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PREFACE

Beginning in late 1978, the United States Air Force through the Office
of Aerospace Research initiated a major science of fracture project at the
University of Pittsburgh. The rationmale for this special effort emerged from
the recognition that, in some form, fracture analysis was becoming more and
more generally employed as an engineering design tool to assess structural
integrity. Fracture technology was increasingly sophisticated and complex.
With the many static, fatigue, and spallation problems being attacked using
different analytical, numerical, and experimental approaches, and the many
theories - Griffith, Wiebull, maximum strain, and hydrodynamic - appropriate
for metals, plastics, elastomers, ceramics, and composites, it seemed timely
to inquire; is there sufficient experience to generalize the state-of-the-art,
i.e., to provide the basis for a comprehensive fracture analysis discipline

which is fundamentally consistent and complete? d

The University of Pittsburgh program was designed to answer this
question. The effort is organized in terms of {}ve program categories each"
containing difficult but fundamental problems whose solution would signifi-
cantly contribute to the desired unification. In a research sense, the pro-
gram is high-risk, and for this reason was initially proposed for a five-year
period. Consequently, the potential pay-off is great, not only for the U.S.
Air Force, but also for the Department of Defense and the Nationm.

The five areas, to be construed in a broad sense, are

1. Analytical efforts and basic mechanism
2. Structure-property relationships

3. Numerical analysis methods

4., Instrumentation science

5. Technology transfer and applications

Primary emphasis during the early phases is upon the first two categories.
Simultaneously, a lower level effort is devoted to the latter three, so

that development can be monitored and preparation be made to increase
effort as the program develops.

This report covers the first year, 15 August 1978 to 14 August 1979.
’

M.L. Williams

Pictsburgh, Pennsylvania C.C. Tates

14 October 1979
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INTRODUCTION

The thrust of this program is not toward materials science nor
continuum mechanics individually. It is directed toward the analysis of
fracture and the structural integrity as influenced by these two disciplines
and the loading environment.

Materials
Science L\

Structural
Integrity

Loading éLvironnenc

Figure 1.1

There are five components of the program plus a Data Base and Repository
category which supports the entire project.

1. Analytical Efforts and Basic Mechanisms
2. Structure-Property Relationships

3. Numerical Analysis Methods

4. Instrumentation Science

5. Technology Transfer and Applications

A summary work statement is given in Appendix 3.1 and the major inter-
relations are shown in Figure 1.2.

STATUS OF RESEARCH

Analytical Efforts and Basic Mechanisms

The keystone for understanding fracture rests upon knowledge of
mechanisms which control the process and accompanying analytical work.
This approach generally proves more cost-effective than an unguided testing
program and engineering history. The method chosen is to study a class of 4
idealized problems which are analytically tractable yet reveal key elements
and mechanisms of fracture behavior.
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Four illustrations were given in the original proposal. They were
(1) the three-dimensional stress singularity, (ii) the elemental "tooth-
pick" problem, (iii) resolution and comparison of fracture criteriomn for
metals, polymers, and ceramics, and (iv) crack growth and environmental

effects.

Nearly all of modern fracture analysis is based upon the characteristic
inverse square root elastic stress singularity which was deduced for plane
stress (thin plate stock) or plame strain (infinitely thick plates).
Practically speaking, all plates have a finite thickness and when they
fracture they usually exhibit important features which cannot be predicted
using two-dimensional theory. Consequently, with success obtained using
the simple plane stress result, it is appropriate to encourage continuing
work on the still unsolved 3~D stress distribution. Our group has been
working with the major investigator of this problem in the United States,
Professor E.S. Folias, as well as Dr. T. Kawai from the Institute of
Industrial Science:of the University of Tokyo. It appears that Professor
Folias has been able to reduce this problem to the solution of a single
integral equation in which the unknown function is the surface crack
opening geometry——approximately elliptical in shape. The formulation
now seems satisfactory but the solution hinges upon overcoming numerical
difficulties associated with the solution for the opening displacement
function. The solution of this problem may shed some light upon the
singularity problem being attacked by Dr. C. Atkinson, that of the
change in elastic singularity at a right-angled, bonded cormer when and
after a crack first occurs, thus converting the right angle into one of
180 degrees. The fundamental obstacle here is a lack of understanding of
how to comstruct the limiting process of the change in strain energy of
deformation as the crack length jumps from zero to a finite length.

The elemental "tooth-pick” problem, (ii) pertains to cylindrical rods
of various shape, and degree of debonding when they are embedded in a matrix.
The problem has direct relevance to glass fiber reinforced plastics and
other multi-material composites. During the past year, this subject has

.




been our major experimental thrust and was conducted by Dr. E. Betz. A
summary of the report is in Appendix 3.2. Supporting analytical work,
along with parametric variations of the rod geometry in terms of the
adhesive fracture energy release rate have been assembled by Dr. John
Fleming and his students. Preliminary results are collected in Appendix
3.3. The Fleming-Betz analytical-experimental correlation seems to show
internal consistency.

Preparatory to comparing differemt fracture criteria, as contemplated
in (1ii) we have completed administrative arrangements with Professor E.
Becker, University of Texas, for a numerical stress analysis of highly
deformable media (rubber sheets). A brief description of the proposed
work is given in Appendix 3.4. Suitable codes have been completed to
treat Mooney and Moonmey-Rivlin materials for both plain strain and plane
stress stretching of specimens with finite length cracks. The codes
compute the change of (large) strain energy of deformation with crack
length. The next step is to compute the cohesive energy transfer for use
in a modified Griffith fracture criterion. Very few large strain fracture
analyses, other than for uniaxial tensile specimens, appear in the
technical literature.

Serendipitously, what began as an alternate way to investigate
controlled crack propagation turned out to be a most interesting result
which also resolves a different problem of immediate practical value—a
method for measuring Mode II (shear) fracture toughness. Most fracture
toughness is quoted in terms of Mode I (symmetrical-opening). No one has
yet devised a satisfactory test for (antisymmetrical-shear) fracture.

Most experimental specimens have some small but finite mixed mode compomnent.
Our results to date, as developed by Dr. R. Smelser and his students,

suggest a direct method for deducing the Mode II Ky, value. The test is
a modified "Brazil test" (circular cylinder rod under diametral compression)

.




as first used to test concrete.* Later Libatskii and Kovchik** used its
plane stress analog and put a small crack in the specimen aligned in the
direction of the diametral compressive load (0 degrees), and calculated

and tested for the fracture threshhold. We and some Japanese investigators,***

independently tested for the fracture threshhold but with the small crack at
various angles to the load. At intermediate angles it is apparent that both
Mode I and Mode II conditions exist. As the Mode I distribution passes from
tension at 0 degrees to compression at 90 degrees, it must pass through a
zero Mode I contribution leaving only a Mode II (shear) condition. This
happens at 20 to 30 degrees, depending upon the crack length to diameter
ratio. The details of the analysis are summarized in Appendix 3.5

Structure-Property Relationships

The relation between the chemical structure of a material and its
mechanical behavior is perhaps the most fundamental problem of all. It
affects not only the constitutive law, but controls processing
characteristics, and prescribes the failure mode.

We contemplated the development of an Interaction Matrix which relates
to parameters describing the material structure, (Burger's vector, cross-
link density, Weibull modulus, etc.) with those describing its properties.
So far, we have concluded arrangements with Dr. F.N. Relley and Dr. P.
Dreyfuss, University of Akron, to begin synthesis of a "standard elastomer"
and a "standard epoxy" having a controlled and known chemical composition.

A brief description of the work is given in Appendix 3.6. After consistency
and repeatability checks we shall begin the physico-mechanical measurements.

*Carniero, F.L.L.B., and Barcellos, A., "Concrete Tensile Strength"
Union of Testing and Research Laboratories for Materials and
Structures, No. 13, 1953.
**Libatskii, L.L., and Kovchik, S.E., "Fracture of Discs Containing Cracks",
Soviet Materials Science, Vol. 3, pp. 334-339, 1967.
***Awaji, H., and Sato, S., "Combined Mode Fracture Toughness Measurement
by the Disk Test”, Journal of Engineering Materials and Technology,
Vol. 100, pp. 175-182, 1978.




We intend to synthesize materials which are chemically clean systems as
environmentally insensitive as practicable. (Subsequent doping for
environmental effects will be valuable under Task 1, Part 4.) Because
of the high stress at the crack tip (and large deformation which should
be calculable via the University of Texas work), the conditions there
should be a sensitive indicator of chemical structure influences upon
the mechanical properties, especilally near fracture.

The epoxy resin has been chosen because of increased importance of
bonded and composite structures, which can fail by adhesive fracture such
as we observe in our "tooth-pick test". The epoxy, in addition to the
usual strain-rate and temperature dependence, is non-linear in behavior
so that normal linear stress analysis techniques are suspect. The same
point can of course be made for the more ductile metals, which also have
non-linear stress-strain laws. Nevertheless, it seems that for the epoxy,

and plastics in general, the working stress level may be higher relative
. to ultimate stress in plastics than the metals and hence non-linearity is
more important. Consequently we expect to begin some consideration of how
to handle non-linear constitutive laws.

One of the important factors affecting our "standard" materials is
the effect of the fabrication process and precursor material variability
upon the resulting properties. Dr. J.T. Lindt (Appendix 3.7) has begun

to investigate '

'melt fracture". Historically this term was adopted some
time ago to describe the "cracking" sound made by polymers at the mouth

of an extruder. -Since then, the term has been used more generally to
describe the formation of macro-flaws during the extrusion or forming
process. Aside from providing an important assist in calibrating the
quality of elastomer and plastic fabrication, the Lindt study should be
able to explain unstable processing conditions which can lead to unintended
product defects. While our rod diameters are larger than those used in

fiber and textile techmology, there is phenomenological similarity.

Two other topics complete our present activities in structure-property
relationships. The first, by Dr. H. Kuhn (Appendix 3.8) is related some-
what to Dr. J.T. Lindt's polymer processing experiment. Dr. Kuhn is




investigating the strain threshhold %t fracture during forming, especially
in compression, such as during forging operations. While it is coupled with
a processing step, he will alsc be making micro-analyses of the metal to see
what features of its structure may be initiating the fractures. At present
the preliminary conclusion, rather simplified, is that any microstructural
discontinuities promote early cracking as compared to the stronger of the
two materials separately. While intuitively acceptable, a quantitative
characterization will be important. If a small enough scale is viable for

a control, the analytical work on relative stress singularities and
concentrations at metal-crystal interfaces being conducted in Task I,

Part 1, could be useful in the interpretation. The second by Dr. R.

Porter with the help of Dr. J. Blachere is a quantitative evaluation of
metal and ceramic powder stocks. (Appendix 3.9). The quality of base

powders as to size and shape affects the presintered density, or at least
the amount of pressure and temperature required. Their proposal is

appended (Appendix 3.9).

Finally as an area of future potential, we initiated during the
summer a series of talks internmally with Professor G. Jeffrey, Chairman
of the Department of Crystallography, regarding the current status of
making direct experimental or analytical deductions of physico-mechanical
properties, such as modulus of elasticity, directly from lattice parameters
and atomic potential laws. Similar discussions were held with a few other
national experts, because this problem area-—while numerically obstructed
now--is in principle a direct part of the structure-property problem area.

Numerical Analysis Methods

At the present our work in this area is one of becoming acquainted
with the technical community in various fields and of supporting as
required the other members of the project, e.g., the numerical parametric
study of the "tooth-pick problem" or coordinating our knowledge with the
University of Texas specialized capability in finite strain. Intermally,
we coordinate with Professor W. Rheinboldt, Mellon Professor at the
University of Pittsburgh, who is an expert in theoretical aspects of

numerical computation, keeping him generally informed of our work.




Instrumentation Science

This subject is construed to include how instrumentation is used in
fracture analysis, such as in non-destructive examination (NDE), as well
as what new instrumentation requirements are projected and what new
instrumentation techniques can be appropriated or applied to fracture
analysis. The NDE work most immediately relevant has been at the
Rockwell Science Center and the Southwest Research Institute. Both have
been visited and appropriate action taken to obtain technical publications
and meeting announcements.

Dr. M. Simaan, an expert in signal processing, attended the last
ARPA/AFMI, NDE Symposium and made contacts with some of the Rockwell
participants to study the technical level of NDE signal processing
knowledge compared to the state-of-the-are in this fast growing area.
While Dr. Simaan'’s conclusions are not yet final, it appears that there
is an excellent target of opportunity for technology transfer to the NDE
community (Appendix 3.10).

Technology Transfer and Applications

This task has so far not been formally activated, a. hough all the
program participants are continually aware of the objective. For the
time being, attainments in this area rely upon informal observations and
deductions. Insofar as effective technology transfer is accomplished by
personal contact, the various meetings and briefings attended by the
project staff have added to their collective knowledge. A few specific
topics, collected in the Appendices, have been addressed as part of our
internal Data Bank activity to support our analytical and NDE tasks
(Appendix 3.11).




APPENDIX 3.1

Statement of Work




Research
The following research is to be conducted:

a) Investigate a class of idealized problems which are amalytically
tractable but key to the understanding of fracture mechanisms and
their control. This class of problems will include, but not be
limited to, the following:

1) Study the three dimensional stress singularities along a crack
surface and its interface with free surfaces or other material
interfaces, as well as the engineering importance of these
singularities. Investigate the nature of this stress singularity
in terms of typical crack geometric parameters and the nature of
the mathematical discontinuity as these parameters approach zero.

2) Investigate the fracture behavior of an elastic fiber in a matrix
material considering typical interfacial defects and uniaxial and
combined stress states on the fiber. Investigate the adhesive and
cohesive strength mechanisms of the fiber matrix interface.

3) Investigate the extension of models of fracture mechanisms of the
micro/macro scale in order to predict fatigue crack growth, includ-
ing as appropriate, strain rate effects, temperature, envirommental
conditions, and nonlinear behavior.

4) For the classes of problems to be addressed under "a" - metals,
polymers and ceramics, individually and in combination, will be
considered in the development of fracture criteria in which
particular significance can be attributed to comstitutive equatioms,
thermodynamics, kinetics or material processing.

b) Investigate the structure-property characteristics of metals, polymers
and ceramics with respect to both adhesive and cohesive fracture
behavior.

1) Review the existing literature and develop an interaction matrix
between the chemical and crystalline or noncrystalline structure of
a material and its mechanical properties.

:f'&’ i e .
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c)

d)

e)

2) Investigate, both theoretically and experimentally, the quantitative
nature of this interaction and its significance to fracture.

3) Coordinate with AFOSR the planned investigation to develop the
quantitative relationship of the interaction matrices.

Review the current state—of-the-art in numerical analysis methods
wvhich are applicable to the science of fracture, considering, in
particular, the micro/macro modeling levels, kinetic phenomena, and
thermodynamic considerations.

Investigate the state-of-the-art in the field of instrumentation and
measurement science which has application to the science of fracture
and structure/property relationships. In particular, include investi-
gation of techniques which may be developed to study in a nondestructive
manner internal material, i.e., nonsurface, behavior.

Develop an active program to transfer fracture reserach results to the
user community and to maintain as assessment of critical fracture
technology requirements on a national level.

