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ABSTRACT

The object of this investigation was to gain a better under-
standing of the flow and fracture propensity of steel plates in which
the Wells-type notch served as the fracture initiator. This type of
notch is of importance in experimental investigations of the brittle
fracture phenomenon because it successfully initiates low-stress
brittle fractures in the wide-plate specimen in which it is used. The
wide-plate specimen is thought to simulate effectively circumstances
associated with known brittle fractures occurring in engineering
practice.

The magnitude of the brittle fracture problem in steel
structures is reviewed in general terms, as well as by citing repre-
sentative case histories. A review of the most notable theoretical
investigations of brittle fracture is given, including the Griffith
theory, the Orowan-Irwin modification of the Griffith theory to account
for notch-brittle materials, and highlights frqm the fracture mechanics
approach to the brittle fracture problem. The factors affecting
brittle strength are examined, with an emphasis on the concept of
notch-constraint by which normally ductile metals, such as steel, can
be induced to fracture in a brittle manner. Experimental brittle frac-
ture studies are reviewed with an emphasis on tests of notched and
welded wide-plates, for which representative data are discussed.

A model of the vicinity of the Wells notch used in the
wide-plate tests was designed and fabricated out of epoxy material

into which birefringence was "frozen." The use of three-dimensional
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photoelasticity to examine the stresses in this model, which was
loaded so as to simulate the wide-plate specimen, allowed detailed
investigation of the stresses in the immediate notch vicinity.
Isochromatic fringe photographs were obtained for both surface and
mid-thickness slices of the model. Detailed investigation of the
stress-state in material in the vicinity of the notch was conducted
on sub-slices of the model examined under polarized light. From this
investigation the von Mises equivalent yield stress, Oe’ and the
maximum normal stress, 0y in the vicinity of the notch were
determined. Under the assumption that fracture is broadly a function
of maximum normal stress, while flow is tied to the von Mises equiva-
lent yield stress, flow and fracture propensity of material in the
vicinity of the notch is appraised.

Very high strain concentrations were found to exist on the
perimeter of the Wells notch with a maximum elastic concentration of
the order of 13 occurring at the notch-tip. Severe constraint against
plastic flow was found to exist a short distance from the tip of the
Wells notch. This region is postulated to constitute a vicinity of
increased susceptibility to Cleavage type fracture. On the basis of
the stresses found to exist in the Wells notch, three fracture initia-
tion mode possibilities are postulated: (a) a shear mode, initiating
at the notch-tip, leading to ductile fracture, (b) shear fracture,
initiating at the notch-tip, converging into a cleavage fracture as
the region of high triaxiality becomes involved in the fracture
process, and (c) cleavage fracture initiating in the region of

high triaxiality away from the notch-tip.
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CHAPTER 1

THE BRITTLE FRACTURE PROBLEM IN REVIEW

1.1. The Brittle Fracture Problem

The incidence of catastrophic brittle fractures in struc-
tures and structural components has reached proportions which identify
this failure mode as one which must be taken into account increasingly
by the structural designer. That this accounting is not made by
application of conventional design is evidenced by*the occasional
occurrence of brittle-type fractures in structures subjected to forces
no greater than those arising from assigned service loads. A discus-
sion of five documented cases which are representative follows, with
a summary of the material properties and failure details given in

Table 1.1.

(1)*

Case 1l: Storage Tank
A welded oil storage tank recently failed in a brittle
manner after four and one-half years of service. This cylindrical
tank, of 2 800 000 gal capacity, stood 36 ft high and had a diameter
of 115 ft. The tank was fabricated of steel plates in six courses.
ranging in thickness from 0.59 in. at the bottom of the tank to
0.24% in. at the top (Fig. 1.1). All plates on the three lower courses
were butt-welded; however, the circumferential joints between the
three upper courses were made with fillet welds. The bottom course

was fillet welded, inside and out, to the tank bottom plate.

*Numbers in parentheses refer to bibliography entries.
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The tank contained fuel oil to a height of 25 ft at the time
of failure. The associated nominal circumferential membrane stress
in the lower course was computed to be 12 ksi. The ambient tempera-
ture was BOF with the steel temperature at the point of fracture
initiation estimated to be between 50 and 5OOF. The fracture occurred
suddenly and with no prior warning. The main failure initiated in the
lowest course plate, at its Junction with the tank bottom, and
traversed vertically the entire tank height. The initial portion of
the fracture was a brittle cleavage-type fracture, with the final
portion being a more ductile shear-type fracture. The brittle fracture
constituted two-thirds of the total fracture length, as shown in
Fig. 1.1l. The crack initiator was determined to be a small crack
(1/% in. x 1/2 in.) in the bottom course plate in the immediate
vicinity of the junction between this plate and the tank bottom. It
was determined, by post-fracture examination, that the crack existed
in the plate prior to welding. The path of the fracture aﬁd the
details of the initiator crack are shown in Fig. 1.1. It should be
noted in passing that there was secondary fracturing in other regions

of the tank, undoubtedly triggered by the main fracture.

Case 2: Unfinished Ship(g)

A brittle fracture is reported to have occurred in an un-
finished ship, while it was still on the building way, through a steel
which generally would not be considered brittle. The material had a
Charpy V-notch energy absorption of 50 ft-1b at SOF. The fracture
occurred at 41°F near the forward end of the poop deck in a ship of

8500 tons dead weight. Several stiffening members of different



orientations met at this point, which implies the existence of a high
triaxial state of stress. The design of this detail was poorly con-
ceived and executed, and no doubt contributed to the initiation cof

the failure.

Case 3: Welded 0il Tanker(i)

In November 1960 a brittle fracture occurred in a welded
0il tanker (12 000 gross tons) which had been constructed in 1952.
While the docked ship was being loaded, a large crack developed in
the upper deck at about midship. The partially-loaded tanks were
thought to produce nominal tensile stresses in the upper deck of
approximately 14 ksi. The crack initiated in the 7/8—in. deck-plate
at a flame-cut float gauge opening, having a shape approximating an
ellipse with a minor axis of 2.5 in. and a major axis of 8.0 in. The
ship's longitudinal direction, corresponding to the direction of maxi-
mum tensile stress, was perpendicular to the major gxis of the gauge
opening. ’Cracks propagated from both ends of the opening in a direc-

tion perpendicular to that of the maximum tensile stress. The major

whicr It initiated and continued across one quarter of the width of
the zc’zcent deck-plate, where it arrested some ten feet from 1ts
point c¢f initiation. The shorter crack traversed some two feet from

- the gauge opening before arresting in the weld material between deck-
‘plates. The fractured surface in the immediate vicinity of the gauge
opening was rusted, suggesting that time had elapsed between the forma-

tion of the initial crack and the onset of rapid brittle fracture.

The surface of the latter was new and crystalline in appearance. The



steel deck-plate material had a yield point of 40 ksi, a value con-
siderably greater than the nominal stress in the deck at the time of
failure, and showed 25.5% elongation to fracture on an 8-in. gauge
length. This material conformed to the required standards for ship-
building steels which prevailed at the time of the tanker's

construction.

(1)

- Case 4: Pressure Vessel
Case 4 involves the fracture of a pressure vessel used as a
regenerator. The vertically-oriented cylindrical pressure tank was
4L ft in diameter and 15 ft long with a wall thickness of 0.4 in.
(Fig. 1.2). During service, air at a temperature of 68°F and a
pressure of 3 atm (44 psi) was exchanged abruptly with nitrogen at
-356°F and 0.1 atm (1.5 psi). Each gas occupied the vessel for about
three minutes before the next change. The nominal air pressure induced
a nominal tank-wall membrane stress of approximately 5 ksi. The
failure occurred after eight months of service, by thch time the
vessel had been subjected to 115 000 cycles of the previously-mentioned
gas exchange. The completely brittle fracture was attended by a loud
report, occurring at the moment of one of the abrupt gas exchanges.
Fracture initiation occurred at a fatigue crack which had developed at
one of four supporting lugs located near the bottom of the vessel
(Fig. 1.2). The fracturing directions were random at the bottom of the
vessel where the temperature was lowest, changing to a generally
vertical direction toward the top. Cracking was arrested in material

with a temperature of about 32°F.



(1)

Case 5: Railway Tank Car

This case involves the brittle fracture of a railway tank
car used for transporting liquified gas. The car was cylindricel in
shape, having a diameter of approximately 10 ft, a length of approxi-
mately 40 ft, and a tank-shell thickness of O.7 in. The car had been
in service for sixteen years at the time of the fracture occurrence.
The loading imposed on the car was 28 tons of gas, composed of 56%
butane, L0% propane, and small amounts of ethane and methane, confined
under 4 atm of pressure at a temperature of 25OF. The tank-car-shell
material was a carbon-steel plate with a yield point of approximately
L5 ksi and an ultimate strength of approximately T3 ksi. The occurrence
of the fracture was initiated by the impact on the car caused by shunting.
The fracture originated from a fatigue crack at the welded junction of
a T-section, which was one of four sections supporting the tank at each
of four corners, and the tank proper. The fracture traversed in a
direction generally parallel to the longitudinal axi; of the tank, for
a total crack distance of ten or twelve ft. The tank shell subsequently
exploded after the initial fracture had allowed leakage and ignition
of the tank contents. An interesting aspect of the support de£ail for
the tank is that a reinforcing weld had been applied to it by the
builder in a purposeful attempt to improve the strength at that point.
This reinforcing weld proved to be the stress-raiser from which the

fatal crack initiated.

Though these cases are representative of the kinds of brittle
fractures which have developed, they do not adequately convey an appre-

ciation for the total number of brittle fractures occurring in the past



guarter- century. A search of the literature confirms that there have
been many faillures in which such fractures occurred. Shank's survey(h)
treats 58 failures of non-ship structures fabricated from mild-steel
plate. Included in this survey are such structures as standpipes,
pressure vessels, tanks (oil, water, molasses), penstocks, gas lines,

(5)

power shovels, and bridges. Hodgson and Boyd summarize failures
of 87 riveted and 95 welded ships built from 1945 to 1956 in foreign
ship yards. Brittle fractures in ships built in this country have been
numerous and are well documented in the literature.(6’7) The welded
tankers fabricated in connection with World War II proved particularly
susceptible to briﬁtle fracture. Of 569 all-welded tankers, 118, or
20.7%, developed brittle fractures of sufficient severity to render
the véséels temporarily or permanently useless or dangerous. Eighty-
eight out of 599 (14.7%) tankers, purposely riveted in regions of high
fracture susceptibility, developed brittle fractures. Failure rates
for cargo and/or passenger ships were somewhat lower, being 16.8% in
3498 vessels and 10.5% in 3093 vessels for all-welded and partially-
riveted ships respectively. These data represent only ships longer
than 300 ft and do not include failures subsequent to March 31, 1952.(7)
The alarming wartime rate of ship brittle fractures has been
arrested, due to increased understanding of brittle fracture resulting
largely from intense study inspired by the problem itself. Continued
attention to and accounting for this problem is imperative, for brittle
fractures still occur. Fractures have occurred, subsequent to World

War II, in gas transmission lines, in pressurized-cabin commercial jet
planes, in large steam turbine-generator rotors, and in pressure vessels

(8)

of many kinds.



The future incidence of brittle fractures cannot be predicted
with certainty. However, the trend toward the use of less ductile
higher strength meaterials has brittle fracture implications to which
the structural engineer must give increasing attention. Raising a
material's static yield strength does not, in general, raise its brittle
strength by a commensurate amount. Thus, as material yield strength is
increased, conventional elastic design, in which member stresses are in
direct proportion to the yield stress (for a given factor of safety),
is dincreasingly unconservative with respect to brittle fracture. Use
of design procedures which assume that structural strength 1s independent
of the elastic stress distribution must also be used with caution in
structural components which are susceptible to brittle fracture. This
assumption, while simplifying the stress analysis and design, will

not necessarily be honored by brittle fracture.

1.2. Review of Brittle Fracture Theory

Griffith(9’lo> is responsible for the most widely accepted
crack-extension theory, which he proposed nearly a half century ago.
His effort was stimulated by the inconsistency between the theoretical
strength of solid bodies and their observed strength. He postulated
that the discrepancy between these two strengths was due to the presence
of cracks in the material. By utilizing an energy approach, he evalu-
ated the effect of these cracks on strength. The fundamental concept
which distinguishes Griffith's theory is his recognition of the fact
that the boundary between crack stability (non-extension) and crack

instability (extension) is marked by unchanging total potential .’



energy of the system when small variations in crack lengﬂlare'permitted.
Griffith further recognized that, for a completely brittle material, the
potential energy serving to resist crack extension arises from the sur-
face tension between the crack faces. The potential energy, W, of these
forces tending to resist crack extension can be written as W = -lkag,
where a is half crack length and ¢ is the surface tension. Figure 1.3
shows the model, of unit thickness, which Griffith used for his
development.

For crack instability to be possible, the potential energy
due to the surface tension must be overcome by energy tending to promote
crack extension. The crack-promoting energy derives from the stressed
body's strain energy which is available for release by an extending
crack. The strain energy term, U, attributable to the crack, has been

shown to be equal to the work done by forces, acting at the crack

boundary, to close the crack.(ll) For a state of plane-stress, this is
22
equal to ﬂ?EO , where ¢ is the uniform tensile stress (Fig. 1.3).

From the two energy contributions, W and U, the Griffith criterion for
crack extension can be obtained by differentiating the total system
potential, V = W + U, with respect to crack length, a, and setting the

result equal to zero. This yields
0= = (1.1)

Griffith's theory, then, predicts rapid crack extension when
the rate of strain energy released becomes as great as the rate at which
energy can be absorbed by the surface tension forces, both rates being

taken with respect to crack length. It remains to note the assumptions



which must be satisfied in order for the Griffith theory to have
validity. The first assumption requires a completely brittle material
in that the work done in resisting crack extension must be provided
entirely by the surface tension forces. A ciear violation of this
assumption would be the existence of yielding of material in the
vicinity of the extending crack, which would add a plastic work term
to the energy tending to resist crack extension. Secondly, the
Griffith theory is a linear elastic theory and, thus, depends on the
validity of Hooke's Law, thereby utilizing a constant modulus of
elasticity, E. Finally, the assumption of a plane crack front is
utilized.

The wide usage to which the Griffith formulation has been put
derives in large part from the consistency between the predicted
strengths and the actual strengths realized in specimens for which the

10)

Griffith assumptions are satisfied. Griffith(9’ provided laboratory
verification of his theory, utilizing specimens of glass into which
cracks were etched. Subsequent corroboration of Griffith's theory has

been provided by other investigators who recognized and accounted for

its limitations.

