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ABSTRACT

The engineering problem of fracture is investigated with the
specific aims of understanding the component processes and variables
affectiﬁg fracture. The effects of maximum fatigue stress intensity,
specimen geometry, and heat treatment cycle on the plane strain fracture
_toughness of a material are studied. Compact tension specimens and
single edge notch specimens, machined from plates of 18 Ni (250) maraging
steel and 4340 steel, were fatigue cracked and then fractured in
quasi-static tension tests. The experimental data indicate that the
fracture toughness is affected by the maximum fatigue stress intensity
and the heat treatment cycle. Also, the measured fracture toﬁghness
is found to depend upon the geometry of the specimen used in the

fracture toughness test.
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CHAPTER 1

INTRODUCTION

1:1 Introduction

The phenomenon of structural failure by eetastrophic fracture at
average stress levels well below the yield strength has been encountered as
an engineering problem for many years. The frequency of occnrrence of such
failures has increased over the yearé as the size and load carrying require-
ments of the components of engineering structures have increased. Tests and
procedures have been developed to counter particular problems but until
recently, no generally useful approach had beenvdeveloped.

Early investigations into fracture situations were, in the main,
post-failure in nature. As most failures originated from stress concentrations.
or material inhomogenity whose presence were unknown to the designer and
because the process of fracture was very rapid with little or no forewarning
by general yielding, tests were required to measure fracture-resistive
properties of materials to help in preventative design against fracture
failure. Various impact energy, transition temperature, notch and bend tests
were devised to measure a material's resistance to certain types of stress
concentrators but a generally applicable test for a material parameter, or
parameters, to be incorporated in design was still required.

During recent years, the demand for very high strength, light weight

materials by the defense and aerospace industries has placed more importance
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on the problem of fracture, and especially brittle fracture. As higher
strength, lower ductility materials were brought into use, service failure
of components made from these materials became a very major concern and
thus emphasized the need for a quantitative approach to dealing with cracks
and crack-like flaws in structures.

| With the realization of thé problem at hand, study was begun with
the object of establishing laboratory tests and analytical techniques which
could provide a measure of the crack tolerance of a material. Such
knowledge would provide workable criteria for evaluating and selecting
materials for a given application and, consequently, develop a rational
basis for design against fracture.

As the laboratory tests were &esigned to model the actual situation
in a structure, it was necessary to model the cracks and flaws to their same
degree of severigy. The actual structural components would vary, from
application to application, in size, heat treatment, load history, and
similar related variables. Thus it becomes desirable to determine in the
laboratory how such variables affect the model to provide some information
as to how the structure will behave under the»application of these variables.

1.2 Statement of Problem

This thesis is primarily an experimental study of the effect on
the measured plane strain fracture toughness parameter, Kyc, of the fatigue
load history and of the heat treatment given to the material during the
development of a crack-like defect.

1.3 Scope of Thesis

The thesis is divided into 6 chapters.
Chapter 1 is an introduction to the field of fracture and a statement

of the problem under study.
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A review of the macroscopic and microscopicvmethods of interpreting
the factors affecting fracture is preéented in Chapter 2.

Chapter 3 develops the theory of fracture mechanics approach.

The experimental study which was performed to measure the efféct
of fatigue load history and heat treatment on fracture toughness is described
in Chapter 4.

The results and discussion of the experimental program are analyzed
in Chapter 5.

Chapter 6 contains a summary of the thesis.

A bibliography is presented at the conclusion of the thesis.



CHAPTER 2

A REVIEW OF PUBLISHED LITERATURE ON FRACTURE

2.1 Introduction

The literature review which follows will attempt to present a
state of the art picture of the problem of f?acture as it is being handled.
As a beginning, the terminology involved én fracture will be defined.
With a rigorous statement of terminology as a basis, the literature review
will proceed to reveal the macroscopic énd‘microscopic features of fracture
analysis and to show the effects of variables on fracture. Then, equipped
with an understanding of the feafures of fractﬁre and the variables
involved, a review of design approaches to fracture will be presented.
Chapter 2 will then conclude with a concise suﬁmary of the fracture

situation.

2.2 TFracture Terminology

In the technical literature relating to the subject of fracture,
a source of confusion can be the terminology. Different terms may have
similar meanings or a single term may possibly have different interpretations.
Therefore, terms used to describe the fracture process, the appearance of
a fracture surface, laboratory test methods and measurements will be defined
in this section.

As a first step, the word fracture must be clearly understood.
When a solid is subjected to increasing loads, the resulting stresses will,
at a certain stage, become high enough to cause the solid to break apart.
If such breakage occurs before the piece has thinned down to zero thickness,
the process is called fracture (26). Separation followiﬁg reduction to zero

thickness is termed rupture (26). Most fractures consist of three stages:



crack initiation, crack prppagation,'and final separation.

When analyzing a fracture, the extent of plastic strain before
fracture can be employed as an indication of the circumstances preceding
the failure. In assessing the amount of plastic deformation, the terms
Bfittle and ductile are used.

Ductile fracture involves extensive pridf plastic deformation.
Usually the strain in the component will considerably exceed the strain
associated with the material's yield streﬁgth. Figure 2.1 illustrates typical
ductile behaviour in a slow bend test of a standard V—notch Charpy specimen,

In the realm of ductile fracture, éhe word tough often appears.
Tough behaviour is descriptive of fracture occurring only after extensive
plastic deformation and hence at stresses above the yield strength.
Qualitatively, tough is associated with the term ductile.

The word brittle describes the behaviour of a member that fractures
with negligible plastic deformation. Brittle can be arbitrarily defined
as '"behaviour in which the nominal plastic strain preceding fracture, at
whatever stress, is less than a small but measurable value commonly
taken as a few percent strain." (3). Figure 2.2 and 2.3 illustraté typical
brittle and ductile failures.

Fracture appearance also required terminology. Fracture surface
appearance is described with reference to (a) the macroscopic geometry
of the surface (b) the texture of the surface as seen by the unaided eye
and (c) the microscopic geometry of fracture as related to crystal structure
and observed under a light microscope.

Macroscopic geometry employs the terms shear, ductile, tearing and
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Figure 2.3 Typical tensile fractures of brittle and

ductile material (8)

Figure 2.4 Microsection of fibrous fracture of medium

carbon alloy steel (3)




slant to describe fracture where separatidn occurs on oblique pianes of
high shearing stress. The texture of such surfaces is referred to as
fibrous.

The terms brittle, flat and square describe separation that occurs
on a plane of high tensile stress. The texture of such a surface is
described as granular or crystalline in appearance.

Microscopic observations of fracture are placed into one of three
categories ~ fibrous, cleavage or intercrystalline. Fibrous fracture is
associated with severe plastic deformation of the crystals prior to
separation which causes g very jagged appearance as shown in Figure 2.4, f
Cleavage cracks are shown in Figure 2.5, Cleavage fracture may be defined
as: "a low energy, low deformation, transgranular fracture that produces
a fracture surface composed entirely, or almost entirely, of one or more
flat facets, each of which is formed by the propagation of a crack through
a crystal by mechanisms that do not require plastic strain in volumes of
material at distances ahead of the crack equal to a major portion of the
size of the crystal through which the crack is passing." (12)

Cleavage cracks are associated with particular crystallographic planes and

are made up of stréight segments. Individually, cleavage cracks are
associafed with very small plastic strains. However, the joining together of
several of these cracks may involve large piastic strains and a tearing action.
Finally, grain boundary or intercrystalline cracking may be caused by such
various embrittling conditions aé temper embrittlement from improper heat
treatment and embrittlement from mercuric and hydrogen atmosphere. The
relation of embrittlement to fracture will be more fully discussed later.
Figure 2.6 shows grain boundary cracking due to the presence of temper

embrittled tempered martensite.



Figure 2.5 Cleavage crack in a grain of coarse-grained

ferrite
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Figure 2.6 An example of grain-boundary fracture (3)

Crack, Border

Figure 2.7 Crack surface displacements and modes of fracture (3)
(a) Member containing crack (b) Opening mode

(c) Forward shearing mode (d) Parallel shearing mode
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When fracture occurs, displacemgngs of surfaces must also occur.
Fracture appearances are associated with particular displacement modes.
Hence, an understanding af the three possible displacement modes will aid
in comprehending fracture surface appearance. TPigure 2.7 (a) shows a
block of material with a crack border along the z axis. Opening mode
displacements occur when the crack surfaces separate in the y direction
only, as shown in Figure 2.7 (b). Forward shearing mode displacements,
Figure 2.7 (c) occur when the crack surfaces slide in the x direction only,
Parallel shearing mode displacements occur when the crack surfaces slide in
‘the z direction only, as in Figure 2.7 (d). Now it can be seen that the
terms brittle, flat, cleavage and square relate to an opening mode fracture.
Similarily, shear, ductile, tearing and slant relate to a shearing mode of
fracture. A mixed mode of fracture consists of an opening mode of fracture
over the central fracture surface bounded by a shear mode of fracture or
shear lips at the surfaces.

Transitions in fracture behaviour also occur and must be described.
Fracture mode transition is a change in fracture mode, perhaps from shear
to opening mode and can be.attributed to such causes as a decrease in
temperature, an increase in strain rate, or an increase in specimen size
or thickness. Temperature transitions are also very important in fracture
behaviour as a change in operating temperature of a component may vary its
required energy to fracture and thus affect its fracture behaviour. Hence
we have particular transition temperatures identified by 1) a change from
tough to brittle behaviour, 2) a change from a shear to an opening mode
fracture, 3) a marked change in the fracture stress, or 4) a definite change

in the ability of the material to arrest a running crack.
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2.3 Macroscopic Features of Fracture Analvysis

2.3.1 Brittle Fracture

The fractures in structural materials, which have caused so muéh
concern, have all the characteristics of brittle fracture. These failures
occur quite suddenly, usually without warning, and propagation to total
failure is limited to fractions of a second. Such fractures show no
apparent deformation of the component as a whole or only very localized
yielding in the vicinity of the fracture origin,

Numerous examples of catastrophic fracture have been observed and
recorded. Figure 2.8 shows a ship which fractured in two while in port
when the nominal stress in the deck was less than 10 k.s.i. Figure 2.9
reveals the wreckage produced when an East Ohio Gas Company liquid storage
tank fractured. The brittle fracture of this large tank allowed the
escape of gas into a heavily populated industrial area of Cleveland, Ohio
in 1944, claiming over 130 lives and property damage estimated in excess of
seven million dollars. Shown in Figure 2,10 is the havoc created in the
Ridgeland power station in Chicage in 1954 when the low pressure spindle
‘of a 165 M.W. steam turbine burst. These examples all reveal the very
dangerous and harmful consequences of brittle fracture.

A remarkable feature of most of these service fractures is the
apparent absence of ductility, while a normal tensile test on the same material
at the same temperature of the casualty may show an extension of 20 to 30%.
Investigations of the casualty material did not reveal an abnormally high
tensile strength nor exceptional hardness which are both somewhat indicative
of brittleness. Explanations for such failures can usually be found only

after detailed investigations into the microstructure of the fracture and



Figure 2.8 A ship which fractured while in port (9)

Figure 2.9 Wreckage produced by liquid storage tank

fracture (3)

13




Figure 2.10 View of Ridgeland power station following

turbine spindle failure (6)

Section . -Section - Section
A-A B-B - C-C

CBA
Development of Section D-D

Figure 2,11 Mode of failure of a notched plate

in tension (8)
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and the adjacent material, The corrclation of thig information to the
temperature, constraints, stress concentrations and loads that were
present at the time of the fracture will yield a possible explanation
for the fracture failure.

When considering fracture on the microscale, surfaces will separate
due to (a) shear forces producing slip movement along certain crystallographic
planes and/or (b) tensile forces causing éleavage or splitting. In most
fractures, both modes will be present in varying degrees. Since maximum
tensile, compressive and shear forces are oriented in a characteristic
way for each manner of load application, identification of the basic
mechanism is often useful in determining the type of load that initiated
fracture. On the other hand a knowledge of the manner of load application
with reference to a fracture can aid in determining whether the fracture
was brittle or ductile in nature.

Shear fractures are predominantly dull gray and fibrous in appearance
and have edges which are usually deformed plastically. Such fractures are
promoted by the action of.shear forces and may be compared to the separation
of cards in a deck when one part of the deck slides over the other until
translation separates the deck in two stacks.

