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Dear Reader,

This is number 17 of UNIDO's state-of-the-art series in the field of
matecrials entitled "Alvances in Materials Technology: Monitor™.

In each issue of this series, a selected material or group 2f materials
ts featured and an expert assessment made on the technological trends in those
fields. In addition, other relevant information of interest to developing
countries is provided. 1In this manner, over a cycle of several issues,
materials relevant to developing countries could be covered and a
state-cf-the-ar: assessment made.

As metals now reach the limit of their potential in the more demanding
aerospace and automotive applications, researchers are turning their attention
to advanced composites. The question of how one of the aost important
ccmposites, the Metal-matrix Composites, is being developed is of great
importance to many scientists. This issue of our Monitor is therefore devoted
to Metal-matrix Composites.

The main article has been written for us by two professors,
Pradeep Rchatgi and Samvel C. Weaver, of the University of Wisconsin,
Milwaukee, Wisccnsin, USA.

Our appreciation to all cur readers who share with us their knowledge and
experience. We are always grateful for offers to write articles for our
Mcnitcr and welcome ycur ideas and suggestions on possible subjects for
forthcoming issues.

We would like to mention to our readers the possibilities of advertising
in the Monitor. Advertising enables us to offer you the opportunity of giving
your potential partners and customers in the developing countries more
information on your products, services and know-how.

For the interest of tnose of our readers who may not be aware, UNIDO also
publishes two other Monitors. "Microelectronics Monitor™ and "Genetic
Engineering and Biotechnology Monitor”. For those who like to receive them
please write to the Editor of the above-mentioned Monitors.

Industrial Technology Development
Division
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1. INTRODUCTION

Metal matrix composites (MMC) are engineered combinations of two or more
materials (one of which is a metal) where tailored properties are achieved by
systematic combinations of different constituents. Conventional monolithic
materials have limitations in respect of achievable combinations of strength,
stiffness and density. Engineered metal -matrix composites consisting of
continuous or discontinuous fibers, whiskers, or particles in a metal result
in combinations of very high specific strength and specific modulus to be
achieved (Tables 1A, 1B; Fig. 1A). Structurally, metal-matrix composites
consist of continuous or discontinuous fibers, whiskers, or particles in an
alloy matrix which reinforce the matrix or provide it with requisite
properties not achievable in monolithic alloys. Furthermore, systematic
design and synthesis procedures allow unique combinations of engineering
properties like high elevated temperature strengths, fatique strength, damping
properties, electrical conductivity, thermal conductivity and expansion
coefficient. In a broader sense, cast composites, where the volume and shape
of phases is governed by phase diagrams, i.e., cast iron and aluminum-silicon
alloys, have been produced by foundries for a long time. The modern
composites differ in the sense that any selected volume, shape and size of
reinforcement can be introduced in the matrix. The modern composites are
nonequilibrium mixtures of metals and ceramics where there are no
thermodynamic restrictions on the relative volume percentages, shapes and
sizes of ceramic phases.

By carefully controlling the relative amounts and distribution of the
ingredients constituting a composite, as well as by controlling the processing

conditions, MMCs can be imparted with a tailored set of useful engineering




Mechanical Properties of Some Metal Matrix Compositles
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1ABILE 18

Mechanical Properties of Cast Metal Matrix Composites

Type of MMC V¢ Elastic Modules
(GN/m2)

Al Matrix 0 3.719

Continuous SiC fiber 0.3% 10.85
(Al1-4.% Cu Matrix)

Continuous SiC Fiber 0.35 10.50
(A1-11.6 Si Matrix)

Continuous SiC riber 0.35 10.25
(Al 4.8 Mq)

Discontinuous SiC Fiber 0.44 11.6
(Al Matrix)




properties which can not be realized with ceonventional monolithic materials
(Figs. 1A, 18B).

Composite materials are attractive since they offer the possibility of
attaining property combinations which are not obtained in monolithic materials
and which can result in a number of service benefits. These could include
increased stirength, decreased weight, higher service temperature, improved
wear resistance, higher elastic modulus, controlled coefficients of thermal
expansion and improved fatigue properties. The quest for improved performance
has resulted in a number of developments in the area of metal matrix
composites. These include the preparation of the reinforcing phases and
development of fabrication techniques.

Reinforcement phases for metal-matrix composites fall into three
important categories -continuous ar discontinuous filament, whiskers and
particulate. The greatest improvements in mechanical properties are obtained
from filaments in the direction of filament alignment, with whiskers and
particulate offering descending strenqth, but greater isolropy, in that order.

A number of composite fabrication techniques have been developed that can
be placed into four broad categories: those involving liquid metlallurgy; those
involving powder metallurgical techniques; those involving diffusion bonding
of foils; and those involving vapor phase infiltration. The liguid metallurgy
techniques would include unidirectional solidification to produce
directionally aligned metal-matrix composites, suspension of reinforcements in
melts followed by sclidification, compocasting and pressure infiltration. The
liquid metallurgy techniques are least expensive and the multi step diffusion
bonding techniques are most expensive.

From a technological standpoint of property performance relationship, the

interface betwecn the mitrix and the reinforcing phase (fiber or particle) is




ol centrai importance. #rocessing of metal malrix composiles sometimes allows
tailoriny of the intertace between the matrix and the tiber in order to suit
specific property performance requirements. The cost of producing cast metla) -
malrix composites has come down rapidly, especially with the use of low cost
particulate reinforcements like graphite and silicon carbide. low cost
composiles like metal silicon carbide particle and metal graphite particle are
now commercially available. In recent years considerable activity has taken
place in the area of metal matrix composites, and Table 2 shows the different
fibers and matrices combined to date, the fabrication techniques and the
potential fields of application. Tlable 3 gives more recent data of the same

type for cast composites, most of which are particulate.

2. STRENGTHENING CONSIDERATIONS

Composite materials technology offers unique opportunities to tailor the
properties of metals and metal alloys. Under ideal conditions the composite

exhibits mechanical and physical properties defined by the rule of -mixture.

That is:
P - PF + P}t (1)
C m m rr
where:
P( : the properties of the composite material
Pm - the properties of the matrix phase
Pr - the properties of the reinforcement phase
*m : the volume fraction of the matrix phase
'r - Im the volume fraction of lhe reinforcement phase.

By combining matrix and reinforcement phases exhibiting the appropriate

properties, dramalic changes can be made in strength, elastic modulus,
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TABLE 2 (continued)

fibers, Matrix, Fabrication lechniques and fields
of Application of Metal Matrix Composites

Fibers Matrix Fabrication Method field of
Application
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fracture toughness, density, and coefficient of expansion. The key to control
of these properties depends in part on successful selection of the
reinforcement phase, and the bonding betwecn the matrix and the

reinforcement. txamples of the range of some of the mechanical properties
attainable in aluminum metal -matrix composites are shown in Fig. 1 as a
function of reinforcement phase strenglh, elastic modulus, and volume loading.

The above discussion is based on the assumption that the rule-of mixtures
is followed by the composite material. In fact, this can be the case for
certain properties like modulus, when continuous filament is used as the
reinforcement phase, and matrix-to-reinforcement phase interfacial reactions
are controlled to provide good bonding without Gegradation of the
reinforcement phase. An example of the agreement betwecn the strength
predicted by the rule -of mixtures and that measured in stainless steel
reinforced aluminum is shown in Fig. 2A.

Based on the agreement shown in Fig. 2A between the rule -of mixtures
prediction and measured properties, it would be desirable to fabricate a.l
metal -matrix composites using continuous filament as the reinforcement phase,
if properties mainly in one direction are required. Practically speaking,
however, there are significant restrictions imposed by the use of continuous
reinforcement in metal -matrix composites. 1he preparation of continuous
filament is a complex and expensive process as shown in the lay -up process for
continuous filament within the metallic matrix (Fig. 28). In addition,
continuous filament reinforcement is currently limited to simple geometries
such as planar or symmetric shapes as discussed previously. Consequently,
continuous filament-reinforced metal matrix composites are being evaluated
only for 1imited, high value -added applications, especially for aarospace

applications.




As a resull, alternative reinforcement phase morphologies are being
investigated to reduce the cost of metal matrix composites vhile still
retaining the attractive properties. lhese approaches lypically involve the
use of less expensive, discontinuous reinforcement phases and powder
metallurgy or casting techniques. Unfortunately, in the quest for lower cost,
a price has to be paid in generally lower levels of property enhancement.

the short-fall in mechanical properties compared with continuous fiber
reinforcement results from the decreased transfer of stress from the matrix to
the reinforcement phase. As shown in fFig. 3, the efficiency of stress
transfer is related to the length (1) of the reinforcement phase compared with

its critical length (lc) by the relationship:

S¢ ° Sf[vf*(l-lclz*l) + tm/Lf*(l—vi)] (2)
where:

SC = composite strength

Sf = reinforcemenl strength

Vf = volume fraction of reinforcement phase

]c = minimum reinforcement phase length for full load transfer from

the matrix to the reinforcement
- dw

(lc d Sf/Sm) where

d - fiber diameter and

Sn = matrix strength

o

1 - actual reinforcement phase length

t elastic modulus of the matrix

m
tr = elastic modulus of the reinforcement phase.

1

fFigure 3 reveals that for fiber lengths near the critical fiber length,

relatively modest increases in strength are realized. As the ratio of |/lc
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increases, however, the efficiency of l'oad transfer from the matrix to the

reinforcement increases. For example, if l/lC - 16, the discontinuously
reinforced composite will exhibit approximately 96 percent of the increase in
strength exhibited by a continuously reinforced composite.

Despite these theoretical advantages, there are significant practical
problems associated with maintaining the integrity of high-aspect -ratio
discontinuous fibers during fabrication and working. Thus, there is a high
level of development activity in the use of particulates as composite
reinforcement materials. However, particulate material has an aspect ratio of
only about one and there is a trade-off to lower properties when using
particulate reinforcement as compared with high aspect ratio fibers. There
are other mechanisms between the matrix and the dispersoid which contribute to
an overall increase in the strength and modulus of particulate composites.
Recent studies have indicated that dislocation densities are very high in the
matrix near the interface which may be responsible for strength. In addition
to the length, the shape of the dispersoids also has a major influence on the
wroperties (Fig. 3B); there are indications that flakes may be more effective

than particles.
3. POWDER METALLURGY-BASED METAL-MATRIX COMPOSITES

Powder metallurgy techniques offer the following advantages over liquid

metallurgy techniques of fabricating metal-matrix composites.

Lower temperatures can be used during preparation of a P/M-based
composite compared with preparation of a liquid metallurgy -based
composite. The result is lesser interaction between the matrix and the
reinforcement when using the P/M technique. By minimizing undesirable

jnterfacial reactions, improved mechanical properties are obtained.

- -




In some cases P/M techniques will permitl the preparation of composites
that cannot be prepared by liquid metallurgy. ior instance, fibers or
particles of silicon carbide will dissolve in mells of several metals
itke titanium, and such composites will be difficult to prepare using

liguid metallurgy techniques.

However, powder metallurqgy technigues remain expensive compared lo liquid
metallurgy techniques for composites like Al-SiC particle composites. In
addition only small and simple shapes can be produced by powder

metallurgy techniques.

A number of P/M composite preparation methods have been studied. 1lhe
conventional powder metallurgy techniques of blending metal powders and
ceramic powders, followed by pressing and sintering, have been used
extensively to produce composites. In certain instances sintering is done in
the presence of pressures at lemperatures where there is partial melting for
better bonding. The powder produces composites which can be subsequently
forged and rolled.

Several companies are currently involved in the development of powder
metallurgy -based melal! -matrix composites using either particulates or whiskers
as the reinforcement phase. Three of these companies are DWA (Delowey, Webb
and Associates, Chatsworth, CA), the American Composites, formerly ARCO and
Silag (Greenville, SC), and Novamel, a part of INCO Mechanically Alloyed
Products Company (Wyckoff, NJ). tach of these companies has a unique feature
associated with their process/product that differentiates it from the other
two. Briefl descriptions of these processes are shown in Figs. 4 Lo 6. DHWA
uses a proprietary blending process to combine particulate with metal powder.

Silag also uses a proprietary blending process to combine its composite

-12 -




components. The distinction between the two is that Silag uses SiC whiskers,

which are manufactured from rice hulls, as the reinforcement phase rather than
particulate. Novamet, similar to DWA, uses particulate as the reinforcement
phase, but employs mechanical alloying techniques to combine the reinforcement
and matrix constituents.

Despite the differences in reinforcement or processing methcds, all of
these products show similarities. All are currently intended for high
value added applications, such as military or aerospace, and all are quite
expensive relative to similar, noncomposite procucts, i.e., $50-$100/pound
versus $5-310/pound as billet. Additionally, the relation of the mechanical
properties to volume fraction reinforcement is similar. As shown in Fig. 17,
the measured values of elastic modulus follow closely the predicted values for
continuous filament reinforcement. However, the measured strength values are
lower than the values predicted by the continuous filament reinforcement
model, although they are generally above the discontinucus reinforcement model
predictions, at least at the lower volume loadings.

The shortfall in strength relative to the behavior of the elastic modulus
is a typical problem that currently plagues all discontinuous metal-matrix
composites. It is most likely a result of decohesion between the
reinforcement and matrix phases. While some of the continuous reinforcement
filamentls have near surface chemistries that are specially tailored to enhance
this interfacial bond, similar progress has not yet been made in the case of
the discontinuous reinforcement phases. This aspect of composite technology
must be addressed to achieve the optimum properties attainable from
discontinuous reinforcement.

In the following, two novel powder processes are described.




3.1 In-Situ Composites

In this approach te metal -matrix composite fabrication, elongated
reinforcement phases are created by deformation processing of the composites,
which consist of samples of elemental powders. Quring the working process,
which may be extrusion, drawing or rolling, the constituents acquire an
elongated, fibrous or lamellar morphology. To accomplish this, the
reinforcing phase must be ductile under the deformation processing condition
used.

The strength of nickel and tungsten in-situ composite is at least as
great as a similarly worked directionally solidified allov of the same
composition. The nickel Tungsten in-situ composite contains Tungsten
particles which are eloigated into fibers during deformation.

The in-situ compc.ite fabrication technique is not universally applicable
to all metallic systems, and some restrictions apply to the properties of the
second phase, particularly if the second phase is brittle at the working
temperature.

Another factor that affects the ability to fabricate in-situ composites
is the disparity in the flow stress of the constituents. Reinforcing-phase
(i,e., the minor constituent) particles having a much higher flow stress than
the matrix phase will not elongate into fibers or platelets during working,
even when very high plastic strains are imposed. An example of such a system
is Cu-11.3 weight percent Mo which, at true strains of approximately 7, still
retained the molybdenum particles at near their original morphology.
Presumably, if the matrix phase possessed a high work hardening rate, its flow
stress could have been increased during working tc the point where it would

have caused deformation of the molybdenum particles.




tespite the above limitations, fibrous composites made using this
technigus can *Yow unexpectealy large positive deviatiens in strength compar.d
with rule of mix*ures as shown by the Cu-16 volume percentl Fte syslem.
Significant deviations in strengilb from the rule cof mixtures begin as early as
true strains of approximately 2; and, at a true strain of approximately 56,
the observed strength can be as much as 50 perceni above the rule-of mixture
value.

for certain composite materials applications, the approach described

above may offer significant advantages such as the following:

. The metallic constlituents making up the composite are inexpensive
relative to nonmetallic reinforcement.

. lhe composite can be formed by traditional metalworking operations.

. lhermal expansion mismatch between the metallic reinforcement and
matrix s minimized, compared with nonmetallic reinforcement in a
metallic matrix.

«  Much higher strengths than predicted by the rule-of -mixtures can be

achieved.

3.2 Spray Casting

Singer and Osprey processes, involving spray casting techniques, are
based on convenlional gas atomization technology. In these processes, a
molten metal stream is impinged by a gas siream to create particulate. Rather
than allowing the particulate to solidify, as is done i1 the gas atomization
of metal powders, a substrate is placed in the path of the particulate. The
molten particles collide witn the substrate and a metallic preform is built
up. These lechniques can be classified as either powder or casting technigues

since they combine both processes.

- 15




Recertly, Singer and Uzbeck used a spray codeposition process to prepare
particulate reinforced cemposites. [n their study they introduced various
reinforcement phases into the atomized stream of molten metal. In this way
they were able te build up a spray-cast strip structure that contained the
reinforcement phase in a fairly uniform dispersion with the metallic matrix.

Incorporation of the reinforcement phase into the matrix does not occur
until the reinforcement phase is trapped by molten matrix particles impinging
the substrate. When impingement o-curs, heat extraction from the splatted
matrix particies is very rapid; and the fairly high solidification rate,
combined with the fact that the reinforcement phase is in contact with the
molten metal for only a very short time, greatly reduces the amount of
interfacial reaction that can occur. This in turn minimizes the formation of
brittle interfacial phases that sometimes degrade the properties of a
composite.

Full density is not achieved during spray codeposition, and subsequent
hot and cold rolling need to be used to densify the material. The
distribution of all the phases tried, including sand, graphite and silicon
carbide, appeared to be quite uniform despite the density variations. This
feature of the process results from introducing the reinforcement phase into
the atomized metal stream and entrapment of the reinforcement when the two

components impinge on the substrate.

4. SOLIDIFICATION PROCESSING OF METAL-MATRIX COMPOSITES

Solidification processing of metal-matrix composites represents one of
the simplest methods of producing metal-matrix composites. Cast irons and
aluminum-siiicon alloys are in a sense phase diagram redirected metal -matrix

composites. Unidirectional scoiidification of eutectics can produce fiber

- 16 -




reinforced composites in a4 single step. However, these are phase diagram
restricted.

Modern cast metal -matrix composites which are not restricted by phase
diagrams are made by introduciay {ibers or particles in molten or partially
sciidified metals followed by casting of these slurries in molds.

Alt>rnately, a preform of fibers or particles is made and it is infiltrated by
molten alloys, which then freeze in the interfiber spaces to form the
composite. In both these processes wetling between molten alloys and
dispersoids is necessary. The cast metal composites made by dispersing
pretreated particles in the melts followed by solidification are given in
Tlable 3. 1In addition, several short fiber and long fiber reinforced

metal -matrix composites have been made by casting technigues.

Continuous fiber reinforced Gr/Mg, Gr/Al, and several other cast FRMs are
valuable structural materials since they combine high specific strength and
stiffness, with a near-zero coefficient of thermai expansion, and high
electrical and thermal conductivities. The primary difficulty with
fabricating these cast fiber-reinforced metals is the poor wetting and bonding
between fibers and metals. However, compatibility and bonding between the
fiber and the metal in these systems are induced by chemical vapor deposition
of a thin layer of Ti and B, or oxides like silica or metals like nickel, onto
the fibers to achieve wetting. The flexible cnated fibers may then be wound
or 1aid-up and held in place with a removable binder for selective
reinforcement. They are then incorporated into Mg by casting near-net shape
structures by pressure infiltration of Mg. Complex structural components with
high volume fraction graphite fibers can be fabricated in this manner in a

foundry. High strength, high-stiffness fiber FF (100% polycrystalline
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1ABLE 3A

selected Potential Applications of Cast Metal -Matrix Composites

Composite

Aluminum/graphite

Aluminum/graphite,
aluminum/aAl 03,
aluminum/SiC-Al,03

Copper/graphite
Aluminum/SiC
Alumipum/glass or

carbon microballoois

Magnesium/carbon
fiber

Aluminum/zircon,
aluminum/SiC,
aluminum/silica

Aluminum/char,
aluminum/clay

Applicatians

Bearings

Automobile pistons,
cylinder liners,
piston rings,
connecting rods

Sliding electrical
contacts

turbocharger
impellers

Tubular composites
for space structures

Cutting tools,
machine shrouds,
impellers

Low -cost, low-energy
materials

Special Features

Cheaper, lighter, self -lubricating
conserve Cu, Pb, Sn, /n, etc.

Reduced wear, antiseizing, cold

start, lighter, conserves fuel,
improved efficiency

txcellent conductivity and anti-
seizing properties

High -Temperature use

Ultralight material

lero thermal expansion, High
temperature strength, gocd
specific strength and specific
stiffness

Hard, abrasion-resistant materials




1ABLL 38

Matrix Dispersoid Combinations Used to Make Cast Particulate Composites

Matrix Dispersoids Size Amount
Aluminum Graphite Flake 20 -60 um 0.9-0.815%
Based
Graphite Granules 15-100 pym 1-8%
N Carbon Micrcballoons 40 ym, thickness 1-2 um
Shell Char 125 pm 15%
Alp03 Particles 3-200 pm 3-30%
Al1,03 Discontlinuous 3.6 mm long, 15 um dia 0-23 Vol.-%
SiC Particles 16-120 um 3-20%
SiC Whiskers (%-10 um) 10%, 0-0.5 Vol.-%
Mica (40-180 um) 3-10%
310 (5-53 um) 5%
Lircon 40 pm 0-30%
Glass Particles 100-150 um 8%
Glass beads (spherical) 100 pm 30%
Mg0 40 ym 10%
Sand 75-120 um 36 Vol. -%
Tic Particles 46 um 15%
Boron Nitride Particle 46 um 8%
SioNg Particle 40 ym 10%
. Chilled Iron 75-120 pm 36 Vol. -%
iro; 5-80 wm 4%
— 110, 5 80 um 4%
Lead 10%
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iABLE 3B (continued)

Matrix -Dispersoid Combinations Used to Make Cast Par iculate Composites

Matrix Dispersoids Size

Copper Graphite

Based
A1,0, 11 um
iro; 5 pm
Steel 110y 8 um
Ce0y 10 um
I1lite Clay 753 um
Graphite Microballoons

- 20 -
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Vol fraction 0./4

2.12 Vol.-%

3%




o ‘Alumina)/Mg composites containing up to 10 vol. X fiber FP have been

prepared by a pressure infiltration process.

for non-welting metals, fiber FP is coated with the metal by vapor
deposition or by electroless plating, prior to infiltration. Coatings of 11-8B
also have been used for Gr/Al, fiber FP/Al and #P/Pb metal-matrix composites.
However, from the staadpcint of ease of fabrication and cost, medification of
matrix alloy by addition of small amounts of reactive elements like Mg, Ca, Li
or Na is nreferred. Fiber tP reinforced Al, Cu, Pb and Zn ccmposites as well
as several particle filled metal matrix composites have been synthesized by
using reactive agents.

Continuous adherent metailic coatings (c.g., Cu and Ni) on several
non -wetting particles such as graphite, shell char and mica improve the
melt-particle wettability and allow high percentages of these particles to be
introduced in the solidified castings. Ihe wetting properties of ceramics by
liquid metals are governed bv a number of variables such as heat of formation,
stoichiometry, valence electron concentration in the ceramic phase,
interfacial chemical reactions, temperature and contact time.

Therefore, while metal -matrix composites are not restricted by phase-
diagram considerations (viz., fixed proportions, chemistry and morphology of
solidifying phases), thermodynamic free erergy and kinetic barriers still
ex.st in their processing in the form of poor wettability and rates of mixing,

and they need to be addressed for synthesizing these composites.

4.1 Casting Techniques, Microstructvres, and Properties

A basic requi~ement of foundry proce.sing of MMCs is initial intimate
contact and intimate bonding between the ceramic phase and the molten alloy.
This is achieved either by premixing of the constituents or by pressure

infiltration of preforms of ceramic phase. As mentioned earlier, Jue to poor
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wettability of most ceramics with molten metals, intimate contact between
fiber and alloy can be promoted only by artificially inducing wettability or
by using external forces to overcome the thermodynamic surface energy barrier
and viscous drag. Mixing techniques generally used for introducing and
homogeneously dispersing a discontinuous phase in a melt are:

1. Addition of particles to a vigorously agitated fully or partially
solidified alloy. Figure 8 shows a schematic diagram of an agitation
vessel using rotating impeller.

2. Injection of discontinuous phase in the melt with the help of an
injection gun.

3. Dispersing pellets or briquettes, formed by compressing powders of
base alloys and the ceramic phase, in a mildly agitated melt.

4. Centrifugal dispersion of particles in a melt. This has been done
for carbon microballoons.

5. Spray casting of droplets of atomized molten metals along with
particulates on a substrate. This technique has been described in
the previous section.

In all the above techniques, external force is used to (i) transfer a
non-wettable ceramir phase into a melt, and (ii) create a homogeneous
suspension in the melt. The uniformity of particle dispersion in a melt prior
to solidification is controlled by the dynamics of particle movement in
agitated vessels.

The me’t-particle s’urry can be cast either by conventional foundry
techniques such as gravity or pressure die casting, centrifugal casting or by
novel technigues such as squeeze casting (1iquid-forging) and spray
codeposition, melt spinning or laser melt-particle injection. The choice of

casting technique and mold configuration is of central importance to the
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quality (soundness, particle distribution, etc.) of a composite casting since
the suspended particles experience buoyancy driven movement in the solidifying
melt until they are encapsulated in the solidifying structure by crystallizing
phases. Particles like graphite, mica, talc, porous alumina, and hollow
microballoons are lighter than most Al alloys and they tend to segregate near
the top portion of gravity castings, leaving behind a particle-impoverished
region near the bottom of the casting. Similarly, heavier particles such as
zircon, glass, SiC, Sioz, Tio2 and Zro2 tend to settle down and

segregate near t.ae bottom portion of the gravity castings.

The spatial arrangement of the discontinuous ceramic phase in the cast
structure principally determines the properties of the cast composite. The
distribution of phases depends on the quality of melt-particle slurry prior to
casting and the processing variables, including the cooling rate, viscosity of
solidifying melt, shape, size and volume fraction of particle, particle and
melt specific gravities, and their thermal and chemical properties,
interactions of freezing solid with particles and presence of any external
forces during solidification. The various techniques used to solidify

melt-particle slurries are discussed below.

4.1.1 Sand Castings

The slow freezing rates obtained in insulating sand molds permit
considerable buoyancy-driven segregation of particles. This leads to
preferential concentration of particles lighter than Al alloys (e.g., mica,
graphite, porous alumina) near the top surface of sand castings and
segregation of heavier particles (sand, zircon, glass, SiC, etc.) near the
bottom part of castings. These high-particle-volume fraction surfaces serve
as selectively reinforced surfaces, for instance, tailor-made lubricating or

abrasion-resistant contacting surfaces, for various tribological applications.
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4.1.2 Die Castings

The relatively rapid freezing rates in metallic molds generally give rise
to more homogeneous distributions{-SOUTH-)cles in cast matrix. Fiqures 9 and
10 show a microstructure of a permanent mold gravity die casting of Al alloys

containing dispersions of graphite and zircon particles.

4.1.3 Centrifugal Castings

Solidification in rotating molds of composite melts containing
dispersions of lighter particles, like graphite, mica, and porous alumina,
exhibits two distinct zones--a particle rich zone near the inner circumference
for lighter particles and a particle-impoverished zone near the outer
circumference. The outer zone is particle rich if the particles like zircon
or silicon carbide are heavier than the melt (Fig. 11); the outer zone is
abrasion resistant due to these hard particles.

Due to centrifugal acceleration in rotating molds, the lighter graphite
and mica particles segregate near the axis of rotation producing high particle
volume-fraction-surfaces for bearing or cylinder liner applications. The
thicknesses of these particle rich zones remain adequate for machining. Up to
8% by weight mica and graphite, and up to 30X by weight zircon, particles

could be incorporated in selected zones of Al alloy castings by this technique.

4.1.4 Compocasting

Particulates and discontinuous fibers of SiC, alumina, TiC, silicon
nitride, graphite, mica, glass, slag, Mg0 and boron carbide have been
incorporated into vigorously agitated partially solid aluminum alloy slurries
by a compocasting technique. The discontinucus ceramic phase is mechanically
entrapped between the proeutectic phase present in the alloy slurry which is

held between its liquidus and solidus temperatures. Under mechanical

- 24 -




agitation, such an alloy slurry exhibits “thixotropy® in that the viscosily
decreases with increasing shear rate and appears to be time-dependent and
reversible. This semi fusion process allows near net-shape fabrication by
extrusion or forging since deformation resistance is considerably reduced due
to the semi -fused state of the composite slurrv. Figure 12 is a scarning
micrograpn of & compocast composite showing a random planer arrangement of

alumina fibers.

4.1.% Pressure-Die Casting

Pressure die-casting of composites allows larger-sized, more intricately
shaped components to be rapidly produced at relatively low pressures (< 15
MPa). Pressurized gas and hydraulic ram in a die-casting machine have been
employed to synthesize porosity-free fiber and particle composites. It has
been reported that high pressures, short infiltration paths and columnar
solidification toward the gate produced void-free composite castings. The
pressure die cast particle composites exhibit lower tulk and interfacial
porosities, more uniform particle distribution, and less agglomeration of
particies. High concentrations (60 wt. % or more) of zircon (ZrSioq)
particles can be achieved in pressure die-cast Al-Si-Mg alloys. Pressure die
castings of LM 13* - 7 wt. % graphite and A1-(4-12%)Si-(0.5-10%)Mg -alumina
particle composites showed considerable improvement in particle distribution,

particle-matrix bonding and elimination of porosities.

4.1.6 Squeeze Casting

Squeeze casting or liquid forging of metal-matrix composites is a recent
development which involves unidir2ctional pressure infiltration (pressures ~
70-200 MPa) of fiber-prefurms or powder-beds by alloy m2lts, to produce

void-free, near net-shape castings of composites (Fig. 13). The saffill fiber
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reinforced pistons of aluminum alloys made by Toyota have been in use for
several years in heavy diesel engines. The processing variables governing
evolution of miciostructures in squeeze cast MMCs are:

(i) fiber and melt preheat temperature, (ii) infiltration speed and

pressure, and (iii) interfiber spacing.

If the metal or fiber temperature is too low, poorly infiltrated or
porous castings are produced; high temperatures promote excessive fiber/metal
reaction leading to degradation of casting properties. A threshold pressure
is required to initiate liquid metal flow through a fiberous preform or
powder-bed to overcome the viscous friction of molten pressure moving through
reinforcements and the capillary forces if there is inadequate wetting between
the melt and the fibers. Several theoretical analyses to model and analyze
the frictional forces have been proposed. These relate the infiltration
velocity to applied pressure, capillarity, viscosity and interfiber spacing as
well as fiber preform permeability, length, diameter and geometry.

Alternatively, whiskers or particles may be mixed with molten metal prior
to squeeze casting. A) alloy composites containing SiC and Alzo3 powders,
c-Alumina (Saffill) fibers, and silicon nitride whiskers have been
fabricated by the iqueeze casting process.

SiC whiskers (0-10 ym dia. 5.50 mm in length) have been dispersed in

cast A1-(4-5)% Cu alloy matrix by a squeeze casting technique. The

wettability problem was overcome by codispersing SiC whiskers and Al atloy
powder (200 uwm avg. size) in an aqueous solution of isopropyl alcohol,
followed by infiltration, compaction into small briquettes and vacuum
degassing. These briquettes were disintegrated into a mechanically stirred
base alloy melt followed by squeeze casting under a pressure of 207 MPa. The

resulting strengthening effects of composites are attributable to several
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factors, e.g., fine grain size, elimination of bulk and interfacial
porosities, increased solid solubility due to hydrostatic pressure and the
presence of high-strength SiC whiskers. Figure 13 shows a schematic diagram
illustrating the principle of a squeeze casting process for particle
composites.