(12) (13)

Orowan and Irwin, conducting independent investigations,
have suggested a modification of Griffith's theory in an attempt to over-
come Griffith's principal limitation, that of requiring completely
brittle material. Their modification introduces a second term in the
formulation of the energy which resists crack extension. For steel and

other ductile materials, this term derives from the plastic work which

is performed on the material in the immediate vicinity of a propagating
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crack. Orowan and Irwin recognized that this plastic work term can be
superimposed directly with the surface tension term, «, provided the
plastic work is confined to a thin layer of material at the fracture
surfaces. It has further been determined that this plastic work term
for steel renders the surface tension term negligible, because the
former is three or four orders of magnitude greater than the

(12,1k)

latter. Utilizing these assumptions and approximations, the

Griffith-Orowan-Irwin equation becomes

EG

C
O = A 7m (1.2)

where Gc is the energy associated with mating crack surfaces. The

term, Gc’ contributed by the plastic work in the vicinity of the new

crack surfaces, has been termed crack-toughness in the so-called

1 : 11 (8)

Fracture Mechanics" approach.
The fracture mechanics approach, advanced primarily by Irwin

and his associates, is the foundation for the most significant fracture

(8, 15,16,17,18)

theory currently in use. The wide acceptance of this
philoscrhy as a standard has had a great impact, too, on experimental
fracture work, which has often been designed to confirm or adjust
existing fracture mechanics postulates and provide an evaluation of the
paramezers in the terms of which fracture mechanics concepts are
formulated. Fracture mechanics does not represent an abandonment of
the Griffith principles. Rather, the Griffith theory, as modified to

account for notch-brittle materials, is the starting point for the formu-

lation of the theory of fracture mechanics.
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The dimensional equivalence of Griffith's crack-resisting
term, @, and notch-toughness, Gc’ for the model of Fig. 1.3, can be
confirmed by comparing Egs. (1.1) and (1.2) from which it is seen that
GC = 2. The Griffith strain energy release-rate is generalized by
Irwin, renamed crack-extension force, and denoted G. The crack-

extension force, G, for the Griffith model, can be inferred from

Eq. (1.2) which can be written, for non-fracture conditions, as

EG
g = -T_t—a,_ (l°5>
from which
ﬂace
G = = (1.4)

It is apparent that when the crack-extension force, G, becomes equal
to the '"crack-resisting force' or notch-toughness, G,> the fracture
condition is satisfied (Eq. (1.2)) and rapid fracture ensues. The
crack-extension force, G, and its counterpart, notch-toughness, Gc’
are referred to a unit thickness of material in the plane of the crack
and perpendicular to the direction of crack advancement., Strain energy
release-rates have units of force confirming the correctness of Irwin's
”crack—e§tension force" terminology,‘while G, and GC, have units of
force per length, seen to be consistent with Eq. (1.2), (1.3), and (1.k4).
Seeking a more thorough understanding of the source of fracture
occurrence, Irwin found a unique relationship between the stresses in
the immediate vicinity of the advancing crack and the crack-extension

(16,8)

force, G. The stress analysis by which this was accomplished
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(19) .

utilized a stress function approach suggested by Westergaard.
plane-stress components of the stress tensor in the immediate vicinity

of the crack tip, i.e., for small r, were thus found to be

o = A/gg cos 8/2 (1 - sin © sin éQ) + constants
7t [~ 2
2r

b 2

't
0. = \/—@— cos /2 (1 4 gin € gin 2 (1.5)
v T JE; ) 2 2

T o JEsing/e 6 o 26
Xy Tt JE; 2 2

where r and 6 are polar coordinates, referenced from the crack tip as
shown in Fig. 1.3. For plane-strain the values are multiplied by

/12;5' where p is Poisson's ratio. This relationship between crack-
extezsion force, G, and the stress distribution immediately surrounding
a notch is general and applies to a wide range of cracking and loading
configurations. A stress distribution of similaf form had been obtained
by Inglis(go) and othﬁys for a model similar to that.of Fig. 1.3.
Irwin's contribution %as to link these stresses with crack-extension
force and to extend the result to a sufficient number of configurations
to permit generalization.<ll)

A useful term, stress-intensity factor, K, defined as the

common factor of all of the stress components of Eq. (1.5), can be

written as

— ¥
K = J% or ¢ = Zg° (1.6)

*
Alternatively, the stress-intensity factor is sometimes defined by
K =~NGE .
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It can be seen from Eq. (1.5) that the value of the normal stress, oy,
as r approaches zero along the line Y = o (i.e., 8 = o), can be

defined in terms of K as

o = — (1.7)

y N2r

Alternatively, the stress-intensity factor can be defined as

K = 1im N2r 4
J (1.8)

r -o

The practical application of fracture mechanics involves the
determination of a crack-extension force, G, (or alternatively a stress-
intensity factor, K) and a notch-toughness, Gc’ (alternatively KC).
The former, G, depends on the size and shape of both the member and
the crack, and on the applied boundary forces. Crack-extension force
values for several configurations are shown in Tableil.Q. The crack-
toughness, Gc’ is defined for a material in a particular condition as
the wvalue of crack-extension forceat which crack propagation impends.(ll)
Notch-toughness can be measured in the laboratory by destructive testing
of specimens for which values of crack-extension force can be calculated.
This type of testing must be cautiously applied to steel because of the
possibility of initiation's being suppressed, even though conditions
exist that will support propagation.(ll) The mechanism by which initia-
tion is checked is not thoroughly understood, though it may be related
to steel's pbssession of at least two separate fracture modes, one
brittle, the other ductile. This dual behaviof, known as 'notch-

brittleness,” will be discussed in section 1.4. The amount by which Gc
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exceeds G, calculated for service loads, provides a measure of the
margin of strength against fracture occurrence under service loads.

As in the Griffith theory, linear elasticity was presumed in
the fracture mechanics formulation. The widely held view(8’ll’lg)
that fracture, at least of steel, is always preceded by some plastic
flow at the notch root. renders the formulation somewhat incorrect at
the outset. There are many problems, however, for which the assumption
of a linear stress-strain relationship represents a useful approximation.
The cases for which this error becomes inadmissible can often be treated
by adopting a modified-crack-length concept, in which the plastic zone
size is considered to add, for purposes of GC calculations, an increment
of crack length to the real crack length.(S) More refined treatment
of the effect of the inelasticity which is inherent in the problem

(11)

awaits the availability of a more thorough plasticity analysis.

1.3. Review of Experimental Brittle Fracture Studies

Experimental investigation of the brittle fracture phenomenon
has closely paralleled the theoretical studies and has provided
important verification and modification of theoretical results. Griffith
supported his theoretical formulation with an ingenious set of tests
conducted with small, spherical glass pressure-vessels into which cracks,
of measurable and controllable dimensions, were etched.(g’lo) The
results of these tests were in substantial agreement with his theoretical

predictions. More recent experimental work has been stimulated largely

by the need to extend Griffith's work to more commonly used structural
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materials, that is materials which, rather than being completely
brittle, exhibit some plastic deformation before the onset of brittle
fracture.

Tests on small-scale specimens have been conducted for many
yvears to determine the energy-absorbing capacity of structural material
when subjected to environment conducive to brittle fracture. An
example of this type of test is the Charpy V-notch impact test. One
shortcoming of such a test is the inability of this specimen and the
load to which it is subjected to duplicate, or adequately simulate,
the conditions to which actual structures or structural components are
subjected. Notable attempts have been made in experimental investiga-
tions to alleviate, "if only ,partially, this shortcoming. Parallel
experimental investigations have accompanied the evolvement of the
modified Griffith formulation, taking into account the lack of complete
brittleness in real structural materials such as steel. Orowan and
Felbeck(lu) conducted an experimental investigation using material
from a ship which had failed by brittle fracture. Test specimens
conéisted of intermediate-sized notched steel plates in which the notch
depth was carefully controlled and measured. These specimens were
subsequently loaded to failure with tension applied perpendicularly
to the plane of the crack. The results relating fracture stress and
crack length are plotted in Fig. 1.4. These tests would seem to provide
substantial verification for the inverse square root influence of crack
length on fracture strength which is predicted by the Griffith theory.

Many tests on similar intermediate-sized specimens have been conducted

since the development of Irwin's fracture mechanics approach to provide

verification and extension of this philosophy.(l8?21’22)
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Since 1945 important tests have been conducted on notched and
welded wide-plates. These tests, which are classified as large-scale
tests, have contributed significantly in rendering the fracture
mechanics approach operational. They have also provided much informa-
tion in their own right concerning the factors which determine brittle
fracture strength of structural components and the relative influence
of these factors. A valuable contribution made by wide-plate tests is
that of simulating more completely the conditions to which actual
structures are subjected in the field.  This is reflected by the behavior
of wide-plate specimens which often fail in a manner similar to that
observed in structures.

The development of .a successful low-fracture-stress wide-
plate test specimen was a process which initially met with failure. It
was Kennedy(25> who conducted the first wide-plate test which resulted
in a truly brittle low-stress fracture. His tests also considered such
variables as temperature, residual stress, heat treatment after welding,
preheating, plate thickness, mechanical discontinuities in the form of
notches or flaws, welding voltage, general geometry, and methods of
loading. Many of his conclusions relating these variables to brittle
(2k)

fracture likelihood are considered valid today. Greene conducted

a series of wide-plate tests, the primary objective of which was the
evaluation of the effect of residual stresses on fracture strength.
In more recent years, wide-plate tests with a variety of objectives

have been conducted in several countries. Noteworthy among these is

the work of Wells and his associates in England,(25’26’27’28’29’30’11)
(31)

Kihara and his associates from Japan, and several investigators in
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L!’ - —
the United States, especially at the University of Illinois(Be’BB’5 »25)

and the University of California.(36) The details of the typical
notched and welded wide-plate specimen, as well as some of the more

important test results, will be outlined in a separate chapter.

1.4, Factors Affecting Brittle Fracture Strength

A concise delineation of the factors which affect brittle
fracture is rendered impossible by the complexity of the problem,
although several such factors have been identified by intensive theo-
retical and experimental investigations into the nature of the fracture
process. The relative influence of and the interaction between these
various factors have not been fully evaluated, and it is not likely
that they scon will be. Some of the factors, and an indication of the
extent to which they affect fracture, are suggested by previous theo-
retical and experimental studies, the highlights of which are summarized
in the preceding two sections. It is seen from Eq. . (1.3) that applied
stress and flaw size are two such factors. It is not as apparent which

factcrs contribute, or in what amount, to the so-called fracture-

Trhe plot of Fig. 1.5 attempts to conceptualize, if only in a

qualizative way, some of the factors which contribute to the occurrence

(12)

of fracture. Maximum normal stress is plotted against true plastic

strain. Curve "Yd” is the yield, or flow, stress-strain curve of a
ductile metal in an ordinary tensile test. This curve terminates with

ductile fracture which is accompanied by considerable plastic deforma-

tion. It is postulated that there exists a characteristic brittle
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strength curve which is represented as curve "B." If a normal
environment exists, metal will show a preference for the ductile mode

of failure, that is curve Y., or its associlated ductile fracture, is

a
everywhere lower than curve B. Yielding occurs, followed by fracture
in a shear failure mode, before normal stresses sufficient to cause
brittle fracture are reached. The flow stress-strain relationship

represented by curve Y. is not unalterable; it can be changed to attain

d
brittle fracture in place of the usual ductile failure mode. Desig-
nating a constraint factor, g, as the amount by which the curve Yd is
raised for a given strain, one can visualize the possibility of the
elevated curve, ”qu,” intersecting the brittle curve, B, resulting in
a brittle fracture condition. The ductile fracture condition is
precluded, in this case, by insufficient deformation. One factor which
can alter the stress-strain properties of a material is temperature.

It is well known that lowering the temperature can significantly raise
the yield stress of a metal, which in terms of Fig. 1.5 is equivalent
to g > 1.0. It is also known that material yield point is raised by
increasing strain-rate, thereby giving values of g > 1.0. Materials
whose flow characteristics are not much influenced by temperature and
strain-rate exhibit fracture behavior which is, predictably, not
strongly temperature or strain-rate dependent,(B) A third, more
realistic, mechanism by which the flow curve, Yd, can be raised to
intersect the brittle sfrength curve, B, is the‘addition iof what ' i
can be termed a constraint, which restricts the flow of the material,

thereby providing the support for higher maximum normal stress. The

most obvious way of altering the relationship between tendency to flow,

L4
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which is a function of the difference in principal stresses, and the
tendency to fracture, which is postulated to be tied to the maximum
normal stress, is to changé thé .statevofstress acting:on the body.

As examples of the role of state of stress on the tendency
for brittle fracture, several types of specimens may be considered. A
specimen loaded in torsion has a difference in principal stresses,
017 0% equal to twice the maximum normal stress, 0y 5 which results in
a maximum shear stress, Tmax’ equal to the maximum normal stress. On
the other hand, an unnotched tensile specimen has a maximum normal
stress equal to twice the maximum shear stress. These examples indicate
that the tensile test constrains or prevents material flow in combarison
with the torsion test, given that the maximum normal stress, 0y 5 is
kept constant between the two tests. These principles are illustrated
schematically in Fig. 1.6, where the effect of the state of stress, as
determined by the type of test, on propensity to fracture brittlely is
shown.(37) The plot in Fig. 1.6 also illustrates the concept of transi-
tion temperature, marking the temperature boundary between ductile and
brittle behavior. This temperature is obviously not an invariable
material property, but is related, among other things, to stress-state
or test-type. The final type of test which is illustrated in Fig. 1.6
is that of the notched wide-plate tensile test specimen, which exhibits
more constraint against plastic flow, through the introduction of tri-
axial tensions in the notch vicinity, than does the unnotched tensile
test specimen.

Because a material can exhibit ductile behavior in the

wnotched condition, and brittle behavior when a notch is introduced,
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it is termed a "notch-brittle" material.(12> Steel is a notch-brittle
material. The effect of a particular notch on tendency to constrain
yielding will be discussed in later chapters.

Stresses, which are not accounted for in a stress analysis,
but which nevertheless exist, are also important in determining brittle
fracture strength. That residual stresses, for instance, can exert a
profound influence on brittle fracture strength can be appreciated by
recognizing that the stress intensity factor, K, is influenced by the
presence of residual stresses in the vicinity of the crack. These
residual stresses result from fabrication processes such as rolling and
welding.

The condition of the material itself is of great importance

(58> has demonstrated that

in determining fracture strength. Mylonas
plastic strain-history, by altering material properties, can influence
fracture behavior markedly. It is also generally accepted that mill
' techniques, alloying, and heat treatment, both during the steel-making
process and during structure fabrication, alter the material's tendency
to fracture. |

The discussion of factors which affect brittle fracture strength
can be related to the fracture mechanics philosophy by accounting, in
fracture mechanics language, for the effect of each factor. Thus,
residual stresses become crack-extension forces, G, and metallurgical
changes become adjustments in notch-toughness, GC. This is not to say

that the foregoing discussion and the concepts advanced by Figs. 1.5 and

1.6 are reconcilable in every detail with the techniques of fracture
mechanics as presently constituted. There exists, currently, no such con-

sensus ol the solution of the fracture problem.