Conversely, brittle fractures are generally crystalline in appear-
ance. Each crystal tends to fracture on a single plane and this plane
will vary slightly from one crystal to the next in the aggregate. Brittle
fracture surfaces often have a characteristic "chevron' or "herringhone"
pattern which points back towards the fracture origin. Mrs. C.F. Tipper
in a paper to the Seventh International Congress of Applied Mechanics in

London, September 1948, has given information on the formation of these
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"chevrons" (8). Chevrons were produced on‘the fracture surface of tension
tests on notched plates as shown in Figure 2.11. Ahead of the crack is
a plastic wedge and sections of thisg wedge are shown at the right of
Figure 2.11. Section A-A shows a large ragged opening at the middle of
the plate connected to the plate edges by cracks. Section B-B shows a
small opening with no cracks extending to the surfaces. Section C-C shows
small holes only. A development of these sections along a plane D-D results
~in a crack front roughly the shape of a V. Normals to this front would have
-the shape of chevron marks. These markings can thus be followed back to
the point of origin and are very helpful in determining the presence of
a flaw or stress concentration that may have initiated a fracture.
Figure 2.12 shows examples of chevron markings.

A very major portion of the brittle fracture problem lies with
fatigue fracture. Fatigue fracture is essentially the brittle fracture
of otherwise ductiie materials. Fatigue fractures compose over 90% of all
fractures in machine components (10). Consequently, a knowledge of the
characteristics of such failures would be of great value. Fatigue fractures
psually develop over a relatively long period of time following a succession
of load applications and consequently the surface will often have a
distinctive appearance. Génerally, failures start at the surface at some
point where the shear stresses first exceed the shear strength. The failure
may start at a single location or atr multiple locations, depending on the
shape of the section and the type of loading. This statement is supported
by the failure surfaces in Figure 2.13. An analysis of a fatigue fracture
in the light of the knowledge from this figure would enable the designer

to make a very good estimate of the degree of improvement required to prevent



Figure 2,12 An»examplé of chevron marks (8)

i
i

Figure 2.13 The effect of degree of loading and stress
concentration on the appearance of fracture

surfaces of rotating bending fatigue failures

17

(10)
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similar failures from recurring.

When analyzing a fatigue fracture, surface indications such ag
beach marks, ratchet marks, and the location of final rupture area provide
valuable information concerning the loading history imposed on the failed
component, Fatigue cracks usually start parallel to the maximum shear

stress at the surface but soon turn and advance perpendicular to the

maximum tensile stress. As the load fluctuates, the crack grows and continues

to weaken the section. Load variations and environmental effects cause
"small ridges or "beach marks" to form. These beach marks then indicate
the position of the advancing crack tip at a particular time. As the
section weakens, the crack growth rate increases, causing the beach marks
to become farther apart, larger, and thus more distinct. Figure 2.14
shows clearly the presence of beach marks.,

When fatigue causés initiation of failure in several locations of a
filleted shaft in rotating bending, the Junction of progressing fractures
usually results in "ratchet marks', The mechanism of their formation ig
shown in Figure 2.15 and aﬁ example of the development of ratcher marks is
shown in Figure 2.16.

Figure 2.14 reveals another feature of a fatigue fracture. As
is indicated, the final rupture area is not directly opposite the fracture
origin but is offset somewhat by the effect of rotation. This can be
helpful in analyzing the operation of a component as the final rupture area
1s offset opposite to the direction of rotation.

The appearance of a fatigue fracture surface can be affected by the

notch sensitivity of the material. As discussed in (11) a fatigue crack in
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Figure 2.14 The offsetting effect of rotation on the zone

of fimal failure (10)

Figure 2.15 The formation and development of "ratchet marks"

on the surfaces of fatigue failures (10)
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Figure 2.16 Helical crack development and ratchet marks

in laboratory test of rotor model (8)

Figure 2.17 An illustration of the effect of degree of notch

sensitivity on the development of beach marks (10)
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a notch-sensitive material will tend to grbw more rapidly at the highly
stressed surface. Consequently, in rotating bending, beach marks will
curve away from the origin because the rate of crack growth is greater
along the periphery than in the interior. On the other hand, in a less
notch-sensitive material, a crack will progress at a lower rate along the
periphery producing a concave pattern from the origin. Both effects are
demonstrated in Figure 2.17.

Fatigue fractures that originate in longitudinal stress
concentrations can often be a source of concern. Figure 2.18 shows (a) how
keyways and splines may act to concentrate stress and (b) that fatigue cracks
tend to propagate perpendicular to the lines of maximum stress. Figure 2.19

"starry' fracture that occurs when multiple cracks lead

shows the typical
to fracture of a spline shaft. Keyways in shafts may also lead to a
""peeling" fracture, as shown in Figure 2.20. Such fractures are usually
indicative of a loosely fitting component in which nearly all the torque
is transmitted through the key. Failure starts at the bottom cornef of the
key and progresses parallel to the surface. TFigure 2.21 reveals the
tendency of a fatigue crack to curve inward towards the larger section
at an abrupt change of cross section, again following the normal to the
maximum stress.,

Fatigue failures may start below the surface if the combination of
applied and residual stress exceeds the sub-surface fatigue strength of
the metal. In such sub-surface fractures, a circular pattern of beach

marks may form around the origin, giving a "fisheye" appearance as shown in

Figure 2.22.
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Figure 2.18 Stress lines (white lines) and resulting cracks
(dark lines) from stress concentrations in

keyways and splines (10)

Figure 2.19 The "starry" fracture surface of a spline
shaft which failed in reversed torsional

fatigue (10)
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Figure 2.20 A peeling failure around a shaft under

the surface resulting from fatigue cracks

in keyways of loosely fitting members (10)
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Figures 2.23 and 2.24 illustrate how a fracture would originate in
the absence or presence respectively of a stress concentration for a
uniform material and a surface hardened material. TFigure 2.23 shows that
in the absence of stress concentrations, subsurface failureg may develop
when a component's strength drops abruptly below the surface. However,
when a stress concentration is present, the gradient of applied stress
drops sharply near the surface and then more gradually to the neutral
axis. Under these conditions, failure will almost always start at the
surface.

Figures 2.25, 2.26, 2.27 and 2.28 illustrate various type of
fatigue fractures that were induced by bending. As pointed out by Wulpi (10):
"Fracture caused by bending stress is usually not difficult to analyze if
it is remembered that (1) the crack is perpendicular to the tensile stress
which occurs on one side of the bend, and (2) the maximum applied stress
is located at the surface."

However, fractures not originating at the surface may complicate the
problem as pointed out in the preceding part of this section (Figure 2.29).
Reversed bending fatigue without rotation may cause cracks on opposite
sides of a shaft since each side undergoes alternate tensile and compressive
stresses as shown in Figures 2.25 and 2.26. Rotating bending, on the other
hand, tends to initiate fatigue cracks starting at numerous locations, as
indicated in Figure 2.27.

Axial fatigue of shafts is relatively uncommon in comparison to
bending or torsional fatigue. However, certain parts may be subjected to
elastic wave reflection of axial stresses (l1). 1In the absence of stress

concentrations, these waves may start fatigue cracks anywhere in the section,
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Figure 2.25 A bending failure of a cylindrical ‘shaft when

subjected to reversed loading as a cantilever

beam (10)

Figure 2.26 A reversed bending fatigue fracture resulting

from stress concentrations in a sharp fillet (10)



Figure 2.27 A shaft failure in rotating bending fatigue due to

stresses concentrated by a sharp snap ring groove (10)

Figure 2.28 Bending type of service failure of a diesel

engine crankshaft (8)



Figure 2.29 A rotating bending failure which began beneath the

surface. Chevron marks point ‘to both origins, A and

B, and indicate brittle sudden final failure (10)

Figure 2.30 A temsile fatigue fracture which occurred in g

piston ‘rod of a forging hammer from the "flake"

near the center (10)
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Figure 2.30 illustrates a '"flake" which acted as an internal stress raiser
and led to axial fatigue fracture.

Torsional fatigue fracture occurs in such components as crankshafts,
torsion bars, coil springs and axles. Keyed or splined shafts and shafts
with holes iﬁ cylindrical surface may fail in torsion when overloaded. As
pointed out by Wulpi (11), shafts under a pure torsional load have five
important characteristics:

(1) There are two directions of planes on which maximum shear
stresses form. One is perpendicular, the other parallel to the axis of the
shaft.

(2) There are two directions of planes on which the maximum normal
stresses occur. Both are a 45° to the axis and are perpendicular to each
other.

(3) At any given point on shaft surface, the magnitudes of all the
maximum stresses - shear, tensile, and compressive ~ are equal to one another.

(4) All principal stresses are maximum at the surface and zero at
the axis.

(5) No normal stresses act on maximum shear planes and, comversely,
no shear stresses act on the maximum stresses which are normal to the flat
planes.

Consequently, torsional cracks may follow the transverse or long-
itudinal shear planes, the diagonal planes of maximum tensile stress, or
combinations of these. This is shown schematically in Figure 2.31. Therefore,
torsional fractures will illustrate a strong dependence on load history and
material properties of the shaft in question. Figures 2.32, 2.33 énd 2.34

illustrate examples of torsional fracture of service components.
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Figure 2.31 Torsional cracks may begin in longitudinal (top)

or transverse shear (10)

Figure 2.32 Crack formation at the base of a fillet during

reversed torsional fatigue test (10)
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Figure 2.33 Holes in shafts sometimes concentrate stresses,

resulting in torsional fatigue failures (10) .

Figure 2.34 Torsion type of service failure of a diesel

engine crankshaft (8)
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2.3.2 Ductile Fracture

Ductile fracture, in contrast to brittle fracture, is preceded by
a large amount of permanent strain. The limiting case of separation By
plastic flow until the cross-section vanishes is called rupture. When
appreciable plastic flow occurs but a fracture surface exists and the
deformation is less than that required for rupture, the process is termed
ductile fracture.

Initiation of ductile fracture can be caused by a number of
mechanisms. Often during a normal temsile test, an internal crack can
be revealed by sectioning the test specimen after the test has been
terminated just prior to fracture as shown in Figure 2.35. Closer
examination of such a sectioned area may reveal voids opening up, as in
Figure 2.36, from oxide inclusions. In steels, the crack source may be
the relatively brittle pearlite. Another source of initiation of ductile
failure may be impurities or inclusions trapped in grain boundaries.

Fracture of ductile material may also be initiated by geometrical
constraints placed on the material. A good example of geometrical constraint
is the severe notch conditions placed on high strength steels to initiate
low stress fracture.

Once a ductile fracture has been initiated, its mechanism of
development becomes important. Ductile fracture which has been initiated
by cracks in brittle phases or inclusions will have a critical development
stage because the initiating cracks soon become blunted and leave a number
of small holes. The growth and coalescence of these holes to final fracture
will depend on the amount of further plastic strain and on the transverse

stress which will tend to open up the holes. Fracture initiation due to
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Figure 2.35 Internal crack at neck of tensile specimen
of 99.9% pure, tough pitch electroytic

copper (26)

Figure 2.36 Holes growing from inclusions in the copper

of Figure 2.35 (26)
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very localized strain concentrations, such as may result from strain-
softening, will develop simply by a continuation of the initiating
mechanism. Thus, ductile fracture initiation and development do not
follow one criterion but several competing ones, depending on the

combination of stress, strain, and load history.

2.4 Microscopic Features of Fracture Analysis

2.4.1 Low Magnification Analysis

This section will deal with the microscopic features of fracture
analysis‘in the range of magnifications from 1 to 5x for examination of
the entire fracture surface and up to about 1000x for examination of the
area surrounding a crack tip. The following section will deal with high
magnification analysis accomplished by the electroﬁ microscope.

Magnification of an'entirebfracture to a power above 10x is not
practical for an optical microscope because of the limited depth of field
of such a microscope. However, magnification up to 10x will enable the
examiner to look more closely at a specific area in order to try to
understand the mechanism that may have initiated the fracture. Figure 2.37
shows an application of the optical microscocpe to enlarge a specific area of
interest.