Plate and tubular composites of Al alloys containing continuous or
discontinuous SiC fibers (nicalon) can be synthesized by a squeeze casting
technique. The SiC yarn consisting of about 500 monofilaments (13 um avg.
dia.) is mechanically wound around a steel frame or aligned undirectionally in
an Al vessel. In the case of discontinuous SiC fibers, fiber can be chopped
and packed in the vessel. The vessel with fiber is preheated in air for good
penetration of molten metal matrix into interfiber space. Then the vessel is
put into the mold which is preheated to 500 - 700 K. The fiber volume
fraction of composites is controlled by selecting the winding conditions (for
continuous fiber) or packing conditions (for discontinuous fibers) before

casting.

4.1.7 Vacuum Infiltration Process

Several fiber reinforced metals (FRM) are prepared by the vacuum
infiltration process. In the first step the fiber yarn is made into a
handleable tape with a fugitive binder in a manner similar to producing a
resin matrix composite prepreg. Fiber tapes are then laid out in the desired
orientation, fiber volume fraction and shape, and are then inserted into a
suitable casting mold. The fugitive organic binder is burned away and the
mold is infiltrated with molten matrix r2tal.

The liquid infiltration process used for making graphite/A) composite

differs from the above process of preparing fiber FP/A) composites. Graphite
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fibers are first surface treated and then infiltrated with molten metal in the

form of wires and these coated graphite wires are then diffusion bonded

together to form larger sections.

4.1.8 Investment Casting

In investment casting of metal-matrix composites, filament winding or
prepreg handling procedures developed for fiber reinforced plastics (FRPs) are
used to position and orient the proper volume fraction of continuous fibers
within the castiag. The layers of reinforcing fibers are glued together with
an appropriate plastic adhesive (fugitive binder) which burns away without
contaminating either the matrix or the fiber-matrix interface. These layers
are stacked in the proper sequence and orientation, and the fiber preform thus
produced is either infiltrated under pressure or by creating a vacuum in the
permeable preform. Continuous graphite fiber reinforced Mg has been produced

by this method.

4.1.% Microstructures

The primary solid («a-Al) grows by rejecting solute in the melt while
the discontinuous ceramic phase tends to restrict diffusion and fluid flow;
a-Al tends to avoid it as shown in Fig. 9. Primary silicon and the eutectic
in A1-Si alloys tend to concentrate on particle or fiber surface.

The discontinuous ceramic phase also tends to modify or refine the
structure, e.g., eutectic Si in A1-Si alloys gets modified whereas primary Si
is refined when solidification occurs in the presence of high volume fraction
of ceramic phase. At sufficiently slow cooling rates when the secondary (DAS)
in the unreinforced alloy is comparable to interfiber spacing, the grain size
becomes large in comparison with interfiber spacing. In this case fibers do

not enhance the nucleation of the solid phase. With a further decrease in the
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cooling rates, the extent of microsegregation is reduced; and, at sufficiently

slow cooling rates, the matrix can be rendered free of microsegregation.

4.1.10 Properties and Applications

Modern fiber -reinforced or particle-filled metal-matrix composites
produced by foundry techniques find a wide variety of applications due to the
low cost of their fabrication and the specificity of achievable engineering
properties. Some of these properties are high longitudinal strengths at
normal and elevated temperatures, near-zero coefficients of thermal expansion,
good electrical and thermal conductivities, excellent antifriction,
antiabrasion, damping, corrosion and machinability.

The high temperature strength of MMCs is enhanced by reinforcements such
as SiC fibers or whiskers or continuous Borsic (B fibers coated with SiC)
fibers. Carbon/Al MMCs cowmbine very high stiffness with a very low thermal
expansion due to almost zero expansion coefficient of C fibers in the
longitudinal direction. Graphite/Mg composites also have a nearly zero
expansion coefficient.

In the case of particle-filled MMCs, the mechanical properties are not
significantly altered, but tribological properties show marked improvements.
soft solid lubricant particles like graphite and mica improve antiseizing
properties of Al alloys wnereas nard particles like SiC, alumina, WC, TiC,
zircon, silica, and boron carbide greatly improve the resistance to abrasion
of Al alloys. Particle additions can also give rise to better damping and
conductivity of the matrix alloy. Ffor example, the damping capacity of
aluminum and copper alloys is considerably enhanced when graphite powder is
dispersed in them. Hitachi, Ltd., of Japan has produced a high damping MMC of

graphite/\) or Cu under the name (GRADIA) whose damping capacity is
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considerably more stable at high temperatures than conventional vibration
insulating alloys, including cast irons. Sliding electrical contacts made
from the same alloy GRADIA (Cu-20 graphite) perform better than sintered
materials of the same materials generally used, since the alloy combines
excellent resistance to seizure with high electrical conductivity.

Figures 14 and 15 show photographs of fan bushes, journal bearings and
several other components made from cast Al1-Si-graphite particle composite and
cast Al-Si-silicon carbide composite. The use of graphite in automobile
engine parts considerably reduces the wear of cylinrder  iners as well as
improves fuel efficiency and engine horsepower at equivalent cost. The most
promising application of cast graphitic-aluminum alloys is for bearings which
would be cheaper and lighter in addition to being self lubricating compared to
the bearings currently being made out of Cu, Pb, Sn and Cd containing alloys.
Cast aluminum-graphite fan bushes experience considerably reduced wear as well
as temperature rise during trial at 1400 rpm for 1500 hrs.

Cast aluminum-graphite alloy pistons used in single cylinder diesel
engines with a cast iron bore reduce fuel consumption and frictional horse
power losses. Due to its lower density, the use of aluminum graphite
composite in internal combustion engines reduces the overall weight of the
engine. Such an engine does not seize during cold start or failure of
lubricant due to excellent antiseizing properties of graphitic-aluminum alloys.

Alloys with a dispersed ceramic phase are finding applications in
impellers and other tribological systems which run at high temperatures where
there is a possibility of failure of liquid lubricant. Cast Al alloys
reinforced with ceramic phase are being tried out as turbocharger impellers

which run at high temperatures.




5. THE CENTERS OF METAL-MATRIX COMPOSITE MATERIALS IN THE UNITED

STATES AND SOME OF THE DEVELOPING COUNTRIES

The United States is one of the most actively involved countries in
research in metal -matrix composites. University-based centers in the United
States with substantial activity in processing metal-matrix composites include
the Center for Processing and Characterization of Composite Materials at the
University of Wisconsin--Milwaukee, the Massachusetts Institute of Technology,
and the University of Virginia. Other university-based centers for composites
include Drexel University, Carnegie Mellon University, University of Illinois,
Michigan State University, Renesslaer Polytechnic, Pennsylvania State
University, University of California at Santa Barbara, University of Texas,
and Witchita State University. Several other universities are in the process
of opening centers on composite materials with activity in metal-matrix
composites.
The companies and organizations that are very active in the metal-matrix
composites in the United States and Canada include the following:
. Aluminum Company of Canada, Dural Corporation, Kaiser Aluminum,
Alcoa, American Matrix

. Northrup Corporation, McDonald Douglas, Allied Signal, Advanced
Composite Materials Corporation, Textron Specialty Materials

. DWA Associates, MCI Corporation, Novamet

a Martin Marietta Aerospace, Oakridge National Laboratory, North
American Rockwell, General Dynamics Corporation, Lockheed
Aeronautical System.

. Dupont, General Motors Corporation, Ford Motor Company, Chrysler

Corporation, Boeing Aerospace Company, General Electric, Westinghouse
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. Wright Patterson Air Force Base, Dayton, Ohio

. Naval Surface Warfare Center, Silver Spring, Maryland

While the United States had a lead in the use of metal -matrix composites
in aerospace and defense weapon applications, Japan has taken the lead in
using metal-matrix composites on a widespread basis and in large applications
such as automotive. Toyota was the first company in the world to incorporate
metal -matrix composite pistons in high speed diesel engines. There is
intensive activity in metal-matrix composites in several other corporations
and universities in Japan.

In Europe, recently a consortium on composite materials has been formed
involving all European countries, with a special emphasis on metal-matrix
composites. The countries which have strong activities in composites inciude
England, France, Italy, Norway, Sweden and West Germany.

Among the developing countries, China and India have well established
research activities in metal-matrix composites. China has set up a very large
institute in composite materials with a heavy emphasis in metal-matrix
composites. This year's international conference on composites materials,
which is one of the major biannual worldwide meetings in composites, is being
hosted in China. In China, work is going on in the area of casting and powder
metallurgy processes for making metal-matrix composites.

India has had substantial activity in cast and powrer produced
metal-matrix composites. It has leadership in cast aluminum graphite
composites for automotive applications, and can offer this technology to other
developing countries. India has the requisite technology base in the metals
industry and it can get into large-scale manufacture of metal-matrix
composites, especially particulate composites. It has laboratory scale
production capability for production of carbon fibers for metal-matrix
composites.
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List of a few Institutes Working on Metal-Matrix Composites in a
Developing Country (India)

National Physical Laboratory, CSIR, New Delhi, India

Indian Institute of Technology, New Delhi, India

Indian Institute of Technology, Kanpur, India

Regional Research Laboratory (Bhopal), CSIR, Bhopal, India
Regional Research Laboratory (Irivandrum), CSIR, Trivandrum, India
National Aeronautical Laboratory, CSIR, Bangalore, India

Vikram Sarabhai Space Center, Trivandrum, India

Indian Institute of Science, Bangalore, India

Banaras Hindu University, Varanasi, India

University of Roorkee, Roorkee, U.P., India

6. STATE OF THE ART IN METAL-MATRIX COMPOSITES AND

RELEVANCE TO DEVELOPING COUNTRIES

Intensive research in metal-matrix composites started about thirty years
ago to meet the increasing requirements of properties in aerospace materials
to achieve higher speeds and higher temperature engines for higher
efficiencies. Much of this research was concentrated on ceramic and carbon
fiber reinforced metals made by processes of plasma spray and vapor
disposition or diffusion bonding of foils with interspersed layers of fibers
followed by hot pressing (Fig. 2B). These multi-stage processes involve
several steps, and combined with the cost of long expensive fibers 1ike Boron
and carbon, the cost of metal-matrix composites thirty years ago was several
hundred thousand U.S. dollars per pound. Most of these metal-matrix
composites were used in aerospace applications where weight savings were of
paramount importance, and to some extent in selected weapons systems, where
cost was no concern (Table 2).

During the last few years, several developments have occurred in

metal -matrix composites which have great relevance to developing countries.
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for instance, the costs of metal-matrix composites has come down enormously
during this period. The costs ot metal -matrix fiber reinforced composites has
come down from several hundred thousand dollars per pound to order of a
thousand dollars per pound at this time due to aecrease in costs of continuous
fibers. The continuous fiber reinforced metal -matrix composites, therefore,
still remain quite expensive for wide spread use in developing countries,
except for certain critical applications where enormous savings in energy or
resources can be made. However, there has been a more dramatic decrease in
the cost of metal-matrix discontinuous fiber composites. The costs of
particulate composites like aluminum-silicon carbide have come down to the
level of two to ten doilars per pound due to the feasibility of using
inexpensive particulate reinforcements and the possibility of using
conventional casting processes to produce these composites.

In the early part of development of metal -matrix composites,
organizations had captive research and t~oduction, or contracted small scale
production of small quantities of metal-matrix continuous fiber composites.
for the first time in the iast five years, there are some producers and
suppliers of metal matrix-silicon carbide composites both by powder metallurgy
processes and by castings route. For instance, one could today obtain
aluminum matrix silicon carbide composites for two to five dollars per pound
from Aluminum Company of Canada. In fact in the last six months, Alcan has
announced putting up of two plants with a capacity to produce twenty five
millions pounds of aluminum silicon carbide or aluminum alumina composites per
year in Canada and USA, and it can ship jngots of composites which can be
melted in conventiona) foundries and cast into components very much the same
way as conventional aluminum alloys are cast from shipped primary ingots.

Norsk Hydro in Europe also plans to become a supplier of cast aluminum-silicon
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carbide composites. A number of compenents including pistons, impellers,
brake systems, and housings have been cast out of aluminum - silicon carbide
composites. This type of cast composite will be the forerunner for widespread
use of metal-matrix ceramic particle composites, and could make possible
secondary processing and use of these composites even in the developing

world. DOow Chemical can supply small samples of cast magnesium-silicon
carbide or magnesium-alumina composites. Likewise DWA Associates and American
Composites can supply powder metallurgy produced aluminum-ceramic particle,
whisker and fiber composites. In addition, companies like Textron can supply
metal-matrix composites with higher melting metals as matrices. There are
also a large number of research laboratories which can supply small samples of
high melting metal-matrix composites, and composites with intermetallic
compounds as matrices.

In the area of applications, the first application in large scale
automotive sector was by Toyota in Japan, which put out a ceramic fiber
reinforced squeeze cast aluminum piston for high speed diesel engines. This
has triggered a flurry of activity in making engine conponents out of cast
metal-matrix components. There is a great deal of activity in trying to make
pistons, connecting rods and other engine parts out of aluminum-ceramic fiber
composites using conventional pressure casting. In fact, Dupont had done a
considerable amount of work in this area severzi years ago involving squeeze
infiltration of FP alumina fiber, and now there is intense activity in Japan.
In addition to Toyota, several companies are produring squeeze cast pistons
where the combustion bowl area of the pistons (which is subjected to very high
temperatures) and the ring groove area (which is subjected to high wear) are
reinforced by discontinuous ceramic fibers placed in the molds as preforms

before casting. These low cost, large scale mass manufacturable cast
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metal -matrix composites represent the biggest potentia) for metal-matrix
composite activity in developing countries. The ingredients to make these
composites are available in, or can be imported into, most of these developing
countries and the composite products made will be of immediate use in many
developing countries. For instance, aluminum-silicon carbide composites can
save considerable amounts of energy and fuel when used in transportation
systems, and can free several of these developing countries from the
requirements of importing critical strategic minerals and oil that are
present!, not available in many of these developing countries.

Another metal-matrix composite of relevance to developing countries is
cast aluminum-graphite particle composites, which has been developed in India,
Uu.S., Europe and Japan during the last fifteen years for anti-friction
applications. It has been demonstrated that pistons, cylinder liners, and
bearings can be made out of cast aluminum-graphite particle composites. The
use of pistons and liners of aluminum-graphite particle composites has been
shown to save considerable amounts of fuel in the internal combustion engines

and reduction in wear of the pistons, rings, and the liners. Aluminum

graphite particle composites can replace much more expensive and heavier

bearings made out of bronzes and babbit metals. Many of todays bearing
materials rely on dispersions of toxic metals like lead in the matrix of
copper or tin alloys. The use of graphite in place of lead can eliminate the
need for lead, therefore, reducing the cost, weight, and toxicity of presently
used bearing alloys. While aluminum-graphite particle composites have not
been produced in the U.S.A. and turope, they will be very useful in most of
the developing countries where petroleum and metals like lead, tin, and
copper, are available at very high cost and have to be imported. The

technology of aluminum-graphite particle composites consists of stirring




pretreated graphite particles in the melts of aluminum alloys using very
conventional foundry equipment, followed by casting, either in permanent
molds, or centrifugal casting machines or in pressure diecasting; most of
these technologies are available in most of the developing countries and
therefore, such a technology can be practiced and can be productionized in the
developing world without much difficulty, and the products could be
immediately used in the local industry. Japan has production facilities to
make aluminum-graphite and copper-graphite composites, and India and China
have the requisite research base to get into production of these alloys.

In addition to the current use of metal-matrix composites in aerospace
applications, weapon systems, in the last few years in the developed world,
there is interest in using these componenls in automotive applications, in
bicycles and sporting goods like tennis rackets and golf clubs. The
developing world should watch the application of metal-matrix composites in
these sectors, and derive lessons to use these composites in other sectors
critical to raising the standards of living in respective countries instead of
leisure goods. 1he needs of developing world are more in the area of housing,
in the area of energy generation and transportation, instead of in faster cars
or airplanes, or sporting goods, or aerospace or defense systems which are
driving the development of metal -matrix composites in the developed world.
There is a very large increase in metal-matrix compcsites research in some
developing countries like China, India, tqypt, and some Latin American
Countries like Brazil and Argentina. €Etxchanges of information between
developing countries themselves will be of great value, since their experience
would be of greater relevance to each other. The agencies concerned with
International) development, like U.N. and the World B8ank, could greatly

faciiitate this exchange.
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Another area of concern in developing countries in the composite
materials area, is the lack of availability of reinforcements. The continuous
fiber reinforcements remain very expensive, and their production cannot be set
up easily in the developing world. The developing world should initially
concentrate on in-situ composites made by uridirectional solidification or
powder extrusion, where the reinforcements are produced in-situ during the
processing itself, thus eliminating the need for expensive reinforcements. In
addition, the developing world should concentrate on short fibers, or better
yet on particle reinforced metal-matrix composites which are inexpensive and
have large scale apslication possid’lities. Ffor instance, emphasis should be
given on graphite particle reinforced metal-matrix composites since graphite
is available either in mineral form or in manufactured form in a large number
of developirg countries; with the relatively easy availability of alumirum,
the production of these composites can be set up very easily. Likewise
attempts should be made to learn to use readily available mineral based fibers
in these developing countries, for instance, attempts should be made to use
naturally occurring alumino silicate fibers, or fibers that can be readily
made by melt spinning of oxides. These are areas where the developing world
can immediately get into the use and manufacture of metal-matrix composites.
This learning experience with inexpensive particulate metal-matrix composites
will also set the stage for the developing world to get into the area of high
performance metal-matrix continuous fiber composites when they become common
place in the developed world, and the possibility of using ultrahigh

performance materials in the developing world increases, in the next few years.
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7. ELEMENTS OF EODUCATION AND TRAINING IN METAL-MATRIX COMPOSITES

FOR THE DEVELOPING WORLD

For the developing world to get into the position of manufacturing and
using metal -matrix composites, it will be necessary to start teaching and
research in design, processing, and use of composites, in selected
institutions in developing countries, complimented by a United Nations
sponsored International Training Institute. These would yenerate individuals
who would be familiar with global knowledge on metal-matrix composites, and
can readily learn to use these new family of materials for there own location
specific problems. In the absence of such indigenous manpower, trained
personnel and infrastructure, there is the danger that the developed world
imperatives in metal-matrix composites will continue to drive the development
of these materials, and the progress will not be of much relevance to the
developing world. The per capita availability of materials in developing
countries is low and is a major constraint in raising living standards.
Composite materials, specially metal -matrix composites, provide an opportunity
to increase the supply of required materials at prices affordable in
developing countries. However, it is necessary that scientists in developing
countries are trained to explore the opportunities in metal-matrix composites
for the development of their respective countries.

The science of design of composites involves prediction of properties of
composites as a function of chemistry and structure of its constituents and
processing. For example by changing the volume percentage and orientation of
graphite fibers, magnesium graphite fiber composites with negative, zero or
low positive coefficients of expansion can be designed. Subsequent to design

of structure of composite componen*, the processes to manufacture and test the
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composites have to be designed and simulated. Process design requires
considerable data base on manufacture of similar composites. Design of tests
requires considerable data base on relationships between structure -properties
and performance on the specific composite in gquestion.

In addition to the information generated in the west, the developing
country scientists must be trained to use local rescurces and facilities to
design, fabricate and test metal-matrix composite materials for use in their
own environmenls. In certain developing countries, there are large
agricultural waste products like paddy husk available; conversion of these
resources into high performance whiskers like silicon carbide for
reinforcements in metal -matrix composites would be an important imperative for
them.

The newly emerging metal-matrix composites are based on most abundant
elements (for instance carbon, aluminum, silicon, nitrogen, oxygen, magnesium
to make carbon reinforced aluminum, silicon carbide reinforced magnesium,
silicon carbide reinforced alumina) which are available in all countries quite
equitably. Therefore the development of these composite materials will free
several countries from resource constraints in manufacture of advanced
materials. This, however, presents a threat to some developing countries
whose economies are based on export of certain minerals like copper ores. The
scientists in developing countries should be trained to analyze, and react to

opportunities and threats from developments in metal-matrix composites.

Once the chemistry, structures, shape, size, volume percentages of
constituents is decided by structure property relationships, the next step is
to design the process to synthesize the composites. Process design is as
important as product design. After the process design, the next element is

design of testing and inspection procedures of composites to simulate long
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term performance in short term testing. The process design for developing
countries should be of the type which can be used for manufacture in the low
technology environment which oft2n prevails in these countries. Computer
simulation of performance of composites and the process to manufacture them,
could save scarce resources in developing countries in terms oi materials and
enerqy wasted in trials. These aspects of design and simulation should form
essential features of training in metal -matrix composites which could be

imparted through the following elements.

1.1 tlements of Training Program in Metal-Matrix Composites

1. Lectures by program coordinators and permanent staff of the training
center on principles of composite materials science. A possible text used

can be Composite Materials by K. K. Chawla, American Elsevier.

2. lectures by guest faculty working on metal-matrix composites in other
institutes in developed countries.

3. Llectures by gquest faculty familiar with developing countries. These could
be people who are either working in a developing country or are familiar
with developing country environment in relation to metal -matrix composite
materials.

4. Demonstration of computer applications of design of structure, processing,
properties and testing of metal-matrix composite materials. This could be
done using tne software available through orqganizations listed in this
report which can be operated on personal computers and other stand alone
computers available in developing countries.lhe participants from
developing countries should be encouraged to bring material on their
resources and infrastructure, and typical applications that have higher

priority in their countries. Development of metal-matrix composites to
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meet basic human needs using local resources should have high priority.
Some examples would be composites made with local resources like mined or
manufactured graphite particles, sand, aluminosilicates including clay,
mica, and carbonized and pyrolized plant-based resources like natural
fibers, rice husk and equisetum which can yield silicon carbide whiskers
for reinforcement of composites. The work done on aluminum-graphite and
aluminum-shell char composites at Regional Research Laboratories of CSIR
(India) at Trivandrum and Bhopal can serve as an illustrative material to
stimulate similar thinking on using local resources to make metal -matrix
composites.

Video courses on composites availcble from ASM International and other
organizations.

Ltaboratory demonstration of basic manufacturing processes inciuding powder
processing, vapor phase consolidation, and casting techniques. The
training centers could collect samples of components of composiltes made in
different parts of the world and demonstrate their properties and
performance.

Demonstration of instrumentation for process control and for inspections
and testing of composite materials. This could be part of an overall
training in the use of modern instrumentation and sensor equipment with
feedback circuits and intelligent processing using expert systems, for

materials design, selection and processing. Modern instrumentation

including electron microscopes, microprobes, chemical analyzes with high

resolution and surface analytical techniques like ESCA, AUGER, SSNMR,
SIMS, and automated testing equipment should be a part of overall exposure
to advanced instrumentation for design, processing and use of metal-matrix

composites.




8. A long term and continuing mechanism must be established through which
sumaary of new information base can be supplied to the scientists working
on composites in developing countries. The participants should be
encouraged to write back and consult with the center on the opportunities
and experience on designing, manufacturing and using composites using
local resources in their respective countries. This growing body of

information base could be shared by all developing countries.
8. SUMMARY

Metal -matrix composites with tailored properties have the potential of
becoming one of the fastest growing family of new materials which can have
large impacts on develcping countries. At this time the best performing and
most expensive metal -matrix composites are being considered for high
value -added, relatively low-volume military and aerospace applications.
However, automotive and other engine and electro mechanical energy
applications which require lower cost and higher part volume, are now closer
to commercialization, and these are of greatest interest to developing
countries. With continued development of composite manufacturing processes
and improvements in alloy design, including the possible use of particulate
composites, high performance and low cost will draw closer together. The
developments in the near future will involve using the casting and powder
processes to produce taiiored interfaces, new matrix alloys which will yield
higher ductility and toughness along with higher strengths in discontinuous
reinforcement composites. The science of predicting properties and
pérformance of metal-matrix particulate composites will gain considerable
ground. At this time the low cost particulate composites such as cast

aluminum-alumina, aluminum-silicon carbide and aluminum-graphite composites
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appear to be most promising for the developing world. These composites can be
readily produced in the developing countries using readily available
ingredients and simple techniques, and can be used in energy and materials
saving applications. It will be best to begin with simple applications like
bearings, pistons, cylinder liners and then move into other high performance
components. The developing world should pay speciai attention to the possible
use of metal matrix composites in energy, housing, and transportation sectors
which are of high priority ircluding solar photovoltaics, semiconductor and
superconductor industries. Developing countries such as India and China have
a good research and industrial base for producing metal matrix composites,
mechanisms should be developed to expand this capability inlo other developing
countries through expansion of education and training in metal -matrix
composites and through exchange of intormation between developing countries
themselves. Developing countries should impart suitable training in design,
processing, manufacture and use of composites made from local resources using

Jocally available manufacturing infrastructure.

9. INFORMATION RESOURCES ON METAL-MATRIX COMPOSITES

The following journals and publications have a good repository of

information on metal -matrix composites:

(1) Journal of Composite Materials
(2) Composites
(3) Proceedings of the "International Conferences on Composile

Materials." Six of these have been held and the seventh
will be held in China.

(4) Composite Materials Handbook by ASM International

Video courses on Composites from ASM International




(6) Metaliurgical Transactions (Journal by ASM-AIMt)

(1) Materials Science and Engineering (Journal)

(8) Journal of Materials Science (Journal form the UK)

(9) Proceedings of Composites Conferences Organized by ASM
Internatioral AIME, SAMPt, American Society for Composites
and the Journals brought out by these societies.

(10) Proceedings and lecture notes from a ‘arge number of short
courses organized in China, Europe, India, Japan and the
United States on Composite Materials.

(11) Powder Metallurgy International (Journal)

(12) Metals Abstracts

{13) tngineered Materials Abstracts

(14) Chemical Abstracts

In addition to the above open literature, a large number of reports on
commercial prospects of metal-matrix composites have been written by several
consulting companies in the United States and are available at a price to
subscribing organizations.

Several university centers on composites including the University of
Delaware's Center of Composites publishe: news letter which lists activities
going on in respective centers. In addition, information is available in the
United States from NTIC and MMIAC which has government information banks on

composites.
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Figure 11. A section of centrifugal casting of Al
alloy-zircon particle composite showing
segregation of particles at the outer rim.
Mag: X 0.60
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Figure 14.

Photographs of various engineering crmponents of cast
metal matrix particulate composites.

a)
b)

c)

d)

An Al alloy-graphite particle composite piston.
Surtace of an Al alloy-graphite composite cylinder
liner after an eadurance test. (Courtesy of AE
Borgo, [taly).

Connecting rod fitted with bearing of an Al-Cu-
grapbite composite. Also shown is the corresponding
pin after 100 hour test showing no evidence of
syrface scoring.

Photos comparing the surfaces of a r:andard graphite
tree alloy piston after 30 hour test and an Al-
graphite piston after 60 hour run.
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(b) (d
Figure 15. rhotogracns of some engireeriag components mads from
cast meral matrix compGi.las. .

a) Drassure die cast bushing spring juide of Al
alloy-grapnite particle composite.

5) Impeller and several other components of cast
aluminum-grapnite composites.

¢) Grapnite fiber/Mg composite for space struciur2
applicaticns. {Courtesy of Martin-Marietta 0.}

4} Yarious angineering and sporting 5oods procucad
by investment casting Al-3iC particle composites.
(Courtesy of Zural Company.)
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Specific stiffness and specific strength of several
monolithic metalgand composites.

Predicted values of ultimate tensile strength and elastic
modulus for various aluminum matrix continuous filament
reinforced compousites.

Comparison of the rule-of-mixtures prediction and the
observed ultimate tensile strength for an aluminum stainless
steel continuous filament reinforced composite material.

Diffusion bonding process of making fiber reinforced metal
matrix composites.

Composite strength as affected by whisker length and volume
loading.

Elastic modulus of SiC reinforced aluminum alloys.
Schematic of the DWA composite process.

Schematic of the silag (Advanced Materials Division Arco
Chemicals Company) composite preparation process.

Schematic of the Novamet (Inco mechanically alloyed
products) composite preparation process.

Comparison of normalized values of elastic modulus and
ultimate tensile strength versus volume fraction
reinforcement in Sic-Al alloys. Predicted values for
continvous and discontinuvous reinforcement are also shown.

Schematic diagram ¢f experimental set -up for dispersion of
mica particles in aluminum alloy.

Optical micrograph showing distribution of graphite
particles in the matrix of an aluminum alloy.

Microstructure of a die cast Al alloy-zircon particle
composite.

A section of centrifugal casting of Al alloy-zircon particle
composite showing segregation of particles at the ouler rim.
Mag: x 0.60

SEM micrograph of electrochemically etched vertical section
of cast A1-4Mg-23 vol% alumina tiber composite showing
random planar orientation of fibers. (Courtesy of R.
Mehrablan). Mag: 0.96 ce = 150 mn
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Figure 13. Squecze casling technique of composite fabrication,

Figure 14. Photographs of various engineering compuncnts of cast
particulale composites.

a) An il alloy graphite particle composite piston.
b) Surface of an Al alloy-graphite composile cylinder lines
after an endurance test. (Courtesy of AE Borge, ltaly). .
¢) Connecting rod fitted with bearing of an Al Cu graphite
composite. Also shown is the corresponding pin after
100 hour test showing no evidence oi surface scoring.
d) Photos comparing the suriaces of a standard graphite
frec alloy piston after 30 hour test and an Al graphite
piston after 60 hour run.

Figure 15. Photographs of some engincering components made from cast
welal matrix composites.

a) Pressure die cast bushiug spring guide of Al alloy-
graphite particle composite.

b) Fan bushing of Al-graphite composite after test

c) Graphite fiber/Mg composites for space structure
applicalions. (Courtesy of Martin-Marietta Company).

d) Various engineering and sporting goods produced by
investment casting Al-SiC particle composites.
(Courtesy of Dural Company).
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2. A MBW INFILTRATION PROCESS FOR THE PABRICATION OF METAL RATRIX COMPOSITES

Abstract

A novel liguid metal iantiletration techunigue toe
the production of metal -matrix composites containing
various re. nforcements is Jdescribed. The technigue
is unique n that by proper <onttol of the process
conditions, intiltration oucurs spoataneously,
without the aid of pressure ot vacuum. The requited
process conditions are described and the effects of
the process variabies are determined using a model
system comprising an aluminium alloy matrix
reinforced with Al,;0; particles.

1. Introduction

Aluminium matrix composites have been produced
by various liquid phase processes, including the
mixing of molten metal and ceramic particies
followed by casting (i.e., compocasting), and the
infiltration of molten metals into compacts ot
reinforcing material via the use of a pressure or
vacuum assist. Similarly, solid state processes,
such as the mixing of metal and ceramic powders,
followed by hot pressing, and the lamination of
metal foils and ceramic fibres via diffusion
bonding, have heen utilized to produce such
materials. The liquid phase prncesses are
potentially more economical; however, the solid
state processes have been the most successful to
date, with the liquid phase processes limited by the
non-wetting nature of most ceramics and mol .en
aluminium.

This article describes a novel liquid metal
infiltration tecknigue for the rabrication of
aluminium matrix composites. By proper control of
the process conditions excellent wetting is
obtained, thus allowing the infiltration to occur
spontaneously, without the application of pressure.
With no pressure or vacuum apparatus required, this
technigue provides cost effective processing, and,
due to the favourable wetting, pore-free composites
with high structural integrity can be produced.
Enhanced wetting typically results in an increased
strength at the metal-ceramic interface, thus
enhancing the mechanical properties of the composite.