CHAPTER 2

OBJECT AND SCOPE OF THIS INVESTIGATION

The complexity of the brittle fracture phenomenon makes it
imperative to segregate the various aspects of the problem. This
chepter identifies the aspects of the brittle fracture problem with
which the current investigation is concerned.

This study is primarily an experimental investigation, al-
though the results of the experimentation are related to some of the
theoretical formulations which are discussed in Chapter 1. Experimental
results are also used as the basis for conclusions which are drawn
regarding some of the causes of brittle fracture. Of the laboratory
specimens discussed in Chapter 1, examination is confined to the notched
and welded wide-plate test, with an emphasis on the effect of the so-
called Wells notch on the fracture strength of such plates. The wide-
plate tests occupy a singular role in the efforts to evaluate brittle
fracture strength experimentally. It is rational to believe that the
best simulation of eervice fracture conditions is provided by the
wide-plate test. This confidence seems justified in view of wide-plate
test behavior, which demonstrates significant correlation with that
of structures which have failed in a brittle manner while in service.
This correlation and the large amount of available wide-plate test
data suggest that intensive study of the phenomenon of fracture in the

wide-plate test may be fruitful.

2l
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A single chapter is devoted to gaining a perspective of some
of the wide-plate test results, after which particular interest is
centered on the fracture initiation propensity of the Wells-type notch,
which is widely used as the stress-raiser in the wide-plate tests. An
effort is made in this investigation to examine the possible causes,
in terms of the stress environment in the vicinity of the notch, of the
scatter exhibited in wide-plate test results. That scatter is great
can be determined by noting the sizeable difference between the behavior
of so-called identical specimens. This disparity of test results in
twin specimens suggests the need to know more about the environment
in the immediate vicinity of fracture initiation, as opposed to what
can be termed the gross specimen environment. The local environment,
at least from a stress point of view, is examined by the use of an epoxy
model of the Wells notch. The model material exhibits birefringence,
enabling experimental determination, by the photoelastic method, of the
model stresses induced by a system of forces chosen to simulate those
to which the wide-plate prototype is subjected. One chapter is devoted
to outlining the principles of the method used, the model fabrication
and testing procedure, and the test results. A separate chapter trans-
lates these results back to the wide-plate tests and to the general
phenomenon of brittle fracture. The analyéis emphasizes an evaluation
of the flow and fracture characteristics of the Wells notch by utilizing
a concept of constraint-factor similar to that discussed in Chapter 1
and illustrated in Fig. 1.5. Finally, the results of this investigation

are summarized and conclusions are presented.



CHAPTER 3

NOTCHED AND WELDED WIDE-PLATE TESTS

3.1. Introduction

The importance of the welded wide-plate test in assessing
brittle fracture strength has been outlined briefly in Chapter 1. The
present chapter contains a description of a typical wide-plate test
specimen and the test procedure used for these specimens. Representa-
tive test results obtained by wvarious investigators are presented and
discussed. Particular emphasis is focused on those specimens that had
a fracture behavior suggesting a significant influence of the notch

from which fracture initiated.

3.2. Wide-Plate Specimen

The notched and welded wide-plate specimen depicted in Fig. 3.1

is typical of that used by the major wide-plate investigations in

England(25) and the United States.(55>

The specimen consists of flat
plate material, the thickness of which has usually ranged from B/h to
1-1/2 in., though one series of tests conducted by Wells utilized

(27)

plates of 3-in. thickness. A specimen is fabricated in two halves
which are joined by a longitudinal fﬁll-penetration butt-weld along
the entire length of the specimen. The width of the welded specimen
has usually been 2 or 3 ft, although tests have been conducted on

plates as narrow as 1 ft(uo) and as wide as 6 ft(59>. The length of

the test specimens has varied somewhat, although generally the

23
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length/width ratio has ranged between 1 and 2. The most important
detail which the wide-plate specimens have in common is the stress-
(2k)

raiser from which fracture is initiated. Greene first suggested

a notch of a type similar to those used in the specimens which are
treated in the present study. »Wells(25> developed and successfully
used the notch in its present form. It is referred to in this work

as a Wells-type notch or a Wells notch.

Though notches can be placed after welding,(BB) the notch
shown in Fig. 3.1(b) is fabricated into the plate-halves prior to
welding. Only specimens having this latter sequence of notch placement
and welding are considered in the present study. DNotching is accomp-
lished with a circular-saw cut of constant depth from the beveled edge
of the two plates. The two notched plates are then welded together
into a specimen with two Chevron-shaped notches, lying in the XZ plane,
and located at specimen mid-length. Though the particular notch shown
in Fig. 3.1(b) is for plates of 3/L-in. thickness, the essential
features and proportions of the Wells notch are retained in plates of
greater ithickness. The overall view of the wide-plate specimen and

the wnifcrm tensile loading to which it is subjected are shown in

Fig. Z.2{e).

3.3. Test Procedure

The wide-plate testing procedures employed by various investi-
gators are similar in their essential features. The specimen generally
is secured to the testing machine pull-heads by welding. The capacity

of the machines most commonly used ranges from 600 000 1b to over
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L 000 000 1b. Capability to cool the wide-plate specimén to low test
temperatures is necessary. This has often been provided by open-top
tanks secured to the sides of the specimen. The tanks are filled with
coolant so that the specimen can be cooled to a uniformly low tempera-
ture. The temperature is generally measured with thermocouples. When
the desired test temperature is reached, the specimen is loaded mono-
tonically to failure at a load-rate selected to preclude fracture
initiation strain-rate effects. Instrumentation is often provided which
develops, automatically, a load-deformation curve for the specimen.
Fractures are designated as either complete or two-staged, depending on
whether the initial fracture propagates immediately through the entire
plate or arrests and needs additional load to complete the failure.

In the latter case, both initiation and re-initiation stresses are noted.
Attention is given to the fracture appearance, since it provides an
important indication of fracture mode, velocity of fracture, fracture

stress, and general material toughness.

3.L. Selection of Representative Tests

The tests which are reported herein represent only a fraction
of the tests which have been conducted on notched and welded wide-plates.
They have been chosen to be illustrative of the fracture initiation
behavior of the wide-plate specimens. This brief, but representative,
consideration of wide-plate test data allows practical interpretation
of the Wells notch stress analysis, the results of which are presented
in Chapters 4 and 5. In order to circumvent the additional complexity

which various thermal and mechanical treatments insert into the problem,
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attention 1s confined to plates tested in the as—welded condition.

This precludes present consideration of the effects of pre-heating,
post-heating, thermal stress relief, strain aging, and mechanical
stress relief. Six series of tests are considered, with the specimens
within each series differing only in the temperature at which the
fracture test is conducted. The difference between the variocus test
series is primarily that of type of steel. There are also minor vari-
ations in plate geometry, including differences in plate thickness,
width, and length. Two of the series have slight differences in the
dimensions of the Wells-type notch from that used in the remaining
four series. None of these differences occur, other than accidentally,
among specimens of a given series. The slight variation in variables
in the different series is of minor importance, because the comparisons
that are drawn are based primarily upon the behavior of specimens
within a particular series. Thus, the differences between the various

series are not evaluated.

3.5. Presentation and Discussion of Test Results

Tests representing six variations in steel are reported.
The dependent variable, fracture stress, is evaluated as a function of
test temperature. The material properties of the six varieties of
steel are given in Table 3.1. The six mild steels used exhibit yield
points ranging from approximately 30 ksi to 40 ksi, with a range of
temperatures of —#9OF to +830F for the 15 ft-1b level in the Charpy
V-notch test. Examination of the chemical properties of the steels

indicates a reasonably good control on carbon content for all, with the
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possible exception of Series 5, in which the carbon content is on the
order of 0.3%. The other chemical properties are also shown in Table 3.1.
In the following discussion of these results particular attention is
paid to comparisons that are drawn between the behavior of specimens
which were fabricated so as to be identical.

(25)

Series 1. This series, the first of many conducted by
Wells, utilized a material which was relatively poor in fracture re-
sistance. The 1-in. thick steel plate was a semi-killed mild steel,
exhibiting a temperature of BBOF for the 15 ft-1b energy absorption
level in the Charpy V-notch test. The test results on eight as-welded
specimens and a sketch of the specimen and notch detail are shown in
Table 3.2. The high fracture susceptibility of this series can be seen
in Fig. 3.2, which shows fracture stress* plottedvagainst test tempera-
ture. A possible strength-temperature transition curve is sketched for
these data. It is also possible that this transition curve could be
shifted somewhat to the right. 1In either case, the difficulty of
getting a permissible strength-temperature transition curve to fit the
data perfectly is obvious. The six points in the lower left region of
the curve, while somewhat scattered, are not inconsistent. It 1is
difficult, however, to reconcile the respective behaviors demonstrated
by specimens D and H. These specimens fractured at quite different

stresses, with the further complication that the larger fracture stress

is associated with the lower temperature. It is disparities such as

¥ For purposes of this investigation, the fracture initiation stress,
whether it leads to complete fracture or to arrest, is the quantity
considered. Thus, initiation stresses only are plotted in Figs. 3.2
through 3.8, though arrested fractures are differentiated from complete
fractures with an arrow above the plotted point.
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this which suggest the existence of slight, but very influential,
uncontrollable differences in the specimens.

Series 2.(26> This material, designated by Wells as P steel,
is a semi-killed mild steel, not unlike that of Series 1, although it
exhibits somewhat more toughness. Seven tests are represented in this
series. The results of these tests are shown in Table 3.3, with the
fracture stress-test temperature relationships plotted in Fig. 3.3.
The scatter exhibited by these data is not sufficient to cause great
concern, although it will be recognized that the behavior of specimens 2
and 3, when compared with that of specimen 6, leaves something,
consistency-wise, to be desired.

It is interesting to note that the wide-plate transition
temperature is about 20°F lower in Series 2 than in Series 1, which is
the same difference exhibited by the respective Charpy transition
temperatures, as determined by the 15 ft-1b criterion.

Series 5.(26) This series represents tests conducted on
specimens fabricated from Q steel, which is a semi-killed mild steel
with a higher than ordinary manganese-to-carbon ratio. The Mn/C ratio
in Series 3 was approximately 7.5, while in the mild steel used in
Series 2 the ratio was 3.0. The additional manganese results in a
somewhat tougher material, as indicated by the significant reduction
in temperature for the 15 ft-1b level in the Charpy test. The results
of the seven tests in this series are presented in Table 3.4 and the
associated stress-temperature plot in Fig. 3.4. The scatter between

the data and the assumed transition curve is not excessive, although

the discrepancy between the behavior of specimens 7 and 8 and that of

specimen 6 is apparent.
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Illustrative of the fact that there is no one-to-one
correspondence between the Charpy data and the wide-plate test data is
the rather slight increased toughness exhibited in the wide-plate tests
of Series 5 over that of Series 2, compared with the large difference
in the corresponding Charpy transition values.

Series 4.(26) Nine tests of specimens fabricated from fully-
killed, grain-controlled, normalized mild steel comprise this series.
The toughness of this material is indicated by the -h9OF temperature
required for the 15 ft-1b Charpy V-notch level. The test results, given
in Table 3.5 and plotted in Fig. 3.5, give evidence of the most discon-
certing discrepancy noted thus far. The strength transition temperature
for eight of the specimens appears never to have been reached; that is,
testing appears to have beeq conducted above the transition temperature.
Specimen 6, however, tested in the middle part of the temperature
range represented in the complete test series, exhibits extremely low
fracture strength. It is disparities such as this, -that cannot be
assigned to scatter, which highlight the importance of determining
fundamental causes of fracture initiation.

(33)

Series 5. Steel used in this series of three tests con-
forms to ASTM specification A212 Grade B (firebox quality). This mild
steel, the properties of which are given in Table 3.1, exhibits inter-
mediate toughness characteristics and is on the border line of being

unweided because of the relatively high carbon content. The data from
these tests, shown in Table 3.6 and plotted in Fig. 3.6, are inconclu-

sive as to fracture stress-temperature transition curve. - What is clear,

however, is the disparity between the results of the three tests.
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Identical specimens 1-2 and 1-3 exhibit different fracture stresses,
and specimen 1-1, tested at a higher temperature, exhibits the lowest
fracture stress of the three specimens.

Series 6.(ho> The final test series included herein comprises
two parts, differentiated by the specimen width. All specimens in this
series were fabricated from ABS-Class C ship-steel, which has a yield
point of nearly 40 ksi at room temperature. The other properties of
this relatively tough steel are tabulated in Table 3.1. Four tests in

. this series, denoted as Series 6(a), were conducted on 12-in. wide
specimens. Other details associated with this specimen are depicted

on the sketch accompanying Table 3.7, in which the test results are
tabulated. Figure 3.7 is a plot of fracture stress versus test tempera-
ture for these data. It is noted that identical specimens WP-5 and
WP-15 exhibit widely different fracture stresses, although this behavior
is not irreconcilable if the infinitely steep stress-temperature transi-
tion curve is used.

The remaining tests of this series, denoted as Series 6(b),
were conducted on specimens of 2k-in. width. The test results are
listed in Table 3.8 and the associated stress-temperature plot is given
in Fig. 3.8. If the test point representing specimen WP-24 is excluded
from the plot, it appears that testing is being conducted on the lower
leg of the strength-temperature transition curve, not having reached a
high enough temperature to produce high stress fractures. Specimen WP-24
does not honor this conclusion, however, exhibiting a fracture stress
approximately 13 ksi above that of the other specimens, even though

tested at some 5OOF below the temperature of WP-27. It must be admitted
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that the disparity between specimen WP-24 and its twin, specimen WP-26,
is not completely irreconcilable, inasmuch as neither would be con-
sidered to be a truly ductile or high stress fracture. Still, it would
seem that the disparity between these two specimens, and indeed between
WP—Q# and the three specimens WP-26, WP-27, and WP-25, cannot be
attributed solely to scatter.

The brittle fracture phenomenon, while known to exhibit con-
siderable scatter in test data, cannot be assumed to exhibit, without
reason, the irreconcilable diversity of behavior that has been shown
to exist in some of the tests which have been reported in this section.

The possible causes of this disparity are pursued in subsequent chapters.



