Designing Interfaces

James A. Cornie, Guest Editor

During the 20 years I have been work-
ing in the field of metal matrix com-
posites, [ have always been drawn to the
study of intefrfaces. Any problems the
materials researcher or developer encoun-
ters will eventually be tied to some issue
involving the interface. The interface con-
trols the in-situ fiber strength and hence
the axial strength of the composite. The
transverse strength of composites is also
controlled directly by the strength of the
interface. It follows that in order to opti-
mize a fiber/matrix reinforcement sys-
tem, one must also optimize the interface.
It is no accident, then, that so soon after
the two excellent issues on interfaces
edited by D. Wolf and S. Yip (MRS
Bulletin, September and October 1990),
we launch into the subject again. This
time, we approach the interface from
the point of view of integrating the
fields of materials science and engineer-
ing, i.e., integrating the structure-
processing-properties-materials synthesis
relationships.

The concept of interface design is rela-
tively new. Until recently, we simply
controlled damage and limited fiber
degradation by controlling processing
variables, and contented ourselves with
what nature allowed. For the most de-
manding applications, nature was not
permitting reliable structures.

Our emphasis in this issue of the MRS
Bulletin is the development of the skills
and strategies to design interfaces to a
specific application. In the future, we will
be asking materials to perform structur-
ally at temperatures approaching 3000°C
in some propulsion applications. The
success of such applications will depend
on how well we design the interfaces.

The lead article, “Designing Inter-
faces in Inorganic Matrix Composites”
by ]J. Cornie, A. Argon, and V. Gupta,
explores the strategy involved in design-
ing composite materials. We see that for
continuously reinforced composites, a
good interface is not necessarily a strong
interface. Cook and Gordon'! showed
that toughness in bi-material structures
could be increased by delamination
events. In other words, if the interface
strength is low enough to permit delami-
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nation, the toughness of structures with
appropriately oriented interfaces can
be increased.

The problem of a crack terminating at
right angles on an interface between
two dissimilar but isotropic media was
solved by Swenson and Rau? and oth-
ers.>* Here, we present the results for
the problem of a crack impinging on an
interface between orthotropic and aniso-
tropic media with the principal material
axes parallel and perpendicular to the
interface. From here we develop the crack
deflection criterion applicable to specific
cases such as a coated Pitch-55 carbon
fiber.®> The results are condensed into a
design chart that allow determining a
maximum permissible interface strength
for a given set of elastic constants for the
coating and reinforcement if the strength
of the reinforcement is also given. This
treatment tells us that low modulus coat-
ings allow us to design higher interface
strengths into the composites. A higher
interface strength can be translated into
higher transverse strengths.

This micromechanics analysis coupled
with synthesis techniques and direct mea-
surements of interface strengths or in-
trinsic work of fracture values allow us
to design, synthesize, and evaluate
interfaces.®’ In short, with these tools
we can engineer the material from the
inside out.

In composite systems, it is often eas-
ier to measure the work of fracture.
Gupta’s article, “An Evaluation of the
Interface Tensile Strength-Toughness
Relationship,” treats the relationship
between the cohesive strength of the
interface and the intrinsic toughness of
the interface through the use of the uni-
versal bonding correlations.®? This work
points to the importance of segregants
on the grain boundary or bi-material
interfaces and of how they may control
the intrinsic work of fracture and hence
the cohesive strength of the interface,
(which can be measured directly for
mode] laminate systems by the laser
spallation technique described in the
lead article).

The thermodynamic properties of the
liquid metal/ceramic interface is of inter-

est to the materials processor and is the
subject of the article by K.C. Russell,
S-Y. Oh, and A. Figueredo. Silicon car-
bide particles are stirred into Al-5i alloys
in the primary metal matrix composite
commercially produced by Duralcan.
Since these particles are not readily
wetted by the matrix, work must be
done on the system to force wetting.
This work is termed the work of immer-
sion and is equal to the difference
between the wetted and the unwetted
surface energies per unit surface area
[wi = S('Ysl - IYSV)]'

The work of immersion of a rein-
forcement preform can be determined
dynamically from pressure infiltration
experiments!® in which the threshold
pressure for infiltration is observed, or
by sessile drop experiments in which
contact angles are measured. A knowl-
edge of the energetics of surfaces pro-
foundly affects the processing economics
of this class of materials.