2. Experiment

The expetimental lay-up employed in this work
consisted of an aluminium alloy ingot, measuling
about 50 x 25 x [2 mm, placed on top of a permeable
mass of ceramic reinforcing material that was
contained within a refractory vessel (a 99.9 per
cent sintered Al,0; tray measuring about
100 x 45 x 20 mm). In each case there was
sufficient alloy tc infiltrate all of the
reinforcing material.

The alloy-ceramic assembly was heated to the
process temperature in a controlled atmosphere
furnace in the presence of a flowing
nitrogen-containing gas. To inhibit unwanted gases
from entering the furnace, the exit gas was bubbled
through a column of oil measuring 25 to 50 mm.

After cooling, the extent to which infiltration had
occurred was noted and the samples were sectioned
and examined microstructurally. The lay-up is shown
schematically in figure 1A, and a typical product is
shown in figure 1B.

puting the infiltration process, aluminium
nitrice may form due tu reactiun of the molten Al
wi.h the nitrogen containing atmosphere. The

quantity ot nritride that tormed in the samples was
determined by measuring the unit weight gain (change
in weight of the sample divided by the originat
alloy weight). For comparison, the weight gain
obtained when pure aluminium totally coverts to AIN
is 52 per cent.

3. Results and discussion

Initial experimentatiovn identified that there
exist two requirements for the spontaneous
infiltration to ovcur, namely (i) that the aluminium
alloy contain Mg and (ii) that the atmosphere
contain nitrogen and be nominally uxygen-free.
However, meeting these two requirements does nut
ensure infiltration. The correct combination of the
various process variables, such as the alloy
compcsition, the ptocess temperature, the process -
time, and the nitrogen content ¢f the atmosphere
must be employed.

To determine the effect of the Mg content in
the alloy on infiltration, alloys with Mg contents
ranging from 1 to 10 weight per cent were placed
atop beds of 220 grit fused Al,0; particles
(38 Alundum, Norton Co.) and were brought to
temperatures ranging from 700°C to 1,000°C for
ten hours in a 96 per cent N, 4\H, atmosphere.

The data, shown in table |, demonstrate that
higher alloyed amounts of Mg result in infiltration
at lower temperatures, and that under a given set of
process conditions there is a critical level of Mg
required to induce infiltration. For instance, at
900°C under the c.rrent process conditions no
infiltration occurred with 3 weight per cent Mg and
full infiltration occurred with 5 weight per cent My.

Additionally, the data show that process
temperature affects the infiltration kinetics.
Under otherwise consiant process conditions, full
infiltration occurred with alloy Ai-5Si-10Mg at
800°C, whereas only partial ‘nfiltration occurred at
700°C. No infiltration has been obtained with
alloys containring no Mg.

The effect of the nitrogen content of the
atmosphere on the infiitration process was
determined by fabricating samples in atmospheres
ranging from 100 per cent Nj to 100 per cent Ar.
Using alloy 520.0 (nominally Al-10Mg) a 220 grit
tused Al,0,4 bed and process conditions of a four
hour soak at 800°C, no infiltration occurred in
100 per cent Ar, only partial infiltration occurred
in 10 per cent N,/90 per cent Ar and full
infiltration occurred when the N, content egualled
or exceeded 25 per cent.

In addition to affecting the process kinetics
(i.e., only partial infiltration occurred with an
atmosphere of 10 per cent N, /90 per cent Ar), the -
atmosphere affected the guantity of nitride that
formed within the product. Figure 2 plots the unit
weight gain versus the per cent nitrogen in the
atmosphere for all of the samples where full
infiltration oucurred. At high percentages of N,,
where infiltration was rapid, little nitride formed,
whereas in dilute atmospheres, where infiltration
was slow, observable levels of ALN formed.

In a similar fashion, the process temperature
significantly affects the quantity of nitride that
forms within the aluminium alloy matrix. Figure 3
plots unit weight gain versus process temperature




for Sarples fabiicatest Going aiicy Ad S Mg iFe,

toard process oL titnong

220 grat tused ATt
CTow S b deeell gl tempetatyle in e ter cent

N. 3 pe:

L EA (e Tesult dem 5tegte that

U in tnoreased
T that The

L N S LU 4 S - T O A VW

incteased prooer terperatures tess

$onitt e Zoormati oo,

T AUN L atent 2 othe fenaitant AQ

te T Ty leleting the ot

turn, th.3

-
3
v
Loy

ere Land g tempter aliite,

aclows the rtescita Ctothe ¢ wmgay

G omithont ot alley cherd

v, LnCleases
ALN vontent of the alamitiiun alloy matris wiii
decresse the coetticient ot thetmal
1ncredse the stittness the comg

Also v itesnt troam Figure ¢ 13 that infiltratican
cavurzed 1o tne fused AL 0j; at 9¢tliv with
Si Mg SFe. At the zame pProeess

Plog AL-531 Mg Jdid oot dntiltzate "he

travle 1y demonstrating thaet Fo :

promote Intiitration 4t luwet Tempelatures.

The spontanecas nlalirat: o teshnlipue 1y
Aapplicabile to tie prodaction Ot composites
contailning a2 wide tange ot re

dotcement types.

Similatly, the spontaneous niilfzation process
is applicable to many tiller chemistries. Exanples
Of reintorcement materials tnat have been utilized
inciude Sic, TiB(. M3d, St ocrcated (Chempaocal
vapuur deposition) graphite, and AiIN.

1. umraty

A novel provess tor the praeduction ot metal
TaliIx COMPeSILRS CuLlAnlng either Cont ingaous ot
discontinuers reintorcenent s tepeetted.  Ihe
Prooess tovelves the safidtzaziom o moite
dlumintae alliogs onte Tovse reds v ocompacts ot

t

tet..tor i omy

tal withoewst tne aid o pressute or

aCLar (Llel, vinntatecusiy) by proper control oot

the {2 Cess

Using the m del system ot AL U particle

othe etfecty of the process

rernivrced stuming
Vartables i e iltratoon Wele wxamined. It was
Showti that thets exist twoe reguitements tor wetting
toowovur, nately () that the alioy contain Mg ond
ti1) that the atwesphete be nitrogencus.

The rejiited piocess temperatuare or
pnriltration oo coour was shown to be strougly
aftected by roe Mg ocontent ot the all oy, with ailoys
Containiag fow tevels of Mg regulzing nigher prowess
temperatures.  AlN precipitates were founad Lo ownoar
within the sltuminium alicy matrix, particularly in
Atmospheres with tow coptents of nitiogen and ot
high provess temperatutes. Although the eftect o
tiiler chemistry was not Quant:ified, the process is
applicable L0 a wide tange of f:ilier materials.
(Soutce: Article written by M. K. 2ghajanian,

J. T. Burke, D. B. white, and A. S. Nagelbery,
Lavside Corporatisn, Newark, Leiaware 19714 6077)
for the 34th Internationsl SAMPE Sympusium {Soviety
for the Ads incement of Material and Process Eng.,
Coving, Calitorniaf, 8 11 May 1989.




Table 1

Effect of Mg covzent on temperature required for infiltration

Infiltration (yes /no/partial)

700°C 869°C 900°C 1000°C
Al-5Si-1NMg - No No Partial
Al-55i-3Mg - No No Yes
Al-5Si-5Mg - No Yes Yes
Al-5Si-10Mg partial Yes Yes -
Al
Reintorcing Material
Sintered Alumina Tray
B.
Residudl
infiltrated
Filler
1S5mm
Figure 1. Experimental arrangesent employed in
infiltration experiments: (A) schematic
and (B) sample after processing, removed
from the Al,0, tray
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3. PROCESSING OF NETAL-MATRIX COMFOSITES

in the judgerent of the present authors, the
science and techa logyy Ol metal matzix Composites
are more advanced than those ! Ceramic coaposites.
Wozk on the prucessing of metal ®atrix composites
seems, however!, 10 De mte fesiricted i 500pe than
that on the [ i essing Of Cefamic matr.x
composites. For torth types, the gteat challienge ot
the coming Jdecade wiil be the Jdevelopment of novel
or 1mprovesd processing tzchnigues that will torm
COMPOSItes 4T O Civse to net shipe tn oa
cust -ettective manner. The wide scale int:oduction
of metal and Ceramic composites will thus depend on
mprovements 1n processing technology.

Soltditication processing ol metal matr:x compesites

we wiil concern oulselves here with the case of
solidificativn processing of pretorms of
sultifilament tows of ceramic or carbon tibres by
intritration with molten metals or alloys aad
subsegquent scliditication. Discontinuously
teiatorced metal matrix composites praovessed by
semisuiid sturry solidication processing are the
subject of a torthecoming fevView. We afe restricting
this revies 20 sulidification pracessing because
there presently exists nu other techinigue to
economically marutacture ceramic yarn reinforced
metals. The estatlished vacuum hot press ditfusioa
buading technologies cannot be applied to {20 pum
digmeter fibres uiless the tows have Leedn
(1) previously intiltrated inte “"wires™, (2) spread
and coated or plated Wwith the matrix to the desired
voiume fraction, or (3) infiltrated with 4 tine
powder slurry <t the matrix aud binder. Such
ptucesses are intricate and espressive. In
addition, advantages of pressure infiltration
processing tnclude the ability tu produce net shapes
with little or n, tequirement tr subseguent forming
or machining.

A number ot the reinforcemeiits being

iavest igated tor solidificaticon processisyg of
metal matrix Ccomposites are shown tn tabie 1. Any
improvement of compusite properties must first be
accompanied by an improvement in the propesties ot
the reinforcement since mechanical properties can
usually be approximated by @ iaw of mixtures
calculation.

Fundamertal cons,derations

Soliditicatiun processing of metal matrix
compusites can be broken down intoe four fundamental
categories: capiilarity, tiuid fluw i1ato the
pretorm, fibre matrix interactions, and the
solidification process.

Fibres in genvral, be surface trevated so
that they can be wet by o tesin matrix. In most
cases, this procedure will not hasppen with molten
metals. It i35 especially difficult to wet most
certamic or catbon fibres with molten Al or Al alloys
because of the omnipresent lajyer of Al,0, at the
ligquid-vapour interface. Ignoring the eftect of
oxiues on the melt surtace, the ptessute difference
at the ligquid metal front resulting from capillarity
effects has been evaluated using varicus
assumptions. The equations given in the literasture
are all different versions of Kelvin's equation:

P“‘ C()Sﬁ
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where @ 1s the wetting angle of the ligquid metal on
the fibce in the iafiltration atmosphere, 7 is
curvature at the mslten metal front, and o), is

the surla. v energy at the 1:Juid-vapour interface.
Litterent assumptions lead to various forms of ~ as
a function ¢f ribre volume. Often, @ is assumed to
equal 180 ror sizplicity. Making such an assumpt:on
the minimum infiitration p;essutes into a variery of
pretorms can te <. leulated utilizing literature
values for the surtace enezgy of the Al alloy.

Note that the Kelv.n equatiocn makes sense only
it B exists. Mute complex approaches were adupted
by Rohatgi and co-wotkers tor particuliate-reinforcedt
camposites.  Wett:ing is wlten assouvidateld with some
degree ot intertacial reacticn that degrades the
fibre properties. The liquid meta! usualiy doss aot
wet the fibres and energy in the form of hydrostatic
pressufe must be supplied for the metal to penetrate
tne fibre bundie.

Generally, the infiltratiun pressure relative
te most torging processes is low. even for tightly
packed pretorms. Huwever, one should consider the
clamping forces un lirge moulds as a limitation to
ptuessure tnfiitration. For example, ¢ wing box for
a large commercial aircraft might have a mould
section of 20 mZ. If a pressure of 7 mPa
(1000 psi) is reguired to infiltrate a fibre preform
preset into a mould, the total clamping pressure
would be 21 Kg (47 x 106 lbs). Thus, the
reduction of the required pressure by a factcr of
two would decrease the clamping lcad by a factor of
two. This difference might be crucial in terms of
the economics of capital facilities.

Fluid flow into the preform

Frictional forces resulting from the viscosity
of the liquid metal can impede the progress of the
metal through the narrow interfibre channels. An
additional amcunt Of pressure must thus be applied.
The pressure incremental is dependent on the rate of
infiltration.

Frictional forces have been modelled (1) with
the wWashburn equation fur wetting systems where the
metal is driven by caspillarity forces intc the fibre
bundie and (2) with the Blake-Kozeny equation ot
another modification of D'Arcy’'s law using the
Hagen-Poiseuille equation for a plane infiltration
front in systems where the metal is forced into a
non wetting fibre bundle. For a circular front,
another more complex eguation was used. The use of
D'Arcy's law 1s permissible because the chenneis
hetween fibres are fine enough for the metal flow to
remain in the laminar regime at normal velocities of
infiltration. Comparison with experiment-lly
measured permeabilities was good, provided a
correction was made for temperature effects (Lo be
discussed) and a fartor of 32 was used in the
Blake Kozeny equation.

For a planar front, using the Washburn equation:

TR ] niiiuna I N
| K3

where dl,dt 15 the infiltration velocity, 1 the pore
length, d the pore, diameter, P, the applied
pressute, P. the capillary pressure and m the
viscosity of the tluid. The viscosity term is
perhaps the most important consideration to the

difdt =




eCunarivs Ul pressate intrlitratica ! metal matzia
Composites 33 compared to euivale:t resin O yeass
transfer mouliding., Figute I 15 2 Cumparis . ot the

visvodities Of multen met. s to Caiiios Tesins and
glasses. Metals have about the >afe viscoesity as
water at = 1077 Pass ", Epcates, on the oiret

hand, have a viscosity greater than two otders ot
mignitude higher, and Jlasses are five to six orders
of magnitude higher. Thus for eguivsient
intilecarion rates (production rates) and ror the
same preform geomelly, 3 pressare twe Jtders of
magnitude higher 15 fegutted for et sy and sia
orders of magnitude higher tur glass t:anster
moulding.

Another phenomenon thst re Jultes Ccoasideration
15 analogoas to tlutdizy i anrerntorced castings,
t.e., freece choking Juring nfittration. The @ost
important patimeters, in addition to pressure, are
mould preheat and melt superheat temperatures.  Some
investigators have twddressed the problem of fluidity
for pure metdl matrices. Both esiperimental and
modelling work have shown that the most cruct il ot
the two i35 the fibre Temperature. Temperacur -3
beluow the melting point ot trhe metal ate permissible
only irsofar as they allow only 2 timited amournt ot
the metal to solidity. Beyond that point, the
solidified metal “chokes”™ the advanc-ing liguid, and
infiltration cannot be completed. Nagata and
Matsuda measured a "critical preheating temperature”
below which particles could not be intiltrated by a
given pure metal. This temperature was independent
of melt superheat. The voiume fraction of solid
formed was obtained by a simple heat balance
equation. From this, a criticai volume fraction ot
solid formed was deduced. Fukunaga and Goda
postulated that a solid layer initially forms around
the fibres. Their calculations assumed instant heat
transfer between the fibres and tre metal (a
reasonable assumption given the Jimensions of the
fibres and interfibre spaces) and the solidification
onto the fibres of a metal layer thick encugh to
bring the fibres to the melting point of the metal
throuyh evolution of lateant heat. This modifies the
effective fibre diameter and volume fraction and
thus the permeability coefficient given by the
Blake Kozeny eguation. Correlation with their
esperiments was gouod.

Fukunaga and Goda als. assumed that
i~filtration ceases when the infiltration velocity
teaches a value low enough for the fibres ahead of
the infiltration front to extract enough heat to
solidify the metal. This aszumption correlated well
with their measured iufiltration lengths. This also
eiplains the observation that metal superheat has no
influence on the infiltration length since the metal
at the infiltration front is rapidly brought to its
meiting point by the cold titres.

The above models are also an ltine with the
folluwing observations: (1) Magnesium alluys with g
low latent heat of fusion are more difticult to cast
inte a cold fibre bundle. (23 Casting under
conditions that preciude the formation of the
solidified layer in Al S1T coumpusites led to
decreased mechanival propetties ot both the
composite and leached fibres. This is thought to be
due to a reduced reactivity ot the tibres with the
sulid aluriaium layer formed around the ribres unders
adeyuate casting conditions. The sulid layer thus
protects the fibres, which indeed had an improved
appedatance under the SEM.

One last aspect of the prucess of pressure
infiltration conplicdates its modelling. The fibre
preform can get compressed under high intiltration
nressures., The volume fraction wf the fibres may
thus vary during the process.

T Sllize thel te'nfolves the melal Jan, o

1tsell, Le 4 oomy el ostructures.  The AVc:

558 2 rlre serves weis o as oan esample of 2 designed
tibre. Its 3trutute i3 Complex 243 15 snown
schemalicaily o figure 2. G Jdirect @oletest to
the foundryman 13 the surtace 3¢ tule, which
grades tiircugh an amorplivus zote from crystalliae
3107 o nearly pure carton.  This fune tends to heai
the delfect structule asycciated with the 11D
oriented 3.0 whiskeriine Jrains as they Zerminate st
the surface oormal to the tibte axis. The btulk of
the 1 pm thick S50°3 coating is carbor doped with $)
4t the surla e to promcte bonding. This layer is
sacriticizi ant may be feasted vatensiveiy with the
matrix without Jegradin? the pertormance ot the
tivte. Chemically, the 508 layer behaves like o
carbon tibre surlace.

The rzactivity ol carton Iitres to molten
aluminium nas bees the subjest Of several recent
studies. !t has been shown that above SJu¥., carbuen
and 3luminium rea -t to form aluminium carpide,
AlgUy. This product first torms on the surtace
of the t:hre then grows i1nto the matrix and somewhat
into the fibre as large hexajonal plates. when the
reaction reaches this phase, the fibre strength is
degraied with concomitant loss ot strength in the
longitudinal Jdirection of the composite. A slight
amount of rfeaction at the interface was repotted to
increase the transverse strength of the composite.
Since Al Ty is hygroscopic, its presence also
atfects the currosion behaviour ¢f the composite.

In spite of their interreactivity, wetting of carbon
by aluminium is poor below 1600°C.

The effect of alloying additions to the
aluminium matrix has been investigated, both
regarding wettability and fibre reactivity. A
common but not gJeneral observation is that the
presence of some sil:-on reduces the amount of
reaction at the inte:zface and hence fibre
degradation.

Aluminium oxide, 1n addition to Tiﬁz, was
also tound on various graphite fibre-reinforced
aluminium matrix compusites fabricated by the Ti B
vcating infiltration technigue. Matrices where
alloys 201 ond 60ovl. This oxide was also found on
fibres coat:d by ion vapour deposition of Al 4 per
cent My. The o.igin of the oxide layer was not
determined. A similar observaticn was made on
uncoated graphite fibre squeeze cast composites with
various aluminium base mattices. Both oxides and
excess carbun were tound on the matrix side of the
interface. This oxide was telieved to be present
because of oxygyen adsurbed on the fibre surface
prior to iafilteation,

S1C fibres ate not repoited Lo be wet Ly Al ur
Al allcys below 960 to 100090, Most inteffacial
studies on 3iC tibtes in aluminium have been done
with Nicalun fibres. The Nicalon® fibre is
amciphous or fine gratned 500 with free carbon and
sillca being incorpotated 1n the manufacturing
process. The reaction that 1S expected to take
place at the interface from o thermodynamic point ot
view is:

3SIC v dAL - ALGC, v 551 )]

provided the actavity of Si is somewhat less than
one. Thr: reaction occurs iu practice and easuing

* Nicalon, Nippoun Cdarbon Co., Tokyo, Japan.
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Al-95i -4Cu was used to intiltrate carbon fibre

bundles. The fibres are surrounded by al,Cu as in
Al-Cu alloys. The Al,Cu phase was the last to
solidafy.

Al-Ni alioys tormed by assimilation into the
matrix of a nickel coating were zeen to Jdisplay
primary Al Ni dendrites ot plateliets growing from
the graphite reinforcements.

In conclusion, three types ot microstructures
are encountered:

(l) A tine network of dendrites when
latter are much smaller than the fibres;

tne

(2) Dendrites nucleating on the fibres and
growing into the interfibre spaces (hyper-eutectic
Al-Si alloys, hi ;51 alloys, Al3Ni};

(3) & primary phase that avoided the fibres
during growth. The second phase is found on the
fibres or between dendrite arms. This represents
the majority of cases.

Atter the composite 1s cast, it must cool to
room temperatute. Since the thermal expansion
coefficient of the metal is generally higher than
that of the fibre, tensile stresses can buiid up in
the matrix. This may influence the microstructure
of the matrix. In particular, the Jdislocation
density was found to be increased. This increase in
defect density was shown tu b2 responsible for an
increase in the aging response oi 6361 allcys with
B4C or SiC fibres.

The mechanical properties of the matrii have a
considerable influence on the properties of the
composite, especialiy in the off-axis directions.
The need for good cvontrol of the matrix structure is
therefore obvious. The na. .e and properties of the
interface are alsc of paramount importance in
determining the quality of the compusite. Both
Jzpend to a large extent on the matrix alloy and
processing. Studies concerning the tabrication,
evaluation, interface behaviour, and mechanical
properties of composites abound. Few, however,
address the solidification of the alloy ia any depth.

its

Another general feature of the compusite
microstructure sotidification provessed oy most
vendors and researchers is fibre distribution.
Although wrapped woven preforms are Jesigned to keep
the fibre in place, local movements take place
during solidification. Since the fibres are at best
poorly wetted, they teand to bunch into high volume
fraction clumps or clusters by the surface tension
forces and momentum of the in-tlowing liquid during
infiltration. This prohlem is most severe with
carbon fibres in Al watrices because of the low
cohesive strengths hetween the matrix and
intertface. Thus, «#hen twu fibres touch, we can say
that a defect exists of the order of two fibre
diameters. Thi<w, in part, explains the low
transverse properties of carbon fibre/Al alloy
composites.

’4

Future needs and directions

It is now an axiom of materials science that
there is a relation between materials microst:iacture,
materials properties, and the way the materia.; were
made, i.e, processing. These taken together detine
materials performance. It is only with a thorough
understanding of these relations that we will be
able to predict performance. We have many mote
opportunities for materials desiyn with composite
materiils. This opportunity is in many ways a cutse
in that a large data base will be difticult to
sbtain, given the large number of possible
vombinations. Thus, it is mandatory that we Jdevellp
tr2 models for both the behaviour and for the
processing of this new class of materials.

In solidification processing of metal matrix
composites, we have very little information on tre
relations between processing and metal microstructure
and evei less informaticn on the effects of thne
metal microstructure on the mechanical properfties.
This work should first be performed on model systems
and then Ye generalized to commercial syscems.

We have the opportunity to design a metal
matrix composite from the inside out. The review ot
the Avco SCS-2 fibre presented here is an exampie of
an early attempt to design a filament utilizing
fracture mechanics as a guide. This approach needs
to be made more sophisticated and extended to other
systems. There is not sufficient research bLeing
applied to understanding multifilament tow materials.

while we are Jdesigning the fib:re, we shuuid
also turn our attention to the matrix. Most matrix
alloys were develioped for other purposzs. However,
we have shown that a significantiy different
microstructure can be produced by countrolling the
sclidification rate. The low microseyregation
effects nuted with longer solidification times could
be exploited by developing more concentrated
alloys. 1t is also possible to affect the
wettability of fibres and fibre matrix ccmpatibility
thiough alloying. There is need for coumprehensive
alloy development studies to optimize these systems
for a number of generic applicatiouns.

wnile fundamental studier aze extremely
important, the manufacturing technoicyy for
sclidification processed composites is retarded
compared to diffusicn bending and powder
metallurgical approdaches. The emphasis of most LOD
telated programmes has been for demonstration
articles. Casting techology involves expensive
tooling and fixturing that may not be ccst effective
for producing a few parts. Thus, this technology
has seriously lagged. This can be corrected by
favouring technology oriented programmes over
component demonstration programmes. (Eatracted from
Ceramic Bulletin, Vol. 65, No. 2 (1986), article was
written by James A. Cornie, Yet-Ming Chiang,
Donald R. Uhlmann, Andreas Mortensern, and
Joseph M. Collins, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA, and kindly
provided to us by Professor P. Rohatgi)




Table 1

Fibre reinforcement for liquid-metal infi.tration

Strength Modulus Denssty Diameter
Fiber (ks1) (MPa) (hnr 10} (MP2.10°) (1b/ia")  (g/cc) % (sm)
AlLO,
(Safhl) 290 2000 43 300 0119 133 0.67 3
AlLO,
(FP) 200 1380 55 379 0.141 39 036 20

Continuous SiC
{Nicalon} 400 2760 29 200 0093 255 15 10-15
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Figure 1, Viscosity of selected molten metals
polymers and glasses Fiqure 2. Schematic section of SCS-2 fibre
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4. CHARACTMRIZATION OF PHYSICAL, MMCHANICAL, AND TRIBOLOGICAL PROPKRTIES OF METAL-MATRIX COMPOSITERS

wriitten by P.K. Rchatgi, R. Asthara and 3. Das

Since thete are very few generalized models
available ro: predicting the properties ot
metul-matrix-particulate composites, several studies
have been made to characterize the uindividual
physical, mechanical and tribologival propertiss ot
metal-ceramic particle composites. The densities ot
both pressure die cast and gravity die cast Al
alloy-zircon composites increased with progressive
additions of 2ircon particles, whereas graphite and
R1,C; (hollow particies) dispersed alloys showed
a decrease (tigure l1). The thermal expansion
generally decreased monotonically with inCreasing
additions of ceramic particles (tigure 2), and this
its a distinct advantage in applications such as
automobile pistons. The thermal conductivity of
Al alloys decreased with graphite additions, while
the electrical resistivity of mica-dispersed
Al alloys increased with increasing additions of
mica. Wwork carried out at Hitachi has shown that
graphite-dispersed Cu alloys pertorm better as
current collectors than the sintered base alloy,
since they combine the excellent conductivity of the
matrix with the wear resistance of graphite.

Several workers have shown that dispersions of
graphite and mica particles in several Al alloys
improved their damping capacities. Similar results
were reported for Cu-graphite composites. In
addition, the graphite-containing alloys were found
to retain their damping properties until very high
temperatures, unlike the other alloys. Effects of
microstructural parameters on ultrasonic velocities
and elastic constants of Al-Al,0; composites
have been reported by Madhava et al.

Hardness values of Al alloys containing soft
particles such as graphite, mica and coconut shell
char decreased whereas those containing hazd
particles such as alumina, zircon, glass particles
and SiC whiskers showed increase in hardness.

The elastic modulus of Al alloys containing
dispersions of alumina particles, short alumina
fibres, and zircon particles increased with
additions of these particles. Much higher increases
in modulus were reported when SiC whiskers were
dispersed in squeeze cast Al alloys.

The mechanical behaviour of several Al alloys
containing dispersed ceramic particles has been
extensively studied. In general, the tensile
strength of Al alloys in the as-cast condition
decreased with additiun of graphite, mica and shell
char. The tensile strength of many of the cast com-
posites followed @ two thirds power [3w with volume
fraction of dispersed particies (figure 3), Work

carried out at Hitachi has also shown that the tensile

strength of both Cu- and Al-base dalloys decreased
together with toe eloungation as a result of graphite
additions. However, the tensile properties of cast
metal-ceramic composites remained adequate for a
variety of applications as has been demonstrated by
actual life tests of beatings, pistons and current
collectors. In a limited number of cases, especially
where the matrix was pure ductile aluminium, improve-
menis in tensile strength have also been reported to
result from ceramic additions. Dispersion of alumina
particles, short alumina fibres, zircon particles and
SiC whiskers in solidifying Al allouys with or without
pressure led to improvement in strength. Many cast
composites, prepared by tne compocasting technique
and which were subsequently extruded showed tensile

strengths cumparable with that ot the matrix ali.y.
In some Cases improvements 1a strength wete toted.
Rohatgl and cu workers have reported that consider -
able lmproveaents in stresgth, Jductility .ad
hardness of Al graphite composites could be Otatnet
atter hest treatment, hot extrusion, rolliang and
torging. Trey reported detormation ot graphite
particles Into strinjers with aspect ratio as nigh
as 0 after hot working., Heat treatment ot cast
composites leads o consiaerable increase in thet:
strength and ductility. Tt is clear that Jjudicious
selection of (he matrix material and the disperscid:
and thermomechanicil treatment can lead to
strengthening etfects in cast metal-ceramic particle
composites. Heat treatment leads o stress relaxa-
tion, sometimes improveld bonding, and sphervidizing
of the second-phase particles, resulting in improved
ductility and mechanical properties. Detotmaticn of
the composites results in stringering, fibring,
fragmentation and alignment of the dispersoid. New
ceramic metal interfaces are generated during
Jdeformation, in additiorn to the interfaces formed
during solidification; there s substructure and
texture strengthening ot the matrix; and there is
decrease in porosity, all resulting in improvement
in the properties of the composite.

The length of chips prcocduced during the
machining of Al alloys is decreased considerably by
dispersions of graphite or mica particles. The
decrease 1n chip size will be of advantage in
autoumated, fast machining operations where long
chips get wrapped around the tool.

The fracture toughness of Al ailoys to which
glass and fly ash particles we.: added did not
change significantly as a result of particle
dispersioa. In several Al-Al,0; (MgO-coated)
composites fracture surfaces showed considerable
plastic deformation of the matrix.

The adhesive wear rates of Al, Al-11-8Si and
Al-16Si alloy castin¢s decrease with the addition
of Al,04 particles 100 pm in size (figure 4).
Pure Al exhibits much higher wear than the other two
alloys. Large (142 pm) alumina particles provide
maximum wear resistance. With a 5 per cent
dispersion of alumina, the wear rate of composites
is comparable with that of Al-11.8Si and Al-1€Si
alloys. Also, the abrasive wear rate of Al-5 per
cent Al,04 is lower than that of eutectic and
hypereutectic Al-Si alloys. The mechanism of
abrasive wear in these composites appears to be
material displacement by ploughing in pure Al, ang
chipping for eutectic and hypereutectic Al-Si alloys
containing 5 per ceat Al,03. The abundantly
available, inexpensive Al,04 can form a suitable
substitute for expensive Si to achieve improved wear
properties. Further, a combination of high streagth
and abrasion resistance can be achieved in Al -matrix
composites by random planar orientation of Al,04
fibres,

Several studies have demonstrated superior wedr
resistance of graphite dispersed alloys. Graphitic
AL Si alloys have superior wear resistance to pure
Al, Al Si and Al Si-Ni alloys when mated with a
rotating steel disc. The high wedr resistance of
graphite Al alloys is primarily a result of the
presence of graphite particles which act as a colid
lubricant. Those alloys with over 2 per cent
graphite when rubbing against a rotating steel disc
only 4t pressures in excess of 320 kPa require only
an initial 1 min of run in with lubricant. Tne




seizure tesistance of these compousites incteases
with graphite petventage. Above 2 petr cvent
graphite, these allouys can run under counditious of
boundary lubrication without seizure. In fact, the
test had to be stupped because ot heating of the
system, and no seizure occurred even though the
temperature at the interface was high enough for hot
deformation. wWork at Hitachi has shown that dry
wear ¢f Al- or Cu-graphite compusites decreased with
increasing graphite content. The reason for the
excellent tribolugical properties of graphitic Al
alloys is that the Al alloy matrix yields at low
stresses and deforms extensively which enhances the
deformation and tragmentation of the surface and
subsurface graphite particles, even after a short
running-in period. This provides a continuous

film of graphite on the mating surface which
prevents metal-to-metal contact, and hence ptevents
seizute.