CHAPTER k&

PHOTOELASTIC STRESS ANALYSIS OF WELLS NOTCH

L1, Introduction

The brittle fracture of notched and welded plates, reported
in Chapter 3, suggests the need to know more about the flow and fracture
characteristics of specimens with the Wells-type notch (Fig. 3.1). A
valid stress analysis of the vicinity of fracture initiation is a pre-
requisite for determining these characteristics. An elastic solution,
utilizing the usual assumptions of isotropy and homogeneity, affords a
useful approximation of the effect of the applied load in the wide-
plate test because of the low nominal applied stresses often associated
with fracture. This is not to suggest'that there is no yielding of
the material in the vicinity of the notch; however, with the low-stress
fractures there is no gross yielding.

A valid theoretical stress analysis in the vicinity of the
Wells notch cannot presume either plane-stress or plane-strain. Plane-
stress provides an accurate description of the state of stress in an
unnotched plate, or in regions distant from the vicinity of the notch
in the notched plate, while plane-strain represents a limiting state
in the vicinity of the notch. The abruptness of the geometrical dis-
continuity in the Wells notch poses additional difficulties in the
formulation of a valid theoretical solution.

The advisability of using an experimental stress analysis

is suggested by the difficulty of establishing a theoretical analysis.

32
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The method used must allow determination of internal stresses, since
fracture initiation may be most likely to occur at plate mid-thickness.
Strain gauge and two-dimensional photoelastic technigques lack the
capacity to determine an internal stress-state. The three-dimensional
photoelastic '"frozen stress'" technique, which does allow determination
cf idnternal stresses, is used in this investigation. The principles
governing the valid application of three-dimensional photoelasticity,
the‘model details, the test procedure, a description of the model
slices examined, and the results of the analysis are presented in sub-

sequent sections of this chapter.

L.2, Theory of Three-Dimensional Photoelasticity

Many light-transmitting materials exhibit stress~birefringence,
by which the light transmission characteristics of the material are
uniquely affected by the stresses. The laws governing this stress-
optical relationship are presented in Appendix A. One of the most

useful stress-optical laws can be expressed as

0. - © - . (k.1)
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Further details of the basis of this relationship are contained in
Appendix A.1.

Equation (4.1) obviously can be used for cases of plane-
stress in which the loading is acting on the model during the evaluation
of fringe-order, N. This two-dimensional analysis lacks surficient
generality to be useful for appraising stresses in the vicinity of the
Wells notch. Fortunately, it is possible to "fix" or "freeze"
stresses into a material so that Eg. (4.1) can be applied to an unloaded
material which will behave, optically, as 1f it were loadedo(ul’ug)
Furthermore, careful slicing of the model will not disturb the optical
characterisfics. Thus, internal stress-states can be examined and
evaluated.

The mechanism by which stresses are "frozen" into a material

(&2)

is illustrated in Fig. 4.1. The model material is assumed to
consist of two quite different components, an elastic primary phase,. P,
surrounded by a viscous secondary phase, S. The stiffness of the
primary phase is not much affected by temperature changes, while the
secondary phase exhibits stiffnes§ that varies from a high value at
low temperatures to zero at a certain critical temperature, termed TC.
Optically, from the standpoint of birefringence, the primary phase is
much more sensitive than the secondary phase. In terms of Eq. (A.l),
Fp << FS, where subscripts p and s refer to primary and secondary
phases, respectively. Figure 4L.1(a) shows the unloaded, unheated model.
In Fig. 4.1(b) the tensile load, R = RP + R, has been added and is

shared, in a manner dependent on the amount of each component phase,

as well as on the component unit stiffnesses. The model elongation, Al,
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is a function of the combined stiffnesses, Kp and Ks’ for the tempera-
ture involved. The conditions of stress and deformation associated with
temperatures greater than the critical temperature are depicted in

Fig. 4.1(c). The secondary phase has lost its stiffness and the entire
load is carried by the primary phase, thereby causing a large additional
elongation, AE. The temperature cycle is now reversed and the model

is cooled (Fig. 4.1(d)). The secondary matrix regains its stiffness,
but remains in its elongated unstressed state with the load still
carried by the primary phase. Upon cocling to ambient temperature, the
load is removed as shown in Fig. 4.1(e). The recoverable elongation
will not be greatly different from &1 and the stress in the primary
system will not be greatly reduced, being held in equilibrium at high
stress by the much stiffer secondary phase. Optically, the sensitive
primary phase is much more influential than the insensitive secondary
phase. Thus, Eq. (4.1) can be applied to the unloaded "frozen" model,
or a slice thereof, as if it were loaded.

The successful use of the two-phase model in explaining the
frozen stress mechanism is not accidental. The material used for photo-
elastic analysis of three-dimensional stress-states has a complex
polymer primary network immersed in a fusible phase. It is essentially
a spring of low modulus embedded in a viscous matrixn(hl)

The results of stress-freezing are illustrated in Fig. 4.2
in which a fringe photograph of the constant-moment region of a calibra-
tion beamvspecimen into which stresses have been fixed is shown. The

procedure by which the calibration specimen is utilized to determine

the optical material constant,.F, is presented in section 4.3.
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4.3, Epoxy Model of the Wells Notch: Design, Fabrication, and Loading

The wide-plate specimen (Fig. 3.1) with the Wells-type notch
is the prototype for the model which is discussed in this section.

The stresses of most interest are those in the immediate vicinity of
the notch. The equipment used to fix the stresses limits the total
size of the model. Thus, to magnify the sensitivity of the model in
the notch vicinity, only a small region surrounding the Wells notch is
modeled. For the scale chosen, four units of length on the model
represent one unit of length on the prototype. Thus, the 0.75-in.
prototype plate thickness becomes a 3.0-in. thickness in the model.
This scale, though somewhat arbitrary, is considered to be sensitive
enocugh to allow accurate determination of stresses in the vicinity of
the Wells notch.

The material used in the model was an epoxy polymer described
by Leven.(h5) This is a two-component epoxy which 1s made by combining
50 parts, by weight, of liquid catalyst (phthalic anhydride) with 100
parts of liguid epoxy (Araldite 6020). These components, mixed properly
and cycled thermally, set into a hard translucent material which
exhibits birefringence when stressed.

The model was machined in three parts (Fig. 4.3) from a care-
fully selected casting. Two of the three parts are identical and
represent the plates of the prototype. The third part fits between the
two plate components and corresponds to the weld in the prototype. The
notching operation was accomplished in a manner similar to that used

for the prototype. The notches were placed in the individual plate

components with a saw-cut of constant depth from the beveled edge. The
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circular-saw blade used for the epoxy model was 0,028 in. thick and
corresponded to the 0.007-in. thick circular-saw blade used in the
prototype. This notching operation was performed prior to joining
the two beveled plate components to the center weld component. The
gluing of the three components followed the notch preparatiocn and was
accomplished with an epoxy mixture not unlike the parent material.

A uniformly-distributed tensile load was applied to the ends
of the completed model, as shown in Fig. 4.4k, Whipple-tree mechanisms
distributed the totalQload uniformly to eight equally-spaced loading
points on the model ends. The model length of 10 in. was chosen to
avoid end effects in the vicinity of the notch. The nominal stress
acting on the gross section of the model was 12.1 psi, while the net
stress acting on the plane defined by Y = O was equal to 14.2 psi.

The total net tensile load on the model was 436 1b.

For the stress-freezing operation, the loaded model was placed
in a large ;ven equipped with a thermostatic control-which provided a
constant rate of temperature increase. A rate of temperature increase
of approximately 2% per hour for the heating cycle and a rate of
decrease of approximately -loC for the cooling cycle were maintained.
The gradual heating and cooling were necessary in order to prevent the
development of unwanted thermal stresses. Upon completion of the
thermal cycle, the model was unloaded in preparétion for slicing.

The machining of all specimens for which stresses were to
be determined was conducted so as to preserve the frozen stress pattern.
Regions containing wanted slices were cut from the entire model with a
‘ band saw. Sufficient waste material was allowed in order to keep the

temperature in the final slice region from rising appreciably. The
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final slice dimensions were reached by succesgsive millihg in a vertical
mill equipped with a fly-cutter. The final four mill cuts, from first
to last, were 0.010, 0.005, 0,003, and 0.002 in. High cutter speeds,
coupled with low table feed rates, were used to keep surface tempera-
ture and pressure low.

The small calibration beam-specimen was subjected to the same
thermal cycle as was the model so that the material constant, F, could
be determined for use in stress computations for the notched model.

The beam was machined from material taken from the same casting as that
used to fabricate the model. The stresses in the peam,,subjected to a
constant moment in its central region, are assumea;tpjbé;given by the
flexure formula, g = My . The stress so computéd beééﬁééathe left term,

I

o5 = 05 in Eq. (4.1). Referenced to the diagram in Fig:. 4.5, the sub-

scripts i, j, and k become x, y, and z, respectively. The transverse

normal stress, ay> is assumed to be zero. Eguation (L4.1), written with

the material constant, F, as fhe'dependent variable, becomes

(o - qx)tz B MY*tZ

_ ¥
F= N T OIN
Z Z

(k.2)

Values ¢f ¥ for a particular distance, y, from the neutral axis can be
computel Ty measuring the associated fringe-order, Nz, Several
measurements of Nz’ for various values of y, allow a least square
averaging of the individual determinations of F. Thus, the average value
of F was found to be 2.6 1b/in.-fringe (Fig. 4.5).

Extreme care was exercised, subsequent to freezing of the

stresses into the model, to alleviate the development, with time, of
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extraneous edge stress. This effort included keeping individual model
slices and larger unsliced components in a dessicator so that the slice

boundaries would not absorb moisture.

L.k, TIsochromatic Fringe Photographs of Selected Model Slices

Several large-field fringe photographs have been taken of
selected portions of the epoxy model. These photographs give a visual
representation of lines of constant principal stress-difference
(isochromatics), whereby the regions of maximum stress gradient can be
deduced and approximate values of maximum principal stress-difference
inferred.

A lens-type transmission polariscope with an 8-in. diameter
field was utilized to obtain the fringe photographs. A mercury-arc

lamp provided an essentially monochromatic light source. Circularly-

polarized light, obtained by adding quarter-wave plates to the polarizer

and analyzer elements of a plane-polariscope, was used to suppress the
isoclinic fringes from the photographs. A camera with a lens of long
focal length and an 8 in. x 10 in. film holder was used to take the
pictures. The portion of the model to be photographed was placed in
an immersion tank filled with halowax oil to render a sharper fringe
distinction. The immersion tank was equipped with partial mirrors by
which light could be passed through the model slice several times by
a process of successive reflections and refractions. Using this
accessory, the isochromatic fringe patterns resulting from multiple
light passages through the model were photographed. This technique

(

increases the number of fringes and is known as fringe-multiplication.

Lk)
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The photograph shown in Fig. 4.6 shows the isochromatic fringe
pattern resulting from circularly-polarized light passing once through
the entire model thickness. Although Eq. (L.1) can be applied to this
fringe pattern, the results would be of no practical import since the
principal stress-differences so obtained would be only averages through
the large thickness. However, Fig. 4.6 does contain useful information.
The symmetry of the frozen stress pattern in the vicinity of the notch
is readily evident. Gross dissymmetry of stress would be very obvious
in this photograph because of the large thickness through which the
light was passed. It is also relevant to note that excellent definition
of high-order fringes 1s obtained in this photograph, inasmuch as the
nominal applied stress fringe-order is approximately 15. A final
important conclusion that can be drawn from examination of Fig. 4.6 is
that the glued joints transmit fringes, apparently unaltered and intact,
from the side plate components. This is evident from the continuity
of the isochromatic fringes across the joint. Confirmation of the
integrity of the joint lends credibility to the assumption that the
prototype weld region can be simulated by the center component of the
model.

Two plane slices, the faces of which approach principal-
plane conditions, were cut from the model. One of these slices was
taken from the model surface. - The second slice was taken at model mid-
thickness. Both slices were 0.125 in. thick and 8 in. high, and had
a width extending from one edge of the model to 1/16 in. beyond the model
center line. Isochromatic fringe photographs of these two slices and

their orientation in the model are shown in Figs. 4.7 through 4.11.
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The isochromatic fringe photographs of the surface slice of
the model are shown in Figs. 4.7, 4.8, and 4.9, for light passing
through the slice thickness %, 5, and 7 times, respectively. The
application of Eq. (4.1) to these cases reguires the multiplication
of the actual slice thickness by the number of passages of light through
it. Hence, the fringe-order is directly related to the amount of
fringe-multiplication. It can be observed from the photographs that
additional fringe-order is obtained by the fringe-multiplication
technique at the expense of fringe distinctness. It is observed that
both ends of the notch-slit exhibit a sizeable stress concentration,
although the concentration on the "weld" side of the notch-slit is
apparently significantly greater than that on the plate side. The
validity of this observation is confirmed and discussed in section L4.6.

Figures 4.10 and L.11 represent isochromatic fringe photo-
graphs of the slice taken from‘the mid-thickness of the model. The
overall slice dimensions conform to those of the surface slice previ-
ously discussed. The fringe-multiplication technique was applied to
obtain isochromatic fringe photographs of this slice. The photograph
of Fig. 4.10 resulted from uéing a fringe multiplication of 3, while
the photograph of Fig. 4.11 was obtained by using a fringe multiplication
of 5. It is noted that both ends of the notch-slit produce a large
stress concentration. The full stress concentrating power of the tip
of the Wells notch is not shown in these photographs, since, at the
notch, the thickness of the material through which the light passes
decreases from the basic slice thickness to zero. Hence, fringe-orders

do not "keep pace” with stresses in this region. Subsequently presented
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material contains a more precise evaluation of the stress concentration

at the tip of the notch.

4,5, Determination of the von Mises Equivalent Yield Stress

The correct appraisal of the flow characteristics of the
material in the vicinity of the Wells notch requires a valid stress
analysis and a correct yield criterion linking the stresses to the
propensity of the material to flow. Photoelastic appraisal of the
frozen stresses in the epoxy model is assumed to provide a correct
stress analysis. The selection of a yield criterion is usually made
between two classical theoriés.  The Tresca criterion postulates
that material flow will impend when the maximum shear stress reaches
a certain value, which can be defined as a material property. This
criterion, then, presumes that the likelihood of yielding is appraisa-
ble upon determination of the maximum and minimum principal stresses
acting at a point, without regard for the intermediate principal
stress. The von Mises criterion, on the other hand, postulates that
flow is tied to the shear-distortion strain energy and that yielding
will occur when this energy reaches a certain magnitude. The von Mises
hypothesis can also be expressed in terms of the principal stresses

by defining an equivalent yield stress, Og» @S follows
2 2 2 2
2%==%1*%)'+(%"%) +(%-%) (4.3)

The von Mises equivalent stress, 0,» can be considered representative

of the ylelding power of a particular stress-state. The occurrence of
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yielding is signalled when the equivalent von Mises stress, computed
from Eq. (4.3), attains a value equal to the material's conventional
vield strength measured in the uniaxial tensile test (Appendix A.2).
The von Mises criterion is presumed in this investigation.

