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THE USE OF THERMOGRAPHY IN FATIGUE STUDIES
CHAPTER T
INTRODUCTION

It has long been recognized that failures can occur
in materials under repeated stress application at stresses
well below those required to produce failure of the materi-
al under static loading conditions. Even when the loading
of the material does not reach the yield stress of the materi-
al for static conditions, repeated application will result
in physical damage to the material and eventually the ma-
terial fails completely. The fallures which occur under
repeated or cyclic stressing are called fatigue failures.
Sometimes such failures are catastrophic, involving the
loss of life and property. Perhaps the first concerted
efforts toward fatigue research stemmed from the frequent
failures of railroad axles which occurred while the axles
were not being overloaded from a static standpointl. The
results of those studies form the basis for much of the
fatigue data available today. One of the primary objec-
tives of that early research was the establishment of

fatigue-life curves for materials and commonly-used machine



parts. By properly using these curves, machine designers
could make a rough estimate of the useful life of a given
part, or design a part to withstand a specified number of
repeated loadings. After that number of loadings, the part
became suspect from a fatigue standpoint, and was simply
replaced with a new part., Similar procedures are currently
being applied to some fatigue problems in aircraft, which
are subjected to considerable fatigue loading.

Such a policy for dealing with fatigue problems 1is
probably the simplest to pursue, but often the replacement
of a part is in fact unnecessary. In other cases, parts
have been known to fail before their design life is reached.
Indeed, it has been estimated that approximately 80 percent
of all machine part fallures are traceable to fatiguez.
Thus, while the fatigue-life curve is still of primary im-
portance to the designer, it provides only a rough estimate
of the useful 1life of a part in service in a particular
application. 1In order to make the most efficient use of
materials, and in order to ensure the safety of machinery,
there exists the need for a more accurate means of eval-
uating the condition of materials subjected to cyclic
loading.

The most reliable way to avoid fatigue failures in
machine parts subjected to cyclic loading is to periodically
inspect the parts for signs of fatigue damage. This damage

may take many forms, according to the material in question.




Various techniques have been developed and refined to accom-
plish the periodic inspections of materials. The earliest
and simplest technigue of inspection is visual. Depending
on the care exercised during the inspection, fatigue cracks
can be detected as early as within the first 15 percent of
the 1life of the part3. Unfortunately, the accuracy of this
method depends greatly on the skill of the inspector, and
it is also possible to miss a fatigue crack entirely. This
would obviously be the case for sub-surface fatigue cracks.
Early findings of damage also depend on the careful prepa-
ration of the part of interest. Often this part is sub-
jected to a dye penetrant in order to make the fatigue
crack more easily visible. The use of a microscope during
visual inspections enhances the sensitivity of the tech-
nigque, but such an inspection can be lengthy i1f there are
several areas to be inspected on each part. The main draw-
back of the visual inspection is that it is limited for all
practical purposes to the detection of fatigue macrocracks
on the surface of materials. Visual inspections can lead
only to conjecture about regions likely to incur fatigue
damage in the future.

Other inspection techniques are currently being
used or are under study which can provide much more useful
information than the visual inspection. Many of these
techniques work in conjunction with visual inspections to

enhance the dependability of the latter. Several methods




may be termed nondestructive techniques in that they do not
affect the material being inspected. Some might also be
classified as dynamic fatigue inspections, being related
directly to the stress levels in the materials and re-
quiring that the part be cycled while being inspected.
Perhaps the oldest and most widely used form of nondestruc-
tive testing is radiographyu. Basically, this technique
depends on the absorption of X-rays in a material being
irradiated. Where the material is flawed, or includes a
void, the effective thickness of the material is changed
and the intensity of the X-rays leaving the material is
increased. In this manner, an image of the defect is
formed and generally recorded on photographic film. Con-
siderable experience is necessary to interpret the results
of a radiograph, particularly in identifying the source of
the indication and in judging how harmful the defect might
be in service. The principal field of application of
radiograpny is in the inspection of welds and castings, but
it has been used in fatigue inspections. The primary dif-
ficulty in fatigue application is that radiography does not
detect very thin flaws, unless such a flaw lies parallel

to the direction of the X-rays. Unfortunately, fatigue
cracks are "thin flaws" and therefore may be missed in a
radiographic inspection. Another disadvantage of radiogra-
phy is that the X-rays used in the inspection can pose a

health hazard to the inspectors.



Another method of detecting discontinuities in
materials is by magnetic inspection. These methods are
used in conjunction with the visual inspection. Magnetic
inspection methods depend upon establishing a uniform mag-
netic field around the material of interest by using a
magnetic coil or by passing an electrical current through
the materialS. Any discontinuity in the material disturbs
this magnetic field, and the disturbance can be detected
using either magnetic powder or a pick-up coil. Two com-
mon examples of the magnetic powder techniques are Magna-
flux and Magnaglow. Both of these techniques can detect
fine surface and subsurface cracks. An example of the use
of a pick-up coil is the Sperry rail tester used by rail-
roads. In this case, an electrical current is passed through
the rail while a pick-up coil monitors the induced current
above the rail. Any disturbance in the induced current
may indicate the presence of a defect, perhaps a fatigue
crack. These magnetic methods have the advantage of being
able to discern small flaws, but they depend eventually
for their success on a visual inspection.

Another useful technique for fatigue damage in-
spection is ultrasonic testingé. In this technique, a beam
of ultrasonic waves is transmitted through a material, and
reflections from any defects are detected electrically. The

method is capable of discerning small surface and sub-sur-

face flaws, but locating the flaws within the material may




pose a considerable problem due to wave reflections within
the part. This may be especially true for parts with com-
plicated geometries.

The previous examples of fatigue damage detection
techniques should be classified as "static" in that the in-
spection takes place with the part out of service and un-
stressed. A few damage detection techniques are "dynamic"
in their nature. This permits them to be predictive to some
extent. They in fact depend upon the stressing of the ma-
terial for their success. One example of such a method is
based on the detection of electrons being emitted from a
material under stress. When a metal is irradiated by
ultraviolet light, it emits electrons. If the material is
stressed at the same time, electrons are emitted more
easily. This increased emission of electrons is called
"exoelectron emission"7. Results obtained on aluminum
indicate that by monitoring the electron emission from a
cyclically loaded part, and determining where on the part
that emission is greatest, it is possible to predict the
eventual fracture point on the specimen after less than
one percent of the specimen's fatigue 1life. The primary
disadvantage of the method is that it must be carried out
in a high vacuum, which makes field use impractical.

A more widely researched method a fatigue investi-
gation is acoustic emissions. In this technique, material

undergoing cyclic loading emits acoustic or elastic waves




from regions incurring damage. As the damage increases,
the acoustic emission increases. The generally accepted
means of quantitizing acoustic emission data, which occur
as a continuous signal in the material, is to count the
number of times the signal level passes a predetermined
level. The frequency of these "bursts" is then related to
the damage occurring in the material. Research has shown
that acoustic emission can detect the presence of very
small flaws in a material well before such flaws become
obvious to visual inspection. One drawback of the tech-
nique is the need to eliminate as much of the background
noise due to external sources as possible. In this tech-
nique, as in ultrasonic testing, it may be difficult to
accurately locate a flaw without visual inspection due to
the complexity of the wave propagation and reflection
problems in the material.

A relatively new and extremely promising technique
for fatigue inspection is that of thermography using the
scanning infrared camera. This technique can be intimately
related to the operational stress levels in the part of
interest, and is nondestructive in that the material being
inspected is not affected by the inspection itself.
"Thermography" is used herein to denote thermal imaging
using the scamning infrared camera exclusively. Most
thermal imaging techniques, including thermography, utilize

the infrared emission from a body to discern its temperature.



For quite some time the use of infrared detectors for
nondestructive testing has been widely accepted. Some of
the pre-scanning infrared applications include the detec-
tion of weld defects, inspection of nuclear fuel elements,
inspection for bond defects in rocket propellant and case
assemblies, and others9’1o’11.

The advent of the scanning infrared camera opened
the doors to many new research efforts in infrared imaging.
The scanning infrared camera has been used successfully for
some years as a research and diagnostic tool by the medical
professioniz. In other applications, thermography has been
used to inspect food package seals, power plant systems,
printed circuit boards, heated aircraft panels, and insula-
tion on structures from residential homes to bulk storage
tanks13. In one unusual application, thermography was used
to locate contraband compartments hidden inside large tank
trucks.

Materials research and inspection technigues using
thermography are becoming ever mxe numerous. In static
applications, it has been used as a nondestructive instru-
ment locate flaws in critical parts of aircraft fuel systems,

and to locate bond defects in honeycomb panelslu’15.

These
applications require the use of an external heat source

for the specimen, which is then scanned for abnormalities
in its surface-temperature distribution. This approach

may also prove successful in detecting small fatigue cracks




in a static sense through the flaw in the surface tempera-
tures created by the thermal contact resistance across the
crack. Another potentially useful static application of
thermography in fatigue studies utilizes the increase in
electrical resistivity within a material which occurs after
only a few fatigue cycleslé. A current of uniform density
being passed through the slightly damaged specimen is dis-
turbed by the changed resistivity, and local heating re-
sults in the damaged region of the material. When developed,
this technique could lead to accurate early detection of
areas likely to incur the greatest fatigue damage.

The thermographic techniques discussed above are
not related to the operational stress levels in the materi-
als and are static in nature. A different thrust in
thermographic-fatigue research leads to the development of
thermography as a dynamic fatigue testing technique17'25.
In this application the source of heat is the energy dis-
sipation within the material due to hysteresis erffects.
This energy dissipation is a direct function of the stress
level in the material. Areas of high stress are accompan-
ied by higher hysteresis losses than the surrounding mat-
erial., There results on the surface of the specimen a
non-uniform temperature distribution in which warm regions
are indicative of areas of locally high stress. The first
published work on this application of thermography was that

of Attermo and Ostberg, who simply measured the temperature



10

rise ahead of a fatigue crack17. Further studies of this
technique have been undertaken by Reifsnider et al.18’19,
Nevedunsky et al.2°, and Charles et al.2r 25, The first
two groups concentrated their efforts on composite materials.
In their work, thermography was not the primary means of
gaining thermal data, but rather was a secondary system
used mainly for qualitative indications of the temperature
distributions. However, the work does show the relation-
ship of the thermal patterns generated on the material to
the strain-energy density field in the material. The work
of Charles et al. was undertaken using a variety of materials,
and used the scanning infrared camera as the means of
gaining quantitative thermal data. The potential for ther-
mography as a nondestructive inspection and research tool
was demonstrated using steel, aluminum, fiberglass-epoxy
composite, and graphite-epoxy composite. The results in-
dicated that thermography could provide early warning of
areas likely %o incur fatigue damage, monitor damage al-
ready present, and provide accurate surface-temperature
maps of the specimens at any time during their lives.

The present work carries this basic research in
the use of thermography in fatigue studies still further.
Comprehensive data are presented for steel fatigue spec-
imens, and additional data are added to that already re-
ported for composite materials., The results include the

prediction of damage-prone areas, the accurate monitoring
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of progressing fatigue damage, mapping surface temperatures
on specimens, and the determination of energy dissipation
rates and total energy dissipation during a test. In
addition, attempts are made to relate thermographic data

to the size of the plastic zone ahead of the propagating
fatigue cracks. ZLimitations of the technique and possibil-
ities for further application are discussed in the light

of information ffom analytical models.




CHAPTER II
THEORY

It is believed that fatigue damage accumulates as
the result of cyclic plastic strains, and that these strains
occur in all materials under any finite stresses26. Because
of these plastic deformations in fatigue loading, energy
is dissipated in the material during the loading. Most
of this energy manifests itself as heat and is not recov-
erable as strain energy. Since the stress levels within
a material are seldom uniform, areas of locally severe
plastic deformation occur in the material. These are the
areas which eventually become locations of macroscopic fa-
tigue damage and lead to the ultimate failure of the ma-
terial. During the energy dissipation, it is possible for
the affected areas to become warmer than the surrounding
regions due to the interaction of the heat generation and
the heat-transfer mechanisms acting on the material. A
knowledge of the temperature distribution throughout the
material under stress may therefore lead one to some useful
conclusions pertaining to the likelihood of significant

fatigue damage at a given location. Such information may

12




13

also provide insights on the total energy required to pro-
duce a fatigue failure under a given cyclic loading con-
dition. In fact, many useful conclusions can be drawn 1f
a knowledge of the temperature distribution within a body
undergoing fatigue loading is obtainable.

For most cases, a complete three-dimensional temp-
erature distribution within a body would be difficult if
not impossible to obtain using nondestructive techniques.
However, with the scanning infrared camera, a high-resolu-
tion picture of the surface temperature distribution on the
body is readily obtainable. A knowledge of the heat-transfer
mechanisms acting in the body is necessary if the surface
temperatures are to be related to possible fatigue damage
occurring inside the body. For many practical cases,
notably thin plates and shells, the heat-transfer problem
poses no major obstacles. Thus, one can readily draw con-
clusions pertaining to the state of damage in a part by
looking only at the thermographic data obtained with the
scanning infrared camera. Furthermore, thermography in no
way interferes with the surface being observed, making it

truly nondestructive as a monitoring technique.

Fatigue Mechanisms

An understanding of the mechanisms of fatigue is
helpful in trying to interpret the data obtained with the
scanning infrared camera. Many factors affect the fatigue

behavior of materials. Even the behavior of two seemingly
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identical pieces of material can be quite different. Var-
ious materials display different behaviors under fatigue
loading primarily because of their mechanical properties,
their fracture characteristics, and their chemical and
microstructural composition. For example, fatigue damage
in metals usually occurs in the form of cracks which prop-
agate in the material until failure27. On the other hand,
composite materials display many kinds of fatigue damage
simultaneously, including debonding, delamination, matrix
cracking and otherszs. Specimens of a given material may
yield very different results in fatigue tests due to the
effects of the type of loading, mean stress level, notch
configuration, surface condition, environment, and otherszg.
It is beyond the scope of this study to attempt to deal
with all these effects. Rather, consistency of geometry,
loading and preparation of a given material will be main-
tained. Hostile environments of high temperature or corro-
sive atmosphere can seriously affect the fatigue behavior
of many materials, with some materials exhibiting signif-
icant changes in behavior with temperature changes. In
particular, composite materials may show a relatively high
sensitivity to adverse environmental conditions due to
changes in the matrix material. In the present work, dis-
cussion will be limited to environments at room temperature.
Indeed, the very phenomenon which makes the use of

thermography in fatigue studies possible is the temperature
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rise in the material which results from the plastic defor-
mations. That temperature rise is usually no greater than
about 50°F to 80°F for the studies conducted in this work,
so it will be assumed that no significant changes in the
material behavior stem from the thermal "feedback" of the
materialBo. It is then possible to uncouple the heat-trans-
fer and stress problems from one another, greatly simplifying
the total problem.

Many theories exist which try to explain the mech-
anism of fatigue from a single viewpoint. Some are based
on statistical theory, while others are extended from ex-
perimental results of pure fractureBl. However, it appears
that the entire life of a fatigue specimen cannot be ade-
quately described by resorting to a single approach. A
more likely method is to describe different stages of the
fatigue 1life with different models, as is done in the theory
of Yokobori32. In this sense, it i1s more appropriate to
discuss the mechanisms of fatigue rather than only one
mechanism. The discussion which follows will be limited
to metallic materials.,

It is convenient to break the fatigue life down
into four or five stages, based on the damage present or
occurring in the material at any time. These stages are
illustrated in Fig. 1. During the first stage, comprising
the nondimensional fraction N* of the 1life of the specimen,

1
work hardening occurs in the material. Some theories choose
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Figure 1. Stages in the fatigue life of a specimen.
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to ignore the effects of work hardeningBB, but it has been
shown that such changes in the material do indeed take
placeBu. In fact, the initial stage has many of the features
of work hardening. There is an increase in hardness, yield
point and electrical resistivity during this stage. X-ray
methods have been used to show that crystal lattice strain
also occurs during the early portions of the fatigue life35.
It has also been observed that no microscopically observable
cracks are formed during the work hardening processBé. The
work-hardening stage occupies a very small part of the
fatigue 1life, perhaps only a few thousand cycles at most.
The second stage of the fatigue 1life occuples a
period N; and represents the time necessary for the forma-
tion of the first sub-microcracks. In fact, the mechanisms
which account for the formation of these cracks are also
operating during the first stage of the 1life. It is believed
that these first sub-microcracks form at the ends of slip
bands, which are composed of a cluster of fine slip line837.
Observations by Bullen et al.38 have shown that slip lines
appear under the microscope after the application of about
a thousand cycles, using tension-compression tests of cop-
per. This number of cycles seemed to be independent of
cycling rate and stress amplitude. The fine slip lines
were observed in broad bands located far apart. Upon
further loading, these slip bands broadened, supposedly due

to the greater mobility of atoms in the slip planes induced
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by the additional stressing. Eventually, the slip bands
broaden to the point where they may be called sub-micro-
cracks, and serve as the sites for microscopic crack forma-
tion.

A further portion of the fatigue life, N;, is re-
quired for the sub-microcracks to grow and link to form a
"detectable" crack. It may be somewhat difficult to gen-
eralize this stage since the sensitivity of the crack de-
tection instrument will determine when it ends. Neverthe-
less, during this stage, the broadened slip bands give rise
to microcracks which eventually precipitate the fatigue
failure. It is thought that the governing condition deter-
mining in which planes these cracks form is the maximum
shear stress acting on the materia139. However, in poly-
crystalline materials, cracks propagate with a zigzag path
from one grain to another. This discrepancy has been ex-
plained by McClintockuo, who showed that in each grain
of the material, the crack lies parallel to the slip plane
experiencing the maximum shear stress, but that in poly-
crystals, the grains themselves are arranged randomly.
Hence the apparent zigzag propagation of the crack.

In Yokobori's theory, a final stage, NZ, includes
the propagation of the mw-visible crack in the material
to ultimate failure. He explains that the distinction be-
tween the third and fourth stages is actually one of con-

venience. In fact, the mechanisms acting in each of the
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last two stages are the same. The length of the fourth
stage is said to be quite short, but this conclusion must
be accompanied by some statements concerning the type of
loading being used in the fatigue test. If the test is
load-controlled, then the last stage will indeed be short,
since the stress on the reduced cross-section increases
rapidly as the crack propagates. However, in deflection-
controlled testing such as was used in this study, the load
and therefore the stress on the material decreases as the
crack propagates. This tends to slow the propagation of
the crack, and extends greatly the length of the fourth
stage of the fatigue life, It is common in this case to
observe cracks visually at about 50 percent of the spec-
imen life, leaving half the life to comprise the final stage.
From both visual and thermographic observations of
deflection-controlled tests in this study, it is the author's
opinion that there should be a fifth stage of N; cycles added
to the theory above. This stage will be discussed in some
detail later, but basically it comprised about the final
20 to 30 percent of the fatigue lives of the steel specimens
tested. Before this stage, in the fourth stage, a visible
crack propagated slowly across the surface of the specimen.
Toward the end of the tests, the propagation became more
rapid, and was accompanied by a significant increase in the
energy dissipation in the material. Perhaps in load-con-

trolled tests the fourth and fifth stages are in fact one,
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but in deflection-controlled tests they can be readily sep-
arated. For completeness, this distinction will be con-
tinued herein. The probable cause of the increased energy
dissipation in the fifth stage is an increase in plastic
deformation which occurs as fracture is imminent,

The most significant aspect of the fatigue process
for the purpose of this study is the energy dissipation
which occurs in cyclically loaded materials. It is in
fact this energy dissipation which results in local temper-
ature rises in materials and enables one to obtain useful
information from scanning camera studies. Energy is dis-
sipated in fatigue loading because of plastic deformations
brought about by locally high stresses. The energy lost per
unit volume per cycle is measured as the area inside the
hysteresis loop, which traces the cyclic stress-strain be-
havior of the materialui. Hysteresis loops can take various
shapes and areas depending on the behavior of the material
and the loading imposed. Even with a given material under
a specified loading, the hysteresis loop changés markedly
throughout the duration of a fatigue test. This change is
usually associated with the local changes in the material
which occur during the fatigue stages discussed previously.
In addition, hysteresis loops pertain only to a point in
the material, and hence neighboring points can display
different loops at any time.

Several different hysteresis loops are shown in
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Fig. 2. Figure 2(a) illustrates how a hysteresis loop
becomes a straight line for purely elastic action. In
practice, such behavior does not exist, so there is always
an energy loss associated with fatigue loadinguz° Figure
2(b) shows a hysteresis loop for completely reversed load-
ing past the elastic 1limit of the material. The loop

shown actually changes shape as the test progresses. IT
the material cyclically hardens as the test proceeds, the
width of the loop gradually decreases until a stable loop
is achieved somewhere before the half-life of the material.
If the material cyclically softens, the reverse is true

and the loop gradually increases in area. Cyclic hardening
is the phenomenon which occurs in the metals used in this
study, so one would expect the energy dissipation to be
large in the material initially, and subside to a steady
value somewhat later. The development of the hysteresis
loop for loading which is not completely reversed is not
the same as that in Fig. 2(b). In cyclic loading where the
specimen is subjected only to cyclic tension, there is a
large initial plastic deformation as the material strain
hardens 1f loaded past the elastic limit. The hysteresis
loop then develops about an elastic line with its peak at
the limiting value of the stress. This condition is illus-~
trated in Fig. 2(c). The energy loss in this case is quite
different from that in fully reversed loading where the

material is yielded in each cycle in tension and compression.
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Energy approaches have been used by several authors
as a basis of theories to predict crack propagation rates
and fatigue livesuB_u5. The sum of all the areas under all
the hysteresis loops for a material during a fatigue test
is an indication of the total plastic strain energy, or
fatigue toughness, used in failing the material. It is
interesting that it may take 100 times the energy to frac-
ture a material in fatigue than is necessary in static
loading. Raju43 used the energy of plastic deformation in
a prediction of crack growth rates for materials whose
static stress-strain curves could be expressed in a bi-lin-
ear representation. While his theory is comprehensive, he
chose to neglect the work hardening in the material. As
illustrated in Fig. 2(c), the work hardening of the material
has a significant effect on the energy dissipated in the
material. Nevertheless, Raju's work contains a lengthy
discussion of the energy dissipation in the fatigue loading.
He contended that there is a non-hysteretic component to the
total energy dissipation which is a result of crack ex-
tension during each loading cycle., Obviously, this analysis
should be limited to stages after the first stage of the
fatigue 1life, since no cracks are formed in the very early
life.

In his theory, as in most other fatigue theories,
Raju assumes that there is a region about the stress con-

centrator or travelling crack in which plastic deformation
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occurs., This region is called the plastic zone. It is
also generally assumed that outside the plastic zone or
enclave the material response is completely elastic, yield-
ing no energy dissipation whatsoever. The problem then
becomes one of determining the size of the plastic zone and
the strain distribution within it in order to calculate the
energy dissipation rate in the material. The plastic zone
is of importance in the present study also, and a further
discussion of the plastic zone and the energy generation
within it is included in Chapter VI.

Considerable literature is available dealing with
the plastic zone and energy considerations for monotonic
fracture. Some of the literature deals explicitly with the

Il 15

temperature rise ahead of a running crack Many par-
allels can be drawn between the plastic zone for fatigue
loading and monotonic fracture, even when the latter does
not encounter work hardening at the crack tips, but the
comparison of temperature rises is futile. As already
noted, there is usually a much greater total energy dis-
sipation in fatigue loading than in monotonic fracture,
but it occurs over a much longer time. Hence the heat-
transfer problem is substantially different in the two
cases. However, many stﬁdies of plastic zone shapes and
sizes have yielded similar results for the two cases. A

classic reference in the study of plastic zones is a re-

port on the yielding of steel sheets in tension by
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D. S. Dugdaleu6. In this work, Dugdale analyzed the yield-

ing of sheets containing stress concentrations, arriving at
an expression for the length of the plastic zone as a func-
tion of the loading and the crack length, If the applied
stress is T, and the initial yield stress of the material
is Y, then Dugdale deduced that the length of the plastic

zone, S, 1s given by

i = 2sin® ({%) , (2.1)

where a represents the length of the plastic zone and the
crack., By yielding, ageing and etching several test pieces,
Dugdale was able to measure directly the lengths of the
plastic zones. The lengths compared well with his calcu-
lations. The shape of the plastic zones observed is shown
in Fig. 3(a).

Work by Yokobori et a1.47’u8

extended the results

of Dugdale into the realm of fatigue loading. The major
difference in the analysis of Yokobori compared to that

of Dugdale is that the former included the effects of strain
hardening in his analysis. This necessity was motivated by
a discrepancy in the plastic zone sizes measured by Yoko-
bori and those calculated from Dugdale's formula. Including

the effect of work hardening in a region measuring c about

the crack tip, Yokobori found

E% = cos™! <%> - % [éos'l (ng) - cos! (%E]. (2.2)
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In eq. (2.2), S represents the difference between the
applied stress T and the initial yield stress Y, and L=a-s
where a corresponds to that used by Dugdale. The geometry
of this plastic zone is shown in Fig. 3(b).

The shape of the plastic zone in plane strain differs
significantly from that in plane stress. Yokobori also ana-
lyzed the plastic zone for plane strain. In this case, the
plastic zone is shaped more like a flattened circle than in
the case of plane stress. This geometry makes 1t conven-
ient to describe the size of the plastic zone by defining
a radius of the plastic zone, R. It is generally believed
that the radius of the plastic zone is linearly dependent
on crack lengthu9. The shape of the plastic zone for plane
strain observed by Yokobori is shown in Fig. 4(a)., DNumer-
ical results for this case are presented in graphical form
in the reference,

By careful observation and comparison of his two
models for plastic zones, Yokobori concluded that the plas-
tic zone approximates that for plane strain early in the
fatigue life of a material, or for short crack lengths.
This is true based on tension-tension fatigue tests per-
formed. For longer crack lengths or nearer the end of the
tests, Yokobori found that the plastic zone began to look
like that for plane stress. In this case, the region c
of strain hardening appears to be a component similar to

the plastic zone for plane strain. Superimposed on this
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is a long tapered plastic zone of plane stress. The width
of the tapered region was reported to be about twice the
thickness of the specimen.