12




APPENDIX 3.2

Experimental Studies
of the
Fibre Pull-Out Problem

(Summary)

E. Betz

School of Engineering
University of Pittsburgh

Pittsburgh, PA 15261

October 12, 1979
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INTRODUCTION

A summary of the experimental work performed by Betz (1) in the study
of the fibre pull-out problem is given. The objectives were to establish
the failure processes that take place during the pull-out of a glass rod
imbedded in Solithané?

fracture energies. These results can then be compared with computer simula-

and measure the specific interfacial adhesive

tions on failure predictions of adhesive fracture from the energy release
rates at various flaw sizes and specimen geometries. Previous experimental
work by Williams and Anderson was thought not to be sufficiently accurate
and reliable, and was considered useful primarily as a guide for future
improvement, rather than supplying definitive answers. The state-of-the-art
reached in their studies was considered to be a good starting point, and by
using their experimental techniques, it was hoped that improvements would
evolve that can produce more accurate and reliable results.

An innovation of making a movie film record of the isochromatics -
surrounding the ‘rod in the Solithan? matrix was tried. A digital clock
was included so that the photographs of the crack front position along
the rod could be correlated with the displacements applied to the rod (for
constant rate of displacement input), and the force response by the specimen.
Efforts were made to overcome misalignment of the specimen in the load cage
by introducing a self-aligning gimbal type platform, Figure 1. The 50 ml
beakers used for the contaimment of the solithane matrix - glass rod speci-
mens, were ground flat to provide an even seating on the gimbal platform.
The positioning of the load cage was also constrained against any movement
sideways caused by the overhang of the displacement transducer. Details
of these modifications are given in the section on test equipment in the
Betz Report (1).

15 ‘f‘” R .
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The major problems found were (i) the control of an advancing crack,
to give a crack front orientated normal to the axis of the rod, and (ii) to
find a debond release agent which would reliably produce a satisfactory
flaw at the rod interface. Frekote® release agent was tried for this
purpose, but without success. A special cutter was developed which
functioned satisfactorily at the surface end of the rod. The major effect
was directed at improving reliability and accuracy, rather than carrying
out a comprehensive test program. Nevertheless, some results were
obtained and are presented in graphical and tabular form and may be useful.

ANALYSIS OF TEST RESULTS

Specimens were prepared by pouring Solithanég&13 into 50 ml beakers.
A glass rod was inserted in a position concentric to the beaker. The
quartz glass rod was 0.50 ¥ 0.005 cm in diameter and had a ground flat end
squared to the rod axis which was flame polished to produce smoothness and
rounded edges. The opposite end of the rod had a glass knob formed on it
to provide a load stop in the aluminum load ferrule. Figure 2 shows the
arrangement of the components of a specimen and also defines the notation
of the leading dimensions.

Typical cross-plots taken from visicorder charts are given in Figures
3 and 4. These depict the force response versus the displacement of the
rod relative to the beaker. A summary of test results are given in Table 1.
An explanation of values given for u, Yz, t and P (critical) listed in
Table 1 is given by reference to Figures 3 and 4. The first diagram,
Figure 3, represents a failure by adhesive fracture when a deboﬂd starts
at the tip, and later is followed by the complete failure by debond from
the surface. Difficulties were experienced in accurately measuring the
energy release rate, 3U/3A, over the tip of the rod for any flaw size.
However, for the purposes of comparison with computer simulations, it was
thought that good comparisons could be obtained through the measurement
of the emergy U in the specimen at point A, the critical condition for the
formation of a small spherical bubble at the end surface of the rod, prior
to crack growth over the whole end and some distance a, down the rod

(Figure 2). This energy is represented in Figure 3 by area OAE. The

16




value of ucritical is represented by OE, P.ritical DY AE and time t.pqpical
by the expression ug.ritica1/R, where R here is the constant displacement

rate.

In Table i, the value of (Ya)critical for end of rod debonds is an
integrated average, incremented as the change in the elastic energy
represented in Figure 3 by area OAF. The area AFB is thought to represent
additional energy input from the continued displacement of the rod, modi-
fied by dissipation, occurring mainly at the crack tip. It is recognized
that the above definition is inaccurate, but this quantity is convenient
to use for comparison purposes with computer results. The energy release
rate, 3U/3A changes throughout the debond and is related to critical
conditions for a given flaw size. From observation of the test results,
(as typified in Figure 3) the next event that occurs is the debond from
the surface end, along the rod. This follows as a result of further
energy input beyond B in Figute.3, which apparently does not induce
critical conditions for further crack growth at ay before failure by

fracture occurs from the surface end.

The process represented in Figure 3, could take place in a similar
way if a flaw is present at the tip or surface end of the rod interface.
The application of ?rekoté&release agent was supposed to create such a
flaw, but the adhesive strength was too high and the behavior resembled
in most cases (as seen from reference to the test results) a two phase
debond, which is similar to that described in Figure 3.

In the case where a flaw exists at the surface end, the rod
becomes vunerable to failure at much lower energy levels, as seen in
Table 1, specimens 25-27 compared to 1 and 3. A typical diagrammatical
representation for this case is shown in Figure 4. A smaller §a;
theoretically gives a more accurate approximation to yy. In practice it
almost works the other way where averaging often provides a closer
approximation to the hypothetical theoretical value for y,.

Rather than measure 3U/3A directly, the elastic lines to points

representing increasing aj/b shown in Figure 4 as A, B, C, D, etc., may

17




be used to measure U(A,B,C versus u (constant, at any value :.“ctitical)'

sD,etc.
The results for the various tests are summarized in Figure 5. (See reference

3.

Another method is also available to determine U versus a;/b from
separate test specimens with various initiation flaw sizes. The results
from this procedure are illustrated in Figure 6 (for tests with flaws
produced by the cutter at the free surface). This method could apply
equally to the tip end of the rod, if a satisfactory flaw could be inserted.
The accuracy of this method depends upon the location of a critical point
of instability for the flaw. This can be obtained from the displacement -
force curves and checked from the photographic record to detect the
initiation of the flaw growth.

DISCUSSION OF RESULTS

The results given were instrumental in guiding the development of the
equipment to render it suitable for use in comprehensive test program
on the fibre-pullout problem. An appreciation of the results can be
obtained by reference to Williams' and Anderson's work (2), which has been
reproduced in Figures 7A and 7B. It was established from reference to the
energy release rates that for both experimental and computer simulatiomns,
the tip debond is approximately twice that of the surface end debond (see
comparisons between critical values for specimens 25 to 28 and for speci-
mens 1 and 3, in Table 1).

It was shown that changes in the balance of energy reléase rates
could promote different mechanisms of failure. When the release agent is
applied to the tip end, debond took place at the tip first, but only along
the release agent surface. Any further growth resulted in radial growth of
the crack by cohesive fracture of the matrix. Because of the high bond
that was shown to exist between the release agent and the Solithane§ (no
debond was observed between release agent and glass), it was considered
that the mechanisms of failure were in principle the same as the cases
defined in Figure 3.

18




This work has improved experimental techniques for greater accuracy
and reliability when carrying out the fibre-pullout tests through improved
aligmment of the specimen and the introduction of photographical recording
of the test. As the next step, an extensive program of tests can now be
undertaken. One major problem remains, namely to find a more satisfactory
release agent. This is needed particularly for the insertion of suitable
flaws at the tip end of the rod.
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FOLLOWING EVENT A-8, CRITICAL
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FIGURE 3, A TYPICAL DIAGRAMMATIC REPRESENTATION OF A
DISPLACEMENT VS FORCE DIAGRAM FOR A TIP, SOLITHANE®
SURFACE END DEBOND MODE.
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INTRODUCTION

A very important factor in fiber reinforced materials is the nature of
the stress transfer between the individual reinforcing fibers and the i
surrounding media. In particular, if a proper factor of safety against
failure is to be established, the stress conditions must be determined under
which debonding of the fibers will occur. A first step in obtairning a
solution to this problem is to determine the behavior of a single reinforcing
fiber when isolated from the interaction effects of survounding fibers. The
particular situation which was initially considered was a partially embedded
fiber of circular cross section in an elastic media, loaded by an axial

e b

tensile force, as shown in Figure 1. A number of different cases were
investigated in which cracks of various lengths were present at various
locations on the interface between the fiber and the surrounding media. The
purpose was to establish the effect of crack size and location upon the
bonding stresses along the boundaries of the fiber and in particular to
determine the conditions for which the crack would propogate and cause
either a total or partial failure.

Only a very few papers are available in the literature concerning this
particular problem. An anlytical analysis of a partially embedded rod in
a half-space has been presented by Muki and Sternberg (1). In this analysis
the rod and surrounding media were assumed to be linear elastic and the rod
was assumed to be bonded to the surrounding media over its entire length.
A number of curves, obtained by a numerical solution technique, were pre-
sented which show the load transfer between the rod and the surrounding
media for a wide range of problem variables. The results which are avail-
able show that the load falls off very rapidly in the rod and that the
rate of load transfer is very sensitive to the embedment length to diameter 1
ratio of the rod and also to the relative elastic properties of the rod
and the surrounding media.

In another study, conducted by Williams and Anderson (2) using a
finite element mathematical model, some information is presented concerning
the effect of debonding of the rod at both the free surface and at the rod i

tip. 1In particular, the elastic strain energy release rate (i.e. change

et e ——
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in elastic strain energy with crack extension) was investigated over a
small range of crack lengths for one particular geometric configurationm.
The study was not carried far enough to establish any definite conclusioms,
however, it was demonstrated that a finite element mathematical model can

be conveniently used to study this problem.

CURRENT INVESTIGATION

Since an exact analytical solution is not available for the case of an
embedded rod with debonding, it was necessary to develop analysis procedures
which were suitable for use in the present investigation. Two investigative
techniques were used: an experimental approach, which is described in a
University of Pittsburgh, School of Engineering Research Report (3); and a
numerical approach, using a finite element mathematical model. The remainder
of this discussion will be devoted to a description of the finite element
analyses and the results available at the present time.

In the experimental investigation, the tests were performed on a glass
rod embedded in So.ut:ha:nele In order to ccinpare the numerical results to
those obtained from tke experimental investigation, the geometry used for
the initial numerical studies was the same as that used for the experimental
specimens, as shown in Figure 2.

Since the physical problem consgists of a circular rod loaded by an
axial force, the problem is amenable to being represented by an axisymmetric
finite element mathematica. model. The finite element ccmputer program
which was used represented the continuous system by a finite number of four
node axisymmetrric quadralateral elements which were generated by combining
four constant strain axisymmetric triangular elements. To simplify the
mathematical model, it was assumed that the glass rod was essentially rigid
compared to the Scalithm® therefore, rather than modeling the rod it was
assumed that its effect could be represented by introducing uniform dis-
placements along the entire interface where the rod was bonded to the
Solithane@ In later studies the effect of a variety of elastic properties
for the rod and the surrounding media will be considered.

Figure 3 shows the form of a typical finite element mathematical model

used in the initial numerical analyses. It was necessary to use very small
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elements in the region of the crack tip, or any other stress concentration
point, in order to obtain an accurate solution. One way of circumventing
this requirement is to use a special crack tip finite element, which con-
tzins a built-in singularity. Special elements of this type were not
available in the specific computer program being used in these initial
studies. The use of a special crack tip element might be considered later
in the investigation. It was found from preliminary analyses that finite
element grids containing approximately 1000 nodes and 900 quadralateral
elements were required for the mathematical model being used.

As stated earlier, the initial numerical studies which will be discussed
here were conducted on a mathematical model which represents the specimen
used in an experimental inveétigation. The specific conditions which were
investigated were the effects of debonding of the rod from the surrounding
media starting at both the rod tip and at the free surface. Figures 4a
and 4b define these two conditions, where B is the rod embedment length,

R is the rod radius, A, locates the crack tip for debonding from the rod
tip, and Allocates the crack tip for debonding from the free surface.

Since considerable difficulty was encountered in the experimental
investigation in manufacturing the specimens, controlling the crack length
and applying a true axial load to the rod, the first finite element analyses
which were perfcrmed were used to compare the experimental and analytical
results for several different initial crack lengths extending from the free
surface. Figure 5 shows a comparison of the experimental and analytical
relationships for strain energy versus crack length. As can be seen the
curves are essentially the same shape with a difference in ordinates of
approximately 20 percent. The comparison gives an indication of the agree-
ment which might be expected between the experimental and analytical studies.
Since the curves are of the same shape it shows that the experimental
specimens and mathematical models are behaving in the same general manner.
The difference in the strain emergy could be due to many accumulated effects
in the experimental procedure ranging from the loading of the specimens and
the actual symmetry of the debonding to the material properties of the

SolithaneqD In the mathematical model the material was assumed to be
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perfectly linear elastic while the Solithane does exhibit some non-linear
time dependent behavior.

The majority of the finite element analyses were performed to obtain
the relationships shown in Figures 6 and 7. These curves show the strain
energy release rate as a function of crack tip positiom for debonding from
the rod end and from the free surface respectively. In these studies the
end of the rod was assumed to be perfectly flat and perpendicular to the
longitudinal axis of the rod, with a perfectly square corner where the
rod end surface intersected the side cylindrical surface. As can be seen
there is a sharp increase in the strain energy release rate as the crack tip
approaches this square corner due to the interaction of the singularities.
Figures 8 and 9 show a set of curves for the same conditions except that
the rod is now assumed to have a spherical tip as shown in Figure 10.

The aurved tip eliminates the discontinuities in the relationships.
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INTRODUCTION

The linear theory of elasticity contains a variety of problems with
singularities, the character of which is often attributed to the inadequacy
of classical theories as a model of the behavior in the neighborhood of
cracks, changes of boundaries conditions, and contact surfaces. Some
investigators have felt that a better understanding of the behavior of
elastic bodies near these points of high strain might be obtained from the
more general theory of finite elastic deformations. However, owing to the
complexity of the equations of nonlinear elasticity, it has been impossible
to carry out such analyses except for some very simple cases. On the other
hand, significant advances have been made in the numerical analysis'of
problems for finite elastic deformation and it seems possible that’new
computational methods could be used to investigate the characteristics of
singularities in certain problems involving finite deformatioms.

This document is a proposal for a research project aimed at studying
various singular problems of finite elasticity using finite element
methods and modern computational techmniques.

PROPOSED WORK

Formulation of problems involving finite elastic deformations, in
terms suitable for finite element analysis, is straightforward and, in
fact, many existing programs contain such formulations. The actual
solution of boundary value problems is less straightforward -— many
problems which involve very large stiatches and/or regions of large strain
gradients prove to be intractable for these programs. Failure of the
usual algorithms for solving the (nonlinear) finite element equations is

often observed.

Recent work at the University of Texas has been directed toward
overcoming these computational difficulties. Various formulations,
including penalty and Lagrange multiplier methods, are used to enforce
the incompressibility constraints. These formulations, as well as
various solution procedures, are incorporated in two new finite element

programs which are in the final stages of development.
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It is proposed that these codes be used to study several problems
involving geometric singularities such as cracks. The primary objective
of the study will be the prediction of such features of the solutiom as
total strain energy, radius of curvature of the crack and maximum strain
of the crack as functions of geometry, loading conditions, and constitutive
equations. The ability to predict such features will allow studies of the
correlations between these and the fracture. The particular problems to
be studied will be determined by the University of Pittsburgh with
consultation by the principal investigator.

A secondary objective of the studies will be to assess quantitative
questions relative to the finite element modelling of the class of
problems to be studied. Such questions as mesh requirements and adequacy
of stress, strain, and strain energy demsity calculation in the neighbor-
hood of the crack will be studied.

It is anticipated that some modifications of the finite element
codes will be required during the course of this investigation. These
modifications will be made as required during the course of the investi-
gation and will not constitute a code development program.
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A combined numerical, experimental investigation of the cracked
Brazilian disk test has been conducted® The specimen configuration con-
sists of a disk containing a crack loaded in diametral compressionm,
Figure la. The crack may also be oriented at any angle relative to the
loading axis, Figure 1lb. This orientation will produce any combination
desired of Mode I and Mode II loading. It is this ease of producing
combined mode loading which makes the specimen attractive for fracture
studies.