The similarity between Egs. (4.3) and (4.1) suggests that the
von Mises equivalent stress might be determined by photoelastic measure-
ments. Brock<u5) has developed the relationships linking BEgs. (4.1)

and (4.3) (Appendix A.2). The resulting equation of most interest is

2
2 F 2 .2 2 = 2 .. 2
o, = (Zt) [NX(E + sin 29X) + Ny(Q + sin eey) + NZ(E + sin 282)]
(L.k4)
where F = material stress-optical constant
t = thickness of medium through which light is transmitted
N_,N ,N = fringe-orders for light transmission in X, Y,
Xy’ z - .
-Z directions

e ,ey,ez = isoclinic parameters for light transmitted in

X, ¥, Z directions.

The quantities on the right side of Eq. (4L.4) are meésurements associated
with small cubes cut from epoxy models into which stresses have been
frozen. These quantities can be measured directly from the cube without
having additional knowledge of the stress enviromment surrounding the
cube. The fringe-~orders are the retardation measurements, according to
Eq. (M.l), for the mutually orthogonal, but otherwise arbitrary,
coordinate directioné, X, ¥, and Z. The angles Gx, ey, GZ, are the
respective isoclinic parameters for these three coordinate directions.

The details of development of this equation are contained in Appendix

A2,
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(46)

A polarizing microscope was utilized to make the photo-
elastic determinations of the fringe-orders and the isoclinic parameters.
The microscope consists of the usual microscope components, supplemented
by polarizing elements designed and located so as to produce polarized
light by which the photoelastic parameters can be appraised. A photo-
graph of the instrument used is shown in Fig. 4.12. A noteworthy
feature of this instrument is the compensator,* which can be introduced
in the optical path between the model and the analyzer element.(h6)
The compensator has the capability of introducing a variable, but
measurable, amount of birefringence into the optical path. Inserting
compensator birefringence equal in magnitude,'but opposite in sense,
to that of the model. renders the total relative retardation of the
model-compensator system zero. Since the zero retardation condition
is distinguishable, the compensator reading can be related directly to
the model retardation. The isoclinic parameters are measured, as in
an ordinary polariscope, by obtaining light extinction with the model's
principal-stress axes oriented coincidentally with the polarizer-
analyzer axes.

The measurement of the von Mises equivalent stress has been
confined to cubes whose centers lie in the plane defined by Y = O.

The Wells notch also lies in this plane; hence, these measurements will
obviously be of most interest from the standpoint of fracture initiation.
Figure 4.13 shows the size and location of the cubes which were located

at mid-thickness and at the surface of the model. In regions away from

* Compensators of both the Babinet- and Berek-type design were used in
this investigation. ’
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the notch, where low stress gradients pertain, the cubes were 0.25 in.
on a side. In the vicinity of the notch, the cubes were reduced to
0.125 in. on a side in order to obtain a better indication of the
higher stress gradients. Also shown in Fig. 4.13 is the von Mises
equivalent stress, T 2 normalized with respect to the gross nominal

axis stress, , plotted against the distance from the specimen

% -nom
center line. The measurements associated with cubes taken from the
surface of the model show an expected tendency to hover around 1.0
until the notch is approached. As the notch is approached, the von
Mises equivalent stress rises sharply. The method by which the stress
analysis of the material adjacent to the notch face was conducted is
discussed in section 4.6.

The von Mises equivalent stress measurements associated with
cubes cut from the mid-thickness of thé model coincide closely with
those of the surface cubes in regions distant from the notch vicinity.
As the guarter-width of the model is approached, however, the wvalue
of the von Mises equivalent streés decreases, to a minimum approximately
2 in. from the model mid-width. From this minimum, occurring approxi-
mately 1 In. from the tip of the notch, the von Mises equivalent yield

stress rises sharply to a maximum value at the free surface represented

wn

by th

[41)

nouen-tip.

Figure 4.1k shows the results of measurements on additional
small cubes taken from the periphery of the Wells notch. It can be ncted
that there is a mild reduction of the von Mises equivalent stress in
the region between the model surface and the plate mid-thickness along

either of‘the peripheral boundaries of the Wells notch. It must be
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understood that these measurements do not represent the von Mises
stress, Ogs at the notch face, but rather an average e through the
cube. Details concerning the evaluation of the notch-boundary stress

are presented in section 4.6.

L. 6. Determination of Maximum Normal Stress on Notch Boundary

The determination of the stress tensor components at a
general point in a three-dimensional photoelastic medel is not as
easily accomplished as is the direct calculation of the von Mises
equivalent stress from Eq. (4.L4). The reason for this fundamental
difference in difficulty between determining the von Mises stress and
the individual stress components is due to the fact that it is impos-
sible, from conventional photoelastic measurements, to differentiate
between a given stress-state and the same stress-state to which a
hydrostatic tension or compression is superimposed. Thus, the pos-
sibility of determining the individual stress components at a point,
by direct photoelastic measurements only, is precluded. The inability
to differentiate, by photoelastic means, the two stress-states does
not impose the same limitation on the determination of the von Mises
equivalent stress, since the addition of an arbitrary hydrostatic
tension or compression has no effect on the propensity to yield, as
measured by the von Mises criterion. Stress-separation on the model
interior can be effected, utilizing photoelastic data, by a numerical
integration of the governing differential equations of equilibrium,(h7>
This procedure, while being quite general, is not noted for its accuracy,

especially in regions which have a high stress gradient. Stress-separation
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is facilitated at unloaded model boundaries by the absence of shear
and normal stresses. Fortunately, the stresses of most interest
generally occur at such boundaries. In the case of the model of the
Wells notch (Fig. 4.L), large stresses develop around the perimeter of
the machined notch. Some stress measurements from the entire nofch
boundary are reported in this section, although the major effort is
devoted to four regions of the notch-model interface (Fig. L4.15). All

regions are in the plane of the notch defined by Y = O.

One region for which stresses are reportedvis at the sharp
tip of the Wells notch occurring at plate mid-thickness. A second
region of interest is the "flat" or '"land" at the interface between
the side components and the centerpiece of the model. The third and
fourth regions of particular interest are the junctions between the
notch boundaries and the plate surface. One is in the "weld" material
and has an acute junction angle, while the other is in the side plate

components and has an obtuse junction angle.

To obtain the stress at the tip of the nofch, the mid-
thickness slice, for which isochromatic fringe photographs are shown
in Figs. 4.10 and 4.11, was used. The portion of the slice in the
notch-tip vicinity was cut from the main slice and placed in an immer-
sion cell filled with halowax oil, which had an index of refraction
matching that of the epoxy material. The immersed slice was analyzed
with the polarizing microscope equipped with fhe Berek compensator,
which has been described in section 4.5.

The first data from this slice was obtained with polarized
light transmitted through the slice in the Z direction of the model.

A mechanical stage on the microscope provided capability to traverse
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the slice in the X direction. Relative retardation measurements were
taken as the slice was traversed toward the notch-tip. These measure-
ments, in general, represent a secondary principal stress-difference,
termed 0y, T 93,5 where the second subscript, z, refers to the direction
of the light transmission. However, as the notch-tip is approached
this stress-difference approaches the value of the normal stress, oy,

at the notch-tip. The retardation measurements for the light passing
through the decreased thickness of material at the notch-tip were con-
verted to stresses by Eq. (ﬁ.l), thus accounting for the reduced thick-
ness of ﬁhe medium through which the light was transmitted. Results

of these measurements, expressed as a stress concentration, are plotted
in Fig. L4.16, wherein the notch-tip stress is estimated by extrapolation.
The data near the notch-tip exhibits some scatter, which makes it
difficult to establish the notch-tip stress precisely. Neglect of the
data point nearest the notch-tip allows an extrapolation, consistent

with the remaining data, which yields a notch-tip stress concentration
of approximately 12. The likelihood of an error in the stress determined

for the neglected data point is relatively great, since the small thick-
ness of material through which light is transmitted is not measured,
but is calculated from the assumed notch geometry. The thickness so-

calculated can be significantly in error, particularly on a percentage-

of-real-thickness basis. In addition, the effect of time-edge-stress
would be to produce an apparent stress-difference of lower magnitude
than actually exists.

The results of retardation measurements of polarized light
transmitted in the X direction through the slice containing the notch-

tip are shown in Fig. 4.17. The stress difference, Oy = Ozys
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non-dimensionalized with respect to the nominal gross-section applied
stress, is shown as a function of the specimen thickness through which
light was transmitted. The specimen thickness, tx, was reduced
successively toward the notch-tip. Thus, the value of stress-difference,
extrapolated to the notch-tip, represents the actual notch-tip principal
stréss, cy. The consistency of the data in Fig. L4.17 is evident. The
order of magnitude of the notch-tip stress concentration, so-determined,
is in good agreement with the range of possible concentrations implied
by the data of Fig. 4.16. However, the data of Fig. 4.17 imply possible
notch-tip stress concentrations within the range 15 + 1, which is a
much narrower range than can be specified from Fig. k.16.

Photoelastic measurement of stresses in the vicinity of the
flat near the interface between the side plate components and the center
section (Fig. 4.15) was carried out iﬁ a manner similar to that used
for the notch-tip. The normal stress in the thickness direction was
again eliminated from the photoelastic measurements by passing the
light through the slice in the Z direction. Three small subslices
were taken in this region (Fig. 4.18) and provide three separate sets
of retardation data for microscope traverses of the specimens in the
X direction. The data for these three sets of measurements are very
consistent, as shown in Fig. 4, 18. The maximum stress concentration
is seen to be of the order of 5. The stresé-difference gradient is
extremely high, as evidenced by the transition from a stress concentra-
tion of approximately 2 to the interface-concentration of 5 in an
X distance of 0.030 in. This corresponds to a prototype X distance of

0.0075 in.
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The areas in the vicinit& of the notch, as it emerges to the
surface of the model, are the regions in which the final detailed
stress investigation was made. These areas are denoted as regions 3
and 4 in Fig. 4.15 and are located at the ends of the notch-slit.
Identical methods were used to investigate these two regions; hence,
they are discussed together. The initial size of the segments on which
the analysis was conducted is shown by the dotted outline in Fig. 4.15.
Additional orthogonal axes, X' and Z', are defined, as shown in
Fig. 4.15, such that the Z' axis is parallel to the internal boundary
of the machined notch.

The analysis of the specimens from regions 3 and 4 was
conducted in a manner which produced a reliable estimate of the stress
at the Jjunction of the notch with the specimen's surface. No attempt
was made to determine precisely the stresses in other regions of the
segment. Two separate procedures, which allow somewhat independent
checks to be made on the maximum stresses so-determined, were followed
in the stress evaluation of these points. The first of these pro-
cedures is similar to that used in the analysis of regions 1 and 2
previously reported in this section. That is, polarized light was
passed through the slice in a direction parallel to a known principal
stress, thus eliminating that stress from the relative retardation.

It can be seen from Fig. 4.15 that the Z' direction fulfills this re-
gquirement as the notch interface is approached. Thus, traverses of the
specimen on the polarizing microscope stage in the X' direction, while
light is transmitted in the Z' direction, allow evaluations of the

principal stress-difference, which tends toward the value of the
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individual normal stress, o> as the notch interface is approached.

One additional refinement was made because of the size of the initial
specimen. The thickness of the segment in the Z (or Z') direction was
successively reduced by machining after relative retardation measure-
ments were made for the preceding thickness. This permitted an evalua-
tion of the stresses at the notch-model interface as the model surface
was approached.

The results of the stress measurements for region 3 are
plotted in Fig. L4.19, in which each symbol represents retardation
measurements taken for a constant thickness in the Z' direction. These
measurements present a very consistent picture and give evidence of a
stress concentration at the junction of the notch-model interface and
the model surface of the order of 6. It can be noted in this figure
that the distribution of principal stress-difference, Oyt T O3y0
through the thickness (Z' direction) seems to be rather uniform,
inasmuch as the stress readings taken for one thickness coincide
essentially with readings taken for all other thicknesses.

The corresponding plot for region 4, the obtuse notch-surface
Junction, is shown in Fig.AM.EO. It is seen that there are two types
of stress-difference gradient as the notch surface is approached. The
first, for large specimen thickness in the Z' direction, is like that
represented in Fig. 4.19 for region 3. The second, for light passing
through thicknesses smaller than 0.200 in., indicates a nearly flat
stress-difference gradient as the X' traverse is made. It is signifi-

cant to note that the extrapolations from either set of data yield
approximately the same maximum stress concentration of 2,5 at the model

surface.
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Another set of retardation measurements was made on the
specimens from regions 3 and L by passing light through the specimens
parallel to the model surface, that is, in the X direction. This,
coupled with successive slicing of the specimen in the X' direction,
allowed determination of the secondary principal stress-difference for
various specimen thicknesses as a function of distance from the model
surface. This corresponds to a specimen traverse in the Z direction.

- Plots of stress-difference, , versus distance from the model

9x T %3
surface, with specimen thickness, tx’ represented parametrically, are
shown in Fig. L.21 for the region 3 specimen and in Fig. L4.22 for the
region 4 specimen. Included in these plots are extrapolations, to the
model surface, of the data representing a single specimen thickness.
Figure L.23 represents these surface values of stress-difference as
ordinates plotted against abscissa values of specimen thickness in the

X direction. Extrapolation of these data to zero specimen thickness
gives the normal stress, gy, at the junction of the notch with the model
surface. The correlation between the stresses so-determined and the
stresses evaluated by the transmission of light in the Z' direction is
excellernt. Thus both measurement methods indicate stress concentration
of the crder of 6 and 2.5 in regions 3 and 4 respectively. It is
emphasized that the plots of stress concentration in Figs. 4.19 to 4.23
are proportional to the average principal stress-difference through the
thickness in question. This becomes an individual normal stress

component, oy, as the material thickness approaches zero at a stress-

free boundary.
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The futility of using surface strain gauges to determine
accurately the maximum stress concentrations in region 3 is evident by
reference to Fig. 4.19. A 1/32-in. (.0312 in.) strain gauge placed
adjacent to the notch would average the stress in the material having
a stress concentration ranging from approximately 1 to more than 6;

It is of interest to ncte that l/52-in. strain gauges placed in regions
3 and 4 on the surface of prototype plates (Fig. 3.1) yielded stress
concentrations of approximately 2 and 2, respectively, thus confirming
the relative magnitudes as well as the expected averaging effect.<uo)

To check the order of magnitude of stresses in portions cf
the notch perimeter other than those of regions 1, 2, 3, and 4, spot
checks were made on the specimens, which had been used in the determina-
tion of the von Mises equivalent stress, around the perimeter of the
notch. These specimens, previously discussed, are shown in Fig. L4.1L.
Light was transmitted in‘the Z' direction and as close to the notch-
model interface as possiblg. To the extent that these ideal conditions
are met, this procedure gives the value of the normal stress, oy s
directly. Stress concentrations so-determined, together with the
values determined previously for regions 1, 2, 3, and 4, are shown in
Fig. 4.24., The values determined from the single reading test cannot
be treated with the same confidence as those determined in regions 1,
2, 3, and 4 where more measurements were made. Still, it is noted

from Fig. 4.2k that there are no irreconcilable discrepancies in the

data presented.



