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Introduction

Nowhere in all the areas of advanced structural materials technology do we feel there
is a more emphatic need for itaginative development of knowledge than in the area we
have generalized here as the mechanical behavior of materials, It sooner or later de-
velops that this side of a material’s personality becomes the dominant criterion with
which success or failure to meet requirements is ultimately measured.

The truth of this statement has surprisingly enjoyed little recognition until relatively
recent times - within the last decade. At one time, off-the-shelf materials were abun-
dantly available to meet the requirements of a new design, Today however, a new design
is often limited by the lack of materials with the desired combination of properties.

In general, our drive for higher performance has cost us the luxury of having so called
infinite life systems. Modern design is, almost without exception, based on the concept of
a limited life of operation. The more complex the system and the more demanding the
mission, the shorter the design life invariably becomes, Higher performance thus de-
mands more efficient application of materials and at the same time introduces more
severe environments in which materials must satisfactorily function,

The intrinsic mechanical properties of structural materials form only part of the story,
however, and in the case of modern materials and applications, do not necessgrily play
the most important role, The optimum exploitation of materials properties through the
knowledge of a material’s compatibility with the operating environment and its continued
performance therein, become key factors, Important here, then, is not only the knowledge
of a material's ability to perform its assigned function, but the knowledge necessary to
reliably predict its useful life early in the design stage.

This approach definitely has gone against the conservative tradition which character-
ized the materials as well as the design aspects of aeronautics of the past. Not too many
years ago, as an example out of context, it was a firmly established opinion of most of
those in the design fraternity that fatigue was a phenomenon observable in the laboratory
but of no concern in a flight vehicle properly designed by static load criteria. Com-
mercial as well as military equipment safety and maintenance records since the early
1950°s certainly repudiate that opinion,
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Because operating conditions have become 80 severe, we have had to pass from an era
where ‘‘economic feasibility’’ dominated materials selection into one where ‘‘scientific
feasibility’’ will dictate. It is necessary for the designer to pay considerably more at-
tention to the sometimes independent-minded materials behavior than ever before. The
characteristic feature of this trend in mechanics is the recognition that knowledge of the
influence of imperfections of the submicroscopic, atomic and molecular structure of
materials forms the basis from which the microscopic and macroecopic behavior of ma-
terials can be explained, predicted and exploited. Indeed, this is a time for an effective
interplay between design and materials development,

The Metals and Ceramics Laboratory program of research in materials mechanics
has been for several years carefully oriented to meet the needs of the changing require-
ments just described, both through internal programs and those performed under sponsor-
ship. In general, the total program has followed along the guidelines outlined below:

1. Development of new and refined materials behavior concepts leading both to more
efficient use of and performance of ‘‘standard’’ materials.

2. Maximum use of limited property materials through improved design concepts.
3. Development of failure concepts for “‘standard’’ and new materials.

4, Employment of new concepts to tailor multi-material systems with combined
properties and develop knowledge of their performance characteristics.

In the discussions that follow, some of the programs being conducted by our Laboratory
along the above lines will be described. For the sake of clarity, the discussion is pre-
sented in three parts each of which treat related areas of work. They are: materials
dynamic behavior, creep, buckling and stress-relaxation and finally brittle behavior in
materials,

Materials Dynamic Behavior

The area of materialas dynamic behavior is recognized as being very broad, encompass-
ing such occurrences as fatigue, damping, resonant vibrations, rapid loading, shock and
impact. However, in this discussion, rapid loading, shock and impact will not be considered.
The areas which remain might be categorized as dealing with forced stressing and stress-
ing through.resonance vibration,

Due to their very nature, forced vibrations are in most respects considerably easier to
deal with than is the case of resonance vibrations. This is because the stress response of
a resonant system may be highly non-linear and uncontrollable and therefore difficult to
predict, whereas, forced vibrations follow a linear relationship between force input and
resulting stress,

Fatigue

For many years, the fatigue phenomenon per se has been the subject of considerable
research at all levels of observation, from a study of the basic mechanical metallurgy
concepts to the accumulation of masses of design data. As for a discovery of an ultimate
““golution of the fatigue problem’’, it seems unlikely that one will ever be found. It is
clear now that the logical approach is one of reducing the problem to a level at which
accurate control and prediction of performance is possible. In its simplest form the
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fatigue process is at best, only partly understood. On the introduction of operating en-
vironments, the total process can be tremendously influenced by many factors and be-
come very complex indeed.

There are many important studies in progress today to increase our understanding of
the basic fatigue process. In general, the work is devoted to the two major steps recog-
nized in the process, 1) studies of fatigue hardening of metals and 2) studies of fatigue
fracture.

As for fatigue hardening, experiments by Broom and Ham (1) of Birmingham University
in England have demonstrated the difference between fatigue hardening and tensile work
hardening. Thin filin transmission electron microscopy has shown how fatigue stressing
uniquely produces prismatic dislocation loops and that it is these loops which contribute
to the fatigue hardening process (2). Loop formation and the subsequent hardening are
essentially completed after the first 100 to 1000 cycles of reversed stress if the stress
is of such magnitude as to produce failure in one millien or more cycles. It is these
changes, incidentally, which are responsible for the rather large increases observed in
resistivity which accompany fatigue stressing at low temperatures. If the fatigue stressing
is carried out about a mean stress other than zero, it is known that an additional subgrain
structure i8 superimposed on the hardened matrix. The formation of this structure is al-
so essentially completed after the first 1000 cycles of stress have been introduced. The
ma jor changes observed in internal friction and damping are completed during this early
hardening period as well,

The mechanism associated with ultimate fracture becomes operative in the small
fraction of the volume of metal being stressed which softens. This softening occurs with
the accumulation of slip, first on single planes, then intensified into striations or bands.
Crack initiation then occurs in the work softened material of the bands, Our Laboratory is
currently supporting studies of this cracking process, We have seen that the propagation
of the crack is limited to the areas and direction of intensified slip and it passes from
one band to the next by cross slip. Once it is better understood, it follows that the effect
of various factors, such as vacuum, temperature, strain rate, and others, can be studied
in greater detail.