A series of experiments were conducted to establish the validity of
the test in Mode I loading conditions using PMMA as a model material. The
results from the disk test were compared to standard ASTM three point bend
tests. An ASTM proposed four point bend specimen was also tested. These
results are shown in Figure 2, here the normalized critical load to fracture
is plotted versus the normalized carck length. As can be seen, the results
from the disk test and the three point bend specimens compare quite
favorably with the thoretical curve. The results from the four point bend
tests, however, show a systematic error. On the basis of this data, it is
concluded that the critical stress intensity, K7, determined from the disk
test is comparable to that determined using ASTM standard E-399.

Following completion of the Mode I experiments, a numerical investi-
gation of the disk specimen was conducted using the finite element method.
The analysis included a special crack tip element obviating the need for
mesh' refinement near the crack tip. The results of the analysis are
presented in, Figure 3 and Tables la, 1lb and 2. The normalized stress
intensity factors Ny and Nyp are given by

9

where K=
/T Rh

3

*J. Sanchez, "Application of the Disk Test to Mode I - II Fracture Analysis",
Master of Science Thesis, August 1979.
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As the crack orientation is changed from the load line, an angle is
reached at which Ky becomes negative indicating crack closure. The point
at which Ky equals zero produces a condition of pure Mode II loading.

The angle at which this occurs decreases as the crack lemgth (L) to
radius (R) ratio increases. This angle ranges from 27.7 degrees at an
L/R = 0.3 to 20.0 degrees at L/R = 0.6 (Table 2). These results agree
with an independent analysis of Awaji and Sato (J. Eng. Mat'ls and Tech.,
Trans ASME, Vol. 100, 1978, pp. 175-182).

Using the results of the numerical analysis, experiments were
conducted to measure the critical stress intensity factor under Mode II
loading counditions. These results are presented inh Figure 4. The
scatter of this data is much larger than for the Mode I testing. This is
most probably due to the imprecision of the measurement of crack
orientation and/or crack length. The results of such experiments are
presently not conclusive since an adequate independent experimental
evaluation of Kyy. has not been found.

Currently, work is being carried out to investigate approximate
schemes of stress analysis for the disk test. The approximate technique
will allow the incorporation of friction in the model when the crack
closes. This 1is not easily accomplished using the special crack tip
element currently available. The use of a similar test for square
specimens is also being examined. Once the transfer to a second specimen
is completed, a test methodology will be available to rank materials
using a combined mode fracture test for common production shapes.
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Table 2. Stress Intensity Factors for Pure Mode II
and Angles of Crack for Various Crack Sizes
(Finite Elements Solutionm)

L/R Norp 8, (deg.)
0.3 1.85 27.7
0.4 1.92 25.2
0.5 2.06 23.2
0.6 . 225 20.0
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ABSTRACT

The Institute of Polymer Science proposes to undertake a one-year
study of polymer structure-property relationships to complement a broad
program in material fracture at the University of Pittsburgh, currently
supported by the Air Force Office of Scientific Research. Particular
emphasis will be placed on the time-dependent fracture behavior of cross-
linked amorphous elastomers. A systematic investigation of the influence
of variations in polymer backbone structure and network architecture on
the threshold and rate-dependent fracture emergy will be conducted. In-
sights gained from this study will provide a basis for extemsion of work
to thermosetting resins above their glass transition temperatures. The
Interaction Matrix format will be used to separate and categorize

structure-property relationships.
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OBJECTIVE

The objective of this program task will be to prepare and fully
characterize polymer network and morphological structures to correlate
with time-dependent fracture behavior of the resultant materials.

PROPOSED WORK

The Institute of Polymer Science will focus efforts on the preparation
and characterization of model network polymer structures and some specific
mechanical property measurements. The work will be coordinated and comple-
mentary with further mechanical characterization and fracture investigations
of the same materials systems at the University of Pittsburgh. Initial
polymer selection will probably be Solit:haneR 113, a commercially available
urethane based on castor oil and toluene diisocyanate. This polymer was
used extensively in a previous Air Force contract at the Califormia Insti-
tute of Technology and 1s easily prepared with variations in network demnsity
and architecture. A substantial data base exists for this material over 2
range of compositons. A second possibility is ARCO polymer R-45 HT.
Extensions to more well-defined structures are possible through the precise
control afforded by advance synthetic methods already established at the
Institute. Termination-free anionic polymerization techniques with
functionalization at predetermined sites along the polymer backbone or at
chain ends, allows the degree of control necessary for systematic investi-
gations of molecular structure and relationships to mechanical prcperties.
The volume of effort devoted to these polymers in the initial year will be
dependent on their availability, but as a minimum they will provide crucial
checks on the conclusions reached from the more abundant materials studied.

The resultant elastomers will be thoroughly characterized by quasi-
static and dynamic tests, swelling and sol~gel analysis to obtain information
on network architecture, segmental mobility and a variety of viscoelastic
parameters. The influence of backbone and network variations om viscous
dissipation processes, as might be evidenced in the shear loss modulus "G,"
will be determined. A specific variation in network architecture expected
to have a strong influence on dissipation will be the concentration and
size of dangling chains. Effects of hard and soft segments, fillers and
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plasticizers will be studied as time permits in the initial year of work.

An eventual objective of this work will be an extension to highly
cross-linked thermosetting polymers such as the epoxy resins used as
composite matrix materials and structural adhesives. These materials have
been largely intractable from a network or microstructural characterization
viewpoint. However, preliminary efforts examining selected variations of
these materials will be undertaken, specifically with regard to behavior
in the plasticized state or above the glassy transition. Also investiga-
tions of domain structure and its characterization by electrom microscopy
will be undertaken.

In all cases the coordinated efforts of the University of Pittsburgh
and the Institute of Polymer Science at the University of Akron will be
directed to the further insights of polymeric material fracture as it
relates to material composition and microstructure. An effective tool
used by the principal investigators at each institution in the past has
been the Interaction Matrix (1). An early attempt to discover first-order
structure-property effects governing polymer time-dependent fracture (2)
will be extended to include wider ranges of behavior and material variables.
It is expected that the thermosetting materials will introduce a new set
of compositional and structural variables, but that they will yield impor-
tant information when systematically examined by the Interaction Matrix
format.
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PROPOSED WORK

Melt fracture is an instability which occurs beyond a critical flow
rate at the outlet of a capillary or slit die. It often limits the
capacity of polymer melt processing equipment.

The term "melt fracture'" was coined by Tordella in 1956 because of
audible tearing noises that accompany the extrusion of grossly distorted
melt strands of fractured appearance.

The exact mechanism leading to the occurence of melt fracture has not
been identified, as yet. Possible explanations offered in literature are
based on a variety of flow effects (inlet and outlet effects, slip at the
wall, rheological and flow instabilities, thermal effects). None of the
mechanisms suggested has been generally accepted. The controversy that
exists in the literature indicates that more basic information on melt
fracture is required, in particular, experimental data.

Some of the previous work indicates that the flow instability giving
rise to melt fracture originates in the die entry. The leading question of
the experimental concept proposed here is how the flow disturbance is
propagated throughout the flow system. In other words, if an oscillating
vortex puir exists at the die entry, under what conditions is melt fracture
going to occur? In fact, the present approach goes a step further; the
melt fracture is a manifestation of instability of the entire flow system.
Therefore, the whole flow pattern is proposed to be examined while melt
fracture is observed at the exit.

The oscillatory stress field in the flowing polymer will be examined
as a function of flow rate, temperature, polymer architecture, geometry,
and die material. The measurements will be made in a series of "uni-
dimensional" slit dies. The test cells will be fed with polymer using a
1" single-screw extruder.

The stress distribution will be examined using both optical and
mechanical measurements. The use of two independent measuring techniques

is necessitated by the uncertainty concerning the flow regime, e.g.,
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slip at the die wall. A birefringence apparatus will be used to measure
the normal and shear stresses; strain gauges will be used for pressure

measurements.

A birefringence measurement of stresses is based on the stress-optical
law making use of orientation effects in the melt exposed to flow induced
stresses. The average stress levels along with the amplitude and frequency
of the stress oscillations will be recorded. Also, a corresponding dynamic
measurement of pressure will be made. The stress data will be evaluated
throughout the stress field, and the propagation and dissipative mechanisms
involved will be analyzed.

The analysis of the oscillatory stress field will be used to interpret
the flow exit conditions. This information will be complemented by
measurements of the periodic distortions in the extrudate geometry.

Once the controlling transport phenomena will be identified, a basis
for theoretical analysis will be formulated.
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INTRODUCTION
Elastic-plastic fracture mechanics centers on analysis of the plastic

zone at the crack tip in a ductile material. The primary objectives are

to describe crack blunting and crack growth rates in terms of material !

properties and microstructure. As in all fracture mechanics analyses, a

flaw is assumed to be present initially. Initiation of the flaw, such as

a void at an inclusion boundary, however, has largely beem overlooked.

Modification of microstructure to limit flaw initiation is a valid approach

to improving the usefulness of alloys.
In metalworking processes, ductile fracture is a major limiting factor.

In this case, initiation of a flaw and early stages of growth are much more

important than crack growth rate since the existence of minor flaws is

cause for rejection, with consequent material loss. Fracture initiation

and growth in fully plastic bodies has been relatively unexplored in terms

of fracture mechanics, with macroscopic, experimental observations taking

i the place of detailed mechanistic understanding.

An empirical criterion for ductile fracture in metalworking processes
has been established previously through experimental measurements of strains
at fracture in upset compression and bending tests. The criterion is most
) conveniently expressed in the form of a fracture strain locus, modified by
the hydrostatic component of stress. In this form, the process parameters
and the material influence can be conveninetly separated, so the criterion
may be used readily for design of a material-process system against fracture.
An entire system for workability analysis of metalworking processes has
been built around this empirical fracture criterion.

For each of the wide variety of materials tested, the empirical fracture
locus has the same shape; only the intercepts with the strain axes change
with material, temperature, and material condition. (The fracture locus
is similar, then, to a yield surface, where the yield strengths constitute
the stress axes' intercepts.) Determination of the fracture strain locus
intercepts in terms of the material structural characteristics remains as
the critical problem for enhanced understanding of workability and improved
processing of difficult-to-work materials.

A
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Previous attempts to model the ductile fracture process (e.g.
McClintock, Marciniak-Ruczynski, Cockcraft) lead to reasonably accurate
predictions of the shape of the empirical fracture locus, but extremely
incorrect predictions of the fracture locus intercepts. Each of these
models comnsiders primarily the dugtile fracture process as a growth and
coalescence of holes, without regérd for the initiation of holes. The
latter factor is the focus of the proposed study. It is expected that
improved understanding of fracture initiation will permit accurate pre-
diction of the fracture strain locus intercepts.

A combined mechanics/metallurgy study of the fracture initiation
process at points of inhomogeneity (most notably, precipitate particles
and inclusions) will be conducted. Simultanecusly, a two-pronged study
would be carried out, involving (i) a metallurgical study of fracture
initiation of a controlled particle-matrix system, and (ii) a micro-
mechanics and dislocation model of fracture initiation. The results
would then be combined for evaluation of the models, interpretation of
the experimental observations, and identification of the initiation
mechanism.

Internally-oxidized Cu-Ti alloys will be used for the metallurgical
study. Copper alloys are selected because of their known wide range of
interface strengths, high strain-rate sensitivity, and rigid behaviors
of the T102 particles. Control of the particle size, shape, volume fraction,
and interface strength can be exercised through proper selection of com-
position and heat treztment.

Prepared specimens of the alloy will be subjected to bending and upset
compression tests. The deformation will be applied in small increments so
that the progress of deformation and structural damage in the vicinity of
the oxide particles can be traced. C(Characteristics of the initial separa-
tion surfaces will also be deterﬁincd. Optical microscopy, scanning electromn
microscopy, and transmission electron microscopy will be used for these
studies. It is expected that the observations will identify the initiation
process (e.g. particle fracture, shear separation, delamination due to
tensile stress), as well as the nature of the growth process in a fully
plastic body.
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Mechanical analysis of the fracture initiation process will include
finite element analysis for large deformations (the Matrix Method of
Kobayashi used in metalworking analysis) and dislocation mechanics (e.g.
that due to Ashby for particle strengthening). Individual precipitates
will be analyzed with different assumed values of interface strength and
particle strength. Two precipitate particles at various separation distances
and orientations to the pricnipal stress directions will also be analyzed
to determine the interaction effects. These analytical results will give
a description of the stress distributions at and near the particle/matrix
interfaces for the various global stress states applied in the experimental
tests.

Comparison of the analytical results and experimental observations
will indicate the nature of the initiation process. Fractography of the
initiation surfaces will reveal the characteristics of the process (i.e.
particle fracture, interface shear, interface cleavage, etc.). Results
of the mechanical analysis, in combinatiog with these observations, will
give the critical values of stress and/or strain for fracture initiationm.
The relationships between applied global stress state, localized stress
states, and the fracture initiation process, will then permit prediction
of the fracture locus intercepts. These results would also give the
relative importance of particle, matrix, and interface properties on the
fracture initiation process.

CURRENT STATUS _
Work was initiated on physical modeling of the ductile fracture process
through a simulated matrix/inclusion system. Plasticene was used as the

matrix material with small spheres or wire sections acting as inclusioms.
Deformation was carried out by upset compression tests omn cylindrical
specimens with the inclusions placed at the equator of the bulging free
surface. This subjects material in the region of interest to known
biaxial tension/compression plane stress states.

Figure 1 is a sequence of photographs showing the evolution of a crack
from a single inclusion. Separation of the matrix from the inclusion occurs
after about 252 height reduction, and shear bands become evident after 30%
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height reduction with severe shear bands and crack propagation after 50%
reduction. The shear bands form intiially at the top and bottom contact
points with the inclusior (Fig. lc), and later at the tips of the lenticular
voids (Fig. 1d). Similar results are obtained if two inclusions are arranged
at various angles to the compression axis, Fig. 2.

All of the results shown previously were carried out at a compression
rate of 0.1 cm/min. In tests performed at 10 cm/min, however, the lenticular
voids formed but no shear bands developed, Fig. 3. In Fig. 1, the shear bands
were responsible for crack propagation in the low strain rate tests, but their
absence in the high strain rate tests (Fig. 3) meant that no cracking occurred.

The startling result that shear bands form in the amorphous material
(Plasticene) and that shear band formation is strain rate dependent, makes
Plasticene an ideal material for study of ductile fracture initiation and
propagation in strain rate sensitive materials. Future work will focus on
determination of the effects of stress state, strain rate, and inclusion
pair orientation on fracture.
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ABSTRACT

The goal of this work is to study the influence of silicon carbide and
silicon nitride powder characteristics on the reproducibilty of final
fabricated shapes. To date, work has centered on fabrication and sintering
of alpha-silicon carbide without the usual sindering aids. Submicronm -
powder (Lonza Co., 1200 mesh) has been compacted into discs which have been
sintered at 1600-1900 C. No sintering aids were added. Initial runs were
made using powder compacts 0.50 in. diam. and 0.18 in. thick compacted at
118,000 psi. which yielded a starting density of approximately 582
theoretical. Several runs have been made to isolate difficulties in the
experimental design prior to making any comparative rums or preparing
sintered compacts suitable for fracture tests.

RESEARCH OBJECTIVES

The goal of this research is to study the influence of the preparation
of simple shaped products of silicon based ceramics on the reproducibility
of the final product using fracture mechanics as the major indicator. It
is not intended.to study the final product. Powders that are on hand include
carborundum's alpha-silicon carbide premix and Lonza Co. silicon carbide
available in a wide range of particle sizing. Silicomn nitride powder,
although commercially available, will be produced internmally using a
method developed in this laboratory that yields high purity powder of comn-
trolled structure. Efforts will be made to maintain consistency of the
samples and not to optimize their properties.