Most investigators deal only with the shape of the
plastic zone and not with its internal structure. A notable

L3

exception is the work of Raju -, who deals in depth with the
structure of the plastic zone in plane strain. The model
used by Raju is shown in Fig. 4(b). Raju subdivides the
zone into four regions according to their contribution to
the total energy dissipation. In zone A (see Fig. 4), plas-
tic deformation occurs only when the crack tip extends at
the maximum stress in each cycle. In zone D, normally
included in the plastic zone, deformations are elastic due
to elastic unloading which takes place during crack exten-
sion. 2ones B and C then comprise the "cyclic plastic en-
clave", Zone B represents the area in which, because of
crack growth, hysteresis losses increase with each loading
cycle. In zone C, the opposite effect is seen, with hys-
teresis losses decreasing due to the movement of the crack
tip away from that region. Thus Raju defines two dimensions
for his plastic zone model. The total plastic zone width,

w, 1s given as

_ 2 2
W= Kiax / 9 To11 ’ (2.3)

where Kmax is the stress intensity factor corresponding to

the maximum stress in each cycle, and zbli is the octahed-
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ral shear stress at yield under monotonic loading. The
cyclic plastic enclave is included in the plastic enclave,

and its width W, is given by

) = 2
w, = KR/C)?oli . (2.4)

In eq. (2.4), the stress intensity factor KR is based on the
stress range, and the octahedral shear stress is that which
occurs at yield in the cyclic loading. It should be re-
called that no work hardening is accounted for in this model,
and a somewhat idealized model is used to determine the
octahedral shear stress needed to pursue the approach
further.

Raju proceeds to determine relationships for the
energy losses per cycle based on the simplified material
response noted, dividing the losses into hysteretic and
non-hysteretic dissipation. An interesting conclusion is
arrived at while considering the change in hysteresis losses
in zones B and C due ©o crack extensicn. It igs shown that
the increase in loss that occurs in B is exactly balanced
by the decrease that occurs in C. Thus, the hysteretic
loss 1s seen to be independent of crack growth itself.

The plastic zone model of Raju is the most detailed
of all considered from an energy standpoint, but all of the
plastic zone models may lend insight to what is in fact
a very complicated process. These models will be mentioned

again in the light of the data obtained from thermography.
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Heat Transfer Mechanisms

Once energy in the form of heat is released in the
material being fatigued, the ability to measure any témp—
erature rise locally on the surface of the material depends
strongly on the heat transfer mechanisms operating in the
material. Fortunately, the mechanisms of heat transfer are
fairly well understood, at least from a macroscopic view-
point. Closed-form solutions are available to a large num-

50

ber of practical problems” , and numerical approaches to
heat transfer are helpful in other casesSi. The ability to
uncouple the energy generation problem from the subsequent
heat transfer problem makes the problem to be considered
much simpler than if such an assumption could not be imposed.
The difficulty in the heat transfer problem stems
from the fact that three heat transfer modes are operating
on the material simultaneously. The region of generation
of energy from plastic deformation loses heat by conduction
within the material, convection from the surface of the ma-
terial, and radiation from the surface to the surroundings
of the material. Of these three mechanisms, perhaps the
most important to understand here is radiative heat transfer.
The heat conduction problem is well understood, although it
may pose some difficulties when dealing with composite
materials. The heat convection problem is likewise well
understood, although difficulties may arise when trying to

specify an accurate heat transfer coefficient between the
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surface and the atmosphere. This is especially true when
the fatigue specimen is not stationary or at least quasi-
stationary. Nevertheless, the most difficult heat transfer
mode to deal with herein is that of radiation, and it is the
radiative heat transfer which allows one to visualize the
surface temperature distributions on the materials being
studied.

Several explanations of the physical mechanism of
radiative heat transfer process have been proposed52. Some -
times the radiation of heat is assumed to be by an electro-
magnetic wave process, while at other times a photon theory
seemg to best describe observed phenomena. Generally,
radiant heat energy is classified by its wavelength. The
wavelength of all radiation depends on how it 1s produced.
Thermal radiation is emitted by virtue of the temperature
of a body. All bodies with a temperature greater than ab-
solute zero emit thermal radiation according to their
temperatures. Hence, the wavelength of the thermal radia-
tion is governed by the temperature of the body. The wave-
lengths usually encompassed by thermal radiation fall be-
tween 0.1 and 100p, where one micron, p, is equal to 10'6
meters. This range is generally subdivided into visible,
ultraviolet and infrared portions. The radiant energy of
interest here occurs in the infrared portion of the spec-
trum, with wavelengths just longer than visible light.

The radiant heat transfer to and from a surface is



32

highly dependent on the radiative quality of the surface.
An ideal radiator would be one which emits or absorbs all
of the radiant energy available. Such a radiator is said
to be a "blackbody". The fraction of the available radiant
energy which is emitted by a body is its emissivity, with a
blackbody having an emissivity of 1.00. This property of
a material is most important to the present study. If a
body is opaque and cannot transmit thermal radiation in its
interior, it can be shown that in thermal equilibrium the
portion of energy emitted plus the portion of energy re-
flected must equal one. Thus, if a body is radiatively
black, it will not reflect any thermal radiation. If it is
not a blackbody, then the radiation leaving the surface will
be only partly that emitted due to the temperature of the
body, and partly reflected incoming radiation. The impor-
tance of this phenomenon to the success of thermographic
inspection of fatigue specimens will be discussed shortly.
A body at an absolute temperature T will emit ther-
mal radiation over a broad band of wavelengths. The wave-
length at which this emission is a maximum for a given
temperature is given by Wien's displacement law, which
states that the product of the absolute temperature and the
wavelength, in microns, for the maximum emission is a con-

stant.

(0]
Max T = 5215.6 u°R (2.5)
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Thus, as temperature increases, the wavelength for the max-
imum radiant emission decreases. In this study, the temp-
eratures of interest fall generally between 7OOF and about
1200F, the upper limit for temperatures with the scanning
infrared camera used. Using Wien's displacement law, one
finds that the wavelengths for the maximum radiant emission
lie between 8.99 and 9.84 microns. These wavelengths will
be recalled in the discussion of the scanning camera used
for this study (see Chapter III),

The radiant heat transfer problem is also highly
dependent on the relative positions of the emitting and ab-
sorbing surfaces. Since the thermal radiation travels in
straight lines at the speed of light, the radiating surface
must be able to "see" at least a portion of the absorbing
surface before heat transfer can take place. This leads to
the study of shape factors, or configuration factors, which
describes the fraction of diffuse radiation leaving one
surface which falls on another. A thorough discussion cf
shape factors can be found in most texts covering radiant
heat transfer53—55.

Infrared detectors, including those used in scan-
ning infrared cameras, are able to receive thermal radiation
and convert it into an electrical signal. This is accom-
plished by various means56. Regardless of the method used
to convert the energy, the temperature of the body being

studied can be determined from the signal. This is made
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possible through the use of the Stefan-Boltzman law, which
states that the total emission of radiation per unit sur-
face area per unit time from a blackbody is proportional to

the fourth power of the absolute temperature of the surface:

E(D) = o ™ (2.6)

In eq. (2.6), E, is the radiant blackbody emissive power,

T is the absolute temperature of the body, and ¢ is a con-
stant of proportionality, equal to 1.714 (1077) Btu/hr-ft°-
R4 and called the Stefan-Boltzman constant. Thus, by study-
ing the radiant emission from a surface, the surface temper-
ature distribution can be determined. The advantage of the
scanning infrared camera over a simple radiometer is that a
large surface can be studied in a short time, as the scan-
ning camera actually monitors thousands of points on the
surface in each second through a scanning optics system.

The result of this process is a visual image of the surface
under study in which the various temperatures on the surface
are seen as shades of gray. The resolution of this picture
depends to a large extent on the number of points scanned on
the surface. The emissivity of the surface becomes impor-
tant when using a scanning infrared camera designed for use
with blackbodies. Unless the emissivity of the surface is
nearly one, the scanning infrared camera receives less radi-
ant energy than is possible from the surface. In interpret-

ing this energy as coming from a blackbody, the scanning



35

camera predicts a temperature of the surface that is less
than the actual temperature. In itself, this may not be a
critical shortcoming, since much information can often be
gained from relative temperatures on a surface without ré—
sorting to quantitative analysis. However, it is possible
to be unable to detect any surface temperature if the emis-
sivity is too low., Another real problem arises in the pos-
sible reflections that may be seen on a surface with low
emissivity. Unless the surface can be isolated from other
sources of heat and infrared radiation, it becomes most
difficult to determine whether detected radiation is due to
the temperature of the surface or due to reflections from
the surroundings. In this case, very few accurate conclu-
sions can be drawn from the data obtained. Fortunately,

it is often possible to change the emissivity of a surface
by adding a thin surface coating, which can be assumed not
to change the temperature distribution of the surface it-
self, This %bechnique is used cfiten in this work, and will

discussed further in Chapter IV.

The Combined Problem

be

It has been seen that heat is generated in materials

undergoing fatigue loading due to hysteresis effects in the
plastic zones in the areas of high stress levels. If one

assumes the heat to be generated essentially at a point or
points in the body, then the important question is whether

or not the heat generation will be sufficient to produce
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measurable local temperature rises on the surface of the
material. The answer to this question depends on many fac-
tors. Of primary importance is the amount of heat released,
which depends on the stress levels in the material, as dis-
cussed previously. It will obviously be easier to measure
a temperature rise for stress levels above the initial
yvield stress than for levels below the yield point. Acting
in conjunction with the generation are the three means of
heat removal by conduction, convection and radiation.
Usually, the most important of these is heat transfer by
conduction. Materials with low thermal conductivities re-
tain the heat locally quite well and make the detection of
a temperature rise due to a small heat generation possible.
Composite materials usually display a low thermal conduc-
tivity. Also a factor in conduction heat transfer is the
cross-sectional area available through which the heat may be
transferred. A thick member will be able to transfer more
heat with a given temperature difference than a thin member.
Thus, thermography promises to be more successful in deal-
ing with plates than it does in dealing with large three-
dimensional bodies.

The convection heat losses will not be a major con-
sideration for most applications in the laboratory, but
could present obstacles in field use. Once the heat reaches
the surface of the specimen, it is convected to the atmos-

phere in proportion to the difference between the surface
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temperature and the atmospheric temperature. Unless this
temperature difference is large, the heat transfer by con-
vection will not adversely affect the results to be gained
by thermography. However, the presence of a non-uniform
heat transfer coefficient can complicate attempts to model
the combined problem analytically or numerically.

The importance of the radiant heat transfer has
already been discussed at some length. In practice, it is
the balance of generation, heat conduction, heat convection,
and radiant heat transfer which determines the success of

the method. Any temperature rises that are observed on

the surface of the fatigue specimen are related to the damage

occurring in the material. The conclusions which can be

drawn from the thermographic data taken during fatigue tests

can help aviod costly in-service failures, locate areas of
likely fatigue damage, and lend insight to the fatigue

process itself.



CHAPTER I1I

EXPERIMENTAL EQUIPMENT AND PROCEDURE

Temperature Measurement

The scanning infrared camera used in this study was
the Model 700 "ThermIscope", manufactured by Texas Instru-
ments and now distributed by Union Instrument Corporation.
This instrument, pictured in Fig. 5, consists of four units;
a scanner, a tripod, a recorder console and a camera. The
scanner, at the left of Fig. 5, rests on a mobile tripod
which allows adjustment of its vertical and horizontal posi-
tion. The infrared detector and its associated optics
system are housed in the scanner. Incoming thermal radia-
tion 1s focused on the detector through a hexagonal rotating
mirror (seen in Fig. 5 as the light area inside the front of
the scanner) and converging optics. The detector itself is
a compound of mercury, cadmium and telluride which must be
cooled by liquid nitrogen when the scanner is operating.

The detector is sensitive to thermal radiation in the 8 to
14 wavelength band. This band encompasses the wavelengths
at which blackbodies with temperatures between 7OOF and

120°F emit the maximum thermal radiation according to Wien's

displacement law, eq. (2.5). The time required for the
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Figure 6. Tatnall-Krouse fatigue machine.
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scanner to complete one scan of the viewing field is 4.5
seconds, with an additional 1.5 seconds required to recycle
before the following scan commences. Although this scanning
rate is somewhat slow, it produces an image of high thermal
and spatial resolution. The signal from the scanner is
processed in the recorder, which displays an image of the
surface temperatures being scanned on a cathode-ray tube.
The thermal sensitivity of the scanner is specified by the
manufacturer to be 0.07°C (0.125°F), and the image on the
cathode-ray tube is composed of 525 lines, each of which
consists of 525 points. Thus the total image is composed
of 275,000 elements. These and other important paramefers
of the ThermlIscope are listed in Table I.

The image on the cathode-ray tube of the recorder is
actually a black-and-white picture of the surface tempera-
ture distribution on the body being observed. The level of
temperatures observed and the range about that level can be
controlled from the recorder console. The limits of <the
temperatures that can be observed are 60 to 12OOF, governed
by the original intention that the ThermIscope be used in
medical applications. The range is adjustable from 1 to
20°F continuously. An internally-generated reference scale
is displayed on the cathode-ray tube along with the image
from the scanner. This scale is designed to allow one to
convert shades of gray to quantitative temperatures easily.

It was found that this scale was slightly out of calibra-
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Table I. "ThermIscope" System Parameters

Resolution: 275,000 elements/frame
(525 1ines x 525 elements/line)
0.00075 radian angular resolution
0,022 in. linear resolution (min.)

Thermal Sensitivity: 0.07°C (0.125°F)

Detector: Mercury-Cadmium-Telluride
(cooled by liquid nitrogen)

Spectral Range: 8 to 14 micrometers

Frame Time: 4.5 sec. (+ 1.5 sec. recycle)

Field of View: 33° by 33°

Focal Range: U4 inches to infinity

Display: High~resolution, cathode-ray tube
Display Format: 3-in. by 2.75-in. image

with reference scale

Camera: Polaroid using Type 55 P/N film




b2

tion during the present study, and that in fact the cali-
bration error was not consistent from one run to the next.
Therefore, it was necessary to include a reference source
of temperature in each‘thermogram made. This allowed much
more accurate determination of the temperatures in the
field of view. The procedure for this calibration correc-
tion is outlined in Appendix A,

In order to closely analyze the images on the cath-
ode-ray ‘tube, a camera is provided with the ThermlIscope.
On the unit used in this study, the camera was a 4 by 5-
inch Polaroid camera which used Type 55 P/N film to pro-
duce both a positive and a negative of the image. These
photographs are termed "thermograms". In practice, more
information is available from the negative than from the
positive of the same image, probably due to the contrast
limitations of the positive material. The negatives were
therefore given the recommended photographic treatment for
archival storage.

The negatives were analyzed to yield temperatures
with the aid of a Gamma Scientific Instruments Microdensi-
tometer and a Gamma Scientific Instruments Log Converter.
The illuminator microscope of the densitiometer was fitted
with an aperture of approximately 0.013 inches diameter.
This small aperture allowed the determination of tempera-
tures at points without having to average over a larger

region. The density of the negative was compared to that
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of the reference scale after the scale density was adjusted
using the external reference source, which consisted simply
of a heated 750-ohm resistor. The dissipation in the re-
sistor was controlled with a potentiometer so that the
reference temperature was always within the range of the
temperatures being scanned by the ThermIscope. The tempera-
ture of the reference was monitored with a thermistor which
was permanently attached to its surface. By using the
reference scale generated internally in the recorder and the
external calibration source, accurate temperatures at any
points on the thermograms could be determined. To speed
the data reduction process, digital computer programs were
used which converted the densities determined with the
densitometer into temperatures. One program was written to
provide temperatures for up to four points on each thermo-
gram analyzed. This was useful in determining the maximum
temperatures on thermograms. Another program used densi-
tometer readings taken on a grid system from one thermogram
and produced temperatures on a correctly-scaled grid in the
output. This program was used to produce the temperature
field maps of various specimens to be presented later.
During some of the fatigue tests discussed in this
study, temperatures at points of interest were monitored
using thermistors taped to the bottom sides of the speci-
mens. The thermistors were used with a Yellow Springs

Instrument Co. Scanning Tele-thermometer and a Hewlett-
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Packard 7100 strip-chart recorder. These measurements were
of importance mainly during the first few cycles of the
fatigue tests, where the slow scanning rate of the ThermI-
scope could not give complete information about the tran-
sient start-up temperature rise, and at the end of some of
the tests when the maximum temperatures exceeded the range
of the ThermlIscope. For these reasons, thermistors were
placed at notch roots and at the centerline of the speci-
mens, where fracture finally occurred.

The difficulty presented by the slow scanning rate
of the ThermIscope was apparent only at the start of each
fatigue test. It has been suggested that a higher scanning
rate would be desirable for this reason, but in order to
attain a higher scanning rate, sacrifices would have been
made in either thermal or spatial resolution, at least
with the scanning infrared cameras available at the time
this study was conductedzB. Once the initial transient
passed, the fatigue damage process, including crack propa-
gation,proceeded slowly enough that the heat transfer prob-
lem became quasi-steady-state, and the scanning rate was no
longer a problem., Far more important was the thermal and
spatial resclution combination which led to high-quality
thermograms, and the wavelength response of the ThermIscope
detector, which was so well matched to the range of tempera-
tures observed in the study. Thus, at the time this study

was conducted, the ThermIscope was judged to be the best
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choice of scanning infrared cameras for fatigue research.

Mechanical Testing

Specimens were cyclically loaded using the Tatnall-
Krouse variable-speed plate-fatigue-testing machine shown
in Fig. 6. This testing machine produces a deflection-
controlled cyclic bending stress in the plate specimens.

The deflection of the free end of the cantilevered specimen
is adjustable continuously from O to 2.0 inches. The fixed
end of the specimen may be adjusted vertically to produce
different stress ratios, R, defined as the algebraic ratio
of the minimum stress to the maximum stress in a cycle57.
The frequency of the loading is adjustable from 750 to 2000
cycles per minute. The manufacturer recommends that the
force to be applied by the connecting rod at the movable end
of the specimen be limited to 150 pounds.

Visual observations of fatigue damage were conducted
using a 20-power binocular microscope and a stroboscopic
light source. The use of the strobe was necessary since
the fatigue tests were not interrupted to make visual in-
spections. Using this system, fatigue cracks of lengths on
the order of 0.01 inches could be readily discerned.

When determined experimentally, strain distributions
were found using Micro-Measurements resistance strain gages
of 120-ohm nominal resistance. These were used in con-
junction with a Vishay Instruments Model 350AK Portable

Strain Indicator and a Budd SB-1 Switch and Balance Unit,
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Strain gages were also used to help determine the stress-
strain curve for the steel used in many of the fatigue tests
of this work. The tension tests were conducted in a Riehle
testing machine and an Instron testing machine, with a dial-
reading extensometer used to read large strains. The ex-

tensometer was readable to 0.001 inches.

Procedure

The specimens were prepared in various ways, based
mainly on their material group. Some steel specimens were
notched simply by cutting a rough sliit with a band saw,

Most were carefully milled to the required dimensions, and
notches of uniform shape and depth were milled into their
sides. Tapered specimens were milled to shape and then
either drilled or notched as will be discussed in Chapter V.
Fiverglass-epoxy specimens were milled with notches much
like the steel was, and graphite-epoxy specimens were
notched with a saw only.

The importance of the thermal emissivity of the
surfaces of the fatigue specimens has already been discussed.
Tabulated values58 for the emissivity of steel, and most
other metals in a clean condition, indicated that it would
be necessary to enhance the emissivity of the metal speci-
mens in order to obtain good results from the scanning in-
frared camera studies. This preliminary conclusion was
borne out by emissivity tests performed with the ThermIscope,

to be described in Chapter IV. Using these tests and some
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simple tension tests, it was decided to coat the metal spec-
imens with Krylon Ultra-flat Black spray paint, which brought
the emissivity up to very nearly one. It was found that
the emissivity of the composite materials was such that
painting was unnecessary. This was fortunate in that the
fatigue damage which occurred in the fiberglass-epoxy would
have been completely obscured by the paint. Since good
adhesion of the paint to the specimen was important, careful
preparation was given each specimen before painting. The
procedure used was much like that used in applying strain
gages: the specimens were washed and then sanded lightly with
increasingly finer emery cloth, until a smooth, clean surface
resulted. Micro-Measurements M-Prep metal conditioner was
used during the sanding, and neutralizer was used following
the sanding. A final acetone rinse was applied just prior
to spraying. Care was taken that each specimen received the
same preparation. The specimens were sprayed with paint on
the surface which would be observed with the scanning in-
frared camera, producing a coating with approximately a
0.002-inch thickness.

All the tests conducted in this study were cycled at
a frequency of 1,800 cycles per minute, and the stress ratio
was maintained at zero with the maximum stress on the top
of the specimens always in tension. In order to scan the
specimens, which were placed in a horizontal plane, a MSO

front-surface mirror was attached to the front of the scanner
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unit. This produced images of the specimens that were in-
verted compared to a normal view of the specimens. Once the
tests were started, they were allowed to proceed to comple-
tion without interruption, with the exception of one par-
ticularly long test. Hence, all thermograms were made while
the specimens were being fatigued, as were all visual in-
spections., The motion of the specimens was in and out of
the plane of focus of the scanner, but was sufficiently
small that the thermogram quality did not suffer. The de-
tection of small cracks was probably inhibited by the manner
in which the inspections were conducted, but this too was
deemed insignificant. Indeed, it is possible that the layer
of paint on the metal specimens was more detrimental to
crack detection by visual inspection than was the decision
not to interrupt the tests. When thermistor data were taken
using the strip-chart recorder, the thermistor being recorded
was changed from the notch root to the specimen centerline
as the fatigue cracks propagated.

As already mentioned, thermogram negatives were
photographically treated and stored carefully prior to
densitometer analysis. The densitometer analysis, in con-
junction with the reference scale calibration, yielded the

results presented in Chapter V.




CHAPTER IV
EMISSIVITY MEASUREMENTS

Before one can accurately measure the temperature of
a surface using the infrared radiation from the surface, the
emissivity of the surface must be known. This is particu-
larly true for studies with the scanning infrared camera,
since these instruments are calibrated to yield the tempera-
tures of blackbodies, and radiation coming from a gray body
(with emissivity less than one) will be misinterpreted as
coming from a surface of lower temperature than the actual
surface., The emissivity of surfaces can display marked var-
iations with both wavelength of the radiation and the angle
from which the surface is viewed. The spectral character of
the surface emissivity, or that variation with wavelength,
is of importance since the scanning infrared camera has a
band of wavelengths to which its detector will respond.
The scanning infrared camera actually averages the incoming
radiation over this band (8 to 14p for the ThermIscope) to
determine the temperature of the surface., Therefore, a
good measure of the emissivity of a surface to be used with
scanning infrared camera studies 1s an average emissivity
over the wavelengths to which the instrument responds.
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Lerner has proposed an experimental technique for
measuring the emissivities of surfaces using the scanning
infrared camera59. In a report dealing with the emissivity
of human skin, he outlined a method whereby the reflectivity
of a surface is measured with the thermograph and then used
to yield the emissivity of the surface. The technique is
an attractive one for use in thermographic studies because
the emissivity yielded is one averaged over the wavelength
band of the camera's detector response. The experimental
procedure itself is quickly carried out, and the necessary
calculations are done using widely-published tables of rad-
iation functions. It was decided to use this technique to
determine the emissivities of the fatigue specimens tested
in this study.

The experimental arrangement used to measure the
reflecc¢ivities of the specimens is illustrated in Fig. 7.
Two different sources of infrared radiation were used. For
cases where the reflectivity was expected to be nhigh, a var-
iable-temperature hohlraum was used. The temperature of
the source was maintainable at any level up to 230°C (4L6°F),
so i1t was possible to keep the apparent temperature of the
reflection on the surface being scanned within the tempera-
ture range of the scanning infrared camera. When the re-
flectivity of the surface was expected to be very low, a
higher temperature globar was used as the infrared source.

In some cases, this was the only way a reflected image could
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be produced on the surface of the specimens. The tempera-
ture of the globar was measured using an optical pyrometer,
and was found to be about 21350F. The emissivity of the
globar at this temperature was taken to be 0.90, and the
hohlraum was treated as a perfect blackbody. The radiation
emitted from the infrared source was focused on the surface
of each specimen with one flat mirror and one spherical
mirror, both front-surface types. The scanning infrared
camera was then used to observe the specimens and calculate
the apparent temperatures of the images formed. Only the
specular component of the reflected image was used. Care
was taken with each specimen to ensure that the angles «
shown in Fig. 7 were indeed equal and small as practical.
The actual temperature of the specimen and the temperature
of the reference source were monitored with the tele-thermom-
eter, It was assumed that no heating of the specimen
occurred during the exposure to the infrared source. In
fact, the fiberglass-epoxy specimen did exhibit a tempera-
ture rise due to prolonged irradiation, but this was allevi-
ated by shuttering the infrared source so that the specimen
was irradiated only during one scan of the ThermlIscope.
Lerner presented a method to determine the emissivity
of the surface of the specimen, averaged over the 8 to 14u
wavelength band, using tabulated radiation function359.
Assuming that the body does not transmit any radiation,

the average reflectivity is determined first, and then sub-
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tracted from one to give the average emissivity, €. Only
the final result of the derivation by Lerner will be pre-
sented here. If Eh is the emissivity of the infrared source,
and kl and XZ are the low and high wavelengths to which the
scanning infrared camera responds, then the average reflec-

tivity is given by

A Ay
N Ib,k(Ti)dk -, Ib’k(Ts)dk

1 , (4.1)

>\2 -
12 S x Ib’h(TS)dx

€ jx Ib’x(Th)dk 1 - T
e 5

M

1
2
Ib,h(Th)dk

where Ti' TS and Th are the temperatures of the image,
specimen, and hohlraum respectively. The limits for each
integral when using the ThermIscope are 8 to 14u. These
integrals are evaluated using tabulated radiation functionsS%
Then the average emissivity is € = 1 - ? .