A review of the effect of vacuum on the fatigue process, indicates the important experi-
ments of Wadsworth and Huchings as being classical in demonstrating that most metals
exhibit longer life (3). They found that the fatigue life of copper was 20 times longer and
that aluminum exhibite a life 5 times greater when tested in vacuum. Experiments in our
laboratory on PH 15-7 Moly stainless steel about the same time, as well as experiments
by the Navy, illustrated similar results. The life exhibited by PH 15-7 Moly was on the
order of 20 percent higher, The explanation of the phenomenon seemed to be in the re-
duced rate of crack propagation in the absence of oxygen, Later experiments by
Wadsworth showed that the amount of oxygen present, and not the existence of a vacuum
per se, was responsible for the crack propagation behavior and the fatigue life exhibited.
The degree of increase in fatigue life was shown to be dependent on the number of oxygen
molecules in a partial vacuum. It is postulated that a chemical attack of some kind occurs
at the tip of a crack and that it occurs only while the crack is growing. Samples re-
moved from the test chamber during fatigue testing were subsequently unaffected by the
exposure,

Crack initiation, on the other hand, was found to be independent of the atmosphere, It
seems that cracks are initiated very early in the fatigue life of a material, and that they
grow quite slowly during the first 25 percent of the life (4). Many cracks are initiated
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which never grow at all, only a few become large enough to be easily seen, and usually
only one crack is operative at the time of failure. The situation is somewhat different in
vacuum however, where it is found that even though the cracks grow at a slower rate,
more of them are operative for a longer time,

It has been found that a vacuum coaxing effect exists, That is, the fatigue life of a
sample in air may be increased by first stressing the sample in vacuum for a short time,

As stated above, current experiments being performed to study the process of crack
initiation and propagation are being extended to include observations of the influence of
various amounts of oxygen. Experiments in our Laboratory are presently underway to
observe this effect on the fatigue behavior of refractory metals since oxidation rates are
so much higher in their case. It is expected that fatigue life here will be affected on the
one hand by strain hardening or coaxing, while on the other by more rapid oxidation in
the propagating crack to decrease life,

The influence of temperature on fatigue behavior is another significant factor aithough
it has not received much consideration so far in fundamental work. The room tempera-
ture process has occupied most of the attention focused on the general problem until re-
cently since the introduction of temperature complicates matters tremendously, Aside
from the general reduction of static elastic properties as might be expected with tem-
perature, an increase occurs in the plastic component of the fatigue cycle and damage
accumulation can take on a new dimension. Additionally, the damage process is sus-
ceptable to other alterations because metallurgical changes brought on by temperature,
such as aging, local oxidation, stress relief, and the like, may change structure to which
fatigue is sensitive,

Because of the increased plastic component of deformation under cyclic loading, fa-
tigue at elevated temperatures is usually accompanied by some creep, the amount of
mixing being dependant on the value of the preload. The specific amount of creep damage
occurring during fatigue damage is a function of the temperature, the stress - both mean
and alternating, the test frequency (the time at temperature and load), the nature of the
test material, and probably other factors. Creep, on the one hand, is generally a continu-
ous deformation process under load and occurs more abundantly at high temperatures.
The rate of creep is influenced by many variables, but under a given set of conditions at
elevated temperature, the rate controlling process is commonly considered to be the
climb of dislocations, This implies that the glide of edge dislocations is hindered, or that
the number of edge dislocations is limited. It seems likely that the initial rapid deforma-
tion which occurs after loading accounts for most of the unhindered dislocation glide.

The fatigue of metals, on the other hand, occurs at any temperature, The rate control-
ling process, if there ia one, has to do with crack propagation since the specimen spends
most of its total life in the cracked condition. Vast numbers of dislocations, vacancies
and interstitial atoms are generated during the early part of the fatigue process, Their
effect on crack propagation is not well established.

If we superimpose an alternating stress on a material exposed to creep conditions, or
vise versa, we would expect an increase in the rate of damage in the material. Howeyer,
this is not necessarily the case as 18 shown in figure 1. It is seen that the superposition
of creep and fatigue stresses can sometimes promote a strengthening of the metal, ap-
parently by means of a work hardening process. An exceptional degree of strengthening
is shown in the case of Waspaloy by the shaded areas of the stress range diagram (5).
Research in this area has been sparse, and what has been done has not been on a

848



fundamental level. Variables such as atrnospheric effects, metallurgical instabilities, non-
uniform stress distributions, and the like, must be considered in proposing a compre-
hensive failure mechanism.

Our Laboratory is supporting research in this general area. In this work, pure alumi-
num will be fatigued under various combinations of load and loading rate at temperatures
ranging from room temperature to that of liquid helium. It is expected that this work will
provide some insight as to how damage is partitioned between deformation due to stress
activated and thermally activated dislocations and point defects. It may be found that
loading rate is of fundamental significance as well as temperature, mean load, ulimate
load, and the like, In addition to this, tests, are being made on long, thin-walled tubes of
brass to establish the relationship between cumulative plastic strain and stress history.
It has been found that plastic strain is dependent on stress path as well as the more
obvious variables of temperature, maximum stress, number of cycles, etc. The cul-
mination of this work should have fundamental significance in the field of theoretical and
applied mechanics. The mathematical model should be an improvement over some of the
older theories of classical plasticity.

Acoustical Fatigue

In regard to the question of resonant vibrations, one of the most powerful tools found
to cope with attendant problems has been damping. For a number of years our Laboratory
supported research which developed and refined damping concepts largely responsible for
solutions being applied today. Qur initial interest was stimulated by vibration problems
assgociated with early jet engine designs, particularly critical in the case of turbine
buckets and compressor blades. Here, materials self-damping, as well as Coulomb or
friction damping at connections, offered an important solution,

In the early 1950’'s the sudden development of the acoustical fatigue problem gave im-
petus 10 a structural concept of damping in which non-load carrying materials, having
very high damping characteristics, would be used in a structure to reduce resonance
stresses in loaded materials rather than the loaded materials provide their own damping
(which is insufficient to cope with the acting energies).

Actually, since the early days of aircraft design, there have been cases of airborne
excitation of structures such as flutter of wings and control surfaces or excitation of
fuselage components generated by propellar pressure pulses, However, in these cases
only under specific and rare circumstances was there enough energy available to cause
structural damage of the energy absorbing structure,

With the advent of supersonic flight and high thrust propulsion systems, pressure
pulses or noise levels became high enough to excite continuously and maintain serious
structural vibrations, Structural failures caused by these vibrations have been termed
acoustical or sonic fatigue failures, implying that their source is airborne energy in the
form of pressure fluctuations. Figure 2 shows typical examples of this type of failure.
These pressure fluctuations may either be periodic or random. If they are periodic, ex-
citations are relatively easy to cope with by means of appropriate frequency adjust-
ments of the receiving structure or use of the interference phenomenon of sound waves.
However, the reduction of random excitations or elimination of random resonance fatigue,
associated with high intensity noise, cannot normally be avoided by the same means be-
cause both jet exhaust and boundary layer ‘‘noise’’ spectra have a frequency bandwidth
which includes most of the natural frequencies encountered in conventional structural
components of aerospace vehicles, Figure 3 shows a typical sound-pressure-frequency
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distribution for pertinent systems and sources to illustrate this. Figure 4, in which power
level measurements made on an F-100 aircraft are plotted over Mach number, makes a
comparison of in-flight noise.

Since random resonance is therefore a most difficult problem, the gathering of in-
formation on noise sources and characteristics of the environment they produce, which is
essential in design of exposed structures and in prediction of structural life, has been
one of our efforts in this area in recent years.

A great variety of aero and thermodynamic conditions are involved in noise genera-
tions; however, since this subject i8 amply covered in earlier publications (6, 7) it will
not be treated in the present paper.