Small areas of a fracture section may be polished and etched to
reveal the nature of the material surrounding the crack that led to failure.
Figures 2.5 and 2.6, referred to in 2.2, show mechanisms which can cause
failure. During the investigation of the Tanners Creek turbine wheel fracture,
photomicrographs (Figure 2.38) revealed grain béundary films which, it was
determined subsequently, did not contribute to the failure. Figure 2.39

illustrates the use of an optical microscope in following a crack which
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Figure 2.37 Distinctive circular mark on primary fracture

surface of a generator rotor failure (5)

Figure 2.38 Photomicrograph showing grain boundary films

in Tanners Creek turbine wheel (7)
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Figure 2.39 Photomicrograph of termination of crack in turbine

wheel rim specimen after 2812 hours at 960°F (7)

Figure 2.40 (a) Creep-rupture failure (intercrystalline)

+

(b) Fatigue failure (transcrystalline) (8)
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caused fracture in a.simulated turbine rim wheel test. Intercrystalline
creep-rupture failure is contrasted to transcrystalline fatigue fracture

in Figure 2.40. These photographs illustrated the use of optical microscopy
in fracture analysis.

2.4,2 High Magnification Analysis

In recent years, the electron microscope has been employed as a
helpful instrument in studying the nature of fracture surfaces and revealing
the nature of macro-mechanisﬁs that lead to failure. Such a study of
fracture surfaces on the microscale has been termed fractography. Unlike
the optical microscope which employs reflected light to form an image,
the electron microscope relies on the transmissién of electrons through
the specimen onto a fluorescent screen to produce an image.

Since metal films must be of the order of 1000 angstromg or less for
transmission of electrons, fracture surfaces as such cannot Ee examined.
However, replicas can be made of the surface and they can be examined in
the electron microscope. The two most widely used techniques for making
replicas are (1) the direct carbon technique and (b) the cellulose acetate -
metal shadow -~ carbon technique.

The direct carbon technique consists of placing the fracture
specimen directly into a vacuum apparatus, lowering the pressure to 10"4 to

-6 torr and then causing carbon to evaporate from two carbon electrodes

10
and deposit on the fracture surface. The specimen is then removed from the
vacuum chamber and the metal is dissolved away, leaving the carbon replica

which can then be mounted and examined in the electron microscope. A problem

inherent with this technique is that, by dissolving the specimen, nothing is
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left to fall back on if any errors were made,

The second technique involves softening a piece of sheet plastic
such as cellulose acetate in a suitable solvent. The softened plastic is
then forced down upon the fracture surface, causing the plastic to assume
the shape of the fracture surface. The plastic is permitted to harden and
is then pulled off the fracture surface. The plastic replica is then
placed in a vacuum apparatus where it is shadowed first by a heavy metal
such as palladium to improve the contrast and then carbon to act as a base.
. The replica is now placed in a solvent to dissolve the plastic and then
the carbon-heavy metal replica may be examined. lThis latter technique
preserves the fracture surface for re-use,

The replica techniques outlined above can be used to study the
fracture modes such as cleavage or shear or to study the progress of fatigue
loading across a surface, Cleavage fractures are low energy, low deformation,
transgranular fractures. The fracture surface is composed almost entirely
of one or more flat facets. Figure 2.41 shows a cleavage fracture of iron
broken at dry ice temperature. This figure shows cleavage steps at the
horizontal arrows and river patterns between the oblique arrows. Cleavage
facets have a definite and predictable angular relationship with the
crystallographic reference planes of the underlying crystall structure.

Certain quenched and tempered steels do not exhibit this "definite
and predictable angular relationship" and have been placed in the category
of quasi-cleavage. Figure 2.42 shows a quasi-cleavage facet in a quenched
and tempered steel. The arrows indicate river patterns which show the local
fracture origin to be in the interior of the facet,

Plastic deformation processes usually involve slip. Slip processes

leave distinct surface markings on the fracture surface which are rounded




Figure 2.41

Cleavage in iron broken at dry ice

temperature (12)
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Figure 2.42 A quasi-cleavage facet (bounded by large arrows)

in a quenched and tempered steel (12)




Figure 2.43 Ripples (between arrows) in a wrought

iron fracture surface (12)
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coalescence (12)

Figure 2.44 Equiaxed dimples resulting from microvoid‘
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out during latter stages of deformation, leaving the surface smoothly
undulating, as shown in Figure 2.43.

Weak boundaries, brittle particles, and microcracks serve as
mucleation sites for microvoids. These voids will grow in size with
rising stress until either the applied stress is relaxed or fracture
relieves the local stresses. The voids appear as dimples on the fracture
surface. The nature of the dimples gives an idea of the type of fracture
that occurred. Figure 2.44 ;hOWS equiaxed dimples resulting from normal
fracture while Figure 2.45 shows shear dimples formed by shear fracture
with Figure 2.46 illustrating tear dimples resulting from tearing.

Intergranular fracture is revealed in Fiéure 2.47. Propagating
cracks from fatigue, environmental influences or improper heat treatment may
follow grain boundaries.

Beach markings, as referred to earlier, were macroscopic features
of a fatigue fracture surface. A detailed examination of such beach marks
with the electron microscope has revealed that each beach mark is composed
of many smaller parallel lines referred to as fatigue striations (Figure 2.48).
Forysth and Ryder (13) proved that each load excursion was responsible for
one striation and that the size of a striation (that is, the distance between
markings) depended strongly on stress amplitude. Hence use of the electron
microscope has shown there is a clear distincfion between macroscopically
observed beach marks, which represent periods of growth during thousands
of load cycles, and the microscopically observed striations, which represent
the extension of the crack front during one load cycle.

To summarize, the electron microscope can be used to study (a) fracture
modes such as cleavage, quasi-cleavage, plastic deformation processes,
microvoid coalescence and intergranular fracture and (b) the mechanisms of

fatigue.



Figure 2.45

Shear dimples on the surface of a shear

lip of a stainless steel specimen (12)
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Figure 2.46 Tear dimples in A.I.S.I. Type 410

stainless steel (12)
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Figure 2.47 Intergranular fracture surface caused by

stress corrosion cracking in tap water (12)
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Figure 2.48 Striation patches in 2024 aluminum (12)
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2.5 Variables Affecting Fracture

2.5.1 Stress Concentration Effects

Most component parts and assemblies contain notches, fillets,
holes, and other geometrical irregularities which tend to increase, or
concentrate, the surface stress. Stress concentrations may be introduced
by inadequate caution in design procedures or by tool tears when machining
is not performed carefully or ordinary tool marks in regions of high stress
may cause damage by increasing the stress level imposed on the part. 1In
~addition to the stress raising effects of the notch or discontinuity, a
triaxial state of stress will develop in the region immediately behind the
notch.

This second factor, the triaxial stress state, inhibits yielding.
It is known from the thecry of elasticity that, for an elastic material
loaded in tension normal to a crack in a very thin plate, a biaxial stress
state will exist with two nearly equal principal stresses. One of these
principal stresses is directed parallel to the crack and the other is
directed normal to the crack plane. However, for a thick plate, the depth
dimension is generally large compared to the crack root radius and a third
principal tensile stress is developed at the center of the plate, normal
to the plate surface. This triaxial stress state inhibits plastic flow and
promotes brittle behaviour.

Stress concentrations are particularly dangerous in fatigue loading
situations. Under a static load, the highly stressed metal yields at the
crack tip and passes the stress on to adjacent sections until fracture
occurs. However, fatigue loads usually stress the metal below the elastic

limit, yielding is localized on a much smaller scale, and work hardening

can occur. This can lead to crack growth and progressive deterioration of
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the section with no external appearances of forthcoming fracture.
Figure 2.49 illustrates the effect of severe notches in steel specimens

subjected to fatigue loading.

2.5.2 Specimen Size Effects

Size effect is a particularly important factor to consider in the
brittle fracture of components. The strength of a brittle material is
governed by the stress at the root of the most dangerous crack and hence
it becomes more and more likely to find a dangerous crack in thicker
specimens.

Size effect has been observed and measured in various materials.
Reinkober (26) in 1931 showed the effect of size by breaking glass fibers,
then the two fragments, then the fragments of fragments and each time
observed higher strength values. Lubahn (27) recorded a size effect in
notched beam specimens. Notched beams 4 inches deep and varying in thickness
from 1/8 inch to 4 inches, were fractured in a slow bend test and the
nominal net fracture strength was measured. Figure 2.50 shows the results
of Lubahn's experiment. Such an effect could be expected, as explained
previously, because of the restricting effect on plastic flow of specimen
thickness.

Size effect varies with the material involved but is primarily
dependent on the distribution and severity of flaws throughout the material.
In some brittle materials, such as inorganic glasses, cracks are formed
only at the free surfaces, in other such as cast iron, cracks are uniformly
distributed in the volume, in still others, such as polymers, different

types of flaws exist in the surface and in the volume.



Figure 2.49 1Influence of notches on the fatigue life

of steel specimens (10)
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The recognition of the existence of a size effect is of importance
because it places additional emphasis on the interpretation of results
of model testing. The smaller test model will have a statistically higher
strength and may exhibit plane stress behaviour while the actual component
may behave in plane strain. Consequently the application of fracture
strengths measured in the laboratory to actual components must be done

with the acknowledgment of possible size effects.,

2.5.3 Enviromental Effects

2.5.3.1 Temperature

Temperature has often been considered tq‘be among the most influential
factors affecting fracture. Generally, decreasing the operating temperature
of a material will raise the yield strength, tensile strength and hardness
while decreasing the ductility. The cohesive strength of the material will
rise as fhe temperature is lowered but not as rapidly as the rise in the
vield strength. Hence the ratio of cohesive strength to flow strength
decreases as the temperature decreases. Consequently, the fracture mechanism
may change from a high energy shear fracture to a low energy, low deformation
brittie fracture. The sensitivity of metals to this temperature transition
effect varies and is usually less for the very high strength materials.
However, most of the medium or low carbon steels (typical of construction
materials for many applications for many years) do exhibit a marked transition
in fracture behaviour as the temperature is lowered.

Because many of the commonly used steels do exhibit a transition
temperature effect, it becomes important to determine reliable tests to
predict the transition temperature. Transition temperature testing will be
dealt with more extensively in a following section but it can be said here
that the problem is not a simple one as many materials are strain rate and

notch sensitive and consequently the transition temperature may vary
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depending on the type of test used. Figure 2.51 illustrates a strain
rate effect and Figure 2.52 shows the effect on notch type on mild steel,
Also, for materials exhibiting a gradual change in fracture behaviour
with temperature, the selection of a transition temperature criterion
‘becomes important, Therefore, the designer must select his information
from a test procedure simulating the load history expected for his
component. When satisfied with the type of test, he should then select
a material whose transition température is well below the expected
operating temperature gnd in this manner will reduce the possibilities
of brittle fracture.

2.5.3.2 Heat Treatment

The heat treatment received by a metal, whether intentionally or
accidentally, will have a definite effect on its fracture behaviour.
Generally, steels which are heat treated by quenching to martensite and
tempered to Brinell 200 to 400 are considered to have the best combination
of mechanical properties. As higher strength steels are developed, proper
control of heat treatment becomes vital because of the general trend for
initiation of low stress fracture from smaller cracks and flaws in
higher yield strength materials., However, many factors may interrupt the
heat treatment procedure and affect the mechanical properties.

Decarburization, the éepletion of éarbon content at the surface
of steel parts, ocecurs when steel is heated in air or some other decarburizing
atmosphere. Decarburization usually severely lowers fatigue strength in
reversed bending but is not as serious for unidirectional fatigue at high
stress levels,

Decarburization of steels also has an important effect on the fracture

toughness of a steel. The fracture toughness of high strength steels can be
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increased by approximately 50% by decarburizing the surface 10% to
20%. (39)

Poor or inadequate quenching will produce incomplete hardening.
This results in improper microstructure and random surface hardness with
the lower hardness areas being generally weaker than the higher hardness
areas.

Overheating of steels by direct overheating, improper grinding
or welding heat will damage tﬁe fracture resistance of metals. Figure 2.53

shows a weak, coarse-grained structure with grain boundary damage which

resulted when the component was overheated. The resultant fracture occurred

when the part was stretched during a heat treatmént. Figure 2.54 reveals
a surface area which was damaged by improper grinding. Such areas may be
transformed to martensite, an e%tremely hard brittle structure which is
susceptible to cracking. Heat from accidental welding, "arc strikes" or
poor welding procedure may damage the component metallurgically aﬁd lead
to hard brittle structures, susceptible to brittle fracture.