Graphite additions also reduce the cuetticient
of triction at the mating interface and reduce the
temperature rise in wear pins. Actual bearing tests
have shuwn that the stabilization temperature of an
Al-graphite-particles compusite bearing is lower
that that of conventional bronze bearings under
identical conditions. Moreover, the oil
spreadability of graphite-containing alloys was
superior to that ot the parent alloys. It must be
noted, however, that at high volume per cent of
graphite (8 per cent) in composites made by
compocasting followed by squeeze casting, graphite
50 weakens the alloy that yielding occurs and a
severe rate of wear 1s maintained.

Figure 5 shows the temperatures of some
Al-Si-Ni alloy-graphite composites as a function of
time at a pressure of 365 kPa with continuous
lubrication and when the supply of lubricant was
discontinued after running for 1 min. For alloys
with 2 and 6.2 per cent graphite the temperature
reached a constant value after about 5 min. For
other alloys with 0-1 per cent graphite, the
temperature rise was steep when lubrication was cut
off and experiments were discontinued.

The minimum bearing parameter reached by
graphitic Al alloys based on Al-12Si alloy for
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two types of graphite of various sizes fall within a
natrow band when plotted as a function of graphite
content (figure o). This relative independence ot
the size and shape of the ygraphite particles is
apparently a result ot the extensive deformation ot
graphite during wear.

The weat tate ot Al Cu alloys cuntainiieg
dispersivns of mica patticies increased wil’ ~ica
cuntent as well a5 with bearing p:essure, 777 _:ibly
because of louss of lousely bonded mica particies.
The Al-Cu-mica compusite alloy bearing can run undet
boundary lubtrication, semi-dry, and Jdry conditions
whereas the mica-tree base alloy seizes. This is
because the loose mica particles releaci by bearing
pressure at the mating interface diminish
metal-to-metal contact and act as a solid iubricant
in the absence of any liguid lubricant film at the
interface.

wWear rates and the coetficient of friction ot
ALl-11.8S1 alloys coutainng up to 8 per cent shell
char particles under dry conditions of sliding
decrease with increasing amount of char particlies at
the low sliding speed of 0.5 ,s - (figure 7). At
higher speeds (5.38 ms‘l) the wear rate increased
with vol.-& shell char particies. The adhesion of
fragmented bits uf shell char particles on the
bearing surface reduced wear rate and the
coefficient of triction. Journal bearings made trom
this composite alloy could run successfully under
conditions of boundary lubrication without seizing.

Baner jee et al. have shown that the abrasive
wear resistance of Al alloys containing zircon
particles decreased, possibly because of blunting ot
the alumina particles of the abrasive cloth by
dispersed zircon. The wear rate of Al-25 per cent
zircon after ten passes was very similar co that ot
brass and steel (figure 8). Similarly, additions of
SiC, Al,03. TiC, SijNg, glass and silica
particles to Al alloys led to considerable
improvements in wear resistance. Under low-stress
abrasive wear, the wear resistance of cast
Al alloy-zircon composite was equal to that of
steel, (Extracted from International Metals Review,
1986, vol. 3., No. 3. The article was kindly
provided to us by Prof. Pradeep Rohatgi)
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5. PABRICATION OF HIGH PERFORMANCE POWDTE -METALLURGY
ALUNMINIUM MATRIX CONPOSITES

H.J. Rack, Materials Engineering Activity,
Department of Mechanical Engineering, Clemson
University. Clemson, South Carolina 29634-0921, USA

Abstract

Recent years have seen the development of a
wide range of high-performance discontinuously
reinforced aluminium powder metallurgy composites.
These materials have combined both standard wrought,
e.g., 6061 and 2123, and specialty matrix
compositions, e.g., Al-Cu-Mg-Li and Al-Fe-Ce, with a
wide variety of discontinuous reinforcements, e.g.,
A1,05, B4C, SiC, and SiC,. This paper
discusses the manufacturing procedures utilized to
fabricate these light-weight powder-metallurgy
composites. Emphasis is given to developing a
generalized framework for understanding the
interrelationship existing between thermo-mechanical
treatment and the mechanical behaviour of these
composite systems.

Introduction

Modern design procedures continually strive to
increase structural efficiencies through reductions
in either absolute weight or increases in the
strength-to-weight ratio. Figure 1 illustrates how,
for a cargo-bomber aircraft application, reductions
in material density, or increases in modulus
(stiffness), yield strength and/or ultimate tensile
strength, can be directly translated to reductions
in structural weight. For example, a 10 per cent
reduction in alloy density, which can be achieved
through substitution of Al-Li alloys for 2000 series
aluminium alloys, will result in a 10 per cent
reduction in structural weight. Alternatively, a
50 per cent increase in modulus, which can be
achieved through substitution of a Jdiscontinuous
silicon carbide (SiC) reinforced alloy for an
unreinforced wrought aluminium alloy, will also
result in a 10 per cent reduction im structural
weight. Indeed, it is possible to envision
combining these effects through the development of a
reinforced Al-Li alloy.

System trade-studies, such as outlined above,
have been the primary motivating factor in the
renewed interest shown in metal-matrix composites.
Initially, these investigations focused on
continuous fibre reinforced metal-matrix
composites. Wide spread industrial application of
these composites has however been limited by the
high costs of the reinforcement fibre, e.g., $300/1b
for B, and the metal-matrix component fabrication
process. Most recent attention has therefore been
directed towards commercialization of discontinuously
reinforced metal-matrix composites, notably silicon
carbide particulate and whisker reinforced aluminium
alloys, where low fibre costs, $2-20/1b, can be
combined with standard or near-standard metal
vorking practices. This paper discusses the
manufacturing procedures used to fabricate
discontinuously reintorced aluminium metal-matrix
composites, It further considers how alloy
chemistry and processing modifications are being
utilized to enhance their mechanical performance.

Billet fabrication

Two principal methods are currently being
employed to fabricate discontinuously reinforced
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pcwder metallurgy metal matriax composite billets. A
generalized flow chart illustrating the tirst of
these is presented in figure 2.

The initiai step in the manufacturing sequence
depicted in figure 2 involves proper selection of
the discontinuous ceramic reintorcement and the
matrix alloy. Selection criteria fo: the ceramic
reinforcement include:

modulus
strength

- Elastic
- Tensile
- Density
- Melting temperature

- Thermal stability

- Compatibility with matrix

- Thermal coefficient of ex)ansion
- Size and shape

- Cost

Powder-metallurqy aluminium matrix composites

Table 1 summarizes selected properties for a
wide range of possible discontinuous ceramic
reinforcements. Unfortunately much of the available
information is for a rather narrow temperature
range. This 1s of major importance if the composite
system is to operate at elevated temperature.

Elastic moduli, tensile strengths and densities
are of particular interest in establishing the
eventual structural efficiencies of the
discontinuously reinforced metal-matrix composites.
Chemical stability of the ceramic reinforcement,
including its compatibility with a suggested matrix,
is of importance for both end-use and comjp.:site
fabrication. For example, the matrix composition of
continuous fibre FP Rl ,0; reinforced Al must be
adjusted to enhance fibre wettability sincz Al does
not wet Al,03. This is conventionally done
through the addition of Li to the Al alloy matrix.
However, this reaction must be limited, i.e., encugh
to wet the fibre to promote bonding, without
reinforcement degradation either during composite
fabrication or utilization.

A consideration of the thermal mismatch between
the proposed reinforcement and matrix is esseatial
if the composite will be subject to thermal cycling,
for example, as might occur in an internal combustion
engine. The strain, v , developed at the interface
of a discontinuously reinforced metal-matrix
composice due to a single thermal cycle is:

4 < Dy T

where A4 is the difference between the thermal
coefficients of expansion for the reinforcement and
the matrix, and AT is the range of temperature
experienced during a thermal excursion. In order to
minimize strain accumulation, differences in
expansion coefficients between reinforcement and
matrix should be minimized. It is also important to
recognize that relaxation of these strains, by the
formation of a dislocation network, will alter the
response of a discontinuously reinforced
metal-matrix composite to thermo mechanical
processing from that experienced by an unreinforced
alloy.

SiC whiskers may be K (BCC) or a mixture of /5
and ‘X (HCP) phases. Furthermore, the whiskers




generally have o taulted nternal structure and an

irregular surtace, for the AMS 5iC whisker.
Finally, initial whisker lengths may range between
S5 and 0. m, tigure 3, and nurmaiiy contain 51

and or 51V, particulates as contaminants, table 2.

A wide tange of S1C particulate sizes and
shapes are alse avatiable.  Again, both O and
£3iC coystal structures have been examined as
possibile reintorcements. Figute 3 shows a typical
particle size distritution tor X SiC particulate.
The importance of selecting the apptopriate SicC
Size to powder size tatio hos recently been
demonstrated by ALCUA investigators. These
investigators showed that maximum toughness in
SiC, reinforced MBI8, 4 7000 series aluminium
alloy, was associated with a Jistinct SiC Al powder
sSize ratio, figure S.

Tabile 3 presents the chemical compositions of
several aluminium alloys that have been, or are
being examined, as possible matrix alloys.
Initially, standard wrought alloy compositions,
e.g., 6061 and 2123 were utilized. These were
prepared as either elemental or pre-alloyed
air helium inert gas atomized puwders.

Recent investigations have shown that that
minor alloying elements commonly included in wrought
alloys as grain refiners, e.g., Mn and Cr, are
unnecessary in discontinuously reinforced
metal matrix composites.  Indeed, they may torm
latge intermetallic compounds Jduring consolidation
and subsequent processing, these compounds beiug
detrimental to the composites’ tensile Juctility.

In addition, microstructural-mechanical behaviour
examinat ions of these alloys has shown that leaner
alloy compositions, that is alloys whuse compusition
Limits lie on the lower end of the standard wrought
alloy specification lLimit, develop a better
combination of strength, ductility and toughness.
Newer compositions have therefore eliminated Ma
and,’or Cr, and have rebalanced (lvaner)
compositional limits.

Other matrix compositions that have been
investigated include 7090, 7091, Al Fe Ce,
Al -Cu Mg Li. These alluys take full bencfit of
rapid solidification. However, they do require
modification ot the counsolidation and processing
procedures described below.

A Jdry or wet blending operation typleally
tollows selection ot the teinforcement and mateix
powder. If whiskers ot short fibres are to be
included in the composite this blending step must be
preceeded by deagglomeration ot the reinforcement.
C.J. Skowronek et. al. have shown that this
deagglomeration can be accomplished through
ultrasonic agitation of atcohol tibre suspensions,
wWhile the difference between the aluminium powder
and reintotcenent can be specified and controlled 1n
patticulate teinforced metal matoix composites by
sultuble selection ot powdet and particulate, the
same appioach cannot be utilized in short tibres:
whinker metal matriz composites. In the latter,
whisker tibre diametess tined within o rathes

range.  In these composites mproved
WOrR g procedures otter the only
potential tor minimizing the detoimental etfects ot
dissimilar powder and teinforcemeot diameters, that
15 hot cold deformat 1on teintorcement
mattix mixing.,

thie
Ge
AT W Si1Ze
mechantoeal

enhances

Final billet tabrication anvolves cold
corpaction, outgassing and hot 1sostactic of vacuum
hot pressing, figure 6. Cold compaction densities

81

should be contrulled to maintain open,
interconnecting porosity. The latter is extremely
important Jduring the outgassing stage of the
pressing ovperation. Wwhile the Jdetails of the
reinforcement powder blend ovutgassing procedures are
generally considered proprietary by the composite
manufacturer, they normally involve removal of
adsorbed or chemically bound water and other
volatile species thiough the combined action ot
heat, vacuum and inert jas flushing. For example,
outgassing of SiC reinturced aluminium metal matrix
composites involves removal of adsorbed water trom
both SiC and aluminium, as well as chemically bound
water from the aluminiun alluy. The principal
reactions occurring during this outgassing process
are given in table 4, where H, and H,0 are the
primary gaseous reaction products and Al,0, is

the primary solid product.

The exteat ot these reactions during outgassing
of SiC, and SiC, reinforced 6061 Al blends is
shown 1n figure 7. These results suggest that the
outgassing teactions ate a function of the
reinforcement surface chemistry. Other
1nvestigators have also shown that the details of
the reactions listed in table 4 are scnsitive to the
Al alloy chemistry.

Once the desired isothermal temperature is
reached, final consolidation is accumplished by
pressure application. Selection of the
consol idation temperature is typically based on the
need to minimize the pressures necessary for
complete consolidativn without degrading the powder
matrix. Preliminary data also suggest that dynamic
compaction may be an attractive alternative when
dealing with highly unstable rapidly solidified
aluminium alloys. Furthetmore, while both solid
state and mushy zoune ccnsclidation temperatures have
been emplouyed, growing evidence suggests that higher
tensile ductilities can be achieved following solid
state pressing.

The second metdal matrix billet manufacturing
procedure currently being deveioped by ALCAN
irvolves direct incorporation of the ceramic
reinforcement in the matrix alloy as an integral
part of the QOsprey process, figure 8. while details
of this process are still under development, 6 in.
diameter SiC, reintorced Ac-Cu-Mg-Li alloys have
been produue%. These biilets have contained SicC
having a mean Jdiameter of 13 um and size range
5-20 pm.

Atter consolidation metal-matrix composite
billets are homogenized, scalped and inspected.
Typical inspection criteria assure 98 per cent
theoretical density prior tu subsequent processing.

Consolidated billets, typically 98+ per cent
theutetical Jdensity, cun be fabricated into 4 wide
variety of shapes utilizing standatd metal working
equipment . Primary working operations involving
rolitng, eitrusion and torging have all been
demonstrated.

Measutements ot whisker orientdation also
suggest thar only moderate extrusion ritio's are
required for essentially complete alignment of Syl
whigskers, figure 9. Wwhile this alignment can be
beneticial, for example, near tule of mixture
elastic moduli can be attained in properly processed
extruded whisker teintorced aluminium alloys,
figure 10, 1ts presence does result in a highly
anisotropic fracture behaviour,




The attainment of maximum usetul wotk, as
defined above, is a necessary but not sufficient
condition for establishing optimum deformation
parameters. For example, Gegel el. al. have shown
that this maxima in 2124 reinforced with 20 volume
per cent SiC whiskers, is associated with nearly
complete dynamic tecovery, higher temperatures and
rates leading to incipient melting, lower
temperatures and rates to dislocation accumulation.
In contrast, it is now well known however that
maximum toughness in wrought aluminium alloys is
generally associated with an unrecrystallized grain
structure. For example, further experimental
examination of the microstructural conditions
associated with proucessing of SiC reinforced 2124
has resulted in the deformaticu temperature beinyg
lowered to 400°C.

Secorndary processing

Secondary processing procedures have included
shear spinning, superplastic forming and joining.
Figure 11 illustrates that elongatious in excess of
300 per cent can be achieved in SiC reinforced 2124
through proper selection of temperature and strain
rate. Of particular interest are the rather high
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strain stress associated with superplasticity in
reinforced aluminium alloys when compared to other
structural materials,

Finally, reiunturced aluminium composites may Le
welded using a variety ot processes, providing that
the composite is initially given a vacuum heat
treatment to minimize entrapped gases.

Summaty

This popet has reviewed the two primary
powder-metalluryy based tabrication methods
currently under Jdevelopment for discontinuously
reinforced aluminium metal-matcix composites.
These pro-edures have a wide range of flexibility
with eact stayge ot the manufacturing process
ultimateiy haviag an etfect on mechanical,
physica’ and environmental properties. while
many of these ettects are not completely
undersiovod current knowledge does exist for
fabri~ation ot billets up to 500 lbs. Future
advancements in manufacturing technology should
allow this sice to increase as the demands of the
market increase. (This article was kindly provided
by Prof. Pradeep Rohatgi)




Table !

Properties of selected ceramic reinforvements

Ceramic Coefficient Strength Elastic Modulus
of Expansion (ksi) (mpsi)
(167°,°F)
BeO 4.1 3.5(2008°F) 27.5(200C°F
MgO 6.45 6.0(2000°F) 22.0{2000°F)
ThO- 5.3 26.0(2000°F) 29.0{2006°F)
UO- 5.3 - 25.0(2000°F)
: Zr62 6.67 12.0(2000°F) 19.2(2000°F)
CeC» 6.9 £5.4(75°F) 26.8(75°F)
Al203 IR 32.0(2000°F) 55.0(2000°F)
. TeSis 6.0 - 49.0(230C°F)
MoSis 4. 85 40.0(200C°F) 40.0(2300°F)
WSia 5.0 - 36.0(2000°F)
TiE» L.6 - 60.0{200C°F
Zrba 4.5 - 73.0(25 o F)
TiC L.22 §.0(200C°F) 39.0(75°F
ZrC 3.7 13.0(200C°F) 2.0(75°T)
HfC 3.7 - 46.0(75°7)
Ve 3.98 - €3.0(75°F)
NoC 3.8 - L9.C{75°F)
TsC 3.59 - 33.0(75°F)
MeaC .22 - 33.0(35°F
we Z.83 - $7.0(75°F)
B.C 3.36 4L05.0(75°F) €5.0(75°F)
siC 3.00 1216.0(75°F) 47.0(200C°F)
AIN 1.69 . 300.0(75°F) 45.0(2000°F)
Table 2
Chemical composition for AUMC SiC whiskers
Grade
SC-9 SC-10
Whisker content, % 80-90 70-80
Particle content, % 10-20 20-30
Element (ppm)
Ca 3700
Mn 2400
Al 1300
Mg 800
Fe 500
Cr <50
* Ni <50
K <50
Na <50
. Cu <28
B <10
Li <10
Ti <10
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Table 3

Chemical compositions of aluminium powders

Element
Cu Mg Zn Si Mn Cr Fe Ozher
Al-Cu
2219 6.74 - - - 0.4 - 0.05 C.12v
Al-Cu-lg
2124 L.65 1.60 ©.01 0.04 0.9 - 0.3 -
2124LHP L.65 1.5 0.02 - - - 0.1 -
2048 3.73 1.77 - - - - 0.03 -
ACM1 2.95 1.37 - - - - - -
ACYM2 3.26 1.25 - - - - - 0.1 2r
ACM3 3.67 1.84 - 0.14 0.2 - 0.2 0.8 ir
Al-Mg-Si
6061 0.35 1.16 c.02 0.77 - 0.22 0.32 -
6013 0.75 1.15 - 0.94 0.22 - 0.1 -
Al-Zn-tg-Cu
7075 1.5 2.5 £.5 - - 0.30 - -
7090 1.2 2.5 7.8 0.C5 - - - 1.4 Co
7091 1.€ 2.4 5.65 ©0.02 0.01 - 0.27 0.4% Co
SX2 60 1.33 2.35 .7 c.1 - - 0.06 -
SX4 90 1.31 2.49 7.8 - 0.02 - 0.03 -
AZMC1 - .79 3.56 - - - - -
AZMC2 0.68 0.95 4.18 - - - - -
M378 2.0 2.0. 7.0 - - - - G.is Zr
A:-L1
AL1 - - - - - - - 1.0
A32 - - - - - - - z.0
AL3 - - - - - - - 3.0
Al-Mg
5082 - L.3 - - 0.7 - - -
Al-Cu-Mg-Li
oMLl 0.61 C.85 - - - - - i.66 Li
ACM.2 ¢.¢3  G.¢é8 - - - - - 1.0 Li
ACML3 1.5 1.0 - - - - - Z.e il
ACML4 3.0 1.0 - - - - - 1.6 Li
Other
Al-Fe-Ce - - - - - - 7.7 4.2 Ce
- - - - - - 5.6 L.6 Ce,
0.5 W
Al-Fe-Mo - - ~ - - - é€.1 1.5 Mo
Al-Fe-X - - - - - 1.8 4.5 4.5 N:
Al-Cr-X - - - - 0.8 3.8 - 1.3 2=
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Table 4

Chemical resctions occurring during heating of
aluminium powders

> 10C°C .
Ala03 * 3H20 -----==-- -~  Al203 « K20 + Ha0(g)
> 40C°C
Al~03 * K20  —===--—= - Al,03 + Ha0(g)
> 200°C
241 + 3Ha0  —--mmme- - Ala03 + 3MHy(g)
24} + 6Hs0 W —---=—m—- -+ Ala03 - 3H0 + 3Ka2(g)
Table 5

whisker aspect ratio as a function of processing

Material L/D
Powder/whisker blend 19.8
36:1 Extrusion Ratio

kound-to-Round Through 18.0

Streamline rlow Die
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Figure 1. Pesrformance enhancement related structural weight

reductions in cargo bomber aitcraft applications
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Duulo:out ion
Metal Powder - Hix:n;
Billet Con:ol idation
llo.ogen:ut ion
Sccl;in;
Inspe:t ion

Figure 2. Powder-ceramic reintorcement blending sequence tor
discontinuously reinforced metal matrix composites
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6. MNULTI PILANENY, CONTINUOUS SIC PIBRE *MICALON® REINFORCED
ALUMINIUN COMFOSITE WIRES

(Yoshikazu Imai, Hirosai lchikawa,
Toshikatsu Ishikawa,
Nippon Carbon Co. Ltd., :-t-1 Hacchobori,
Chuo -ku, Tokyo, Japan)

obstract

Multi-filament, continuous silicon carbide
fibre NICALON produced from polycarbosilane, an
organosilicon compound, possesses outstanding
characteristics, such as high strength, high
stiffness and high temperature stability.

NICALON is expected to be one of the best
reinforcements for metal matrix composites (MMC).
Now, under the MITI's project ot Basic Technology
for Future Industries, we have furthered research
and development of a NICALON and aluminium composite
wire, which can itself be fabricated into a metal-
matrix composite, or can be used as the preform
material for fabrication of metal-matrix composites
by hot pressing, rolling and casting.

At the present, an approximately 130 metre lony
preform wire with a tensile strength of 1.5 GPa at
room temperature and 1.35 GPa at high temperature
(723 K) for pure aluminium matrix and 1.65 GPa both
at room temperdture and at 723 K for Al-5.7 wti Ni
eutectic alloy matrix, is available from a pilot
plant.

On top of this, we have realized that this
preform wire has other outstanding properties.

Therefore these result to exceed the project's
targets of tensile strength 1.47 GPa at room
temperature, and a heat resistant temperature of
723 K.

1. Introduction

The main commercial products of NICALON are
supplied in the form of continuous yarn of 250 or
SU0 filaments by Nippon Carbon Co., Ltd.

Some typical properties of NICALON are shown in
table 1. The single filament is very fine and
flexible, which enables it to be made into cloth and
other secondary products. It is also possible for
it to be used fur a composite material of various
complicated forms. These characteristics of NICALON
cannot be found in large diameter filaments made by
chemical vapour deposition (CVD) such as boron and
silicon carbide fibres. Different to SiC whiskers,
NICALON is a continuous fibre, therefore, when used
in composites, its strengthening efficiency is very
high., And alsou, NICALON is said to be comparatively
well compatible with aluminium. So it is expected
to be e of the best reinforcing fibres for MMC and
now beiny widely resesarched. But indeed though much
expectativn has bLeen placed on fibre reinforced MMC
materials the realistic progress on their
development has hardly been satisfactory. This
development faces many problems: in particular, the
difticulty 1n develcping an effective fabricating
method of MMC with muilti filament continuous fibre.

In order to solve this problem, in Japan a
national project has heen carrying out Jdevelopment
of the fabricating method for MMC under the
management of the hesearch and Development Institute
of Metals and Composites for Future Industries
sponsored by the Agency of Industrial Science and

Technology, MITI. The oryganization for MMC in the
compusite project is shown in fige e 1. The targets
for MMC, as shown in table 2 and figure 2, are
tensile strength and high temperature resistance.

In the MITI's project the fabricating method was
characteristically divided into two parts:
“composii.e-made prucess® and "forming process".
Thus, in the former, a cumposite-made technolugy has
been developed to produce the composite-made wire,
called a Prefurm Wire, because a wire is regarded as
the most basic material form. And in the latter,
using this Preform Wire, a wide range of forming
technology were incorporated to produce different
forms of MMC products.

Concretely, une of the aims of the MITI's
project was to develup the wire of an aluminium
matrix composite using NICALON as a reinforcement.

The targets of the wire are a tensile strength
ot over 1.47 GPa at room temperature, and over
1.32 GPa at 723 K.

At the present, the targets have virtuslly been
reached by Nippon Cartbon Co. Ltd.

2. Experimental procedure

NICALON was used as the reinforcement, while
either pure aluminium or an aluminium alioy was
used as the matrix. The cumposition of the alloy
was Al rich - Ni which is a unidirectionally
solidified eutectic alloy, called "in-situ
composite”. The composite wires were continuously
made by the liguid metal infiltration method. As
can be seen from table 1, NICALON has a small
filament diameter and there are 250 or 500 f:laments
in one yarn.

Therefore, when making a composite wire, it is
necessary but hatd to infiltrate the many fine gaps
between the filaments with molten aluminium matrix.
The manufacturing process, in short, involves
treatment where the sizing agent of the fibre is
removed;: sufficient spacing between the filaments
is made; the gaps are complete’y infiltrated with
the molten matrix; then a yarn is pulled out
continuously through a nozzle with a small hotle;
and finally, a yarn, that is already composite-made
wire, is wound unto a drum.

Mecnanical properties of the composite wires
and the Sii’ fiLres betore and after the composite-
made process wete measured Ly tensile testing.

The microsttucture of the wires and the
exteriors of the extracted fibres were undertaken by
scanning electron microscopy (SEM). Also the
fracture surfaces and cross sections analysis of the
wires were done by SEM.

Al - Al N1 eutectic phases in Al-5.7 wts Ni
matrix, was observed by SEM after etching.

Fibre volume fractions (V) of the wires were
calculated Ly measuring the weight of the extracted
fibres after the mat:ix was dissolved out. The
tensile strength of the wires at high temperature
wete undertoken by means of the tensile tester
equipped with an 1nfrared quick heating furnace.
Edach test specimesn was measured after being
maintained in 4ir for tive minutes at the set
temperature.
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terperature before tensile tests were carried cat
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Table 1

Typical properties of silicon cartide
continuous fibre Nicalon®

PROPERTY VALUE
FILAMENT DIAMETER 12, lSum.““*_W )
C20SS SECTION ROUNO ;
FILAMENES . YARN } 250. 500

70. 2002 1.200m

TEx
»—Di—N;l-IY T 2552 . cm1 V
i TEMSRE SIRENGTH 2500 - 3.000 mPa 7
TENSILE MODULUS 180 - 200 67 1
MAX USEABLE TEMPERATURE 1250 °C T
COEFFICIENT CF THERMAT . J1xi0 §°°C

EXPANSION

Tabie 2

Target ior FRVM (MMC)

! {13 KEAT RESISTANT TEMPERATURE
T2 K H4sCTC
€2, TENSiLe STRINGEH-

141 CRztiSomtraint)

Table 3

Properties of Nicalon®-

aluminium composite wire

PROPERTY VALLE
CROSS SECTION ROUND ROUND
DIAMETER g Smm [+ J:n—
TEX CQUNT 550¢/1000m i70g m—fm:
TENSILE SIR(N—G;;- 1200MP3 150CmPa B
TENSILE MODULUS €, 116GPa 140GP, B
TENSILE MODULUS €, 80GPa 850Ps
FIBER VOLUME FRACTION ASVal% S0Vot*s n
MINIMUM LDQP DIANETER 30mm —20_'";

(MATRIX I PURE ALUMINUAY

Table 1

Characteristics of Nicalon composite wire

and typical structural materials

oensiry | TENSILE | ensie T seeciric T seeciric

MATERIALS Y { moduLus | sTRENGTH | STRENGTH | MODULUS

g cm GPa MP32 io‘cm_ _lg_f_cln_
A S1 4340 a0 200 1760 22 25
AL 7475 27 ? 570 21 26
Tr-6AL4Y 44 110 1290 29 25
INCO 718 82 210 1430 18 25

17-7PH ‘2 200 1340 1|
NICALON® AL WIS0%5 | 26 140 1500 | 57 5a
COMPOSITE WIRE VI45% | 26 130 1200 46 <0

{ 25EnCY ™0 :NDUSTMAL SCENCE AKD TECHNOLOGY MiTt i
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7. CONPOCASTING AND SHAPK FPORMING OF METAL NMATHIX COMPOSITES

(Franck A. Gilrot, Prashan. Karandikaz,
Azar P. Majid: and Tsu «ei Chou,
Center for Composite Matertals

University of Delaware
Newatk, DE 19/1lo, 'ISA)

Abstract

The influence of processing variables oua the
structure and potosity of rheocast and squeeze cast
Al-1.5Cu alloy reintorced and unreintorced has been
investigated experimentally. Two rheocast
conditions have been considered: continuous couling
and isothermal stircing. Processing variabies wete
vatied as tollows: stirting speed from 253 to
900 rpm, stirring temperature between liquidus and
640%C, isothermal stirring time trom 0 to 30 min,
and volume fraction of tibres from 0 to 20 per
cent. The porosity countent increases with
increasing the stirring speed or the stirring time,
but decreases with increasing the temperature.

The viscosity of these materials has been
investigated using a rotational viscoseter, and
corzelated with the processiug parameters. The
viscosity of the alloys and the composites incieases
with increasing the volume fracticn of the so0iid
phase or “he fibre vclume traction, but Jdecreases
with increasing the shear rate.

An additional torming opetation, v.g., squeeze
casting, was used t2 solidify under pressure the
alloys and the compcsites in order to decrease the
porosity content. The microstructure of these
materials showed the beneficial eftect of the
pressure on the structural refinement and
homcgeneity of the sgueeze cast parts.

1. Introduction

The technique of rheocasting has been Jeveloped
during the past few years, and published work is
available providing basic fundamental and
possibilities of application.

The rheocasting process consists of vigorously
agitating a semi-solid alloy beture casting 50 that
the primary phase is non-dendritic jiving a slurcy
with thixotropic properties and leading to a
globular microstructure in the solidified alloy.
During the stirring, fibres can be added to and
retained by the melt :egardless of wetting and
without phenomena such as flocculatiun as it occurs
when the alloy is completely liquid.

Combining fibre incorpcration and rheucdasting
enhances the difficulties related to each of these
two Gperations. The woust imposrtant problem is the
incorporation of gases within the semi-solid metal
whicn lowers the mechanical perforaance of such
materials. Purthermore, the relatively bigh
viscosity of these slurries Jovs unot allow the use
of conventional casting proveassvs.

The aim of the present contsibution 13 to
determine the effect of the processing parameters
during theocasting on the purosity content in otder
to optimize the processing conditions. Viscosity
measurements will allow us to Jetermine when the
difterent slurry are caztable and how we van
incresse Lheir tluidity., PFinaliy, the sgueele
casting technigue 13 used to 30130y and form under
pressure the materials.

Industtial processes for the manctacturing oot
metallic products are usually conducted in
envitooments cContatniug soutces ot hydr: gen shich
Can contaminate susceptible metals by gas
abs. rption. The entrapped gases, even in (race
quantities, usually generate unscound castings with
mechanical weaknesses. For example, the presvace ol
1 per cent porosity in an AL 4.5Cu alloy leads to a
20 per cent decrease of 1ts TS, buring the usual
rheocasting procedure, the vortes which 1S generates
by the stirrer facilitiates the entrapment of gases
in the slurry. This gas atsorption is all the more
1mportant as tibres are added tou the melt at the
same time. So. an adequate vontro! of the
contamination {2 puerosity coutent below 0.75 pe:
vent is pmecessary to obtain sound Al-3.5Cu castiags)
s 0! particular amportance tur the successful
manufactur ing cperation.