The general problem of acoustical fatigue can be broken down into three component
parts:

1) the acoustic environment to which the structure is exposed,
2) the response of structures to this environment, and
3) the structural fatigue life at specified cyclic stresses.

Qur chief activities in recent years besides the study of the acoustic environment have
been concerned with the response of structural components and the increase of acoustical
fatigue life.

The main difficulties in this work is posed by the fact that most structures have a non-
linear response characteristic. Panels, for instance, display a high degree of non-
linearity in stiffness at large amplitude, which causes their natural frequency to be highly
dependent on amplitude.

Considerable knowledge has been gained in recent years and more accurate expressions
of acoustical fatigue strength derived through experimental studies of response character-
istice and the behavior of basic components as well as response correlation studies on a
combination of these components or whole structures under acoustical service and labora-
tory conditions.

Four properties of materials and configurations govern acoustical fatigue strength: 1)
random materials fatigue strength, 2) natural frequency of the configuration, 3) static
stress produced by unit pressure, and 4) structural damping. It is obvious that the last
two offer the greatest potential for an improvement. Significant gain can be realized in
acoustical fatigue strength by careful detail design in order to minimize the maximum
statically-induced stress. However, the conventional design concepts are inadequate to
deal successfully with the fatigue problem associated with resonance amplification. Al-
though ‘*beefing-up’’ a structure for increased strength and stiffness has ‘‘fixed’’ reso-
nance fatigue difficulties in some cases, this approach cannot be considered a long-term
engineering solution. Not only is the weight and cost penalty large in this approach but
it is also totally inadequate to meet the problems encountered in many of the new types
of aero-space vehicles. Consequently, the utilization of the fourth property, structural
damping, as an engineering property to control acoustical excitation is a necessgity. In
the future it will still be necessary, of course, to reduce the maximum statically-
induced stress by using heavier members or build-ups. However, if maximization of
damping is also considered to be a design objective in addition to the static strength
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increase, then a much larger gain in acoustical fatigue strength can be realized than using
either criterion alone,

Whereas in the past the damping of a structural assembly may have been increased by
the addition of separate energy absorbing means such as use of dashpots or surface layer
treatments such as coatings and tapes, this approach no longer provides an engineering
solution for the newer types of configurations and acoustical conditions. Instead, the de-
sign concept of optimizing a configuration for maximum inherent structural damping
must be emphasized. The experimental and analytical knowledge which we gained through
our research efforts in the recent past on the major sources of inherent structural damp-
Ing such as hysteresis in structural materials, interface slip and interface viscoelastic
shear, has now reached a point where application to structural design is practicable.

Of these possible damping types only the interface visoelastic shear damping was
found to be reliable and effective enough to make a worthwhile contribution to the in-
crease of the acoustical fatigue life of structures. And it is for this reason that our
Laboratory has devoted considerable effort to the realization of viscoelastic damping
both in optimized structural configurations and in surface layer additions.

Figure 5 shows some of the basic ideas used in this concept. Sketch a) of this figure
demonstrates interface shear damping of a sandwich panel; Sketch b} shows shear damp-
ing at a panel connection initiated by membrane action; and Sketch c) shows an example
of panel damping by surface layer addition with restraining metal foil,

Looking at the overall acoustical fatigue problem, it becomes apparent that knowledge
of its individual components - noise environment, response and damping-is necessary for
a satisfactory solution and the continuation of research along these lines is in order.

Viscoelasticity

The very early efforts to seek improvement in the disgipative character of structures
through damping treatments with viscoelastic media were largely by trial and error, To
optimize an application however, it became evident that only by approaching a solution on
the basis of viscoelastic theory was an effective result to be had.

In the last decade a great deal of work has been done in the development of linear
viscoelasticity of a homogeneous and isotropic material and many technologically im-
portant problems have been solved. However, if viscoelastic effects appear in a non-
linear manner, a solution becomes very difficult and it seems likely that only the 8im-
plest problems can be handled compietely satisfactorily. In many cases, linear visco-
elasticity can provide a sufficiently good approximation to the solution of non-linear
problems and offers numerous mathematical methods of attack, Because of the basic
difficulties encountered in non-linear analysis, it has become extremely important to
exploit linear viscoelasticity theory to the utmost extent.

Our Laboratory is providing support of research to extend, where possible, certain
aspects of linear viscoelasticity. This work is divided into two parts, First, research is
progressing to extend the state of the art with particular reference to Lagrangian
Methods, The partial mode analysis is emphasized and material anisotropy is being con-
sidered. The second part of the research considers specific cases of current tech-
nological interest, including viscoelastic damping phenomena, sound and energy absorp~
tion in laminated beams, plates and shells. Although many applications can be described
as direct applications of the basic theories, additional work will be necessary to clarify
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approximate procedures that can be used in the solution of engineering cases. Problems
involving beams, plates and shells are being studied with various boundary and loading
conditions as well as different material properties.

Dynamic Modulus

In the stress analysis of vibrating members, it is usually desirable to know the dynamic -
modulus of elasticity which is higher than the modulus of elasticity obtained in static
tests. Several explanations have been given for this difference, Fine (8) offered an ex-
planation on the basis of thermodynamic behavior at various speeds of stressing, reason-
ing that when a tensile or compressive stress is applied to a material, there is a pro-
duction or absorption of heat. In static tests, time is sufficient for a heat exchange with
the surrounding medium so that the test is isothermal. However, time is not sufficient
in a dynamic test for such a complete heat exchange so that this test is considered
adiabatic. Fine expreased the relationship between isothermal and adiabatic modulus
values as

1 T o®

1
Eis Ead P cp

where:
E, = jgothermal modulus of elasticity
Ea 4 = gdigbatic modulus of elasticity
T = absolute temperature
a = coefficient of thermal expansion
p = density
Cp = gpecific heat at constant pressure

Zener (9) has explained the difference in terms of the time dependence of the relation-
ship between stress and strain. He showed that there is an instantaneous stress-strain
relation - called the| ‘‘unrelaxed elastic modulus’’ and another relationship occurring
after a finite relaxation time’called the ‘‘relaxed elastic modulus’ which has a lower
value than the unrelaxed modulus, Hence, the behavior of a material depends on the speed
of stress application with respect to the mean relaxiation time for the material, In dymamic
modulus tests (or for example, in the case of acoustical vibrations), the stressing speed
is high enough for the imrelaxed modulua to be operative,

Our Laboratory has developed apparatus for making dynamic modulus measurements
at room and elevated temperatures in either a longitudinal or bending mode and has re-
cently published data for a represenmtive group of materials (10). The sensitivity of the
apparatus is such that the effect of metallurgical changes, such as alloying, aging, re-
crystallization, etc., on the dynamic modulus have successfully been observed (11). In
figure 6 is shown examples of the influence of some representative metallurgical vari-
ables. Our current apparatus development work is geared to higher temperatures in a
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set-up which excites the bending mode of a sample. The apparatus will provide a vacuum
at temperatures to 1600°C for additional research on mechanical metallurgy questions.