Using the technique outlined above, one can quickly
determine the emissivities of any number of surfaces. All
of the materials to be used as fatigue specimens were tested
without any surface coatings using this technique. Then

several commercially-available surface coatings were tested

for their emissivities. The results of the tests on the raw
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materials are presented in Table II, along with published
values of emissivities where available. Note that the
published values are not averaged over the range of wave-
lengths as the scanning camera data are, but rather are
normal and total normal emissivities as noted. A few of
the vaiues listed specified no particular type of emissivity.
The temperature of the body for the published data 1s given,
and that for the scanning camera data was always room tem-
perature, about 70°F. The published data represent only a
small portion of the values in the literature, but note
that the results using thermography are consistently too high.
The same technique was used to measure the emissivi-
ties of several surface coatings. The results of this
study are presented in Table III. As can be seen in the
table, the emissivities found for the paints are all rather
high, especially compared to the published values for
lacquers, which range from about 0.95 to 0.98. However,
.

he actual values are erroneous, their relative

even if

0]

blackness is certainly useful in determining the best choice
for fatigue specimens. The proper choice of a surface
coating for fatigue specimens is also a function of the ad-
hesion of the paint to the surface. If the paint does not
adhere well to the surface, even if slight yielding takes
place, the coating may actually shield the surface from the
view of the scanning infrared camera. A coating which ad-

heres well to a metallic surface is a better choice for the
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Table 1T, Thermal Emissivities of Materilals

Using Thermography Published Values™
Material “*_
Finish € Finish- e Temp.

Mild Steel | As delivered | 0.82 | As rolleda | 0.661 70F
(sheet)

Clean/sanded | 0.83 | Rough 0.941 100F
Shiny oxide 0.80 Shiny oxide 0.821 75F
Highly oxi- 0.98 Rough oxide 0.801 70F
dized 3
Oxidized 0.85°| 100F
Oxidized 0.81%] 25c
Cold rolled| 0.80%] 913C
Stained 0.65°| 23c
Aluminum Unprepared 0.61 | Dull 0.18% 70F
(sheet) 1
Sanded 0.93 Oxidized 0.117| 100F
Polished 0.22 | Heavy oxide| 0.87%|100C
Polished 0.05°| 100F
Fiberglass | Cleaned 0.98 | Clean 0.88%} 300C
-epoxy
Graphite- As received >.99 - - -
epoxy

*
Superscript refers to type of emissivity reported:

1 = "Total Normal"
2 = "Total"
3 = Unspecified

*Source: References 52, 54, and 58.
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Table III. Surface Coating Properties

. % _ . A t of F -
Surface Coating € Gf(p31) ?ggnatOUO %2?
Paints:
Flat black enamel 0.995 36,800 Light
(T.G.&Y.)
Flat black lacquer 0.997 36,160 Medium
(Floquil RR1083)
3M Optical black 0.999" | 37,700 Heavy
Flat black paint 0.997 38,400 Extremely light
(Krylon)
Flat black paint 0.998 34,800 Medium
("Bar-B-Q")
Others:
Metal Bluing Dye 0.995 28,800 Heavy
Black undercoating 0.993 38,080 Heavy
(Stresscoat)
Chemical blackener 0.996 32,6I+O++ Light

(Hobby Black)

3
On clean, sanded steel plate

*%
Accuracy to 3 places implied only as a relative measure
+Reported to be 0.93 in 8 to 14y wavelength; ref. 60

++Flaking occurred as a fine dust rather than flakes

Op = stress at which first flaking was observed
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purposes of this study than one that does not, even if the
latter has a higher emissivity. To determine the relative
quality of the adhesion of each of the surface coatings,
tensile loads were used to strain the material while the
coating was carefully observed for signs of flaking. The
stress level at which flaking first was observed, and the
amount of flaking present at a stress of 40,000 psi are
also given in Table III, It should be noted that each sam-
ple coating was prepared in the same manner (using the pro-
cedure outlined previously) and on material from a single
sheet of steel.

It appears from some published data that in both
Table II and Table III the values obtained for the emissivi-
ties of the surfaces and the coatings are unrealistically
high., This may be the result of errors in the temperatures
measured or errors accumulated in the use of the tabulated
radiation functions. However, an error of 20°C in measuring
(or controlling) the hohiraum at 220°C would yield an cmis-
sivity of 0.995 rather than the value 0.997 given in Table IIT
for Krylon paint. On the same specimen, an error of 10°F in
measuring the image temperature leads to an emissivity of
0.987, Although the calculation of eq. (4.1) is thus more
sensitive to an error in determining Ti’ such a large error
in measurement is not to be expected, and it would appear
that there is something more basic wrong with this approach

to emissivity determination.
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Nevertheless, the results of this technique are
useful in selecting which materials should be coated, and
which coating is best suited to the demands of thermographic
fatigue studies. On the basis of the results obtained here,
it was decided that the metals used must be coated, but that
the composite materials studied did not need a coating.
Furthermore, taking into consideration the results of the
adhesion tests, it was decided that Krylon flat black paint
was the best choice for coating the metal specimens, even

though it did not display the highest relative emissivity.



CHAPTER V
EXPERIMENTAL RESULTS

The fatigue tests comprising the experimental portion
of this study were conducted using specimens of various
materials made in several geometries., As noted in Chapter
III, all tests were conducted with the same loading frequen-
cy (1,800 cycles/minute), and with the same stress ratio
(R = 0)., The results of these tests take several forms.
Thermograms provide the source of the data, which can be pre-
sented as temperature rises during the tests, 1sotherm maps
at any time, or heat generation rates at any time, among
other possibilities. It is not practical to present here
the rvesults of 2ll of the many fatigue tests conducted.
Rather, important tests for each material will be selected
for discussion to show clearly the potential for thermogra-
phic fatigue testing and to illustrate the technique for gain-
ing various data for each case. The results will be arranged
according to the material used, and chronologically within

each material classification.

Fatieue Tests Using Steel

A large number of fatigue tests were conducted using
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mild steel specimens. Many of the “preliminary” tests on
steel were conducted to determine the possibilities of the
method with this material and to discern Jjust what type of
results were obtainable.

One early fatigue test of interest was conducted
using a mild steel specimen of the geometry shown in Fig. 8,
This specimen was cycled in bending with a nominal stress of
about 56,000 psi while being observed with the scanning in-
frared camera. The single notch in the specimen, which was
produced by cutting with a band saw, provided a stress con-
centration where the fatigue crack would eventually form in
the material. Hence, 1t was possible to observe that lo-
cation carefully in order to correlate the thermographic
findings to the visual inspections.

One thermogram taken during the fatigue test of the
single-notched steel specimen is shown in Fig. 9. This
thermogram was taken at 3,400 cycles, or about 4.7 percent
of the 1ife of the specimen (72,000 cycles). The room
temperature for this test was constant at 69OF. As can be
seen from the reference scale at the right of the figure,
the range of temperatures covered in this thermogram is from
70°F to 75°F. At temperatures below ?OOF or above 75°F,
objects being scanned will be presented as all black or all
white respectively. Recall that this instrument is calibra-
ted for use with blackbodies, so reflected radiation from

non-blackbodies can make them appear even if their tempera-
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Thickness = 0.125

End clamped in vise

< ;

12.0

Figure 8. Single-notched steel fatigue specimen

(Dimensions given in inches),

Figure 9. Thermogram of single-notched steel
fatigue specimen at 3,400 cycles.
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ture 1s below 7OOF. The reference temperatures on the fig-
ure have been corrected to account for the slight miscalibra-
tion of the Thermlscope. The specimen and other prominent
features have been outlined on Fig. 9 for clarity. The vise
of the Tatnall-Krouse fatigue machine is at the left. The
right end of the specimen is deflected during the test. The
crank and frame of the testing machine appear white because
they are reflecting infrared radiation from their smooth
surfaces rather than because they are blackbodies at high
temperatures. A slight temperature rise can be seen on the
surface of the single-notched specimen, located at the tip
of the notch. This is an early indication of the location
of the eventual fatigue crack. The probable cause of the
heat dissipation at this early phase of the fatigue life of
the specimen is severe work hardening occurring around the
notech root, and the initial slipping in the material which
will lead to the formation of a crack.

Figure 10 shows a series oif temperature field maps
taken from three thermograms of this fatigue test. Figure
10(a) was taken from the thermogram of Fig. 9. Although in-
formation some distance from the notch root is hard to ob-
tain, this figure clearly shows the temperature rise at the
root of the notch to be 3.42°F above the ambient temperature.
The temperature field map of Fig. 10(b) was taken from a
thermogram of the specimen at 27,700 cycles. In this figure,

the maximum temperature has increased to 8.1°F above room
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temperature, and the point at which it occurs has moved
toward the centerline of the specimen. It is apparent

that a fatigue crack is now propagating across the specimen,
since the hottest point on the specimen can be taken to in-
dicate the location of the tip of a crack. It is interesting
that a visual observation just prior to the taking of the
thermogram yielding Fig. 10(b) revealed no fatigue cracks.

A visible crack was measured at the time of Fig. 10(c), which
was taken at 60,000 cycles. As indicated, the hottest point
on the thermogram corresponded to the tip of the propagating
crack.,

Figure 11 presents the maximum temperature rise on
the single-notched specimen as a function of the number of
fatigue cycles endured by the steel. Note that there is an
initial period of rapid temperature rise followed by a longer
one of gradual rise. At the end of the second period, the
presence of the fatigue crack was indicated by Fig. 10(b),
several thousand cycles before the crack was found visually.
Thus, in this preliminary fatigue test on steel, a signifi-
cant number of tentative conclusions were formed. First,
there was considerable early warning of the eventual site of
the formation of the fatigue crack (even though it was pre-
ordained where the failure would initiate by the presence
of only one stress concentrator). The ability to accurately
map the temperature field on the specimen was shown, and led

to the detection of a fatigue crack prior to visible detection
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of one. Of course, the stress level used was high, but the
results were quite promising.

The possibilities of early prediction of likely
areas for fatigue damage and early detection of fatigue
damage were further investigated using a tapered steel
specimen. This specimen is shown in Fig. 12. Without the
presence of holes, the tapered section would result in a
uniform bending stress on the top surface of the specimen
during the fatigue test. Three holes were drilled on the
centerline of the specimen within the tapered section. Each
was sized to remove 20 percent of the area at its position
along the centerline. Thus, three stress concentrators
were introduced into the material, and the prediction of
just where the fatigue damage would be greatest became dif-
ficult. The specimen was fatigued at a maximum nominal
bending stress level of 50,000 psi on the top of the beam
in the tapered section. Room temperature was again constant
at $9°F throughout the test.

Figure 13 shows the temperature field map which was
obtained from a thermogram taken at just 1,100 cycles into
the fatigue test of the tapered steel specimen. No visible
damage was present at any of the three holes. Only two of
the holes are included in Fig. 13, since no measurable
temperature rise occurred at the smallest hole near the crank.
At the time of Fig. 13, temperature rises can be seen at both

of the holes shown, with the maximum temperature rise at the
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lower edge of the larger hole in the figure. The extent of
the temperature rise indicates that the maximum fatigue
damage (work hardening, slipping, etc.) is occurring at

the lower edge of the largest hole in the specimen. The
upper edge of the same hole is also the site of substantial
damage processes, as indicated by its temperature rise. The
middle hole in the specimen is also causing some fatigue
damage to occur, but by its temperature rise, one concludes
that the extent of the damage is less than that at the larger
hole., By 10,000 cycles, the temperature rise at the largest
hole had increased and dominated the temperature field image
produced by the ThermIscope. The hottest point continued

to be at the lower edge of the largest hole, but no visible
damége was detected at 10,000 cycles. In fact, it was not
until 30,000 cycles that a fatigue crack was finally detected,
propagating from the lower edge of the largest hole in the
specimen., Failure finally occurred at the section of the
largest hole at 45,000 cycles.

The results of the test with the tapered steel spec-
imen are important. The location of the eventual fatigue
crack was predictable from the thermographic data at only
2.5 percent of the 1life of the specimen. It was not until
some 67 percent of the specimen's life that any visible dam-
age was detected. At that time, careful attention was being
paid to the edge of the largest hole, or it might have been

possible to have missed the damage even then, It might be
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argued that the largest hole is indeed the most likely site
for damage from a careful study of the stress concentrations
in the specimen, but to predict on which side of the hole the
eventual failure would begin would be difficult indeed. The
thermographic results, however, readily gave the location
where the fatigue crack eventually formed, and allowed the
damage to be observed as early as possible by focusing atten-
tion on a particular area of the specimen.

The previously-desrcibed fatigue tests were con-
ducted primarily to determine the potential of the use of
thermography in fatigue studies and to gain experience in
the technique. Careful controls on the materials used were
not imposed, nor were the stress and strain distributions on
the material investigated. However, a comprehensive series
of 25 fatigue tests was performed on double-notched steel
specimens. Here, the mechanical properties of the material
were studied, and stress and strain distributions were ob-

cd SO

Ul
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tained for each specimen. Careful controls were impo
that each specimen received the same treatment prior to
testing. This included the specimen machining, painting
and storage. All specimens were cut from a single sheet of
steel. The stress levels were maintained well below those
of the previous two tests in order to gain more useful data
from a designer's standpoint.

The specimen geometry for this double-notched steel

series of fatigue tests is illustrated in Fig. 14. The



Thickness = 0.117 inches

End clamped
in vise

9/32 diam., 3 holes
(For attachment to

connecting rod)

2 U-notches, 0.250 deep
(See Table IV for root diameters)

7,

U

=

2.00

_

M

O

8.00

!

12.00

Figure 14.

Double~notched steel fatigue specimen

(Dimensions in inches).

7



74

notches milled into the sides of the specimens ranged in
diameter from 0.094 inches to 0.500 inchesj the notches on
a given specimen were identical and exactly opposite one
another. Regardless of the diameter used, the notch depth
was maintained at 0.250 inches, leaving a reduced width of
2.00 inches on each specimen. The thickness of the sheet
used for these specimens was 0.117 inches.

In order to determine the yield stress of the mater-
ial and to obtain stress distributions on the fatigue speci-
mens, a series of tensile tests was conducted using a Riehle
testing machine. The material specification on the order
from the supplier was for 1018 cold-rolled sheet. The data
obtained on the Riehle testing machine did not agree well
with the published properties of the specified steel. Nor
did the resulting stress-strain curve display the upper and
lower yield point behavior typical of mild steel. Further-
more, the modulus of elasticity determined from the tests
was only 25 million psi, well below the expected wvalue of
30 million psi. Further tests were conducted to determine
if the difference in the values obtained and those expected
for mild steel were the result of either machine miscalibra-
tion or operator error. These tests were carried out using
the Riehle testing machine, an Instron tensile testing
machine, and a cantilever beam of the material. Data were
taken from strain gages and an extensometer during most of

the tests. It was found that the data from these tests sup-
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ported the results obtained initially, indicating that the
material used was in fact not the 1018 cold-rolled steel
specified by the supplier. A stress-strain curve, as deter-
mined experimentally, for the material is given in Fig. 15.
This curve represents only the initial part of the curve,
which is the region of interest for this study. The strain
at failure was approximately 0.55 in./in., and the ultimate
tensile stress for the material was nearly 43,500 psi. Com-
plete data and a more detailed stress-strain curve for the
material are given in Appendix B,

As can be seen from Fig, 15, the steel used for the
double-notched fatigue specimens exhibited a low yield stress,
and showed no definite yield point in any of the tension
tests performed. Therefore, it is appropriate to express
the yield stress of the material as the ASTM 0.2 percent
offset yield stress, which was 26,000 psi. Another possible
measure of the yield strength of the material is Johnson's
apparent elastic 1limit, where the slope of the stress-strain
curve is fifty percent less than the initial slope ~. This
occurred at a stress of 19,000 psi for the material.

The 25 specimens were fatigued in groups of five
(each of the five having a different notch diameter) at five
different stress levels. The strain and stress distributions
on the specimens were determined using strain gages on the
specimens and the stress-strain curve shown in Fig. 15.

Gages were placed at three positions across the width of the
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specimen as shown in Fig. 16, The gage on the specimen
centerline (CL) was used to determine the maximum centerline
bending stress for each geometry at each level. The resul-
ting range of centerline stresses which will be used to dis-
tinguish the stress level for each test is indicated on Fig.
15. The range of centerline stresses falls between Johnson's
apparent elastic 1imit and the offset yield stress. This
results in a somewhat narrow range of stresses, but does

in fact represent a range of centerline strains from 1,160
pin./in. to 2130 pin./in., a more reasonable difference.

Table IV gives the strain and stress levels for all
of the tests in the double-notched steel series. In addition,
the notch root diameters and the specimen numbers are given.
As can be seen, the entire group of tests is broken down
into five "series", each at a given centerline bending stress
level., Within each series, there are five specimens with
different notch root diameters as listed. The series num-
ber corresponds to the last digits in the specimen numbers
used.

Figure 17, (a) through (e), gives the strain and
stress distributions in each of the specimens, as determined
from strain gage measurements. The locations indicated in
Fig. 17 correspond to the positions shown for the gages in
Fig. 16. Each of the graphs for Fig., 17 is for a given
notch root diameter. For example, Fig. 17(a) is for a notch

root diameter of 0.094 inches, etc. The use of Fig. 17 ena-
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Table IV. Double-notched Steel Fatigue Tests

Max. Centerline Levels
Series | Specimen No.| D .., Stress Strain
(inches) (psi) (uin./in.)
S-31 0.500
S-36 0.375
1-6 S-41 0.250 21,600 1160
S-46 0.125
S-51 0.094
S-32 0.500
S-37 0.375
2-7 S-42 0.250 22,700 1410
S-47 0.125
S-52 0.094
S-35 0.500
S-40 0.375
5-0 S-45 0.250 213,600 1660
S-50 0.125
S-55 0.094
$-33 0.500
S-38 0.375
3-8 S-43 0.250 24,300 1920
S-48 0.125
S-53 0.094
S-34 0.500
S-39 0.375
4-9 S-Ly 0.250 24,700 2130
S-49 0.125
S-54 0,094
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bles the reader to discern nominal stress or strain levels,
average levels, and the extent of yielding based on any cri-
teria needed.

The thermographic data obtained from these series of
fatigue tests can be presented in several forms. For this
work, it will be of interest to examine the maximum tempera-
ture rise on the surface of the specimen at any time, and to
study the temperature field maps generated from a few select
thermograms. The majority of the data presented comes from
the thermograms, with strip-chart data used to provide in-
formation during the start-up period and at the end of some
tests when the maximum temperatures exceeded the capabilities
of the scanning infrared camera,

The early warning of impending fatigue damage dis-
cussed in relation to the previous tests of steel specimens
was also apparent in these tests. In all cases, the tempera-
tures at the roots of the two notches each showed a rise soon
after the test of a specimen was started. In addition, the
notch root which displayed the hotter temperature was always
the notch root at which a fatigue crack was first observed
microscopically. Thus, by determining where on the specimen
the temperature rise was greatest, one could successfully
predict where the first fatigue damage would become visible
long before such an observation was made. Once the cracks
had formed, their propagation across the specimen could

easily be followed until the failure occurred. Several
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other trends in the data obtained are common to all the
tests of the double-notched steel specimens, and these will
be brought out after examining the data from each series
individually.

The relatively low centerline stress level of the 1-6
series of tests resulted in some long-life fatigue tests.
The longest test of the double-notched steel specimens
occurred in this series for specimen S-31, which lasted over
1.3 million cycles. Figure 18 gives the important results
of the thermographic monitoring of the 1-6 series of tests.,
In this figure, the maximum temperature rise on the specimen,
regardless of its location, is shown as a function of the
number of fatigue cycles endured by the specimen. It can
be seen that each of the tests in the series displays an
initial temperature rise of a few degrees in a few thousand
cycles. There follows then a long period in which the tem-
perature of the warmest point on the specimen increases very
siowly. During this period, the first visual observation
of a fatigue crack was made, as indicated by the arrows on
Fig. 18, Finally, the maximum temperature rise on the
specimen surface begins to increase sharply and continues
to do so until fracture occurs. The temperature rise just
at the instant of fracture is, of course, the greatest rise
obtained during each test. The difference in fatigue lives
indicated in Fig. 18 can be attributed to the differences in

notch root diameters. FEach of the tests was at the sane
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stress level and frequency of loading. The effect of the
different notch diameters is to introduce different stress
concentrations in the specimens, leading to the formation of
cracks at different times. Once a crack is present, the
behavior of the different specimens should be essentially the
same, as the notch no longer has an important effect.

The data presented in Fig. 18 can also be presented
in a non-dimensional form, as shown in Fig. 19. In this
case, the temperature rise on the specimen at any time is
non-dimensionalized by the temperature rise on the material
at failure, yielding the variable T*, The number of cycles
endured is given as N*, the fraction of the fatigue 1life of
the specimen. It is interesting that the data for each of
the tests in the series fall on or near a common curve of
T* versus N*. Hence, this one curve can be used to describe
the thermal behavior of all the specimens in this series.
The three phases of the lifetime based on thermographic ob-
servations can be clearly seen in Fig.19. The initial
phase, or start-up phase, lasts only a few percent of the life
of the specimen, and results in a non-dimensional temperature
rise of about 0.06, The long phase which follows occupies
another 70 percent of the 1life, and includes the average
initial crack observation and the range of observations for
all tests. At about 70 to 75 percent of the lives of the
specimens, the last phase begins with a gradual increase in

3 . . .
T%. This increase becomes more and more rapid as the test
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progresses to failure,

The data in Fig. 20(a) and 20(b) make the three
phases of the 1life even more obvious. Figure 20(a) gives
the slope of the non-dimensional temperature-~rise curve from
Fig. 19 as a function of N*¥. In the initial phase, the slope
decreases from a large initial value to a constant one only
slightly greater than zero., The long region of zero slope
(note the break in the scale in Fig. 20(a)) corresponds to
the second phase discussed in relation to Fig. 19. At the
end of the lifetime, the slope of the curve shows the rapid
upswing as failure approaches. Figure 20(b) gives the
second derivative of T* with respect to N* as a function of
N*, or simply the change in the slope of the non-dimensional
temperature-rise curve. This figure clearly indicates that
the three phases discussed may be described by the sign of
the non-dimensional second derivative., The first phase
results in a negative second derivative. The second phase
displays a zero second devivative, as the slope remains
constant. Finally, the last phase is described by the per-
iod in which the second derivative is positive, It would
appear, therefore, that the phase of the fatigue life in
which a material is operating may be determined by finding
the second derivative of the non-dimensionalized temperature
rise, and comparing that to the results of this series of
tests. In fact, since each specimen shows the same behavior,

and since it is possible to appeal to just the sign of the
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second derivative, the second derivatives do not need to be
non-dimensionalized to determine the phase of the 1life in
which a specimen is operating.

It appears from the data of this series that there
is no change in the temperature rise on the material associ-
ated with the formation of a propagating crack. This result
is in keeping with the theory that the fatigue process is one
of gradually accumulating damage, and not a sudden departure
from a stable structure. Hence, the temperature rise noted
from the beginning of the tests 1s the indication that a
crack is in the process of forming, and the only way of
detecting the presence of a propagating crack is to follow
the movement of the hottest point on the specimen, aé was
seen previously with the single-notched steel specimen.

The next series of tests to be discussed is the 2-7
series, which was run at a maximum centerline stress level
of 22,700 psi. This level resulted in tests of shorter
lives than those for the same notch diameters in the 1-6
series, as would be expected. Furthermore, the effect of
the notch diameter on the 1life of the specimen is decreased
compared to that of the previous series. However, the thermal
data from the 2-7 series show behavior very similar to that
observed in the 1-6 series. Figure 21 presents the tempera-
ture rises on the specimens as functions of the number of fa-
tigue cycles endured by the material. These curves show

substantially the same behavior as those for the previous
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series, with three distinct phases evident in each case.

The data on Fig., 21 can be non-dimensionalized as were the
data for the 1-6 series, yielding the curve in Fig. 22.
Again, all the tests in the series can be reduced to one
average curve of T* versus N*. In this series, the scatter
in the data at the end of the tests is more pronounced than
previously, but the resulting curve is still a good descrip-
tion of the behavior of the series. The slope of the curve
in Fig. 22 and the change in the slope are given in Fig,
23(a) and (b) as functions of the non-dimensionalized fatigue
cycles. As was the case in the 1-6 series, the three phases
of the fatigue 1life can be readily discerned from these
figures. The different behavior of the slope and the second
derivative at the very end of the life can be attributed to
the particular average curve selected from the non-dimen-
sionalized data, and carries no real significance. In the
case of the 2-7 series, the first phase lasted about 3 per-
cent of the total lifetime, and the last phase began at
about 70 percent, as indicated from the second derivative
curve,

The remainder of these data for the double-notched .
fatigue specimens are given in Figures 24 through 32. For
each of the three remaining stress levels, data are given
on the maximum temperature rise, non-dimensional temperature
rise, slope and change in slope as a function of either

dimensional or non-dimensional fatigue cycles. Consistent
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trends are evident throughout the data for all series. For
example, as the stress level increases, the effect of the
notch root diameter on the fatigue 1life is decreased so that
at the highest level there is little difference in the lives
of the different specimens. Also, as the lives become shorter,
the scatter in the non-dimensional temperature-rise data is
accentuated., This is somewhat apparent in the 5-0 series,
but is more obvious in the 3-8 and 4-9 series, where there
was one run in each which did not behave in the same manner
as the other specimens. This is probably due to the very
nature of fatigue studies, in which many factors (such as
the precise manner in which the test is started and the load-
ing is distributed, and the surface conditions about the
notch root) can contribute to scatter in the data. In all
the series, however, one can define a reasonable non-dimen-
sional temperature rise curve through the data which displays
the same three phases mentioned in comnection with the 1-6
and 2-7 series,.