Aluninium alioys which ate cast by a
conventional c¢r rheocasting rcute retain all the
dissolved hydrugen they may contain. But be.cause
the solubility of hydrogen is less in the solid ihan
in the liguid aluminiuam, during solidificaticn a
pirt of the gases is expelled frcom the growing solid
and is trapped in the adjacent liguid, generating
two different types ot porusities: wmalvix porosity
and interdendritic porusity.

Porosity measutements have been carried out by
using an image analysis technigue on different
specimens (reinforced and unreinforced) processed by
rheovasting for different stirring speed, stirring
time, temperature, anJg fibre volume fraction.

Figure 1 shows the evolution of the porosity
content as a function ot the stirring speed at
different temperatures four the unreinforced alloy,
in continuously cooling experiments. It appears
that the higher the stirring speed the higher the
purosity content, particularly abuve 500 rpm.
Indeed, at high stirring speed, the vortex which is
produced by the stirrer is so strong that it
geaerates a turbulent flow leading to the entrapment
of more and more gases. This effect is all the mure
important when the temperature of the slurry is
low. In that case, the visccesity of the slurry is
s0 high and the flow so0 turbulent that porosity
content in the material incresases exponentially.

In the case of isothermal steady state
experiments, the results point out that the stirring
time dces not affect the porosity level for low
stirring speeds (figure 2). However, when speed
increases, the porusity content becomes strongly
time dependent.

For aluminium slloy -alumina compounds, the
porosity depends strongly on the volume fraction of
reinforcement (figute 3): the higher the fibre
content the mure viscous the slurry favouting the
entrapment ol gases.

This effectl becomes strunger at high speed
Lecause of o mure severe vortex and a turbulent flow.

These different results clearly show that it
will be Jitficult to stir the slurry at a sutficient
speed (ar3 shear rate) which allows the
incorporation and the Jispersion of the fibres
without any Important incrfedase .t the putosity.




Only compounds with low voelume traction processed at
high temperature (o115 25J°0) will exhibit a good
rnvegrity after casting and soliditication (porosity
level beiow Y.73 per cent).

3. Viscosity

The rtheccasting Jdevice prev.ce: ly described
was used in this study to meassre the
apparent viscosity ot the illoy with or without
tibres.

The viscous torgue T applted on the stirter
durtng continuous cooling was Jdetermined by
measuring the current to the motor necessary to
maintain its speed (aud the shear tate).

Ouiy continuously cocled vaperiments were
carried out, leading to the fullowing general
cbservations.

The viscos!ty ncreases rapidly below the
liguidus temperature of the alloy (650VC) according
to different works reported ia the literature. At
the ligquidus temperature, the appirient viscosity ot
the slurry is very low similar to the viscosity at
Casting temperatute (some centipoise), as
illustrated on figure 3.

As the temperature decreases and liguid alloy
solidifies, the apparent viscosity increases slowly
at first and exponentiaily as the volume traction of
solid becomes significant (abuve 0.20). Figure 5
also shows that at a gives covling rate, the
viscosity Jdecreases with increasing the shear rate
or stirring speed.

At low suolid volume traction, the apparent
viscosity is well Jescribed by the two first terms
of the abuve eguation while for solid volume
fra-tion greater than 0.25-0.3 the last temm
becomes the major contributor to the apparent
viscosity.

Figures o and 7 show that the presence of
fibres within the aluminium alloy increases
significantly the apparent viscosity of the
whatever the temperature. [t must be noted
fibres were Jdispersed within the matrix and
phenomenon of flocculation did not occur.
FPurthermire, increasing the shear rate leads to a
same decrease of the apparent viscosity as for the
unteinforced alloy. But in the case of reinforced

compound
that the
that the
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alloys, this decrease occurs whatever the
temperature, even 2oove the ligquidus point.

1. Formiag

is reheated when its
into the die cavity

After stirring, the siurry
temperdture is too iow and casc
of a squeeze casting Jdevice. The punch i1s then
lowered, it torms the part as it descends into the
die cavity and finally holds the metal under high
pressure until solidification is compleie. The
component is then removed from the Jdie and the
tooling is leaned.

The str.ctural refinement arl nomogeneity cof
the squeeze Cast materials (solidified under a
o0 MPa pressure) is evident and increases with the
fibre coatent.

As 1n the case of compocast materials, the
tibrtes are locate’ 1 the intergiovbular spaces.
During pressing fibres are coriented, and the
resultin~gy texture is transverse isotropic: tivres
are rar.aomly oriented in the planes perpendicular to
the pressing direction, with no fibres in the
pressing Jirecticn.

Furthermore, the quality of the materials are
definitely improved since pressu:e closes the
Jitterent putosities leading to sound materials.

5. Conclusions

The porosity of rheocast materials depends
greatly on the stirring speed, the temperature of
the slurry, the stirring time and the fibre
content. It means that the manufacturing of
alurinium matrix composites with a high volume
fraction of fibres will lead to materials exhibiting
a high porosity content. Furthermore, it has been
showr that the viscosity of such compounds is very
high but can be decreased by reducing the fibre
aspect ratio or increasing the compound temperature
just before casting. However, it is necessary to
use a complementary techniygue such as squeeze
casting to form the composite. This additional
technique presents the advantage of decreasing the
porosity content, leacing to high integrity, close
tolerance parts with a very fine microstructure.
(Extracted from 33rd International SAMPE Symposium
[(Society for the Advancement of Material and Process
Engineering, Covina, Californial, 7-10 March 1988)
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designa and
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metallurgioal Rl commanity has been Lusy lately.

prodiction te

Honeyooat: and c.thet
structutes ate the hilghest strength €

sadaio b compoeaite

weight and

stittness (o Weight materials systems avallabive
|

tuday.  These nighly elfliient Cobpusites, ot
laminaie=s, Cenolst ol g core s i the case (1
honeyoomb, 4 core structure tonded to o catet
skins.  Typioaliy, these malerllis ate in the race

to be selected tor ligntwelght,
dimensional, structural applications.

basically two

hand, metal matoiax
olter not by high streagth o
Lo Wweight ratios, but alss ertremely good high
temperature propettics.  These materials wiil be
competitive fTor an Lmpressive array ot applications,
ranging from airtrane structdres to internal-
comt:ust lon engliune prstons,

On the ctler omposites

welght and stiftuecs

gtronger aluminium honeys

Aluminium is a popular honeyomb cure
mater1al. It provides o high strength to weirght
rati1o and bonds readily to most skin materials.
Unfortunately, when ytaphite is used in the skin
material, as in graphite tibre reinforced composite
skins, diuminium becomes susceptible to galvanic
cortusion.  Under prolonged exposure to heat and
humidity, the aluminium core degrades (1n 15 Jdays or
less) and tails at the skin vore intertace, unless
the asluminium fecelves an anti corrosion coating.

1s o atudize the
aluminium in phosphoric acid betore coating it with
the corrosion resistant primer. Oftered as a new
product by Ametican Cyanamid, PAA Core honeycomb is
sa1d to be completely resistant to corrosion Jdamayge,
but in addition, the pre treastment signiticantly
strengthens the alhesive banding ot the core and
between the core and skin., The interface bond i3
mote than tripie that of the bund between untreated
aluminium, And the bund does act fuil atter three
months®' exposure to heat and pumidity, since the
coating and treatment protect the aluminium from
galvanic damage from electrolyte tluids that are
crested Letween the metal and the graphite 11 the
vompus ite skin,

A new technigue, however,

A third ingredient o many honeyoomb systems 1s
filler 4 foamed polymer or glass Cibre teinforced
polyme: i the celis. Hydrophobic polyimide toams
are now used to help teduce corrosion, since these
materials Jdiscourage water build up within the
A typical material, Hexoel's Atrlite oub
closed cell pulyimide, provides less than 3 per cent
mossture plokup by weight oot o607 (13u"F) and 98 per
cent relative humidity.  Polyimide foam also is
specitied because 1L 15 non thaamable, genetates
Tittle smoke, ant can withstand ap to 2600 (500 °F)
Contindous service,
thermal insulation,

cells.

Polyimide, aluo provide good

Lilles
somnl at.sorption,

Gla.. tibre teantotoed o dnn tor
Watertal osle now being used tod
eapeially important fog
applscations sach o as a1 aft,

hoergeomb used an paneling
Aramid t.am 15 used

smoke generation and Lo Teduce thermag

to e .’

conductivity.,

isgue honeycoms application,

In addition to the obvious and well docamented
stractutal applications for Laminates and honeycomb,
4 number of unusual applications, hased on Secondary
chatacteristics or properties, hese omesqged.  For
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8. ADVANCED METAL CONPOSITES ON THE NMOVE

example, ores e Pilled with fibreglass ot oo
patting material and the resulting compusite can be
used to Jdeaden sound o vitration.  In ocne

applicat:ion, the skin oo o side ot 2 panetl

contains small holes throngh wnick sound enters and

15 absorbed by the batting

it honeycomt cells,
These paneis are used to reduce noise 1 atzorare
arad around engines.

Metal composites also are teing used *o pro
clectromagnetic and radio trequency interterence
(EMI, KFI) shiciding ot large enc.osures and even
buildings. Cells can be "tuned” ty adjusting thelr
size et length te attenaate
level. For example, 1n 12 hexagonal
the cell wiidth (measured across the hexagon) eduals
the cell length (measured between the nner surtaces
of the skins), attenzation is 30 db. For a ceil
toar times as long as its wiith, attenuation 1s
wearly 110 db. A housing tor
controls that requires some load bearing
capabiiities as well woeuld be an idea: application
for these materials. Metallic laminates and
honeycomb conduct heat, and thereby can be used In
applicativns where insulation is not Jdesired.
Ceilular cores contatn alr, so heat conduction can
be by radiation and convection as well as conduction
through the metal in the core. In applications
whete stability and tesistance to buckling must be
maintained in the presence Of temperature
ditterentials, metallic panels made of these
materials will attain thermal equilibrium on both
skins and they will not bend or Jeform trom
varying amounts of thermal expansion. In addition,
these muterials can be specified in applicatiovns
whete heat transmission is requizred.

2 specific wave voergy

honeyuoonb, it

Cump.uters or sensitive

On the other hand, polymer laminates and
huneycomb can be used for the opposite appliosr ton:
insulation. wWith cells filled with insulating
batting, an atamid reintorced honeycomb panel witers
thetmal conductivity as low as 0.056 W.-m.K
{O.4 Btu in. hr ft* “F.

structutal laminate

W

Aramid Aluminium Laminates, or ARALL, reptesent
a new family of hybrid structural composite systems
that provide a combination of extremely light weight
with high fatigue and tracture resistance far
better fatigue resistance than solid gluminium,
Londer commercialization by Alcoa, the cumpusite
basteally constute of thin sheets of aluminiue
bundel with adhesive impregnated aramsd tibres.

While many vativties of
nossible, the first gereration versicn consists of
th:ee sheets ot 0.3 mm thick (0.012 yn) JU?YH Te
aluminium alternating with two layers of
unidirectional aramid 1ibtes mixed with epoxy
sdhesive tnoa 500450 tatio by weightl .
otiented 1o the rolling ditection of the aluminium
sheet.  With an overall thickaess ot 1.3 am
(.69 in,) the matertal has o density of
S g oemt (ULOBS 0L in. '), 38 per ceat lowes
than ai eguivalent Lolid sheet ot 2470 T6 aluminum,

the composite ate

The tibies ate

The aramid Libre, are Spehited for many ot the
laminate’ s appealing properties.  Fiacture 3treagth
13 high, for inatance, becaunes 5tie ses a4t the tips
o cracks that dnitiated 3n the metal as a fesuit o!f
fatigue (cyelie laading) ase traniterted {ram the
metal to the stronger fibres where they are
arrested,  Sleog s working witn taminates of
towgher sluminium geades 50h as 2023 Ty oand 7474 Te
to ohtain higher fracture stiengths, n additaon,
versions #ith ctons 1y fibre otaientations have been
prnpn:‘.vr’ to amnrove impact o snetgy absorpt ion,




In many ways, this hytrid maletlal Lebaves N
tibte teintorced polyme: matlls. Somposites.  Many (1
the propetties ate directionsl, based n fitre

Srientation. Tens:ile strength, tor eadmple, 1S “ely
directional, ranging trom abeut 00 MEa (DIC,000 pE)
in the longitudinal directlon t. 33¢ MP: (93,004 Esi)

for wlrimate tensile
[AER .

Transverse

in the transverse Jdirection
strength and e%2 MPa (94,00
323 MPa (47,000 psi)
Compressive yield strength, bowever,
370 MPa (54,000 psi) regardiess ot Jiredtion.

ttadinan o

si t
' strength.

around

These propetties Jan te compated with S72 MEa
{83,050 psi) ultimate, SI0 Mia (74,000 psi) tensile,
and 903 MPa {73,000 psi) vomplessive strength tor
solid 7U759-Ts. [he propert:ies ! the laminate ate
said to remain stable over 4 teMperdtute range ot
-34 to +82°C (30 to +180°F) 4 varlety ot
conditions such as high humidity, salt spray, and
thermal cycling.
negligible.

Utide !

Weight gain dee to meisture is

direct . the ARALL
composites offer fatigue streagth nearly 3G per cent
above that of solid 7079 Te a2luminium.  In the
transverse dirtection, stresses dare comparable but

the litetime the composites is shorter, since

the fibres provide littlie <7 no reinforcement in

this direction. Jompressive residual stresses can

be added *o the material by prestraining, thereby
increasing the stresses regquired tot crack initiation
ard further improvement of fatigue strength.

Tested in the fitze .

* 5T
tor

And they work like metals

These laminates are 1 the same league with
carbon-fitre and similar advanced high-strength,
lightweight compusites. However, with metal as a
major constituency, ARALL laminates otfer a numbe:
of advantages. Fur ezampie, they can te inspected
by traditional *echnigues. since many torms of
damage would be revealed in tne torr ot plastic
deformatiorn. of the duter plastic layets.

Thanks to theit melal the Jaminstes
~an be formed at any time during their life cycle,
unlike thermoset pclymer matrix materials that are
rigid after curing. Theretore, they can be
fabricated Ly most metalwoiking teonnigues,
including stamping and machining. They <an be
assembled with fasteners. The metal surtaces
provide typical metallic properties such ad
electrical conductivity, lightaniag protectian,
reflectivity, and m_isture resistance. The
lamirates significantly outpertorm cunvent ivnal
carbon fibre/epusiy cumpousites 1n impact tesistance.

cuntent,

Sulel

The laminates slso ofter good scund and
vibration damping, esceeding that of sulid metal by
a factor of two to three. Damping 15 aboutl one
third less acrass fitees than longitudinaliy.

Cast metal Mmatrias Compsold

A trend in metal matrla {MMC5) has
been to develcp short, whisker reintorced composites
and particulate reinforced comp.sites i patt
Lecause these materials are easier (and therefore
cheaper) to process than cumposites containing
continuous ur lonyg fibres. Two production technigues
Afe receiving most attention today: wasting and
powder metallurgy. The latter, PM, 13 the simplest
way to ensute good distribution ot rertnforcement
within the matrix. Casting, un the other hand, 15
lower 10 cos’, altaough at o sdacrifive ot some
properties due to uneven dispersion ot reinforcement
caused by gravity and other facrors dut ing
sulidification. Consequently, much research i
being devoted to improving propeitivs o 15t MMOS

compusites

10y

One intetesting study at the Reglonal reseat

[rniiy, revealed that a4 3
2 the ratertal afler it
districetion o2
13

Y
[V

taboratury, Trivanirum,
remelring ard sztiron
casting signitioantly
whiskers ot jatt!
credited toproved wett
during femeiting.

Ses

romenn o Dot

Taiales .

te A the Jdisjers tis

3 Cowld have Strong oumpllocaticis. B
exampie, 1t Mmay be possible to o prepate oo Usite
ingots, mech as we now o Loz S cithic paster
and a:ioFs, o be provided to Toundries® for oo
to tinal shape. hesearchels Aiso repert that o

convept could be extended to preparing compesites
highiy conventtated with zreinturcement to be “dilated”
at the toundry betore Casting. Stirring, hodever 13

anad

criticai. Eiade shape, mixing tife. atMisihele,
mixing spewvd are all mmportant vatiables.
technigee has been studied with
reintorced with graphite (up o
Ziroonid (up o wt per o
giass (I-10 wt per cent), and rorms o oo
(up to B wt per vent) and rly ash (2.5 to iV
cent). These materials have been Cermanent moul d
cast, centtitugaily cast, pressuze Jd.e cast, ani

theovast atter remeiting and stirring with
significant improvement in distributicn ot
disperscids. Aluminium (AI-12.551) reinforced with

3 per cent g:aphite particulate bedrings prepateld by
this technlgue are Low in service, proving to be tar
more wear -esistant than monolithic alloys.

Tiae remelting
aluminium matrices
6 wt per cent),

LG

the

Particulate glass reintorced Al-3My, remeited,
pressure cast, and subaejuently hot rolled, hot
forged, or hot eatruded, showed streagth imprivescits
of cver (LU per cent witiou: louss of ductilivy. Tre
glass (i5 wt per ceat, 2J dpm) served as 2
lTubricant auring hot woiking. Tensile strernjtt ot
particulate tly ash reinforced hot eatruded j 2its
(5 wt per cent tly ash in 7079 AL matrix) alse
improved by hot working at some loss of Juctidtaity.
Both of these MMUs are teported to have high
potential for strustural appiioatlons.

Can e

Lobj fibre feinlofdes MM's als. are the o et
ot investigation.,  One Du Fo study is atwed a.
Jeseloping cast A Li a3 magresiur 2lloys reinforces

Fpn.
wole
Ly

Rouds were

with the compin;'s aluding long "Fibre
Miatelladls and maLuiactull
investigated witn an eye towatds prodoes
Automotive engline oo
vacuem infiltrati .
preform ti v piaved the tibres in proper
ofientation. fa tnstanves, the flbles wWele
tilament Using was the mould,

L technigoees

aectlng rods.
into a moald contarning a f
Suiliv

wound 4s binder. In

the molten metal 15 ditectionally soiiditied. For
aluminium Matris confesites, bithium st 1.8 to
2.2 Wt per cent was found Lo provide teust fibie

Magne.ium haturall, wels the fitre ant is
sl to: this provess.

welting.
ancther matefial
The tescat. hets Jdeveioped o kinemastic mot s by sed
o tinite Stiess analysis for the design of
conpecting made fiom these materials. Prototype
aluminiom MMO oods contatning 50 to 55 per cent Fibte
FP have survived over 10 million similated rycles.
They weigh half as much as torge! with
greater modilus i the iongitulinal, or fibre,
digection,

element

[ VTS I

steel rods,

PM metal matris Oomposites
The powler metallurgy toute f o prodacing patts
Made Lrom MMCS cun be used to Clfeale matetials with
highly useful characteristics. One study, Jwintly by
Hindustan Aesonsativs Led., India and Laval
Hnivetlsity, Quebeo, has produced o superplastic

aluminium matsix Compusite, The Zr refined matriq
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tayers ot oo material are stacked and fonded
togethel to Lot mole Cufples cellulsr stic tutea

sinussi 1! cote foGoMe cases,

such as honeyooat.  adhesive tonding is most comm i,
dlthougn sume metal cores are weided o1 braved. o
producing strutures from flat sheetl, adbesive is
appiled to add ining surfaces 1o steips, amd then the
stack Lt laminates s stretoned into an Lpen cellul st
structule by pulilng the Lilles apart.

Cell sStrutares Viry, the most fomiton bedng the

tree” omt.. For o these, Jells

bexagonal h o
typivally rtanage trom 10S to 2505 mm oactoss (0o
.00 oy,

The bauie boneycoab stractute s JQutraoait e
torm into Compiex ;hlpc'.. SEocontour s, Howoevet,
wver eaipanding the plies to stietoh the hesaganal
celis ainto rtectangles produes o variation on the
honeyooml cote that do maae vastly formed, but at th
Sacritice ot ooahe Lsbeal Lropettiles.  Otner vatiatio s
include the reinforoed heaagonal o aae, 1 whiio hoa
flat shewt 13 tnseited 1n the structure for added
strength, but with an obled welght pensl®
suare cell structare, usually produced !t

: the
welding:
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and the tube stru tate, produce) Ltom g cortugated
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9. UTHUCTURE MODELLING AND THK NON CESTRUCTIVE
MYALUATION OF METAL MATHIX COMPOSITHES
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changes in siynal amplitude (horizontal amplitude).
Instrument gain, test ftrequency, and prube size were
the primary test variables.

Figure 3 shuws the variation in eddy current
signature acsociated with different prealloyed
aluminium powders of essentially the same average
particle size (17pm) and tap density. Note the
significant variation in eddy current response with
alloy type. The signal Jifferential was the same
for buth the encircling and pancake probes;
however, less instrument gain was required with the
encircling probe.

Figure 4 shows the eddy current response for
SiC powder as a function ot average particle size.
Note that the eddy current response, although of
relatively low magnitude, dves illustrate a positive
corcelation with increasing average particle size.
These data were generated at 1 MHz under tap density
conditions with an encircling coil.

Figure S illustrates the impact of
powder-mixing on the eddy current response. In this
case, SiC particies were blended with pure aluminium
powder to create a model representing various
degrees of reinforcement loading. Note that as the
volume traction of SiC increases, the eddy current
response decreases. These data were generated at
5 MHz, with the eddy current response from 100 per
cent SiC powder set at zero. Note that the inverse
correlation between eddy current response and
reinforcement loading is essentially linear.

Pressed powder models

A pressed-powder sample was manufactured in the
form of a three-dimensional rectangular plate to
expand the modelling capabilities with powder
metallurgy techniques. Specifically, pressing (and
sintering) the powder models permits the assessment
of the role of density on NDE respoase. In
addition, increasing the density above the 50 per
cent typical of tap conditions makes it convenient
to implement ultrasonic test procedures. Tests with
the dry-powder models were limited to eddy current
procedures, but the pressed-powder models were
examined with ultrasonic and X radiographic tests as
well. The ultrasonic tests were conducted with
conventional flaw detection instrumentation
(Panametrics Model 5052/Tektronics Model R%403
system) and special dry-coupled transducers (Ultran
KD2%-2X). The dry-coupled probes do not require a
liquid couplant and, theretore, eliminate problems
in cases where a couplant can be absorbed into
porous test material. Ultrasonic velocity
measurements were used to characterize the
pressed powder models.

Figure 6 shows the varidtion in ultrasonic
velocity for 2024 aluminium powder compacts pressed
to different densities (expressed as per cent of
theoretical density - 2.77 q/um3). Note the
direct correlation between velocity and per cent
theoretical density. Figure 7 presents eddy current
data (signal amplitude in volts) generated with the
same 2024 aluminium compacts. Again, an excellent
correlation exists between NDE response and
powder -model density.

Figure B8 shows the variation in ultrasonic
velocity as a function of SiC volume fraction in
2024 aluminium samples pressed to 87 per rent of
theoreti:al density. Clearly, as the volume
fraction of SiC increases, the ultrasonic velocity
in the green compact decredses.
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Figure 9 presents the eddy current test tesuits
gJuenerated with the various volume-fraction samples.
Note that the eddy current results show an abrupt
decrease tin signal amplitude between 10 and 15 per
vent loading and a4 piateau response up to 40 per
cent SiC. Wren SiC whiskers (1-3 by 30-504um) are
blended with the aluminium powder in place of the
Si1C particles, the eddy current response is altered
as shown in fiqure 10. The eddy cutrent response
plateac has shifted from 15 to 25 per cent loading.
At volume fractions above the plateau, the wrhisker-
reinforced models exhibit a “‘gher eddy current
response than do the particuy.ate-reinforced models.
Radiographic examination of the pressed-powder
samples showed that the X-ray f£ilm density (measured
with a densitometer) correlated with the compact
density. However, the per cent SiC loading
(whiskers or particles) could not be revealed by the
radiographic results. This behaviour is not
unexpected because both aluminium and SiC have about
the same X-ray absorption properties.

Liquid mercury models

Figuve 11 illustrates the liquid mercury model
used to replicate particulate-reinforced metal-matrix
composites. This modelling procedure was developed
tc address concerns for the assessment of matrix-to-
reinforcement interfaces. More specifically, this
model was created Lo expedite the eddy current
characterization of composites prepared with
molten-metal techniques (infiltration, compocasting,
etc.). Figure 12 presents the results of a number
of expetiments in which brass and glass spheres were
placed in a liquid mercury pool and eddy current
measurements made as shown in figure l1. Although
the spheres float on mercury, loading in a plastic
container produces a uniform surface of close-packed
spheres with liguid mercury filling all void spaces.
Consequently, the model represents a conducting-
matrix system with either conducting or nonconducting
reinforcement particles. To expand the modelling
capabilities, the brass spheres were used with and
without an 1nsulating plastic coating. This option
permitted the evaluatiion of particle-to-matrix
continuity. Figure 12 clearly shows a significant
variation in eddy current response (signal
amplitude) as a function of model configuration.
Note that, because of frequency, probe size, and
penetration interactions, the mercury model in
figure 11 represents a realistic composite
microstructure at a test frequency of B8 kHz.

Further description of the mercury model and its
capabilities as an experimental approach to eddy
current analysis is presented elsewhere. Note that,
by altering the sphere material and size as well as
coating options, a nearly infinite number of
composite-material ctructures can be modelled.

Other conducting liguids and reinforcement
structures can be used to change the conductivity
and permeability of the matrix model.

biscussion

The simple models created and examined in this
investigation clearly demonstrate the significant
impact that subtle changes in structure can have on
the NDE response of metal-matrix composites. 1In
addition, this work has shown that, under contrnlled
conditions, existing NDE technigues can be used to
characterize the composite structure itself.
Consequently, experimentai modelling can be used to
identify important parameters that can affect
inspectability and, at the same time, provide
guidelines for selecting and improving inspection
procedures.




The dry growder, tap Jdensity modeiu, slttoagh,
not truly tepresentative ot final proeducts, van be
used t¢ estabiilsh trends for oddy coarrent tesiing.
The vartation in bareline e !, Cuitendl tes) e with
aluminium alley (figu:ie 3) s an i
obsetrvation that represents bebavidut etcoimteted oo
wrought aluminium products. Specitically, Jiftterent
aluminium alioys exhibit ditterent edd; cutzent
signatures. The fact that blended powder samples
(aluminium plus 5iC) produce eddy current tesot.
that correlate witn the blend ratic is an izportant
discovery with gquaiitty vontrol possibilities. The
variation in eddy current respunse with SiC particle
size is an iuteresting observation that has oot yet
been traced to tinal product response. However, 1t
1S reasvnable to esipect that particie size will
intluence eddy curroent tesponse in pressed powdet
composites. The limited powder modelling wotk
conducted i1 this programme shows that matrix
composition, reintorcement loading, aand particie
size can have an amportant .atluence on the baseitne
eddy current tesponse of SiC-reintorced aluminium
composites. These results retiect behaviouz that
provides guidelines tor inspectatility concerns, but
the most valuable aspect orf the raw-powder modelling
is the demonstrated potentia) tor in-process NDE as
a tool tor manutacturing control. The Jdata
generated here show that conventional eddy current
inspection procedures can be used to characterize
and qualify important powder-material parameters.
The ultimate correlation of powder parameters with
final-product performan-e will provide the basis for
eddy current acceptance criterid that caun be
implemented at the raw powde:r selection and blending
stages of manufacture. Rational process control at
these early stages of fabrication can have a
tremendous positive impact on product yield as
compared to typical final-product inspection.

prtant

Pressed-powder modelling techniques are
directly representative of some of the processes
used to create commercially available metal-matrix
composites. Conseguently, this modelling option is
particulariy valuable for the creation of NDE
guidelines for our target system - SiC reinforced
aluminium prepared with powder -processing
techniques. The fact that both ultrasonic veloucity
and eddy current signal amplitude correlate with
increasing density (figures 6 and 7) implies that
either test is a rational option for the assessment
of this important parameter. However, when we
examine the volume fraction of SiC as a function of
both ultrasonic velocity and eddy current amplitude
(figures 8 and 9), we find significant differences
in response. The ultrasonic velocity decreases in
proportion to the per cent volume fraction of SiC
(figure 8), whereas the eddy current response
exhibits a plateau between 15 and 40 per cent SiC.
Assessment Of this observation with whisker instead
of particle reinforcement confirms the existence of
a plateau in the eddy current data.

Although the basic phenomenon responsible for
the eddy current response remains to be identitied,
it is important to note that the eddy current and
ultrasonic tests reflect difterent parameters. This
distinction is critical to the selection and
gualification of NDE procedures for structure
characterization. Por example, consider the
potential complications of trying to access both
density and volume per cent s.infurcement with
ultrasonic velocity, Because the same target
velocity can be dachieved by different combinations
of density and reinforcement loading, 1t is
impossible to qualify the material on the basis of
ultrasonic velocity alone. (Note that 87 per cent
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denLtty JI0d AL LS wrth o atolt L gt cent

telul zoement Nas 4 veloo!ty eflivalent U g
Jisd AL ot BU per Cent Jdenstityo)  An oult:
Vel s ity Test (Oombaned with ety Lrlent 4
X to7 test) o ould provide a o 1w

drses.renl b the patameters
Noray waa®inati o n o was Lsed t

density, ultees nis Velooity eor. !
-

tefie "t .t fetnl orlwlent fracty
The eapel lments Conddie ! t6 tThils wl?f 1! evie
desigred specibically to Jdem

capab.iiities of vartuus NOE - Hooevel, thulve
has been o attoempt o qualily g given ratellal
parametetl sgatnst eapevted servioe pertorsane. Fog
canriile, o the (ptimum S0 telntorced o023

ai coaun contitions wete targeted at (% per Cent

volume troctron S0 ant Jo ter Cent density, the
Selectivn o 1nspection te Bnlgue might te dilterent
trom that selected for other condisuns.  The tatget
Palafelers, of course, must Le tfentifled (oL othe
bisis ot eapested service pertormas e and
qualitircation testing. At the present tiwe, the
rational apptuach to the selection of iaspection
criteria tor the prediction ot matetial performance
must be based on NDE signatures developed trom
sucvesstul cumposite contigurations. This empizical
approach can then be used to guide the mudelling for
tine tuning the assessment capabilities. Cnce the
desirable structural parameters have been identitied
and correlated with inspection options, the NDE
considerations can be Jdirected at defect sensitivity
concerns. Aygaian, empirical correiations between NDE
response aund pertormance testing will provide the
guidel ines fur more adeguate Jdefect sensitivity
analysis. Clearly, the most detensible approach to
the creation ot practical NDE gualification criteria
for advanced compusite mater1als is to include NOE
assessment counsiderations in the earliest stages ot
material design and performance testing.