Cumulative Damage

Forced as well as resonance related structural vibrations can be produced by energies
generated either mechanically or aerodynamically. The mechanically generated energies
are almost exclusively transmitted through the structure itself whereas aerodynamically
generated energies are either structure borne, or airborne when they originate from gust
or maneuver activities, However, if they originate from turbulence created by jet engine
or missile exhaust or boundary layers they are almost entirely transmitted by air in the
form of pressure pulses (noise),

For several years our Laboratory has been actively concerned with devising a more
realistic account of the damage which accumulates due to different stress levels and
histories imposed by the spectra of such vibrations.

In recent years use of Miner’s linear damage rule (1946) has been almost universal in
aeronautic design circles. However due to its inability to cope with more complex stress
histories and mixing of extreme values of stress, interest grew in a more descriptive
damage criterion. Research work of Freudenthal and Heller (12-16) has developed con-
clusive evidence that ‘‘stress-interaction’’ takes place which appears to be responsible
for the discrepancies in the linear damage hypothesis, In other words the effect of in-
troducing high stresses is to increase in some materials the potential damage of hereto-
fore ‘‘non-damaging’’ low stresses so that damage proceeds under low-level stressing
which is not accounted for and causes ‘‘premature’’ fallure. On the basis of this damage
mechanism Freudenthal devised his semi-empirical quasi -linear damage rule which is
illustrated in ite effect in figure 7.

The noted deviation from a constant rate of damage accumulation, described by a
linear rule, is due to the dependence of the damage rate on the applied stress levels
which themselves are varying randomly. For a stress sequence containing predominantly
high stresses and consequently having lower life, a smaller degree of stress interaction
occurs because of an abundance of cyclic plastic deformation taking place. Stress spectra
containing mostly low stress peaks of gimilar value in considerably greater quantity than
higher peaks, result in 2 more linear damage accumulation rate, Of course, the nature and
extent of the deviation from linear behavior varies with the material considered and the
‘‘ahape’’ of the spectrum. Now that basic concepts have been established the more complex
conditions representative of actual service conditions are being introduced such as effects
of mean load, structural redundancy, type of loading, etc.

Since most of the load spectra to which aeronautical systems are subjected are largely
random in mature, which means they do not occur in an established sequence, the prob-
lem is largely a statistical one, The aim in our work towards the solution of the problem
is the establishment of a more uniform cyclic loading with a damage potential equivalent
to the given random Iocad spectrum, The statistical part of this problem is at present
being conducted for us by Dr. Weibull of Sweden (16). Dr. Weibull also in recent years
has been studying & problem for the Air Force which is of particular interest to aircraft
structures test people, Prompted by the lack of large numbers of specimens for fatigue
reliability tests of components and whole structures, studies were made of the possibili-
tles of arriving at a probability of failure with an accuracy sufficient for the prevailing
case, using a smail number of test samples, Encouraging progress was made which al-
lows interpretation of fatigue test results from a emall or reasonable number of test
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points distributed evenly over the whole range of the S-N curve (18, 19), Also under con-
sideration are the problems of small sample statistics for extreme values such as are
prevalent at the so called fatigue limit,

Reliability

When one considers the total picture of the reliability of a complex, long but finite life
mechanical system, the task of making an accurate quantitative prediction of life seems
awesome, and at first glance, it seems hopeless that one is possible without introducing
safety factors which are orders of magnitude too broad. The overall deterioration of a
finite life mechanical system is governed by so many individual deterioration mechan-
isms with different rates, each perhaps sensitive to various changes in operating en-
vironment, that system failure can often appear to be ‘‘chance’’ failure, However, this
has generally been shown to be fallacy and that the prediction of fatigue life for example,
can be put on firm statistical grounds (20).

Although the methods of stress analysis have been greatly improved and refined through
the use of computers, and our knowledge increased in the use of materials, the methods
of safety and reliability analysis have not improved significantly, and in general are still
based on the use of more or less arbitrary safety factors that can neither be justified by
rational argument nor related to a probability of failure (20). In short, the principal tool
needed is an analytical technique which would first establish the expected life of a sys-
tem, related to a probability of failure and a risk function, and which could re-estimate
a new value of life when a new set of operating conditions are introduced, such as a
change in the mission profile of a flight vehicle from the original design specifications.
Important research along these lines has been underway recently under the support of
our Laboratory showing considerable promise (21). The first phase of development in-
volved the establishment of the risk function describing the increasing risk of fatigue
failure as damage accumulates together with the evaluation of the chance of ‘‘premature’’
failure from a sudden high overload. This phase was based on laboratory test data, This
work is continuing under plans for studying data from extensive aircraft structures test
programs and flight records both from this country and several foreign countries and
making final adjustments in the statistical theory.

Creep, Buckling and Stress-Relaxation Behavior of Materials
Creep

In high performance systems, structures are subjected to stresses at elevated tem-
peratures over varying periods of time, Under these conditions the materials from which
the structures are made undergo creep deformations or are subject to the phenomenon of
stress relaxation, Designers of structures for such applications are interested in pro-
ducing designs with emphasis on reliability and most efficient use of light weight struc-
tures in order to maximize performance, In order to optimize the design it is necessary
to predict the creep and stress relaxation behavior of materials, under varying conditions
of stress and temperature, within fairly close limits of reliability. It is also necessary
that such predictions be based on test data which is obtained under more limited con-
ditions of stress, temperature, and time than those incurred in service. Practically all
data, on which to base predictions are cbtained from creep tests conducted under con-
ditione of constant load and constant temperature, Attempts in the past to develop purely
empirical formulations to predict creep behavior of materials under varying stress, and
temperature histories have met with little success. And it has been shown that the
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conversion of creep data into relaxation data does not provide reliable information on the
stress relaxation behavior of materials, Since the empirical approach to prediction of
creep and relaxation behavior has not been successful, it is necessary to acquire more
fundamental knowledge in these areas, by using a physical or phenomenological approach
to determine the basic laws governing such behavior, and to use these laws as a basis of
predicting design criteria.

After a rather unsuccessful attempt several years ago to establish empirically the
creep behavior of engineering alloys under conditions of intermittant stressing and
thermal cycling, our Laboratory initiated a basic study of creep behavior based ona
physical approach. An investigation of the creep behavior of pure polycrystalline alumi-
num was initiated. The pure aluminum was selected as a starting point because of its
relatively simple structure and the fact that mechanisms such as aging would not com-
plicate the analysis of creep behavior. It has been established that the creep rate of the
high purity metal may be represented by the equation:

_AH
:i=Se RTg () Eq. (1)

where:

S is a structure factor dependent on stress and strain history

A H = activation energy for creep
R = gas constant
T = absolute tetnperature

function of stress

¢ (o)

g stress

Initial work in the investigation studied the effect of temperature on the creep behavior
of pure aluminum, By holding the stress constant and introducing slight changes in tem-
perature, the relative creep rates before and after the temperature step were used in
equation (1) to determine the activation energies for creep (22-24). Figure 8 illustrates
the activation energy for creep of high purity aluminum in the temperature range 0 to
900°K which were established in this manner. The activation energy for creep increases
from about 4000 to 28,000 cal/mol over the range 78 to 240°K, in a manner which has
been explained as simultaneous operation of the Peierls process and cross-slip; from
240 to 370K the activation energy remains constant at the 28,000 cal/mol value for cross-
slip; it then increases to 35,500 cal/mol and remains at this value for all temperatures
above 500°K, This value of 35,500 cal/mol is associated with the process of dislocation
climb.