Silicon carbide is normally consolidated by solid state sintering
with sintering aids added to the base material. The carborundum material
contains sintering aids whereas the Lonza material is not as highly pro-
cessed and contains no additives. Variables that will be considered
include initial particle size, initial compact density, sintering tempera-
tures, additives, and powder activity.

Silicon nitride is normally consolidated by hot pressing. The process
is less dependent on additives but small amounts are added industrially

to enhance the densification rate.
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This work will investigate the preparation of simple geometric shapes
of both silicon carbide materials that will be suitable for later measure-

mental fracture studies.

STATUS OF RESEARCH EFFORT

Sintering of silicon carbide requires high temperatures (1700-2100 C)
which varies depending on the variables mentioned in the objectives. An
induction furnace has been assembled that allows sintering in vacuum to
greater than 2200C. The work to date was centered on trial runs utilizing
the Lonza Co. silicon carbide of the same particle size used commercially
(5-6 micrometers) and an initial compact density of 587% theoretical.
Scanning electron microscopy has beem utilized to check any changes in the
powder topography and any consolidation that has occurred. Small shrinkages
have been measured in the initial runs (less than 2%) but should increase
as the temperature is raised and held for longer times.

Efforts are being made to influence the surface activity of the powder
during the sintering process by creating a glow discharge around the compact.
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INSTRUMENTATION SCIENCE

The thrust of our research in Instrumentation Science during the first
year of the Fracture Mechanics program has been towards the development of
a current awareness capability of recent developments in the fields of instru-
mentation with the following three main objectives in mind:

1) to emphasize awareness in the area of Nondestructive Evaluation
for detecting inherent flaws in materials;

2) to monitor research activities in other related fields such as
medical electronics, geophysics, digital speech, and image signal
processing in order to provide an input to our technology transfer
team on the applicability to fracture mecahnics of new instrumenta-
tion techniques developed in these fields; and

3) to provide advisory support for our research efforts, within the
"Science of Fracture" project on the subject of the relationships
between the chemical structure of various materials and their
mechanical properties.

In order to achieve these objectives, it was initially necessary to
focus on instrumentation science in as much as the area of Nondestructive
Evaluation (NDE) is concerned. The main problem of concern to the NDE
community is how to determine nondestructively whether a certain material
has inherent flaws in it, which could affect its useful lifetime. If such
flaws exist, the determination of their characteristics becomes a problem
of major importance. Recent research in this area has mostly emphasized
the development of techniques whose ultimate objective is to determine as
accurately as possible the type of flaw (whether it is a crack or an inclu-
sion), its location and its shape and size. In the last decade or s0,
techniques such as Eddy currents, Acoustic emissions, Acoustic microscopy,
Ultrasonics and others have been considerably explored towards meeting this
objective. The most recent results on these techniques have been reported
(1) at the "ARPA/AF Review of Progress in Quantitative NDE" meeting which
was held at the Scripps Institution of Oceanography, July 9-13, 1979.

Although, as pointed out at this meeting, the potential benefits of

any successful NDE technique are tremendous; the cost of the associated
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a) Transducers Comnfiguration

The main requirements for NDE ultrasonic transducers are high efficiency
and broadband impulse response. If the system is designed to detect the
presence or absence of a flaw, typically one transducer is sufficient. If
however, the objective is to determine the flaw characteristics, then an
array of transducers is, in most cases, required. Although, at present,
most flaw characterization research is based on single-transducer data, we
feel that ultimately arrays of transducers need to be investigated more
thoroughly. Besides the capability of two and three dimensional imaging,
array data has the advantages of increased resolution, improved signal to
noise ratio after preprocessing and sharper focusing. These advantages
have been demonstrated in other engineering fields such as radar, sonar and
biomedical as well as through recent NDE research on hexogomal arrays (1).
We feel that additional emphasis should be placed on the use of arrays in
NDE systems so that the full potential of possible transducer configurations
can be exploited.

b) NDE Signal Processing

In any NDE system, the acquisition of data is only one step tcwards
the final objective of flaw characterization. The other step is that of
processing the data in order to extract the desired information. Despite
the complexity of this step, it seems that it has received the least
attention in NDE research. In its simplest form, the mathematical model
of the measured signals can be represented as a convolution of the emitted
pulse and the structural characteristic function of the material including
its front and back surfaces and the flaws if any. Because of the band
limited nature of the emitted pulse, interference among all the scattered
waves almost always occurs. This makes it impossible to differentiate
among the reflections due to the boundaries of the flaw and the boundaries
to the material. For this reason, special processing instrumentation is
needed to remove this interference and separate the various signals. The
majority of NDE processing techniques are presently limited to simple
filtering and am~iysis in time and frequency domains by comparisons with
synthetically generated data obtained from materials having flaws of known
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characteristics. While these techniques have been successful in some
special cases, as experiments have already demonstrated (1), their use-
fulness in practice is unfortunately very limited. The reason being that
flaws in general, seldom have characteristics that coincide, even roughly,
with synthetic flaws for which NDE data can be generated. It is our
opinion that if accurate information about flaw characteristics is needed,
then more sophisticated processing of the signals, requiring perhaps more
complicated hardware, needs to be performed. In particular, it may be
worthwhile to mention that the fields of image processing (2), speech
processing (3), and geophysical processing (4) have all exploited the most
recent advances in the area of digital signal processing (5,6). Techniques
such as digital Weiner filtering, predictive filtering and homomorphic
filtering have all been successfully implemented to solve a wide spectrum
of signal processing problems in these fields. Because NDE problems are
similar in nature to those associated with image, speech and geophysical
data, it is our belief that the effectiveness of future NDE systems can
only be improved if these techniques were to be exploited in the context
of processing ultrasonic data.

In conclusion, we feel that NDE systems can be more effective in
meeting future requirements of flaw detection and characterizationm if
more emphasis is placed on (i) the development of transducer arrays for
source and receiver systems, and (ii) the incorporation of recent advances
in the area of digital signal processing at the hardware level of ultrasonic
systems.

REFERENCES
(1) "ARPA/AF Review of Progress in Quantitative NDE" Abstracts, Scripps
Institution of Oceanography, July 8-13, 1979.

(2) Andrews, H.C. and Hunt, B.R., Digital Image Restoration, Prentice Hall
Signal Processing Series, New Jersey, 1977.

(3) Rabiner, L.R. and Schafer, R.W., Digital Processing of Speech Signals,
Prentice Hall Signal Processing Series, New Jersey, 1978.

(4) Tribolet, J.M., Seismic Applications of Homomorphic Signal Processing,
Prentice Hall Signal Processing Series, New Jersey, 1979.
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(6) Robinson, E.A. and Silvia, M.T., Digital Signal Processing and Time
Series Analysis, Holden Day, San Francisco, 1978.
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A summary of data sources investigated during the past year is

given below.

THE INTERFACE CRACK PROBLEM

Fracture surfaces occur as a separation in similar material or alomg
an imaginary surface between two different materials. The first case is
denoted by the term cohesive fracture and has been the subject of extensive
investigation. The literature for the latter one, especially when treated
by continuum mechanics, is not as extensive.. One of the key problems is
the fundamental difference between cohesive and adhesive behavior when
viewed as a classical elasticity problem.

Using retrospective literature search techniques, "benchmark" papers
were tabulated (Section 3.11.1) using generally available journals.
Apparently the first stress analyses were contributed by Volkersen (1938)
and Goland and Reissmer (1944), the first theoretical treatment of the
problem, as a singular stress problem in elasticity by Williams (1959) and
the first extensive engineering tests for lap shear joints by Ripling,
Mostovoy and Patrick (1964).

The recent (1970-1980) contributions to the interface crack problem
are presented in 3.11.2. Several new items appear as references although
they have not as yet appeared in print. The articles were accepted for
publication in the Intermational Journal of Fracture, which has its editorial
office at the University of Pittsburgh. The feature article "'Stress
Singularities and Fracture Mechanics" by Colin Atkinson appearing in
Applied Mechanics Reviews (1) proved to be extremely useful. Dr. Atkinson
included an extensive list of references, (not included im 3.11.2), many

of which were not only pertinent but led to others of interest.

THE FIBER PULL-OUT PROBLEM

The fundamental "building block" in composite materials, e.g. glass
fiber reinforced plastic, is a single, finite, cylindrical rod embedded
in an infinite matrix. The rod, or fiber, may be either partially or
totally embedded in the matrix. Both problems are of interest, and the
former has been the subject of an experimental study by Betz (2) under
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this project. For this reason, a survey of the recent literature (3.11.3)
was conducted as well as a retrospective search to identify the significant
papers in this area (3.11.4). Only 6 historical papers were included,
dating from what appears to be one of the first important papers (in
English) in the field, published in the Proceedings of the Royal Society,
London in 1964.

NON-DESTRUCTIVE TESTING

One of the major areas of endeavor under this project's current
awareness effort is Instrumentation Science. This category includes new
instrumentaion of possible general interests for new or more efficient
measurement of basic materials behavior, and in particular techniques to
examine the structural integrity of components or assemblies, the latter
including the quality of adhesive bonding between similar or different
materials. Generally, this subject has been called non-destructive testing
(NDT), non-destructive examination (NDE), or non-destructive inspection (NDI).

Among others, the Department of Defense has beéu vitally concerned
with the NDE effort, currently sponsoring a relatively large program at
the Rockwell Science Center, Thousand Oaks, California, ARPA/USAF super-
vision. In addition, the Army supports the Non-Destructive Testing Infor-
mation Analysis Center (NTIAC), at the Southwest Research Institute, San
Antonio, Texas. The former has been mainly concerned with ultrasonic
methods and sponsorship of the annual conference on NDE, and the latter
has tended to emphasize acoustic emission, but also publishing newsletters
of more general coverage. The NTIAC newsletters of December 1978 (3) and
August 1979 (4) are of particular interest because of their state-of-the-
art nature. Both installations have been visited by University of
Pittsburgh representatives. Dr. M. Simaan of the University of Pittsburgh
attended the ARPA/AFML meeting for review of Progress in Quantitative NDE
at the Scripps Institution of Oceanography in LaJolla, Califormia, July 8-
13, 1979 in order to "get acquainted with the latest research results
that have been generated by the Science Center, Rockwell International,
for the Advanced Research Projects Agency and the Air Force Materials

Laboratory." (5) For completeness a list of present methods employed for
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instrumentation at both the research and the development stages can be a
severely limiting factor. Because of the large effort being spent in this
area and the many approaches and systems presently under investigation, the
need for centralized awareness in NDE techniques and instrumentation develop-
ments as well as similar developments in other engineering fields which could
be used in NDE work can be of substantial benefit in minimizing duplication
in research efforts and in determining what can be transferred in terms of
instrumentation techmology.

Regardless of the application, typically an NDE system consists of a
source (except for acoustic emissions) and receiver combination and signal
processing hardware which ultimately extracts from the measured signals,
the necessary information for characterization of the flaw. The development
of such a system must take into consideration the following factors:

1) Source and Receiver Characteristics

-~ Transducers configuration

-~ Transducers type

~ Transducers location and coupling mechanism

2) Processing Techniques for NDE Signals

~ Time domain analysis

- Spectral analysis

~ Deconvolution methods

3) Flaw Characterization

~ Signal interpretation

- Flaw type, location, shape and size.
These factors have all received a considerable degree of attention in the
development of recent NDE systems. Nevertheless, we feel that two of these
factors: the transducer configurations and signal processing techniques
as related to ultrasonics, need to be considered at a higher level of
intensity than what the present literature indicates. Ultrasonic systems,
because of their high resolution, are probably the most promising for
future applications and unless new advances related to transducers configu-
rations and signal processing are made, the development of such systems
will, in most likelihood, not be able to meet the stringent requirements of
future NDE specifications.
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NDT and NDE include:

A. Conventional non-destructive examination
1. Radiography (x-ray and neutron)
2. Radiographic enhancement dyes
3. Ultrasonics
4. Visual
5. Dye penetrants

B. Emerging techniques
1. Radioactive gas
2. High frequency ultrasonics - defect detection
3. Microwave
4. Laser acoustic microscopy
5. Acoustic emission
6. Laser photoacoustic spectroscopy

7. Acoustic property measurement - eunvironmental effects.

For our internal purposes, concern has tended to be focussed mainly
upon signal recognition and processing due to our Pattern Recognition
Laboratory. Hence, a general bibliography on acoustic emission used in
non-destructive testing was prepared and followed by another of selected
references on characterization, propagation and processing of acoustic
signals (3.11.5 and 3.11.6). The following areas of interest were used
as the guidelines for both bibliographies.

A. Source and receiver characterization of acoustic signals for

non-destructive testing
1) Source and receiver location coupling
2) Source and receiver mechanism
B. Processing techniques for non-destructive signals
1) Spectral analysis
2) Inverse method
3) Deconvolution
4) Interpretation
C. Flaw and adhesive bond characteristics by acoustic techniques
1) Flaw location, size and shape
2) Bond strength
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D. Propagation properties of acoustic signals in materials
1) Velocity
2) Dispersion
3) Scattering

DISLOCATION ANALYSIS OF FRACTURE

While most fracture analyses are conducted using elasticity or
elastoplasticity as formulated in terms of continuum mechanics, there is
another approach which consists of comstructing, say, along a line which }
turns out to be the (mathematical) crack, a density distribution of dis-
location adjusted in such a way that the faces of the crack are stress-
free as physically required. This approach is well understood by most
metallurgists, and insofar as equivalent results are obtained by either
method, it was thought worthwhile to make at least a cursory check of

e

the fracture mechanics literature to verify how frequently the metallurgist's
approach was published there.

Hence a retrospective seatéh'of the index of the Intermational Journal
of Fracture produced a list of authors with papers on dislocations that
have appeared in the Journal since 1965. Their geographic location was
determined with approximately half located in North America (3.11.7).
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(3) "Introduction to Nondestructive Testing" in NTIAC Newsletter, 6, No. 6
(December 1978)4.

(4) "Advanced Techniques for Acoustic Imaging" in NTIAC Newsletter, 7, No. 2
(August 1979)1-5.

(5) M. Simaan, "Summary Report on ARPA/AFML Meeting for Review of Progress
in Quantitative NDE," University of Pittsburgh, (August 21, 1979).
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Specific Topics

3.11.1 Interfacial Crack Problem. Significant "Benchmark Papers”

Volkersen, 0., Luftfahrtforschung, "Die Nietkraft Verteilung in Zugbean-
spruchten Nietverbindugen Mit Constanten Lauschenquerschmnitten," 15,
(1938) 41-47.

Goland, M. and Reissner, E., "The Stresses in Cemented Joints,"
Journal of Applied Mechanics, Transactions of ASME, 77 (1944) 17.

Williams, M.L., "The Stresses Around a Fault or Crack in Dissimilar
Media," Bulletin of Seismological Society of America, 49 (1959) 199-204.

Zak, A.R. and Williams, M.L., "Crack Point Stress Singularities at a Bi-
Material Interface," Journal of Applied Mechanics, 30 (1936) 142-143.

Erdogan, F., "Stress Distribution in a Nonhomogenous Elastic Plane with
Cracks," Journal of Applied Mechanics, 30 (1963) 232-236.

Ripling, E.J., Mostovoy, S. and Patrick, R.J. "Application of Fracture
Mechanics to Adhesive Joints," ASTM, STP 360 (1964) 5.