Consideration of Jdetect sensitivity for
metal-matrix composites is a complicated aspect of
structural reliability fur these materials, The
definition of a defect in 1tself remains a pioblem.
Data in the literature identify a multitude of
potential defects in compusites that are not
adequately characterized by the crack or voidlike
discontinuities encoun ered in conventional
monolithic materlals. It has been repuited that
cracks in reinforcement particles and poor bonds
between reinforcement particles and the matrix, as
well as both reintorcement - rich and reinforcement
lean areas of a4 metal matrix composite, can be
considered important defects, Once identified as
potential problems, the immediute (uestion becoumes
"Can we detect and size these detects?™ In an
attempt to model these potential flaws to assess
detectability. the liguid mercury model shown in
figyure 11 was created. Although limited to eddy
curren testing, the model, relat e to machining us
other methods of simulation, can expedite the
replication ot defects. The very preliminary data
reflected in figure 12 Clearly demonitrate the fact
that eddy current inspection piovcedures cvan
characterize important variations in the conditiun
of the reinforcement to matrix interface. These
data imply tnat, at least for the modelling
conditions, the intetface integrity 1s reflected by
electrical conductivity performance. It is easy to
envision a situation where the formation of a
nonconduct ing intermetallic compound at the
reinforvement to matfix interface can reduce the
eddy cutrent tesponse, This 13 encouraging from o
signal ‘disciimination point of view, but it is
important to note that intetface condition i3 yet
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Jisvrimitate teteven diflerer  cardalies that may
LUl 9t the s>are time.  In additiun. none ! the
mrlelitug Ras teoi o ded Crack wr voldl ke

discoutineities that will Rave a pronounced eltect
on stiuctutail pertormance.
vonsiderations in a more wflestive manner, i1t will
Le recessery to tocus tne nodelling activities oo o
narticular system whete details of the final prodest
teer €L specitied through pertormance testing.
This actisity will constitute the next phase of the
westinghouse proyramme. The powder, pressed powder,
and itquid-metsi modelling capabilities described :an
tiits paper will be directed at a candidate
SiC-reintorced slumiaium system that ofters
propertie, designed to meet specitic opetating
requirements.

Yo putsue these

Conclusion,

The pertinernt observations and conclusiuns
associated with this programme are summarized below.

(1) Powder metalluirgy and liqguid metal
modelling te Mniques can be used to replicate
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the s3s5cs3Tent

Tetal matzix compositle structures tot

ctoinspeltlun vothisidetativns.,

(2) Jonventiovnal eddy curtent irspectiva
lustrumentatice and techniues Ccan be used to
characterize S0 oand diuminium alloy powders and
tlends used tu Cteate Compoatte structures.

{3) Trne uitrason:io and =ddy current tespunse
! S1C-AL Compeusites is Jdependent upon material
deasity and the voiume tract:n ot reinforcement .
o compacts, toth ultrasonic

vel ity and eddy current signal amplitude inctease
with 1ncreasing density and Jeciease with increasing
retntutcement .

the Case f Jreen

(3} X-radiography can tetlect tne density ot
5120 Al cumposites but not the reinforcement loading.

(9) Ligquid aercury modelling techniques can be
used to repticate the reintorcement to-matrix
w.terface coaditions tor compousite structures.

{t) Source discriminatior problems related
to NDE response versus stiuctvie-variable
interactions will require multipie inspection
technigues to accurately characterize composite
conditions.

{7) A structure-modelling, NDE
characterization programme must be integrated with
composite-formulation and performance testing
considerations to limit the number of variables that
must be eiamined in the creation of iable
inspection requirements. (Source: Materials
Evaluation,47/April 1989)
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and disadvantages. The particulate based system
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Space applications
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i critical s T s <

Frg the Coell.ocient of thezmal eapanst
(CTEY o several conpuuite systems. The Jioser the
CTE 1St ZTers tnoe better. High specitis stitliress
is oals prabtle. e sulh o structute s The wial
it Joneft space anted . These materiais Lile:
man; adhvantages clel fesin Matlla JUlposi Sudlt.
s higher electiical aod thermal condulti

tetter raldialicn fesistinle, abd ne ostyassis

Cutrently, the nuel aluminiua al:cy 8 ohe oI Ue
Primfary Metals teinyg comsidered 33 The fat N

MMC.  Howevet, Ccofposites made witho this allcy
eahiblt 1 litje hysteresis Juring thermal Cycling
a1.d residusl dimension changes are induced ty
thermal cycling. This behavicur is unacleptable for
the pertormance in dimensionidily Ccritical spacelzalt.
Comt-inations .0 commersiae.
aluminium alioy matrixes and post fatrication
processes developed at tne Naticunal AReronactics and
Space Administratiun (MNASA) Lingley kesearch Ceoted
nave tesulted 1n MMUS that .ot eahibit
thetmai sttaln or strain hystetests during thetirsl
Tre thermal exparnsion of a PlUG graphate
fit,ie resnturced 2024 aluminaum alioy compusite, ax
fabticated, atter post -prfocessing, and after 10us
theraal Ccycles, is shown in tigure 3. The figutv
pivts the the:mal strain as the specimeus wete
the Maxlmun

high streigth

o rest-daal

cycling.

heated from toom temperature to
temperatute, vooled o the minimum tempetatute,
hested agiin to ruom teamperatire. Notice that
esipanston ot the as tabticated compousite (the Jdasheld

Al

the

lines) is characterized by a large hysteresis and
tesidual strain, like that ot the P10 Gr 6uni Al
Aaterial.  After the pust processing (the soitd
line), as well as atter 1UO0 thermai cycles, the

P00 Gr-2uld Al composile vihibits neither tesidusd
strain nof hysteresis. This bebaviour wao
observed for simil.:ly processed and cycled
Gempousites made with the 20t and 7675 aluminium
alloys.  Thus, these metal matris cumposites, atler
4 post fabrication process, afe eacellent candidate
aaterials for Jdimensionally critical space
structures.

dluo

The aerospace plane

Further Jeveioptient do teduited o Jieale the
Lighitweightl, high strengih materials needed so that
ah delospioe Flane wili sulvive the edtreme
tenpetatures and pressurfes 10U will edcounter.  Hete

enter met sl matris compesites.,

The temperilates that wili Le envountered by
Che defuspar e phane aie fa oo Begh ot peolyned
Mmalita cComposites, Indecd, the temperatutes are 0.

Ligh tor all Lut s few bhoogeneous metals. ol trese
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neet ing the challenge

Moetal matrix cobgasiles ate unljue tecause they
cottblie the high stittness and strength ot titres,
but als., tetain the elastic plastic tothe
matrix matertal. In high temperature spplicatioans,
the metal matzia may eahitit behavicur
as well as devel o sianiticant
Stresses a> they

behavioaut

FiScoeiastic
therma! resnduasl

MMCS slse displag
unigue tatigue and fractute behavicur. Expesimentad
testing procedures Tor MMC ate not curtently sery
well Jeveloped o materisl
models ste not curtently avar.iatle to buddle all the
particular protlems, su.h as elastic-giaste,
viscoelasticaty, thermal sStresse., that
be addressed 1n Jesigning with MM~ Theo.
temains in undetstanding and desijoing with MM,

ate Cuoled dosa.

deeramented. Ansligtios.

s wee ! to

AaLch worIn

The bBigh Cco: U of MMO has kept tex- hets fzom

beitiy moere compe’ 12ive wilh [esii ma' CEpOUS LTes
1a the past. However, now the advanc..., techno.ogy
has pfogytessed beyoni the capatilitle oL resin

matrix composites. The teali-y of by sonic Tlight

hinges on the Jeveivpment of auitable metal matrix
compusitles. The tuture ot MM louks BEight tecsase
they ate nu longer 1o seatch oI an applicat.on, but
tathetr an impoitar®t application 135 16 seatch ot
them. (Eatracted trom ASTM Stangardization News,
Octoutet 1987, article written ny w.5. Johnson)
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New spptosches tu MicTowave citouil packaging using
aluminium m G QRER by John P. Tyler,
Avantek, Incot itipitas, Calitornis and
Mark K. van Jden betgh, DwA vompesite Speciaitles,
Chatswortl,

inc., Catitorniag

P Int roduct ton

The desrgn and pertoraan o W Mictowave
Integtated Multifention Assemblives (MIMAS) 13
influenced strongly by the physical propesties ot
the Clrcuil and packagting mateslals selected,  The
level of complexity, integraticn and power deasity
In MIMAS 1s fapldly 1ncreasing through sdvancements
in microwave semiconductor The
improved pertormance of mi rowave semiconductorns
must be accompanied by the decelopment O pacraging
materials which will allow efticient operaticn ot
the devices, and thuu improve the performance of the
microwave

techinologien.

cigeuits.,

Packaging matestals used i MIMAL must eabibit
good thermal conductivity tor etticient heat removal

from power dissipating devices. Yet, the design
otten requires light weight materials, for reduced
packaye density in aerospace applications. High

tiexural and shear strengths ase also desired for o
reduced cross sesrtion of structural elements.
Finally, for reliability over operating tempetature
extiemes, the thermal coefficient of eapansion (TCE)
of the packagling materials must be close to that of
the microwave Citcuit elements, such as Al ,0,,

Si, and GaAs.

Aluminium metal matciz composites, consisting
of an aluminium matrix alloy teintorced with 40 te
55 volume per cent silicon carbide particles, have
been developed for electronic and microwave
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tavkasging applroatrons.
Compaontte materials have 3 Jensity samilazr 2
sl oo

The clectionic ytade

while eahisbiting rapeticr flesural sl

T e
that

Shear strenytlh pioperttes. Comparstles eahinat oo
TVE Wil h 13 haot -t slel
The TVE TLags Lile Maler s>

less than alumtnian.

o the 2 A ioeahilngg

that ol sfandord rior vate LUt clements. Tho
thetmel conduitivity o the « B 3itles 1S Seen o e
LE- ter Tes times that of Kovar, ot oatsut one thid o

the Jensity.

Thas,
Satlerials are

the Luii et geflics ol the Cuagosite
2lttative to the Ridiowave
the
et compostite matetials, end o coaparison of
physical propetties, foiluwed by a Jdiscussion of the
secondary processiag ot the mateztais into
tutms Lot Micfowsve CLECULT packsging.  Finally,
cuttent amd tutute applicaticons ate Liesented.

Tety

designer.  There tollaws o description ot tam:iiy

thet:

usalile

2. Alusinius WC materials

A. Fab At The clevtionic giade
Metal BALILIX COMASite Materidals discussed 1o this
pPaper are pait of g large tamily ot

ceramic particalate reintorced aluminium composites,
produced by fawmder metsliveyy techuigées. The
primary torm of the material s St particualate Al
Electronic grade S1p Al 1s Jdistiaguished trom otnes
SR Al toerms by high reintorcement volume

petlent ajes, by the high thermal copductivity ot
the matrix slloy and the SiCp teintorcement .

andd

The SiCp AL MM 13 produced tirst as 9 ciiiet.
A billet is fabricated by biending SiC pasticuiate
with aluminium puwdetr and transferring the compusite
blend to a steel mould tor densitication. The
Lillet 1s Jeasitied Ly vacuum hot pressing. Sicp Al
billets are currently produced 1n weights ranging
from 20 to 400 Ihs. To date, electrunic grade
SiCp Al has been produced in weights from 20 to
6y 1.,

AP MbLbised S17p AL compusite 1S fately

utilized 1o the “as ptessed” billet Porm.
Thermome: hantcal [rocessing such as extrusion is
typroally pertorme 3, to LptimiZe strength and
ductility by breakiog up surface aluminium oiides on
the powder patticles. This improves metal metal
meltal - S10p Londing.  Eitrusion 4lso adts to improve
the distribution of the S1p 1n the aluminium
matrla, making 1t mure homcgeneous. Finaily,
exttus:ion allows the S1°p Al hillet to be converte?
to 3 more eftivient physical shape tor final
frocessing, be it golling, Porging, machining, of
combination of these processes. The primary
eittuded shape tor etectronic yg:asde S1Cp Al

27 by %7 crtoss section plank.  Depending on the
312e Of the billet, S to 19 linear teet can
produced during & single extrusion operation.

and

13 o

be

A widde range of secondary ploessing vperat tobs
has been demonstrated with this class of compusite
materials., Eatrusion in various torms is now a
common process. Hot rolled sheets of various
thickness have been produced tor all available
volume fraction loading materials. For production
MIMA applications, SiC40 (40 v .. S.Cp’Al) material
has been produced 1n a thickness of 0.040" with a
flatuess ot G.00IS In. in Smaller lots of SiC5%
(55 v.o 51Cp 'Al) have also bLeen produced in
thicknesses ranging “rom 0.030" to 0.10607.

Due to the sbrasiveness of the SiCp
reinforcement, the 5iCE, Al composites are more
difficult to machine than unreinforced aluminium.

To minimiZe the seondary machining steps, the
capability of torging the material to near net shape
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rativ, electrunl. Grade 317 AT Vet
low strawn rates, aczd Cannt Poam et
turged. To clepensate toootr T 1% have
veern Jesignei ard tatricateid <t aliow g “tatoh”
Of fodr Compulenls * e ptduled Suting g Stngle
£or g Cycie. The Datoh torg'ng concept Can be
expanded beyost this U maLiPrIe Tha ,ajnput .
Machining ot elestrostie Jrade Stp AL 13 Peut
accompi:ished using polycrystaiiine ramnd coatet

tools or by EUM technijues, which will te Jdiscussed

in a4 later sectio

B, Matetisi progesties: Eiledlrionts grafe
S1Cr Al MM materials have been tailored te eabin:t
the preperties necessary rot aspplivation to
electronics packaging. This lass of MM 13 abtle t
repla.e conventionsl metals Jdue to (ts reduced
thermal coetlicient of espansion (TCE), high thermas:
conduct:ivity, azd high madelus ot elasticity. The
Jenstty ot electrunic Jrade Sip Al 15 oniy sligntiy
highet thsn conventiona! aluminium. Thus,
application ot the new C.@posite materials will
provide subitantiai welght savings in air-borne of
space-based clectronic ystems.

the

The TE .U the elestzonrs grade materal
systels are shiwn in COGparisot with sluominius 1n
tigure 4. The TCE ot the compusites 1S seen to
decrease substantially ¥ith 1ncreasing voiume
per cent loading of th- SiCp reinforcement .
SiC40 material has a TCE £ 12.1 ppm ~C,
approximately halt that of aluminiua. The TJE ot
the SiCSS material (8.2 ppm °C) 15 nearly ovne thit}
that of aluminium, Based on the TCE compariscn, the
SiC30 and SiCS5 materials are escellent candidates
for replacement of stainless steel and Kovar,
respectively.

The

The thermal coenductivity of the Sicp Al
compusite ranges from 130 ta > 00 W m “K at 1oem
temperature. This value is primari.y determined by
the matrix alloy cumposition of the material. The
S1C40 material (130 W 'a-~K), firrst Jdeveloped as a
seplacement for beryllium in an electronic system,
utiiizes 606l Al as the matrix alloy This material
system was the first SiCp Al composite to be
evaluated tor micruwave packaging applications.

The thermal conductivity of the S1CH3 and SiC9%S
materials is approximately 200 W m-°K at roum
temperature. Both of these material systems have
been tailored for highe: thermal conductivity Ly the
selection of 0063 Al as the mattix alioy. Figute S
shows a thermal conductivity - ,ve for the SiC50
system and the 6063 Al matrix alloy. by
extrapulation of this data, the thermal conductivity
of the SiCp is about 220 wW-m-*K, and thus
contsibutes tu the high thetmal conductivity of the
composite material.

The physical pruperties of the electronie grale
S1Cp,/Al materials are compared tou conventional
packaging matertals in figure 6. The Si1Cp Al
composite materials are seen to satisfy all four ot
the design criteria commonly used for electronic
packaging materials: low density., high thermal
conductivity, low TCE, and high modulus of
elasticity., The TCE of electrunic grade Si1Cp can be
closely matched tu aluming and other microwave
circuit materials. The density of the cumposite
material is lews than one fitth that of the
copper/relractory P.M materials, with a4 comparat.le
thetmal conductivity. The theimal comiuctivity of
the SIiC50 and SiC55 systems 13 significantly gleates
than other commonly used packajing materials. The

1o

Supe. 1ol thermal Coaduct ol the Siig
ilows ivwel Jfezating tefpesatates ot sem:io
JevicesD, Thiod 13T o-ifg Clelallonal e o time

failuze Flgutes fTor electron. 3pLtems.

3. Sevondary materiel processing
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A, Machiling: The telnt feement ol the
Composite mateziai mukes 1t the must abrasive type
ot aluminium ava:ilable. It is .t often practical
to machine parts ising convent:icnal carbide steel
tools., However, in the driiling cf small holes
with high aspect ratios (width depth)., the wear ot
Ccarbide bits cay be sufficientliy low to justity
this type <t toui. Typicaily. atwut a half
material may be Jritled witn a single catbior L1,
in sheets less thau u.050" thick, drilling hoies
with an aspect rati:o (widtn depth) of at least l.S:i.

tuch ot

The use of pulycrystalline diamond or ceramic
custed carbide machine tools will considerably
improve these yields. For medium to large machining
lots, the high tuoling custs associated with ccated
towls is distributed over the entire lot, thus
adding minimal cust to the parts. FKowever, high
speed drilling or milling equipment capable of
stable machining with spindle speeds in excess of
15,000 rpm 1s recosmended with diamond or ceramic
coated tools. An RMS _urface finish of
63 @icro inches can be achieved by this type of
machining.

In machining smaller quantities or engineering
batches of parts, it is not practical to purchase
diamond or ceramic cuated tuoling tor every job.
Other, more cost etfective methods of processing the
material must be developed.

Conventiunal and wirte EDM machining have proven
tuo be effective with these materials. Conventiunal
EDM can be used to credte bLlind cavities and throuyh
holes. Wire EDM is well suited tor machining
complex flat carriers tor microwave citcuits.
wire EDM processing of tlat sheets of material can
be accomplished on stacks of material up to 2" thick.
Fur wite EDM processing, a starter hole pattern is
tequired, which must be machined into the blank. A
number ot approasches has been used successtully to
tusm the starter hole pattern; conventional EDM,
conventional machining, laser drilling, and
ultrasonic drilling. EULM machining produces an RMS
surface finish better than 63 micro inches.

Laser machining or cutting is also psoving
uselul in producing tlat carriers. Non contact
machining can alleviate some of Lhe problems
as30C1atled with traditional machining methuls.
Laser machining i5 well suited to the formation
of thriough hileu and cutouts in flat sheets of
the material. Huwever, the edge finish and
ptofile of laser machined features 1n flat shects
is not a3 Jyood a3 that assuciasted with EDM
processing.
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UBILGL cuenatlus ted Do MMO materlals must e
ed to o very luow lesk rates, toe tchieve the high
teliataity :g»q.:l!r-' Gomlorowave Comprnents

The D10 telid torement t the matils Ccteates
greer Jitticusty noachrevisng gemad welds o2 the

Datelial oo 1tselll The adiitiosn ot oan imledcediste

atLminiem f0 the Wweid o hedes aly bt acnleve gl
metal 2. ow withoolU perosttly ot cutgassing.  ligh
stitcea glumintcr o alioys. such as dUd7 Aluminruam,
ate gorod tnteimediate materlaly because ot thetr
ductiliry and o tlow propetties.

The Lilel torms oo
eatraded with ap too 1 in

Comiaes i tes may o
ot fhiigh s’ oo

ur L lad ks eitiier sode ! the e-trusion.

gleml

THis matetlal mey then 7 oom the weldable U sut " ace
Sl mlciowile pPasxade. lLayers of aluminium and
statnless steel have teco successtully clad cuto the
Compestte matel gl wrined an eaplusive cladding
Ttoniess,

4. Puture Trends

Al Appl.caticeo: The MM Ilat Cattier fornms
the thermal and mechan:ical interface of the
MicIowave i Cuttry to the test of the s;stem,
proviting savings in weight and space. The fiat
Cattiet apprcowch represents o highly cost ettective
Use ot the material, ard utiiices the Jesitatle
fiofeities of the MM where it 13 MmOSt needed; o
the thermd: path ltom the Jevices tOo the heat sink.

Frogress 1o secondaty processineg abilitles and
teat tnet shape fofging ase ailowing the compusite
materials o be used 35 hermetic microwave
encliosures. The ability to appiy a hermetic
ylass tu metal seal Jdirectly to the material .s 2
critical step in the Jdevelopment of reiiable,

Pow cost microweve housings.

E. aAalfranced materials: New particulate
tetntorced dluminium composites ate currently in
development tor electrontc applications.  Jne ol
these is synthetilo diamond terntorced alumintam.
Eaperimental billets, wergning less than 10 lbs and
sanstst iy ot a 40 volume per cent loading of

Type LR syuthetic diamond 1o 820l Al have Leen
prodiced, and have been hot worked by upset

torging.,  Preliminary TVE sl thermal conductivicy
resting has begun, and this system has yielded the
lowest TOE and the highest thermal conductivity eve:
meastred i1 s patticie reintorced aluminium hased
compostte. The thermal conductivity cutve tor tots
matertal 3s shown 1o Pigute 7, Hoom temperature
thermal conductiviTy 1 curfent iy greater than

S0 wom K. with the use of g higher conductavity
eatrix alloy, the thermal conductivity for this
compoasite 35 wspected oo eaceed 150 wom KL The TOE
ot this matertal system 15 meazured Lo be o9 ppa 20
et the fange 130 to 0900 ), which 15 withan
Foppm ot aluming and Gahu.  Despite these escellent
theraa!l propeitics, the high co-t of the diamond
reintoufvement May Limit the widespread application
Ctothe Diamong Al composite to electronic packaging.

e Conclusions

Met sl matiix cofmposiles, oposed of alumieium
stloys retntorced with 510 pasrticles, have been
developed tor electionie packaging spplications 1a
advanced microwave systems. The materials exhibit
low TUE, high therma!l conductivity, and high modulus
ot vlasticity., Electronic grade Sic'p Al also
eahibits low density, which allows tur significant
welght savings i aerospace applications.  Important
manutacturing technigues have been developed, which
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are available that eftectively meet these ueeds, but
the traditional metuls used have high densicies,
making them undttractive in avionis applications
where light weight is essential. This has led to an

intensive search tor alternative, low density
packaging materiasls. Alternative packaging
raterials. however, alsc must have contiolled
coetficients of the:imal expansion (CTEs).

Hermet ic packages are needed to protect
electrinic circuits from moisture and other
environmental hazards, ard they generally have
glass -to-metal seals for electrical connestions and
often contain semiconductor devices and or alumina
citcuit boards. For matched glass to metal seals,
the thermal expansior of the housing should equal
that of the glass; for compression seals, a thermal
expansicn moderately hiyher than that of the sealing
glass is required. Low-expansion iroan-nickel ailoys
such as ASTM FIS (e.yg., Kovar, Carpenter Technology
Corp.) or ASTM F30 (e.g., Allcy 32 or Alioy 52) are
commonly used ftor matched-seal packages, while copper
and coid rolled stee!l are used for compression seals.
All of these materials, however, have high deasities,
and iron-nickel alicys are poor thermdl conductors.

Constraining-core heat sinks are used tou remcove
heat from eposiy glass printed wiring boards and (2
minimize thermal exgansion mismatcw between
surface-moiunted ceramic compounents, e.4g., alumina
leadless ceramic chip carriers and barium titanate
multi-layer ceramic capacitors. Crackiny of the
components or fatigue failure of circuit-hboard:
component solder joiants may ococur in these circdits
during thermal cycling. Molybdenum and copper-ciad
Invar are commonly used for such heat sinks; these
materials have low CTEs and high thermal
conductivities, but also have high density.
Beryllium 3lso can be used for constraining core
heat 3inks; it has low density and gowd thermal
conductivity, but higher CTE than desired.

Materials mecting the reguiremeats of light
weight, conttulled CTE, guod thermal conductivity,
and jool corrosiva resistance would find use in
hermet ic packaging, heat sinks and heat pipes.
Metal matrisx composites (MMTs) are well suited to
such opplications because they offer the ability o
tailor properties of components and would allow
considerable weight savings and improved thermal
conductivity vver materials such as Kovar and
Alloy 42, now used in high reliability electronic
applications.  MMCs with the rejuired properties,
such as the three component Al - S1C51 composite
described in this article, meet the demand for
materials Ly the increasingly sophisticated
military aifcraft and spacecrafr electrcnic “ystems
matket .

ol

ew

Tailoring MMC properties

MMCs offer unique oppottunities tu provide
combinations of physical and mechanical properties
not achievable in monolithic alloys. Discontinucusly

112

reinturced cuomposites contain isolated particies,
whiskers, ur chopped tibres in 4 metal matrix. The
most flexible method of making these coaposites is
to use puwde:r metaliurgy processing.  Jonventicoaal
secondary processes such as extrusion, torging,
rolling, and machining Can then be used ta tabric
the devired profuct toems.

A

The chaliengs in drreloping MM for ele Stront
applications is to fand com falelx
refatorcement combinations (hat produce compusites
with low density and °TH, as wel! a3 high thermal
conductivity and acduics.  Alurinium and magresiue
alloys ate Cvommoniy Use ! metrices that combine
density and reasonatly high thermal! conductivaty,

but which have CTEs much higher than those reguired.
To tedace composite CTE whiile retaining low Jdensicy
and high thermal conductivity, reintlrcements must

be used that have specitic combinations o! proeperties
and are coTpatible with the matrix material.

tibiie

fuw

Catbrdes are covalent compounds having Very
hiyh hardness and bulk modulus, and low JTE.
Silicon carbi-de (3iC) 1s the most commonly used
reirtorcement in aluminium and magnesium MMCs.
A good matrix reinforcem=nt pund is formed in
these composites during censolidation, and both
particulate and whisker-reintoroed compusites are
tinding applicat.uns as structural materials and irn
precision instrument and optical systems. The high
hardness of SiC and borcn carbide (b42) requizes
the use of Jiamond tools for machining composiites
containing them,
Nitrides. Silicvon nitride (Si Nj) and
aluminium nitride (AIN) are low CTE, relativeuy
iow deasity compounds. High purity AN has a hign
therma! conductivity but is attacked by aguecus
solutions. Si; N4 reacts exothermically with
molten aluminium to form AIN and silicon, making
it unsuitable for use in compcsites made Ly
ligquid -phase hot pressing unless it 1s protected Ly
coatings.

Oxides. Several oxides have CTEs near zero and
have been considered as reinforcements for making
low-CTE MMTs. Ultralow -CTE oxides have very low
bulk moduli and thermal conductivities, undesirable
characteristics tor making composites for electroni.:
packaging. Silica-rich oxides react with molten
aluminium to form alumina (Al,0,) and silicon,
making them unsuitaible as uncosted reinforcements

in aluminium watiix composizes. In the
lithium-sluminium-silicate tamily, petalite
(Li0,.A1,0;.8510,) reacts with aluminium

during hot pressing, forming a silica depieted shell
atound the criginal reinforcement particle.
Spodumine (LiOQ.A1203.45102) reacts only

slightly with aiuminium during consolidaciun.

teintorcements. Other materials
potentially useful as MMC reirnforcements are s1iicon
and carbon fibres. Silicon has a low CTE and high
bulk moduius (primarily due to its unusually high
Poisson’'s tatin). Silicon reintorced aluminium MM
urder the name CMSH A 40 are ommercially
manutactured a2 low CTE materials for electronic
applications by Sumitom, Electric Co.  High modalus
piteh base carbon fibres have very bhigh longitudinad
elastic modulus and thermal conductivity, and
negative loagitudinal CTE. Properties are very
anisotropic, however: the fibres have low tians,verse
modulus and high transverse CTE. Aluminium ,
magnesium  and copper matiias composites reinforced
with continuous carbon fibrtes have been studied
cxtensively, Very low CTE, high conduclivity MM,
have been made, but they genetally have highly
anisotropic properties and are very expensive.




Kxperiments reveal good candidates

Metal matrii compusites containing ditferent
reinturcement phases were Jabrtocated by blendiug
atomized metal ailoy puwders (6061 ot 2124 alumi. .um
or ZK6JA magnesium) with rernforcement particles,
whiskers, ot chopped tires. CJCylindrical billets
76 mm (3 in.) in Jdiameter with great=r than 98 pe:
cent thevretical density wete produced from the
mixtures using degassing and vacuum hot pressing,
and their physical proyerties were measured.
Fabricabilities of those billets having 2trcact:ive,
physical properties were evaluated by extrusion,
forging, and rolling trials oun commercial equipment.

When CTE values ot eCel aluminium-13lloy
composites containing 33 vol per cent of various
teinforcement phases from this and other studies are
compared, composites reinfurced with SiC or B;S
have the lowest CTE, those with alN or silicon are
absut S to U0 per cent higher, while composites
teinforced with low expansion uxides ate
significaniiy Ligh> r. These resuits clesrly show
the importance ot high teintorcement vbulk modulus as
predicted by rmithematical mcdels; most oxides have
a much lower bulk modulus than the other phases and
are less etfective in coastrainiug the matrix,
resulting in relatively high composite CTE.

ZKoOA magnesium allouy compousites reinforced
with SiC or B,C have measured values of CTE that
also are very similar, which confirms the results ot
aluminium-matrix composites reinforced with these
materials. Reintorcement loading., however, must be
about 17 per ceat higher in the ZKO60OA -matrix
composites than in the 606] matrix composites to
achieve the same low CTE value.

At high reintorcement loadings, greater
additional reinforcement is needed to prjuce a
given reduction in CTE than at low lcadings, so that
very higyh reinforcement loadiangs are reguired to
produce low CTE composites. The factor that limits
the minimum CTE attdinable is the ability to
consolidate the composites and economically
fabricate thun into the required product forms.

The thermal conductivity ot Sit" whiskers is
markedly lower than that of particulate Si1C
32 W.mK vs > BU W/mK. The lo# conductivity of Sic
whiskers relative to particulate SiC 1s probably due
to a high density of stacking faults and microtwins
and to high levels of dissolved nitrugen.
Particulate SiC made by the commonly used Archeson
process apparently has tewer detects and lower
nitrogen levels, resulting 1n higher thermal
conductivity. The 6061 alum:nium allcy matrix has a
higher therwal conductivity than 2124 alloy. The
temper of the matrix alloys also has an efte't on
conductivity; age hardened material his a h.gher
conductivity than solution annealed and (quenched
mate:tal.

Most low expbansion reintortcements inorease
composite modulus at o similar rate trom 6 to 40
per cent loading. The exception is silicon, which
has a much lower elastic modulus than the carbides
and nitrides <onsidered. A high composite modulus
is needed to control printed wiring board (PwWB)
expansion for coenstraining core heat sinks and tor
general dimensional stability in other packaging
applications.

vl

Three component MMC shows promise

Aluminium matrix composites car be malde using
virtually any reinforcement phase thit Jdoes not
react excessively with aluminium. Composites

containing up to 45 voul per cent fine particulate
(<5 pm mean particle diameter) can be vacuum hot
pressed to nearly full deusity at moderate
pressures.  Atove this loading level, densitication
becomes mere Jitfioult. Composites with up to

A0 vol per Cent patticuiate Can be extruded, torged,
and relled on cunventicugl wquipment using modi 3
44
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Fur compusites containing
ternturcement, meachining from a
the oanly practical process tor

tne limiretions and Jditficuities on
consolidating compousites containing 5S¢ wol per Cent
o1 more reinforcement, a programme was usndertaken to
develop matetials with CTE &9 & 160 T K and to
develop fabrication processes te mangfacture sheet,
plate, and forged parts. The first successtul
material to result from this programme is a three-
compenent composite consisting of an aiuminium-atloy
mitriv with SiC and elemental silicon reintorcement.
Manufacturing processes have been developed that
produce better than 98 per cent theoretical Jdeasity
vacuum hot pressed material with 55 voi per cent
reinforcement using conventional production
equipment. This reinforcement levei cesults in
composite CTE values ot approximately 8.5 x 1078,k

To vvercute

Prototype heat sinks, heat pipes, and
micro-clrcuit housing packages made trom the
three componeunt composite are being evaluated by
several majcer aeruspace contractors. Fabrication
processes are beinyg developed to lower the cost and
improve mechdanical properties of the material. A
55 vol per cent three-component composite has been
rolled to sheet 1.9 mm (0.060 in) thick using a
specially Jdevaluped rclling procedure, and can be
close-die forged to simple shapes. Hesearch is
continuing on the Al 'SiC-Si composite (patent
pending) and other MMCs to develop materials with
good thermal conductivity and fabricability, low
density (light weight}, and a iow CTE attractive
to the avionic industry.
{See tables and diagrams on pages 120-122.)
(Sourwce: Advanced Materials Processes,
July 1989, article written by Alan S. Geiger
and Michael Jackson, Advauced Compusite Materials
Corp.., Lreer, SC, USA)

Upited States Air Porce seeks to prove metal
composites’ suitability

A project being underwritten by the United
3tates Air ¥orce has set out to prove thac
metal mattix composites are suitable for mass
production and can be used to construct parts ot
aircraft structures, including areas whe.e stittness
and heat resistance are critical.