Having established the effect of temperature on creep behavior of pure aluminum the
next step was to attack the problem of determining the contributions of stress and the
structure factor on creep over the temperature range of application of the material. It
has been demonstrated (25) that during primary creep where S, the structure factor, is
changing constantly with strain, the stress effect cannot be represented by a unique
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function ¢ (o)  but is also implicit in S. This result has complicated the analysis for
the effect of stress upon the creep rate.

During creep under cyclic stressing, recovery or softening of the material may
occur during the period of the cycle when the stress is reduced. The manner in which
recovery affects the creep rate must be investigated throughout the range of temperature
of application of the material.

In order to make use of the basic information on creep, which is being obtained on a
pure material, it will be necessary to investigate the effect of alloying additions in engi-
neering materials on the basic factors involved in creep.

At the present time our program in the investigation of fundamentals of creep behavior
includes studies of the following nature:

o

. A study of the recovery of creep resistance in the cross-slip region of temperatures,

[

. An investigation of the effect of stress changes in the cross-slip region of creep.
3. Research on the effect of alpha solid solution alloying on recovery,

4. A study of the effect of alpha solid solution alloying on the creep curve following a
drop in stress,

o

. A study of dislocation locking in alpha solid solutions of aluminum,

6. Research on the mechanism and rate of sub-boundary movement.

~3

. A study of the effect of stress increases on the permanent plastic straining
during primary creep in the dislocation climb region.

The trend of work in the area of fundamental studies of creep behavior is oriented to-
ward progressively more complex problems eventually to deal with engineering cases,
The transition must be slow however so that we can carry the fundamental knowledge
with us,

Since at best it may be quite some time before we have sufficient fundamental knowledge
to be able to predict reliably the creep behavior of materials, most current designs con-
elder the commonly available constant load-constant temperature creep information
when it is necessary to consider the effects of time at elevated temperature. Even in the
case of common test information, we are faced with a gap in the knowledge when it is
necessary to design for extremely long life at elevated temperatures as is the case in
supersonic transport aircraft, manned satellite systems, engines for sustained operation,
etc. Practically all available creep information on materials of interest in the design of
such systems ig limited to information determined at times of 1000 hours and less. Since
the acquisition of creep information for extremely long time periods, up to 30,000 hours
and longer, is quite expensive and involves unacceptably long lead times for materials, it
becomes necessary to develop a reliable method of predicting long time creep behavior
of materials from relatively short time tests, Efforts in the past in extrapolation of long
time creep data have involved: First, the use of fundamental knowledge to predict be-
havior, and second the use of various graphical presentations in the correlaticn and ex-
trapolation of creep data. We have seen earlier that the state of the art in the fundamental
knowledge has not advanced to the point where it may be used in the prediction of creep
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behavior of engineering materials, Most of the graphical methods of extrapolation which
are based on a master curve associated with some time-temperature parameter fail in
the extrapolation of long time creep data because they fail to consider materials in-
stabilities,

QOur Laboratory has initiated a program which by means of a phenomenological ap-
proach will develop an extrapolation method for predicting long time creep behavior
which considers the various materials instabilities encountered in engineering alloys.
The program will also include a study of the inherent scatter of creep deformation and
rupture life data to establish the reliability of extrapolated data.

Stress-Relaxation

The characteristic of most metals to relax part of an applied load at elevated tempera-
tures due to a form of creep has become a major concern to designers of high tempera-
ture systems. Phenomenologically, the process of stress-relaxation is explained as the
conversion of the initial elastic strain in a material into irrecoverable strain of the same
magnitude through inelastic deformation of the medium under decreasing stress. The
reliable evaluation of the relaxation behavior is rather cumbersome because of the dif-
ficulty of applying initial strain rapidly enough to ensure elastic response and subse-
quently controlling the strain accurately enough during the test, Because of these dif-
ficulties and because of the relative simplicity of creep testing equipment it has been a
widespread practice to interpret the relaxation characteristics of a material from creep
data. The assumption is made that the inelastic strain, which is produced during a re-
laxation test, proceeds by the same mechanism as the creep test. Thus, neglecting the
effect of creep-recovery, the rate of strese decay is expressed as:

6=-E@¢ Eq. (2)

where

o

time rate of change of stress

E

the elastic modulus
¢ " = time rate of change of inelastic strain (which is a function of time,
initial strain and stress)

Using this relation, the relaxation function ¢ (t} can be obtained by simple, though fre-
quently cumbersome, integration,

Through our support, Professor Freudenthal analyzed the conventional approach to the
conversion of creep data into relaxation data, and he demonstrated several discrepancies
arising in this conversion with the aid of Eq. 2 (26). First, creep tests are practically
always performed under constant load and therefore (because of lateral contraction ac-
companying extension) under slightly increasing true stress (‘‘loading’’), while stress-
relaxation of course takes place under decreasing stress. In other words, creep ina
crystalline aggregate proceeds under conditions of changing structure, while relaxation
proceeds with practically no structural change. Therefore, part of the deformation proc-
ess which occurs in the normal creep test is blocked because of the decreasing stress
during relaxation (‘‘unloading’’). The temporary blocking of the creep rate by a decrease
in stress has been confirmed experimentally by several investigators (27-29). As a re-
sult of this blockage, the use of converted creep rates will result in the prediction of
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higher relaxation rates than actually occur. A second discrepency arises from the use in
the conversion process of the elastic compliance rather than the sum of the elastic and
tangent compliance for a given strain on the true isochronous stress - strain diagram
(not derived from creep data). A third discrepency arises from the neglect of the effect
of creep-recovery in the conventional procedure,

Freudenthal has approached the problem of relaxation on the basis of an assumed
‘‘mechanical equation of state’’ leading to a four element non-linear viscoelastic model
which is assumed to be the simplest possible representation of the stress-strain relation
of a volume-constant material (30), In the case of linearized materials, the required
elastic and viscous coefficients necessary to solve the model equations can be obtained
from constant stress tests and directly applied to cases of continuously changing stress.
In real non-linear materials the conversion procedure becomes more cumbersome, Ex-
perimental evidence has been obtained to illustrate the ability of the model to represent
actual material behavior under linearly decreasing stress, constant stress and linearly
increasing stress, Figure 9 shows the agreement between theory and experiment for
2024-T4 aluminum alloy tested at 375°F, This research is intended to establish a work-
able relation between the physically and mathematically simple condition of linear stress
variation and the experimentally difficult condition of true stress-relaxation in which the
strain has to be kept constant. Further, the effect of intermittent temperature, multi-
directional stress and boundary conditions are to be studied.