Heat treatment procedures can also introduce residual stresses in
components by transforming structures, which in itself involves volume
changes. These residual stresses from heat treatment are generally
favourable but will vary with material, case depth, and quenching rate.
However, any processes resulting in high residual tensile stresses at
surfaces, particularly carburized surfaces, can be damaging to the fatigue
life and fracture resistance. Residual tensile stresses may be produced
from weld metal contraction during cooling from the welding temperature.
Wulpi (10) records an example of a steel I-beam; 40 ft. long, which split
with explosive violence while under no load. The beam had lain on the shop

floor for about a day after the ends had been torch cut. Fracture was
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Figure 2.53 An example of "severe overheating", or

burning, of a component of steel (10)

Figure 2.54 An example of a transformation in steel

due to heat from excessive grinding (10)
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traced to high transverse residual tensile stresses which resulted from a .
rolling operation. The violent reaction occurred after the complex stress
condition was altered by the heat from torch cutting.

As a concluding item on heat treatment, embrittlement may result
ffom several causes, one of which is improper heat treatment. Figure 2.55
shows an example of this for an alloy steel. The composition, two heat
treatments, A and B, and the resulting unnotched ductility measurements
are shown. Heat treatment B gave a somewhat higher strength than heat
treatment A. However, there was little change detected in the ductility
measurements on unnotched bars. Figure 2.55 shows the results of the
standard Charpy V notch specimens tested in slow bending. Embrittlement
is clearly evident for heat treatment B and it must be pointed out that the
embrittlement can only be detected by tests of sharply notched members (16).
Embrittlement due to damaging atmospheres will be discussed in the follo&ing
sections.

However, the designer must be conscious of the possible presence of

embrittling factors in the material for his structure.

2.5.3.3 Damaging Atmospheres

This section shall be restricted to the effects of various atmospheres
on the more commonly used engineering materials such as steels and aluminum
alloys. This restriction is necessitated as the field of atmospheric effect
on all metal systems is quite voluminous and beyond the scope of this thesis.

Aif, the most common atmosphere surrounding structures, has often
been used as a reference atmosphere for testing. However, Hartman (14)
studied the effects of moisture and atmosphere on the fatigue crack growth

of 2024-T3 aluminum alloy at room temperature, using "dry" argon (water
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content less than 100 ppm) as a reference envivonment He found the
presence of moisture in the test envivenmeni increased the crack growth
rate by a factor of ten for low stress levels. Humid oxygen gave similar
effects as bhumid argon while dry oxygen had only a small if any cffect on the
rate of crack growth. Spitzig et al (15) studied the effects of dry and
humid argon and hydvogen on the fatigue crack growth rate in 18 Ny (250)
maraging steel. They found the rate of fatigue crack propagation in this
steel was insensitive to moisture. WNearly the same crack growth rates
were observed in dry argon, humid argon and humid hydrogen while the rate
of crack growth nearly tripled for a dry hydrogen atmosphere. This study
appears to verify the findings (28) that impurities such as oxygen, air,
or water vapour in hydrogen tend to eliminate the effept of hydrogen on
steels. This effect has been attributed to the preferential adsor rption
of oxygen on the crack surface at the crack tip.

As pointed out just previously, hydrogen has a dangerous embrittling

48

effect on steels. Tetelman (17) has shown that hydrogen introduced in
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These observations and conclusions cxplain a mechanism for hydrogen

embrititlement and cracking of steels.

In several metal~atmosphere systems, the atmosphere may attack
the metal and corrosion will oceur.  When metal components are requiraed
Lo carry loads in aggressive envirvonments, stress corrosion cracking may
occur. For most systems, the combination of stress and corrosion is
much worse than the addition of the etfects of the two factors separately
(18). Johnson and Paris (JO) make this comment concerning environmental
cracking under load:

"High strength steels and titanium alloys are frequently nearly
immune to enviromental cracking when tected in smooth sections, perhaps
because they do not pit readily. When crack-like flaws are present
however, crack extension under digcouragingly low stresses may be evident
in seemingly mild environments.',

The embrittling effect of hydrogen is shown in Figure 2.56 by

the rapid crack extension in the hydrogen atmosphere. The addition of

oxygen to vapor envivonments is striking in that less 1% by volume of
oxygen will essentially terminate a growi rack under a static load,

as seen in Figure 2.57, TFigure 2.58 shows a similar effect of oxygen when

introduced into a hydrogen ai
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hydrogen. Tor continued crack extension, it is felt the hy ydrogen would
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Figure 2.57 1Influence of Oxygen on sub-critical crack growth

in humidified nitrogen, H-22 steel (19)

&

&

8

Crack Ex{ensyion‘,(l‘n)

Figure 2,58 Hydrogen-oxygen mixtures and sub-critical crack

growth in H-11 steel (19)



before predictions of the fracture behaviour of the material in that

s

particular atmosphere can be made and

observations and procedures

developed on the basis of one material - environment system ghould not

be gencralized and applied indisceriminate ely to other systems'. (20)

2.5.4 Load His story

The load history of a component can be considered to be of two

parts; (1) the type of loading and (2) the rate at which the load was
applied. The type of loading may include such common examples as axpial,
shear, contact, bending, torsional, and random combinations The loading

rate may vary from extremely slow to impact.
Types of loading have been dealt with extensively in secticns
2.3 and 2.4 and only a few major points will be emphasized. ALl types

of loads induce normal and shear st which must be balanced by the

s cohesive and shear strengths. Because normal and shear stresses

are affected differently by stress-concentrating discontinuities, a knowledge

of normal stress to shear stress ratios and significant stresses for
various types of loads is necaessary for a safe degign. Also, each type
of load causes its own characteristic stress digtribution, a knowledge of

which is important for proper

strengthening procedures. Finally,

as stat

manner of loading.

1

associated sty

2.51 shows

in d versus temperature existe for mild
steel tested in impact and slow bend test npact tegt, the strain
rate was 2.5 % 10 £l glow bend test.
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The increased strain

energy absorbed and a

by some 40° C.

Figure 2.59 shows interesting results of strain rvare on fracture
toughness, The stress intensity factor, K, a measure of fracture
toughness, and its time derivative, ﬁ, are plotted for various temperaturcs
as the strain rate is varied over 5 orders of magnitude (3). This indicates
that the high toughness exhibited in slow loading tests is appreciably

in rate. This

h
o

lowered both by decreasing temperature and increasing sty
phencmenon becomes important because a marterial cannot differentiate
between a high strain rate near & crack front produﬁed by rapid loading
and that produced by a repidly propagating crack. Thus either rapid

loading or a wvapidly propagating crack will cause a mavked decrcasc in

<

the resistance to crack entension. Ther

F oy P PR o o s D T TP
fore, when a crack is initiated

b

the reduced toughness due to the high locally increased strain rate can

cause abrupt crack acceleration. The crack could rhen penetrate through
materisl which had sufficient toughness to prevent crack entension under

slow loading

rates. Hence a reduction in stress or increase in

would be vrequired to arrvest the crack.
Because of the effect of load type on stress patterns and of the
lead history of a

e behaviour.
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Figure 2.59 Fracture toughness as a function of

strain rate at several temperatures (3)
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2.6 Approaches to Design Aecais

2.6.1 Transition Temperature Approach

2.6.1.1 Introduction

The transition temperature sach to the low stress fracture

problem is based on the concept that temperature and strain rate sensitive
materials possess a characteristic "transition temperature', below which
low stress fractuve can occ cur and above which low stress fracture will

neot occur. The transition temperature must be determined by a laboratory
test with the particular test procedure depending in part on the definition

of the transition temperature. Common to all tests is the observation that

s of the material's behavicur

L1

some aspect change abruptly in a fairly
narrow vange of Cempevature.

Most definitions of transition ature fall into one of the

following general categories:
1) The temperature for gross

decrea sed

plast

abruptly to essentially zero.

2) The temperature at
changes with decveasing temperature from full shear to flat. (Fracture
mode transition temperature)

3) The temperature at which the fracture strength of a shaxply

notched or precrac

R R SR R Ty 1
the conventional vield strength.

above, to values

(Fracture stress

43y  The temperature above

(Crack
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ransition tomporatures.

meast P

temperal involvaed wgsed,

nelature applies:

thickness
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Il

lon
I

= gpecimen width

il

i radius of notch-bottom

Bend Tests

Bent in plane of plate (Figure 2.60)

The dimensions shown are those used for slow bend tests and are

known as the Lehigh test. With somevwhat different dimensions, 1t is used

as the Penn State slow bend tegt., This test is

transition by energy-absorption, contraction below notch,

bend

in which a notch

nay be ground. Tt dis supported and struck by a falling weight. The

weight n ig broken at one

experiments at

blow,

4

TOoOonm ted to ensure the

is also adjus

bend angle at 57, The is the ¢
at which fracture cccurs with a single blow and minimun deformation.

Be

POTEBONGN

Charpy V-




, f“v.—". [‘—6 in.——sf

e —

45° V-notch, 2 mm deep

b=6in.
CCLLLELLLECL LR LitLe n

Weld bead

Figure 2.60 Bend test with bent in plane of plate (9)
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Figure 2.61

Figure 2.62

Fixed deﬂectidn

10 in.

Weld ryn -

Ground notch

Pellini drop-weight test 9)

. =10
40 mm b=10 mm
y %7 | :
AL 2mm | [---] I
f t =10 mm

SS?‘nm l r=025mm
.b=10 m
R N |

(a) Charpy V-notch test

(b) Charpy Keyhole test

(c) Mesnager test

] 5 . .
)] ¥mm Z'QZ mm diameter "'_"]t =10 mm
' f r=1mm ‘

{ .

‘ , b=10 mm

| - R

l U : —

; . CARE 2-3 mm! t=10 mm

}i » + r=1mm :

(9)

b=3§in.A
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machine are fixed by specilications. ¥Fracture is by single blow impact,
but slow bend-tests and other have been made for research
purposcs. Total energy and [racture appearance is recovded. Transition-

- 2

[

temperatures are derived from plotting energy or percent crystallinity

curves against temperature. A typical curve is shown in Figure 2.63.

Schnadt test (Fipure 2.64)
The standard Charpy V-notch test was nodified by inserting a pin

cuity of the notch. Strain

. Trate may also be varied. Toral energy is recowvded, Testg may be carried

out at one temperature with differe different temperatures

with the same notch and

Hounsfield

The test pieces are broken

beld in one pendulum and struck by

o

in a machi 3

se In which the specimen i

another, They can alsc be broken by

9

riteria

0]

appearance

[t

pieces and notch ave identical wilh the

Charpy V-notch Loading by cantilever bending avoids damage at
the face opposite the notch. Total encrgy and fracture appearance are
recorded,
Tension Tests
plate tests 2.67)

Dimensions of test samples and notches are variable, but width is
generally lavge in velation to thickness, which is plate thickness. Notches
are placed on the edges or in the contor and be V-shaped or slits,
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Figure 2.63 Typical energy-~temperature and crystallinity-

temperature curves for steels (9)
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Figure 2.64 Schnadt test (9)
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Figure 2.65 Hounsfield test (9)
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0 mm
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% Notch angle 45° '

r=025mm

Figure 2.66 Izod test (9)
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Figure 2.67 '"Wide plate" tests 92)
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Figure 2.68 Two types of cylindriqal,tests 9)
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5, extension, veducbion in Cnerey
Type (a) Used in the theoretical investigations of noteh effocts
usually static, but also impact. Breaking stress and veduction in area
recorded.
Type (b) - Eccentrically loaded. TLoad at fracture is recorded,

ition temperature indicated by drop in load at fracture.

Trans

Tension-bend Tests

Navy tear test (Figure 2.69) - Load extension records
from which the energy absorbed to the fracture and tha
it may be plotted The criterion usually plotted is acture -
which usually coincides sudden drop in energy to cause
Basgar 'cleavage tear fest' - (Figure 2.70)

The fo give vary:
and the is recorded

Fractuve appearance is
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Roberteson Test (I

rTesea

are made

to propagste

appearance,
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Figure 2.69 Navy tear test (9)
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Figure 2.70 Basgar
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r = 00015 in,
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Transverse tensile stress

Sht notch

1233339I9IMINIMW

T erature constant
empera ta Strike
or . 4 .
temperature gradient )
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quuid nitrogen
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Figure 2.71 Robertson test (9)
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Figure 2.72 B.W.R.A. wide-plate test. (9)
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(Figure 2.72)

are used to

A severe notch coupled wi the cffects of welding

obtain low stwess ifre . Measurc

to fracture, are made and related to cra

als and temperatures

for different mat
to occur below certain temperatures. The test is used to investigate
wcl ding electrodes, notching procedures, and stress-velieving treatments

for differcnt materials.