Sih, G.C. and Rice, J.R., "The Bending of Plates of Dissimilar Materials
with Cracks," Journal of Applied Mechanics, 31 (1964) 477-482

Rice, J.R. and Sih, G.C., "Plane Problems of Cracks in Dissimilar Media,"
Jourmal of Applied Mechanics, 32 (1965) 419-423.

Erdogan, F., "Stress Distribution in Bonded Dissimilar Materials with
Cracks," Journal of Applied Mechanics, 32 (1965) 403-410.

England, A.H., "A Crack Between Dissimilar Media, "Journal of Applied
Mechanics, 32 (1969) 400-402.

Erdogan, F. and Ozbek, T. '"Stresses in Fiber-Reinforced Composites with
Imperfect Bonding," Journal of Applied Mechanics, 36 (1969) 865-869.

Ozbek, T. and Erdogan, F., ""Some Elasticity Problems in Fiber Reinforced

Composites with Imperfect Bonds," Internmational Journal of Engineering
Science, 7 (1969) 931-946.

Kelly, A. "Interface Effect and the Work of Fracture of a Fibrous
Composite,” Proceedings of the Royal Society, Lomdom, A 319 (1970) 95-116.
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3.11.2 SELECTED REFERENCES FOR INTERFACIAL CRACK PROBLEM

J.D. Achenbach, Z.P. Bazant, R.P. Khetan; Intermational Jourmal of
Engineering Science; 14 (1976) 811-18

"Elastodynamic Near-Tip Fields for a Crack Propagating Along the Interface
of Two Orthotropic Solids"

J.D. Achenbach, Z.P. Bazant, R.P. Khetan; Int. J. Eng. Sci. 14 (1976) 797-809
"Elastodynamic Near-Tip Fields for a Rapidly Propagating Interface Crack"
(Anti-plane and in-plane motions in 2 dissimilar isotropic elastic solids)

K. Arin, F. Erdogan; Int. J. Emg. Sei,6 9 (1971) 213-32
"Penny Shaped Crack in an Elastic Layer Bonded to Dissimilar Half Spaces"

N.E. Ashbaugh; Jourmal of Applied Mechanics, 40 (1973) 533-40
"Stresses in Laminated Composites Containing a Broken Layer"

N. Ashbaugh; Internatiomal Journal of Fracture, 11 (1975) 205-19
"Stress Solution for a Crack at an Arbitrary Angle to an Interface"

A.G. Atkins; Journmal of Materials Science, 10 (1975) 819-32
"Intermittent Bonding for High Toughness High Strength Composites”
(Both interfacial crack problem and pull-cut problem)

C. Atkinson; Applied Mechanics Review, 32 (1979) 123-35
"Stress Singularities and Fracture Mechanics"

(Literature review)

C. Atkinson; Int. J. Fracture, 13 (1977) 807-20
"On Stress Singularities and Interfaces in Linear Elastic Fracture Mechanics"

C. Atkinson; Int. J. Eng. Sci, 13 (1975) 489-504
"On the Stress Intensity Factors Associated with Crack Interacting with an
Interface Between Two Elastic Media"

C. Atkinson; Int. J. Fracture, 8 (1972) RCR453-5
"A Note on Cracks Crossing a Bimaterial Interface"

D.B. Bogy; J. Appl. Mech., 38 (1971) 911-18

""On the Plane Elastostatic Problem of a Loaded Crack Terminating at a

Material Interface"
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A.M. Bregman; Int. J. Fracture, 10 (1974) 87-98
"Thermal Fracture of Bonded Dissimilar Media Containing a Penny-Shaped Crack"

L.M. Brock; Int. J. Eng. Sci., 17 (1979) 49-58
"Rapid Interface Flaw Extension with Friction-I Basic Analysis"

L.M. Brock; Int. J. Eng. Sci., 14 (1976) 963-74
"Interface Flaw Extension Under In-Plane Loadings"
(Wave propagation problem of symmetric extension of a stress-free crack at

a constant rate along the interface of perfectly bonded elastic half-spaces
under uniform in-plane loadings)

T.W. Chou, A.S. Tetelman; Int. J. Fracture, 7 (1971) 331-8
"Elastic Cracks and Screw Dislocation Pile-Ups Crossing a Bimaterial Interface"

M. Comninou; J. Appl. Mech., 44 (1977) 631-6
"The Interface Crack"

M. Comninou; J. Appl. Mech., 45 (1978) 287-
"The Interface Crack in a Shear Field"

M. Comninou, J. Dundurs; J. Appl. Mech., 46 (1979) 97-100
"A Closed Crack Tip Terminating at an Interface”

T.S. Cook, F. Erdogan; Int. J. Eng. Sci, 10 (1972) 677-97
"Stresses in Bonded Materials with a Crack Perpendicular to the Interface"

M.I. Darby; Int. J. Fracture, 15 (1979) to be published
"Stress Distribution Near a Crack Crossing an Interface'

F. Delale, F. Erdogan; Int. J. Fracture, 15 (1979) to be published
"Bonded Orthotropic Strips with Cracks"

F. Erdogan, G.D. Gupta; Int. J. Fracture, 11 (1975) 583-93
"Bonded Wedges with an Interface Crack Under Anti-Plame Shear Loadings"

F. Erdogan, G.D. Gupta; Int. J. Fracture, 11 (1975) 13-27
"The Irclusion Problem with a Crack Crossing the Boundary"

F. Erdogan, T.S. Cook; Int. J. Fracture, 10 (1974) 227-40
" Antiplane Shear Crack Terminating at and Going Thrcugh a Bimaterial

Interface"
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F. Erdogan, G.D. Gupta; International Jourmal of Solids and Structures,
7 (1971) 1089-1107
"Layered Composites with an Interface Flaw"

F. Erdogan, V. Biricikoglu; Int. J. Eng. Sci, 11 (1973) 745-66
"Two Bonded Balf-Planes with a Crack Going Through the Interface"

F. Erdogan, K. Arin; Int. J. Eng. Sci, 10 (1972) 115-25
"Penny Shaped Interface Crack Between an Elastic Layer and a Half Space"

F. Erdogan; Engineering Fracture Mechanics, 4 (1972) 811-40
"Fracture Problems in Composite Materials"

F. Erdogan, G.D. Gupta, M. Ratwani; J. Appl. Mech, 41 (1974) 1007-13
"Interaction Between a Circular Inclusion and an Arbitrarily Oriented Crack"

F. Erdogan, M. Bakioglu; Int. J. Fracture, 12 (1976) 71-84
"Fracture of Plates Which Consist of Periodic Dissimilar Strips"

F. Erdogan, G. Gupta; Int. J. Solids Struct., 7 (1971) 39-61
"The Stress Analysis of Multi-Layered Composites with a Flaw"

D.N. Fenner; Int. J. Fracture, 12 (1976) 705-21
""Stress Singularities in Composite Materials with an Arbitrarily Criented
Crack Meeting an Interface"

0.D. George; Int. J. Fracture, 10 (1974) RCR617-19
A Note on the Effect of a Poisson Ratio Inhomogeneity on the Stress Field
in a Cracked Medium"

R.V. Goldstein, V.M. Vainshelbaum; Int. J. Eng. Sci, 14 (1976) 335-52
"Axisymmetric Problem of a Crack at the Interface of Layers in a Multi-
Layered Medium"

J.G. Goree, W.A. Venezia; Int. J. Eng. Sci, 15 (1977) 1-17; 19-27
""Bonded Elastic Half-Planes with an Interface Crack and a Perpendicular
Intersecting Crack that Extends into the Adjacent Material-I and II"

P.D. Hilton, G.C. Sih; Int. J. Solids Struct., 7 (1971) 913-30
"A Laminate Composite with a Crack Normal to the Interfaces"
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K. Kendall; J. Mat. Sci, 11 (1976) 638-44; 1263-6; 1267-9
"Interfacial Cracking of Composite Bending. Pt. I Interlaminar Shear and
Tension, Pt. 2 Bending, Pt. 3 Compression"

K. Kendall; Proceedings of the Royal Society of London, A344 (1975) 287-302-
Physics Libe.
"Transition Between Cohesive and Interfacial Failure in a Laminate"

K. Kendall; Proc. R. Soc. Lond., A341 (1975) 409-28-Physics Libe.
"Control of Cracks by Interfaces in Composites"

W.L. Ko, A. Nagy, P.H. Francis, N.S. Lindholm; Eng. Fract. Mech., 8
(1976) 411-24
"Crack Extension in Filamentary Materials"

K.Y. Lin, J.W. Mar; Int. J. Fracture, 12 (1976) 521-31
"Finite Element Analysis of Stress Intensity Factors for Cracks at a
Bi-Material Interface"

M. Lowengrub, I.N. Sneddon; Int. J. Eng. Sci, 12 (1974) 387-96
"The Effect of Internal Pressure on a Penny-Shaped Crack at the Interface
of Two Bonded Dissimilar Elastic Half-Spaces"

A.K. Mal; Int, J. Eng. Sci, 8 (1970) 381
"Interaction of Elastic Waves with a Penny-Shaped Crack"

D.R. Mulville, P.W. Mast; Eng. Fract. Mech, 8 (1976) 555-65
"Strain Energy Release Rate for Interfacial Cracks Between Dissimilar Media"

Y. Naerheim; Metallurgical Transactions A, 7A (1976) 63
"Fracture Characteristic of a Ductile-Matrix Brittle-Fiber Composite"

K.S. Parihar, A.C. Garg; Int. J. Eng. Sci, 14 (1976) 831-43
"Two Bonded Strips Containing an Infinite Row of Interface Cracks"

G. Sih, Editor, Mechanics of Fracture, Vol. 2 (1975) 177; TA409-K37 (BEH)
Chapter 6
"Dissimilar Material Crack Problems: 6.2 Interface Penny-Shaped Cracks"
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K.N. Srivastava, R.M. Palaiya, A. Choudhary; Int. J. Fracture, 13 (1977) 27-38
"Thermal Stress in an Elastic Layer Containing a Penny-Shaped Crack and
Bonded to Dissimilar Half-Spaces"

K.N. Srivastava, O.P. Gupta, R.M. Palaiya; Int. J. Fracture, 14 (1978) 154-54
"Interaction of Elastic Waves in Two Bonded Dissimilar Elastic Half-Plames
Having Griffith Crack at Interface-1"

K.N. Srivastava, R.M. Palaiya, 0.P. Gupta; Int. J. Fracure, 15 (1979) to

be published

"Interaction of Longitudinal Wave with a Penny-Shaped Crack at the Interface
of Two Bonded Dissimilar Elastic Solids-II"

D.0. Swenson, C.A. Rau, Jr.; Int. J. Fracture, 7 (1971) 331-8
"The Stress Distribution Around a Crack Perpendicular to an Interface
Between Materials"

P.S. Theocaris; Acta Mechanics, 24 (1976) 99-115
"Partly Unbonded Interfaces Between Dissimilar Materials Under Normal and
Shear Loading"

P.S. Theocaris, C.A. Stassinakis; Int. J. Fracture, 13 (1977) 13-26
"Experimental Solution of the Problem of a Curvilinear Crack in Bonded
Dissimilar Materials" ;

M. Toya; Int. J. Fracture, 11 (1975) 989-1002
"Debonding Along the Interface of an Elliptic Rigid Inclusion"

M. Toya; Journal of the Mechanics and Physics of Solids, 22 (1974) 325-48
"A Crack Along the Interface of a Circular Inclusion Embedded in an

Infinite Solid"

M. Toya; Int. J. Fracture, 9 (1973) 463-70
"A Crack Along the Interface of a Rigid Circular Inclusion Imbedded in an
Elastic Solid"

M.0. Tucker; Int. J. Fracture, 10 (1974) 323-36
"Cracks in Two-Phase Solids Under Longitudinal Shear Loading"

W.E. Warren: Int. J. Fracture, 12 (1976) 843-59
"Plastic Yielding Through a Two-Material Interface from Cracks Under Anti-plane

Deformation"
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3.11.3 SELECTED REFERENCES FOR FIBER PULL-OUT PROBLEM

"Poisson Contraction in Aligned Fibre Composites Showing Pull=-Qut” A. Kelly
& C. Zweben, J. Mater. Sci., 11 (1976) 582.

"Model Experiments Illustrating Fibre Pull-Out" K. Kendall, J. Mat. Sci.
10 (1975) 1011-1014, (silicone rubber=brittle elastic material; solidified
gelatin=elastic plastic matrix + bubble cracks between fibre and matrix).

"The Effect of Metal Wires on the Practure of a Brittle Matrix Composite”
J. Morton & G.W. Groves, J. Mat. Sci., 11 (1976) 617-25 (pull-out stress
for stainless steel wire in epoxy resin).

"Poisson Contraction Effects in Aligned Fibre Composites" D.J. Pinchin,
J. Mat. Sci., 11 (1976) 1578-81 (refutes Kelly & Zweben article).

"Interfacial Properties of Kevlar-49 Fibre-Reinforced Thermoplastics"
D.B. Eagles, B.F. Blumentritt, S.L. Cooper, J. Appl. Poly. Sci., 20
(1976) 435-448 (single-filament pull-out test used to study adhesion of
Kevlar-49 fibers to thermoplastic polymers).

"The Effect of Matrix Stresses on Fibre Pull-Out Forces” N. Hadjis and
M.R. Piggott, J. Mater. Sci., 12 (1977) 358-364.

"The Effect of Interfacial Radial and Shear Stress on Fibre Pull-Out in
Composite Materials" A. Takaku & R.G.C. Arridge, J. Phys. D, 6 (1973) 2038.

"The Strength of Acrylic Bone Cements and Acrylic Cement-Stainless Steel
Interfaces, Pt. 2. The Shear Strength of an Acrylic C-ssI" P.W.R. Beaumont
& B. Plimpton, J. Mater. Sci., 12 (1977) 1853 (rod pull-out experiments
used for bone (hip)).

"Large Work of Fracture Values in Wire, Reinforced Brittle-Matrix Composites"
J. Morton & G.W. Groves, J. Mat. Sci., 10 (1975) 170 (pull-out of long
metal wires from epoxy resin and cement matrices).

""The Concept of One Polymer Composites Modelled with High Density
Polyethylene' N.J. Capiati & R.S. Porter, J. Mat. Sci., 10 (1975) 671-7
(pull-out test for evaluating interfacial shear strength of one polymer

composites).
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"A Preliminary Investigation of the Properties of Plastically Deforming
Two-Part Composite Reinforcement” R.S. Millman & J.G. Morley, J. Phys. D:
Appl. Phys. 8 (1975) 1065 (2 part (duplex) fibre, helical core within a
tube in frictiomal contact with the outer element (matrix)).

"Energy Absorption at High Rates of Deformation in Fibrous Composites with
Non-Frqcturing Reinforcing Elements” R.S. Millman & J.G. Morley, Mat.

Sci. & Eng., 23 (1976) 1-10 (more of duplex fibre "pull-through" rather
than pull-out).

"The Fracture Energy of Hybrid Carbon and Glass Fibre Composites™" J.N. Kirk,
M. Munro, P.W.R. Beaumont, J. Mat. Sci., 13 (1978) 2197-3204 (measurements =
fibre pull-out lengths).

"The Mechanical Properties of Oriented Discontinuous Fibre Reinforced Thermo-
plastics. 1. Unidirectional Fiber Orientation'" B.F. Blumentritt, B.T. Vu

& S.L. Cooper, Polym. Eng. & Sci., 14, 9 (1974) 633 (fiber efficiency

factors for strength and modulus).

"The Longitudinal Tensile Strength of Unidirectional Fibrous Composites"
P.W. Barry, J. Mat. Sei., 13 (1978) 2177-2187 (fiber failure).