Our Laboratory is performing an internal research study on relaxation behavior in
support of the above work, A standard commercial relaxation testing machine has been
modified to incorporate a specially designed precision extensometer capable of sensing
and recording strains of the order of one micro-inch, Using this equipment, the stress-
relaxation behavior of high purity recrystallized aluminum is being investigated in the
temperature range of 75° to 200°F. The objective of the program is to evaluate the tem-
perature dependence of the relaxation rate, and to compare the relaxation activation
energy with activation energies obtained for creep of aluminum in the same temperature
range. It i hoped that additional information on relaxation mechanisms will be learned.

Thermal Deflection and Buckling

The desire to operate flight vehicles at higher velocities has brought with it a host of
new and complex problems to the structural designer and analyst, not the least of which
is the introduction of the temperature parameter,

For example, aerodynamicists have shown experimentally and theoretically that a de-
tached curved shock will always exist in the upper stream of a conventional wing with a
round leading edge at all supersonic speeds. Down stream of the curved shock the flow
is subsonic and may extend to the trailing edge. It is then evident that this subsonic flow
will produce a great deal of drag, and it is the reason that supersonic wings are made
comparatively thin with sharp leading and trailing edges, which in turn have given rise to
new structural problems,

A second problem is the thermal heating of the structure due to aerodynamic friction,
requiring that plastic flow and creep conditions be considered in the design.

Thirdly, non-uniform temperature distributions in the structure will cause thermal
stresses in addition to the stresses from mechanical origin, A non-uniform temperature
distribution may easily be developed in a structure as complicated as a flight vehicle
wing even under uniform heating rates. This problem is more complicated in supersonic
flight since leading edges of the wing are exposed to much higher rates of heating than
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the rest of the structure, Therefore, special attention has to be given to the structural
design of the leading edges for supersonic flight.

Finally, the instability of the structure in the presence of thermal stresses has to be
considered. For example compressive stresses will always be developed in a panel or
shell under non-uniform temperature distribution even if it is not supported. Instability
of the structure will reduce the overall strength but may not yield the overall collapse
because of the additional constraints, However, the buckling of the external surface of a
flight vehicle will reduce the aerodynamic performance due to waviness which of course
is not desirable.

In order to overcome difficulties mentioned above the structural designer has to make
the best choice of available materials for various operational conditions, and materials
specialists must continue to develop new materials with emphasis on better high tem-
perature characteristice, Another line of attack is to find the best combination of dif-
ferent materials to form an integral unit to partly satisfy all the required conditions, For
this purpose sandwich panels have been used in elevated temperature, high strength and
high stiffness applications for various flight vehicles, Their light core reduces weight and
increases stiffness properties compared to any high strength sheet material construction,
Furthermore, better performance could be obtained from sandwich panels if their faces
are chosen of different materials and thicknesses.

Unfortunately, presently available sandwich panel theories can not be used for arbitrary
temperature distributions and dissimilar face materials, For this reason, a general small
deflection theory for a sandwich panel with an orthotropic weak core has been developed
as an internal research program in our Laboratory and has been applied to various prac-
tical problems (31). It is shown that general thermoelastic equations for a sandwich panel
consist of five differential equations in terms of the displacements of faces and appropri-
ate boundary conditions, These equations have been reduced to the solutions of two in-
dependent systems of equations, with a suitable tranaformation of the unknown functions,
These equations are shown in figure 10 in generalized form. The explanation of notations
are omitted here but fully explained in reference (31). One of the systems consists of two
differential equations, and its solution determines the components of the stresses in the
plane of the panel. A second system consists of three differential equations and their so-
lutions determine the deflections and corresponding displacements. The latter differential
equations can be reduced to the equations derived by Reissner (32), Hoff (33) and Chang -
Ebcioglu (34) under particular assumptions,

Other research supported by our Laboratory has been centered on the use of short-time
buckling theories for predicting creep buckling failures of longer time duration through
the use of more abundant short time data. It has been found that end shortening measure-
ments, heretofore generally neglected in most other investigations, are significant for re-
lating the creep buckling behavior of columns to the creep properties of the column ma-
terial (35). Center lateral deflection measurements alsc exhibited a definite relationship
with failure time data. It is now considered possible to extend short time theory to creep
buckling by considering the strain value corresgponding to the short time buckling stress
as the critical strain in creep buckling (36). In general, additional improved analytical
techniques for describing and predicting elevated temperature structural behavior are
needed.
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Fracture and Brittle Behavior in Materials

In discussing brittle behavior it must be kept in mind that there is no universally ac-
ceptable definition for such behavior and the identification of ‘‘brittle fracture’’ must be
made for each particular case under consideration. This implies that there are many
factors which influence the extent to which a fracture is brittle, These factors range
from a minute consideration of the mechanics of microcrack nucleation to the more gross
consideration of continuous strese state. If a careful examination is made, it is generally
possible to associate with ‘‘brittle fracture’’ some degree of yielding or plastic flow.
Under these conditions it is not unreasonable to study and define “brittle fracture'’ as it
competes with plastic flow. Our programs then are aimed toward identifying some of the
factors which influence ‘‘brittle behavior’’ and explaining how these factors contribute to
‘“brittle behavior'’ separately or in combination. They are primarily concentrated on
three categories of materials - high strength to weight metals, refractory metals and
ceramic type materials. The types of approaches being used are to study external param-
eters which induce brittleness such as state of stress, chemical environments, and low
temperatures, and also internal material parameters such as grain size, impurity con-
tent, and dislocation interactions, as they effect brittle behavior in both metals and
ceramics.

State of Stress

One of the first factors recognized to contribute to the embrittlement of metals was the
effect of streas state, Many investigators have studied the effects of stress state as in-
duced by notches, on the fracture of metals but, as yet, these effects on the strength prop-
erties of a metal part are only partially recognized.

A theory of brittle failure that is now well known and universally recognized was de-
veloped 40 years ago by Griffity (37). The Griffity crack concept, originally proposed for
the failure of glass, has since been modified by Orowan and Irwin and his co-workers
(38), to apply to structural metals, The Griffity-Irwin theory, however, applied only to
sharp cracks and has no bearing on the behavior of a material in the presence of a stress
concentration of a definite magnitude, Therefore, in order to better understand the nature
of fracture of engineering materials in the presence of mechanical notches a program
supported by our Laboratory has been underway to study the effect of stress state on the
strength properties of sheet materials (39).

The primary purpose of this program was to study the principal factors known to af-
fect the strength of sheet materials in the presence of stress concentrations as caused
by notches, These principal factors are the strength level of the material, and the stress
distribution along the notched cross section. Significant in this study was the fact that the
stress concentration factor calculated according to Neuber-theory was held constant. On
the other hand, a variable which has received little consideration in previous studies, the
stress gradient, has been varied for different notch depths and section widths, The stress
gradient at the root of the notch was determined analytically from the notch geometry
according to elastic theory.