It is also apparent from these data that although
the same three phases exist in each series, the behavior in
the phases changes slightly with increasing stress levels.
As the stress level increases, the length cof the first phase
increases until i1t occupies a significant part of the life-
time 4-9 series., In the second phase, the slope of the
temperature-rise curve (although constanf) is slightly higher

for higher stress levels. It also appears that the length
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of the final phase becomes longer for higher stress levels.,
A1l the differences in the five series must be traceable to
the differences in stress levels. The increase in length
of the first phase is related to the greater amount of
fatigue damage occurring, and the resulting increase in the
time required for the temperature rise to reach a quasi-
steady state for higher stress levels. The increase in the
slope during the second phase stems from the higher crack
propagation rates at higher stress levels, and hence the
more rapid rise in the rate of energy release in the mater-
ial. The lengthening of the last phase is likewise attribu-
table to the rapid crack propagation and to the high stress
level itself which brings about large plastic deformations
leading to failure earlier in the specimen life than do
other stress levels.

Other interesting results come from examining the
temperature field maps which can be obtained from each
thermogram, A complete series of ail the possible tempera-
ture field maps from the double-notched steel tests would be
impractical to present in this work. Rather, three specimens
will be discussed in detail, indicating the results to be
expected from any thermographic fatigue test.

The first specimen to be examined is specimen S-36.
This specimen was fatigued at the lowest stress level (21,600
psi) and had two 0.375-inch diameter notches. This combi-

nation produced a fatigue 1life of 826,000 cycles, the sec-
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ond longest test run. During the test, several thermograms
were taken., Two of these are presented as Fig. 33, (a) and
(b). These thermograms were taken at 400,000 cycles and
800,000 cycles, respectively. When Fig. 33(a) was taken,
no sign of visible damage was found on the specimen. Small
cracks were finally observed at 480,000 cycles. By the
time Fig. 33(b) was taken, cracks were propagating from
both notch roots toward the center of the specimen. This
specimen is interesting in that the crack from the lower
notch in the figure travelled much farther than that from
the upper notch, as can be seen be comparing the white
spots in Fig. 33(b). Note that the hot rectangular region
at the top of the figures is the reference temperature source
used to calibrate the results of the scanning infrared camera.
While the thermograms themselves are interesting and
provide a rapid means of gaining qualitative results, far
more useful data come in the form of the temperature field
maps generated from the thermograms. A complete series of
these temperature field maps for specimen S-36 is presented
in Pig. 34, (a) through (f). Figure 34(a) was derived from
the thermogram of Fig. 33(a), taken at 400,000 cycles.
Whereas it is difficult to determine which notch is warmer
from the thermogram, it is readily apparent from the temper-
ature field map that the lower is displaying the greatest
temperature rise. It is at this location that a fatigue

crack was sighted some 80,000 cycles later. Figure 34(1),
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Figure 33(a). Thermogram of specimen S-36

at 400,000 cycles.

Figure 33(b). Thermogram of specimen S-36

at 800,000 cycles.
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Figure 34(a).

Temperature field map of specimen S-36 at 400,000 cycles

(Temperatures in °F above ambient).
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Temperature field map of specimen S-36 at 720,000 cycles
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Temperature field map of specimen S-36 at 750,000 cycles
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taken from a thermogram of the specimen at 720,000 cycles,
shows the presence of the visible crack extending from the
lower notch root. No crack was evident at the upper notch
root. Figure 34(c) shows two cracks propagating in the
specimen at 750,000 cycles. The remaining figures of S-136
follow the progress of the two cracks until just prior to
failure when the last thermogram was taken. Note that

Fig. 34(d) was made from the thermogram shown in Fig. 33(b),
and clearly indicates the extent of both cracks in the speci-
men at 800,000 cycles.

The temperature field maps presented in Fig. 34 can
be used to determine approximate energy dissipation rates in
the material at any time. The approach used to accomplish
this assumes that the temperature distribution on the speci-
men surface is at least quasi-steady state, and that a
balance between the energy generated in the material and that
removed by heat-transfer mechanisms exists at any time. This
assumption is not strictly valid, especially in the final
stages of the fatigue 1life, but will nevertheless yield
reasonably accurate energy dissipation rates with little
difficulty. Assuming a quasi-steady state exists, the heat
transfer from the material by conduction is calculated by
considering the temperature gradient at the isotherm farthest
from the notches. Using the cross-sectional area of the
specimen at that isotherm, and the thermal conductivity of

the material, the conduction losg is derived by multiplying
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the gradient, the area, and the conductivity according to
Fourier's law. The losses by convection and radiation

heat transfer are determined by using a combined heat trans-
fer coefficient, as discussed in Chapter VI, and assigning
areas on the surface within the outermost isotherm tempera-
tures from the temperature field maps. Thus, the total loss
of energy per unit time is found by adding the losses due

to convection, conduction and radiation. This loss must be
equalled by the energy generation for a quasi-steady state to
exist. Using this procedure, the data in Fig. 35 were ob-
tained. As can be seen, the heat generation rate (energy
dissipation rate) follows generally the same three phases
that the temperature rise itself does. By finding the area
under the dissipation rate curve, one obtains the total energy
dissipation in the material during the course of the fatigue
test., In the case of this test, the total energy dissipation
was found to be approximately 21.30 Btu, or 1.989(105) inch-
pounds. If as an approximaticn, the volume of material
dissipating this snergy during the test is assumed to be a
strip across the width of the specimen, 2 inches long and
0.375 inches wide, then the specific energy dissipation in
the material, or the fatigue toughness of the material, is
2.267(106) in-1b/in°. This value compares very well with the
toughness for various metals reported in reference 62. In the

reference, toughnesses between 105 and 107 in-—lb/in3 were re-

ported for the life of about 800,000 cycles, It should be
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noted that in determining the energy dissipation rates in
the material, a heat transfer coefficient of 2.0 was assumed
for both the upper and lower surfaces of the material. This
assumption will be justified in the discussion accompanying
Chapter VI on analytical considerations.

Specimen S-52 from the series at the next highest
stress level is shown in Figures 36 and 37. Figure 36(a)
shows the specimen, which had sharp 0.094-inch diameter
notches and was cycled at a centerline stress of 22,700 psi,
at only 10,000 cycles. The temperature rises at the notch
roots are easily seen in this figure, indicating the initia-
ting of fatigue damage mechanisms in the material. Not
until 180,000 cycles was a visible crack detected, propa-
gating from the notch at the lower side of the figure. The
temperature field map of this thermogram shown in Fig. 37(a)
shows that this notch root displayed the highest temperature
on the surface at 10,000 cycles. Figure 36(b) shows specimen
S-52 at 225,000 cycles, not long before its failure at
243,900 cycles. Compared to specimen S-36, the two cracks
in Fig. 36(b), indicated by the hot spots on the surface of
the specimen, are propagating more nearly symmetrically, as
one would expect.

The remaining figures for this test show the tempera-
ture field maps taken from other thermograms of specimen
S-52. The first thermogram to include a visible crack was

that used to produce Fig. 37(d). Note that although the
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Figure 36(a). Thermogram of specimen S-52

at 10,000 cycles.

Figure 36(b). Thermogram of specimen S5-52
at 225,000 cycles.,
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(Temperatures in °F above ambient).

2€T



C ) Visible Crack

\ / / s \ N \ \
4 AN
\ // ////;/// ‘—\\\ \\\\ \\ \\
N R0 RN \\ \ \
\ / 6‘0//////’/,’“\\\\\ \ \\ \6.(< \
/! ¢/, 71078 \ \ I
] 550 /Y 309 - NN \ /
0 fo et N by
— [ \ i 15.0 \ \ & \ {
\ / l) | \\\\\ i I ;o) 8l.5/ / {/ ‘
6.5 \\ N - .
N { AN IS A B R -
\ \ \ \\\ B 7 a ) \ !
N R N i /7.0, | /
\ \ \ \\7-0\\,_~ // / / ! |
ANERNAN - / // \
I'd
\\ \ A \\ 1 ’ / / \

Figure 37(h).

Temperature field map of specimen S-52 at 239,000 cycles
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first crack was found at the lower notch root, in Fig. 37(d)
taken at 186,000 cycles, the crack from the upper notch has
become longer than that from the lower notch. By the time
of the thermogram in Fig. 36(b) at 225,000 cycles, however,
the crack lengths are nearly equal., This is seen in

Fig. 37(g).

Figure 38 shows the results of the energy balances
performed on the thermograms to obtain energy dissipation
rates in the material. The total energy dissipation for
this test was found to be 5.90 Btu, or 5.509(104) in-1b.
Using the same approach as used for S-36, except that the
width of the strip across the specimen will be assumed to be
0.094 inches, one obtains a fatigue toughness of 2.50(106)
in—lb/ina, which is again in agreement with the results in
reference 62,

Similar results are also presented for the test of
specimen S£-55. This specimen had 0,094-inch diameter notches,
and was cycled a2t a maximum centerline bending stress of
23,600 psi., The behavior observed form this specimen was
very much like that seen in the previous two specimens. Fig-
ure 39 presents two thermograms taken during the test of
specimen S-55. Figure 39(a) was taken early in the test
(10,000 cycles), and Fig. 39(b) was taken toward the end of
the test at 90,000 cycles. The fatigue life of the specimen
was 103,300 cycles. The location of the impending fatigue

damage can be predicted from Fig. 39(a). Cracks finally be-
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Figure 39(a). Thermogram of specimen S-55

at 10,000 cycles.,

Figure 39(b). Thermogram of specimen S5-55

at 90,000 cycles.
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came evident at 28,000 cycles into the test, first appearing
at the lower notch root as would be predicted from the
thermogram. The seven temperature field maps of Fig. Lo
follow the initiation of the cracks at both notches and their
propagation to failure. Although the crack from the lower
notch was slightly longer than that from the upper notch,
they propagated nearly symmetrically throughout the test.
Figure 41 shows the energy dissipation rates calculated from
the temperature field maps. The distributions of thermo-
grams taken during this test allows an energy dissipation
curve to be defined more clearly than in the previous exam-
ples, and the three-phase behavior discussed already is
again evident in the data.

Similar results could be obtained from any fatigue
test with thermographic monitoring, provided of course that
the stress levels are sufficient to produce a temperature
rise on the specimen surface. In any such case, the results
of this study indicate that using thermography one can
predict where damage will occur, monitor the propagation of
fatigue cracks, determine the temperature field map, and
obtain approximate energy dissipation rates and fatigue

toughness for fatigue tests of steel plate.

Fatigue Tests Using Aluminum

Another important structural material, which is
used in many applications involving fatigue loading, is

aluminum. A few tests were performed using aluminum fatigue
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specimens to determine the potential for thermographic
monitoring of this material for fatigue damage. As will be
seen, it was found that the thermal conductivity of alumi-
num, which can be four times that of steel, makes it dif-
ficult to obtain useful thermographic data during tests of
aluminum,

One aluminum fatigue specimen tested is shown in
Fig. 42, This specimen was 2024-T6 aluminum and was given
the same black paint coating as were the steel specimens,
A saw cut was made in the specimen to a depth of about 1.0
inches, or half the width of the material., Attention could
then be focused at the root of the cut in making visual in-
spections. The aluminum specimen was cycled at a maximum
nominal bending stress of 23,300 psi. Figure 43 shows a
thermogram taken of this specimen at 30,000 cycles. By
this time, a crack had formed at the root of the saw cut
and was propagating across the uncut region of the specimen.
Unlike the temperature fields observed in the tests of steel,
the temperature rise caused by the high stress levels in the
aluminum resulted in a very blurred image from the thermo-
graph. This rise gave only a general indication of the
location of the maximum fatigue damage in the material. The
warmest region was only about 5OF above room temperature.
There was no easily distinguished change in the temperature
field on the specimen as the crack was formed and began to

propagate, as was the case with the steel specimens. The
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given in inches).

Figure 43. Thermogram of aluminum fatigue
specimen at 30,000 cycles .
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diffuse nature of the temperature field in Fig. 43 makes

the location of the hottest point at the tip of the crack
most difficult, and detracts from the accuracy of any de-
termination. Although several other fatigue tests were
attempted using both 2024-T3 and 7075-T6 aluminum, there

was never a clear indication of the location of the fatigue
crack, and the data obtained were generally poorer than those
in the thermogram discussed.

Obviously the thermal conductivity of the aluminum
acts to efficiently remove heat from the region of gener-
ation. Unless the heat generation is very high, as would
be caused by undesirably high stress levels, the resulting
temperature field map as obtained with thermography is of
little value. As aluminum is an important structural mater-
ial, it would be desirable tc be able to use thermographic
techniques on aluminum fatigue specimens. It may be possible
to enhance the image of the thermogram by altering the en-
vironment about the specimen. Particulariy, by changing the
convecting heat transfer in the problem, either by blowing
air over the specimen or by changing the ambient temperature,
it may be possible to create a more localized temperature rise
on the surface of the material. In that case, thermography
would become more useful as an inspection technique for
aluminum. These possibilities will be discussed further in

Chapter VI.




149

Fatigue Tests Using Composite Materials

There is presently a great deal of interest in the
use of composite materials in engineering applications. Many
of these applications involve situations where fatigue load-
ing is imposed on the material, such as in aircraft parts.
An ever-increasing number of composite materials have been
developed or are being developed for structural use, includ-
ing fiberglass~-reinforced epoxys, boron-reinforced epoxys,
and graphite-reinforced epoxys. Composite matefials gen-
erally behave quite well under fatigue loading, but when
damage begins to occur, it can take many forms. Unlike
steel or aluminum, where fatigue damage manifests itself as
cracks which propagate to failure, composite materials
can experience damage in the form of debonding, delamination,
fiber fracture, matrix cracking, and other828. This cer-
tainly complicates the fatigue problem from an analytical
approach, and makes a 7reliable testing method highly de-
sirable for these materials. Fortunately, most composite
materials exhibit a low thermal conductivity, and with suf-
ficient heat generation due to hysteresis losses and fracture
mechanisms during fatigue loading, lend themselves very well
to being monitored with thermography. Furthermore, many
composite materials also display a high thermal emissivity,
making coating with paint unnecessary for the technique to
be successful.

In this study, fatigue tests were performed using
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two composite materials in several different geometries.

The materials used were a fiberglass-epoxy composite and a
graphite-epoxy composite, which was supplied by the Tulsa
Division, Rockwell International Corporation, Tulsa, Okla-
homa. The material properties of these composites were
unknown, and they were used as supplied except for machining.
The geometries to be discussed are shown in Fig. 44,

The graphite-epoxy material was supplied with several
small saw cuts along its edges. As the material was rather
narrow, it was decided not to machine the sides to remove
these cuts. Instead, one cut was chosen to serve as a
"primary notch”, and was lengthened to a depth of 0.50 inches,
as shown in Fig., 44(a). This specimen was fatigued at a
rate of 1,800 cycles per minute with a total nominal strain
range of 1,770pin./in., as determined from strain gage
measurements. Due to the length of this fatigue test (4
million cycles) it was necessary to interrupt the test sev-
eral times. The deflection range, however, was constant.

Figure 45(a) is a thermogram of the graphite-epoxy
specimen taken at 1,600 cycles. At this time, a visual in-
spection revealed no signs of fatigue damage anywhere on
the specimen., However, the thermogram shows a significant
temperature rise on the specimen located at the root of the
primary notch., This rise of almost 5°F is indicative of
the high strain range occurring at the root of the notch,

and foretells the location of the origin of the eventual
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Figure 45(a). Thermogram of graphite-epoxy specimen

at 1,600 cycles.

Figure 45(b). Thermogram of graphite-epoxy specimen

at 4.0 million cycles.
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ma jor surface damage on the specimen. The temperature field
map taken from this early thermogram is shown in Fig. 46(a).
This figure indicates another temperature rise occurring at
the same time opposite the primary notch. This corresponds
to the location of a small saw cut, which also produces a
stress concentration and thus serves as an additional site
for eventual fatigue damage. The relative magnitude of the
temperature rises at the two locations indicates that the
most likely location for the earliest major damage is the
root of the primary notch. Visual damage was observed at
the root of the primary notch at about 50,000 cycles. At
that time, the maximum temperature rise had increased to
7.50F at the root of the notch, and small surface cracks
and some laminate slipping were observed.

The general trends of crack formation at the pri-
mary notch and temperature rises there and opposite con-
tinued throughout the test., At about 800,000 cycles small
surface cracks became evident opposite the primary notch.

A slight delamination appeared just to the left of the pri-
mary notch root at 1.5 million cycles, as the size and the
area of the surface cracks continued to increase. The
appearance of a delamination was accompanied by a slight
decrease of the surface temperature at the location of the
delamination. This apparent cooling is due to the decrease
in the stress level in the delaminated region, and increased

cooling by air circulating under the delamination. Figure
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Temperature field map of graphite-epoxy specimen at

1,600 cycles (Temperatures in °F above ambient).
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LE(D) shows the temperature field map taken from a thermo-
gram of the graphite-epoxy composite at 2,88 million cycles.
The delaminated region is clearly visible as the cool region
to the left of the primary notch root. Although the de-
lamination represents the major surface damage on the speci-
men, the maximum temperature rise continues to be at the root
of the primary notch, where the stress level is highest.
However, the level of the temperature rise opposite the
notch has increased as the surface damage there had taken
the form of a dominating surface crack about 0.4 inches long.
Prior to the termination of the test at 4 million
cycles the thermogram presented in Fig. 45(b) was taken.
As can be seen, the delaminated region remains cooler than
the surrounding area as 1t continues to increase in size.
The rectangular cool region in Fig. 46(c), taken from this
thermogram, closely corresponds to the size and shape of
the delaminated area on the specimen after the test ended.
The area opposite the primary notch continued to exhibit
an increasing temperature rise, indicating that further
cracking or surface damage would occur in this region.
Fatigue tests were also conducted on several notched
fiberglass-epoxy specimens. Each of the specimens had two
different U-notches milled into its sides such that the
total area removal was 20 percent in all cases. The diame-
ters of the notch roots ranged from 0.50 inches down to a

narrow saw cut. A typical specimen is shown in Fig. 44(Db).
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Two strain ranges were used for each of the specimens,
which were cycled at 1,800 cycles per minute with R = 0.
First, a total strain range of 3,375pin./in. was used for
30,000 cycles, after which the strain range was increased
to 3,938pin./in. for another 30,000 cycles. The resulting
temperature rises at the notch roots were observed just be-
fore termination of the loading at each strain range.

Figure 47 shows a typical thermogram for this series
of tests. The specimen was being cycled at the higher strain
range, and had notch diameters of 0.375 in. and 0.125 in., As
would be expected, the smaller radius produces a higher
stress concentration and displays a greater temperature
rise than does the larger radius notch. The surface tempera-
ture field map made from Fig, 47 is shown in Fig. 48. As
can be seen, the temperature rises at the two notches
differ by approximately O.9OF. The more localized nature
of the rise about the smaller notch is also evident in this
figure.

In Fig. 49, the temperature rise at the root of each
notch is plotted as a function of the stress concentration
factor for the notch. The stress concentration factors
are those for isotropic material behavior taken from refer-
ence 63. Stress concentration factors for orthotropic
materials such as this fiberglass-epoxy composite are actu-
ally slightly different64’65, but those used in Fig. 49

could be obtained without a knowledge of the material be-
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Figure 47. Thermogram of notched fiberglass-epoxy

specimen at 30,000 cycles.
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havior, and will serve to illustrate a possibitlty of thermo-
graphic testing. As the stress concentration factor in-
creases, the magnitude of the temperature rise also in-
creases, as might be expected. This behavior makes it
possible for the relative intensity of stress concentrations
to be determined quickly using thermography.

The location, prediction and monitoring of fatigue
damage on the surface of various materials has been discussed
in this work. It is also of interest to be able to locate
sub-surface flaws in materials which can serve as stress
concentrations and can lead to failures. This 1s an area
where visual inspections are of little value. However,
thermography can be used to locate such sub-surface flaws
in composite materials undergoing cyclic loading. As an
example of this ability, a fiberglass-epoxy specimen was
slotted as shown in Fig. U44(c). The slot was made on the
underside of the material to a depth of 0.050 inches, or
slightly less than half the original thickness of the mater-
ial. The specimen was then cyclically loaded at a total
strain range of 6,200pin./in. (R = 0) while being monitored
by the thermograph. At no time was the slot in the material
visible to the eye, being on the underside of the specimen,
Hence, the slot actually served as a sub-surface flaw.
Figure 50 shows one thermogram made during this test at
150,000 cycles. No damage was visible on the top surface

of the specimen at this time. The hot region in the center
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Figure 50. Thermogram of slotted fiberglass-epoxy

specimen at 150,000 cycles.
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of the specimen corresponds to the location of the slot

on the underside of the material, The vise is at the left
of the figure, and the reference source is above the speci-
men. Figure 51 is the temperature field map made from the
thermogram and shows clearly the pattern of heating present.
In this manner, thermography may be used to monitor fatigue
specimens and locate regions likely to incur the greatest
fatigue damage even when those regions are located below

the surface of the material in question.
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CHAPTER VI
ANALYTICAL CONSIDERATIONS

A better understanding of the experimental results
given in the previous chapter can be gained through the use
of several analytical models which yield temperature rises
in materials assuming heat generation rates. Of necessity,
these models are simplifications of a more complex situation
and require restrictions to be placed on the problem, but
they nevertheless provide insight into the importance of
various parameters and point out some of the limitations
of the use of thermography in fatigue studies,

The models to be considered can be divided into two
categories. The first category includes all the models
which are based on a closed-form solution to the governing
heat transfer equations for each problem. The second group
consists of computer-aided numerical solutions. These models
are the more useful ones, since the complex geometry and
convective heat transfer processes can be more accurately
included. In each category described above, two basic
geometries are considered. A rectangular geometry corres-
ponds to that used most often in the experimental portion of
this study, while a triangular model is used to compare with
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the test of the tapered steel specimen already discussed.

Rectangular Geometry

Throughout the discussion of models with a rectangu-
lar geometry, it will be assumed that the heat generation
occurs essentially at a point. Hence, the plastic zone is
assumed to shrink to a point, and all the energy released
in the vicinity of a notch or crack tip is assumed to be
released at that point. With this assumption, it is possible
to make use of some of the classical heat transfer results
dealing with point generations in materials.

The first of these classical solutions 1s the well-
known solution for a point generation occurring in an in-
finite slab of material under steady-state conditions. For the
case of constant heat generation, g, the temperature rise

above the initial temperature of the slab is gilven by

6 = q/brkr , (6.1)

where k is the thermal conductivity of the material and

r is the radius of a circular isotherm from the point of
generation. These circular isotherms do not compare well
with the data produced early in the 1ife of a fatigue
specimen, sgince the effect of the edge of the specimen is
important then. However, as the fatigue cracks in the speci-
men propagate into the interior of the material, the iso-
therms generated approach concentric circles and the effect

of the boundary decreases. This simple approach is, howevern,
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of little value since it ignores convective and radiative
losses from the surface of the material.

Other solutions are available which deal with a source
of heat as a point or line in a semi-infinite solid with a
boundary kept at a specified temperature. These solutions
are found using the method of images. While these solutions
do show the effect of having a boundary near the generation
point, the boundary condition imposed on the boundary of the
solid is usually such that the model does not approximate
the actual case. For example, the boundary may be kept at
zero temperature rise. In this case, the isotherms generated
are non-concentric circles skewed toward the interior of the
solid, as shown in Fig. 52. In fact, the boundary of the
fatigue specimen is not controlled in any way, being allowed
to convect and radiate to the surroundings. As can be seen
by the experimental results, this boundary does not remain at
room temperature. It is possible to produce a model with a
more elaborate boundary condition, such as a speclified tem-
perature distribution, but to do so yields a solution in terms
of an infinite series, and such complexity is not warranted
for the purposes of this study.

One closed-form solution which 1s quite important and
which should be discussed is that for the temperature distri-
bution due to a moving point source of heat in an infinite
plane. The results of this model allow one to make assump-

tions which simplify the computer-aided numerical solutions
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q
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Figure 52. Temperature field about a point heat

source near an isothermal boundary.
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to be discussed later. In this solution, the point source

of heat is moving with a velocity v in a plate of thickness

s. The model includes the effects of convection and radia-

tion from the top and bottom of the plate in the heat trans-

fer coefficients, h1 and h2’ which include linearized radia-
66

tive contributions. According to Jakob ~, the solution for

the temperature rise above ambient at any point (x,y) is

qQ :
0 = 5= exp(-ve/2a) K, [}v/Za)Z + mﬂ r{, (6.2)

where q' is the generation rate per unit thickness of the
plate, k is the thermal conductivity of the material and o
is the thermal diffusivity of the material. The remaining

terms in eq. (6.2) are

m® = (h1 + hz)/ks (6.3)
r= (% + yz)% (6.4)
c=3x-vt . (6.5)

K, is the modified Bessel function of the second kind of
order zero.