"The Failure of Composite Materials Under High Velcoity Liquid Impact"
D.A. Gorham & J.E. Field, J. Phys. D: Appl. Phys., 9 (1976) 1529.

"Steel Fiber Reinforced Concrete" G. Batson, Mat. Sci. & Eng., 25 (1976)
53-58 (a review of the literature).

"Theoretical Model for the Elastic Behavior of Composites Reinforced with
Short Fibers" A. Ghesquiere, J. Appl. Poly. Sci., 20 (1976) 891-901.

"Direct Observation by High Resolution Autoradiography of Interfacial
Diffusion in a Ni, Cr-TaC Composite" D. Rebout, J.F. Stohr, M. Aucouturier,

"Synergistic Fibre Strengthening in Hybrid Composite" J. Aveston & J.M.
Sillwoad, J. Mat. Sci., 11 (1976) 1877-83.

"Fracture Mechanics of Metal Matrix-Metal Fibre Composites" I.N.
Archangelssha, S.T. Mileiko, J. Mat. Sci., 11 (1976) 356-362.
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"The Effect Aspect Ratio on Toughness in Composites" M.R. Piggott, J. Mat.
Sci., 9 (1974) 494-502.

"Analytic Methods for Studying Fiber/Matrix Interface' H.L. Marcus & D.
Finello, Texas Univ. at Austin, Materials Sci. Lab., Contract N0001l4-78-C-0094.
Referenced in Scientific and Technical Aerospace Reports N79-11127.

"Tensile Strength of Discontinuous Fibre Composites - The Effect of Fibre-
Matrix Interface Strength" J. Yamaki, J. Phys. D, 9 (1976) 115.

"The Effect of Fibre-Matrix Interface Strength on the Impact and Fracture
Properties of Carbon-Fibre Reinforced Epoxy Resin Composites" M.G. Bader,
J.E. Bailey, I. Bell, J. Physics D, 6 (1973) 572.

"Pyrolytic Surface Treatment of Graphite Fibres" D.J. Pinchin & R.T.
Woodhams, J. Mat. Sci., 9 (1974) 300-06.

"Axial Fatigue Failure Sequence and Mechanisms in Unidirectional Fibreglass
Composites" H.C. Kim & L.J. Ebert, J. Comp., Mats., 12 (April 1978) 139.

"Graphite/Aluminum: An Evaluation of State-of-the-Art Material" W.R.
Hoover, J. Comp. Mats., 11 (Jan. 1977) 17.

"Elastic Moduli of Carbon-Epoxy Composites and Carbon Fibers" T. Ishikawa,
K. Koyama & S. Kobayaski, J. Comp. Mats., 11 (Jan. 1977) 332.

"The Debonding and Pull-Out of Ductile Wires from a Brittle Matrix"
J. Bowling and G.W. Groves, J. Mater. Sci., 14 (1979) 431-42.

"Interfacial Fracture Energy and the Toughness of Composites'" T.U. Marston,
A.G. Atkins, D.K. Febeck, J. Mater. Sci., 9 (1974) 447-455.

"Fracture Mechanisms in Glass-Reinforced Plastics" B. Harris, J. Morley,
P.C. Phillips, J. Mater. Sci., 19 (1975) 2050-2061 (measurements of
parameters required for analysis of macroscopic behavior of models of
fibre/matrix interaction).

"Microstructure of Glass Fibre-Reinforced Cement Composites” M.S. Stucke,
A.J. Majumdar, J. Mater. Sci., 11 (1976) 1019-1030.

"The Cracking of Composites Consisting of Discontinuous Ductile Fibres in
a Brittle Matrix-Effect of Fibre Orientation" J. Morton and G.W. Groves,
J. Mater. Sci., 9 (1974) 1436-1445.
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"New Types of Reinforced Materials" J.G. Morley, Physics Reports (Physics
Letters C) V.27-28 (1976) 245-302 (Physics Library)(A summary and
literature review; pull-out problem 278...).

"Interfacial Bonding and the Toughness of Carbon Fibre Reinforced Glass
and the Glass Ceramics" D.C. Phillips, J. Mater. Sci., 9 (1974) 1847-54.

"“The Influence of the Interface on the Strength and Elastic Properties of
Low Aspect Ratio Fibre Composites" P.K. Mallick, L.J. Broutman, J. Mater.
Sci., 9 (1974) 1420-28.

"Fracture Mechanics of Fiber Composites" by E. Rybicki and M. Kanninen in
Hybrid and Select Metal Matrix Composites, ed. W.J. Renton, AIAA (1977)
53-65, BEH Library TA418.9; C6H95.

"Fracture Toughness of Random Glass Fiber Epoxy Composites: An Experi-
mental Investigation" by S. Gaggar and L.J. Broutman in Flaw Growth and
Fracture, 10th National Symposium on Fracture Mechanics, ASTM (1976) 310,
BEH Library TA409; N38; 1976.

"Energy Absorption at High Rates of Deformation in Fibrous Composites with
Non~Fracturing Reinforcing Elements: R.S. Millman and J.G. Morley, Mat. Sci.
& Eng., 23 (1976) 1-10 (pull-through problem).

"Fracture in Oriented Short Fibre-Reinforced Thermoplastics" B.F. Blumentritt,
B.T. Vu, S.L. Cooper, Composites, May 1975, 105.

"Fracture Toughness and Mechanical Porperties of Glass Fibre-Epoxy
Composites' B. Gershon and G. Marom, J. Mater. Sci., 10 (1975) 1549-1556.
(measurement of fibre pull-out lengths and debonded length in 2 sets of
identical composites - one water-boil treated for 7 days).

"Crack Propagation in Metal-Matrix/Metal Fibre Composite: I Strength and
Toughness™ M.A. McGruire and B. Harris, J. Phys. D, 7 (1974) 1788.

"Development of a Graphite/Aluminum/Epoxy Hybrid Composite" D.E. Wolrath
and D.F. Admas, J. Comp. Mats., 10 (Jan. 1976) 44.

"Material Damage of Graphite/Epoxy Composites Under Tensile Loading"
M. Henriksen and H.R. Thornton, SAMPE Qtly., 10, 2 (Jan. 1979) 15.
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"Microhardness of Nommetallic Inclusions and the Matrix of Low=Carbon
Steel" G.L. Bel'chenko and S.L. Gubenko, Metal Science & Heat Treatment,
20, 7-8 (July-August 1978) 551.

"Microscopy of Failure Mechanisms in Filament Wound Pipe" M.L.C. Jones
and D. Hull, J. of Mater. Sci., 14, 1 (Jan. 1979) 165.

"Interfacial Energies, Contact Angles and Adhesion" J.R. Huntsberger,
Adhesives Age, 21, 12 (Dec. 1978) 23.

"Propagation of Cracks in Composites Consisting of Ductile Wires in a
Brittle Matrix" J. Bowling and G.W. Groves, J. Mater. Sci., 14, 2 (Feb.
1979) 443.

"Failure Analysis of Unidirectional Glass-Reinforced Brittle Matrix
Composites by the Fault Tree Technique' H.D. Wagner, F.R. Tuler, J. Mater.
Sci., 14, 2 (Feb. 1979) 500.

"Graphite Fiber Reinforced Sm-Pb Investment Castings" A. Miyase and
K. Piekarski, J. Comp. Mats. 11 (Janm. 1977) 33.

"Stress in Adhesive Joints Due to Moisture and Temperature"” J. Weetsman,
J. Comp. Mats., 11 (Jan. 1977) 378.

"The Energy of Crack Propagation in Carbon Fibre-Reinforced Resin Systems"
P.W.R. Beaumont and B. Harris, J. Mater. Sci., 7 (1972) 1265-1279 (fibre
pull-out energy evaluated).

“The Longitudinal Tensile Strength of Unidirectional Fibrous Composites"
P.W. Barry, J. Mater. Sci., 13 (1978) 2177-87, (model to predict range of
possible composite strengths; computer simulation used to generate set of
scatter limits).

"The Role of the Interface in Glass Fibre Reinforced Cement" A.J. Majumdar,
Cem. & Concrete Res., 4 (1974) 247-66.

"The Impact Strength of Fibre Composites' T. Williams, G. Allen, M.S.
Kaufman, J. Mater. Sci., 8 (1973) 1765-87.

"Elastic Properties of Materials Reinforced with Anisotropic Short
Fibers" B.V. Maslov, Soviet Applied Mechanics, 14, 1 (Jan. 1978) 95.
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"Carbon Fibre and Glass Fibre Hybrid Reinforced Plastics" J. Summerscales
and D. Short, Composites, 9, 3 (July 1978) 157 (literature review; hybrid
construction (1) two fibres mixed through resin (2) descrete layers of a
mixture of indibidual fibres (3) each layer is a sequence of plies (each
of a single type of fibre)).

"Carbon Fibre Composites for Orthopaedic Implants" G.W. Hastings,
Composites, 9, 3 (July 1978) 193.

"A Comparison of Methods for Determining the Shear Properties of Glass/Resin
Unidirectional Composites" H.S. Loveless and J.H. Ellis, J. of Test. &
Eval., 5 (1977) 369 (3 methods for determining interfacial adhesive strength
of the glass/resin bond in reinforced plastic unidirectional composites).

"Fatigue Damage: Stiffness/Strength Comparisons for Composite Materials"
T.K. O'Brien and K.L. Reifsnider, J. of Test. & Eval., 5 (1977) 384
(debonding, fiber breakage).

"Effect of Water and Ice on Strength and Fracture Toughness of Inter-
mittently Bonded Boron-Epoxy Composites'" A.G. Atkins and Y.W. Mai, J. of
Mater. Sci., 11 (1976) 2297-2306.

"Cracking and Fracture in Composites" by G.A. Cooper and M.R. Piggott in
Advances in Research on the Strength and Fracture of Materials, Vol. 1
An Overview, Ed., D.M.R. Taplin, Pergamon, 1977, 557-605 (Section 2.1
Fibre pull-out, p. 558 - litarature review).
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3.11.4 FIBER PULL-QUT BL

"Strong Solids" A.H. Cottrell, Proc. of Roy. Soc. of London, A282(1964)2-8
(Physics Library) (may be first pull-out paper; cited by 'everyone').

"Strength and Fracture Toughness of Carbon Fibre Polyester Composites"
B. Harris, P.W.R. Beaumont, E. Moncunell de Ferran, J. Mater. Sci.,
6(1971) 238-51.

"The Impact Toughness of Discontinuous Boron-Reinforced Epoxy Composites"
R.E. Allred, D.M. Schuster, J. Mater. Sci., 8 (1973) 245-50.

"Theoretical Estimation of Fracture Toughness of Fibrous Composites"
M.R. Piggott, J. Mater, Sci., 5 (1970) 669-675.

"Some Theoretical Consideration of Fibre Pull-Out from an Elastic Matrix"
P. Lawrence, J. Mater. Sci., 7 (1972) 1-6.

"The Effect of Hydrostatic Pressure on the Fibre Matrix Bond in a Steel-
Resin Model:--Composite” P.B. Bowden, J. Mater. Sci., 5 (1970) 517-20.
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3.11.5 ACOUSTIC EMISSION

Selected References

1964
Acoustic detection of crack initiation; M.H. Jones and W.F. Brown, Jr.,
MATERIALS RESEARCH & STANDARDS, 4 (1964) 120-9.

1967

Nondestructive determination of mechanical properties of refractory
materials; G.E. Lockyer and E.A. Proudfoot, AMERICAN CERAMIC SOCIETY
BULLETIN, 46, 5 (1967) 521.

Ultrasonic detection of crack extensiom in the Wor type fracture toughness
specimens; W.G. Clark, Jr., MATERIALS EVALUATION, 25 (1967) 185-90.

Some observations on stress wave emission as a measure of crack growth;
W.W. Gerberich and C.E. Hartbower, INTERNATIONAL JOURNAL OF FRACTURE
MECHANICS, 3 (1967) 185.

1968

Monitoring subcritical crack growth by detection of elastic stress waves;
C.E. Hartbower, W.W. Gerberich and P.P. Crimmins, WELDING JOURNAL, 47
(1968) 1s-18s.

Investigation of crack-growth stress-wave relationships; C.E. Hartbower,
W.W. Gerberich, H. Leibowitz, ENGINEERING FRACTURE MECHANICS, 1 (1968) 291.

Fracture analysis by use of acoustic emission; H.L. Dunegan, D.0O. Harris,
C.A. Tatro, ENG. FRACT. MECH., 1 (1968) 105-22.

Acoustic emission in metals as a nondestructive testing tool; P.H. Huttonm,
MAT, EVAL., 26 (1968) 125.

1969
Emission spectroscopy as a tool in nondestructive testing; D.W. Baker,
MAT, EVAL., 27 (1969) 21A.

An ultrasonic crack growth monitnr; W.G. Clark, Jr., and L.J. Aschini,
MAT. EVAL., 27 (1969) 180-4.
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1969 cont'd
Acoustic emission exposes cracks during welding; W.D. Jolly, WELD. J.,
48 (1969) 21-7.

Detection of incipient failure in pressure vessels by stress-wave emission;
A.T. Green, NUCLEAR SAFETY, 10 (1969) 4~18.

1970

Detection of plastic microstrain in aluminum by acoustic emission; A.B.L.
Agarwal, J.R. Frederick, D.K. Felbeck, METALLURGICAL TRANSACTIONS, 1 (1970)
1069.

Nondestructive testing techniques for fiberglass, graphite fiber and boron
fiber composite aircraft structures; D.J. Hagemaier, H.J. McFaul, J.T. Parks,
MAT. EVAL., 28 (1970) 194.

The application of acoustic emission to in-process inspection of welds;
W.D. Jolly, MAT. EVAL., 28 (1970) 135.

Detection of fatigue crack growth by acoustic emission techniques; H.L.
Dunegan, D.0. Harris, A.S. Tetelman, MAT. EVAL., 28 (1970) 221,

Monitoring of crack growth in ceramic by acoustic emission; D.M. Romell
and L.R. Bunnell, MAT. EVAL., 28 (1970) 267-70.

Acoustic emission as a technique for nondestructive testing; J.R. Frederick,
MAT. EVAL., 28 (1970) 43-7.

1971
Ultrasonic detection of high-temperature fatigue-crack growth; F. Jiglic,
P. Niessen, D.J. Burns, EXPERIMENTAL MECHANICS, 11 (1971) 82-5.

Acoustic emission monitoring system for detection of cracks in a complex
structure; Y. Nakamura, MAT. EVAL., 29 (1971) 8-12.

Field evaluation of heavy-walled pressure vessels using acoustic emission
analysis; E.V. Waite and D.L. Parry, MAT. EVAL., 29 (1971) 117-24.

Acoustic emission, an introductory review; Entire issue devoted to acoustic

emission, MATERIALS RESEARCH AND STANDARDS, 11, 3 (March) (1971).
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1971 cont'd

Nondestructive characterization of hydrogen-embrittlement cracking by
acoustic emission techniques; H.L. Dunegan and A.S. Tetelman, ENG. FRACT.
MECH., 2 (1971) 387-4Q2.

Nondestructive testing of graphite fiber composite structures; D.J.
Hagemaier, H.J. McFaul, D. Moon, MAT. EVAL., 29 (1971) 133-40.

Analysis of composite failure mechanisms using acoustic emission; R.L.
Mehan and J.V. Mullin, JOURNAL OF COMPOSITE MATERTALS, 5 (1971) 266-8.

Acoustic emission studies of a boron-epoxy composite; J. Fitz-Randolph,
D.C. Phillip, P.W.R. Beaumonf, A.S. Tetelman, J. COMPOS. MATS., 5 (1971) 542.