The results of tests on an extremely brittle titanium sheet alloy indicated that the
stress gradient is the predominant factor that influences notch strength, For a truly
brittle material, it appears that the stress concentration factor, the depth of a notch, and
the specimen width are significant only insofar as they contribute to the magnitude of the
stress gradient and the maximum stress at the notch root, This is illustrated in figures
11 and 12,
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As a result of these findings further studies are being conducted to determine the ef-
fect of stress gradient on the strength of brittle sheet materiais.

The results of these studies are hoped to contribute to the understanding of the effects
of strain state and stress gradient on the fracture of both brittle and ductile materials.

In this area of investigation another program is being conducted to study fracture initia-
tion in notched tensile specimens. The effect of notch severity and grain size on the flow
pattern in notched sheet tensile specimens of commercially pure molybdenum are being
studied. Zones of initial yielding and patterns of plastic flow accompanying fracture are
being analyzed as an elastic-plastic interface in order to ellucidate the location and mode
of fracture initiation,

Stress Corrosion Cracking

Included in the subject of brittle behavior in materials is the area of environment in-
duced brittleness. By environment induced brittleness we mean the apparently brittle
failures which occur in normally ductile metals in the presence of a chemical environ-
ment, These failures usually occur as delay type failures when the metal is under applied
stress in the environment. Included in this area are the subjects of hydrogen embrittle-
ment, surface absorption, liquid metal embrittlement, and stress corrosion cracking.

Although all of these causes of embrittlement are important, the area of stress cor-
rosion cracking is probably the most troublesome at present, in terms of failures in
flight vehicle structures.

Although the phenomenon of stress corrosion cracking has been with us for the past 50
years, we still know very little about the basic nature of stress corrosion cracking. In
order better to understand the effects of certain environments on various structural ma-
terials and their related mechaniems several research programs are underway.

In laboratory tests, titanium alloys have been found to be susceptible to stress cor-
rosion at temperatures between 550°F and 900°F and under stress in the presence of in-
organic chloride salts, Limited experience in the laboratory suggested that other metallic
materials such as nickle, cobalt-base alloys, and aluminum may also be susceptible to
thie type of corrosion. The purposes of the program (40) were: (a) 1o learn more about the
chloride salt stress corrosion of titanium alloys with particular emphasis on how the
protective character of the oxide film is lost; and (b) to explore the susceptibility of rep-
resentative jet aircraft structural materials to elevated-temperature stress corrosion in
the presence of chloride salt, and jet engine fuel or fuel residue,

In regard to the elevated-temperature chloride salt stress-corrosion of titanium alloys,
experiments were conducted to determine whether the protection of the oxide film is lost
by direct chemical reaction, or by dissolution, i.e., oxygen diffusion into the base metal.
These experiments showed conclusively that film protection is lost not by dissolution but
by chemical reaction of the chloride salt with Ti0, .,

Several of the alloys investigated were found to be sensitive to stress corrosion crack-
ing in the presence of a salt environment, at both room and elevated temperatures.

No detrimental effects of any of the test materials were found in the presence of JP-4
fuel, tested either in tension static fatigue at room temperature or in elevated-tempera-
ture creep tests,
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AB a result of these findings, further studies are being conducted in order to determine
the basic nature of the stress corrosion failures in the alloys investigated.

Before completely satisfactory solutions to stress corrosion problems in the field can
be obtained, & basic undersianding of the mechanisms and causes of stress corrosion
must be obtained. In this light, another more basic research program has been undertaken
under our sponsorship. The purpose of this program is to determine the mechanism of
stress corrosion cracking in face-centered-cubic metals, In this program ternary iron-
nickle-chromium alloy single crystals are being investigated. The stress-corrosion sus-
ceptibilities of these austenitic single crystals will be correlated with strain-rate-sensi-
tivity measurements as a function of composition. It is hoped that the strain rate depend-
ency of yielding can be expressed directly in terms of dislocation velocities. The long
term problem is to elucidate mechanisms which can give reduced dislocation velocities,
and to see whether low velocitieg correlate with stress corrosion susceptibility.

Ductile Brittle Transition

At elevated temperatures, the usefulness of a material usually is limited either by
strength considerations or by oxidation protection problems. However, if the material is
used at low temperatures, or is subjected toc a multiaxial stress system, it may display
a pronounced tendency toward brittle behavior. Usual design criteria cannot predict
failure adequately under these conditions, The classic example is the catastrophic failure
of Liberty ships during World War II when the calculated stresses were far below usual
design limitations, The normally ductile structural steels used in these ships became
quite brittle when under the combined effects of low temperatures and multiaxial stress
systems, The refractory metals, in fact all body-centered-cubic metals, tend to exhibit
this marked decrease in ductility and susceptibility to cleavage fractures at low tempera-
tures, Therefore, the theoretical knowledge gained in the investigation of the brittle
failure of steels can profitably be applied to the fracture study of the refractory metals.

One such program which we have (41), utilizes notched and unnotched tensile tests to
explore the ductile to brittle transition temperature of the refractory metals tungsten,
molybdenum, colurnbium and tantalum, These metals have been studied in the wrought
and recrystallized condition over a total temperature range covering the ductile-brittle
transition and are now being studied as a function of interstitial content, From these
tests, relations such as are illustrated in figures 13 and 14 can be determined. These
figures indicate the very broad temperature range, within which the refractory metals
display a transition characteristic. By making strength and ductility measurements, and
fracture appearance observations as a function of such variables as temperature, stress
concentration factor, strain rate etc. a relatively quick, general and practical definition
of ductile to brittle transition can be established.

While the above approach provides a broad view of the transition characteristics of the
refractory metals and gives qualitative agreement with fracture mechanics, a more re-
fined and concentrated study is needed to understand the contributions which metal-
lurgical variables are making in the ductile to brittle transition. Tc do this a more basic
approach has been adopted, with dislocation theory providing the basis for the funda-
mental studies. In these studies Petch (42) and Cottrell (43} models, describing transi-
tion behavior, are used to study the various microstructural variables. Investigations,
using such models, are being carried out in order to answer such questions as; why tan-
talum is resistant to brittle fracture while tungsten is not. Continuation of this line of
approach should provide some basgis for control of brittleness in refractory metals and
their alloys.
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The strain aging tendencies of columbium are being investigated (44) using yield point
return and dynamic modulus measurements to study the aging process, as a function of
hydrogen content. Comparison of activation energies for strain aging with those for inter-
stitial diffusion revealed that hydrogen could be responsible for dislocation locking in
columbium at low temperatures. The temperature dependence of the yield point and dy-
namic modulus recovery was found to be adequately expressed by an Arrhenius type rate
equation, The activation energies found by the yield point and dynamic modulus recovery
techniques bracketed that of 9,370 cai/mol given by Albrecht for diffusion of hydrogen in
columbium, In order to obtain a measure of the degree of dislocation locking as a function
of hydrogen content, the tensile lower yield stress of columbium was determined as a
function of grain diameter using constant strain rate and test temperature. The locking
strength, was found to increase with increasing hydrogen content. In further work on
columbium the strain rate and temperature dependencies of low temperature deformation
behavior of fine grain columbium were investigated, An apparent activation energy of
8300 cal/mol for the early stages of low temperature deformation indicates that stress
induced diffusion of hydrogen may be the rate controlling mechanism of the early stages
of low temperature deformation of columbium, Increasing the strain rate causes a de-
crease in the ductile-to-brittle transition temperature of fine grained arc melted colum-
bium, for constant hydrogen content. This decrease in transition temperature may be due
to slow strain rate hydrogen embrittlement, Raising the hydrogen content of columbium
causes 2 measurable increase in the ductile-to-brittle transition temperature and also
has slight solid solution strengthening effects.