2.6.1.3 - Application of the t©

The applicabilitcy and usefulness of the transition temperature

(s
o
&)
(e

approach to the problem of low stress fracture depends on the criterion

For comparative

is wsed and the purpose to which it is to be

purposee, alinost any one of

of confidence that the material whi

directly with a veasonable

exhibits the lowest

This concept is implemented in design practice by
the operating te rature to values above the transgiti or

by gelecting a material whose is lower than €

the transition

. 1. - U . -~ R . - oy A e o
can bo usgefu ing design paramcters.

temperature




material must be used below any of its tvansitlon temperstures, then the

approach is not uscful. ility arise due to

effects of the ultimate

to the test piece. Also, inforr

on such things as crack arrest

i

ving heavy sectiong such as

can have little value for design invel
forgings.
In summary, the basic concept of this approach is simple but its

capplication can be quite complex and rwequires careful consideration. Two

is the selection of

T
f=de
€3]
Fh
Ity
o
<9
=3
o
o
=
=
5
@
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primary counsiderations must be sat
a transition tewmperature criterion that is appropriate to the needs of
the application and is representative of all the embrittling factors that

may be present. Then the transition tempevature criterion which hag
i}

been selected must be translated into terms of stress and load capaci

¢d for desion

2.6.2 Stress




The concepts in the stress analysis approach can be divided into
three main categories.

They are:

(1) Critical stress concepts for the initiation or sustaining
of fast fracture,

(2) Critical strain concepts for initiation of fast fracture.

(3) TFracture mechanics concepts involving available and expended
strain energy for initiating or sustaining of fast fracture.

The various concepts differ in specific detail but all follow

common steps in their general approach to the fracture problem.

2.,6.2.2 Critical Stress Conceptsg

The'concept of a critical stress for fracture was first suggested by
P. Ludwick (26). On a true stress ~ true strain diagram, a fracture stress
curve is assumed and compared with the flow stress cﬁrve as suggested in
Figure 2.73. The flow stress curve relates the stress which is required
to produce plastic deformation to the strain. The stress required to start .
fracture for various amounts of strain is depicted by the fracture stress
curve. As shown in Figure 2.73, the intersection of the fracture curve
with the flow curve defines the fracture condition. Depending on the
relative positions of the two curves, fracture would occur with large or
small strain and thus ductile and brittle fracture were qualitatively @gfinedn
With the observation that fracture can occur by a normal‘openi?g‘
mode and by a shear mode, the critical stress concept was modified to allow

for two fracture stress curves, eilther shear fracture or cleavage fracture.

By varying the positions of the flow curve and shear and flar fracture curves,
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Shear Fracture Curve, Te

Cleavage Fracture Curve, Ty

Shear
Fracture Curve, T,

T, <7,

®indicated Fracture
Conditions

True Stress

| True Plastic Strain

Figure 2.73 Schematic illustration of change from shear

to cleavage fracture due to change in temperature (3)
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various possibilitics of fracture conditions can be seen. Figure 2,73
shows the effect of lowerigg the temperature., One combination of curves
for temperature T1 results in shear fracturc after large plastic strain
while the second set of curves for Ty show flat fracture after very

little strain.

Ludwik's fracture stress concept does not deal with the possibility

of the dependence of the fracture curve on the flow stress curve. For most

metals, some plastic deformation dppears necessary to initiate any fracture,

Hence factors affecting the flow curve would affect the fracture curve
correspondingly,

Modifications of the fracture stress concept have been made to
allow the calculation of the applied load for fracture by using elastic-
plastic stress analysis methods of varying complexity. A further
modification calculates the nominal stress for fracture by dividing the
cfitical fracture stress by a stress concentration factor which has been
corrected, where necessary, for the finite nature of'material structural
units, for plasticity effects, and for specimen configuration and loading
condition. However, all the critical fracture stress concepts assume

that the fracture stress is a known value for the material.

2.6.2.3 Critical Fracture Strain Concepts

Critical fracture strain concepts presume that some plastic

deformation, even though it may be very localized, precedes Low stress ‘:.. .

fracture. The localized deformation is analyzed in an appropriate manner’
and equated to the critical value to determine the fracture conditions.

The load and neminal stress ar fracture are obtained from the associated
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stress amalysis. Thus the fracture stresses are thought of as the result
and not the cause of fracture.

In the critical strain concepts, the fracture strain is not single
valued for a material, independent of stress state or stress distribution.
Hence introducing biaxiality reduces the plastic flow at fracture. Thus
the application of the fracture strain concept requires a knowledge of
critical fracture strain forfa material as a function of the degree of
multiaxiality and a complete elastic-plastic strain analysis to determine
fracture conditions.

Sach (21) adopted the critical fracture”strain concept on the
hypothesis that a specific elastic stress distribution will become
transformed by plastic flow into a unique strain distribution and
triaxiality distribution regardless of the geometry and loading conditions
causing the specific elasiic stress distribution. He devised a notched
test specimen with an elastic stress distribution iﬁ the vicinity of the
notch which was essentially the same as the pertinent region of the structure
under consideration. Then, by utilizing the measured local surface strain
at failure in the test piece, he could determine the load carrying capacity
of the structure. However, the elastic stress distribution is the
important factor in correlating the fracture test with the real structure.

A problem arises with sharp cracks as the elastic stress distribution
becomes indeterminate. To overcome this difficulty and avoid measuring

surface strain, Lubahn (22) modified Sach's hypothesis. Lubahn assume that

the Sach's hypothesis would be satisfied in both test specimen and actual

component provided both had congruent notches and identical gradients of

nominal stresses. The congruent notch means that the absolute notch depths
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and radii are matched while the use of nominal stresses enables cracks
to be handled. When congruent notches and identical nomina’l stres
gradients were present, the nominal stress at fracture would be the same
in both parts.

McClintock (23) observed that a sgtrain infinity at the tip of a
crack would have no physical meaning as it occurs in an infinitesimally
small region. He proposed considering the average strain over a small
region at the crack tip and postulated two quantities are required to
characterize a fracture strain criterion for a given material: a structural
siée parameter and a critical value of strain, Hg analyzed the fracture
behaviour of an elastic, perfectly plastic material which had a crack
and was subjected to sheaf stresses, He found he could obtain the nominal
stress at instability in terms of the shear yield stress and the crack dimen-
sion.

Thus, in summary, the concepts based on critiéal fracture strain
provide insight into certain aspects of low stress fracture, but the exact
determination of the critical strain as a function of the stress state is

a principal difficulty.

2.6.2.4 TFracture Mechanics Concept

Fracture mechanics is an extension of the fracture instability
conditions originally formulated by Griffith (24). A general statement of
the fracture process can be derived from the principle of conser&ation of- -
energy. To proceed from general fracture to fracture instability it is’
necessary to consider the rates, with respect to crack area, at which the
energy is supplied and dissipated, Therefore, a crack in a solid will

extend rapidly when an incremental increase in crack area makes available
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an increment of elastic strain energy equal to or greater than the
increment of work that is dissipated. It has been shown that regardless

of the external force variations during crack extension, the rate of release
of elastic strain energy with respect to crack area remains unchanged.

The symbol G is used to denote the "strain energy release rate", measured

in units of in. lb/in,zy also referred to as the "crack extension force"
measured in units of 1b/in.

The released strain energy is used in the creation of new crack
surfaces and includes surface energy and work of plastic deformation which
occurs simultaneously with the formation of the crack surfaces. TFor low
stress fracture in metals, surface energy is very small and the dominant
contribution comes from plastic deformation in a ve?y localized region
adjacent to the crack front. Af frqcture instability, the critical strain
energy release rate, denoted by G., is equal to the work rate with respect
to crack area, called "fracture toughness'. It includes both surface
energy and work of plastic deformation.

Griffith studied the problem of an infinite plate containing a
crack-like defect. Tor loads applied remotely from the crack, the energy
release rate is proportional to the product of the square of the applied
stress and the linear dimensions of the crack. Therefore, for a material
with a given fracture toughness, the appliéd stress for unstable fracture
will vary with the inverse square root of the linear dimension of the
crack, ie, the larger the crack, the lower the stress. This type of'
relationship between load and defect has been noted in connection with other

previously described fracture concepts,
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Irwin (25) has shown the existence of a simple relationship between
the energy release rate, G, and the elastic stress components near the
crack edge. For the co~ordinates shown in Figure 2.74, the normal stress
in the y direction at a point adistance r from the crack front at an angle

© with the crack plane is given by

¢ =K cos o (I - sin o sin 3o )
2 2 2

o = KI cos & (1 + sin o sin 3o )
J 2 2 2
2nr
Txy = KI cos o sin © cos 3o
. 2 2 2
2Tr

where K is the stress intensity factor. The stresées in the other
perpendicular directions can be obtained similarily in terms of the

stress intensity factor K and a function of r and.G. This expression

is valid for sharp cracks independent of the loading conditions, and

thus the square root stress singlularity at the crack tip is also - -7
independent of loading conditions. The stress intensity factor,'K, ’
provides a single parameter characterization including the effects of

specimen configuration, type of load, and magnitude of nominal stress.

Since for elastic behaviour, the energy stored in a given volume is uniquely
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Figure 2.74 Co ordinate system and stress components. ‘ : s

- ahead of a crack tip (18)
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defined by the stresses existing in that volume, there exists a simple
relationship between the stress intensity parameter, K, and the strain
energy release rate, G. Tor a homocgeneous isotropic material the

relation is

K = /GE (for plane stress)
and K = GE (for plane strain)
I-v? -

where E is the modulus of elasticity

and v is Poisson's ratio

Thus, fracture concepts useful in engineeriqg situations have
developed from the original energy balance concept, namely the critical
elastic strain energy release rate concept (G.) or its equivalent, the
stress intensity factor concept (K.). When members are loaded such
that opening mode fracture results under plane strain conditions, the
critical stress intensity factor is referred to ag Ki¢c to avoid ambiguity
with other possible critical stress intensity factors. The theoretical

analysis of opening mode fracture for specific geometries of interest to

this thesis will be developed in Chapter 3 and, as stated in 1.2, it is

the intent of the thesis to determine the effect of certain variables .on-

the parameter, Kic.
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2.7 Summary
Chapter 2 has attempted to elucidate the problems associated with
low stress fracture and show how these problems are being treated. The
manner in which post failure analysis is conducted has been reviewed along
with the analytical and experimental techniques which are employed to
provide more and better knowledge on the brittle behaviour of materials.
The approach which hasvreceived mest attention recently because
it is probably the potentially most useful concept is fracture mechanics.
This is so because fracture mechanics can handle flaws, defects and other
stress raisers which develop in design situvations and mainly because it
is a logical extension of present design practices, which customarily
deal in terms of nominal stress and are based upon the discipline of the
classical mechanics of deformable solids. For these reasons, the
thesis attempts to add some additional information to the fracture mechanics

concept,
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CHAPTER 3

DEVELOPMENT OF THE FRACTURE MECHANICS CONCEPT

3.1 Introduction

Fracture mechanics is based onp the concept of applying a rea-
sonable and proper stress analysis to considerations of equilibrium
and stability of cracks. The stress analysis employed in fracture
mechanics is based, firstly, on the elastic considerations derived
from the theory of elasticity with a later accounting for the non-
linearity (plasticity) occurring at the crack tip.

As mentioned in Chapter 2, Griffith (24) was the first to con-
sider the equilibrium and stability of cracked, brittle bodies. The
ideas of Griffith have been modified to apply to ductile materials
such as steels and aluminum by several people including Irwin (25),
Paris (1) and Sih (1). The combined efforts of these people have
extended the understanding of the behavious of material containing
flaws and subjected to various types of loads. The purpose of this
chapter will be, therefore, to outline the progress of the fracture
mechanics concept from the initial Griffith ideas to the present
A:S.T.M. proposals (37) for standardization of plane strain fracture

toughness testing,



89

3.2 Griffith Theory

Griffith (24) gave the first analysis of equilibrium and stabil-
ity of cracks in 1920. Hisg analysis was based on the consideration
of the change in potential energy of a body into which a crack was
introduced. His method of analysis is accurate and correct when ap-
plied to ideally brittle materials, as he showed by experiments on
glass. |

Griffith's analysis proceeds as follows:

Consider an infinite sheet of elastic material, as in Figure 3.1,
which is subject to uniform biaxial stress, 0 , at infinity into which
a through crack of length, 2a, is subsequently introduced. Denote the
potential energy of the system as U, where Uo is the potential energy
prior to introducing the crack. Upon introducing the crack, U may be
written as, |

U=10 - Ua + U, (3.1)
where Ua is the decrease in the potential energy of deformation (strain
energy and boundary force work) and U% is the increase in surface en-
ergy due to the new surface.