CHAPTER 5

FLOW AND FRACTURE IN THE PROTOTYPE NOTCHED PLATE

5.1. Introduction

- The.purpose of this chapter is..to relate .the results of the
photoelastic stress analysis of the epoxy model to the data from the
prototype notched and welded wide-plate tests. Information from
Chapter 1 is utilized in this effort, with special emphasis on
section 1.4, which outlines the factors that affect brittle fracture,
including the concept of notch-brittleness presented in Fig. 1.5. The
degree to which the epoxy model simulates, or fails to simulate, the
conditions associated with the wide-plate test 1s initially discussed.
An assessment is made, if only gualitatively, of the fracture-related
conditions in the wide-plate tests which are not adequately modeled

by the photoelastic specimen.

5.2. Degree of Simulation of the Prototype by the Epoxy Model

<,~Somevaépects.of similarity :between:the epoxy model and the pro-
totype have previously been alluded to. It has been mentioned {Chapter L)
that the isochromatic fringe photograph (Fig. 4.6) of the entire epoxy
model verifies the high degree of structural integrity of the glued
joint between the side plate components and the center "'weld" component.
Isotropy and honogeneity of both the model and the prototype have also
been assumed. Inasmuch as an elastic analysis has been conducted, the

material modulus does not need to be identical in the model and prototype.

5L
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On the other hand, Poisson's ratio, while of no consequence in the
analysis of stresses for the case of plane-stress, does affect the
analysis for the case of plane-strain. The stress-state in the vicinity
of the notch approaches that of plane-strain, while that of plane-
stress pertainé at points distant from the notch. Poisson's ratio for
the epoxy model material is known to be somewhat greater than that for
steel. As a result, somewhat larger normal stress,oz, through the
thickness can be expected to develop in the model than that which exists
in the prototype specimen. However, it is thought that the difference
between the model and prototype stress-state is small.

" The .size of the model was necessarily limited to a region
corresponding to the vicinity of the notch in the wide-plate specimen.
Hence, the question arises as to whether the model adequately simulates
the stress-state in the wide-plate test. More specifically, ié the
model wide enough to provide sufficient material upon which the trans-
verse normal stress component, O developed as a consequence of the
notch, can be supported? Examination of transverse normal stress dis-
tributions obtained by Neuber(u8) for similarly loaded elements having
somewhat similar notches indicates that there is some transverse normal
stress in the prototype plate at the width which marks the edge of the
model. This stress represents a relatively small fraction of the maxi-
mum transverse normal stress which develops within the region represented
by the model. Thus, the absence of thé UX stress at the model edge is
not thought to jeopardize the valid use of the model to simulate the

primary conditions of the prototype.
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. The uniform tensile loading to which the model was subjected
simulates the applied loads in the low-temperature fracture tests of
notched and welded wide-plate specimens. This model loading does not
account for the forces, and resultant stresses, to which the wide-plate
is subjected as a result of the welding operation. However, the
results of the stress analysis are useful to assess, qualitatively,
the effect of the weld on the notch stress, since the differential
strains associated with the weld thermal cycle leave an essentially
tensile residual stress in the longitudinal direction in the vicinity
of the notch.

.. JAttention.is confined, in the epoxy model, to the elastic stress
distribution, whereas it is generally accepted that some inelastic
deformations precede and accompany all fractures in the wide-plate
tests.(ll) In translating the model strain concentrations to the wide-
plate prototype, order-of-magnitude correspondence between inelastic
strains and those predicted assuming complete elasticity is expected.
The stress concentration follows the strain concentration except when
yielding intervenes. Determining the final stress-state; then, will
depend on knowing the strains and the stress-strain relationship of the
material in question. In summary, the epoxy model study provides
useful information on strain concentrations for both the elastic and
inelastic range of loading, while the significant stress determinations

of the model are confined to the elastic loading range.
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5.3%. Maximum Normal Stress and von Mises Equivalent Yield Stress at
Specimen Mid-Thickness

The flow and fracture characteristics of specimens in which
the Wells notch is employed as the fracture initiator are expressible
in terms of the von Mises equivalent stress and the maximum normal
stress, respectively. This section examines the distribution of these
two stress components at the specimen mid-thickness in the plane in
which the notch lies, that is, the plane defined by Y = O.

Determination of the maximum normal stress distribution is
based on photoelastic measurements described in Chapter L, on available
theoretical solutions for similar specimens, and on experience. The
points for which it is possible to accomplish direct stress-separation
by utilizing only photoelastic data are located at free boundaries of
the specimen. Three such boundaries occur in the region in question,
one at the epoxy model edge, a second at the notch-tip, and a third at
the notch-flat opposite the notch-tip. The respective stress concentra-
tions far these regions were found to be 1, 13, and 5. The directly-
determined notch-tip maximum normal stress is plotted as a data point
in Fig. 5.1 which shows the maximum normal stress, normalized with
respect to the nominal applied stress, plotted against the distance from
the notch-tip. The dashed portions of ﬁhe plot represent the approxi-
mate stress distribution across the specimen width. The chosen

(48) (19)

distribution was influenced by Neuber's and Westergaard's
theoretical stress analyses of a similarly-loaded flat plate containing
an eliptically-shaped, plane-front érack. The choice of the normal

stress distribution curve has also been partially influenced by
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experience and reason. The choice of a stress gradient from the tip
of the notch to where the stress distribution approaches nominal condi-
tions is most susceptible to error in determining the approximate
stress distribution. While this gradient could conceivably vary con-
siderably from that shown in Fig. 5.1, the exact gradient would not
provide a basically different argument from the one presented with the
assumed stress distribution.
fF;ThequniMiseswequiValEnt”yiéldﬁstressgdoevwnormaliZed'with
respect to nominal applied stress, is also shown in Fig. 5.1. This
stress was determined in every case from Eq. (4.L4) for which evaluation
of fringe-orders and iscclinic parameters was accomplished by photo-
elasticity, as described in Chapter 4. This plot is a partial reproduc-
tion of that shown in Fig. 4.13. While the region of high stress
gradient near the crack-tip could have stresses somewhat different
from those implied by the curve, small variations in the distribution
in this region do not negate the basic conclusions which are drawn
regarding these data.
s Fracture dnitiadion can bel thought, at:least ih broad terms,
to be related to the maximum normal stress, 05 while the occurrence
of yilelding is governed by the magnitude of the eguivalent yield stress,
0> for the von Mises criterion. Thus, it seems useful to consider
the ratio of the maximum normal stress to the eguivalent yield stress
as a likely measure of the tendency to fracture instead of yield. It
is understood that this formulation does not determine, in absoclute
terms, whether fracturing or yielding occurs, but only measures a

relative tendency. Accordingly, the ratio, cl/ae; determined from the
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stress distribution shoﬁn in Fig. 5.1, is shown in Fig; 5.2. The

- maximum value of this ratio is of the order of % and occurs approxi-
mately 1 in. from the model notch-tip, which corresponds to 0.25 in.
from the tip of the notch in the wide-plate prototype. Orowan(lg)
ciltes theoretical evidence establishing an upper limit of approxi-
mately 3.3 for the constraint factor, g, discussed in Chapter 1

(Fig. 1.5). He further suggests that this value will likely be
approached, at a point, only after significant yielding has occurred

in adjacent material. The ol/Ge ratio can be thought of as being
equivalent to g. Thus, it appears that the Wells notch is very severe,
indeed, in terms of triaxiality or suppression of flow, since it exhibits
a maximum cl/oe of approximately 3 for completely elastic conditions.

The point of maximum ol/oe has obvious brittle fracture implications,

the details of which are discussed in subsequent sections.

5.4. Origin and Development of Fracture

Assuming that fracture is broadly dependent on the attaining
of & certain normal stress, while material flow is determined by the

shear-Zelcrmation energy, the region most susceptible to true brittle

Wells nozch. The plot of cl/oe in Fig. 5.2 implies that ordinarily-
ductile material located at a point approximately C.5 in. from the
center line of the prototype is the most susceptible to pure brittle
fracture initiation. The polnt most likely to undergo substantial
plastic deformation, leading to fibrous fracture in the shear mode, is

the notch-tip, followed by the material along the whole notch perimeter
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(Fig. 5.1). Where, then, does fracture initiate in wide—plate speci-
mens employing the Wells notch as the initiator? If no plastic
deformation were to occur anywhere in the specimen preceding fracture,
then it could be.concluded. from: examination of. Fig. 5.1 that the most
likely point of brittle fracture initiation is that coinciding with
the maximum value of cl/oy_mmJ i.e. at the notch-tip. However, this
is an unrealistic prescription. It is more tenable to believe that
all fractures, at least in crystalline materials such as steel, start
as shear fractures following plastic flow, merging into brittle fracture,
if this mode is to appear at all, as regions conducive to brittle
fracture and/or repressive of shear fracture are reached. Hence, one
distinct possibility is that fracture initiation occurs at the tip of
the Wells notch, most likely as a fibrous shear fracture, progressing
continuously into a true brittle fracture as the region of high tri-
axiality, marked in Fig. 5.2 by iarge values of Gl/oe, becomes involved
in the fracture process. This possibility presumes that major relief
of triaxiality will not have occurred before the crack reaches the
region in question. Shear fracture initiation, with the attendant
flow at the tip of the notch, does not imply high nominal applied
stresses. The extremely high local stress concentration (on the order
of 13 as shown in Chapter L) generates stresses at the notch-tip of
yield magnitude under a very low applied stress. Too, it must be
remembered that longitudinal tensile residual stresses, a consequence

of the welding process, exist in the material surrounding the notch-tip

prior to the application of any external load.
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Alternatively, the specimen failure could concelvably initiate
as a brittle fracture at the point of high notch constraint (high Gl/ceL
progressing from there toward both the specimen center line and its
edge to complete fracture or to fracture arrest, depending on the
availability of releasable strain energy. This possibility, although
presuming that notch-tip fracture initiation is bypassed in favor of
initiation a short distance away from the notch-tip, does not assume
that no yielding will occur at the tip of the notch. Indeed, the high
strain concentration which has been shown to exist at the notch-tip
guarantees significant local material flow prior to fracture initiation,
whether initiation be associated with a brittle fracture in the cleavage
mode or a ductile fracture in the shear mode. Associated with load
greater than that necessary to initiate notch-tip material flow is a
spreading yield zone. Finally a normal stress distribution of shape
similar to the curve depicted in Figure 5.2 can be expected. Some
adjustment of the curve would be necessary to account for strain
hardening, occurring first at the notch—tip, and for the effect of
inelasticity on the notch constraint factor. Although the stress dis-
tributions in Figs. 5.1 and 5.2 are not strictly applicable after
material flow occurs, since they were calculated on the basis of
elasticity, the preceding arguments are gualitatively valid even beyond
inception of mgterial flow at the .tip.of the notch.

The occurrence of cleavage fracture initiation a small distance
away from the notch-tip is not unknown; it has been verified in slow

(L9,50)

bend tests of Charpy-type specimens. Initiation, in these tests,

took place in material located approximately 0.02 in. from the plane-notch
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front. Apparently a less severe notch exists in this case, in terms
of ability to develop triaxiality, than with the Wells notch. A
microphotograph of a cleavage crack so-developed is shown in Fig. 5.3.

 The preceding coﬁsideratﬁxs can also be visualized in a stress-
strain plot similar to that shown in Fig. 1.5. A modified plot, more
applicable to wide—plate test data and terminology, is shown in
Fig. 5.&.(51> The lower curve represents the flow stress-strain curve
for an unnotched specimen, whereas the raised flow stress curve repre-
sents the notched specimen. The same shifting of the flow stress
curve can be obtained, to a lesser degree, by decreasing testing
temperature and/or increasing strain-rate, as discussed in Chapter 1.
The mechanism by which a notch can suppress material flow 1s i1llustrated
in the plots of Figs. 5.1 and 5.2. Basically, through the intrcduction
of triaxial tensions,.a notch allows development of additional maximum
principal stress without commensurately increasing the tendency to
flow. In fact, as seen from Chapter 4 and Appendix A.2, the intro-
duction of a hydrostatic tension, while increasing the maximum tensile
stress by an amount egual to that added tension, does not alter the
tendency to yield as measured by the von Mises criterion. Thus, the
region of high ol/ce shown in Fig. 5.2 has a significantly raised flow
stress curve in & plot such as shown in Fig. 5.4, while regions either
closer to the notch-tip or farther away from the notch-tip exhibit
flow stress more like that of the unnotched specimen. In the event
that the introduction of triaxial tensions raises the flow stress curve

sufficiently to intersect the cleavage fracture stress curve, then

cleavage fracture will ensue, precluding sufficient strain to reach the
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ductile shear fracture condition. It is neither pretended that the
foregoing arguments are complete in every detail nor that the concepts
of Fig. 5.4 are accepted universally, without qualification, as the

(52)

cardinal principles governing fracture. This classic representa-
tion of the dual fracture mode capability of steel is merely adopted
as a vehicle with which to discuss the possible flow and fracture
characteristics of the Wells notch. It is not thought, however, that
the model represented by Fig. 5.4 is in fundamental error in a manner
which negates the validity of its use to characterize the fracture
process in broad terms.

The concepts presented in Fig. 5.4 and discussed in the pre-
ceding paragraph are not completely identical to or reconcilable with
the Irwin fracture mechanics approach. If a distinction can be made,
it may well be that Fig. 5.4 refers only to fracture initiation,
assumed to be based on a maximum normal stress attainment, whereas the
fracture mechanics approach, like the Griffith criterion, prescribes
the conditions necessary to sustain fracture.

The propensity of a material to fracture in a brittle manner
is not independent of its metallurgical condition. Possible variations
in material properties and the fracture implications of such variations
must be considered of fundamental importance in a comprehensive study
of fracture. Passing note only 1s made of aspects of maferial condition
in this study. The material of most interest, so far as fracture
initiation is concerned, is that in the vicinity of the notch. The
previous arguments of this chapter, which have not differentiated

material toughness at one location from that at another, may be
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(53) has obtained wide-plate test data

substantially correct. Kihara
from which it can be inferred that a zone of lower material toughness
exists for a distance of approximately 0.75 in. from the plate center
line in a welded plate of 1.0-in. thickness. The two suggested
locations of fracture initiation, that is, at the notch-tip and in the
region of highest cl/oe (Fig. 5.2), clearly fall in this zone, the notch-

tip being 0.25 in. from the plate center line, and the point of maximum

notch constraint being approximately 0.5 in. from the plate center line.