The solution given in eq. (6.2) may be used to demon-
strate that it is not necessary to consider the motion of
the point source when model ing the heat transfer in fatigue
specimens. For the shortest of the double-notched steel fa-
tigue tests which were performed (about 30,000 cycles), the
average crack tip velocity can be calculated. Assuming that

each of the two crack tips propagated one inch in 30,000 cycles,




171

at a cycling frequency of 1800 cycles per minute, the aver-
age tip velocity of propagation would be 0.06 in./min. In
the longest tests, the crack propagation velocity averaged
only 0.002 in./min. Using the solution in eq. (6.2), the
isotherms shown in Fig. 53 can be determined. As can be

seen from the figure, for the case of the highest propa-
gation velocity the results are nearly what would be ex-
pected from a stationary point source. Since this is the
worst case of the moving source, it must be concluded that
the problem is actually a quasi-steady state one in which the
source of heat moves indeed, but at any given time the mo-
tion of the source is insignificant. This conclusion allows
one to produce more accurate and elaborate models of the
problem without having to deal with the motion of the source,
Hence, the models are far simpler than they would be if the
crack propagation velocities were greater. It should be noted
that for studies involving monotonic fracture, crack tip
velocities can be expected to e of the order that would
necessitate the use of a moving point source in any heat
transfer analysis of the process,

It would be extremely difficult to produce a closed-
form solution to the actual problem faced in this study. The
geometry is basically simple for rectangular specimens, but
the boundary conditions, generation locations, and ambient
conditions combine to produce a highly complicated problem.

Due to these complexities, 1t was necessary to seek solu-

tions 1n a numerical form using a digital computer. In
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Figure 53. Exact solution for a point source of

heat moving in an infinite plane.
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the numerical solutions, the boundary conditions could be
better approximated than otherwise, and the complex con-
vective and radiative heat transfer behavior could be in-
cluded.

For an accurate analysis of heat transfer problems
including convection it is necessary to have an understanding
of the heat transfer coefficient, h, on the surface of the
material. In many problems, it may be assumed that the heat
transfer coefficient is constant on the surface. Such was
the case in the solution for the moving point source in the
infinite slab of material. However, due to the type of
fatigue loading used in this study, it cannot be assumed
that the heat transfer coefficient is constant down the
length of the specimen. In fact, near the vise, where the
deflections of the specimen are nearly zero, free convection
can be assumed. A far more complicated case exists near the
crank, where the flow of air around the specimen is period-
ically stagnation flow and then the turbulent wake behind the
plate. As complicated as this situation is, it is possible
to gain a reasonable estimate of the distribution of the
convective heat transfer coefficient on the surface by appeal-
ing to some results from heat transfer studies published in
texts.,

Near the vise, it will be assumed that free con-
vection occurs at both the upper and lower surfaces of the

specimen, Using well-known results for free convection of
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surfaces in air, it 1s found that on the top surface67,

L
<

3 ;)
hy = 0.27 (i) . (6.6)

In eq. (6.6), 8 is the temperature rise above the ambient,
and L is the width of the plate, 2.50 inches. Thus the

heat transfer coefficient from the upper surface is

h, = 0.53 Btu/hr—ftZ-F, based on a temperature difference of
joi,determined as an average from the experimental results.

For the lower surface,
h, = 0.12 ()% (6.7)
2 ' L )

The heat transfer coefficient h, is found to be 0.23 Btu/
hr-ftZ-F for a temperature difference of BOF. Thus, the
average of equations (6.6) and (6.7) gives a heat transfer

coefficient of about 0.38 Btu/hr—ft2

-F, to be used in the
numerical models.

The situation near the crank is more complicated.
Assuming a frequency of 1,800 cycles/min. and an average

deflection of 1.0 inch, the average velocity of the specimen

during the cycle is about 5 ft./second. For stagnation flow

on a surface with a velocity v§8
_hL _ n

where L is the width of the plate, NuL is the Nusselt num-
ber based on L, and ReL is the Reynolds number based on L.

C and n are constants, which for this case are
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(@]
i

0.205

0.731 .

(6.9)

o]
I

Using values of the properties of air at 7OOF, the Reynolds

number is

Rey = L= 6,51 (109, | (6.10)

In eq. (6.10), v is the viscosity of air at 70°F. Using the
Reynolds number from eq. (6.10) in eq. (6.8), the average

heat transfer coefficient during the stagnation flow is
_ 2
h = 9.05 Btu/hr-ft°-F, (6.11)

The heat transfer from the surface which is experiencing the
wake of the flow on the opposite side is less efficient than
that just determined. If one assumes that it is half as

efficient as the stagnation flow, the average heat transfer

coefficient for both surfaces is about 6 Btu/hr—ft2

-F., If
the heat transfer in the region of the wake goes to zero, the
average would be reduced to 4.5 Btu/hr—ftZ-F. Fortunately,
the real region of interest is not near the crank, so the
errors in determining the average heat transfer coefficient
there will not be critical.

It may be of importance to know how the heat transfer
coefficient varies from the vise to the crank since the
average values at those locations are so different. By

examining the deflection of a cantilever beam, one can

determine how the coefficient varies along the fatigue
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specimen. From classical strength of materials, the deflec-
tion of a cantilever beam is proportional to XB, if x is
measured from the clamped end., Hence, the average velocity
of any position also varies as x7, Since Rey = vL/v, it can
be seen that the Reynolds number at any point on the beam is
proportional to x2 also. From the argument of eq. (6.8),
the Nusselt number, and therefore the heat transfer coef-

ficient itself, varies as the Reynolds number to the 0.731

power, Hence,

2.19

h « ReLO'731 a X . (6.12)

Based on the result in eq. (6.12), a second order variation

of the average heat transfer coefficient is the most realistic
one to use. However, the effect of changing this variation
will also be investigated.

The radiation heat transfer from the surface in the
numerical models will be included through the use of the
radiative heat transfer coefficlient, hr. Assuming that
the fatigue specimen is a blackbody radiating to a black

environment at the ambient temperature T., one finds that69

2

o= (7% + T2) (T + T.). (6.13)

r

This radiative heat transfer coefficient is then added to the
convective heat transfer coefficient to give the total heat

transfer coefficient

hy = h+h, . (6.104)
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The solution then proceeds as in a problem dealing only with
convection.

The numerical investigations of the heat transfer
problem related to the generation of heat in fatigue speci-
mens were carried out using finite difference methods. It
was assumed that all of the heat generation occurred within
a single element and appeared at that element's nodal point.
It was further assumed that the heat transfer and stress
problems were uncoupled so that the temperature rises did
not affect the material behavior. Attention was directed
primarily toward the initial period in the 1life of the
specimen when the temperature rises were small. The transient
start-up problem was modeled separately and will be discussed
later. The models to be discussed immediately deal with
steady-state generation, and so are useful in analyzing the
second thermal phase of the fatigue 1ife of a specimen after
the transient start-up.

The geometry and nomenclature uscd for the numerical
models of rectangular geometry are shown in Fig. 54. Con-
vection and radiation were allowed from the top and bottom
surfaces and from the edges. The heat transfer coefficilent,
h, was varied according to the result of eq. (6.12) from the
free convection value at the vise to the stagnation value at
the crank end. As written, the finite difference program
allows for various boundary conditions at the vise and crank.

Commonly, it was specified that the temperature of each end
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was constant (usually Tm), but provision for a known tem-
perature gradient was also included. Elements on the speci-
men were of constant size, dx by dy, as shown in Fig. 54.
The nodal equations for each node are determined

using a simple heat balance., For this steady-state case,
the heat which enters the element, including that by gener-
ation in the element, must equal the heat which leaves the
element. The nodes are allowed to exchange heat with all
surrounding nodes and with the environment at the surfaces
of the elements. Four types of nodes were needed to con-
struct the model of rectangular geometry: an interior node,

a node at the convecting boundary, and nodes for constant

temperature and specified gradient boundaries. The interior

node is shown in Fig. 54(b). After performing the heat
balance on the node, one finds that the nodal equation is

2

2
Too + dy (Tm,n-1+Tm,n+1

2
T _ Qm’ndxdy'+ thdx dy
m,n kb kb

) 2. 2
Z ax ay
AT g T nJ l_ht w

)

2(dy2 + dxzﬂ , (6.15)

where

k = thermal conductivity

b = material thickness

Qm,n = heat generation rate at node (m,n)
T = temperature of node (m,n) .




180

A node on the convecting and radiating boundary is

shown in Fig. 54(c). For this case, the nodal equation is

2
2Q_ _dxdy 2dx“dyh
— m,n t 2
Ton = [ 5 + 5 To(dy + b) + 2dx Tne1,n
2 2 2
Tdy (Tm,n+1+Tm,n—1{]///[2dx A
2dx2dyht
e (dy + b)| . (6.16)

For a node on a constant temperature boundary the equation
is simply Tm 0= constant, and for a node on a boundary with
y

a specified temperature gradient, the equation is

Toon = Oy 8T T iy (6.17)

where GX is the specified gradient in the direction of the
boundary. Equation (6.17) assumes that to be the x-direction.
Several computer programs were constructed using the
nodal equations defined above. One program was aimed at
obtaining temperature profiles on the surfaces of specimens
under various conditions. This program had additional fea-
tures included to allow for locally altering the convective
heat transfer coefficient in order to study the possibilities
of image enhancement. A listing of this program is included
in Appendix C. Another program without this feature was used
to investigate the effects of the different parameters on the
temperature rises on the specimens. A third program was

altered to include the transient part of the problem. The
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investigation of the effects of the various parameters will
be discussed first.

For this study, the specimens were divided down their
centerlines using a symmetry condition. Nodes along the
centerline were treated as if they were on an insulated
boundary. Hence, the solutions generated apply directly to
the cases of a double-notched specimen with two symmetric
notches or cracks. The various parameters influencing the
maximum temperature rise on the specimen are the generation
strength, the thickness, the material conductivity, the con-
vective losses, changes in the boundary conditions, and the
location of the generation point. Each of these effects
was investigated using the program. Since the use of ther-
mography as a fatigue test monitoring technique depends not
only on the temperature rise on a surface, but also on a
sufficient temperature gradient to make the location of hot
spots possible, the results of these investigations include
the maximum temperature gradients {along the grid pattern in
Fig. 54) on the material as well as the maximum temperature
rises.

The effect of the heat generation rate on the max-
imum temperature rise and gradient in the material can be
seen in Fig. 55. Changes in the heat generation rate can
occur through changes in the stress levels in the material
or by altering the cycling frequency of the specimen. Both

the maximum temperature rise and the gradient vary linearly
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with heat generation rate, as would be expected. The
effect of the thermal conductivity of the material is also
seen in this figure. As the thermal conductivity of the
material increases, the temperature rise produced by a given
generation rate becomes smaller. This effect is better il-
lustrated in Fig. 56, which shows the temperature rise and
gradient for a constant heat generation rate of 2.0 Btu/hr.
From this figure, it appears that the thermal conductivity
of steel (about 30 Btu/hr-ft-F) represents an important
point. Below this value of conductivity, the temperature
rise takes a rapid increase, while above this value, the
temperature rise to be expected from a given generation
rate decreases only slightly. It must be remembered that the
heat generation rates in various materials can be quite
different depending on the properties of the materials and
the loading.

A parameter which enters into the problem in differ-
ent ways 1s the thicknes

of the material. For a given heat

]
O

generation rate, increases in the thickness of the material
effectively change the area available to the specimen for the
removal of heat from the generation point by conduction heat
transfer. This effect is illustrated in Fig. 57 for steel.

A more probable situation would relate the thickness to the
heat generation in the material., Thicker specimens being
fatigued at the same stress levels as thin ones would be

dissipating energy in a greater volume of material. Hence
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the total heat generation rate increases as the thickness
increases., The final result of this change would be a com-
bination of Figs. 55 and 57. As an illustration of this
interaction, it was assumed that in one case the heat genera-
tion rate would be linearly proportional to the thickness of
the material. Using this relationship, the curves shown in
Fig. 58 were produced. From this figure, it is apparent that
the effect of increasing the generation rate outweighs the
effect of increasing the thickness on the maximum tempera-
ture rise. As the material thickness increases, the maximum
temperature increases slightly and tends to a very slowly in-
creasing value for thick materials. This behavior is the
reverse of that seen in Fig. 57. It is interesting, however,
that the temperature gradient shows virtually no dependence
on the combined thickness-generation rate change. Note that
the scales in Fig. 58 are somewhat magnified, and that the
changes in both temperature rise and gradient are small.

The difficulty of accurately specifying the con-
vective heat transfer coefficient on the surface of the fa-
tigue specimen has already been discussed. By using empirical
results from the literature, it was possible to obtain esti-
mates of the magnitude of the heat transfer coefficient at the
vise and at the crank. By examining the deflection of the
cantilevered specimen, the order of the variation in h from
the vise to the crank was estimated. These figures are in-

deed estimates, however, and the effect of making errors in
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the estimates should be known before the numerical model is
used extensively. In order to gain an understanding of the
effects of misjudging the values of the heat transfer coef-
ficients at the vise and crank ends, the numerical model
was used while the coefficients were varied over a wide
range of values. Examining the coefficient at the vise end
first, where the estimate was h . = 0.40 Btu/hr-ftZ-F, the
coefficient was varied from zero to 2.0 Btu/hr-ftz-F while
the other parameters in the problem were held constant. The
result of this examination is given in Fig. 59. As can be
seen, the maximum temperature rise on the specimen shows
little variation over the range of heat transfer coefficients
used for both steel and aluminum. The fact that the steel
shows slightly higher dependence on hVise is due to the
lower efficiency of the conduction heat transfer in the
steel compared to that in the aluminum. Although it is not
shown in Fig. 59, the maximum temperature gradients on the
specimens exhibited very l1little dependence on the heat trans-
fer coefficient at the vise also.

Similar results are presented in Fig. 60 for changes
in the heat transfer coefficient at the crank end of the
specimens. In this case, the estimate for h was approx-

crank
2

imately 6 Btu/hr-ft“-F. The range considered with the model

2

was from 1.0 to 15.0 Btu/hr-ft“-F. The results in Fig. 60

show that there is also very little effect on the maximum

temperature rise due to changes in h Again, the rise

crank’
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in the steel shows slightly greater dependence than in the
aluminum, but is small nonetheless. (Note the expanded scales
for temperature rise in Fig. 60.) It would be expected that

a fairly large variation in h would have only a slight

crank
effect on the maximum temperature rise since the real region
of interest lies closer to the vise., Nevertheless, the re-
sults of Figs. 59 and 60 indicate that it is sufficient to
use the numerical model with only a good estimate of the heat
transfer coefficients on the specimens for steel and aluminum.
This is a significant result since accurate values of the heat
transfer coefficients are indeed difficult to obtain.

The effect of changing the order of the variation of
h from h

to h on the maximum temperature rises to be

vise crank

expected in aluminum and steel is shown in Fig. 61. Noting
the expanded scale for temperature rise in this figure, one
can conclude that the order assumed for the h variation from
one end of the specimen to the other is unimportant.

- s N L RO RS- IR IS, St i ~am s At veman 5
1t is to ve expected that for a given heat goneration

(0]

rate, the maximum temperature rise on the specimen will
depend on the location of the generation point. This will

be particularly true for the rectangular specimens which were
considered, since they have convecting and radiating edges
and ends with fixed temperatures or gradients. To observe
this effect, a fixed generation rate of 2.00 Btu/hr was
considered at several locations on the rectangular specimen,

Figure 62 shows the maximum temperature rise obtained at each
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position on the specimen, It should be remembered that the
specimens were divided by their centerlines using symmetry,
and that there is a second generation point on the mirror
image of the figure for each point shown. It is apparent
that the location of the generation point has a marked effect
on the levels of the temperature rises obtained on the spec-
imen. As the generation point moves toward the centerline,
as if a crack tip were propagating, the temperature rise
decreases. This result is in keeping with the results found
experimentally for the double-notched steel specimens. It
was found that as the crack moved toward the centerline of
the specimen the temperature rise above ambient increased
slightly. It was also found that the heat generation rate
in the material irncreased, but more rapidly than did the
temperature rise. (Compare, for example, Figs. 21 and 38
for specimen S-52.) The increase in the generation rate

did not produce an equal increase in the maximum temperature
rise on the specimen because the point of generation was
moving toward the centerline of the specimen. At the more
interior positions, more heat was required to produce the
temperature rise than early in the fatigue life.

From these investigations of the effects of various
parameters on the maximum temperature rise on the specimen,
it can be concluded that the important parameters are the
heat generation rate, the thermal conductivity of the materi-

al, the thickness of the material, and the location of the
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generation point. It can also be concluded that the heat
transfer coefficient on the surface of the specimen need
only be estimated with marginal accuracy to gain useful
results from the numerical model,

A slightly more elaborate computer model was produced
to generate typical isotherm maps on rectangular specimens
and to investigate the possibilities of enhancing the image
of the surface temperatures by altering the ambient con-
ditions on the surfaces of the specimens. In this model,
the specimens were not divided using symmetry, so non-
symmetrical cases could be considered. An additional pro-
vision in the model was the ability to locally alter the
value of the convective heat transfer coefficient anywhere
on the surface of the specimen. This would produce the same
effect as blowing a stream of cool air over the specimen
to try to enhance the image. The results of this investi-
gation indicate that enhancement may prove useful in improv-
ing the quality of thermographic data in some cases.

The first use of this new numerical model is to
produce several temperature field maps for comparison to
those found experimentally for the double-notched steel
fatigue specimens. Figure 63 shows the isotherms found for
a steel specimen with unequal heat generations at two points.
The locations of the generation points correspond to that
for the temperature field map of Fig. 34(a), which was

taken from a thermogram of specimen S-36 at 400,000 cycles.



-
O
!

= 0,84 Btu/hr Both generation points are
Generation Points:

(o]
o
I

1.16 Btu/nhr 2.00 in. from vise and 0.25 in.

from specimen edge.

Do
-
o
6 .\\\
Y
V]
n
aV]
o
o
N

7
A I
A |
l
-1 VN STy |
- \ b / /
VISE A | | \ ‘ | Crank End
Op | l 1.45 _ o}
T. = 70°F 1.10 / \ at T = 70°F
v P / \ | c
{ / / AN \ \ |
A ’ / ! 3.8Ol I f
A ! b 7e \ |
| Ll , s
. . \\L— \=2.5O \\¥—
Thickness = 0.117 in. 1.75 1.80 hvise = 0,40 Btg/hr—
Width = 2,50 in. ft~-F
k = 30 Btu/hr-ft-F Nepank = 6.0 "

T, = 7OOF Order of wvariation = 2

Figure 63, Temperature field map for numerical model of steel fatigue specimen.

961



197

The generation strengths chosen for the numerical model

were proportioned according to the temperatures at the notch
roots that are seen in Fig. 34(a), and their sum equals that
found in Fig. 35 (generation rate vs. cycles) for S-36. Com-
paring the isotherms of Fig. 63 with those from Fig. 34(a),
one finds rather poor agreement. The maximum temperature
rises found numerically, however, are not far from those
found experimentally. It is perhaps unreasonable to expect
to match very well the isotherms of the experimental case
with a somewhat idealistic model., But the agreement of the
temperature rises is encouraging.

Several other cases were attempted. In each, it was
possible to predict with reasonable accuracy the maximum
temperature rises on the specimens, but more difficult to
produce very good agreement on isotherm shapes. As the
points of heat generation moved into the center of the speci-
men, the agreement of the model with the experimental results
improved. TFigure 64 shows isotherms for a steel specimen
near the end of its fatigue 1life. This case corresponds to
that for specimen S-36 at 825,000 cycles. Experimentally
determined isotherms for this specimen are given in Fig. 34(f).
The strength of the heat generators for Fig. 64 came from the
data of Fig. 35 also. As can be seen by comparing the two
figures, the agreement of the isotherms is much better than
it was earlier in the 1ife of the specimen. However, the

level of the temperature rise on the specimen is in poorer
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agreement than previously. There exists more than a 7OF dif-
ference in the two figures. This discrepancy could easily
be due to an error in determining the heat generation rate
in the material experimentally. If the generation at each
point were 6.5 Btu/hr rather than the 5.5 used, the tempera-
ture rises would match quite well again. The reasonable
agreement which can be obtained in the experimental and
numerical data lends credence to the results obtained from
the numerical model, even if it cannot exactly match the
shapes of the isotherms for some cases.

A more useful application of this numerical model
is in studying the possibilities of enhancement of the ther-
mographic image to obtain better spatial data from thermogra-
phy with materials of high thermal conductivity. Particular-
ly, the experimental results obtained with the notched alum-
inum specimens gave no "early warning" of where the fatigue
damage was going to occur. Nor did they provide good pic-
tures of the propagating fatigue cracks in the aluminum.,
The lack of good results can be traced to the high thermal
conductivity of the aluminum, which effectively removes heat
from the region of the heat generation., The effect of the
conductivity of the material has already been discussed and
is illustrated in Figs. 55 and 56. In order to enhance the
image of the region incurring the fatigue damage in aluminum,
it may be possible to change the relative processes of con-

vection and conduction by changing the ambient conditions
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around the specimen., Specifically, by blowing a stream of
air either cool or at room temperature over a portion, one
can increase the convective heat transfer on that part of

the specimen., Hopefully, this would remove heat ffom the

specimen before it could be conducted away, and the lower

conduction would result in a steeper temperature gradient

near the generation point.

In order to study this possibility, the numerical
model was used with the capability of changing the heat
transfer coefficient in a strip running from the top to
the bottom of the specimen. The particular geometry and
region of altered convective heat transfer coefficient is
shown in Fig. 65. The convective coefficient was altered
in the indicated strip by the addition of a coefficient
hadd‘ This approximates the condition to be expected if
a stream of air were blown over the specimen in this strip.
Various values of hadd were used in the study, ranging from
zero to 100 Btu/hr—ft2~F. The air stream necessary to pro-
duce such a high heat transfer coefficlent would have to be
cool air at quite a high velocity. The study considered
both aluminum and steel, although enhancement techniques may
not be required for steel. As seen in Fig. 65, the strip
for the enhanced h value was 0,50 in. wide and included
both generation points. The generation strengths (1.00 Btu/
hr) were assumed small to approximate the case where en-

hancement is most desirable.



VISE at
constant

temperatu

=T
v

e Point sources of heat,
Q = 1.00 Btu/hr

po—— 2,00 Inv—*

0.25 in.
d p
>
7 ::;//
7
A /////
A //
“ \\;,
A ///// Region of locally 2.50 in. N
P ///// altered h by ad- =
re ///// dition of h ad
> ///// a
A //6//
7 //<: -
P p)

Figure 65.

Geometry and nomenclature for enhancement study by blowing air.



202

The results of the enhancement study are shown in
Figs. 66 and 67. Figure 66 considers the temperature rise
and maximum temperature gradient at one of the heat gener-
ation points. As can be seen in the figure, over the wide
range of hadd considered, no improvement in the temperature
gradient occurred at the generation point. This result
would be expected for a steady-state case. In addition,
the maximum temperature rise on the specimen decreased
with increasing hadd' A more appropriate choice of location
on which to focus attention might be some point a small
distance from the generation point. At any such point,
the action of hadd would result in a decrease in the tem-
perature rise compared to the unaltered case. However, as
Fig. 67 shows, the behavior of the temperature gradient is
changed more significantly by the increased convection,
Figure 67 considers the temperature gradients at various
distances from the generation point toward the vise. At any
distance from the generator, the gradient is found to be-

come smaller with increasing ha This result would be

dd*
expected, since the specimen is in a steady state, and the
increased loss of heat by convection must be accompanied by

a decrease in the heat transfer by conduction. The important
feature of Fig. 67 is that the gradient itself changes more
rapidly (moving away from the generation point) as hadd in-

creases. Hence, if the heat generation rate is sufficient

to make a temperature rise visible with the convective coef-
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ficient increased to a high value, it may be possible to
obtain a more localized thermographic image of the regions
sustaining fatigue damage with enhancement than is found
under unaltered conditions. The results of the enhancement
study are based on a limited number of cases using the
numerical model described, but they are encouraging enough
to warrant further investigation.

The transient response of the maximum temperature
rise on the material is quite important during the early
stage of the fatigue 1life of the specimen. In examining
the non-dimensional curves for temperature rise as a function
of fatigue cycles for the double-notched steel specimens,
it was found that the specimens have three stages in their
lives based on the thermal data. These stages were divided
according to the sign of the second derivative of the non-
dime nsional curve with respect to time (see Fig. 20(b), for
example). The first stage was defined as that in which the
second derivative was negative. During this stage, the
fatigue damage accumulates and forms slip bands which even-
tually lead to cracks in the material. Of course, if a test
were stopped and the specimen allowed to cool to a uniform
temperature before being restarted, a region of negative
second derivative would result even if a crack had already
been formed. This region of negative change in the slope of
the temperature rise curve would be due to the simple transi-

ent start-up period for a uniform heat generation at the tip
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of the crack, as opposed to the initial stage of the fatigue
life, in which the damage processes change with cycles.
Therefore, in order to correctly define from thermographic
data the stage in which a specimen is being fatigued, there
must be a way to distinguish the transient problem due to
the changes in the damage of the material from that due to
a uniform generation rate.

This problem was investigated using a transient
finite difference approach to the rectangular geometry al-
ready used. In this case, the heat transfer coefficient was
kept constant on the specimen based on the results of the
parametric study. The nodal equations derived for the
transient problem were based on a square grid of size dx
by dx, and employed the forward-differencing technique. For
interior nodes, a heat balance on the element produced the

following equation for the temperature of the node (i, j):

gotl _ dt k [ ob .+ 6F .+ et . +eJ?.—|
le pCdXZ l_ 1"1v3 1 1$J is.]"l loﬂl_J
Lx d+t thdt £
-+ 1__ 2 - ei « . (6-18)
pCdx 90b ’

In eq. (6.18), e§+§ is the temperature of node (i, j) at time
t

trdt, and 0. j is the temperature rise at node (i,j) at time

t. C is the specific heat of the material and p is its

density. The terms k, b, and h, are still the conductivity,

t
thickness, and total heat transfer coefficient (including
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radiation) for the problem. The time increment dt is
governed by the stability criterion that the last term in

eq. (6.18) cannot become negative., Therefore,

v = g0/ | w/a + 2 /o] (6.19)

If eq. (6.19) is made an equality, then the last term in

eq. (6.18) drops out and the nodal equations are simplified.
Making this assumption, one obtains time increments of approx-
imately 0.80 seconds for the steel studies run. The nodal
equations of interior nodes do not include generation of
heat. This was included in the equations only at the points
where the generator would be placed. The nodal equation for
a generating node is identical to eq. (6.18), except for

the additional term q"dt/PC, where q" is the heat generation
rate per unit volume. For simplicity, it was decided to
neglect the convection and radiation from the edges of the
specimen for this study, so the edges were treated as in-

sulated boundaries. The nodal equation for a node on the

boundary is
t+1 k dt t t t
6. . = — 6. . + 0. . + 26, .
i, pCde [_ i, j-1 i,j 1 i 1,;J
Lk dt thdt +
+ 1 - 2 - ei . . (6.20)
pCdx pCb ’J

The ends of the specimen were assumed to be at room temper-

ature at all times, and the entire specimen was initially
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at room temperature.