Griffith employed the stress analysis of Inglis (38) in computing

the potential energy of deformation: It ig

U =7 o?at ' (3.2)
a E

where this the thickness of the gheet and E is the modulus of elas-
ticity of the material. The surface energy term, Ut’ is the surface
tension of the material, T, times the new crack surface area, 4 a t.

Thus,



Figure 3.1

The Griffith Crack Problem

90
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Uf = b actT ©(3.3)

Substituting equations 3.2 and 3.3 into 3.1 gives

U=1U, ~mo’a’t + 4 atT (3.4)
Equation 3.4 now represents the energy balance for the Griffith
crack problem.

It is now necessary to examine the variation in the potential
energy with respect to crack size, a, noting that a minimum point
in the potential énergy constitutes a stable equilibrium and a maxi-—

mum constitutes an unstable equilibrium.

The first derivative of equation 3.4 gives

6U = 3U 8a = | - 2mo%at + 4tT | 8a (3.5)
da E

For a non zero variation, Sa, the bracketed portion in equation 3.5
must be zero. Rearranging gives,

7 0% = 2T (3.6)
E

or ova =/2TE (3.7)

-

Therefore equation 3.6 represents the equilibrium condition for a
crack in an ideally brittle material.
The second derivative of U from equation 3.4 is negative, i.e.,

Sa? = always negative (3.8)

el

82U = 6%U 6a? = -2m0%t
E
L

J

and thus the equilibrium is noted to be unstable. Therefore equation
3.6 represents unstable equilibrium of the crack. In physical terms

equation 3.6 depicts the stress and crack length, 0 and a, combination
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- for which failure occurs in a given brittle material, characterized
by E and T.

Equation 3.6 has been viewed in a somewhat different way in re-
cent fracture mechanics discussions. The left hand side of this
equation may be interpreted to be the elastic energy per unit crack
surface area made available for infinitesimal crack extension, de-
noted G, or

G = m0°%a (3.9)
E

The right hand side of equation 3.6 is the resistance of the material
to crack exténsion, R, and represents the absorbed energy required to
extend the crack per unit area of new surface created. Thus,

R = 2T (3.10)
for an ideally brittle material. However, non linearity from plasti-
city in the crack tip region gives additional resistance to the mater—
ial to crack extension. Equation 3.10 represents the approximate re-
sistance for even very brittle material such as glass. The R term has
additive terms due to plasticity for the brittle fracture of ductile
materials and these terms are very large compared to 2T. However, it
is stili possible to use an energy rate analysis of fracture for such
cases (1) and view the process as the rate of elastic energy available,
G, versus the material's dissipation rate, R, where rapid extension of
the crack occurs when G exceeds R.

Griffith used equation 3.7 in order to experimentally verify his

theory. The right hand side of equation 3.7 depends only on material
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‘properties. Griffith's measurements gave

2ET

= =137 1bs./in.3/2 : (3.8a)

He independently ran tests on tubes and spheres of the same glass
with prepared cracks and from ten tests obtained
o/a = 229 to 251 1bs./in, 3’2 (3.8b)
The comparisoﬁ of these results is a reasonable verification of

his theory of the strength of glass,

3.3 Stress Field Approach

3.3.1 Development

The idea of analyzing crack tips by finding appropriate stress
field expansion was initially undertaken by Sneddon (29). He analyzed
the typical "Griffith crack" and also the situation of a material
which has a penny-shaped crack and which is subjected to stress normal
to the plane of the crack. However, it was not until later that Irwin
(25) and Williams (30) recognized the general applicability of these
field equations and extended them to the most general case for an iso-
tropic elastic body.

The stress analysis of cracks has been reviewed in detail by Paris
and Sih (1) and a full development of the stress field approach is be-
yond the scope of this section. However, the basic concepts will be
presented here.

In general, a plane extensional linear elasticity problem may be

solved by finding a stress function, ¢(x,y), which satisfies the bihar-
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. monic equation, i.e.,

Vi = V2 (Vi) = f_afz+_§§ 'ﬁi? + §f$ = o (3.11)
[ x” 9y ox dy

and from which the stresses may be computed by

o = gfg (3.12)

Ty = 32¢
7 0xQy

and provided that the resulting stresses (and/or displacements) sat-
isfy the boundary conditions of the problem. This stress function
approach is fully derived and discussed in any elementary text on the
theory of elasticity,

By employing the stress function due to Westergaard (40) it can
be shown (Appendix A) that the stresses for an opening mode fracture

can be given by:

O, =Re Z -y Im z* (3.13)
o =Re Z +y Im 2!
y
- 1
Txy y Re Z

where Z is any function of the complex variable z = x + i y and 7! =
az.
dz

The problem is thus resolved to finding any function, Z(z), which
is analytic and which will satisfy the boundary conditions of the par-
ticular crack problem.

In the neighbourhood of the crack tip the immediately adjacent

stress-free crack surfaces are boundaries which dictate the character
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.0f'Z(z) in that vicinity. Taking the origin of the co-ordinates at
the right hand edge of a crack parallel to the x - axis, as shown in
Figure 3.1, the form which Z must have in this region is

Z = f(z) (3.14)
vZ

where f(z) is well behaved and must approach a real constant at the
origin. By applying these conditions to f(z) and substituting equa-
tion 3.14 into equations 3.13, Txy and Oy approach zero at the crack
surface. This then means that the crack surface is stress~free, as
expected., The remaining nature of f(z) away from the crack tip is
left unspecified and can be adjusted to solve crack problems of the
opening mode configuration.

Therefore, in the crack tip region (lz] + o), it is found that

~

lim Z = K; (3.15)

2l 0 —=
27z
where.KI is a real constant and may be thought of as representing the
constant term in the series of the Maclaurin expansion for f(z). The
constant, /55, in equation 3.15 is introduced because it simplifies
calculations involved with demonstrating the equivalence of the stress
field and energy approaches.

As shown in Appendix A, equations 3.13 can be expressed, using

polar co-ordinates and equation 3.15, as:

0O =K cos & (1 - sin & sin 3¢ ) (3.16)
x =N 4 = =2

e 2 2 2

V2Tt
0 =K cos & (1 + sin & sin 3e )

yoo= 2 2 2
V2Tr
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= K sin © cos & cos 3e
— 2 2 2
V2rr

Now equations 3.16 represent the "exact" elastic stress field
equations as the crack tip is approached (as r + 6), and in the gen-
eral area of the crack tip, these equations neglect only higher order
terms in r in the Maclaurin expansion for f(z). The factor KI’ the
crack tip stress intensity factor,>is a constant value in the vicinity
of the crack tip. Through the unspecified nature of f(z), KI depends
on the configuration of the body and type of loading applied.

The dimensional nature of KI can be examined now. Since the
stresses in linear elasticity must depend linearly upon the load,
equations 3.16 imply that KI contains the load as a linear factor.
Subsequent observation of the dimensions involved in equations 3.16
show that KI must also contain a characteristic length parameter,

For most infinite body analyses, the only characteristic length para-

meter available is the crack length, a. Hence observations lead to

K; = o/a (3.17)
The result of the Griffith analysis (equation 3.7).contains the
term 0va and hence the dependence of KI on 0Va is not unexpected,
Equations 3.16 show that the stress fields (for opening mode
situations) which surround the crack tip ére always of the same dis-
tribution and differ only in their intensity from one situation to
another. Consequently, it seems reasonable to suggest that unstable
crack extension will take place when the intensity, KI’ reaches a

critical value, KIC’ i.e., as
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K. =+ K (3.18)
where KIC is a material property which represents the material's abil-
ity to withstand a given intensity of crack tip stress field, KI°

It must be observed that the argument leading to equation 3.18
is not limited to perfectly elastic action. TIf a small zone (compared
to a) of non-linearity is present at the crack tip, it is embedded
within the elastic field described by equations 3.16. In a material
of given properties, the non-linearity will always disturb the elas-
tic field equations in the same way, and consequently, failure will

occur at a given "apparent" field intensity, K The implication

Ic’
is that equation 3.18 applies as a "brittle fracture" criterion for

ductile materials,

3.3.2 Modifications

The stress intensity factor, K, which is a measure of the inten-
sity of the applied crack tip stress field, may be obtained for vari-
ous configurations using the methods of the theory of elasticity. An
example of the stress function approach is given in Appendix B for the
typical Griffith configuration of Figure 3.1.

The problems involved with stress functions become much more com-
plex as solutions for finite sized specimens are attempted. Analytical
solutions to the stress distribution in specimens of complex shape or
loading can be obtained by a boundary value collocation procedure (33)

applied to an appropriate stress function. The stress function must
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. safisfy the biharmonic equation (equation 3.11) and the boundary con-
ditions of the specimen. The collocation procedure requires a matrix
solution of twice as many equations as the number of boundary stations
selected for each combination of the independent variables (load,
specimen geometry, and crack length).

The polynomiagl expressions for the stress intensity factors for
the specimens (Figures 4.4 and 4.5) used in this thesis are given be-
low. Both expressions have been obtained by the boundary collocation
procedure (31, 32) and have been verified by experimental techniques
(33).

For the single edge notched specimen of Figure 4.5,
K, = P/a * {1.99 - 0,41 ) +18.70 B2 - 38,48 (3)° 4 53,85 &M (3.19)
— W W W W
Bw
L

For the compact tension specimen of Figure 4.4,

K. =P/a >'=[29.6 - 185.5 () +655.7 (12 - 1017.0 (33 + 633.9 &

— W W Y 4

Bw

(3.20)

where P is the load in pounds and a, B, w are specimen dimensions as

shown in Figures 4.4 and 4.5.

3.4 Plane Strain Fracture Toughness Testing

The concept of plane strain fracture toughness of materials has
been widely used since it was formulated by Irwin in 1958. However,
lack of standardization has resulted in considerable differences in
KIC values reported by different investigations of essentially the

same material. It is now proposed (34) to define KIC as the stress
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) inﬁensity at which the crack reaches an effective length 2% greater
than that at the beginning of the test. The proposed method of
establishing KIC has been outlined and published in the 1969 Book
of A.S.T.M. Standards, Part 31. The critical part of the test pro-
cedure consists of obtaining an autographic plot of the load versus
the change of distance across the open end of the notch.

The problems encountered with accurate determination of KIC
are not limited to the analysis of the load~displacement record. As
discussed in Chapter 2, a size effect exists in fracture and thus
the material constraint surrounding the crack is g problem, The
thickness of the specimen, the crack length, and the percent of un-
cracked specimen or ligament length becomes important. The required
limits for these variables for accurate measurement of plane strain
in fracture toughness are fully discussed elsewhere (2) and it will
suffice here to say the experimental procedure will be controlled to
keep these variables within the prescribed limits,

Problems concerning the effect of the fatigue cracking history
and heat treatment do not seem to be fully resolved. The proposed
standards of 1969 suggest:

"The fatigue cracking shall be conducted with
the specimen fully heat treated to the condi-

tion in which it is to be tested."

while reference (1) suggests:

"It would seem reasonable to heat treat after
fatigue cracking where possible."

Regarding fatigue, the proposed standards of 1969 state:
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"During the final stage of fatigue crack ex-—
tension, for at least the terminal 2.5 percent
of the over-all length of notch plus crack,
the ratio of the maximum stress intensity of
the fatigue cycle to the Young's moduluf,
Kf(max)/E, shall not exceed 0.0012 in 1/2
Furthermore, K_(max) must not exceed one-

half of the KQ"value determined in the subse-
quent test if KQ is to qualify as a wvalid KIC
result,

"The stress intensity range should not be less
than 0.9 Kf(max)."