Relationship between acoustic emission and dislocation kinetics in
crystalline solids; D.R. James and S.H. Carpenter, JOURNAL OF APPLIED
PHYSICS, 42 (1971) 4685-97.

Acoustic emission test facility; D.R. James and S.H. Carpenter, REVIEW OF
SCIENTIFIC INSTRUMENTS, 42 (1971) 1131.

Acoustic emission techniques in materials research; R.G. Liptai, D.0. Harris
et al, INTERNATIONAL JOURNAL OF NONDESTRUCTIVE TESTING, 3 (1971) 215.

Acoustic emission - a symposium; ASTM STP 505 (1971) BEH-TA418.84-S9-1971

see attached xerox of contents.

1972
Characterization of a propagating crack by ultrasonic techniques; O. Buck,
INT. J. FRACT. MECH., 8 (1972) RCR12.-4.

Acoustic emission and energy transfer during crack propagation; J.R. Radon
and A.A. Pollock, ENG. FRACT. MECH., &4 (1972) 295-310.

Stress-wave-emission monitoring of a military bridge; A.A. Pollock and
B. Smith, NONDESTRUCTIVE TESTING, 5 (1972) 348-53.

A bibliographical survey of acoustic emission; J.F. Chretien and N. Chretien,

NDT, 5 (1972) 220 (review of work performed in U.S. labs; report bibliography).

The fracture energy and acoustic emission of a boron-eroxy composite; J.
Fitz-Randolph, D.C. Phillips, P.W.R. Beaumont, A.S. Tetelman, JOURNAL OF
MATERIALS SCIENCE, 7 (1972) 289-94.
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1972 cont'd
Acoustic monitoring of the FFTIF reactor fuel pin end closure welds;
D.M. Romrell, MAT. EVAL., 30 (1972) 254-8.

In-service acoustic emission monitoring of reactor pressure vessels;
J.B. Vetrane and W.D. Jolly, MAT. EVAL., 30 (1972) 9.

1973

Failure prediction in structural ceramics using acoustic emission; A.G.
Evans and M. Linzer, JOURNAL OF THE AMERICA CERAMIC SOCIETY, 59 (1973)
575-81.

Flaw detection and characterization using acoustic emission; R.R. Corle
and J.A. Schliessmann, MAT. EVAL., 31 (1973) 115-20.

A real-time software operating system for a computer-controlled acoustic
emission flaw monitor; M.R. Compton, MAT. EVAL., 31 (1973) 209-13.

The acoustic emission response of mechanically stressed ceramics; J.J.
Schuldies, MAT. EVAL., 31 (1973) 209-13.

The application of acoustic emission measurements to fracture mechanics;
I.G. Palmer and P.T. Heald, MATERIALS 3CIENCE & ENGINEERING, 11(1973)
181-84.

Acoustic emission measurements on reactor pressure vessel steel; I.G. Palmer,
MAT. SCI. & ENG., 11 (1973) 227-36.

Acoustic emission as a function of strain in various materials; I.I. Averbukh
and V.E. Vainberg, SOVIET JOURNAL OF NONDESTRUCTIVE TESTING, (1973) 401.

Evaluation of composite failure through fracture signal analysis; J.V.
Mullin and R.L. Mehan, JOURNAL OF TESTING & EVALUATION, 1 (1973) 215-19.

Acoustic emission detection techniques for high-cycle-fatigue testing;
S. Smith and T.M. Morton, EXP. MECH., 13 (1973) 193-8.

Acoustic emission and stress-corrosion cracking of U-4)5 wtZNb; N.J. Magnani,
EXP. MECH., 13 (1973) 526-30.

Acoustic emission produced during burst tests of filament-wound bottles;
M.A. Hamstad and T.T. Chiao, J. COMP. MATS., 7 (1973) 320-l.
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1973 cont'd

Acoustic emission of fatigue crack growth; T.M. Morton, R.M. Harrington,
J.G. Bjeletich, ENG. FRACT. MECH., 5 (1973) 691-7.

Acoustic emission from low-cycle high-stress-intensity fatigue; C.E.
Hartbower et al, ENG. FRACT. MECH., 5 (1973) 765-89.

Measuring projection weld strength by acoustic emission; E.B. Schwenk and
G.D. Shearer, MNDT, 6 (1973) 29-33.

Acoustic emission - I Introduction; W. Swindlehurst, NDT, 6 (1973) 152-8.

Acoustic emission - II Acoustic emission amplitudes; A.A. Pollock, NDT, 6
(1973) 264-S.

Acoustic emission - III The use of ring-down counting; B.J. Brindley,
J. Holt, I.G. Palmer, NDT, 6 (1973) 299-306.

1974
Acoustic emission - IV Spectral analysis of acoustic emission; G. Curtis,
NDT, 7 (1974) 82-91.

Acoustic emission - V Application of acoustic emission to industrial

problems; D.0O. Harris and H.L. Dunegan, NDT, 7 (1974) 137-44.

Acoustic emission detection system; W. Matley, P. Howser, D. Brock, NDT,
7 (1974) 257-8.

The use of acoustic emission techniques and liquid penetrants to detect
surface cracks; I.G. Palmer, NDT, 7 (1974) 25.

Monitoring structural integrity by acoustic emission - a symposium; ASTM

STP 57 (1974) BEH-TA418.84-592-1974 (includes a bibliography for 1970-72

consisting of technical reports, presentation, patents as well as journal
articles).

Some fundamental aspects of the theory of acoustic emission; P.0. Gillis
and M.A. Hamstad, MAT. SCI. & ENG., 14 (1974) 103-8.

Effect of loading variables on the acoustic emission of fatigue-crack growth;
T.M. Morton, S. Smith, R.M. Harrington, EXP. MECH., 14 (1974) 208-13.

119




1974 cont'd
Continuous monitoring of fatigue-crack growth by acoustic emission
techniques; D.O. Harris and H.L. Dunegan, EXP. MECH., 14 (1974) 71-81.

The dependence of acoustic emission on strain rate in 7075-T6 aluminum;
M.A. Hamstad and A.K. Mukherjee, EXP. MECH., 14 (1974) 33-41.

Acoustic emission and crack propagation in polycrystalline alumina; A.G.
Evans, M. Linzer, L.R. Russell, MAT. SCI. & ENG., 15 (1974) 253-61.

The relationship between acoustic emission and crack opening displacement
measurements; 1.G. Palmer, B.J. Brindley, R.P. Harrison, MAT. SCI. & ENG.,
15 (1974) 253-61.

Acoustic detection of flaws in butt-welded plates; W.F. Hartman, MAT. EVAL.,
32 (1974) 259.

Spectrum analysis of acoustic emission in A533-B steel; L.J. Graham and
G.A. Alers, MAT. EVAL., 32 (1974) 31-7.

Acoustic emission testing of wire rope; D.O. Harris and H.L. Dunegan, MAT.
EVAL., 32 (1974) 1-6.

1975

Thermal fracture studies in ceramic systems using an acoustic emission
technique; A.G. Evans, M. Linzer, H. Johnson et al, J. MAT. SCI., 10
(1975) 1608-15.

Acoustic emission and microstructure during plastic deformation of an
aluminum alloy; S.R. Mintzer and R. Pascual, MAT. SCI. & ENG., 19 (1975)
298-90.

Acoustic emission during daeformation of polycrystalline silicon-iron;
K.N. Landon and K. Tangri, MAT. SCI. & ENG., 20 (1975) &47-54.

Acoustic emission testing of unflawed 7075~T6 aluminum; M.A. Hamstad and
A.K. Mukherjee, J. TEST. & EVAL., 3 (1975) 167-72.

Acoustic emission produced during heating of tin and zinc single crystals;
T. Papa, D. Sette, et al, J. TEST. & EVAL., 3 (1975) 48-50.
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1975 cont'd .
Acoustics analysis locates defects in buried pipe; D.L. Robinson, METALS
ENGINEERING QUARTERLY, 15 (1975) 17-20Q.

Using acoustic emission technology to predict structural failure; H.L.
Dunegan, MET. ENG. QTLY., 15 (1975) 8-16.

Methodology for use of acoustic emission examination during application of
pressure; J.G. Rawlings, JOURNAL OF PRESSURE TECHNOLOGY, TRANS. ASME, 97
(1975) 126-7. .

Proposed standard for acoustic emission examination during application of
pressure; J.G. Rawlings, J. PRESS. VESS. TECH., ASME, 97 (1975) 127-31.

Acoustic emission and the martensitic transformation of 8 brass; R. Pascual
et al, SCRIPTA METALLURGICA, 9 (1975) 79-84.

Acoustic emission energy and mechanisms of plastic deformation and fracture;
M. Mirabile, NDT, 8 (1975) 77-8S.

A spectrum analysis of acoustic emission; P. Pleishmann, D. Rouby, F.
Lakestane, NDT, 8 (1975) 241-4.

Acoustic energy relates to bond strength; G.J. Curtis, NDT, 8 (1975) 249-57.

1976
Acoustic emission inspection during water-pressure testing of pressure
vessels; T. Watanabe et al, NDT, 9 (1976) 227-32.

An immersion technique fdr the detection of acoustic emission in carbon-
fibre reinforced plastic pressure vessels; D.S. Dean and L.A. Kerridge,
NDT, 9 (1976) 233-38.

Acoustic emission monitoring of rapid crack growth in a production-size-wing
fatigue test article; C.D. Bailey et al, NDT, 9 (1976) 298-303.

Acoustic emission source location in two dimensions by an array of three
sensors; A. Tobias, NDT, 9 (1976) 9-12.

Electronic noise in acoustic emission measurements; J. Holt, NDT, 9 (1976)
66-70.
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1976 cont'd
Acoustic emission to monitor electrodeposition; C.T. Peters and C. Larson,
NDT, 9 (1976) 197-9.

Acoustic emission from a notched glass-fibre-reinforced polymer in bending;
J.T. Barnby and T. Parry, JOURNAL OF PHYSICS D, 9 (1976) 1919-26.

An evaluation of acoustic emission techniques applied to carbon-fiber
composites; M. Fuwa, A.R. Bunsell, B. Harris, J. PHYS. D, 9 {1976) 353-64.

A note on pseudo-acoustic emission sources; D.M. Egle and A.E. Brown, J.
TEST & EVAL., 4 (1976) 196-9.

Origin of the burst-type acoustic emission in unflawed 7075-T6 aluminum;
R. Bianchetti, M.A. Hamstad, A.K. Mukherjee, J. TEST & EVAL., 4 (1976) 313-18.

Acoustic emission from microcracks during sliding contact (Letter); W.E.
Swindlehurst and T.R. Wilshaw, J. MAT. SCI., 11 (1976) 1183-86.

Acoustic emission in brittle solids; W.E. Swindlehurst and T.R. Wilshaw,
J. MAT. SCI., 11 (1976) 1653-60.

Acoustic emission and fracture of ductile materials; J. Masounaue, J.
Lanteigne, M.N. Bassim, D.R. Hay, ENG. FRACT. MECH., 8 (1976) 701-9.

An acoustic emission study of the fracture of zinc selenide; A.G. Evans,
H. Nadler, K. Ono, MAT. SCI. & ENG., 22 (1976) 7-14.

Amplitude distribution analysis of acoustic emission signlas; K. Ono,
MAT. EVAL., 34, 8 (1976) 177. :

Acoustic emission for in-flight monitoring om aircraft structures; C.D.
Bailey, MAT. EVAL., 34, 8 (1976) 165-71.

Acoustic emission behavior of aluminum alloys; K. Ono and J. Ucisik, MAT.
EVAL., 34, 2 (1976) 32.

1977

Monitoring of elastic stresses by acoustic emission; J.H. Williams and J.S.
Lee, INTERNATIONAL ADVANCES IN NONDESTRUCTIVE TESTING, 5 (1977) 265.

Nondestructive inspection of aircraft structures and materials via acoustic

emission; A.T. Green, H.L. Dunegan, A.S. Tetelman, INT. ADV. NDT, 5 (1977)
275=90,
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1977 cont'd

Acoustic emission system for monitoring components and structures in a
severe fatigue noise enviromment; C.R. Horak and A.F. Weyhreter, MAT.
EVAL., 35, 5 (1977) 59.

Variation of frequency content of acoustic emission during extension of
HF-1 steel; W.F. Hartman and R.A. Kline, MAT. EVAL., 35, 7 (1977) 47.

An approach to acoustic emission signal analysis - theory and experiment;
N.N. Hau, J.A. Simmons and S.C. Hardy, MAT. EVAL., 35, 10 (1977) 100.

Materials evaluation by optical detection of acoustic emission signals;
C.H. Palmer and R.E. Green, Jr., MAT. EVAL., 35, 10 (1977) 107-12.

Acoustic emission monitoring simplified using digital memory storage and
source isolation; P.H. Hutton and J.R. Skorpik, MAT. EVAL., 35, 11 (1977) 55.

Nondestructive test methods for the early predictionfo fatigue damage;
J.P. Moore and S. Lang, INT..ADV. NDT, 5 (1977) 161-73.

Acoustic emission monitoring of multi-pass submerged arc welding; A.E.
Wehrmeister, MAT. EVAL., 35, 6 (1977) 45-7.

Wide band optical-mechanical system for measuring acoustic emission at high
temperature and pressure; REV. SCI. INST., 48 (1977) 729.

A correlation between acoustic emission and the fracture toughness of
2124-T851 aluminum; M.A. Hamstad, R. Bianchetti, A.K. Mukherjee, ENG.
FRACT. MECH., 9 (1977) 663-74.

Acoustic emission for proof testing of carbon fibre-reinforced plastics;
A.R. Bunsell, NDT, 10 (1977) 21=-5.

Acoustic emission parameters and their interpretation; D.E.W. Stone and
P.F. Dingwall, NDT, 10 (1977) 51-62.

The use of acoustic emission for characterizing adhesive joint failure;
R. Hill, NDT, 10 (1977) 63-72.

123



1978
Acoustic emission source location on a spherical or plane surface; M. Asty,
NDT, 11 (1978) 223-6.

The effect of pressurization on the acoustic emission characteristics of a
low carbon steel; L. Bolin and C.G. Gustafson, NDT, 11 (1978) 227-8.

A simple method for the direct comparison of acoustic emission detection
systems; G.A. Green, NDT, 11 (1978) 69-71. r

Some industrial applications of acoustic emission monitoring; M. Arrington, ]
NDT, 11 (1978) 117-19.

The use of the helium gas jet in the analysis of acoustic emission; G.A.
Green and P. Dingwall, NDT, 11 (1978) 175-8.

Acoustic emission monitoring of fatigue crack growth; T.C. Lindley, I.G.
Palmer, C.E. Richards, MAT. SCI. & ENG., 32 (1978) 1-15.

A composite grip design for eliminatiom of extraneous noise during acoustic
emission testing; W.E. Wood and D.D. Dipkumar, J. TEST. & EVAL., 6 (1978)
369-70.

Acoustic emission detection of fatigue crack growth in a production-size
aircraft wing test article under simulated flight loads; W.M. Pless, C.D.
Bailey, J.M. Hamilton, MAT. EVAL., 36, 5 (1978) 41-8.

Acoustic emission from welded beryllium; C.R. Heiple and R.0. Adams, MAT.
EVAL., 36, 1 (1978) 35-8.

1979

Acoustic emission spectral analysis of fiber composite failure mechanisms;
J.H. Williams, Jr. and D.M. Egan, MAT. EVAL., 37, 1 (1979) 43.