The results of the transient numerical model for a
constant heat generation rate are given in Fig. 68. The max-
imum temperature rise on the specimen displays the classical
asymptotic increase to a steady value for all values of heat
generation rate, Note that the heat generation rate is given
as the total rate rather than a specific rate. The effect
of choosing various heat transfer coefficients is also
indicated on the figure. As in the steady case, the value
of h does not seriously change the results.

Experimental data were taken from several strip-
chart recordings of the temperature at the notch root for
various double-notched steel specimens. These data were
obtained with a thermistor since the response in time was too
rapid for the scanning infrared camera to be used. Some of
these data are presented in Fig., 69. Note that each of the
specimens included in Fig. 69 reaches a condition of con-
stant temperature rise with cycles. Thus, each case in-
cludes all of the initial stage of the fatigue life of the
specimen.,

A comparison of the numerical data with the experi-
mental data is shown in Fig. 70. As can be seen, the final
temperature rise at the end of the initial stage can be pre-
dicted, but the behavior of the temperature rise with time
is not predicted well., It must be concluded from the shape

of the experimental data curve that the heat generation is
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not constant in time. This conclusion goes well with the
physical explanation of the fatigue mechanisms during the
initial period of the specimen's life. It might be expected
that during this time, more and more slip bands are formed
and the total amount of fatigue damage occurring increases
in time. Thus, the amount of heat generated in the material
should also increase in time.

Based on the results of Fig. 70, the computer
program for the transient model was altered to include a
heat generation which varies in time. The variation was
taken from zero initially to a value of és at time t = ts'
és was determined from the results of the steady-state
analysis previously discussed, and was based on the tempera-
ture rises observed on the specimens experimentally after
the initial phase of their lives. The order of the varia-
tion was first, second or third order, to be specified
with the input data. This approach to the time-variable
nature of the heat generation rate is somewhat simpler than
is the actual case, since the actual case includes a period
of work hardening where the hysteresis loss in the material
is large. However, this period lasts only a few thousand
cycles, after which the approximation made here is probably
good. The length of the work-hardening period can be ex-
pected to be only about one minute or less, which occupies
only a fraction of the initial stage of interest. Results

of the new approximation to the generation rate are shown
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for one case in Fig. 71. By varying the order of the time
dependence of é, the temperature rise curve takes on quite
distinct shapes. By comparing these curves to the experi-
mental ones in Fig. 69, it can be concluded that the linear
variation is not the correct one to use to match the ex-
perimental data. The slow initial rise and the inflection
point at about t = 3 minutes make the linear variation curve
unacceptable. However, both the second and third order
curves show the proper shape.

Figure 72 shows the final attempt to describe the
experimental data from one specimen, S-46, with the numeri-
cal model., The agreement is remarkably good, using a third
order variation of é from zero to 0.46 Btu/hr at ts = 6 min.
or ts = 8 min, It is possible, through the proper choice
of parameters in the problem, to accurately match other cases
using models of second or third order. The linear case does
not match well in any case attempted, regardless of the
values of the parameters chosen.

The results just obtained provide the key to identi-
fying whether a specimen is being started for the first time
or whether it is actually in the second or third stage of
its 1life and simply experiencing the transient response due
to a sudden application of a heat generation at a point. As
shown, the case for the true initial stage is best described
by a model in which the heat generation rate builds up in

time. For a specimen being started after already experi-
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encing a portion of its fatigue life, one would expect that
the heat generation rate would not increase gradually, but
would have a high value immediately, in effect "picking up
where it left off" before being interrupted. To illustrate
this effect, a double-notched steel specimen was fatigued
and stopped several times while the temperature at the
notch root was monitored with a thermistor. For each peri-
od of cycling, the specimen accumulated 10,000 cycles at a
frequency of 1,800 cycles per minute., After being cycled,
the specimen was allowed to return to a uniform temperature
before being cycled again. The results of this procedure
are shown in Fig., 73. The initial start-up curve displays
the behavior familiar from the numerical model with a vari-
able heat generation rate. The temperature rise approaches
a value which indicates that the final heat generation rate
should be 0.395 Btu/hr. The curve for the first restart
shows a more rapid initial rise, but results in the same
final steady temperature rise. The second restart curve
shows even more pronounced behavior of this manner. When
compared to the numerical solution for a constant heat gen-
eration rate, it is seen that as the fatigue specimen ac-
cumulates more and more cycles, and initiates more damage,
the start-up curves approach the case for a constant heat
generation rate., Using this result, it is possible to dis-
tinguish between the early start-up periods during the first

stage of the fatigue life and subsequent start-ups which may
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occur in later stages. Hence, one can identify the stage of
the 1life in which a specimen is being used without having

a knowledge of the specimen's history.

Triangular Geometry

The great majority of the fatigue tests performed
during the course of this study dealt with rectangular
geometries., However, a few tests were conducted using
specimens of triangular geometry such as that shown in
Fig.12., Triangular specimens are used often in bending
fatigue tests since they produce a uniform bending stress
throughout the tapered section at any distance from the
neutral axis of bending. These triangular specimens are
being used less now than in the past, primarily due to
tne current popularity of tension-type fatigue testing
machines, so an analysis of the heat transfer problem in
these specimens is not as useful as that in the rectangular
specimens. However, the problem in the triangular geometry
has several interesting facets which produce difficulty in
dealing with thermographic monitoring of fatigue tests for
triangular specimens. Because of these facets, both an |
analytical and a numerical solution for the heat transfer
problem in these specimens were sought.

It is possible to obtain an exact solution for the
case of a triangular specimen of uniform thickness when the
stress levels are assumed constant at any plane parallel to

the neutral surface. In such a case, the hysteresis losses
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in the material should be uniformly distributed throughout
the specimen and may be represented by a uniform heat gener-
ation rate per unit volume of material of d. The problem
then appears as a fin of varying cross-sectional area with
a uniform internal heat generation rate. The governing

differential equation for this case in terms of 6 = T - T, 1is

d_ (248 A =
o (KAFD) - hPe + gA = 0 ., (6.21)

In eq. (6.21), k is the thermal conductivity of the material,
A is the cross-sectional area at any location, and P is the
perimeter around the surface at any position. The geometry
used for this formulation is shown in Fig. 74. Expanding

eq. (6.21), one obtains the form

2
) dA de o
Akg;§ X ix - hP6 + JA = 0 . (6.22)

The functions A(x) and P(x) can be determlined [rom

the geometry in Fig. 74:

A(x) = 2axt, where a = b/2L2 , (6.23)

P(x) = 2t + L4ax = 2(t + 2ax) . (6.24)
Thus, we have

dA _

ax - 2at (6.25)

and
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2_ g't+28.X2 ~ 2 (6.26)
A~ axt Tt *

The differential equation of eq. (6.22) can be further re-

duced to give

o,
2

d dA d6 hP a -
dx

ax ax " kA ° T O (6.27)

s

Using the results of equations (6.23) through (6.26), this

equation can be written as

a®o
dx2

D

2h q _
R et gE=0. (6.28)

b
Q‘Q
wWlo

Assume that the solution of eq. (6.28) consists of

a particular solution and a homogeneous solution:

ot 8p s (6.29)

The particular solution which satisfies the differential

equation is

op = %{% . (6.30)

The homogeneous equation to be solved then is

2
d~o 1 de 2h _
oz t G -5 9 =0 (6.31)

which can be rearranged to give a form of Bessel's equation,

2
2 4d7¢ de 2.2 _
X -a-;z"i' X ax m"x"6 = 0, (6.32)
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where m® = 2h/kt. The solution of this equation is
o = C, I (mx) + Gy K (mx) , (6.33)

where Io and Ko are the zeroth order Begssel functions., Com-
bining equations (6.33) and (6.30), the total solution to
the problem is

6 =0, To(mx) + C, K (mx) + $L . (6.34)

C1 and C2 are the constants of integration and depend on the
boundary conditions imposed at x = L1 and x = L2. If the
boundary conditions are that the vise (wide) end and the
crank end are at known constant temperatures, 61 and 92
respectively, then it can be shown that

6, - Gy Ko(le) - qt/2n

IO(le)

Q
il

(6.35)

and

6, I (mL,) qt
c, = 2o L _g, +=[1- Io(le)/Io(mLz)]}/

1
| Io(mLZ) 2h
K(mL)IO( 1) K(mL):l (6.36)
- 3 03
2 1
| © Io(mLZ) o

Alternately, heat fluxes a4 and q, may be specified at the

vise and crank ends, in which case the constants are



223

K (mLZ)
= 44 K, (nL,) (6
C. = —— .37)
1 [K (mL ) I, (mL ) I (oL ﬁ
km - m
Kl(le) 1Y 2
and
+ kC,mI, (mL,)
c, = B b i R (6.38)

km Kl(le)

An interesting and troublesome characteristic of the solution
just determined is that with uniform heat generation, tri-
angular fatigue specimens display a band of maximum temper-
ature rise that is not related to any particularly severe
fatigue damage. This behavior was noted in a few tests of
triangular fatigue specimens in which a temperature rise
occurred but did not correspond to the location of the final
fatigue failure of the specimen. To examine this aspect

of the solution, one need only seek the maximum of 6(x) from

eq. (6.34). For 6 to be a maximum,

S =¢, mI(m) -C,mk (m) =0, (6.39)
or,

¢, X,(mx)

a‘£= m . (6.40)

Using asymptotic expansions of Bessel functions, and omitting

all but the first terms in the infinite series expressions,
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the condition for a maximum can be reduced to

_ ~-2mx

= e . (6.041)

Al

C
61.
2

This expression serves mainly as an approximation to the
location of the maximum temperature rise, but does indeed
indicate that a maximum exists since eq. (6.41) has a unique
root for given values of 01 and CZ' For the specific case
of a steel specimen, 0.125 inches thick, with L1 = 1,20 in.,
and L, = 9.0 in., it can be found from eq. (6.40) that the
maximum temperature rise occurs at x = 0.433 ft., or at
approximately 58 percent of the length. It must be noted
that the simplified expression in eq. (6.41) gives an
answer which is too low for this case, and since the expres-
sion was based on expansions of the Bessel functions for
large arguments, results of eq. (6.41) cannot be used to
predict the location of the maximum temperature rise accurately.
Using the exact solution in eq. (6.34) and boundary
conditions of both the constant temperature and gradient
types, the solid curves of Fig. 75 were determined. These
curves are for steel with a uniform specific heat generation
of 1.75 Btu/hr—inB. Their purpose is mainly to provide an
accurate comparison case for the data generated with the nu-
merical model of triangular geometry to be discussed. As can
be seen in this figure, the location of the maximum tempera-
ture rise on the specimen can be changed by specifying dif-

ferent boundary conditions.
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The numerical model developed for use in more
realistic cases is based on a steady-state finite-difference
approximation to the problem, as were the major models for
the rectangular geometry. However, in the case of the
triangular geometry, the nodal equations are complicated
by the non-rectangular shape of the elements along the
boundary. Because of the strong and complicated dependence
of the equations on the geometry, the model was developed
for a specific tapered size, which is shown in Fig.76.

(Note that the scales in Fig. 76 are different in the hor-
izontal and vertical directions by a factor of 2.) The
model is composed of nodes on a rectangular grid except on
the boundary along the tapered side. The specimen was
divided down its centerline using symmetry as was done for
the rectangular model. The nodal equations for the interior
nodes and those along the centerline of the specimen are

the same as those given in equations (6.15) and (6.16) for
the rectangular case, except that Qm,n is replaced by its
specific equivalent, gb(dx)(dy). This is necessary for the
specific heat generation rate to be constant in the speci-
men when some of the elements are not of size dx by dy by b,
as are the interior elements. The nodal equations for the
end conditions also are similar to those for the rectangular
case,

The nodes which present the difficulty are those

which are on the tapered boundary of the specimen. Here,
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there are patterns of four kinds of nodes (based on the size
of the elements associated with them) which repeat from the
vise to the crank. These nodes are designated nodes of type
1, 2, 3, or 4, as indicated on Fig., 76. The nodal equations
for any of these nodes may be written as one equation through
the use of the parameter n = type number of any node. For
the geometry under consideration, the general equation for

a boundary node is then

24ndx®  2hdx 2T .\ o
Tnon = | T F RE Tw (FocosB ¥ 2ndx) ¢ Ay

(n-sing) (ntsinB)
* 2 cosB Tm,n.+1 T3 cosB Tm,n—l

2hdx n 2 (6.42)
[jEE— (t cosB + 2ndx) + cosB + ot %3}

where B is the angle of taper of the specimen, shown in
Fig. 76. By letting n =1, 2, 3 or 4, one obtains the proper
nodal equation for each type node,

Using the interior and centerline nodal equations with
the boundary nodal equations (6.42), a computer program was
written to determine the temperatures on the surface of
any triangular fatigue specimen., This program is listed in
Appendix C. As a check on the accuracy of the numerical
solution, cases corresponding to the exact solutions ob-
tained for Fig., 75 were tried. The numerical results are

plotted on Fig. 75 with the exact solutions, showing excel-
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lent agreement between the two methods. Hence, the computer
model could be used with confidence to examine more diffi-
cult cases.,

The provision for varying the heat transfer coef-
ficient along the specimen was included in the triangular
model, as it was in the rectangular case. The heat transfer
by radiation was also handled in the same manner. A few
cases were run to examine the effects of different heat
generation rates on the results and to illustrate the effect
of varying the thermal conductivity of the material. All
cases were of known end temperatures, equal to the ambient
temperature. Figure 77 shows that the magnitude of the
temperature rise along the triangular specimen is a strong
iunction of the heat generation rate, but that the general
shape of the centerline temperature rise curve does not
change with 4. Thus, the location of the maximum rise does
not change with changes in heat generation rate, Figure 78
displays the same behavior as that which is seen in Fig.77,
but the maximum temperature rise does not seem to be very
dependent on thermal conductivity, a result of the uniform
heat generation in the specimen.

Of greater interest than the perfectly uniform heat
generation case in the triangular geometry is that in which
a more active heat generation region or point is superim-
posed on the uniform generation., Such would in fact be

the case if a fatigue crack propagated across the triangular
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specimen, The mechanisms leading to the initiation of a
fatigue crack also produce this effect, although the added
heat generation will in general be much lower than that for
a propagating crack. It is the latter case which is actul-
ly the more important one, since it is during this period
when an early indication of the location of the initiation
would be desirable. In order to investigate these problems,
the numerical model of the triangular specimen was modified
to accept additional heat generation rates specified at any
nodes. The uniform heat generation in the remainder of the
specimen is left unchanged.

In the case of a fatigue crack propagating across a
tapered fatigue specimen, a strong additional heat source
would be superimposed on the uniform generation field in
the specimen. Such a case is illustrated in Fig. 79 for a
steel specimen 0.125 inches thick. The strength of the
additional generation was chosen to be 1.00 Btu/hr based
on the results of the experimental study with rectangular
specimens. This extra generation was specified as 400 Btu/
hr—in3 in the input data for the computer program. As can
be seen, the location of the extra generation point (or the
crack tip in the actual case) is readily apparent in the
temperature field. This behavior was also observed experi-
mentally in some tests of tapered specimens. Once a crack
forms, it is relatively easy to follow the propagation to

failure, since the level of heat generation at the crack tip
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supersedes the effects of the uniform generation. Hence,
the problem approaches that for the rectangular geometry.
The case in which the triangular geometry presents
the major difficulty is that in which the fatigue crack is
not yet propagating but rather is just being initiated in
the material, This case is of prime importance, since it
is desirable to predict early in the life of the fatigue
specimen where the fatigue damage will first appear. In
a tapered specimen, one area will begin to experience more
fatigue damage than the surrounding areas due to the presence
of some flaw in the material, either metallmrgical or geo-
metric., The fatigue damage usually becomes severe at the
edge of the specimen first. The strength of the heat gen-
eration at the real point of interest will be only slightly
higher than that in the rest of the specimen at first. As
the damage progresses until it resembles Fig. 79, the heat
generation rate grows steadily. For low values of the extra
heat generation rate, the effect of the uniform heat gener-
ation in the specimen dominates the resulting temperature
field on the specimen and itis impossible to locate the region
of major fatigue damage. For a given case of uniform gener-
ation in a specific material, there will be a lower 1limit
to the value of the extra heat generation rate which allows
one to determine thermographically where the major fatigue
damage is occurring. This limit was determined for one case

using the numerical model.
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To determine the lowest extra heat generation which
is detectable in the specimen, a uniform heat generation of
1.50 Btu/hr-in3 was chosen in a 0.125-inch thick steel
specimen. Using trial and error, different values of an
extra heat generation were selected until the effect of the
heat generation was barely discernable on the temperature
field on the surface of the specimen. It was found that an
extra generation strength of 30 Btu/hr-in3 was necessary
at a point on the edge about 20 percent of the length
from the vise to make the effect visible in the temperature
field. This represents a strength twenty times that in the
surrounding material., The temperature field map for this
case is shown in Fig. 80. Obviously, the requirement that
the extra heat generation due to local fatigue damage mech-
anisms be twenty times that for the rest of the specimen
imposes a limitation on the effectiveness of thermography
for use with tapered specimens. It actually precludes the
ability to locate important points early in the fatigue
life of a specimen, However, once the damage reaches a
given state, it is again possible to monitor further devel-
opment and propagation of cracks. The behavior of the
temperature field with uniform heat generation may also be
of importance in on~-compression testing of rectangular
fatigue specimens, where a uniform heat generation in a re-

duced section would lead to the same difficultles discussed

above.
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Heat Generation and Plastic Zones

The analysis to this point has been aimed entirely
at determining the thermal response of a fatigue specimen
to a given heat generation. The mechanisms of fatigue
through which the heat is generated have been discussed in
Chapter II., It would be desirable to extend the analysis of
this problem to include a method of determining the heat
generation rate to be expected from a given geometry and
loading. Such an extension requires considerable informa-
tion concerning the stress field surrounding the notch or
crack and a means to determine the volume of material
in which energy is being dissipated. Hence, one must know
the size of the plastic zone and its variation with the
thickness of the material.

A useful variation of the problem above would be 19
be able to effectively measure the size of the plastic zone
given thermographic data and stress data for a specimen.

As has been seen in the experimental results, the temperature
field on the surface of the specimen is a smoothly continu-
ous one reaching a maximum temperature rise at the tip of the
crack. There is no indication from the thermal data where
the outer boundary of the plastic zone lies. Thus, an anal-
ysis of the plastic zone size must begin with the heat gen-
eration rate found from the temperature field map. Working
backwards from this point, it may be possible to determine

the size of the plastic zone, given enough other information
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about the particular problem.

In order to demonstrate how the two problems above
might be attacked, a brief analysis of the heat generation
problem in general will be given. There are several assump-
tions necessary in the analysis, and therein lies the dif-
ficulty in using the results. The first assumption is that
the heat generation takes place in a definable region about
the tip of a crack or notch root called the plastic zone., It
is assumed that outside the plastic zone no energy dissipa-
tion occurs. In such a case, the total energy dissipation
rate, Q, is the integral effect of the distributed specific

heat generations throughout the plastic zone:

Q=J,/qav . (6.43)
sz
The specific energy dissipation rate, d, in the plastic zone

is represented by the area under the hysteresis loop at any
point as shown in Fig. 2(c). TFor the loading used in this
study, the area under the hysteresis loop may be loosely
defined as a fraction of the specific strain energy in the

material at the point,
g =y uw, (6.44)

where vy is a fraction less than one, and w 1s the cyclic fre-

quency. The specific strain energy, u, can be written as

€
u = f 1cd€ , (6.45)
0
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where El is the strain range at the point of interest.
Using this expression, the specific energy dissipation
rate will be

. 61
q =y wj gd€ , (6.46)
0

and the total energy generation rate in the material is

€
Q= LIy wS Lode av . (6.47)
sz 0

The specific energy dissipation rate, é, is most difficult
to determine since it requires a thorough knowledge of the
strains in the plastic zone and the stress distribution
there, Even if it were possible to obtain an expression
for d, further assumptions would have to be made in order
to integrate that expression to obtain Q. In particular,
the factor y is unknown, and might have to be determined
empirically. It is even possible that y will depend on the
strain distribution in the plastic zone, further compli-
cating the problem.

Due to the number of assumptions necessary in this
analysis, it is not possible to work backwards given the heat
generation rate to determine the plastic zone size., The
discussion presented above is intended as a definition of
the problems to be solved before such techniques for finding
the plastic zone size can be used with confidence., However,
it is possible that with sufficient additional information

and research, the thermographic determination of plastic zone

sizes will be a useful technique.



CHAPTER VII
CONCLUSIONS

This study has dealt with both the experimental and
analytical aspects of the use of thermography in fatigue
studies. The results of the study indicate that thermography
is a potent technique for monitoring fatigue tests and
predicting likely locations of damage in a specimen.

Early experimental investigations established the
use of thermography in bending fatigue tests as a viable
nondestructive means of locating areas likely to incur the
greatest fatigue damage during a test. The heat generation
due to hysteresis effects in the material provided a local
area of elevated temperature from which cne could predict
where fatigue cracks would form. The early tests were con-
ducted with several materials, and indicated that the use
of thermography with aluminum specimens would be less success-
ful than that with steel due to the high thermal conductivity
of the aluminum. Composite materials worked quite well due to
their low conductivity.

The lengthy series of double-notched steel fatigue
tests provided a great quantity of data which supports several

conclusions, The area most likely to incur the first fatigue
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damage during a test was consistently and easily determined
by searching for the warmest point on the surface of the
specimen. Visually-observed crack locations confirm the
accuracy of the thermographic technique. Once fatigue damage
takes the form of a visible crack, its progress as 1t prop-
agates in the material can be monitored with thermography.
Crack velocities can easily be calculated using the locations
of the crack tip found with thermography.

By presenting the data from this series as tempera-
ture rises on the specimens as functions of the number of fa-
tigue cycles, other important conclusions can be drawn. The
curves of temperature rise versus cycles have three basic
regions in all the cases of the series. The first region
is one in which the second derivative of the temperature rise
with respect to cycles is negative. It is during this
stage that the fatigue damage begins to accumulate on a
microscopic scale., Combined with this stage is the change
in temperature rise in time due to the transient heat transfer
problem. Analytical considerations using numerical models
show that it is possible to discern the original first stage
of the fatigue life from subsequent transient behavior by
observing closely how the temperature rise varies in time.
The first stage itself does not experience a constant energy
dissipation rate, but rather one which changes in time. Re-
starts of the fatigue test leading to transient behavior

show responses which approach that of a constant heat gen-



242

eration rate.

The second stage can be characterized as the period
over which the second derivative of the temperature rise curve
is zero. It is during this stage that the fatigue damage
coalesces into a propagating fatigue crack. In this stage,
the heat generation rate changes linearly with time at a
low rate. Analytical considerations in this case showed
that part of this change is necessary to keep the temperature
rise at even a steady level. It is important to observe that
in all cases, the formation of a microscopically visgible
fatigue crack took place during the second stage, but in no
instance was that formation accompanied by a marked change in
either the temperature rise curve or the temperature. The
implication, therefore, is that in order to determine exactly
when a crack begins to propagate, one must continuously mon-
itor the location of the maximum temperature rise.

The third stage in the fatigue 1life of a specimen is
marked by a positive second derivative of the temperature
rise versus cycles curve. During this period just prior to
failure, the heat generation and temperature rise increase
rapidly due to large plastic deformations in the material
accompanying rapid crack growth.

The temperature rise curves were also shown in non-
dimensional form as T* vs. N* for each nominal stress level.
For these curves it was seen that ‘the length of the first

stage changed with stress level,but was fixed for a given
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level, However, the length of the third stage was found to
be less sensitive to changes in stress level. This stage
usually occupied the last 30 percent of the life of the spec-
imens. Using this conclusion, it may be determined whether
or not a fatigue specimen is in a dangerous stage of its life
by determining the second derivative of the temperature rise
on the surface of the specimen.

Other useful conclusions can be drawn from the tem-
perature field maps produced from thermograms taken during
fatigue tests. Using an energy balance technique, the heat
generation in the material can be determined from any tem-
perature field map. Graphs of dissipation rate as functions
of fatigue cycles were then used to determine the total en-
ergy dissipation in a specimen in a fatigue test. The results
of this technique compare well with results in the literature.

Several tests using composite materials were performed,
and led to additional useful conclusions. As was the case
with the steel vests, the most probavle reglons Lo incur fatigue
damage were easily located early in the fatigue 1life of a
specimen. The propagation of damage was monitored. The
damage in composite materials takes different forms from
that in metals, but was still easily detected. It was
shown that relative stress concentration intensities can
be determined using thermography. An important conclusion
is that thermography can be used to locate areas incurring the
greatest fatigue damage even when those areas are below the

surface of the material being monitored. In this manner,
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thermography provides information at an early stage which
would not be obtainable with any visual inspection technique
until the material actually began to fail.

The results of the analytical considerations have
a bearing on the directions future research should take.