Curtently, attcratt builders rely mainty on
titanium and other metals that can withstand the
rigours of high speeds and temperatures for mcsi
vritical parts of an aircraft’s desiqn.

with $20 million 15 tunlding trom the Air ¥Force,
Lockheed Aeronautical Systems Co. said its engineers
are applying existing manufaciuring technology to
design and construct tour gerersic vertical
stabilizers common to high performance jet fighiers
using metal matcix composites.

Marietta, Ga. based Lockheed 3aid it believes
the composites contain the qualities needed in
aircraft constiuction and that the project’s
findings will lead to wider use of the material for
all types of aircraft.
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Lilg draw to metal -matzin
as well as titanium. but
repiirenent .n LoROLrow's
Twe ul the stabilicers ynder construction by
Lockheed use whisker teinforced matriz composite
skin panels, where very short silicon cartide fibres
are spread throughout the matrix tn a random patrern.

The othet two stabilizers rely on continucus
tibre-reinforced skin panels. In the second
grouping., long sirands of silicon carbide fibtres are
arranged scide vy -side in the aluminium matrix,

o
1513

all four szabilizers, the skins are tastened
S si.icon carbide fibre, aluminium spars and

silicon carbide whisker aluminium ribs.

From the
approached
operatian,
provedures
egqupment,

vuoset, Luckheed engineers have
the project 3s a regular produaction
filiowing standard manutactur:n

and using mostly standard tabrication
the company said.

Oue deviation the
ibrasive water  jet cutter not generall; found on
most aircraft production lines.

i the process 1s use ! oan

Generating 49,008 lbs. uf watel pressute per
5judre the device uses a thin stream of water
containing powdered garnet, which acts as an
abrasive tu cut Cleanly througn the material.

tnchs,

moare
Houts
Amerian

Using the water
conventional process saved at
trimming skin panels and tibs.

jet moethod 1nstead o o
least 500 man
{Suurce:

in

Metal Matket, 6 September 1989: 1989 Fairchiid
Publications)
Avico's specialty materials Jdivision (Loweil, MA,

v
d

Avco has combined silicon catbide and titanium
aluminied, a combination of titunium and aluminium,
in o chemical vapour deposition process. The
0.0056" diameter silicon carbide fibres are
fabricated, woven into a mat, and then sandwiched
between layers of titanium foil by hot dsostatic
pressing. Aveo's patented technolugy 15 expensive,
bt aerospace officiali say there is o good chance
Avio's material will be cheusen for the National
Aerospace Plane. The USAF, Navy and NASA all want
the plane to fly Mach 25 orbitally and

SLUve BLliu mpn 1L the Bigh atrosphete. AU thioe
rates, tedperatifes ate eibecled to reach 1,300 b
alcny the *useiage T 3.0=0° F at the nose.
(Soutcer Anerioan Metal Marael, B8 May (G’

CL@pesitle thermal s
pioducet 1 metal

1y eattng Materias iy

mallx powder form. The compooitle

puwder Cfters protection wiainst such condritions as
-ear, t any
Sphez. paftivies nave rounded
patticles imtedded in the melted matrix impartin,
morpaciogy.  Prodeot 1s sard to have five
wear resistanve aind six times lowe:r stiiding -weat
rate than malor comparative materials.

neat, Suid, and corrosicn in combrination.
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tied powder
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(Alicy

Technology International inc., 1869 Westerr Highway,
west Nyack, NY 10994, USA) (Source: Machine

Design, 26 Juiy 1339)

fovel metsl mutrix composites trom low-cost materials

A highiy abrasion resistant new class of
metal-matrix composite (MMJ), witn cocntrollable
SpeCitic resistivity ranging trom conductive to
dieiectric, has bpeen invented ty Robert Pond, chiet
sclentist of Marvaiaud, Inc., and a protessor ot
metallurgy at The Johns Houpkins University. These
aovel materials composed .t a metal-matrix
reinforced with finely Jdispersed tly ash particuiate
(submicron size tc 25 um) are reterred to by their
ventor as composite ash metal or CAM.  Aithough
the :nitiai wurk has been with atuminium, ziac, anc
their alloys, other metais such as copper, nickel,
iron, and their alloys are also being investiyated.
The process, wihich produces fuily derse MMCs
containing fzom 5 per Cent to 3 per cent by welight
fly ash particuiate, is believed applicable t., a
idarge number of metal matrix materials.

Fily ash is largeiy composed ot <3, nd per oJent
s1ilca (510,), ca. .U per cent alumini (A1203.

and ca. 20 per cent ferric oxide (Fe,d,).

Pratessdr kond was sctivated to develop thnese
unasual MM s bevause ot the low cost and abundance
of this waste product. More than 80 per cent ot the
80 million touns 3 year tewoved from coal-burning
power piant smokestacks reguires dispcosal,

The new composites have interesting propertics
ncluding high toughness, abrasicn resistance, and
as mentioned above, controulled specific resistivity.,
The property changes n a 27 per cent gluminium 2ins
alloy that result from reinfourcement with fiy ash
include: dan increase in specific pesistivity that
is virtually tinear and increases fivefold as
the fly ash content varies from 0 per cent to
29 per cent (feom B pu om o to 46 ue o om);

JO0 per cent decreas. in density over the same
concentrations; a doubling of outer fibre tensile
strength up tu 15 per cent particulate concentration
(4 -point bend test) from 39,000 ps: (269 MPa) to

J18,000 psi (538 MPa): o marked increase 1n the
modulus of elasticity also up to 1S per cent
particulate concentrationn trom ca. 2 X 106 psi
(13,800 MPa) te 9.5 % 10" psi (47,050 MPa); ant a

decrease in triction wear of 68 per cent (as

measuled by weight atter hour abrasion in
grey cast iron) trom B0 imng at 0 per cent tou 24 mg at
2% per cent. Comparabae values have been found with
other fly ash retnforced MMI's.  Two as yet
unexplained anomalous effects are that above 1% pers
cent particuiate loading Houth the outer fibre tensile
strength and the modulus <t elasticity decrease.

lwass Onle




Fly ash ferntorved MM, e tormatiie by
Convent ional metai plesuing
But tecause they ate higniy abrasive,
machintang ts Jiftrcult. s the patts hive 7. Le
Jreund.  Hodevet, a4 vatiety of
ate possible, and the
material lends itsell to

torming metheds sa hoax
and rotling.

and dimenoao oy
that this
nel shape tab:zicati o,

shapes
tavent. e
ne.at

beltieves

Compated with most MMCs, whih ate Juite
custly, CAM is a telatively
Its potential applicaticns are,

tnespensive composite.
tur example,

tow Ccust Jies that could be made with
alloy matrix, which because of
gualities would have louw wear;

the AL 2.
tts abrasive

2 gt Brake shoe

matertal that could be made with o mote thetmaily
conductive Cu alloy matrix;  ana high tempertatute
seals, e.yg. tor Jdiesel engines, that coula be made

using a matrix with a4 highet meiling point such as

an Fe based alloy. {totert B. ¢ond, St., Chie?
Scientist amd Board Chairman, Marvalaud,
Incotperated, P.O. Box 330, westminster, ML 21157,

USA)
August

(Source:
1947)

Materials aud Ptovessing Feport,

Lockheed Avtounasutical Systens’ Geotgia unat
Will start ass mbling iatge vertical tail bexes made
ot metsl-matr % compusite materials in Marietta,
USA. The unit said the tail boaes will be
tabricated trom the largest metal matrizx composite
sheets made 1n the United States. Silicon
carbide aluminium sheets, each 0.0v" thick
measuring 70 x 220" ¢, have been tabricated tor
demonstration project being tunded Ly Wright
Aeronautical Laboratory's Aeronautical Systems
Division USAF Flight Dynamics Laboratory (ibayton,
OH). The tailboies will be mounted on "strong” back
welded steel frames that would simulate a fuselage
fitting. Four vertical tails will be fabricated,
two having skins of silicon carbide whizkers mixed
with aluminium with spars made ot si1licon carbide
fibte mixed with aluminium, the other two wili
have skins and spats made with si1li1oon carbide tibre
mixed with aluminium. Advanced Cumposite Materials
(Greetr, S(7) supplied the silivon carbide
whisker-aiuminium material, and Aveds Specialty
Materials Division (Lowell, MA) the silivcon carbide
fibre aluminium. (Source: MetalwNews

30 November 1987)

an-t
the

and

Metal matriz composite
Jraphite teinforced epuxies
of choilce tor structural uses in tutire spave
platforms. Metal -matrix componites have weignt
advantages versus customaty metals and may pertorm
at 7TOOF versus half that for graphite epoxivs.
Metal -matrix tubing also could bring about 1mproved
electrical andg thermal conduvtivity versus graphite
epoxies and reportedly may better resist the space
environment making i1t adequate for long missions.
Boeing, Lockheed and Martin Matietta’s Astronautics
Group (benver, €U, 1USA) dre examining the
composites. MetalwNews, 5 June 1989)

tubing 15 competing with
a5 the advanced material

(Sour. e

New ceramiy teingd 1oedent pretorms

tibre o whisker reintotced

metal matrix composites (MM's) are attractive
materials for automotive and aetospace applications
due to their nigh strength to weight ratio,
However, current techniques used to make veramic
fibre reinforcement preforms produce mats
characterized by low density, density gradients

Ceramic

11s

otientation ot bLittes.

rsotropi MMC

within the mat, and planae

This leais o noen unitorm,

plopett les a4 stuntlicnt baarler to Comelcl i s
T MM

This tartlet inay te eliiminated with the
Gevelopfeat b g ptocess It iates tioen meulding

short cezamie fibres o whiskers anto comples stajpe !

tatie tabtrel
dfe Miaed with

tetntorcenent preftorms. b
[
thermnplast 1o banders an

igh aspect
it

wiilskers (troa i

sLElactaitls U ensite
conpiete wetting and dispersion 0 the

the f.t
Latcratories

telintotlerments cess, devels jed bty

Techniogi Jeramics At lanta, UsSA.

ne.,

Frel oms can be Tabricalel tnto any shape that

can be dnjection moulded, ant have completely pandol
tibvie wrtentation at foadtngs trooan 170 to

10 per cent.  Mouldrogoas 4 at oW pressiltes, s
much larger shapes than Lormarly assoovilated witn

tnjection meul-ding ate possitie.  The metal matzia

can be intioduced Ly o sgueele Caostiag ot other
pressdre of vacuum assisted techni-jaes.  MMOs can
hate the same complex shipe as the pretoam, or the

preloam can be uned o Selectively reinlornce o
partiscuiar atea of the patt. Prooess compatibolity

hits Leen dednstrated tor silicon carblde and

silicon nitride whiskers, Satil (LI Cnemicals »
tolymers Sroap, Uniated Kingdom) ceramic tibres, amd
chopped catton tibres.  Patents have been tiled tor

the process and the pretorms,
H_*‘,Esildlh £

Advanced

{Source:
Sept vmie!

1989)

‘enses,

viced MMUs tor

appst |

At Dwa Comprosite Speclcltiles
MMUs are under development tor electronic
applicaticas. In order ot increasing cost they ate
DWAL 20, a stltcon carbide (517) particelate
reintorced atumiaium;  chopped catbon fibre
reintorced aluminium;  and o continuous tow ot
modulus, prteb Dased cartbon tibie an
Phis Jast composit. is particalarly
adventageous becasuse 1ts coetticient oI theraal
eipansion (CTE)} can be tatlored to match those ot
both printed witing boeards and ceramic devices such
a5 aluming chip carriers.

several types ot

high
aluminium ¢
magnesium,

The ma jor carbon tibre MMCs are
that their TEs conteolled and mateched to
ceramic devices: their heat dissipation
can be Jdirectionally contr - lled by placement ot
fibre layers; heat sink: ate lighter and more
efticient than convent.o.a! they ofter
structural stittening along with heat dissipation;
and because of theis low dens'ty their specific
thetmal conductivity i3 much higher than aluminium
and specitically, carbun tibre metal
vomposite system has o density of ca.,

0.085 tb. in. (.4 grem?) an My and ca.
0.098 1b in.3 (2.7 g em’y i Al; 4 high elastiv
modulus (55 mui, 380 GPa tor uniaxial reinforcement;

advantages ot
can be
thouse of

the

Ganes;

COpgeert the

and 2% to 30 msi, 173 to 207 GPa tor 0°/90°
cross-ply tibre otientation);  and "zero” CTE «an be
arhieved by very high fibre volure loadings, ot
planar isotropic CTE cap be achieved through
cross plying appiosches,

Where the application 15 not a3 demanding, the
lower cost S1C particulate reintorced (25, 40, or
5% vol per cent) Al composites ontfer specifie
strength cguivalent to titanium; a4 modulus of 16 to
22 msi (110 to 152 GPa); taillurable low CTEs
matching those of steel, beryliium, and titanium;
thermal conductivity equivalent to aluminium; and




goud abtrasior The moduius of the
intermediete f:ived chopped graphite teintozced
metal compusite is ca. 10 msi (09 GPa), with a UTE
Close te that of titacium tot a 4% vol per ceat
chopped carbasn fivre (ELOC) tow in aluminaium (tlol)
at hait the density of titanium.  LDevelopmental
quantities f these cump sites are available €ox
evaluatiwn. (DwA Curposite Specialties, Iuc..
21119 Super:or St., Chatsworth, CA G131l 23v3,
(Svutce: Materials and Provessing hepo.t,
September

Tesistaiive.

JsSA)

t
1987) .

sic-reiantorced mela. and cerafiy compugites

Nippon Catbton 15 the latest player in stlicon
cartide fibre-reintorced materiais. SiU ceramics
are based on iithium oxide-aiumina-silica matrix, and
contain 50 per cent SiC_reintorcing fibres. Fracture
toughness is 25 Mpa-m! ' at 1003, Potential
uses are in spacecraft, aircratt, and automobiies.
Sic-reintorced metals contain 40 per cent tibres .-d
56 per cent aluminium, and have a tensiie strength
of 120 kg mm,. The company has aiso developed an
aluminium-coated SiC wire that can be used to make
pretorms. Potential uses are in aerospace and
automobile engine fan blades and parts, and yolt and
baseball equipment. (Nippon Carben Co., Ltd.,
2-6-1, Hatchobori, Chuo-ku, Tokyo 103, Japan)
(Source: High-Tecn Materiais Alert, August 1987
please take also note of the article "Multi-Filament
Continrucus SiC Fibre 'NICALON' Reinforced Aluminium
Compusite Wires®, presented at the 20th
International SAMPE Technical Conference,
27-29 September 1988, on page 32)
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squeeze mould whisker and short-fibre preforms

A new, ecosnomical process to injection mould
ceramic-whiskers ané short fibres into preforms
could be one of the latest success stories. That is
because the lack of cheap preforms has held back
further use of metal-matrix composites (MMCs) even
as particulate-reinforced MMUs make market inroads.
And the developer, Technical Ceramics Laboratories
(TCL). wants joint ventures and applications
development.

The TCL ;.:.vess economically produces comples
shapes from such desirable reintorcements as silicon
carbide ind silicon nitride whiskers, ICI's Saffil
aiumina fibres, and chopped carbon fibre. You can
make the preforms into metal-matrix composites by
squeeze castin; and other pressure and vacuum
processes, of use them to reinforce sections of
monolithic metal structures.

Injection moulding high aspect ratio
(length:diameter) whiskers is no small trick,
since the high aspect ratio of the whiskers usually

suppresses tnjectability. TYet TCL has produced
uniform, agylomerate free preforms from fibres
aud whiskers whose aspect ratlo rasnges from oJd:.
te 100:1.

TOL dues tol say how 1t manages Lo in:
whiskers, though 1t Jdoes outline the moulding
process. First, the laboratury miLes
fibres with surtactants to aid wet -cut and
thermopiastic binders. (It can also add
metal particuiates to the mixture and stili maint sir
the random orientation ot the libres.)
meulding, the oryganic phase 1s Lurned

whiskeess o2
Serani s

Atter
B4

il

The tesuiting pretorms Can be made in ony
shape, are as strong as chalk, and reguite g
special handling. The provess lets yuu Make larcje:
parts at iower pressutes than commenly assuciated
with injection meulding of plastics.

Compare that to tiltering ceram:c itz
.he way conventiutal ceramic whisker pretor
made. Filtering creates oriented, low density
mats that contain wide variaticns in dens:
cannot uniformly reinforce anything. If you want
make a comples preform, you have to press the mats
together and machine ar expensive, labtour intensive
process.

TCL, which has filed fcr & patent, has a..eady
produced some impzessive preforms with tne provess,
such as a 6-in-diameter curved, hexagonal mirrar
blank only 0.2%0-in thick.

Technical Cersnics believes it can make parts
several feet long and wide and only inches thick.
You can also use the preforms to make vapour -
irfiltrated ceramic compusites. The liaboratory s
now looking for partners to commercielize the
technology. (Techrical Ceramics Laborator.es,
P.0O. Box 38%, Alpharetta, GA Ju20l, USA)
High-Tech Materials hlert, July 1989)

Inc.,
(Source:

* & * & *

Battelle Memcrial Institute is negotiating with
several firms to further develop its evaporative
pattern casting (EPC) process for metal -matrix
composites (MMC). Battelle's {Columbus, OH) meta:is
processing seuctlion said the need for 1ightweight
parts and tor a new casting capabiiity that would
allow low-cost processing of certain composites are
the impetus fo- trying to begin such a programme.

Ar advantage ot using the EPC process for MMTs is
that the particulates can be moulded 1inte the
previding a means to mechanically place them in the
proper distributicn in the mould cavity. Poussibie
uses ot MMCs using the process would mainly be
engine parts including connecting rods, disc brake
rotors, pistons and <ylinder blocks. (Source:
MetalwNews, 25 May 1987)

toam,
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Fiqure 1. Metal matrix materials
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Figure 4. Thermal coefficient or expansion
(TCE) of electronic grade SiCp,/Ai
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qure 5. Thermal conductivity curves of 6063 Al and 50 v/o
SiC'p/6063 AL MMC. Theoretical SiCP curve is
calculated by extraporation of the t063 Al and MMC
data to 100% SicCp
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Figure 6. Properties of electronic grade SiCp/Al
MMC and conventional materials
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Pioperties of selected matrix o1.d reintorcement materials

Coefficient of
Young's  Poission’s Bulk Thermal thermal
modulus ratio modulus conductivity expansion Density
GPa (10" GPa (10 WimK (BTUMRt 10K (10°1°F) glcm’ (Iblin.")
P pi) kB
Matrix Alloys
o001 Al (To) 703 {102) 034 752 {109} 171 99) 234 (1300 208 {0.097)
2124 Al To) 723 (105} 034 777 (113) 152 (88) 230 (128, 275 (0099
ZKo0A Mg 48 {05 029 359 (520 17 (08) 200 {itd) 183 (0.000)
Reinforcements

Carbides .
SiC. 400 (58) 0.20 21 (32 2 (18.5) 34 (19) 321 (01lo)
SiC, (Grade 3) 400 (58) 0.20 221 32) 120 (69) 34 1.9) 321 (o1e)
B.C 448 (65) 021 255 (37) 39 2.s) 3s (19) 252 (0.091) )
Nitrides
AIN 345 (50 025 228 (33) 150 (87) 33 (18) 320 (0118)
SN, 207 (30) 027 152 (22 28 (10) 15 (08) 318 (0115)
Oxides
ALO, 379 (59) 0.25 255 (37) » 12) 70 (3.9) 398 (0144)
S$iO; (fused quartz) 731 (106) 0.17 366 (53) 14 (0.8) <1 (<06) 266 (0.096)
LiO; - ALO, - 450: 67.6 (9.8) 0.19 366 (5.3) 13 (0.8) <1 (<o6) 238 (0086)
LiO; - ALO, - 850, 69.0 {(100) 0.8 359 (520 13 (0.8) <1 (<06) 239 (0.086)
Al; - TiO, 303 (4.9) 0.20 166 (24) 20 (1.2) 10 (0.6) 368 (0133)
Cthers
St 124 (163) 042 235 (M) 100 (58 3o (1.7) 233 (008d)
C hber (P100) (L) 690 (100) - - - 400 (231) 18 (o8 218 (0079)
C tiber (P100) (T) - - - — - - - 30 (167) 218 (0 079)

107§

CTE 107K

o —k U 1 1 o
20 ® 0 [ ] 100

Reinforcement, vol %

o

High reinforcement loadings ate tequired in aluminium matrix composites to achieve low values ot coefficient
of thermal expansion (CTE). The measures CTE values for 6061 aluminium slloy reinforced with particulate
AlN or silicon shown here appeat .o agree fairly well with the Kerner mathematical model, while the CTEs fur
composites reinforced with particulate SiC are closer to the Turner predictions; incorrect values used in
the calculations or ditferences in matris/reinforcement bonding may be responsible for this difference.

Source: Advanced Materials Processes.
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hetmal espansion tor MMCs

1

Reinforcement
SiC
B.C
AIN
Si
Al THiO,

LiO: - AL:O, - 85i0:

Matrix alloy
6061 ZK60A
aluminum magnesium

14.5 16.5
14.5 16.5
15.5 —

15.5 —

17.8 —

139 —

*Accrage valnes for 010 150°C. 10 *IK of MMC's contasming 30 vol % reinforcement.
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The measured thermal conductivities of aluminum-
malrix composites veinforced with particulate SiC are
markally higher than those of composites reinforced with
S1C whiskers, but below those of composites reinforced with
particulate AIN.

source: Advanced Mategials Proceises.

Prototype components

made from

the three- component composite
are being evaluated.

ZRoVA magnerium-slley matsis
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Reinfoscement, vol %

10°IF

Magnesium-matrix compusites show similar resulls to
aluminum-matrix composiles, except that both particuiate
5iC and particulate B.C reinforcements in ZK60A
magnesium alloy give measured CTEs much closer to the
Kerner model than those predicted by the Trrner model.




Coefficient of

Density thermal expansion' Thermal Conductivity
glem’ (Iblin.") 10K (10 *I°F) WimK  (BTUifthr°F)
SXA A 61/40° 2.89 (0 105) 10.8 (6.0) 128 (79)
c0o1/40AIN,’ 292 (0 100) 135 (7.8 137 (79)
AlSICSi* 281 (0.102) 8.7 (18 120 (70)

' Acerage calues for 55t +35°C I ommeronal MAMU 2 ath partsonlate 510 resnporcement vegustered by Advan.od Compustte Matersaly Corp 'Expervmental MMC aith
partnulate AIN renjor.cment. ‘Experimental MMC with parte ulate StC and >t rermfuriement patent pending

)
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T SiC 10
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3 J 310
3
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2
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Reinforcement, vol %

Most low-expansion reinforcements increase the
Younyg's modulus of aluminum-matrix composiles al a
similar rate from 0 'o 40 vol % loading: the exceplion s
silicon, which has a muck lower effect. The meazured
values of Young's modulus for the SiC reinforced MMC,
agree with the values predicted by the Hashin nd
Shirikman model.

Source: Advanced Materials Processes.

el




Fibres o

Hecent Jdeveliopments 11 celanlc matelials have
ied to A renewed interest tu tibre reintorced
materials, especialiy metal matrix composites. Cray
Advanced Matertals UK, bavked by Cray Electronics,
was tormet 1n 1986 to exploit the properlies ot thia
new material. The Ccompany upetates under a
licensing ayreement [rom the Ministry of Delence gt
uses the patented Liguid Pressute Forming (LPF)
prwess., a nes techaique devreloped tor makiang
components trom fibte reintorced metals

Commercial applications of metal matris
compousites presently at the teasibility deranstoator
stage include components tor the automotive
industry, such as pistons, connecting rods, brake
calipers, and wheels; as well as gas cylinders,
marine prupeliers, armour plate, lead battery plates
bicycle trames, fobutic arms, train overhead
electt ic pantuytaphs and specialized touls.

Many other pussibilities arte presently being
explured and although metal composite components
have ti.e reputation ol belng eipesnsive, Jray
believes that its unigue process has siguticantly
reduced product costs. The company strateygy Jdoes
not involve volume production of cumpusite
components, but rather the oftering of sub licen e
in order to eiplult fully the benefits that this
femiarkable material will bLring to engineering.

Cray's LPF metal matriz composites have already
tound applications within the military, aertuspace
and competition racing industries. Of particular
note is a tour module torpedu hull currently being
produced. Cray believes that i1t would be extremely
difticult, if not impussible, to ptoduce this by any
other method.

The LPF process 1s o te hnsjue tor the
pro-daction ot veramic tibte reintorced metal
compunents in net shape ot near et shape, with
eicellent Jdimensional tolefsnces and excepiional
mechanical properties. Various types of ceramic
fibres, such as silicon carbide, alumina, boros
carbon can be used with metals such as aluminium,
magaesium, lead, zinc or cupper alloys.

and

For the ptoucers, 3 die 13 aanufatuared whion
contains a cavity in the shape of mpr e Rt s
tequired. The teinfurcing fibtes are made
preform, whose shape and fibre ditection will
enhance the petfotmance of the compunent.
lucal rernforcetent 15 also avalrlable 1t e juired.

The preform may be a4 combination of varicu:n types I
fibres as reqgquited, or 3 simple pre moulded shape of

random short fittes.

the
intu o

Select vy

i destguimg g pretonn, Tittes
geeommodate areds o high Stiess.  whed
fibies are used, o prelor® i3 produced by windiog
fibtes a3 single tows, tilaments ot woven fabr,
1nto the predetermined shape. Dizcontinuous tibre,
ul materials held 1o a pret.am
Ly o ceramic bissder .

Jle alignet to
cont inuous

such as aluming e

After the frefourm ba. boen placed th the heated
die, the cavity 15 evacuated and when the conditi o
ot the metal, Jdie and piefora 1o correst, the moltern
retal 13 o into the Jie oo antiltoate the
fibres and totally f1ll the «wvity.  The evacuation
serves svverasl purposes. Firstly 1t legasses Lhe
melt, removing auny Jissolved gas which conld cause

el
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prerosity on o soliditication.  Secondly 1t remives gl
trom the die cavity and volatile binders from the
ptefurms, eliminating contamnation by residaal
gases and oxidstion ot the molten metal. PFinally 1t
means fast and cousplete ntiltration.

The pressute feJuitel tn the LPF process is
cvonsiderably lower than that used in alternative
processes such as squeeze tureing and Jdiffuston
bunding, with & consequent tedaction in the risk ot
tibre damsge. The tullowing tibre tutms ate belunyg
successfully used to produce metal compositve
Culponent > :

- Silicon cartide munol 1iament;
Stlicun carbide cli-ths

- Boran monutilament:
Random aiumina;

- Aligned alumina;

tilLte;

Random carbon

Contianuvus catbLa tivrte; and

Steel wite.

L.w die vuats

The Cray LPF process can be used to produce
complex shapes which vary 1n size from a few
centimetres up to 2 x 1.5 % 1.5 m. It is essentially
a single batch prucess that produces a net shaped
reinforced compcnent, with tolerances in the region
of ¢+ 0.2 per cent. As praduction times are
relatively short and die costs low for volume
SULPUL, Ccumponent COsts are lower thaa for other
eilsting processes.

The advantages I ptodiing 3 net shape are
vbviosus, but 1f further machining is necessa:y of
desirable this « an be accomplished by conventional
machining using tungsten carbide tuols of electro
discharge machining.

Alternatively, teintoried aress can be
Juesitgned 1ntu o component so that only the matrix
alloy itsell 15 subject to machining.

o

Although metasl matria composites have 50 far
bewn contined to applivations within the aefouspace,
military and Lompetition cat satkets, Jesign
chgineer . i Civil Votiie I Clal Jdless ahoald
be aware of tie advantagjes 4ind potential of theose
matetriale. For o pnutance, the tenstle strengyth,
complessive strength and tensile modulus of o
ternforced sluminiam Compncit
Jrester than thoue ol an
slloy, un 4 weight tor

2Uhet RIS

ate two to four Times
unfelnl sroed alumin.um

weigyht basis.,

Constder, 3u gnothel viample, a
tesvelling at 326 km h (Jud mph). On brawing,
felotiu getetates s amouni ot heat
which incfesses the tempelaturte ot otdinary Liake
calipers Jdramatically, causing them to suffer
marked - stiffness. A cslipet made from filae
teintutced sluminium would sbow 0o loss of
o strength under these «Liunditicns and 1ts
thermal «onductivity would reduce heat transter t-.
ol

faving ot
consilerot le
PFE I 4
stifllineus
lower

the hypde s,

gte resnloteed
13 Juminated Ly the

In polymer CompuLites which
uniasially, the tensile strength




strength of the tibres. This 1s also the case in
fibre reinforced metals. So when axial teansile
strzength at a relatively low temperature is the
mijor design consideraticn, then a polymer compcsite
masy provide the lightest, cheapest optiou.

Transverse streugth

The transverse strength, howvever, is generally a
function of the matrix prcperties. 1In the case of o
good resin it will be of the uvrder of 30 MPa but fur
a fibre reinforced metal it will be much higher,
arcund 170 Mpa. If, for example, a transverse
strength of 150 MPa is required in a resin systems,
then a 9:90° layup of fibres must be used, which
substantially reduces the overall composite
properties and increases cust. In metal-matrix
composites however, a simple unidirecticnal lay-up
would suffice.

Strength in cumpression is related tu woth fibre
and matrix properties and to the relationship which
exists between the tws. Carbon epoxy for example,
has a relatively poor compressive strength (approsxi-
mately 1200 MPa) compared with fibre reinforced
metals. This is due to the low strength of the
matrix which allows buckling of the fibres, and the
low strength in compression of the catbon fibres.
The strength of fibre reinforced metals is also a
tunction of the above criteria. when the high
strength of the matrix is combined with a fibre that
is resistant to buckling, and then processed by the
LPF technique which ensures strong interfacial
bonding, the resultant compressive strength is
extremely high (3000 to 3000 MPa).

But perhaps the single most important property
used in the design of structures is stiffness. The
modulus in the fibre direction for a good carbon
epoxy uniaxial composite is comparable with that ot
steel (around 200 GPa). However, in the transverse
direction it 1s extremely low (. round 7 GPa). This
means that the material is hiyh.y orthotropic. This
aspect has in the past led to design difficulties
and to the development of complex weaves to overcome
the lack of off-axis stiffness. The actual design
is therefore a compromise, where the very high axial
stiffness cannot be readily realized.

The modulus of a compusite is a tunction ol the
moduius of the fibre, the modulus of the matrix and
to a lesser extent the strength of the fibre matiix
interface bond. In the case ot a carbun epoxy
composite {or example, the muduius of the resin 1s
reelatively low (around 3 GPa) and the transverse
modulus of the fibre is low. Whilst the matrix bond
may be good, the overall modulus is held down by the
first two characteristics.