5.5. Possible Sources of Disparity in the Wide-Plate Test Results

.. Exdmination of the wide-plate -test data reported in. Chapter 3
(Figs. 3.2 - 3.8) allows some general conclusions to be drawn regarding
all wide-plate tests which employ the Wells notch as the stress-raiser
at which fracture initiation occurs. The dual fracture mode behavior
of notched steel specimens is confirmed by these data which represent
specimens exhibiting both high- and low-stress fractures. The transi-
tional behavior between these two fracture modes is clearly illustrated
in the figures. The most significant factor in these data is the
extremely low applied nominal stress required to fracture some of the
specimens.

- Another . aspect of these' data which was discussed briefly in
Chapter 3 is the rather significant degree of scatter exhibited by the
data when plotted as fracture stress versus temperature. A few extreme
cases, which are of particular interest, show results which seem un-
assignable to normal scatter. For convenience, two sources of scatter

can be assumed. One is considered to be the high gradient exhibited
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by stress, strain, rates of stress and strain, and material properties
in the locality of fracture initiation. Coupled with the dual fracture
modes, which often merge rather abruptly from one into the other, and
the possibility of two-stage fractures, this high rate of change of
conditions inherently promotes scatter. However, it is questionable
whether some of the more severe disparities in the wide-plate test data
reported herein could be assigned to this type of scatter. The second
potential source of scatter, not completely independent of the first,
is associated with the possibility of basic differences between speci-
mens thought to be identical when tested to fracture. These differences
can occur either during the machining of the specimen, for example,
by inadvertently altering the geometry of the notch, or spontaneously,
as by cracking, during specimen fabrication. The specimen differences
which originate with machining are minimized by careful workmanship.
.-.One example of spontaneous specimen alteration during fabrica-
tion is that of cracking at the root of the notch prior to the low
temperature fracture test. This event could cause wide disparity of
fracture strength between cracked and uncracked specimens. That it is
also a distinct possibility can be appreciated by a consideration of
the high strains and stresses to which the notch-tip is subjected by
the forces which develop during fabrication. The major source of these
stresses and strains is the welding process. It has been shown that
in an unnotched plate of similar proportions to the notched plates used
in the wide-plate tests reported herein, tensile welding residual
stresses in the center of the plate approach yield stress magnitude.(ih)

The implication is clear that strains substantially higher than those
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required to produce yield stress have occurred during the welding
process. In the notched plate, much more severe conditions pertain
in that the straining effect of the gross forces due to welding is
multiplied at the notch-tip by the very high concentration which exists
there. It has been shown that extensive prestraiﬁing before the
fracture test can have the effect of exhausting some of the material's
ductility, thereby lowering its subsequent energy absorbing capacity‘su)
Thus, a very real possibility of cracking at the notch-tip during or
immediately after welding exists. It is true that for identical
specimens, specimen response to supposedly equivalent environments
should be such as to make each specimen egually susceptible to this
cracking. However, it is reasonable to expect that the conditions
necessary to cause notch-tip cracking and/or the enviromment's acting
to cause such cracking vary slightly from one specimen to the next.

The specimehn in which .weld cracking occurred would be
expected to behave quite differently from the uncracked specimen in
the fracture test. In general, it seems that notch-tip cracking during
or immediately after welding would lead to a less severe, though
slightly Zcnger, notch. Thus, the specimens which exhibit no notch-tip
cracking are postulated to exhibit lower fracture stress behavior than
those specimens that have developed internal cracks. It is emphasized
that the confirmation of high strain gradients in the material im-
mediately surrounding the ‘Wells notch is prerequisite to the foregoing

postulation of notch-tip cracking.



CHAPTER 6

SUMMARY AND CONCLUSIONS

A significant research effort has been expended in recent
years to increase understanding of the brittle fracture of structural
metals. Concern for brittle fracture susceptibility has been heightened
by the incidence of such fractures. The present study is concerned
with the flow and fracture characteristics of the Wells notch used in
the initiation of brittle fractures in notched and welded wide-plates.

| The scope of this investigation is outlined in Chapter 2,
after a review of the brittle fracture phenomenon is presented in
Chapter 1. Results of some wide-plate tests are presented in Chapter 3.
Two conclusions can be drawn from these data:

1. DNotched and welded wide-plates, when tested to failure,
exhibit susceptibility for two fracture modes. The shear fracture mode
occurs under high applied stress and results in a fibrous-appearing
fracture and significant gross deformation. Cleavage fracture, which
is crystalline in appearance, is the second mode. Cleavage fractures
can occur at applied stresses which are high or low, but, in any event,
will be accompanied by little gross deformation. Since the occurrence
of brittle cleavage fractures in steel plates is confined to plates
containing severe notches, steel is known as a notch-brittle material.

2. Test data for notched and welded wide-plates exhibit a
significant amount of scatter, which is characteristic of the fracture

phenomenon.
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The details of a frozen-stress photoelastic study by which
stresses in the vicinity of the Wells notch were investigated are
contained in Chapter 4. An interpretation of the results of this stress
analysis, in terms of the wide-plate test, is presented in Chapter 5.
Conclusions which can be drawn from this material are:

1. Stresses in the vicinity of the Wells notch, due to
applied loads in the wide-plate specimen, can be modeled by a three-
dimensional photoelastic specimen into which stresses have been frozen.
An epoxy model is utilized in this study to determine the elastic
stress distribution in the material adjacent to the Wells notch.

2. High strain concentrations exist in the region adjacent
to a Wells notch when tensile loads perpendicular to the plane of the
notch are applied to a specimen. The elastic stress concentration at
the tip of the notch is of the order of 13 + 1, and at the notch-flat
is approximately 5. The elastic stress concentrations at the junction
of the notch with the plate surface are also high. Concentrations of
approximately 6 and 2.5 pertain for the "weld” and plate side of the
notch, respectively. Strain concentrations of similar magnituée exist
at other points on the notch perimeter.

3. Very high stress gradients were found to be associated
with the regions of high stress. A significant attenuation of stress
intensity appears to occur within 0.0l in. of the notch boundary of
the prototype wide-plate.

L. BSevere suppression of material flow, as determined by
the von Mises criterion, occurs in specimens employing the Wells notch.

The region, in the plane of the notch, at which this suppression is
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greatest is located about 0.25 in. from the tip of the notch in the
prototype wide-plate specimen.

5. Conditions of stress, strain, and freedom to yield are
most conducive to fibrous shear fracture at the tip of the Wells notch
in the wide-plate Specimen. Brittle cleavage fracture is likely to
occur, if at all, a short distance from the notch-tip, ina region of
proven high triaxiality corresponding to low magnitudes of von Mises
equivalent yield stress. This region, in addition to providing sig-
nificant constraint against yielding, can have relatively high maximum
normal stress and relatively low material toughness, both of which are
conducive to cleavage fracture.

6. The most likely fracture initiation modes and locations
in wide-plate specimens employing a Wells notch are postulated to be:

(a) fibrous shear fracture, initiating at the tip of
the notch,

(b) Dbrittle cleavage fracture, initiating away from the
notch-tip in the region of high triaxiality, and

(¢) fibrous shear fracture, initiating at the tip of the
notch and becoming a brittle cleavage fracture as the region of high
triaxiality is reached.

7. Scatter and disparities in the test data for wide-plate
specimens are thought to result from the high gradient for conditions,
such as stress, strain, rates of stress and strain, and material
toughness, in the vicinity of fracture initiation, as well as the dual
fracture mode behavior of steel for which significant scatter is

inherent. One of the consequences of sharply varying envirorment in
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the notch vicinity can be the development, in some specimens, of
cracking at the notch-tip prior to the fracture test. In the fracture
test, behavior of such cracked specimens can be expected to differ

significantly from that of uncracked specimens.
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TABLE 1.1.

DETAILS OF FIVE CASES OF FIELD BRITTLE FRACTURES

FAILURE DETAILS

MATERIAL

PROPERTIES

Physical Properties Chemical Properties (%)
CASE
- Nominal | Initiation| Initiator Remarks a %1t Elongation Charpy V-Hotch
Stress e y . Energy, ft-1p c - M, s P Other
Ogr ksi | Temp. °F. ksi ksi | (gage length) |(Temperature,°F)
1 Crack in be-|Material proved
011 tween course|sensitive to .
- 5. plate; strain ageing; - |55-62 23- 20 0.03-0.060.31-0.33|Trace }0.03-0.034]0.038- -0
Stg‘aﬂ;ge 12 95 )O] existed low material 55 (8512(_)) (10) .03 31-0.33{Trace}0.03-0.034{0.038-0.041 O.O%N>.012
e before toughness in
vwelding initiation vicinity
in service & 1/2
years
Point where |Unfinished ship
stiffening §still on building
2 members, of |way 50
Ship - 41 various -- -- - (14) - - - . - -
orientation,
met
5 Flame cut Material exhibited
01l 14 -- float gage |[very low toughness; | 37 65 25.5 T -- .- - -- -- --
Tanker opening in service 8 years (8 in.) (40)
Fatigue High temperature
crack at gradient from top
I = Junction of |to bottom of tank;
[Pressure 3 -350 support lug |likely high thermal | -~ -- —-—- -- 0.25 0.69 0.10 0.02 0.03 0.02
Vessel land tank stresses; mild steel (AL)
materials; in ser-
vice 8 months
Fatigue Fracture triggered
crack at by shunting impact;
5 reinforce- |in service 16 years ——-
Railway -- 16 ment weld . 42-71-76 | (Reduction in 50
Tank which had 49 |- Area = 30%) (16) 0.21 1.38 0.47 0.012 0.045 0@?}6
Car (been
"strength-
ened"

SL



TABLE 1.2 CRACK-EXTENSION FORCE, G, FOR FIVE CONFIGURATIONS (8,

CONFIGURATION CRACK-EXTENSION FORCE, G ¥
bt 4%
— E
'BRER
[¢]
(¢ g
R Pttt
2a
t;;j ;J‘_ —’Lf E;E tan %?
L L
NEERER RERER
g c
(e
Eoale ‘ o e
- - 7E

R2 ' 2a-b
nE . ab

* Tabulated values are for plane-stre=ss; for plane-strain multiply by
: 1-u° where u is Poisson's ratio.



TABLE 3.1. MATERTAL PROPERTIES

OF SPECIMENS USED IN WIDE-PLATE TESTS

PHYSICAL PROPERTIES

CHEMICAL PROPERTIES (%)

Test
Series Elonga- Red. Charpy
g 91t tion in  V-Notch ' .
N u Area Temp.at Mn P S Si Cr Cu Sn Al
15 ft-1b
ksi ksi % % O
1 28.6 57.6 - 52.8 83 0.175 0.70 0.04% 0.051 0.0k ---- 0.12 0.012 --
(est.)
2 29.4 54.8 31 - 6% 0.18 .54 0.026 0.039 0.04 0.06 0.10 0.024 0.005
3 33.2 5L4.8 35 -- 3 0.1k .07 0.039 0.042 0.02 0.02 0.08 0.013 0.001
L 37.6 56.8 33 - -49 0.15 .05 0.028 0.0kl 0.17 0.04 0.08 0.025 0.005
6.2 70.6. *
5 io:l** g ;g** - o5 0.30 0.76 0.008 0.028 0.26  --  -- - --
6 39.4 70.6 35 -- 5 0.2k .69 0.022 0.03 .20 0.08 0.22 --  0.03h4

x Specimens 1-1 and 1-2

*x Specimen 1-3%

LL



TABLE 3.2 WIDE-PLATE TEST DATA: SERIES 1

78

(25)

W
A

—~— I S T S S S

Vot

" et
et

=

R See notch detail 0-20"

Specimen and Notch Detail’

o}

0.006" sawcut

Y
= 36" ‘=4
SPECIMEN ~ TEST TEMPERATURE, °F NOMINAL FRACTURE STRESS, KSI
A 22 | 0/31.u *
B 25 0.6/31.2
c ; 30 e'h/sl.o
D . L3 2.6/52‘0
E 18 5'8/31.6
F - 23 5'8/31.6 **
G : oL 10.2 /5, 4
H | 39 18.8

* Two-stage fractures denoted in this manner.

** Tested to failure at 59° F.
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. - 26,
TABLE 3.3 WIDE-PLATE TEST DATA: SERIES - (26

Specimen and Notch Detail

See notch detail ©0-20"
{ - R

56“ /f

=21 1 1L I NI NS |

——y

! ‘ { o ‘ Y

0.006'" sawcut

4

U
(o))

SPECIMEN TEST TEMPERATURE, °F NOMINAL FRACTURE STRESS, XS5I
1 _ -18 7-0/36.8
2 -13 20.2
3 -13 17.4
6 -4 10.4
7 10 17.0
9 14 28.8

15 20 32.0
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IATER!

TABLE 3.. WIDE-PLATE TEST DATA: SERIES 5 (“©

Speci’meﬁ and Notch Detail

{ 0.20"
f ? ‘}/— See notch dgta:.l .

'-—ﬁ-_Q
S aad
aum od

36n -

~—BLAA DA NN DISSIASS NN

by

[
: 0.006" sawcut
- 26" -
SPECIMEN TEST TEMPERATURE y OF NOMINAL FRACTURE STRESS, KSI

1 . =31 10.0
3 -15 7-6/38.0
N -8 1.6 /36.6
5 12 37.0
6 -k 35.0
7 2 13.2

8 3 16.8
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. 26
TABLE 3.5 WIDE-PLATE TEST DATA: SERIES L (26)

Specimén and Notch Detail

# * ﬁ//f— See nétch detal

&

1 0.20"

AN
D
\

~—AL LA NS IS TN

(1]

p———— e 36!1

-

0.006'" sawcut

Pt |
——

“SPECIMEN. ' TEST TEMPERATURE, °F NOMINAL FRACTURE STRESS, KSI
1 76 Mg
3 -61 : hé.o
I -58 4.6
5 -5k | 42.0
6 -ko 6'8/h7.8
8 4o k7.0
9 31 43.6
10 -25 L3.0
12 -13 42.2
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) | 2
TABLE 3.6 WIDE-PLATE TEST DATA: CERIES 5020

Specimen and Notch Detail

|

R

see notch detail

——————

ON AN 1IN IS S A I Y =

N

1

0.19

n
0.006 sawcut

SPECIMEN TEST TEMPERATURE, °F NOMINAL FRACTURE STRESS, KSI
1-1 -30 6.&/1;5.0 :
1-2 -4o 9.4
1-3 -k0 22k
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40
TABLE 3.7 WIDE-PLATE TEST DATA: SERIES 6(a) (40)
Specimen and Notch Detail
11"
A T“ ? } —See notch detail 0.188

i

NN 1IN L TN IV I I

oy Yot

e 12"

0.007 Sawcut

SPECIMEN TEST TEMPERATURE, °p NOMINAL FRACTURE STRESS, KSI

Wp-2 -46 k9 -2
WP-5 -8 133
WP-15 -8 56.7

WP-16 -92 18.0
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TABLE 3.8 VWIDE-PLATE TEST DATA: SERIES 6(b)<

)

T 15/—— cee notch detail

561

£
|

~ A IV I AN NI

—.
Q

Specimen and Notch Detail

0,188

0.007*! sawcut

SPECTIMEN
WP-18
WP-19

WP-2k

WP-25

WP-26

WP-27

TEST. TEMPERATURE, F

(o)

NOMINAL, FRACTURE STRESS, KSI
. ‘ 6 » O

- 17.9

050 5
5:0/37.0

Seb e o




Plate thickness : 85
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Brittle Fracture
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- \\;‘§><{_ . — Tank Bottom
Point of initiation (see detail below)

(a) POSITION OF THE MAIN FRACTURE IN THE SHELL OF THE TANK (1/10" = 1.0')

Internal”
fillet.