It was shown that given a heat generation rate in a specimen
it is possible to predict the maximum temperature rise on the
material. The rises determined using the heat generation rates
obtained experimentally agreed reasonably well with those
seen thermographically. The problems associated with deter-
mining the heat generation rate to be expected from a given
loading were discussed and a possible method of attacking

the problem was presented. A useful conclusion of the
analytical study is that the temperature rises and gradients
on the material are quite insensitive to changes in the heat
transfer by convection. This result is important since it

is most difficult to obtain a very accurate value for the
heat transfer coefficient for the type of testing performed
here.,

The results of this study are very encouraging regard-
ing the use of thermography in fatigue studies. However,
much more research on the subject 1s necessary in order to
fully realize the potential of the technique. Several sug-
gestions for further research in different areas of the
method can be made. First, due to the current popularity of

tension-compression fatigue testing, an experimental study
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using this loading would be highly desirable. By using
tension-compression loading, several of the problems associ-
ated with this work could be avoided. The data in the
literature are almost entirely devoted to axial loading
tests, so much better comparisons of techniques and results
could be obtained. The variation of stress through the
material would be greatly simplified, perhaps allowing a
determination of the plastic zone size. Specimens with

long sections of reduced area could be used to investigate
more closely the possibilities of determining where fatigue
damage will occur when there are an infinite number of
statistically equal initiation sites. Finally, the convec-
tive heat transfer problem would be simplified since the end
of the specimen would not be deflected in the manner that

it was in the bending tests.

Other experimental investigations could deal directly
with the effects of geometry, material, and loading. As the
technique of using thermograpnhy in fatigue studles is further
developed, attention could be turned toward possible appli-
cation of the technique to practical material or parts testing.
The major obstacles to be dealt with in this case are the
need for the part to be cycled at a rapid rate during ther-
mographic inspection, and the difficulty presented by cer-
tain geometries (cylindrical, for example) and material
finishes (as a polished surface).

Further analytical studies could be used to better
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establish the heat generation as a function of stress levels
in a specimen. Particularly, a combined stress analysis
and heat transfer analysis conducted by using the finite
element technique could yield not only the generation rate,
but also the surface temperatures to be expected on the
material, Such a model would be rather involved, and would
have to include strain-hardening plastic effects, but in the
final form could be used to determine the usefulness of
thermography for any number of loadings or geometries.

With further development, thermography may become
a prominent detection and measurement technique in connection
with fatigue tests of materials and structures. The re-
sults of the study presented here show that the technique
works well for the cases investigated, and has promise for

other cases as well,
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APPENDIX A
CALIBRATION PROCEDURE

In order to obtain accurate temperatures from the
information presented in a typical thermogram, it is neces-
sary to calibrate the reference system used. In the Texas
Instruments "ThermIscope" scanning infrared camera, an in-
ternally-generated gray scale provides the information re-
quired to convert shades of gray in the field of the ther-
mogram to tzmperatures (OF). However, it was found in using
this instrument that there were two persistent sources of
error in finding the temperatures directly from the scale.
First, the temperatures indicated on the gray scale as the
hich and low temperatures covered in a thermogram were found
to be incorrect. Second, once the correct temperatures were
determined, the shades of gray corresponding to known temp-
eratures were found to be slightly out of calibration.

In this study, a single heated resistor was used as
a calibration temperature source to correct the errors above.
By setting the thermograph on a low range (1OF) it was pos-
sible to determine to what degree the indicated temperatures

were incorrect. For example, if the indicated high temp-

erature was 800F, the reference source was set to be at
254
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80°F also. Then,with the range of the thermograph set at 12
the indicated temperature of the source was determined. If
the indicated temperature were found now to be 78°F, it was

concluded that the temperatures indicated were approximately

20

too low at that time. As a correction, the high and low
temperatures were increased by 2° when finding temperatures
from the gray scale.,

The density of the reference source was later used
to correct the densities on the gray scale also. Linear in-
terpolation was used to determine the density of any temp-
erature between the limits on the gray scale after the lim-
its had been corrected. For example, if the corrected high
temperature were 82°F and the low temperature 720F, and the
optical densities of the high and low indications were 1,00
and 0.0 respectively, the optical density of 770 would be
0.50. If the reference source were at ?70 also, and its
density measured 0.45, a correction of -0.05 would have to
be added to the densities of the gray scale in order 10
obtain true temperatures from the thermogram.

It was found by comparing this procedure to other
reference sources that the scale was generally out of cal-
ibration by the same amount at both the high and low extremes
of the range in a given thermogram. Thus, correction of the
entire scale using the data from one point was possible. It
was also found, however, that the miscalibration changed from

one thermogram to the next even without changing the settings
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on the thermograph. Hence, it was necessary to use this
calibration procedure cn each thermogram evaluated for
temperatures using the densitometer.

Other methods of calibration are available. All
include a known temperature or temperatures in the field of
the thermogram. The primary advantagesof the procedure
developed for use in this study are that the single reference
source could be adjusted to fall within the range of any
thermogram in this study, and the reference responded to
changes rather quickly. The latter point was important in
keeping up with the rapid changes in maximum temperature
which occurred on the fatigue specimens near the end of a

test.




APPENDIX B
STRESS-STRAIN DATA FOR MILD STEEL

The material used for the double-notched steel fatigue
specimens discussed in Chapter V displayed unusual material
behavior in the initial tension tests performed to deter-
mine the material propei‘ties. Thé yield stress was low,
no double yield point was evident, and the modulus of elas-
ticity was lower than normally observed for mild steel. In
light of these results, a number of additional tension
tests were performed at various times and with various
equipment in order to establish whether the material prop-
erties were indeed those first determined.

A Riehle testing machine was used for most of the
tests. Specimens of different widths and reduced-section
lengths were used. Strain data were obtained using both
strain gages and a mechanical extensometer to give values
throughout the range of interest in this study. The data
obtained from these tests are plotted in Fig. 81. Data
from strain gages and extensometers are identified sepa-
rately. As can be seen in the figure, thesedata complement

each other quite well in the overlapping region.
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Since the data still indicated low mechanical proper-
ties for the material, further tests were conducted using an
Instron tension testing machine., Data were available from
these tests in the form of strain gage readings and strain
readings reduced from an extensometer. These data are also
plotted in Fig, 81, As can be seen, the agreement in the
data is again excellent.

The absence of upper and lower yield points in a
steel loaded uniaxially suggests that it is not virgin
material, but has been subjected to some prior stressing.

Based on the large number of tests,performed on
different equipment, it must be concluded that the mechani-
cal properties for the mild steel which were originally
determined were in fact accurate. These properties are

then used with confidence in Chapter V.
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0.2% offset yield stress = 26,000 psi
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Figure 81, Stress-strain data in yield region
of mild steel used for double-notched specimens.
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APPENDIX C
COMPUTER PROGRAMS

Included in this appendix are listings of three com-
puter programs used in the analysis of the heat transfer
problems associated with energy dissipation in fatigue
specimens. The programs are listed as used on an IBM 370
digital computer.

The first program listed (TEMPROF) utilizes a finite
difference approach to find steady-state temperature rises
on the surface of rectangular fatigue specimens. Heat
generations Q(I,J) are allowed at any nodes in the grid
for the specimen. Options included in the program include
variable heat transfer ccefficients from the vise (HV) to
the crank (HC) with any order of variation specified (KON-
VOP), variable boundary conditions (NDOP), and the addition
of extra convective heat loss (HAD) for the study of en-
hancement possibilities. The nodal equations used for the
model are given in Chapter VI, Comment statements in the
listing indicate the structure of the program.

The second program listed is based on TEMPROF but
includes the transient behavior as noted in Chapter VI.

This program (TRANTEMP) omits several of the options inclu-
260
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ded in the steady-state program. Only one heat generation

is used and boundary conditions are constant temperature ends.
The time interval for the forward-stepping solution is
governed by the convergence criterion established in

Chapter IV, As can be seen from the listing, the lack of
several opticns in the program results in a much shorter
program than TEMPROF,

Finally, TRIPROF is a program using finite differ-
ence methods to determine the steady-state response of the
surface temperatures on a triangular fatigue specimen. The
specimen experiences a uniform heat generation throughout
(QI), but includes the option of specifying different rates
of heat generation at other nodes (QG at IG,JG). Also in-
cluded in this program are options for the convective heat
transfer coefficient distribution (KONVOP) and boundary
conditions (NDOP) as were seen in TEMPROF previously. The
nodal equations for the specimen and the specimen geometry
are discussed in Chapter VI. A plotting routine is included
which gives a printed graph of the centerline temperatures
on the specimen for each case. Numerous comment statements

in the program explain the structure of the program.
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JCEM = CFANTFR OF ALTERED COFFFICIENT STRIP

TMAXH = WAXIMUM VALUSE OF T FOR ALYEFRED H*S

MAD = LNCAL VALUS 0OF CONVECTIVE COFFFICISNT SPECIFIFD
RS AD (S,47°7) NCASE

85N~ FRaMaT (12

AT 41T MNCT =L WNCARF
PIAD (S.972) {TITLE(I) o171 450)

|49Nn FOSVATY {S"ad)

PEAD (5 +4677) CTNIB+BT, ACCosTHMAX « IMAX 4 JMAX

927 FIPYAT (SF10,C6215)

A

qQt

RE AN (5,71°) KONVOP ¢HV o HC
D FIEMAT (11 4AX,2F10,0)

QEAN (S4617) NIDPL TV, TC

CE LY (§4715) [NsINGDXLOY
S FOOMAY (21 8,2F1%5.0)

INP=IMNe]

IFJU?]'.’—]

INMT M-

SINMz YN

WIAMZTNM

wld=DYswiNw

AL ENTOAX R SNM

RF T=1/13,

29¢



3a
29
' Sal
a1
a2
a3
aa
a5
an
A7
49
49
59

S
e
=
<a
s
6
57
SH
59

P
61

€3
64
65
65

67

[alalalal

[a¥al

[a}

X="NYX/12,
Y=NY/12.
SIGMA=",17]145=18
GV=TVaDX
GC=TCeNX
RTP=0T4a5~,
TMAXT=TMAYX ¢RTR
TVR=TV#+aI A",
TCR=TC+aAD,

D=z Xav
S=CON*BF T
RlzJgMmav-1

cn =K1
K3=JN=-JMAX
CC=K3

ALL TFUDFOATURE ARZAYS AND THE

O ARRAY APS INITIALIZFO

THE TruoSCATyYRS [S ASSUMFD LINFAR FRNM EACH END TO TMAX AT

D3 2 J=1eaN

K=J-1

C=K

N3 4 I=1,IN
N{T+0)=".

I (J.GY.JMAX) GN T3 6
T(1eJ)=TMAX®({C/CD)I+RTR
GO TN 8

»

A UlT.0)=T(1.J)
TAUD(T+J)=T(I4J)

T{TeJ)=TMAXR-((C-CD}/CC)=THMAX

4 H{T4J)=HVS({C/SINM) «2KONVOP) * (HC-HV)

2 CONTINUT

LOCALLY CHANGE CONVECTIVE COEFFICIENT

DFAD (S,73) NOY, IMAXH, JCEN

3 FIPMAT ([2,4%,[2,8X%X,12)
IF (NOJ.LT. 1) GO TN 9
73 1 K=1,.N0OJ
@ an (SeS) Jy HAD

S FOSMAY (12,8X,51%.9)

N 1 I=1eIMAXH

H{T1sJ)=HAD

Q9 CNANTINUF

-

QFAD IMN THFE GFNFRATION POINTS AND STRENGTHS

£Z AN {5,470) NOGEMS
DT 19 K=14 NIGENS
17 PFAD (5,:925) 1+4Je0(14J)
Q25 FOPMAT (215.F17.0)

RTAD (54929) NICFL JNOF AR

Q920 FOOMAT (11.4%,11)
L="

BEGIN ITEFRATIONS. USF LIFBMANN MITHOD.

12 L=t +!

THE QADIATIVA COSFFICIFNT

1S CALCUL ATED AMD

IF DESIRED.

USFN TO GET THF

JMAX.

€92
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SNNTINDD O

No =y
v UL U9 (u*r*ig) A1
((r*1)0QsL~{r*13n)s5uYy = ra

Nl *I=r ov Cd
N1*1=1 ¥t 0O
v =U

3INIA34410C nInI Xy UNEA

SONTLINUD oL

(C*1)N=lrel )L Y
(LASA 4+ XaX)IR®C4S/dede( 1 )AHIZCUIr 14113 (r T ~T L dexex
({40 L)L+ {1~C 1)L ) AnA+lUsS/deds (1 )LIH+S/an( M 1NOY=(r o LIN
ANl *c=1 Y9 Lu

*SJOON HOIHILIND Vv Ly SIoNIvEIdnidl MSN S1¥INDTVD

(C* In=(r*1 )

(NI XO=(0 SN )L

((LIB4+°2/A)I (0 NI MIRS/Xnam*2 2

FARARTZAXRXA VI/ZCC(I~C ' NID LA CLI4F NI )L ImARA+(r*nNTY s 1

EXSXE DL AB+°C/A)* 2wl NS/ Xadu (P NI ILHIS/dn (CENIDOI=(T NI IO
((13dbe°c/A) 2

B L2 T MIHSS /X2 Cd *CZ4ARAR C4XeXe "0/ {{I=-C 1)U+ (N4 1) )nAmAd |
(Pe2)laXsX®04( LI+ S/A) =280 8sS/X 3ds (F*T)IHG S/on(C*1)0)=1F%L )N
nNC *<C=r vE wo

*S300N 3903 1V SIHNLVHIANWIL MmN JA¢WIDIVY

INCPIIN=(NC*L YL CE
{1*1IN=C1*1 )4
NI®1=] 2t LO (€
dIA=(Nf*1 )N 6&
AD=(cZ*])21=(1*)1)N
NI *L=I 62 WU B¢
vE Gi C9
94 (ANFLLIIL=(NT*] )N v
pAL=¢1 1N
NI*I=] w2 w0
B8Z 04 02 (€°49°3UUN}) 41 Cc¢
vx Li CO
D94(nNF* 1 )A=(NF*} )N w&
AD-(2*1)i=C1%1)0
NI®*l=1 o2 CL vl
v Q1 L9
adlz(NF*] )N <&
cAL=(1¢1N
NE®I=] ¢2 UG 91
0C*61 *91 (2~auuh) 3}

*Sad°" NIALO ONISN SONS 3HA AVY SIuNLIVa3dhia A3N SivINDIvD

aMNIANDD *1

(C*I)H ¢ Qvan={r*1).H S1
(AT T 1)L ) (Caa L4 (M* [} LIeVvHOIS=AV e
NC*I=r si Cu
Ni“i=1 s CQ

¢ 400N HOVY3 LY UNJIDIH4403 *1°W vals

Ly

v o

[PReNE

voul
PR
vl
Sl
vof
el
cwl

101
~01

(=X
v 0

L6
96

vo
£ 6

<a
1

69
A




e
i1

112
13
114
115
116
117
11a
119
129
121

122
123
12a
125

125
127
1249
120
137
131

132
133
138
13=
12¢
137
138
139
149

1a1

142
1413
144
185
144
1847
1489
149
157
151
152

153
154
155
156
187

annn

aNaNalal

39 CONTINUS

CHICK AGAINST INPUT ACCURACY o IF OKs, GO TN QUTOUT. IF NOT,
GO [RACK AND TRY AGAIN,

I (D.LT.ACC) GO TO A2
DI 44 I=1,1IN
DO 46 J=1+JN
46 TOLD(T«J)=ULTeJ)
44 CINTIMUF
GD TN 12
42 NI 43 [=1,IN
07 57 J=14JdN
THETA(T ¢ J)=U(1¢J)~RTR
TCTeJI=U(T4U)=-8K0,
SO UCT.J)=(T(140)-32.)%5./9.
48 CONTINUT

NUTPUT DATA CONSISTS NOF INPUT PLUS TEMPFRATUPRES. A0TH
FARTAHFIT AND CEFLSIUS QUTPUT MAY BF BLANKFED IF DESIRFO (NOCEL,
NOFAR = ~),
WOITE (Ae9472) (TITLE(I)WI=1.50)
QAN FIRMAT (1M1 .,5X.,'FINITZ DIFFERFNCF RESULTS FOR ¢ ,5MAl)
WRITE (6.941)
O8] FOOMAT (1X,'headttdbOhstddstsssstssttasetiRsRSERTUREER SRR S IEARE SO R
| Ss s nashes sttt aassdnnbatatase e, //)
WO ITF (6,945)
Q45 FORPMAT (SX,*GENERATION PCINTE AND STRFNGTHS cesse®)
WRITF (A,959)
ISD FORMAT (17X e I% eFXe*J? 4IXs*C{TeJ) )
NI 193¢ I=1.IN
00 277 U=1+JN
I= (0(1.4)) 200,200,210
217 WRITE (64955) JeJe(1eJ)
9G5S FARMAY (OX 129X e12:8BXeFhe?)
2072 CONTINUS
190 CONTINUT
WRITE (A.,9472)
Ca2 FIWNUAT (1%X./)
WRITF (6£,570) CON'HV.HC
€70 FARMAT (SX¢ICONDUCTIVITY = ¢ 3F€el oSXe"H(VISE) = *(FHBe2¢5X,
1PH(COANK) = 8,FhePy/)
5 (XKONVOD =2) 412,413,830
412 WwRITE (H,574)
€84 FORMAT (9Xe'A _INEAR DISTRIBUTION OF H WAS ASSUMSD,.*./)
GO TNy 587
a1 2 wWIITE (5H5,.583)
S8R FOARUAT (OX,*A SECOND DORDER DISTRIBUTION FIR H WAS ASSUMNED,*,./)
GO YN s87
414 W2 ITE (6458%)
SHA FIPMAT (OX %A THIRND ORDEP DISTRISUTION FJII H WAS ASSUMFD.* /)
687 [T (MNJ.LTL1) G TN K39
WRITE (5,A1) [IMAX,JCTN
A1 FORMAT (QX.'CONVFCTIVE COEFFICIENT LOCALLY INCRFASED FROM I=1 TN ¢
101 310/ 9X,"CENTERED ABOUT J=*9l3s%e%4/)
WRITF (6¢A2) NIJsH(IMAXJCFN)
&2 FOPUAT (AX'WIDTH 0OF STRIP == ¢ ,12,¢, H{CFNTFR) =% ,F6:2,/)
£3Q WIITF (6+5R3) FJNRT
§A3 FOOUAT (SXs*MAT, THICKNESS = ' 4F& ,3,% IN®;SX'ROOM T = 1,FBe14/)
wAILTE (6,590)

592




15R
1809
167

141

162
163
163
165
166
167
159
169
17
17¢

172
173
174
175

176
177
178
179
1RO
141

122
183
1aa
195
186
187
188
189

190
1

192
193

194
194
r1as
107
194
199
209
2y

272

20
204
ELX:
204

207
2nAa

[a N2l o linl

590 FORMAT (27X 4% 40 ¢END CONDIT IONSsee*)
WO ITE (€,596)

EQfH FORUAT (BX,9TI(V)I*eBXe*T(C)*s6XsGRAND(VI® ¢6Xe*GRAD(C) /)
1T (NDPPP-2) 38,381,382

383 WRITF (6,591) TV, TC

591 FORMAT (SX ¢F7e2¢S5XvF7e24/)
Gn Tn 1389

331 WRITE (6,592) TV, TC

592 FOARMAT (20X eFB8.2+5Xe B2/
GO T 3ag

332 1T (NDNP=-s) 383, 384,384

323 WIITE (6.503) TV, TC

€93 FIANAT (8XF7,2429%X.FB.24¢/)
G Tn 3RQ

384 WITTE (&,594) TC,TV

8948 FOIRYAY (17XeFTe2,5XeFBe2+7)

339 wRITE (5,972) wWiID. SLEN

C72 FORMAT (SX,*SPECIMEN WIDTH = F6.2,* IN LENGTH S?F7,24° [N*,.

17)
W2ITF (6,4100) DX,DY
1772 FIIUAT (SX,'ELEMENT SIZF = $,F6,3¢¢ RBY * F643¢® INCHES +*s/)
WRITE (F.942) -
WITE (A e94G0) %
WITF (6.942) H
9970 FODMAT (/.S5X.*TFMPFRATURE AHOVE ROOM TEMPFERATURE (DEG Fleeos')
WAIITF (hHe94a1)
NN 210 J=1,JUN
WRITF (6,985) (THETA:INP~144)s1=1,41IN)
2308 COINTINUF
GRS FOOMATY (////¢1X e21F6,2)
WIITF (£,2a2)
WIITE (6,975} ACCo L
Q7S FNAMAT (///+5X «* ACCURACY WITHIN *,F7.4, * DFGREES REQUINED ¢,
118,° [TERATIANS.® /)
IF (NOFAR.LT.1) GO TN t1C
WOIYF (64949) (TITLF(1),1=1,50)
w2 ITE (A,920) QT
QA" FORMAT (/7 ¢SX ¢ *FARENHEIT TEMPERATUFE Seee o ICXs*RONK TIMP, =,
1IFh 2,0 F1,7)
w2 ITE (4£,941)
N0 227 J=1.JN
WAITE (6.785) ( TCINP-14Jd)el=1,1IN)
220 CONTINUE
117 IF (NNCFL.LT.1) GO TO 120
WIITE (A.9ar) (TITLFE(I),1=1.,50)
RC = (RT-32.)%5./9.
WIITF {£,1902) °C
02N FIRMAT (//¢5%Xe'CELSIUS TEMPERATUIES s e o' s 10X ROOM TEMP =0 4F 6,2,
1t C*/)
WOLTE (A,941)
DD 122 J=14IN
WO ITF (5 +985) (U(INP~IJ)el=1,TN)
122 CANTINUF

CALCULATT TEURCRATURE GRADIENTS AT ALL PNINTS OF HFAT GENERATIDN.
IF 20INT 1S ON EDGT, LET THE AUTWARD GRADIENTY RE ZERD,

122 woITE (6..655)
656 FIAMAT (LH1://¢B5X ' TEMPERATURE GRADIENTS AT GFNERATION PDINTS

1G/7IN4) esete/7)

992
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3NN1AINLD

(Iv6°*9) silum

(Evoty) I1lcm

aNANTANDD

aNN1INGD

(S L3°XS E° 1149 XE*CI*Xv*21%nC) Avnold
(C*IIVAIHLIC (P I=X*(NIQYED)I*r*l ((H9°9) 1lom
XQ/Z(CT=F*I)L=-(r*1)2)=(v)GYc2
AQZC(r* T4 2a-(F*1)2)=(L)Cv D
XxXU/z€(tear*1)a-(C*1) L) =(Z)uvadD
AQZUCC =101 -60* 1)1 2=L1duveD
<S5y Ui 09
XxXasz((yerC*1)a-(r*]1)2)=(C)CVY D
AUZC(C E=2)i=(r*1)1d=(1)QUvYED
XA/Z7C(T=F*1)L=-(r*1)L1)=(PICYOY
vec=lrdovey

OLE®OEE®0CE (NI-1) =1

‘wr U1 GO
xQz(1-r*1)a-(f*1)rd)=(wiavecy
AQZU(r* 141 )a—(C*1)2)=(RDCYED
xQzL{ T+ *1d)a—-(r*l)ad=(2)Cves
Cou=(1)GY a9

Q1L CoE* LU (T~1)31I
0€9*01I9°Ul9 ((r*1)0) J1

Nf® i=f ul9y CuU

N1®1=] u(y UG

(7%:4°01

(099°*9) zulom
(lvo*9) dJilem

/82
/%D

Cle

Cuy
Ci9
LSy
[VR-1%

veg

oLg
Uit

VCE
oty

SIIVLIIHA o *XB e R XOT*3Ss *XUT e Ta*XO0T oM ' X0T*elMe® XSG el e®Xe) LVABGS UPY

CEC
1°1 %4
Fa
Jtc
S€<
L 4 X4
£ee
cee
| 3 %4
2 X4
6cc
wed

¢le

ilc
vle
olc
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NDIMENSION TO(Be2))sTNIB420) ¢ TITLT(S50)
HTOANTMN2® o JNHN Ae. CHARLFSes JANUARY 22, 1376

TRANTMO? UTILIZSS THE SCHFME (OF “TRANTEMPY, BUT ALLDWS
FOR THF HEAT GSENIPATION RATE TO VARY IN TIMF, THE
CROFR OF THF VARIATION 1S SPFCIFIFND BY THE USER.
SOLUTION 1S BY FINITE DIFFERFNCS, FNRWARD STF2, WITH THE TIME
INTFOVAL GNVERNFY BY THE CONVERGFNCE CRITERION.
PQESENTLY SFT UP FNR A 5 BY 1% SCUART GRID¥ITH HEAT GENFRATION
AT NIDE (2.9), INSULATFD AT SIDES I=1 AND I=6, AND CONSTANT
THRET A (=ZFRD) AT J=1 AND J=18.
INPUT VAPTABLFS...
TITLF = &Y SOACES FOR TIYLF
CON = THFEFOWAL CONDUCTIVITY NF MATERTAL (BTU/H-FT-F)
8 = THICKNFSS OF SLAB (IN)
PHN = NENSITY NF MAYFRIAL (LBM/FT2&3)
C = SPSCIFIC HFAT (OF MATERITAL (BTU/LBM-F)
OX = SQUAVE GRID SIZE (IN)
HT = YOTAL HEAT TRANSFFR COEFFICIENT (BTJU/H-FTex2-F)
0F = TOTAL HEAT GENERATICN QATF (BTU/HR)
TLIM = LIMIT NF TIME FCR PFNGRAM TO CCMPUTE (MIN)
NOSTP = NJMBSE NF ITERATIONS BETWEEN EACH LINE 0OF QUTPUT
TSTNY = TIMT AT WHICH GFNEFATINN IS TD RTACH FINAL VALUF
(GENERATION IS MAINTAINFD CONSTANT THEREAFTER)
CRN = ORPER OF GFNERATION VARIATION IN TIME
2EAD INPUT NATA, COMPUTE PARAMFTERS, WRITE VARTAALES.