On methods of structural integrity evaluation by acoustic emission; A. Arora r
and K. Tangri, INT. J. FRACT., 15 (1979) R93=5.

Fracture modes and acoustic 1ission of composite materials; A. Rotem and
E. Altus, J. TEST. & EVAL., 7 (1979) 33-=40.

Acoustic emission monitorinz of high-temperature cyclic oxidation damage in a
titanium-aluminum-vanadium alloy; J.C. Baram, D. Itzhak, M. Rosen, J. TEST &
EVAL., 7 (1979) 172-6. '
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3.11.6 ACQUSTIC SIGNALS, SELECTED REFERENCES

Characterization, Propagatiaon, Processing

1961
Ultrasonics by W.J. McGonnagle, Chapter 8 in NONDESTRUCTIVE TESTING,
McGraw Hill, (1961) BEH~-TA417.2; MI46.

1963

Determination of the geometry of hidden defects by ultrasonic pulse analysis
testing; 0.R. Gericke, JOURNAL OF THE ACOUSTICAL SOCIETY OF AMERICA, 35, 3
(1963) 364.

1966
Defect determination by ultrasonic spectroscopy; O.R. Gericke, JOURNAL OF
METALS, 18 (1966) 932-7.

1967
Analysis of acoustic emission strain waves; D.M. Egle, C.A. Tatro, J. ACOUT.
SCO., 41, 2 (1967) 321-7 (Source-response pulse).

Ultrasonic emission method for testing adhesive bonds; J. ACOUST. SoC., 41,
4 (1967) 870.

1969
Experiments relating to the theory of magnetic direct generation of ultra-
sound in metals; M.R. Gaertner et al, PHYSICAL REVIEW, 184 (1969) 702-4.

1970

Direct electromagnetic generation of compressional waves in metals in static
magnetic fields; H.L. Grub, IEEE TRANSACTIONS ON SONIC & ULTRASONICS, SU-17,
4 (1970) 227-9.

Flaw detection in metals using electromagnetic sound generation; K.L. Legg,
D.J. Meredith, JOURNAL OF PHYSICS, D, 3 (1970) Letters 61-63.

Acoustic emission by P.H. Hutton and R.N. Ord in RESEARCH TECHNIQUES IN
NONDESTRUCTIVE TESTING, Ed. R.S. Sharpe, Academic (1970) 1-30, BEH-TA417.2;S5
(Signal analysis-sensor development-signal conditioning-data analysis).
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1971
Waveforms and frequency spectra of acoustic emission; R.W. B. Stephens,
A.A. Pollock, J. ACOUST. SOC., 50, 3 (Pt. 2)(1971) 904.

Generation of ultrasonic waves without using a transducer; E.R. Dobbs,
J.D. Llewellyn, NONDESTRUCTIVE TESTING, 4 (1971) 49-56.

1972

Interference effect in a multifrequency ultrasonic pulse echo and its
application to flaw characterization; L. Adler, H.L. Whaley, J. ACOUST.
S0C., 51 (March 1972) 881.

Effect of surface finish on ultrasonic inspection result; G.K. Kramarenki,
SOVIET JOURNAL OF NONDESTRUCTIVE TESTING, 8, 6 (1972) 690-5.

1973

Acoustic channel of an ultrasonic flaw detector when inspecting plates
with a beam of shear waves excited by an inclined probe; A.K. Gurvich,
A.S. Kukli, SOV. J. NDT, 9, 3 (1973) 277-85.

1974

A multichannel acoustic emission monitoring system with simultaneous
multiple event data analyses; S.P. Ying, D.R. Hamlin, D. Tanneberger,
J. ACOUST. SOC., 55, 2 (1974) 350.

Ultrasonic signal-processing concepts for measuring the thickness of thin
layers; J.L. Rose, P.A. Meyer, MATERIALS EVALUATION, 32, 12 (1974) 249,
(Time between echoes-peak to peak amplitude analysis-Fourier transform
techniques).

Time domain analysis of ultrasonic pulse diffraction for defect

Acoustical birefringence and the use of ultrasonic waves for experimental
stress analysis; N.N. Hsu, EXPERIMENTAL MECHANICS, 14 (1974) 169-76.

1975
An ultrasonic technique for the measurement of residual stress; P.J.
Noronha, J.J. Wert, JOURNAL OF TESTING AND EVALUATION, 3, 2 (1975) 147-52.
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1975 cont'd

Acoustic emission: some applications of Lamb's problem; F.R. Breckenridge,

C.E. Tschiegg, M. Greenspan, J. ACOUST. SOC., 57, 3 (1975) 626 (waveform-
signals).

1976 :

Evaluation of a random signal correlation system for ultrasonic flaw
detection; M.M. Bilgutay, E.S. Furgason, V.L. Newhouse, IEEE TRANS. SONIC
& ULTRA., SU-23, 5 (Sept. 1976) 329.

Acoustic emission fatigue analyzor; J.M. Carlyle, W.R. Scott, EXP. MECH.,
16 (1976) 369-72. :

1977

Optimal design and evaluation criteria for acoustic emission pulse signal
analysis; J.R. Houghton, M.A. Townsend, P.F. Rackman, J. ACOUST. SOC.,
61, 3 (1977) 859 (Pulse recording, frequency spectral analysis).

1978
Elastic waves and non-destructive testing of materials m Y.H. Pao(ed).;
N.N. Bsu and S.C. Hardy, AMD, Vol. 29, ASME.

If you read German (most often cited) ARCHIV EISENHUETTENWESEN, Kaiser,
50 (1953) 43.

1979
The stress-wave radiation from growing cracks; L.R.F. Rose, INT. J. FRACT.
(240 BEH).
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3.11.7 DISLOCATION PAPERS

1965

Evidence of a dislocation feeding mechanism for crack initiation in
F-colored NaCl; G.E. Gross & P.L. Gutshall, Midwest Res. Inst., Kansas
City, MO.

Contifiuous dislocation distribution model of the Bauschinger effect; H.L.
Marcus et al., J. Weertman, Northwestern University.

1966
Rate of growth of fatigue cracks calculated from the theory of infinitesimal
dislocation distributed on a plane; J. Weertman, Northwestern University.

The interaction between a dislocation and a crack; C. Atkinson, Imperial
College, U.K.

The effect of an external dislocation on the condition for complete
fracture from a wedge shaped crack; E. Smith, Univ., of Manchester, U.K.

1967
Applications of the theory of infinitesimal dislocations to the problems
of materials with cracks and other defects; M. Gotoh, Nagoya Univ., Japan.

1968
Behavior of a screw dislocation near a partially bonded bimetallic interface;
0. Tamate, Tohoku University, Japan.

Cracks and disloaction arrays in heterogeneous media; E. Smith, Univ. of
Manchester, U.K.

1970
Behavior of an edge dislocation near a partially bonded bimetallic interface;
0. Tamate & T. Kurihara, Tohoku Univ., Japan.. '

1971
Flastic cracks and screw dislocation pile-ups crossing a bimaterial
interface; A. Tetelman & *T.W. Chou, *Univ. of Delaware.

1972
The equivalence between continuous distributions of dislocations and stress-
free cracks; E. Smith, Univ. of Manchester, U.K.
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1973
An edge dislocation near a partially bonded circular inclusion; K. Jagannadham,
Univ. of Maryland.

A screw dislocation near a partially bonded circular inclusion; K. Jagannadham,
Univ. of Maryland.

Pile-up of screw dislocation in two-phase systems; K. Jagannadham & *E.G.
Ramachandran, *Indian Inst. of Tech.

1974

Pile-up of screw dislocations inside an inclusion of circular cross section;
K. Jagannadham & *K.S. Raghavan, *Indian Inst. of Tech.

Dislocation layers applied to moving crack problems; R.W. Lardner & G.E.
Tupholme, Simon Fraser Univ., B.C.

The relaticnship between cracks, holes and surface dislocations; M.J.
Marcinkowski & *E.S.P. Das, Univ. of Maryland, *Argonne Nat. Lab.

Pile-up screw dislocations at a circular inclusion; K. Jagannadham & *K.S.
Raghavan, *Indian Inst. of Tech.

Kinetic theory approach to fatigue crack propagation in terms of dislocation
dynamics; T. Yokobori & M. Yoshida, Tohoku Univ., Japan.

1975
The criterion for dislocation crack nucleation; V.I. Vladimirov, Ioffe
Inst., USSR.

On the equilibrium positions occupied by screw dislocations near a bi-
metallic interface; E. Smith, Univ. of Manchester, U.K.

Dislocation dynamics theory for fatigue crack growth; T. Yokobori, A.T.
Yokobor, A. Kamei, Tohoku Univ., Japan.

1977

A simple representation of crack tip plasticity; the inclined strip yield
superdislocation model; C. Atkinson & *M.F. Kanninen, Imperial College,
U.K., *Battelle, Ohio.
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1977 cont'd
Prediction of threshold stress intensity for fatigue crack growth using a
dislocation model; K. Sadananda & P. Shahinian, NRL, Washington.

1978

Dislocation model of the interaction between a tensile crack and a holej
K. Jagannadham & M.J. Marcinkowski, Univ. of Maryland.

1979
Discrete dislocation analysis of a plastic shear crack; K. Jagannadham &
M.J. Marcinkowski, Univ. of Maryland.
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APPENDIX 3.12
Professional Personnel

University of Pittsburgh
Faculty, School of Engineering
Max L. Williams, Jr.
“Jean R. Elachere
John F. Fleming
Howard A. Kuhn
Jan T. Lindt
Richard L. Porter
Marwan Simaan
Shan Somayaji
Campbell C. Yates
" Faculty, Other Schools, (Advisory)
Werner C. Rheinboldt
George A. Jeffrey

Graduate Students
Jaime' Sanchez
Jose' Avila

Mary Jane Kleinosky

Visiting Professors at University of
Eric Betz
Colin Atkinson

University of Akron

Frank N. Kelley

Patricia Dreyfuss

Graduate Students

Long=Ji Su

Brian Swetlin

University of Texas, Austin
Eric Becker

J. T. Oden

Graduate Students

Amin Aly
Patrick LeTallec

Professor & Dean, School of Engineering
Assoc. Prof., Met/Mat. Engineering
Assoc. Prof., Civil Engineering
Professor, Met/Mat. Engineering
Visiting Assoc. Prof., Met/Mat. Engr.
Asst. Prof., Met/Mat. Engineering
Assoc. Prof. Elec. Engineering

Asst. Prof., Civil Engineering
Professor & Chairman, Mech. Engineering

Andrew Mellon Professor, Math. Depart.
University Professor, Crystallography

M.S., Spring Term 1978-T9

Pittsburgh
Dept. of Mech. Engr., Univ. of Newcastle
Math. Dept., Imperial College, London

Dir. of Institute of Polymer Science
Res. Assoc., Institute of Polymer Science

Prof., Aerospace Engr. & Engr. Mech.
Prof., Aerospace Engr. & Engr. Mech.
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APPENDIX 3.13

Interactions, Meetings and Conferences

Person(s)* Place & Date Subject
P. Cannon, D. O. Thompson  ** Thousand Oaks NDE Data Center
Rockwell Science Center California
M.L. Williams, U. of Pgh. 5/18,19/78

R. M. Christensen, Lawrence ** Livermore, Calif. Fiber Pull-Out
Livermore Lab. Problem

M. L. Williams, U. of Pgh,

S. Batdorf, UCLA Rk Los Angeles Statistical

M. L. Williams, U. of Pgh. California Fracture Analysis

5/18,19/78

C. Atkinson, Imperial *k Pittsburgh Fiber Pull-Out
College, London 5/23,26/T8 Problem

E. S. Folias, Univ. of k% Pittsburgh 3- Stress
Utah T/15,16/78 Singularity

S. Batdorf, UCLA Pittsburgh Weibull Fracture
, 1/18,19/T9 Analysis

A. G. Evans, UCB UcB Micro-Macro N
M.L. Williams, U. of Pgh. Characterization |
J. T. Oden, U. of Texas Pittsburgh Finite Element
W. Rheinboldt, Dept. of 2/15/79 Methods

_ Math., U. of Pgh.

Garron P. Anderson, Thiokol Pittsburgh Finite Elements
Corp. 2/23,24/79 Rod Pull-Out

Problem

A. T. Oden, E. Becker, Univ. of Austin Texas
Texas, Austin 3/14,15/79 Non-Linear FEM
M.L. Williams, U. of Pgh.

P. Francis, Southwest Albuquerque NDE Data Center
Research Institute N.M.

M.L. Williams, U. of Pgh. 3/15/79

E. S. Folias, U. of Utah Austin, Texas 3-D Problem

T. Kawai, U. of Tokyo 3/29/79 Coord. Conf.

R. Smelser, U. of Pgh.

A. E. Atkins, Delta Pittsburgh Adhesive
Materials Research, L/15/T9 Fracture
Suffolk, England

M.L. Williams, M15/515 Annapolis, MD Fracture
Briefing 4/25,26/79 Applications

*Pittsburgh conferences and meetings attended by faculty working on the project

and by other interested faculty.

**Planning conferences and meetings prior to award of contract.

133 ik @

i FBELEN L FADE WO AR

* A
A

)

W




Person(s)*

F. N. Kelley, U. of Akron
M. L. Williams, R. Smelser
U. of Pgh.

J. Morgan, AFOSR
M.L. Williams, U. of Pgh.

M. Gomey, J. L. Kardos
Washington Univ.
M.L. Williams, U. of Pgh.

R. C. Phoenix, Carborundum
Corp.

M.L. Williams, U. of Pgh.
(no charge to contract)

F. N. Kelley, U. of Akron
M. L. Williams

M. Simaan, D. Reynolds
U. of Pgh. Visit to Alcoa
Research Center

J. Morgan, AFOSR
M.L. Williams, C. C. Yates
U. of Pgh,

F. N. Kelley, U. of Akron
M.L. Williams, U. of Pgh.

M. Simaan, C. C. Yates
U. of Pgh.

J. Morgan, AFOSR
M.L. Williams, U. of Pgh.

C. A. Rau

Failure Analysis Associates
M.L. Williams

E. S. Folias, U. of Utah
M.L. Williams, U. of Pgh.

G. F. Anderson, Thiokol
Corp.

M.L. Williams, U. of Pgh.

Place & Date

Cincinnati
Ohio
5/1-4/T9

Cincinnati
Ohio

5/1-3/T9
St. Louis

MI
5/14,15/79

Niagara Falls
5/22/79

Akron, Ohio
5/29,30/79

New Kensington,
PA

6/4/T19

Wash. DC

6/14/79

Akron, Ohio
6/15,16/T9

San Diego,
California
T/8=13/79

Washington, DC
8/10/T9

Palo Alto

ca
8/17/79

San Diego
Calif.
8/23,24/79

Salt lake City,
Utah
8/27,28/79
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Subject

Structure-
Property Relation
for Polymers

Progress Reports

Polymer Characteri-
zation and Numerical
Methods

Inspection of new
Powder Metallurgy
Lab.

Structure-Property

Relationships

NDE Methods for
Metals

Prégress Reports

Structure Property
Relationships

ARPA/AF Progress
Review, NDE

Progress Report
NDE Methods

3-D Stress
Singularity

Fiver Pull-Out
Problem
Parametric Study



Person(s)*

K.L. DeVries, U. of Utah
M.L. Williams, U. of Pgh.

Smithsonian Information
Exchange, M. C. Williams

ONR Fracture Conference
M.L. Williams

Place & Date

Salt Lake City
8/29/19

Wash. DC
9/4=T/T9

Wash. DC
9/4=T/T79

135

Subject

Polymer Micro-
Fracture

Data Base and
Repository Visit

National Fracture
Conference