The conclusions of the above work indicate that a hydrogen-dislocation interaction can
influence the mechanical behavior of columbium at low temperatures.

Ceramic Materials

A large effort, which is centered around single and polycrystalline A1;0, and Mg0, is
being devoted to the study of hrittle behavior of ceramic materials (45). The program is
designed to give consideration to the many factors which contribute to brittle fracture
and the mechanisms which can be controlled to introduce plastic behavior. Because of the
broad scope of this program only a superficial treatment will be given in order to bring
out the salient features of the approach.

The program is broken down into eleven different areas of investigation, Several of
these areas will be briefly outlined below:

Static Fatigue: Delayed Fracture

A study is being made of the corrosion processes which may be of importace in con-
trolling the long-term strength of single crystals of A1,0, and Mg0, and polycrystailine
aggregates of these oxides. It i8 desired to obtain information on the identity of the cor-
rosion reactions, their mechanisms, and their effect on the rupture strength of these
ceramics,

Internal Friction Studies
This study seeks to determine the effect of defects and vacancies upon the fracture dy-
amics of brittle materials, This aim is to be accomplished by mechanical loss measure-

ments (damping), in order to correlate them with dynamic effects occurring during de-
fect motion,
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Effect of Microstructure

The success of current theories by Stroh, Cottrell, Petch, and others dealing with the
atomic mechanism of cleavage fracture in metallic lattices has promoted an extension of
thie thinking to a study of fracture behavior in ceramic materials, This approach is being
used to study the deformation behavior of polycrystalline alumina and magnesia. This
work will study the influence of grain size on yield and fracture strength over a tempera-
ture range covering both ductile and brittle behavior.

Effect of Impurity Content

Work is being directed toward the understanding of the effect of impurities on the me-
chanical properties of alumina and magnesia. Impurities will be introduced into the poly-
crystalline alumina and magnesia by two methods: either by adding them to the starting
powder, or by diffusing them into the finished specimens from the outer surface. The
mechanical properties will then be evaluated as a function of impurity content.

Effects of Structural Size

This area seeks 10 resolve the problemn of the effect of structural size upon the frac-
ture strength of brittle materials, The approach to the solution is based on Weibull’s
‘‘Statistical Theory of Failure’'. The work consists of studying the fracture character-
istics of two grades of A1,0, and Mg0 at various temperatures and atmospheric conditions,
The statistical failure variability will be obtained from testing identical specimens. The
size effects will be observed from experiments using specimens of similar geometrical
shape by varying size. The purpose is to obtain an insight into the effects of varying con-
ditions and size on the fracture strength. An artempt will be made to formulate a design
equation for service application of brittle materials from the empirical constants de-
termined during the course of this work,

The above abstracts of work in the ceramic area are supplemented by other studies
dealing with such subjects as effect of thermal-mechanical history, effect of strain rate,
effect of non-uniform stress fields, effect of surface energy, surface active environ-
ments, and fracture mechanisms,

Summary

The material presented in the foregoing sections has by no means covered completely
the area of mechanical behavior, nor have those aspects treated here been given a full
measure of attention. Time and space limitations of course prevent a full treatment. We
hope, however, that we have successfully and effectively underlined the point that our
advancing aerospace technology has forcibly established and defined imposing perform-
ance requirements for materials development and their proper use in present and planned
aerospace enterprises. The fact has become quite clear that we can no longer study phe-
nomena singly and out of context and expect a total solution by merely summating the in-
dividual effects. It seems imperative to study materials characteristics in their relation-
ship with one another in order to understand their total nature and response to a set of
environmental circumstances,

In reviewing areas in which additional work is needed for the future, one could easily
generate a list of research without an end. However, from a weapon systems develop-
ment point of view, we feel there are certain gaps in our knowledge of materials behavior
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which warrant particular attention at the moment. Some of these areas are enumerated
as follows, although again, we are not all inclusive here:

1. Development of improved observational techniques such as x-ray and electron
microscopy, etc., for observations of mechanisms.

2. Additional research on the mechanisms of fatigue and creep geared mainly toward
the interpretation of these phenocmena in terms of bulk behavior,

3. Research on corrosion-fatigue from a basic electro-chemical and physical view-
point as opposed to a test data correlation procedure.

4, Expansion of research on spatial and temporal pressure and stress correlations
across structural airframes leading ultimately to reliable scaling laws,

5. Additional research on the chemistry of viscoelastic materials aimed specifically at
optimumn dynamic mechanical properties over broad temperature and frequency bands for
energy dissipation purposes.

6. Investigation of viscoelastic materials subjected to thermal gradients with particular
reference to the physical properties. Modification and improvement of design procedures
under extreme thermal conditions,

7. Development of non-linear viscoelasticity theory with particular emphasis on the
stress-strain relations and their application to structural design problems,

8. Research on non-linear theory of elasticity, with reference to shells, and application
to stability problems in composite structures,

9. Development of ‘‘equivalent damage level’’ load spectra to simplify random loading
problems (this requires both statistical and experimental input).

10, Additional studies of long time temperature and strain effects on structural ma-
terials properties.

11, Research on plasticity theory which takes into account the thermal stresses due
to non-uniform temperature, fields and improvement of concepts of design to account for
thermal stress gradients,

12, Research on aerothermoelastic effects on high speed flight structural components
by considering them a combination of aeroelasticity and thermoelasticity.

13. Research on stress-corrosion, directed particularly along fundamental lines, in
order to support solutions of problems on sound metallurgical bases rather than apply
stop-gap measures such as shotpeening, anodizing, stress-relief or redesign,

14, Research designed to elucidate the influence of microstructural variables on frac-
ture behavior of materials with particular emphasis on understanding the complex frac-
ture problem in engineering materials as compared to pure model materials,

15, Additional research in the general area of the anelastic behavior of materials in-
cluding delayed yielding, elastic after effects, internal friction, stress-relaxation, etc.
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16. Development of new techniques for measuring deformation behavior of metals, in-
cluding notch root strain rates, high temperature strain, etc,

10,

11,

12,

13.

14,
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