READ (Sel1) (TITLF(I)sI=1,50)
1 FIPMAT (S5°A1)
RE AN (S¢e2) CONsBsRHN,LC
2 FNRMAT (4F11.0)
NEFAD (S+1) NXHT,OT
3 FNELHAT (3F10,0)
QT AN (<,4) TLIM, NOSTP
4 FOOMAT (F1N.N,12)
RF AN (S417) TSTNY . ORD
17 FOOMAT (2F10,.0)
DT =(ARIC)I /(A *CIN/(DX/12.) %8242, ¢HT/(3/12.))
VIAL=( (DX *s2)88)/(12,.%43)
a=2T/v0L
NTS=NTe3IAT",
A=DTECON/(IHNSCE(DOx**2) ) 2124,
WOITE (ARe7a7) (TITLE(I)I=1,50)

949 FORPMAT (1H1 .2X,SNAL)

WIITE ({HA,957) CONs RHO. C

QSN FCPMAT (/7 62X +*K=1?Fhale? RHD='eF 742" C=0 Fh,24/)

WRALITE (6.9A9) NT, HT

QAN FIPUAT (2%, °ADIT =, F6.2,5He*H(TNTA..) =',FS.1.4/)

WOLITE (A ,970) NX.NTS

Q73 FNOAVAT (2X¢'OX=DY=94F6e3¢5Xe*DT =*4F7e8e? SFCe'e/ )

wRITF (&£,7T77) TSTYDY

977 FARMAT (2X*TIME FNR CONST. O =¢sFa 147}

WITF (/,4,975) ORD

275 FIEMAT (292X ,*0ORDER NF Q VARIATION ='eFa.14//)

WAITE (H,990)

QR0 FOPMAY (5 *TIME(MING)I? sSXe?Q(TOTAL I *,SXe *THETA(NAX)* /)

INITIALIZE TIVME AND TO MATRIX BOTH YO ZERN,

89¢




x3
32
3z
3a

3s

16
37
9
39
an
a

a3
as
AS
arfr
A7
a4a
49
50
<1
52
83
sa
sa
56
a7

sA
59
-
A1

62
63
6a
S
56
A7
Y.
£9
79
71
72

aAanNnAannNNnNN

nonnNAnNn

T=n,

Ny S 1=1.6

D0 6 J=1.18
6 TN{1.J)=A,0
S CONTINUF

BEGIN ITEQRATIONS. K COUNTS ITERATIONS BETWRFN
FACH LINF OF QUTPUT. COMPUTFE MATRIX TN OF NFw
TEMDFQATURES FNR ALL NODFS USING FINITE DIFFFRENCE
SCHC ™S .

HEAY GENFRATION RATE IS CHANGED AT EACH INTERVAL
UNTIL TSTDY 1S REACHED

7 K=1
a T=T+NT

N3 3 1=1,A
TN{(l1)=70¢(1.1)

S TN(1,19)=T((I.18)
TMINST &N,
I€ (TMIN,GT.TSTDY) GN YO 27
OT IMF=Qu(1e~(1e=(T®60,)/TSTDY)**"RD)
GO Tn 25

27 QTINS = 0

25 TN(2:Q)=A® (T 2,8)147T0(2:10)+T0(1.9)+TO 3.9))+0TIMNESNT/ (RHO*C)
N 17 J=2.17
TN L+ ) TAS (T 1 J=1)¢TO(1eJ4))42.35T0(2,4))

10 TN(6:JITA®(TO(6,J~1)4TO(6EcI+1)+2,2T0(5,J))
NN 1] 1=2,5
NI 12 J=2.8

12 TNUT2)=AS(TO(TI=14)4T0(I4350)+TO(1eJ=1)¢TO(1+J#1))
0N 23 J4=12.17

23 TN(I.)=AS(TO(T=1eJ)4TO(I+1,U)4TO(14J=1)+TN(L,J+1))
IF {1.502) GD TN 11
TNL{I,9) A (TO(1,R)&TO(ILICIHTO(TI-1:9)+TO(1+1,°))

11 CONTINUT

QFSTT TN MATRIX FNR NEXY ITERPAYION,

NH 13 I=1,.6
D3 14 J=t,.18
14 TO(I.J)=TN(1.,J)
I CONTINUT

CHFCK 1F TIME TO PRINT, AND IF LIMIT OF PROALFM
HAS REEN PEACHED. PRINT IF NECESSARYs RETURN

FOR NEXT ITFRATION IF TIME LIMIT NOT EXCEFNEOD.

IF DVER TIWS LIMIT, STOP EXFCUYION.

IF(KLT.NOSYP) GO 7O 1S
QATT=NTIMER VL
WATITF (A,99)) TMIN,OTY TN(?+7)

QAN FOFRVAT (SX sFT7¢3e8XFBe5¢5XesFAeT)

63 T 7

1S IF (TMINGGT,TLIM) GN YO 16
K=x+1
Gn T &

16 WRITF (6,990) TMIN QTT TRN(2.9])
STNP
END

692
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TEIPQIW PDIGRAM FOR FAMPERATURE DISTRIBUTIION ON SURPFACF ©F TRIANGULAR
FATI GUF SOCCIMIN, SPECIMEN HAS PIFN DIVIDED DNwN CENTERLINT

USING SYUMETQY CONDITIONS, SOLUTION 1S 9Y FINIYE DIFFERENCES,
LIFGMANN [TCQAYION TECHNIQUF IS USED FOF THE SOLUTION.

DIMENSINN IG(I0N)eJG(100)+0G(100)ACA),TITLE(SO)«T(11431),U(1131)
DIMINSION HI11 a1 ) oHT {11312 THFTA{I1,31),0(11.31).TO_D(11,31)
NIMONST I AA(7N)

INPUT NDATA IS AS FALLOWS see
MTQT = NUMART2 OF TRIANGULAR CASFES TO € RUN
TITLF = 5™ SPACES FAOR TITLF OF CASF
CON = CONDUCTIVITY OF SPECIMFEN
D = MATFESTAL YHICKNFSS (IN,)
0 = UNIFORM SPECIFIC GERERPATION ON SPECIMEN (BTU/HR-CTs#3)
HY = 01NM TEMPSPATURE (FARENHEIT)
ACC = DFESIRID ACCURACY CRITFRION
TMAX = GUFSS AT MAXIMUM TEMP ON SPFCIMEN
JMAx = LATATINN ALANG LFNGTH OF TMAX
KONVOP = JPDER NF H VARIATION FFIM VISF TD CIANK (1, 2. OR 3)
HV JHC = ZONVECTIVE CNEFFICIENYS AT VIST AND CRANK FNDS
NATD = R,Ce OPTIINsse)l = END TEMPS KNCWN, ? = GRADIENTS KNOWN.

I = VIEE TFUP AND CRANX GRAN, 4 = ORPPDSITE OF 3
TV.TC = VISS AND CRANK FEND CONDITIONS FOR ANY NDQP
IPLNT = NSYINN TO CALL PLOT SUSFAUTINE FOR CENTERLINE

TEMDERATUIFS (§ = YFS. 2 = NOJ

NOCASF = 7TASF NUMBFR (T0 RAF PUT AT TCP OF PLNT)

NOGENS = NUMARTQ OF POINTS WHFRF GENFRATINON OTHFR THAN Ol SPSCIFIED
15 .4G = LNCATINN OF SPECIAL GFNERATINN

CG = STOFNGTH OF SPFCIAL GENEPRATOR

OE AN (S5,5?7) NTRY
DN I7C NCTY=1,NTRI

QEAD IN TITLE, PRADERTIES. AMBIENT CCONDITIONS. DESIRFO ACCURACY
SET GENUFYRIC VARIABLFS

PE AN (S, €NA) (TITLF(1) +I71,50)
50 FORUAT (S87a1)

OF AN (S ,510) CANGS 10l oRTACCTMAX , JMAX
K10 FIOMAT (S5F17.%.12)

REAN (5,557 ) KONVOP +HV JHC

2T LD (S,5593) NNNP,TVY,TC
€57 FORMAT ([149%42F10.7)

RFAD (S5,571) IPLOTNNCASF

IwINE=7D
S21 FNOMAT (11,4X.13)

DL =% 1/12.

TVR=TV+a£rI,

TCR=TC+46",

RPTE = PT +8A/%,

SIGuMA = n,17145-08

BFYT =n/12.

Y=COMeERFT

Z=DL*e2/Y

X=7&HF T

TA = L1258

CR=.0Q27277877

A(1)=1."
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2a

29
3~
31 HD =th(=-HV)I/30,
32 GV=TVve, 2"
37 GC=Y(Ce,2n
3a TUAXR=DTD+ TMAX
a5 KI=gmAX-1
T4 co=x1
3 <3 =31 -JMax
9 cC=x?2
c
c INITIALTIZT Co T AND U ARRAYS., USF A LINFAR APDORQOXIMATION TN THE
C OrRQ AL T TEMPFQATUIF DISTRIBUTICN BETWEEN ZFRND AT THF ENDS.
(e AND Yuax IGUESSTN) AT JMAX,.
c MO ST OTI YT CASEFICIENT IS TAXKEN AS A LINFAR VARIATICON
C arv 4 THT v1er aND CRANK COEFFICIENTS IF XONVOP = 1,
C PAFASTL 1T VERIATIONS ARE ASSUMED IF KONVNP = 2 , AND A THIFD CROER
C VARTATIDN IF xO\v3IP = 3,
c
32 a1t U=t 31
an <= J-3
a1 c=x
4?2 Ny 27 1=1,11
a7 a(1.0)=21
aa 15 (J-J¥ax) 107"2,17°370,10K0
as 17377 T(1,0)="VAXE({C/CD) 4R TR
as G T 112N
a” 1757 TET1,J)=TYUAXE=((C-CO)/CC)e TMAX
aR 1127 Ul 0)="(Ted)
aa TALYMT,3V=7(1.J)
" IF (XDN\Vv D =-2) 21.22.”3
51 21 (T ,0)HYs (CEHD)
52 TN 24
57 22 MU, J)=ve((T/37 ) a2, Je(HC-HV)
aa (el Salib i
55 23 B Ta3)=MVe((C/30 )T, ) x(HC-HV)
<5 an DT INyS
s7 i CnNTINUT
c ’
4 [CAN M THI NJMAFR OF EXTRA GENFOATIRS. FALOWIN BY THT
(s PLINTS AND THE GENTRATIAON AT THOSE PAINTS
C THE OXT2A GFENE2ATION [S INSTFAD OF THE Q1 UNITORM GENERATION,
C IF NOGENS=-, THTA GFNEPATION WILL PE UNLSOU,
c
sAa PSAD {S5,527) NIGONS
&9 52"~ FNR2AT ([2)
6" I7 (NNGENS) G0 3%.39
51 4" NN 8§ =1, NIGINS
[ FEAD (5.513) IGIN)JIGIN)LQGIN)
67 Q3N FIDMAT (DIS,F1r,")
fa I=15¢%)
~a J= ae )
~6 S5 D 1.J3=040N)
&7 3 (="
C
c CEGIs ITITATIAN 7N NTDAL FOQUATINNS TO FIND T MPIRATURSE
C NISTR[ARUT MY, L 1S THE NUMBFR 0OF THF ITFRATION,.

THE T ASDAY 1S THE OLD TFMPS, U ARPF THE NFw ONES.

lalg!
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6R

69
e
71

72
7?2

ra
7s
76
7
kL)
7?9
pa
Rl
A2
R
aa
As
as
A7
fa
agQ
LR
-3
Q2

aa
s
04
Q7
Qq
CE
tnn
101
102

1°3
174

175
1~E
"7
1~a
1¢a
1
e

(2N aNa¥a)

nANAN

<
C
C

&

6

)
A
'S

~
'

7

1ne

2 L=t

THE OADIATIVE H.T o CNEFFICIENT IS COMPUTED FOR THE OLD ARRAY,
AND USEP TN FIND THE TOTAL HeTe COEFFICIFNTe HY (L 4J),

DN Q0 I=1.11
D2 107 U=l .3
HRAD=CIGUAS(T(].,))282¢RTR342)5(T{1,J)+RTR)
T HY({T1.J)=H{1,J)+HRAD
A CONTINUS

END CONNITINNS MAY BS SPECIFIED TO BF CONSTANY TEMPFRATJURFS (NDOP=1),
KNCe N TEUPSRATYRE GRADIENTS (NNDOP=2), OR CAMIINATIONS OF THF Twd
(ANTO=1 HAS LEFT TEMP KNOWN AND R IGHT GRADISNT, NODP=4 IS THE OPPNSITE ).

[F (NDNB-2) 61.62,6R

I 0™ A5 [=1,.11

S Ul f,1)=Tyo

u(e.31)=7CO

W17 ,31)=TCR

Ul 1t )="CR

GO vao7A

D3 68 1=1.11

4 Ull,1)=T(1,2)-GV
H{Q.31)=GCeT(A,3I0)
GUIN, 1) =GO+T(19, 1)
UCI1 oY1) =GC4T(11,37)
G2 T 7A

T JT ANOTP-) 6T, 67,66

7 DD Aa (=1l

8 U(Tel)=TV
U421 )1=2GC4T(Q,10)
Ul 1231 ) =G7+T(17,30)
UL 11431 )=GCHT(1Y,30)
G Y~ 7n

A DT £Q 11,411

D B{[+11=T(1,2)-GV
uta.1)=7¢e
SO 1S TTCR
ut11.,31)=TCA

AN I ol E 3 WS B

~N

1327 TUT41)=0l1,1)

27 183N 1=6,11

1732 TULI0r=Ul I, 31

COMIUTE NTw TEURTRATUYRFS AT INTIRINR NODFS,
N1l T=3410

184 <01 e2)2Y )/ {12a+34%HT{[s2)%2)

11} YOI.2)=u(l,.,?)

K=~
N2 18,80

Xz K+l

Lo =1

n™ 137 J=3,471°

U= T0 a1 e (1 o0+l )ea s (T{I~14J)+4T(141,4))¢RIHT(Ta)%Z
1827044, %0( 1 4J)®X) /{1 +Be*HT(I,J)*7)

TCTedV=ttT o)

[T (LL=~K) 137,122,129

UCTW2)=t T T 11T (T o330 (TUI=122)¢TUI+142))#R,*HT([,2)%Z*RTR+

2Lz




273

n= AN

Nu=u bl
v l*0Lt* 2l (U=-NU) 21
(IN*MIGTIOL-IN* NI ) SHV =0
T4 1=8 Lel v
1*1=n ovl GU
*v =G

INTte O NO Q9D *HONONJ QUUO dJ1 *NIVOVY Azs vy
M¥Ive U *UaUI3IN ADVENIIVY NVYHL B83LVi8D I1 "Sonas 90 SAvEAY
MIN UNVY Q10 sHL NI3Midg 3ON38333IC mORIXYR =H. =NInza3i30

valr=rr Lol
ied=A (61
(o1l dD=(0 14} )
(28 (M 14D UMb+ {(NIV45° )/ U+ Q) /(X2 (L 1 41)0s°Vvetg.iowZal(l*ie] )ikl
F(L*ZHII L4 (AIVHL ) /Z(Mr* 1) L) ol 140141 U (I-CT])2)=(r* 12100 E 0L
(rei)n=(r*1is
INSUZC( T = I)Lag U9y o+ 1=r*1=1)a»2uC90 4({r* I+ ) unntCir*i4 (10 L1
BZIVEV + (6371404 W) el dsAs/Ne (MO )UAHS*CH X (1)U *2)=(C 1IN
COV1L 24 (00713341022 )sA/ W (T ) )iHE"Cc=130 VUL
tel La Uy
(refin=<r*yr
N3Q/7 ({1 ~-F*l3i»"Crcle
2 (BL+IMNIV)IHLTIAC T4 1a°2/800(uax® I=(N)IVIF(S 4+ (N)IVI/(F*1+i) m L
+( 2210 (X)) V4EDI/ L 48 ) wdl s A/ U (F 41 )IHe* 2 +Xa{¥) Vel )0 c)=(T*]1 )N 2wl
tel va Cv
(reidn=(r*1i.
N3G/ (LL-M*)is*c/edd
lbLA T4 (NIVIH(I40 2 1) Un®2/a08 Ela [ =(NIVIHG+(M)VI/(r*1e])sw
(20U (NI V4EI/136) #3182 A0 (M 1) iHnC4Xe (X)) Vs (r*t1)0e"2)=(C*1)N T o1
cvltcvlitivl (v=-x} 4l
(UG o+ INIVI/Z2248D2(N)IVH(*CalC (M) VILI /LB A/ TR (Ml Jine N3l SWL
svi*evi‘ovl (1-x) =]
Lalftfrf=r oSl LU

vl =g cl

1=x

ttc=1 Lol oL
£=re

(€*cin=tc*c)a
(Z2(C "ClLHa*G+LEL"I1 )/ (X (*clim® v+
UPQ!NGQN-Nu»Il.mQA-R.Mvhimho\nﬁ.—vbvioo0ar.mvr¢——.N.».H.N.Nvﬁ

{c*lin=(c*1)4

ZICZC (T 1L vOCOLOI*4(E%2))LmuiSCyu*+ ('l

RLYYIG 224 { "ORUL *4UD /L HU)RdLT s A/ WU (2 1) L CeXxmGomlct 1)0)=(2 1
LYY9GRTH 24 ({ CmN1Cx (9 IV+HI/L13E)nA/ TLwlc*l YLlw* ¢ 1T

SIUON d0ioZ.N! U3.iV1IDousSy o lady
GNV S3CUN 4903 WID3eS LY SzeNivezcas: ==h z.Ncnl)

(FeludnN=(r*11)i oo
(Za(C*11 ) He B4 1D/ (LT %0

VIla®gexa(FITI0s*Oeulanis(CTI IHR HA(T4r T DA =F 1) 2)=(C LN
Letz=r B OU

T ANVONNCE QZLYINSKNIE NY S
ENITG3AN =D 3HL LAVHL ONIWNLSY >33Mavo3dn2l ol 1834830 A5N 5:Ncald

SOANTINUD O
1+7279=77 (e

(VA CI Gl V)

VUV U

vwvuouwv

151
Lal
evi
wel
PR A
yol
Svi

vel
[
<ol

ivl
ewl

(SN
bwEl
P8 2
vl

sl
ve t
tel

el
Il
el
LY-a1
sl
«cl
vct
sct
vel
vel

¢l
121t

vel
olt

<1l
vit

w1t
vil




182 XY =N
11 1793 CONTINUFS
15a 167 CANTINUF
16< IF (L. T,.190) GN TO 209
156 17 (D=ACCY 1974190,202
17 M0 no 210 =i 11
152 D) 220 J=1.31
150 2219 TOLD(1+J)=Ulled)
16~ 21~ CONTINUT
1#1 IF (L.GT.2527) GO T 360
‘é? 6 T &S
143 192 NI 2327 I=1,11
t€éa 00 247 U=, 31
165 249 TAITA(T +J)=U(TeJ)=-RTR
1446 239 CONY INUF
C
< AUTOUT CALLS FAR TITLE, PERTAINENY DATA AND FINAL TEFMPERATURES
C
167 w9 ITE (£,558) (TITLE(I)I=1,50)
169 €85 FOIRUAT {(IH1+///7+SX W FINITF OIFFFRENCE RESULTS FOR *,50AL)
169 WOLTT (6,567)
170 62 FADVAY (SX o' 980 h S Se S s a gt t R AN KSR LS RRE LSRN TH ST XX Rk AR ERERR XSS
leskassd Rk abanbkionnsaskenn’, //)
171 WO LTS (6.579) COANHV HC
172 S79 FOPMAT (SX¢'CONDUCTIVITY = 1 4F€ .1 5Xe HIVISE) = ¢ ¢FAe245X,
PIR({CRaNK ) = 1,586,247
173 1€ (KONVODP =?2) 412.,413.414
17a 412 wWAITR { &,5R4)
17s &34 FOOMAT (5X,%A _INEAR DISTRIBUTICN DOF H WAS ASSUMID.'./)
174 Gy T aA>
177 A1 WO ITE (6,5AR9)
174 QSRR FIIMAT (SY,*A SECOND OFDER DISTRIBUTIAN FII H WAS ASSUMEND, *4/)
179 GN TV sAa7
12~ 414 wRITE (A,594)
121 S3A FAPMATY (SX,°A THIFD NRDER DISTRIRUTIAON FNI H WAS ASSUMED.' /)
122 SRT wIITF (A ,583) 3,7
187 WO LTS (£,570)
124 Q3T FOPVAT (SX,'MAT, THICKKNESS T ' 4FAe34¢ IN'SX,'POOM T = ' ,Fhals/)
18as 599 FAVAT (27Xstee«FND CINDITIONSes?)
1as WOITT (A 395)
1”7 §Oh FORUAT (BX,*T(VI®4RX 4" T(C)® 46 4 GRAD(V) 16X 'GRAD(CI ¢ /)
1RP 1€ (NONO =2} 393 43R[,382
199 329 WRIITF (A,591) TV,TC
tan S9] FOCMAT (A% oF7,.2¢5XsF7.2:7)
191 GO T 3IRQ
192 13 w2 ITI (/£,592) TV, TC
173 RA2 FABUAT (20X,F3,.2,5%X,F842+/)
19a G) TO 3R9
19- 3a2 IF (NPNP -y ) 383,396, 324
194 03 WIITE (A ,593) TV, TC
17 531 FICUAT (AN F7.2.20X.F842,/)
198 50 YN 2aq
122 94 AR [TS (A,S94) TC TV
252 S04 FNIMAT (17X F7.2,5X,F8.2,/)
27 236G T (NNGENS) 257,257 ,26C
202 50 WRITE (A4 01
27 £7 3 ENDVAT (5X,tHEAT GTNTOATION 5 UNIFORM AT *,FO,Ce* ATH/HP-CUST. ',
1/7)
274 GO T 3t

208 2A9 WILTT (A,A10) 0L
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T
2Ny
209
21N
211
212
211
214

218
21~
217
218
219
22>
221
22?2
223
2?7a
229
22A
227
223
229
23~
>3
212
237
234
21:
236
227
233
223
2ar
241
Pa>
247
244
2a5
24 ¢
247
249
2673
?R'\
251
252
253
254
284
284
257
2<13
259
2R3
2/1
2&2
2671

A1

»
L]
2

270
[ )

AN n

I5c¢
L1 Nl

29n
32n
'l”;ﬂ

3
0

21N

220
222

16~
v~

7 D2

72
Ay~

FASNAY (&1, )~ IFN2v GINEFATION CF *,FQ4%,° BTU/HI-CURT EXIFPY AS

INTTN FTLCdeee®s/)

WS TS (Fy4827)

FOSUAT (17Xt 9Xe*J*49Xe*0(Ted)*)
DD 272 N=T1 JNIGINS

WRAITE (5,6T7) IGIN)IGJIGIN)LOGINY
FORUAT (MX 128X ,412,AX FB,1)

w2 ITE (FA.569)

WD ITT (A ATQ)

FOCMAT (2Xe'J% eT7X et I=11% 08X e 10T aTXe 00 TX 330 4TX 97" TXs 677X,

TS0, 7% 040, X" 397X 237Xy 1)

DY 28T J=1.2

AT (A ,A8%) JJ(THETA(12~143)1=1011)
FACMAT (// /701X 4 12:5Xs12FBe3)

LS9 Bl

J=3

K=1

Kz K+ !

W2 ITT (5,487) J{THFTA(12-T,4J) +1=1,KK)
J= I+

IF (J=-21) 297,29C,.,310
1F (x=-3) 227,337,332
G2 T 3an

KK =KK = {

52 TN aAsA

wOITE (A717) ACCeL

N

ENSWATY (J///7.2X4"ACCURACY CF ¢ ,Ffe3e® REQUIRED *4 15+ ITERATIONS®)

I= (IPL"T) 377°,372,115N

nG = 177,
THIGN = °,
12T (=1.3)

IT (YRTTA(11,1).LT.THIGH) GO TO 1200

THIGH = THETA(11,1)

c;\p‘?[n“J:

27 121% 1=1,31

IT ("=ETAC(11,1),GT.7LO)Y GO TO 1212

TLM = THITA (11,.1)

cONTINUT

TM [Nz (THIGH=TL)/?.

A1 TE (A,1249) NOCASF

FAOMAY (141, 35X, 'CFNTFSLINF TFMPFRATURE RISE ~ CASF¢,[3./)
WETTT (A41257%) TLOSTMINSTHIGH

FAOMAT (4X 2 )% "X *THITAY 44X ,FHe2 426X sF6.2 426X F6L2)
NI 1PRt =1,

Y (THET 2 ({141 )=TLOI/(THIGH-TLN)

CALL APLOT (VY,AA,IWIDF)

W2 ITE (A, 1230 )], THETA(11 1) CAA(US)sJ=1e[WIDE)

FNSUAY (/28X 12 45X F7.245Xe704A1)

2% B e TR I dla}

40 1TE (A7)

FooMAT (1 "X, CXECUTIAN STOPPED SINCF {TERATINNS FXCEFDED 2600.%)
MATITE LEL,TN) N

EHTAT (X, fMAX DIEF = 9 ,F1P2,3)

43I 1TT LACTID) KX JKY JUIKXeKY)

FASe AT (10X tACCURT AT MEDE V12,0 %,12," WHFRF U = ¢,710,2)

WOLTT (A L,TAT) (TITLE(T) +1=1457)
FTOMAT (19X, P THIS wAS FOF *e50Aa1)
CoNTINgE

|T "0

o al

G2




2¢a
EYYS
26 &
267
26R
269
27r
271
27>
271
274

Cs/
Cers

SURRIUTIAS 321 NT (Y.AA,IWIDE)}
DIVUFNSTION AA(IwTDE)

NATA ASTQ/ 930/ ,8UNK/Y v/
00 1 I=1,1IWIDF

AA ([)=RLAX

N= AAS(YI= (W {DF=-1}+.50
IF (N.GTLIWINDE) GO TO &
DO 3 I=1eM

AA(1)=ASTR

RETUSN

END
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