The work of adhesion can also be de-
duced from these measurements and
related to the intrinsic work of fracture
of interfaces. Russell et al. review both
the experimental and theoretical aspects
of wetting of ceramics by metals, and
find that recent studies of pressure infil-
tration of packed ceramic particulates by
molten metals give fairly reliable results.
Experimental measurements of surface
energy and work of adhesion are both
difficult and prone to experimental
error, making mathematical modeling
attractive.

The article goes on to review some
theoretical analyses of the thermodynam-
ics of ceramic:vapor and ceramic:metal
interfaces. Quantum mechanical mod-
els, though attractive in their directness,
are found to be relatively inaccurate.
The most accurate model was found
to be that of Eustathopoulos and co-
workers,!1'12 based on bulk chemical
thermodynamics. Russell et al. note that
the model may not take adequate account
of electrostatic effects due to charged
defects in the ceramic surface region.

Whereas continuously reinforced
composites are optimized at interfacial
strengths between narrowly defined
limits, discontinuously reinforced com-
posites of low aspect ratio are optimized
at high interfacial strength levels. For
some matrices, it is the tensile strength
of internal matrix planes that deter-
mines the strength and toughness of the
composite; for others it is the interfacial
shear strength. In “Geometrical Origins
of Interfacial Strength,” M.E. Eberhart,
D.P. Cloughery, and J.N. Louwen point
out that a material’s strength is a tensor
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quantity having values for each applied
strain but the thermodynamically based
models discussed by Russell et al. use
scalar quantities to predict an interfacial
strength. A

While such predictions have proved
useful, the ultimate goal of designing
interfaces with a specific combination of
strengths (say particular shear and ten-
sile interfacial strengths) will require a
more complete understanding of the
origins of strength. They argue that the
strength of a chemical bond is not an
intrinsic property of that bond but rather
is related to the redistribution of élec-
tron density associated with a particular
strain. For a tensile strain, a bond paral-
lel to the direction of strain can be weak-
ened simply by the presence of another
bond perpendicular to it. The extent to
which these bonds weaken each other is
related to the distance between them;
the closer they are the greater the effect.

Eberhart et al. apply their concepts to
the Ll structures of TiAl (which is brittle)
and CuAu (which is ductile). They show
that the differences in mechanical prop-
erties between these two alloys can be
attributed to the existence of a single
bond between second-neighbor Al atoms
in TiAl, whereas no such second-neighbor
bond exists in CuAu. These studies in-
dicate the potential for using quantum
mechanical techniques to design inter-
faces as computational and experimental
techniques are improved for determin-
ing the nature of the bonding at an arbi-
trary interface.

In the final article, H.E. Fischer, D.].
Larkin, and L.V. Interrante consider the
synthesis of interfaces (or interphases)
by metal-organic chemical vapor depo-
sition (MOCVD) and polymer precur-
sors. The authors review methods for
coating fibers and ceramic bodies with
metals, oxides, nitrides, carbides, and
borides. Since the relative volume of
material constituting an interphase is
relatively small, even exotic and expen-
sive precursors could find economic use
and might be more cost effective than
the vapor, plasma, or ion deposition
techniques.

The field of interfaces in inorganic
matrix composites is advancing rapidly.
Micromechanics approaches for predict-
ing permissible interface properties, along
with the application of thermodynamic
and quantum mechanical approaches to
determining the bond strength of inter-
face energies, measurement techniques,
and new and novel approaches to syn-
thesizing very specific interfaces are
quickly becoming available. The dream
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of engineering a material from the in-
side out will soon become a reality.
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James Cornie, Guest Editor
for this issue of the MRS
Bulletin, is director of the
Laboratory for the Processing
and Evaluation of Inorganic
Matrix Composites of the
Materials Processing Center
at the Massachusetts Institute
of Technology. Cornie has
worked in designing inter-
faces for reinforcements for
high temperature intermetal-
lic matrix composites, and
developing pressure infiltra-
tion casting processes for
evaluating these interfaces
and the mechanical behavior
of reinforced intermetallic
systems of technological
interest. For the last 15 years,
his research has invelved the
mechanical and chemical
behavior of interfaces in
metal and ceramic matrix
composites, which has ex-
tended to the solidification
processing of metal matrix
composites, including issues
of wettability and capillary
resistance to infiltration and
chemical degradation during
processing. He received
undergraduate degrees in
geology and metallurgical
engineering from the Univer-
sity of Idaho and a PhDD from
the University of Pittsburgh.
Comnie served government
and industry before joining
MIT in 1983, and is a member
of the Materials Research
Sodciety.

