+a)
< 0.85, the effective half-crack length (a+R) controis frac-
ture behavior, énd for 0.85 < R/(R+a) < 1, the local strain
field controls failure.' Quarter-elliptical surface cracks ét
the edges of a hole may be affected by the local strainffield
out to values of R/(R+a) less than 0.85 since one point on
the crack front will always be at the edge»of the hole.

The effective strain tolerance curve iﬁ the elastic-

plastic region might possibly be approximated'byraSsuming-
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that the effective strain tolerance (EST)A should decrease
between 1 and 1/KA at the same rate as the elastic effective
strain tolerance (EST)é decreases between 1 and 1/3. This

can be expressed by the following two equations,

(EST)e 1/3 + P(1-1/3), (E-9)

1/KA + P(l-l/Kl), (E-10)

and (EST)A

where P 1s the propoertioning constant. If equation (E-9) is
rewritten as

3(EST)e -1

P = 5 R (E-11)

and substituted into equation (E-10), we have

(EST), = 5%; [1 - (BST) T + 1/2 [3(EST), - 11,  (E-12)

which is an approximation curve for the elastic-plastic
strain tolerance (EST)A as a function of plastic strain con-
centration factor (Kl) and the elastic effective strain tol-

erance curve (EST)e in Figure E-3.
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