The 1969 standards allow a larger fatigue stress intensity than
that proposed by Srawley (34). He suggested the fatigue stress in-

. 1/2

tensity range be about 0.0005 * E in - Reference (2) has this

comment :
"Additional data are clearly needed to better
define the influences of the conditions of
fatigue crack generation on the plane strain
fracture behaviour,"
Thus, it is the purpose of this thesis to examine heat treatment

and fatigue cracking procedures with the hope of providing additional

information for the standardization of KIC testing.
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CHAPTER ¢4

EXPERIMENTAL STUDY

4,1 Introduction

As indicated in Chapter 3, the fracture toughness parameter Kic

is affected by the degree of stress intensity employed to produce the
fatigue crack. The fracture toughness was also noted to vary depending
upon whether final heat treatment preceded or followed fatigue cracking.
An experimental Program was carried out to invesfigate the extent of
these two effects. To ensure that any observed behaviour was repeatable,
the two effects were tested on two materials with two different specimen
sizes for each material. It was felt that the use of two different
specimen sizes for each material would indicate how well Ki¢c could be
measured by each specimen size and whether the two experimental variables

would have the same effect on all specimens.,

4.2 Materials and Specimens

The materials selected for the experiments were 18 Nji (250)
Maraging steel, supplied in 0.7 inch thick plate, and 4340 steel, supplied
in 1 inch thick plate. The chemical composition of 18 Nj (250) Maraging
steel and 4340 steel ig given in Tables 4.1 and 4.2 respectively.

Tensile test samples were prepared and inéluded with each batch
of specimens heat treated. Post heat treatment tensile tésts and hardness
readings were made as in attempt at observing the consistency of heat

treatment. Approximately 80 hardness readings were taken from fractured
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specimens of maraging and 4340 steels. The readings were quite consistent
across the section and from specimen to specimen. The average hardness
for the maraging steel was 49 Re and for the 4340 steel the average hardness
was 48 Rc. The tensile test results were also very consistent. The
maraging steel has an average yield strength of 232 ksi for 4 specimens
with no individual reading exceeding £ 8 ksi on the average. The 4340
tensile test specimeﬁs had a similiar consistency. The average yield
was 203 ksi, based on 4 tests, with no individual reading exceeding
T 6 ksi. These results are presented in Table 4.3,
As an additional check on the consistency of the material used
in the testing program, micrographs were prepared from material taken
from single-edge notch and compact tension specimens of both steels.
Figure 4.1 shows photographs of the microstructure of maraging steel
and Figure 4.2 presents photographs of the microstructure of 4340 steel,
The examination of the microstructures revealed that the material
appeared to be consistent from specimen to specimen. Figure 4.2 shows
a uniform structure of tempered martensite. The maraging steel, shown in
Figure 4.1, showed planes of banding which were essentially parallel with
the surface plane of the specimen and were directed along the rolling axis.
The reasons for the presence of these bands was not studied in any amount
of detail as it was not the purpose of this thesis to study the basic
structure of such a complex material as maréging steel. However, from
the consistency of the bands in the specimens studied and the uniformity
of the microstructure of the 4340 steel, it was concluded that any

microstructural effects would be common denominator to all specimens.
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TABLE 4.1

Chemical Composition of 0.66-Inch-Thick 18Ni Maraging Steel Plate

Chemical Composition-Percent
(Check Analysis)

C Mn P S Si Ni Co Mo Ti Al

0.015 0.05 0.001 0.009 0.032 17.3  8.27 4.88 0.42 0.11



TABLE 4.2

Chemical Composition of AIST 4340 Steel

Chemical Composition-Percent
(Ladle Analysis)

C Mn P S Si Ni Cr Mo

0.40  0.71  0.007 0.013 0.25 1.75 0.78 0.25

0.06

104
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TABLE 4.3

Mechanical Properties of 18 Ni Maraging Steel

Yield Strength 0.2% 232,000 psi

Hardness - Rc 49

Mechanical Properties of 4340 Steel

Yield Strength 0.2% 203,000 psi

Hardness - Rc 48



(b)

Photomicrograph of maraging steel taken
from compact tension specimen
Photomicrograph of maraging steel taken

from single edge notch specimen
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Figure 4.2
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(a)

(b)

Photomicrograph of 434OAstee1 taken
from single edge notch specimen
Photomicrograph of 4340 steel taken

from compact tension specimen
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Figure 4.6

Gilmore Universal Testing Machine
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4.3 Specimen Preparation

The genéral orientation of the specimens cut from the plate stock
are as shown in Figure 4.3. The crack orientation, related to the
co-ordinates of Figure 4.3, is given as WR where the first letter, W,
indicates the normal to the crack plane and the second letter, R,
indicates the direction of crack propagation. The crack orientation WR
is in agreement with that suggested (1) for measuring fracture toughness
in sheet and plate products,

The specimens were machined from the stock material to the
configurations shown in Figures 4.4 and 4.5, The 45° included angle notch
was chosen as the stress raiser configuration because of its relative ease
of machining. The main depth of the slot was cut with an ordinary 3/32
inch side and face cutter with the final 0.100 inch being cut with a
special 3/32 inch cutter which had been ground to the 45° included angle.
This method of machining was employed to keep the notch root radii as
sharp and uniform as possible.

Final heat treatment procedures were conducted as specified by the
United States Steel Corporation. The single edge notch specimens were heat
treated at either Bristol Aerospace Limited or Winnipeg Heat Treating while
the compact tension specimens were heat treated in the Metallurgical Engineering

Laboratories of the University of Manitoba.

4.4 Testing Equipment

A Gilmore Universal Electo~Hydraulic Closed Loop Material Testing
machine with a dynamic capacity of * 50,000 pounds was used to fatigue and
fracture the specimens. This testing machine had a static capacity of
75,000 pounds and this feature was employed to fracture the single-edge

notch specimens.
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The machine is shown in Figure 4.6,

To obtain measurements of the surface opening displacements of the
crack in the specimen, an extensometer was constructed following the
suggestions set forth in the 1969 A.s.T.M. proposed standards for fracture
toughness testing (39). The material selected for the cantilever beams
was a titanium alloy, Ti-6Al-4v. This material was selected for itg
relatively high strength and low modulus of elasticity. The spacer
block was machined from brass. The specifications of the extensometer
are shown in Figure 4.7.

Four Budd Metalfilm strain gages of the type C6-1x1-M50 were
mounted on the two titanium alloy beams to provide a full bridge circuit
to measure the crack opening displacements. The strain gages had a
Tesistance of 120.0 % 0.5 ohms with a gage factor of 2.00 * 1.0%.

Extreme care was used to try to ensure the gages were located on the

centerline of the beams and equidistant from the ends to be fitted onto

the specimen. Two sharp edged Supports were machined from mild steel to
.

act as location devices on the specimen. The‘extensometer, attached

to a specimen, is shown in Figures 4.8 (a) and 4.8 (b).

4.5 Test Procedure

As ome purpose of the experimental program was to study the effect
of the fatigue stresg intensity level used to produce a crack on the
fracture toughness, it wag decided to conduct a series of tests at low
fatigue stress intensities and another series at high fétigue stress
intensities. The low fatigue stress intensity region chosen was 15% to 30%
of the expected fracture toughness while the high fatigue stress intensity

region was 50% to 70% of the expected fracture toughness. For 4340 steel
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the expected fracture toughness was 55 to 60 k.s.i. /in. (35) while
for the maraging steel the expected fracture toughness was 70 to 85
ksi Vin.,  (2).

Using the stress intensity equations of section 3.4, the fatigue
loads required to achieve the selected fatigue stress intensities were
determined. The specimen was then fatigued in tension at a stress ratio,

Minimum stress
R = Maximum stress, always less than 0.1 until the fatigue crack could be

to or following fatigue cracking. This allowed observation of any heat
treatment effects on Kic.

When the fatigue crack had progressed sufficiently, the fatigue
cycling was then stopped and the extensometer was attached to the specimen,
The extensometer output was used to drive the Y - axis for an X-Y recorder
while the load signal to the testing machine was used to drive the X - axis.
The machine was then programmed to apply a uniform loading rate to the
specimen until fracture occurred. In this manner the X-Y recorder gave an
autographic display of load displacement opening until final fracture. It
should also be noted that loading rate was selected for each specimen to
obtain a stress intensity increase rate of 50,000 to 60,000 psi V/Igl /min,
This rate of loading is in agreement with the A.S.T.M, proposed standards.
It was felt that by having a common stress intensity rate for all specimens,
any effect on Kic by loading rate would be uniform for all specimens,

After the specimen had fractured, the measurement of crack length
was taken at 5 stations uniformily spaced across the specimen. Thesge

readings were then averaged. If the difference between any two crack length
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measurements exceeded 5% of the average, the test was rejected. This
criteria was in keeping with the A.S.T.M. proposed standards regarding
the linearity of the fatigue crack front.

The load-dispacement plot was analyzed, following the proposed
A.S.T.M. standards, to determine the load for proper calculation of the
fracture toughness. A straight line was drawn along the straight line
portion of the curve and thus nullified any non~linearity at the
beginning of the test record which might occur as the extensometer
became stationary in its supports. A secant line was drawn which had a
prescribed lesser slope than the original straight line. This prescribed
lesser slope was 4% for the compact tension specimens and 4.2% for the
single edge notch specimens, following the proposed A.S.T.M. standards.
The intersection of this secant line with the test record gave the load
for the calculation of KIc. Representative load-displacement piots and

the accompanying analysis are shown in Figures 4.9, 4.10, 4.11 and 4.12.
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Figure 4.8 (a) Single Edge Notch Specimen and Extensometer

(b) Compact Tension Specimen and Extensometer
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 Introduction

Chapter 5 will present the experimental results obtained and
attempt to analyze and discuss the significance of the results in the
light of previous chapters. It will review all the aspects of the
experimental program to ascertain an estimate of the validity of the
results and to speculate on the influence of heat treatment, fatigue

cracking, and specimen size on fracture toughness.

5.2 Results

Tables 5.1 and 5.2 Present the results of thg experimental
program. The maximum fatigue stress intensity, Kf max, and the fracture
stress intensity, Kig, were calculated by a computer program for
equations 3.19 and 3.20. The crack length at failure, A, the specimen
width, W, the Specimen thickness, B, the maximum fatigue load, and the
fracture load were used as input information to the program. Equations
3.19 and 3.20, as they appeared in the program, were carefully checked to

ensure they were correctly entered into the program. A check of the

a/w = .35 to a/w = ,55 in increments of 0.01. The results of this check
were in exact agreement with listed values., (37)
The experimental results, as listed in Tables 5.1 and 5.2, are

presented graphically in Figures 5.1, 5.2, 5.3, 5.4, and 5.5. These figures
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TABLE 5.1

RESULTS FOR SINGLE EDGE NOTCH SPECIMENS

FATIGUE

FRACTURE

A W B LOAD Kemax
-250 3,009  0.715 10.15 20.53
.235 3,061 0.711 10.15 19.53
280 3.009  0.709 10.15 21.53
197 3,062 0.706 23.90 4410
2202 3,154 0,705 24,00 42.08
213 3,152 0.709 23.75 42.02
.239 3,148  0.498 10.15 18.88
269 3,149 0.704 10.15 19.41
.238  3.009  0.709 10.15 20.38
.239 3,007 0.708 28.25 56.96
.228 3,007  0.706 28.25 56.30
-253 3,010 0.708 28.25 57.89
.223 2,998  1.007 11.25 15.72
225 2,999 1.000 11.25 15.86
220 2,995  1.002 11.40 15.98
.228 2,998  1.005 18.40 25.92
267 2,997 1.004 18.40 26.62
.205 3,001  1.009 25.00 33.98
.207  3.000 1.003 25.50 34,98
211 2,998 1.009 25.55 35.07
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consist of a plot of K¢ max versus Kic and shows how the relationship
of Kic to K¢ max.varies with heat treatment cycle and specimen type.
The trend lines drawn in Figures 5.1 to 5.5 are given as straight
lines because only two sets of points were obtained for the majority of
tests. The trend lines are based on linear regression analysis of the
experimental data. It was felt by the author that these trend lines
would be helpful in illustrating the effects of fatigue precracking and
heat treatment on fracture toughness. It must be emphasized that a
lTinear relationship between Kyg and K¢ max has not been assumed or
postulated by these results., The linear regression analysis was used
because of the limited data and because such analysis would help to

reveal any trend which might be obscured by the scatter.