Ali S. Argon is Quentin Berg
Professor of Mechanical
Engineering at the Massachu-
setts Institute of Technology
and has interests in the
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micromechanisms of inelastic
deformation and fracture of
engineering solids. Argon’s
current research spans frac-
ture of composites, creep
resistance of superalloys,
brittle-to-ductile transition in
fracture, and mechanisms
and mechanics of inelastic
deformation of polymers. His
work combines both experi-
mental approaches and com-
puter simulation, Argon has
published four books and
over 200 journal papers.

Dennis P. Clougherty is a
postdoctoral fellow in the
Department of Physics at the
University of California,
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research interests include
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engineering and his PhD
degree in physics from the
Massachusetts Institute of
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Technology. He is a member
of the American Physical
Society, IEEE, and the Mate-
rials Research Society.

Mark Eberhart received his
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the Massachusetts Institute of
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research interests in the use
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in the Materials Science and
‘Technelogy Division at Los
Alamos National Laboratory,
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become director of the Lab-
oratery for Materials Synthe-
sis.

Anacleto Figueredo is a
research assistant in the
Department of Materials
Science and Engi ing at
the Massachusetts Institute of
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Technology. He received his
BS and MS degrees from the
University of 5ao Paulo. His
current research includes the
structure and properties of
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temperature superconductor
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Eric Fischer, postdoctoral
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L.V. Interrante at Rensselaer
Polytechnic Institute, re-
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Princeton University in 1990
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use in composites. His re-
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of reactive surfaces through
selective attachment of or-
ganometallic complexes.
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professor of engineering at
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graduated in civil engineer-
ing from the Indian Institute
of Technology (Bombay) in
1985, and received his PhD in
mechanical engineering from
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Technology in 1990. Gupta's
PhD work on thin film inter-
face characterization and
mechanical properties of
composite materials has
appeared in 15 journal publi-
cations and two books, and
he gave more than 20 invited
lectures during his first year



Designing Interfaces

Vijay Gupta

at Thayer School. Heis a
member of the Materials
Research Society.

Leonard V. Interrante, pro-
fessor in the Department of
Chemistry at Rensselaer
Polytechnic Institute, re-
ceived his PhD in inorganic
chemistry from the Univer-
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Urbana in 1963. He was a
National Science Foundation
Postdoctoral Fellow at Univer-
sity College, London and an
assistant professor at the
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Electric Research and Devel-
opment Center in Schenec-
tady, New York. His research
interests center on the prepa-
ration and processing of
inorganic materials using
molecular precursors, Inter-
rante is editor-in-chief of
Chemistry of Materials and a
member of the Materials
Research Society.

David ]. Larkin, a PhD can-
didate in the Department of
Chemistry at Rensselaer
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his BS in chemistry and
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Larkin’s interests include the
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lic precursors as low tempera-
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sors to metal carbide and
oxide coatings.

Jaap Louwen received a PhD
equivalent in 1984 for his
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electron spectra of organome-
tallic compounds. Since
joining Akzo Research Lab-
oratories, Arnhem Co
Research (the Netherlands) in
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computational chemnistry,
ranging from predicting the
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materials to modeling phase
transitions in aluminum
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volves the application of
density functional theory to
problems of chemistry.

Seyong Oh is an advisory
engineer in the Technical
Assurance Laboratory at [BM
Data Systemns Division,
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Previously he was a visiting
scientist at the IBM T.]. Wat-
son Research Center. Oh
received a PhD in materials
scence and engineering from
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Technology and MS and BS
degrees from Seoul National
University. His work at MIT
involved metal-matrix com-
posite materials processing,
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investigation of phase trans-
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the development of new
interconnection technologies.
Oh'’s current research at [BM
Data Systems concentrates
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