Preéxisting crack

External
fillet

(b) DETAIL OF THE ORIGIN OF THE CRACK (Actual Size)

FIG. 1.1 FRACTURE OF AN OIL STORAGE TANK
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Lug Support Detail A

- Pressure Vessel

FIC. 1.2 VERTICAL PRESSURE VESSEL WITH LUG SUPPORT DETAIL



FIG. 1.3 GRIFFITH-IRWIN CRACK EXTENSION MODEL
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FIG. 1.4 FRACTURE STRESS VERSUS NOICH DEPTH FOR‘ NOTCHED .
PLATE TESTS ON SHIP-STEEL (After Orowan and Felbeck(lu))
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Curve
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TRUE TENSILE PLASTIC STRAIN, €

FIGs 1.5 STRESS-STRAIN PLOT SHOWING THE CONCEFT

OF NOTCH BRITTLENESS (After Orowan'2))
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FIG. 4.1 TWO-PHASE MODEL I‘LLUSTRAIING ACCOMPLISHMENT OF STRESS FREEZING



FIG. 4.2 ISOCHROMATIC FRINGE PHOTOGRAPH OF CALIBRATION
BEAM INTO WHICH STRESSES HAVE BEEN FROZEN
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FIG. L.3 UN.ASSEM'BELED COMPONENTS OF EPOXY MODEL OF WELLS NOTCH



FIG. 4.4 EPOXY MODEL OF WELLS-TYPE NOTCH
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Surface Slice

*Light Transmission Direction

FIG. 4.7 ISOCHROMATIC FRINGE PHOTOGRAPH OF SURFACE SLICE OF MODEL; m= 3-
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5.3 PHOTOMICROGRAPH (200 X) SHOWING CLEAVAGE CRACK INITIATION (Arrow)
IN REGION AWAY FROM NOTCH ROOT (From Knott and Cottrell?)
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APPENDIX A

PRINCIPLES OF PHOTOELASTICITY

A.1l. Stress-Optical Properties of Birefringent Materials(ul’ug)

All materials retard transmission of light. The character
of this retardation varies among different materials. A certain class
of materials i1s termed stress-birefringent. These materials exhibit
a unique, and measurable, relationship between the state of stress to
which they are subjected and the characteristics of light transmitted
through them.

Consider a model of birefringent material subjected to a
state of plane-stress.(Fig. A.1l). Plane-polarized light, transmitted
in a direction perpendicular to the plane of the model, is assumed to
impinge on the model. The orientation of the model's principal
stresses, with respect to the plane of polarization, is characterized
by the angle 8. Compared to the surrounding air, the unloaded model
transmits light at a reduced velocity, but otherwise does not alter
it. The magnitude of the reduced velocity, Vm, is used to define the

materialis refractive index, D by the relationship
Va

n =T (A.1)
m

where Va = velocity of light in air (strictly, in vacuum).
The addition of stress to the model causes alteration of the

optical properties exhibited by the material. The light no longer

12k
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remains polarized in one plane, but splits into two comﬁonents, each
of which is plane-polarized and vibrates in one of the two principal-
stress planes. Furthermore, each component exhibits its own retarda-
tion effect which is found to be related linearly to the principal

stresses in the following manner:

n:L - nO = Acl + C02
(A.2)
n2 - no = A02 + Coi

where A,C material constants

I

refractive indices honored by the light components
associated with the planes on which the principal

stresses, oy and 0> respectively, act.

s
a
i

The equations in Eq. (A.2) can be solved simultaneously for oy and 0p

to give

) A(nl—no) + C(no~n2)

0. =
1 A2 _ CE
(A.3)
A(ng—no) + C(no—nl)
o = :
2 2. P

The ng term can be eliminated by subtracting o from oy yielding

n -n

- -_—__].‘_.___2 (A.)-l-)

09 T 0 =TTh ¢

Upon emergence from the stressed medium, there will be an optical path-

difference, &, between the two light components of

5 = t(n2 - nl) (A.5)
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where t is the thickness of the medium perpendicular to the direction

of light transmission. The path-difference, &, is related to the basic

wave length, A, by

5 = NA (A.6)

where N is the number of cycles of phase-difference. Equations (A.L4),

(A.5), and (A.6) lead to

) ~ 8 ~ NA
00 7 % T t(a-¢C) t(a-0C)

Equation (A.7) is the general form of the stress-optic
relationship for two-dimensional stress-states. The number of cycles
of phase-difference, N, is known as the fringe order. The fringes are
rendered visible by insertion into the optical system of another filter
which produces plane-polarized light. The position of this element,
termed the analyzer, is beyond the model, as shown in Fig. A.1l. The
analyzer is usually oriented with 1ts axis §f polarization perpendicular
to that of the polarizer. Without altering the phase-difference between
light components, the analyzer projects them onto a single plane so
that their effect on each other visibly displays itself in the well-
known fringe patterns. Minimum light intensity (extinction) occurs
when the two light components are an integral number of wave lengths
out-of-phase. Maximum light intensity occurs when there is a one-half
wave length phase-difference.

The material constants, A and C, in Eq. (A.7) are usually

combined with the light wave length, A, to form a term, F, defined as
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P (4.8)

. Equation (A.7) can now be written in a less general, but more familiar,

form as
g - g = - (A.9)

where F must now be evaluated for the material and wave length of light,
which can be considered constant if monochromatic light is used.

By using white light oﬁe other important piece of information
can be learned from the optical examination of the model (Fig. A.l) in
the plane-polariscope. It is clear that if the orientation of the
principal-stress axes coincides with that of the polarizer-analyzer
axes, extinction will occur. This provides a method for determining
principal stress orientation.

The stress-optical laws for three-dimensional stress-states
do not differ, fundamentally, from those governing the plane-stress
model used in the previous development. Equation (A.2) can be gener-

alized tc account for the additional principal stress component, o

3"
Polarized light, impinging normally on the plane on which 05 acts,
will be relatively retarded by an amount proportional to the principal
stress difference, oy - 02. The proportionality i1s expressed by

Eq. (A.9). Similar relationships hold for the other principal directions

leading to
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NlF '
- = — )
o, 55 T (A.10)
1
N_F
g, - 0, = —
3 1 t2

where the subscripts on fringe order, N, and thickness, t, refer to
the direction of light transmission.

A more general three-dimensional case involves polarized
light's impinging normally on a non-principal plane. The relative re-
tardation is not affected by the normal stress on the plane of light
incidence or by shear stresses on this plane.(ul> The stresses which
follow a proportiocnality law of the type expressed by Eq. (A.10) are
the components of the principal stresses which act in a direction
perpendicular to the direction of light transmission. In order to dif-
ferentiate them from true principal stresses, these components are

termed "secondary principal stresses." Stress-optic equations for the

secondary principal stresses will be developed in Appendix A.2.

A.2. Photoelastic Determination of the von Mises Equivalent Yield

(45)

Stress
The von Mises yield criterion postulates that material flow
will impend when the shear-deformation energy reaches a certain constant
value. A body's shear-deformation energy can be formulated in general
terms by subtracting the dilatational energy from the total strain

energy. The latter can be expressed as

f'\
1
U = z +
Jgjne (oxeX +oe +Oe Ty ?xzyxz + Tyz7yz)dxdydz
v (A.11)
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where the integrand is the strain energy density, termed UO. The
following formulation is in terms of energy densities, since yielding
occurs when the energy condition is satisfied anywhere. The strain
energy density, Uo’ can be expressed completely in terms of stresses

by use of the stress-strain relationships

1

€ = i [crX - p(cy + crz)]
1

& = § [oy - u(ox + oz)]
1

€, = % [cz - u(cX + oy)]
- (A.12)

T T G
Ty

7yz - e
Txz

7xz - G

Substitution of Eq. (A.12) into the expression of U in Eg. (A.11)

leads to
1,2 2 2y u 1,2 2 .2
U, = EE’kcx tog+ oz) = (Uxoy + 0,0, + czax) + 25 (Txy t T TZX)]
(4.13)

The dilatational (hydrostatic) strain energy, Uod’ per unit volume is

defined as

1 1 1
wtrr st alargralagny @l
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where Il and Jl are the first stress and strain invariants,
respectively.

Equation (A.1L) can be written in terms of the coordinate
stress components by use of Eq. (A.12), together with the stress and

strain invariant definitions. The result is

1 -2 2
Uy = ifﬂffff{%ﬁi (cx toy+ oz) (A.15)

The shear-deformation energy density, Uos’ is obtained by subtracting

Eq. (A.15) from Eq. (A.13):

1 2 2 2
Uos =Y "~ Yoa = 126 [ﬁ x Oy) + (Gy - cz) + (o, - 0x)
r 617 + 12 4 48 )] (5.16)
Xy vz Xz

To tie the shear-deformation energy to a known yield condi-
tion, the stress-state for uniaxial coupon testing is adopted. The
direction of applied load is assumed to coincide with the ¥ direction.
Then, for yielding to occur, Gx = oz = Txy‘= Tyz = TXZ = 0; cy = cyp

where pr is the material’'s conventionally-determined yield point.

For the uniaxial case considered, Eq. (A.16) gives

1 2
Yos =125 %% ) =& (a.27)

Equation (A.17) establishes the value of UOS for which yielding will
impend. Accounting for a possible non-yield condition by replacing
pr with the so-called von Mises egquivalent stress, Ous leads, by

combining Egs. (A.16) and (A.17), to



(A.18)

Equation {A.18) expresses the von Mises equivalent stress condition in
terms of the coordinate stress components.

A physical interpretation of Eq. (A.18) is possible. The
right side of the equation represents the stress state's yielding
power, which is sufficient to cause yilelding if the equivalent stress,
Oe, computed from Eg. (A.18), equals or exceeds the uniaxial yield
value, @ o Thus, comparing the direct computation of ce from
-Eqg. (A.18) with the material's uniaxial yileld stress reveals the pro-
pensity of the material at the point in guestion to yield. It remains
to note that Eq. (A.18) can be written in terms of principal stresses

as

2 2

20" = (ol - 02)2 + (02 - 05)2 + (o5 -‘cl) (A.19)

The form of Eq. (A.19) suggests that photoelasticity can be
applied to determine the Mises stress, Ge’ if relative retardation
measurements corresponding to the terms in the right side of Eq. (An19>
are made. For a "cube" of material into which birefringence is fixed,—
the relative retardations in the three orthogonal principal directions
provide the desired principal stress—differences directly. That is,

by using Eq. (A.10) from Appendix A.1l, Eq. (A.19) can be written as

20 © = |2 o+ | + | = (A.20)

\N
[
n
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or for true cubes of side t

(a.21)

The Mises stress can also be evaluated photoelastically for
a more generally chosen cube, in which cube faces are not necessarily
principal planes (Fig. A.2(a)). The orthogonal, but otherwise arbi-
trary, axes of the cube are denoted X, Y, Z. The fetardation measure-
ments, N, and the orientation, €, of the secondary principal stresses
for light incidence on a given plane are functions of the stresses not

T ), etc., where

’tyg

i . 8 =
acting on that plane. Therefore, (Nx’ x) f(oy,cz

the subscripts on N and 6 denote the direction of light transmission.
The functions relating the stress components can be found by referring
to Fig. A.2(b), in which light transmission in the X direction is

presumed. From the geometry of the figure it 1s seen that

2

D° = (0. -0 )2 + bt (A.22)
X Y Z yz
and
2 2 2
= i 6
Tz (DX/E) sin“26_ (A.23)
where DX is the Mohr circle diameter, equal to the difference of
secondary principal stresses, glx - GBX. Photoelastically, Dx is
given by
YNXF
D =0y - Ouy = ‘%;' (A.24)

Equations (A.22), (A.23), and (A.24) represent light transmission in
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the X direction. For light transmission in the Y and Z directions,
additional equations are obtained by an appropriate permutation of
the indices.

Using BEqg. (A.18), which expresses the Mises eguivalent stress
in terms of the coordinate stresses, as the basic equation into which
substitutions are made from Egs. (A.22), (A.23), and (A.2L) leads to
oeg = <§%)21NX2<2 + singzex) + Ny2(2 + sin229y) + NZE(E + sinzzezgl

(A.25)
Equation (A.25) is used to determine the Mises stress for any arbitrary
cube, without resort to terms other than the usual photoelastic para-

meters, N and 6, for the three orthogonal directions, X, ¥, and Z.
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FIG. A.1 RETARDATION OF POLARIZED LIGHT TRANSMITTED THROUGH A PLANE-STRESS MODEL
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APPENDIX B

NOTATION™
A constant
a crack length
B brittle strength curve
b length
C constant
c subscript denoting critical values
D secondary principal stress-difference
E Young's modulus
F optical constant
G crack-extension force; also shear modulus
I moment of inertia
Il first stress tensor invariant
Jl first strain tensor invariant
K stress intensity factor

K ,X stiffnesses of epoxy polymer primary and secondary phases

L wide-plate specimen width
M bending moment

m fringe-multiplication

N fringe-order

n refractive index

* | v

_ For specificity, subscripted variations of this basic notation occur;
" all notation is defined in the text as it first occurs.
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X,Y,Z

XJ:Y:Z

primary phase

constraint factor

load on epoxy model

polar coordinate

secondary phase

temperature

thickness

total strain energy

strain energy density

total potential energy

velocity of light in air

velocity of light in photoelastic model material
potential energy of surface tension
rectangular coordinate axes
rectangular coordinate axes, calibration beam
ductile strength curve

surface tension

shear strain

elongation

optical path-difference

tensile strain

isoclinic angle; also polar coordinate
wave length

Poisson's ratio

normal stress

von Mises equivalent yield stress
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o] nominal applied stress
¥ -nom

s uniaxial yield stress
yp

T shear stress