5.3 Analysis and Discussion of Results

| The most obvious result of the experiments is the difference in
fracture toughness levels for different specimen types of thé same material,
This result is quite clear in Figures 5.3, 5.4, and 5.5. 1In all the
experiments conducted, the fracture toughness measured by the compact
tension specimens was 15% to 20% lower than fracture toughness measured
by the single edge notch specimens.

This apparent difference in Kic levels is not easily understood.

The fracture toughness of the 4340 steel as measured by the single edge
notch specimens was 60 k.s.i.\/zg. and was nearly independent of fatigue
stress intensity throughout the region tested. This value of fracture
toughness is in good agreement with the published data (35). This reference
gives a fracture toughness of 53 to 55 k.s.i. in, for 4340 tempered for

1 hour at 600° ¥ to a vield strength of 230 Ksi and a value of 68 to 70
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k.s.i. JIH: for 4340 tempered for 1 hour at 750° F to a yield strength

of 213 ksi. These results were obtained by 3 point bend tests of single edge
notch plates. The experimental 4340 steel specimens for thié thesis were
tempered at 600° F for 1 hour to a yield strength 203 ksi.

Brown and Srawley (2) give a fracture toughness of 68.4 k.s.i. jEEf
for 18 Ni (250) Maraging steel aged at 900° F for 3 hours to a yield
strength of 259 ksi. This value is valid when fracture toughness is measured
by following the proposed A.S.T.M. standards in all details. The maraging
steel for this study was aged at 900° F for 3 hours and reached a yield
strength of 232 ksi. It has been observed (35, 2) that the fracture
toughness increases as the yield strength decreases. TFor 18 Ni (300)
maraging steel a drop in vield strength from 285 ksi to 242 ksi was accompanied
by a fracture toughness increase of 51.75 k.s.i. JIH. to 84.5 k.s.i./in. (2).
Hence the fracture toughness of 85 to 90 k.s.i. JE;: measured by the single
edge notch specimens would seem to be valid.

One possible explanation for the difference in Ky¢ levels as measured
by the two specimens could be size effect. This would not be a size effect
due to a change in thickness, as thickness was not varied in these experiments.
Rather this would be a size effect created by the relative closeness of the
loading to the crack in the compact tension specimens as compared to the
single edge notch specimens. The compact tension specimens were also
subjected to a greater degree of bending and tension than were the single
edge notch specimens. The nature of the more severe combined loading on
the compact tension specimens may have affected the crack tip stress field
in a manner which was not accounted for by the stress intensity equation for
this specimen. This could be a possible explanation for the differences in

the Kyc levels,
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The effect of maximum fatigue stress intensity on the maraging
steel appears to be closely related to the heat treatment procedure.
Figure 5.4 shows that fracture toughness is essentially independent of
fatigue stress intensity, in the region tested, for all specimens which
were cracked after aging. Figure 5.3 shows that fracture toughness isg
dependent on fatigue stress intensity for all specimens which were cracked
and then aged.

For 4340 steel, the fracture toughness as measured by ﬁhe single
edge notch specimens was independent of fatigue stress intensity. However,
as shown by Figure 5.5, the fracture toughness measured by the compact
tension specimens was quite dependent of fatigue stress intensity over the
same range of fatigue stress intensities. This suggests the‘compact tension
specimens, at least for this material, may be more sensitive to fatigue
precracking.

Figure 5.1 and 5.2 show clearly that the heat treatment cycle has
an effect on the fracture toughness. The fracture toughness is definitely
elevated for all specimens which were subjected to a high fatigue stress
intensity and were subsequently aged for 3 hours ar 900° F. This would
indicate that the heat treatment cycle must receive careful attention during
measurements of fracture toughness.

The results of these experiments would seem to support the A.S.T.M.
proposed standards regarding fatigue precracking. These proposed standards
suggested a maximum fatigue stress intensity for steels of either 36 k.s.i. /in.
or one half of the subsequent Kigc of the steel. The lesser of the two values
should be chosen for the maximum fatigue stress intensity. Following these
standards, the maraging steel could be subjected to a fatigue stress intensity

of 36 k.s.i. J/in. while the 4340 steel would be limited to 30 k.s.i. J/in.
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The 4340 steel results of Figure 5.5 for single edge notch specimens
definitely support these recommendations. However, the compact tension
results indicate a dependence on fatigue stress intensity even below
30 k.s.i. Jin.

The maraging steel results of Figure 5.4 support the independence
of Ki¢ from fatigue stress intensity below 36 k.s.i. yin. The results of
Figure 5.3 are inconclusive since an accurate estimate of the behaviour
of Kic up to a fatigue stress intensity cannot be made.

The A.S.T.M. proposal on heat treatment suggests:

"The fatigue cracking shall be conducted with the specimen fully
heat treated to the condition in which it is to be tested'.

The results of the experimental study would suggest that the heat treatment
should be such that the introduction of the crack would occur at the
same point in the heat treatment cycle in both experimental specimen and

actual component application.

5.4 Summary

The results of experimental program indicate that the fatigue stress
intensity and heat treatment cycle do have an effect on fracture toughness,
The extent of the effect of these two variables is interrelated and varies
with material and specimen types. However, following the A.S.T.M. proposed
standards concerning fatigue precracking should eliminate any fatigue effects
on fracture toughness.

The ability of all specimen types to measure fracture toughness
accurately and reliably seems questionable as a result of these experiments,
More experimental s?udy appears to be required with the compact tension

specimen to ensure that it can measure fracture toughness accurately.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Introduction

This chapter presents a summary of the experimental results and
compares them to related results which were found in the literature
reviewed. It will also make some recommendations on possible improvement
of the experimental approach and give some suggestions for additional

investigations.

6.2 Summary

The results of the testing program revealed that the fracture
toughness, as measured by the compact tension specimens, was more
sensitive to the fatigue cracking stress intensity than was the fracture
toughness measured by the single edge notch specimens. The general levels
of fracture toughness measured by the compact tension specimens were
15% to 20% lower than the fracture toughness levels measured by the single
edge notch specimens.

The literature review had revealed that the fracture toughness was
elevated when the fatigue crack was introduced by high fatigue stress
intensities (2). However, the published reéults were computed from
specimens fractured in four point bending. Similar evidence for compact
tension or single edge notch tension specimens was not found. Also, very
little experimental verification of the compact tension specimen was found.

The literature review indicated that all types of fracture toughness

specimen geometries should be capable of measuring the fracture toughness
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of a material (2, 34). Srawley (34) states:

"It has been established for a number of materials that Kie
is independent of gize and form of specimen when properly measured; which
means, among other things, when the specimen dimensions are adequate',
This would seem to imply that the proposed specifications for the compact
tension specimen are inadequate or some major inaccuracy occurred in

the test program but was not discovered.

6.3 Conclusions

As the experimental program was conducted to investigate certain
areas of the A.S.T.M. proposed standards concerning the determination of
the fracture toughness of a material, any conclusions will be directed at
justification of these standards.

From the experimental study, it can be concluded that the proposed
standards concerning fatigue precracking are sufficiently conservative
to ensure that the fatigue stress intensity used to initiate a crack will
have no effect on the measured fracture toughness of the material.

The use of the Tecommended compact tension specimen to measure
fracture toughness could not be justified by these experiments. The
compact tension specimen gave results which were consistently lower than
the single edge notch specimen results. The single edge notch specimen
results were assumed to be valid as they agreed with published data.

The heat treatment cycle does have an effect on the measured
fracture toughness. Consequently, it would seem advisable to subject the
fracture toughness specimen to the same sequence of loads and heat treat-
ments which it will receive in service. 1In this manner, variations in

experimental and service fracture toughness could not be attributed to



improper control of the experimental specimen.

6.4 Recommendations and Suggestions for Further Study

To improve the experimental aspects of the thesis, the following
suggestion is made;

fhe minimum number of tests at a given fatigue stress intensity
level should be increased from the recommended 3 to either 5 or 6 to
increase the confidence in the measured value of fracture toughness.

As a area of further study, this field of fracture toughness
testing has many possible areas of exploration. Firstly, more tests
should be conducted at immediate fatigue stress intensity levels to
obtain a fuller picture of the Kyg -Kf max relationship. More study
must be conducted with the compact tension specimen to verify its
usefulness in fracture toughness testing.

Another very interesting and possible quite revealing study could
be conducted into the micro mechanisms of the fracture process. The
use of the electron microscope or electron probe to study the development
of the fatigue crack, the transition from the fatigue crack tip to fast
fracture, and the nature of the mechanism of final fracture could prove

to be most rewarding.
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APPENDIX A

Stress TField Equations Expressed in Polar Co-ordinates

The stress field equations for opening mode loading were given

by equation 3.13 as

o, =Re Z -y Im z1 (A.D)
6. =Re Z + y Im 2!
y
= - 1

Txy v Re Z

where Z = f(z) is an analytic function of the complex variable, z =
. 1 dz

x + iy, and Z° = 37 -

Taking polar co-ordinates from the origin, as in Figure 2.74,
z = re’ " (A.2)

The stress field in the crack tip region was characterized by

equation 3.15 as

limlzl > o Z = KI (A.3)
V2TZ
. 1 K
then llmlzl >0 Z° = _—_:L I (A.4)
2 V27z.z
expressing (A.3) and (A.4) in polar co-ordinates
-
) K 2
l:Lmr 56 Z =1 e (A.5)
V2Tr
3
lim 7t = 1 K¢ e (A.6)
r > o B
V21T .r

Applying Euler's identity e = cos & - 1 sin © to (A.5) and

(A.6),



A2

limr b6 Z = KI [cos o - 1 sin 9:] (A7)
2 2
V2mr
Ly, 1 —_— — ’d — . 3
Hm 75 = _l_kl cos 3o - i sin 3o (A.8)
> 0 2 i 2 2
2T v
Also, X = ¥ COS & (A.9)
y = r sin o (A.10)

Substituting (A.7), (A.8), (A.9), (A.10) into (A D),

o =K cos & - 1 sin o sin 3o | (A.11)
x ) 2

/2nr -
o = KI [cos o+ 1 sin e-sin.égn
Y 2 2 2 |

2T
T =K "1 sin T cos 3¢
xy L 3 >

2nr

Employing the identity

sin & = sin 2 (95 = 2 sin & cos ©
2 A5 =
2 2
in equation (A.11)
o = KI cos & |1 - sin & sin 3e (A.12)
X 2 2 2
21t
o =K cos & [i + sin & sin 3e
I < A =Y
y 2 | 2 2
V2T
T = K cos © sin & cos 3&
xy L 2 2 2
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APPENDIX B

The Stress Function Approach to the Griffith Crack Problem

The Griffith crack problem was analyzed in Chapter 3.2 by energy
methods. In this appendix, the stress function approach will be used.

The stress field equations, as discussed in Chapter 3.3, were

o, = Re Z - y Im 2z} (B.1)
¢ =ReZ+y Im Z!
y
- 1
Txy = y Re Z

Consider the Griffith configuration of Figure 3.1. TFor this

configuration, the following stress function is applicable:
Z = oz (B.2)
z°-a

where z = x + 1y and the origin is at the centre of the crack. It
can be verified that this is the correct stress function by observing
that:

(1) the function is analytic everywhere except for - a < x < a
on the x - axis,

(2) the boundary conditions of the problem are satisfied.

The boundary stresses are computed by equations (B.1l) using
equation (B.2) and its first derivative which is

z! = dZ = -ga? (B.3)
dz (z7-a%)3/2

At infinity, |z| » e, the boundary stresses are



B2

£ y
o

On the crack surface, z = x, — a < X < a, Z is a pure imaginary
quantity and gives
c =1 = 0
y Xy
In order to examine the crack tip, the origin is moved from z = o
to the right hand crack tip z = a. The co~ordinates with respect to
the crack tip are related to the previous co-ordinates by replacing =z

by z + a.

With z + a substituted for z, equation (B.2) becomes

7 = g(zta) = g(ata) (z42a) "+ 2 (B.4)
Vz2+2az Vé

Now in Appendix A, it was noted that the stress field at the

crack tip was characterized by the equation

z] >0 z = KI (A.3)

Vanz

1im [

By taking the limit, Iz[ + o for equation (B.4) and comparing
with (A.3), the opening mode stress intensity for the Griffith crack

problem is

K; = ovma | (B.5)