Conversely, boron. sluminitum has a relatively
high modi:lus, because both the matrix and fibre
transverse moduli are high. The transverse modulus
for this system is around 138 GPa. The carbon
aluminium system is however an exception, having o
1ow transverse modulus because carbon fibres lack
transverse stiffness. Although the modulus of the
matrix is relatively high, the overall trarsverse
modulus i3 low, at 30 to 40 GPa.

Fibre reintorced metals dre also characterized
by having higher shear moduli than resin composites,
by a ta:tor of approximately 10. The combination of
high axial and transverse moduli means that the very
high unidirectional properties of a metal composite
can be .ealized in practice.

Fatigue is often a design criterion of great
importance. Metal composites generally have higher
tatigue limits than comparable isotropic metals.

The high tatigue resistance is related to the
presence of the tibres which act as Griffiths crack
stoppers. As a crack propagates thrtough the mateix
and appruaches a fibte, the stress will be telieved
by the hole in which the fibre sits, ptovided there
is not 2 brittle interface bond. The crack will
have to re-initiate on the opposite side of the
fibte Lefure propagation can continue. A similar
situation exists tor resin-based composites,
although pour otf-axis properties limit the full
fatigue pertormance to vertain directions oaly.

Fracture toughness

The fracture toughness of a metai, which is a
measure of the work required to extend a crack, can
be increased by using fibre :einforcement. A crack
tzying to cut through a bundle of fibres in a metal
matrix will tend to turn along the fibre axis rather
than continue i1u the transverse direction. The
fracture toughness is dependent upon the volume
fraction of fibres, the fibre orientation and
diameter.

For a uniaxially reinforced boron aluminium
compusite with a 50 per cent volume fraction of
fibres, the fracture toughness will be about
82 MPa [m cumpared with 49 MPa vm for the
unreintorced alloy. Any tibre orientation other
than uniaxial reduces the fracture toughness, as
there will be fewer fibres in the load direction.

Gne of the most outstanding characteristics ot
fibre reinforced metals is the retention of their
properties at elevated temperatures, as illustrated
on the graph on page 129. Ceramics are also kaown
to have very low coefficients of thermal expansion.
For metal compousites, assuming a good fibre matrix
bond, the resultant coefficient is a fuaction of the
fibre and matrix coerlicients, relative stiffness,
fibre matrix bonding and volume fraction. The
coefficient of thermal eipansion will differ
accordiag to fibre direction. For example, in a
silicon carbidesaluminium composite, the cuefficient
of thermal expansion is o x 10°°.°C in the
longitudinal direction, and 17 x 107%%C in the
transverse direction.

Carbon aluminium 15 a special case, since the
tibre coefticient of expansion is negative in the
longitudinal direction. This means that it is
possible to produce a material with a zero
coefficient of expansion in the fibre dizection.
Alus.ina has been used in chopped random form to
produce an isotropic coetficient of 15 x 10 ®/°C
at a volume fraction of 24 per cent. Carbon could
also be used to produce a material with an isotropic
coefticient of approximately 6 x 107 °r°C.

The triction and wear properties of metal
compusites vary according to fibre type, but a-
generally good. Aluminium containing boton .
silicon . arlide as reinforcing fibres will produce
characteristics similar to that of the reinforcing
ceramic.

{This articie was first putlished in Engineering
Magazine, Londcn, November 1987)

Pilut plant for MMC precurscrs

Recent completion of a4 Navy manufacturing
technology project at Cordec (Lorton, VA, USA)
promises mass production of thin (0.0003 0.0008 1n),
pliant, metal matrix composite (MMC) tapes by vapour
deposition techniques. The tapes, metal based and
reinforced with graphite ot ceramics fibres, are
intended to serve 45 precurscrs in component



tabrication. as do prepregs for the well established
organic-matrix composite components.

Althcugh the prograsme is tocused on productior
of graphite-fibre-reintotced-alusinium tape, the
versatility of the process has been exploited to
also produce graphite’magnesium, graphite copper and
silicon carbide /titanium tape. These tapes can be
wound on mandrels, or cut into plies and placed on
dies for shape buildup., and then consolidated and
diffusion bonded by heat and pressure.

In the continuous process ac the pilot plant,
tow comprised typically of thousands of fibres is
drawn from a creel and the fibres spread into a
monolayer. The fibres ate then plasma-cleaned by
argon-glow discharge, coated with metal by magnetron
sputtering and the tape thus torawed wound cn a
takeup reel.

The eight-chamber vacuum - -cuating system on the
process-development line, which can produce tape tu
2.5 in wide in lengths to 5000 ft, can be configured
to deposit as many as six different sequential
coatings on the fibres in a single pass. These
coatings can be used to compound the matrix or serve
as eutectic bonding agents, diffusion barriers,
complaint layers or oxidation-resistant layers.

Besides the process-development line, two
production lines can produce tapes to 6 in wide in
lengths to 5000 tt. Production rates for
graphite/aluminium, graphite:copper and
graphite/magnesium ate about 0.5 ft./min.

These are modular lines and they can be
configured with a single high-rate coating module
or, to increase throughput or produce multilayer
coatings, additional coating modules. Coating
processes include plasma-enhanced chemical vapour
deposition, rf and dc magnetron sputtering,
conventional and reactive ion piating, and thermal
evaporation. ® System design is intended to
facilitate converting the lines to new MMC
production as user requirements change.

Also exhibited at the eund-of -project
demonstration at Cordec were facilities for
consolidating thin-sheet MMCs by hot pressing,
pultrusion and strip drawing. Sample products
included panels of the graphite-reinforced metals
noted earlier, seamiess thin-wall graphite/magnesium
tubes having a zero coefficient of thermal
expansion. Nextel (alumina-boria-silica)-fibre-
reinforced titanium aluminides, and graphite/
columbium-nitride/copper superconducting tape.
(Source: American Machinist, August 1989)

Extremely high densities in metal-matrix
composite (MMC) preforms are achieved by a process
developed by Technical Ceramics Laboratories.
Process works equally well with ceramic-mateix
composites. The new technique gives an economical
way to make complex-shaped preforms for reinforcing
metal matrix and ceramic matrix composites. This
will put MMCs into a much better commercial position
than they have bLeen. Using the technology,
densities of at least 75 per cent vol ate being
achieved; in one instance, den:ity hit 87 per cent.

The company has developed a4 way to
injection-mould short ceramic or metal fibres and
whiskers into complex shaped preforms. Matrix is
introduced by a pressure orf vacuum assisted process
such as sgueeze casting. Near-net-shape ceramic-
matrix composites can be made by chemical vapour

infiltration of the preform. Process can also be
used to selectively reinforce a particular section
of a part. To make part, shaped preform of ceramic
fibres is placed in mould and molten metal :is
introduced. Ceramic fibre preforms are made by
filtering a slurry of ceramic fibres to form a mat.
{Technical Ceramics Laboratories, Inc., P.O. Box 385,
Alpharetta, GA 30201, USA) (Extracted troa Inside

R & D, 5 July 1989)

Infiltration process produces pore-free MMCs

A patented process for producing pore-free
metal-matrix composite (MMC) components has been
developed by Lanxide Corp., Newark, Del., USA. The
Primax pressureless infiltration technigue uses no
pressure Ot vacuua apparatus, facilitating
production of large, complex net or near-net-shape
MMC cosponents.

High reintutcement loadings and :-inforcement
geometries ranging from particles to continuous
fibres are possible with the process, which uses
either shaped loose masses or bonded preforms of
ceramic reinforcing materials such as alumina
(Al,0,) and silicon carbide. Initial experience
has been with an aluminium-alloy matrix material
that contains magnesium to enhance wetting of the
reinforcing phase.

The first commercial product resulting trom the
process is NX-5101, an Al Al;0; composite.
Additional aluminium-matrix materials are expected
to be available soon. (Source: Advanced Mater:ials
& _Processes, July 1989)
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Low cost alumina fibre for metal and polymer

composites

A new, fine diameter (ca. 3 pm), semi-continuous
aiumina fibre, called Safimax, with high strength
and mudulus, which is priced at only $50/1b
($110/%g), is under development at ICI. With the
present price of fibres with comparable properties
such as Nicalon, Piber FP, and Sumitomo's Alumina
around $200 to $300/lb ($440 to $660/kg), the
availability of Safimax shouid make it possible to
produce cheaper aluminium and magnesium alloy metal-
matrix composites (MMCs).

The polycrystalline fibre composed of 95 per
cent alumina and 5 per cent silica is availab'e in a
low density (LD) and a standard densit; {SD) grade.
The LD grade has a density of 2.0 g/ca”, a tensile
modulus of 200 GPa (29 msi), a teiwsile strength of
2000 MPa (290 ksi), and a maximum use temperature of
900°C (1652°F). The SD grade has a density of
3.3 g/cm?, a tensile modulus of 300 GPa (43 msi),
a tensile strength of 2000 MPh (290 ksi), and a
maximum use temperature of 1600°C (2912°F). Because
of its low density, the LD grade has good specific
properties, as can be seen in figure 1, which
compares the specific strength and modulus of
Safimax alumina fibres with those of other
continuous, inorganic fibres.

Similar to ICI's Saffil fibres, they have
excellent resistance to molten lignt alloys. The
stiffness properties of light alloy MMCs compare
favourably with titanium and steel, and because of
the low MMC density, the weljht of fabricated
components could be reduced by as much as 50 per
cent. Anticipated initial applications are for
engine support frames in aircraft and for gearbox,




compressot, and fuel pump parts. And because of the
fibre's low dielectric coustant and good wettability
and adherence to epouxy resin, Satimax fibre
reinforced pulymers could be useful as electronio
mjterials. ICI also envisions future apriications
in ceramic cunpusites. Lbevelopmental quantities ot
the fibres are now available. (ICI Chemicai and
Polymers Group, F.0. Box 1l, The Heath, Runco:in,
Cheshire, wA7 {4QF, UK} (Soutrce: Materials and
Processing Report, October 1987)

Alanx Products has statted up 2 new 3,058 sg &
ceramic metel composites pilot plant in Newatrk, DE.

The piant will make parts and systens produced
with new type uf ceramic -metal composites for
industrial uses where resistance o wear is vital.
The materials feature high strength, toughness, weat
resistance, less brittleness, and no densificaticn
shrinkage. A part or system made with the materials
can be engineered to avccormodate the needs of a
certain wear-sensitive use via picking the fitting
composite. Parts p.oduced with the new composites
are made az net or near-net shapes via a preprietary
technology involving the oxidaticn of molten metal.
Alanx is jointly owned by Alcan Aluminum and
Lanxide. (Source: Cerami- SB, January 1389)
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Aluminium miatrix composites are expected to
supply better performance and efficiency in a
broader variety of uses as prices fall. A majority
of aluminium composites ofter such benefits as iight
weight, good thermal coaductivity, high shear
strength, good abrasion res:stance, high temperature
capacity, non-flammability, minimal attack by such
organic fluids as fuels and so.vents, and capacity
to be created and treated by custcmary techniques
using present equipment. Coasistently high quality
products are now ottered in large amounts, with
major manufacturers expanding output and pledging
lower prices. (Source: Material Eng.. January 1989)

A new method to produce high-quaiity,
close-tolerance near-net-shape parts from
fibte-reinforced aluminium matrix composites was
unveiled at the University of Delawvare's Centre for
Composite Materials (Newark, DE). The cent:ze has
successfully applied compocasting, a slurry process,
mixed with squeeze casting to produce shapes from an
aluminium-copper alloy reinforced with short alumina
fibres. The centre said advantages include the
possibility of producing aluminium matrix composites
with up to 60 per cent reinforcement, cumposites
with less fibre damage vs other methods, and lower
cost vs many other methods. The process alsc keeps
the thixotropic properties of the base aluminius.
(Source: MetalwNews, 26 October 1987)

Metal composites take wing

what do you get when you combine the light

weight of aluminium with the strength and stiftness
of titanium? If you're Lockheed Georgia, probatly
an aluminium metal-matrix composite (MMC). It works
the same way as reinforced organic comry>sites: add
a strong, stiff fibre to a softer matrix to boost
properties. In this c~se, Lockheed is experimenting
with two different types of silicon carbide (SiC)

ceramic stiffeners. The tirst is contingous

0.0%6 in Jiam SiC fibres, which are applied to
0.001-9.022 in-thick Al oudl allouy, then Covered with
plasma sprayed 6061, Multiple sheets of compusite
are then cut, laid cut, and autcclaved to produce
finished parts. The fibres e made by Aveo
Specialty Matertals Divison. The secund reintorser
is siagle crystal 35iC whisketrs (3.5-micron-diam,

2¢ 30 microns long), made from rice hutls. Tosy ate
blended (up tu 25 vol per cent) with Al powder and
hot compacted into oylindrical Lillets that can Ge
made into sheets, plates, extrusicns, or forgings.
The whiskers were developed by Arce Chemical Advanced
Materials Cu. Lockheed wiil fabricate each MM into
two vertical fins with (SU-in span and f0-1in chord

as par* ot the Advanced Tactical Fighter programee.
(Source: Aeruspace America, September i98v})

Dura! Aluminium Compusites produced a b f2
iung, 7-in-dia metal-matrix Composite (MMC) biillet
using direct-chili (DT} casting. The material was a
6061 aluminium reinforced with !0 per cent silicon
carbide grinding media. The direct-ch:ill casting
technigue employs a short, water-couled metai
mould. Molten metal is poured into the top of the
mould and the 1agot 1s lowered oy a hydraulically
operated platform as it is cast. Alcan Aluminium
(Cambridge, MA), Dural's pareat, built a
25 mii lb yr ceramic-reintor.-ed aluminium plant.
Dural can produce extrusion billiet, rolling stabs
and foundry pig at its San Diego, CA, plant. Alcan
wiil initially emphasize MMC esitrusion billet anid
foundry pig, but, will produce MMC rolling slabs for
sheet and plate. (Source: MetalwNews,
i4 March 1988)
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New researcn planned for metal -metal composites

A 750,000 pounds sterling three-year
investigation of processes suitable for commercial
volume production of fibre-reinforced aluminium and
magnesium alloys is being launched by the BNF Metals
Technology Centre.

Existing production preccesses for these
materials are discontinuous and labour intensive.
BNF hopes tc develop simplified semi-continuous, and
possibly fully continuous, manufacturing techniques
for sheet, strip and simple sections. It is now
seeking support for the project from industry and
hopes to share the costs between 20 or so
manufacture-s. Five types of company are likely to
benefit from this work. BNF believes:

- Manutacturers working in light alloys who
see fibre reinforcement as a natural or
desirable extension of their product range;

- Companies working in heavier materials such
as ferrous and copper alloys who cannot
ignore light alloy composites as potential
serious rivals;

- Pibre makers who wish to increase the demand
for their products;

Companies planning tc enter the metal metal
composites field either as manufacturers or
users; and

- Existing users of these materials who are
seeking improvements in material quelity,
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Ltd., 1378 % Eoguahi, Ybe ity., Yamaguchid
Frefecture, 755, Japarn.. MMC Division, Toyotla
Centia!l Besedrol s Level.paent Laboratories, Inc.,
41 1, Yokomichi, Nagakute-ohe, Alchi gum, Alobil
Frefecture, 480 !l, Janan) (Source: Matertals o
Provessing beputt, Oouober 1987)

Uspiey Metal o
Mo lten-metal

{Neath, wiien). Ospire;

has bLeen used to make
Wetal-matrian composite preforms by tnjecting Cetamic
patticies right 1oto the atoumized matrix. Ouprey
Metals and Delft liniversity (the Netherlands) have
printly extruled cpray Jetosited oluminiam

silicun-coupper alloy billets,

The Lillets rated Tavourably vs o cust magy
ingot metallurgy ailoy and a similar powder metal
alluy. The OUsprey method has been studied at the
Navy's David Taylor Research venter (Annapolis, MbD),
with the goal betng to make pipe preforms from an
In otp 645 nivkel Lase malerlal, Maunesmann Demag
HSA (Pittsburyg, FA) reports that the method now
the cajacity of contioususly making as folled
gual ity strag aned plate up to 487 wide and needs U
be united witn melting and finish rolling coiling
favilities to begin output oin commercisl amounts,
{Sonrve: Metalwhew,, 12 Ueplember 1988)

has




3 D metal matrix ¢

Researcher at University of Delaware's Centre for
Composite Materlials is working un 3-D woven
reinforcements that can be woven into prefurms with
complex shapes. The metal matrix compusites (MMUs)
are made to near-net shape, and there ate oo
delamination planes.

Polycrystalline alumina are braided and woven
(FP fibre) into preforms, then vacuum-intiltrateld
with aluminium-lithium alloy (AL-1.5Li). As fibre
volume ircreased, so did mechanical properties.
An experimental 37 vol per cent alumina-reinforced
Al-Li checked in with 383 MPa tensile strength,
97 GPa Yougg's modulus, 0.26 tailure strain,
32.3 Mpa.ai’2 fracture toughness. You will
find that properties are not very different from
those observed for vonventional C uniaxial

composites.

Problems researcher 1s working to solve include
the damage caused to fibres during braiding and
weaving (especia.ly at crossover points) and
infiltration as fibre content increases. Process
has potential for automation. (University of
Delaware, Centre tor Composite Materials, Newark,

DE 19716, USA) (Source: Inside R s D,
12 November 1986)
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MMCs can never be tou thin

The Naval Research Laboratory has Jdeveloped a
way to make thinner, more consistent metal-matrix
composites (MMCs) by spreading reinforcing fibres
more evenly across the laminate. It is done with a
pneumatic induction fibre spreader, which draws
graphite fihres through a chamber where air is
pumped out of nozzles on either side of the fibr:s.
This creates a venturi effect that spreads the
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tibres, which are collected on 2 take-up spool and
interleaved with aluminium foil. The fibre-foil
tape is then ion plated by physical vapour
deposition to form a3 precursor sheet that can

be consolidated with other sheets into 3 suitiiasyet
MMC sheet. The system produces sheets Juwn to

0.1 mm thick, cue fifth as thick as other methods,
improves reinforcement consistency, and strengtheus
finished MMCs. [t has been tested oun
graptite-reinforced aluminium. (Source:

Aerospace America, January 1989)

Don't say it, spray it

Do not say metal matrix compusites (MMC3) are
too hard to use. Thanks tS a new technology
developed by Alluy Technoluyy International, you can
spray on titanium-carbide-reinforced MMCs. A
typical coating might contain up to 30 per cent TiC
in a nickel-chrume matrix. These new MMC coatinys
are s'ippery and have five times the wear resistance
of tungsten caerbide and six timcs that of “Stellite”
cobalt-based coatings used in similar applications,
according to tests run at Dreiel University.

But their true utility is to prevent substrate
degradation under a combination of hostile
conditions, such as wear, heat, cold, and corrusion.
The key to this combination of excellent wear
properties and low friction co-efficients is the
rounded edges ot the TiC particles, which stide over
other materials. The coatings, trademarked
ResisTic, are made by incorporating the rounded TiC
particles into metals using GTE Sylvania‘s
plasma-melt, rapid solidification system. The
composite powders are then fed into a thermal spray
system, which deposits them on the substrate.
(Source: Aeiuspace America, June 1989)
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Engineered metal matriy compoesite microstiuctures

A new generation of discontinuously reinforced
metal matrix composites, fabricated via a
proprietary casting process refer:ed to as xwi™
technolegy, is under develcpment at Martin Marietta
Labuoratories. with this technology, many different
ceramic reinforcements (e.y., Ti1B,, TiN, TiC,

NbB,, TicSij) with morphologies ranging from
particulates and platelets to high aspect ratio
whiskers can be formed in situ 1n the meit of a wide
range of alloys (e.y., TiAl, NiAl, Nbal, Cu, Al)
during the casting process. The resulting
metal-matrix composites have improved properties and
can be cast, forged, and exttuded. They can also be
converted to powder using rapid solidification
technology tor fabricating neat net shapes via
powder metallurgy prccesses. The ability to make
near-net shapes of xo™ titanium aiuminide (TiAlL)
intermetallic composites is particularly
advantageous because they are extremely hard and
thus difficult to machine.

Most of the work that has been done to date is
on the development of two-phased gamma lameliar
titanium-aluminides reinforced with titanium
diboride (TiB,) particles. Analysis of the
microstructure and phases of a cast ingot shows that
it consists of equiaxed grains of TiAl with lamellae
of TijAl and TiAl. The eguiasxed TiB; particles
are found both inside the grains aud at the grain
boundaries.

Table 1 shows some of the improved properties
at room and elevated temperatures of a Ti-45
atom per cent Al alloy reinforced with 7.5 per cent
TiB,. It has been found that heat treatment does
not markedly affect the microstructure of the
as-cast alloy. However, when thermomechanically
processed (e.g., by hot extrusion}, the matrix
morphology is transformed from lamellar to equiaxed
without any breakup of the TiB,. The composite
with this microstructure has better creep resistance
than the unreinforced alloy, and as also shown in
table 1, its roum temperature elongation is also
increased. Initial results of creep rate
measurements at 760°C and a load of _69 MPa show
steady state creep rates of 2 x 10/ sec”
compared with 9 x 107’ sec” ' for the
unreinforced alloy. Other properties of this
composite are_its fracture toughness,
12-14 MPa ml/ coefficient of thermal expansion,
1.0 x 10'5/°C at 20°C increasing to
1.7 x 1073/°C at 800°C; and density,
3.99 q/cm3, which makes it a lighter weight
material than such high temperature alloys as
Inconel o0l.

The Martin Marietta researchers are also
investigating xo™ processing »f other
intermetallic alloys as well as of Cu and Al .
alloys. In alloy systems such as Cu and Al, xp ™M
technology is expected to markedly improve
superplasticity because the in situ formed
particulates act to stabilize the alloy's tine grain
size. Figure 1 shows the improvement in the tensile
strength of an xo™ go61 Al alloy reinforced with
10 vol per cent TiB, compared with the
unreinforced alloy. Because of its thermal
conductivity and superplasticity .nis waterial
could prove advantageous for automotive engines.

The production of the titanium aluminide
master alloy has been licensed to AMAX, which is
selling the material to other Martin Marietta
licensees (e.g., Howmet for investment castings),

MARKKT ING

for manufacturing inlo varioss products.
Martin Marietts iz alse intetested i woikiig wilh
other companies to furtner the develcpment - 2 ¢
experimental materials. (Martin Marietta
Laboratories, 1450 S. Rouliing Road, EBa.limere,

MD 21227, USA)  (Scurce: Materlals and -

Repaort, April 1989)

Buteopean developaernts in metal matzla compes

-

Metai-mattls Ccompusites with 1ncreased
stiftness and strength, nighet sServile terpetatiies,
and controlled thermal expaision are now avzailable
with alaminium ot @aghesiur Talfilces. wrcuzht MM
materials are reirntirced with discontineous ceranmaes
phases. namely particles, whiskerzs, or short
fibres. They ate availatie in the torm Of Lrilels,
extrusivns and fourgings from the Frencn company,
Péchiney. The most immediatle improvement achievab.e
is in elastic modulus with values of 16C 120 GFa
(14,500-17,400 ksi) easily attainable with S:¢
patticles in aluminium. Although ottained with o
slight increase 1n deusity, the specific stiffness
of these materials surpasses that ot steel aud
titanium. Ia the case of Si whisker reintoreed
extrusions, yield strength and tensile sttength are
greatly improved over those of the unreinforced
matrix. Figure 2 shows high yield strengths at
different temperatures tor 6061 aluminium alloy with
25 per cent by volume SiC whiskers. High leveis ot
mechanical properties have also been citsined with a
7075 aluminium-matrix.

Casting technoloyy is aiso very dttractive oz
metal-matrix composites. C.stiny cfters the
advantages of direct fatrication technoloyy,
near -net -shape technology, capability for makiag
complex shapes, capability for using local
reinforcements, and capability for using amiaed
reinforcements and hybrids. A casting alloy with
20 per cent by vclume SiC whiskers can prov.ie a
200°C (392°F) ultimate tensile strength, which is
200 per cent that of the unreinforced alivy. At
306°C (S72°F), the composite tensile strength is
300 per cent of the streangth of the unreinforced
product. The use of near-net-shape castings with
high loadings {(up to 60 per cent) of d..oountinucus
reinforcement also appears promising due
particularly to their rediced thermal expansiun.
Near-net -shape technology is likely to be
competitive where machining costs are <ritical. The
use of continuous fibre pretcorms is also under
investigation using unidirectional tapes, wuven
products, and filament wound systems for
metal -matrix composites. (Cegédur Péchiney, HP 2/,
Voreppe, France) (Source: Moterials and Processing
Report, September 1988)

First commercial MMC production by late ‘89

Hats off to Dura’ Aluminium Composites, whivh
will be first to maie commercial quantities of
silicon carbide paiticulate reintorced aluminium
metal-matrix compousites (MM). Dural will build a
25+ million-lb plant to produce estrusion pillet and
foundry pig, and, eventually, roliing slabs for
sheet and plate.

The first applications will probably by
superstiff tennis rackets and bicycle frame tules.
But the true target is auto applications:
connecting rods, piston pins, valve quides, roucket
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Juraicarn sluminium metal matrix composite (MMI), 2

Cural Aluminium (San Diejo, tntroduced

ceramic particie-reinforced aluminium material. The
MM, which can be cast, extruded, forged rosled,
nas excellent strength, stiffaess and wear
tesistance although it is a< Light and
corrosion resistant as alumintum. The
int.oduced for a4 lot oo commescial and industrial
uses including enjine parts. Dutalean i§s produced
Via dn economical casting method in which
ineapensive ingot-grade aluminium aid commercially
ottered ceramic particles are united, Dural's
patented method entailis a4 special pretreatment that
el lminates undesired chemical The
pretregtment minimizes dissovlved gases and
impurities and ailows a4 unitorm Jdistribution ot

and

MM wais

tesct ions,

ceramic particles to be attained. This is a maijor
factor in acquiring durable mechanical teatures,
Dutal is an Alcan Aluminium subsididry. (Source:

lve aluminium bas

el particalate composites

Metal ‘matriz composites based on aluminium and
aluminium JTithium alloys reinforced with Sic
particulates have been successtully produced by
Atcan International using the Osprey spray
deposition process. An advantige of spray
deposition for producing compusite materials over

mote conventivnal powder techniques is that no
mixing of powders is reguired, a costly and
inhetently Jangetcus step, hence the product is
telatively less expansive.

vthe: adrantagecus properties ot these
dluminium based SiC particuiate composites are theti:
Lignt weight (low Geusity), high specific strength
and specific moduius (stiffuness to weight rativ).,
and high wear resistance, plus theit thermal
expansion coetticients can e tailoared to match
other wetals ¢r for a particaiar product gppiication
Ly varying the volume per cent oI SiT in the
alurinium matrix. The cuompany is targeting thesse
composites 3t a bulk ype market such as avtomotive
{e.g., cam rods, pistons, connectiag rods) where
lower alleoy could be used as the base metal.
The inctements in strength are 45 large with
highe: streagth alloy;s such a3 Al-Li (8090) as they
are with lawer strengih alloys.

for
oSt

not

I, the adaptaticr Of the Osprey process
devetoped by Aloan, the teinforcing particles are
incerporated into the matrix alley as an inteygral
pact 2f the netal spraying process in such a way as
to produce a uniform distribur ion throughout the
finished material. The as-sprayed ingots are
cylindrically shaped to minimize machining in
producing extrusion billets. The composites are
readiiy workable ani can be fabricatad,

e.g.., extrudad, roiled, die cast using conventional
tooiling. However, some acccunt needs to be taken of
the.t nigher abrasiveusess in machining, which
reguires carbide tipped tosls for rough machining
and diamond-tipped ror finishing. Alcan's

spray Jdeposited MMCs are still Jevelopmental.
lowever, small quantities are available to selescted
Custulers IOl evaiuation, {Aican International
Limited, Banbury Labcratories, Banbury,

Oson OX16 7SP, UR) (Scurve: Materials and

1957)

Magre .um

Maguesium metal matris composite (MMC)
vatrusions are available from Tne Low Chemical Co.,
Mi-dlaid, Micn.. USA. The company's proprietary
technique is said to be the unly commercial process
for producing cast magnesium MMCs,  Other production
processes tely on powder metalliurgy (FM) technigues.

The re.nfourced materials have greater strenjch,
modulus of elasticity, acd wear resistance than
unreintorced magnesium.  To date, Dow has produced
MMiTs with silicon carvide and alumina reinforcements
inoa variety of alloy matrices. (Scuice:
Miterials & Provess Aprii 199))

Metal matfia compes
annual rate

is

Trhe metal matrix corposites (MMC) market
currently $20 million, neariy all of whicn is
research based., Although aluminium-matrix
composites willi continue to dominate in market share
through the year 2630, growth will be led by copper
and magnesium MMCs at annual rates ot more than
20 per cent.

[f the Natiounal Aernspice Plane programme
continues to production, intermetallic MMCs
(particularly titanium aluminides reintorced by
carbon or titanium diboride) wil) approach the
market position of aluminium matrix materials



by 2000. Deteace will consume must ol the MMOs
produced over the next ten years, according to o
recent report by Business Communications Inc., 1
demand temiining as much as tour times the s:Te ot
the commercial market. (Source: Aflvanced Pate:tals
» Frocesses, February 1989)

Moetal matrix composite in tull predactisa

Japan's Kobe sSteel Ltd., 135 now
powder metallurgical process tor tull scaie
production of silicon-carbide whiske:
aluminium. The company can produce 6 x 10.9in iong
(150 mm x 350 mm) billets of the compusite material.

using 3

reinturced

Call for (low-west) reinforcements

Continuous silicon carbide strands are a
leading candidate for reintorcements tor metal
mattix composites (MMUs), but they can cost more
chan §3C0°1b. An innovative new process could cut
costs by at least one and possibly two orders of
magnitude, to perhaps $2-3525'1b, and stiil achieve
nigh moduius and 500,000-psi tensile strenyth.

The new process starts with cheap pitch and a
commercoially available source of silicon, such as
metal, silicon oxide, sii.con dioxide, or silicon
polymers. The silicon is mixed into the pitch at
high temperatures, and the mixture is then spun
into fibres of the desired length. when the fibres
are vacuum sintered, the silicon reacts with catbon
in the pitch to form dense SiC with a diameter

of 7 to 100 microns. This avolds the expensive
processes (chemical vapour deposition) and raw
materials (organosilicon precursors used in
pyrclysis) used in conventicnal technolugy.
Researchers have already learned to control the
cospinning of pitch and silicon, but have not ye®
decided on their silicon source {or sources).

Low cost SiC reinforcements could muve MMC3 out of
exotic military applications and into more
widespread use in commercial aircraft.  {Source:
hetospace America, October 1984)
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Worid: The metal -malfis elpusiles malket is
predicted at $450 million in 31998, vs $37 milliion in
1988, according to ¥iine. MMC atilization by the
aerospace sector is predicted at $336 million in
1998, althougn this depends on Such projects os the
National Aerospace Plane and ShI. MMC use by
automakers 1s predicted at $100 milliont in 1998,
Autos accounted tor 76 per cent or 745,000 1b of MMC
in 1988, while actaspace accounted for 18 per cent.
(Soutce: Ceram Ind, Apt:l 1989)

Metal materix composite producers anticigats boom

The market for metasl matsis compusites is5 still
in its intancy, but producels ale POUring fesources
into research and new capacity 1n ofdos to meet an
anticipated boom.

The market tor the metal fibre composites will
increase 70 per cent anuually for the next few
years, growing from about $35 miilion in 1987 to
$475 million in 1992, accortding to the Freedounia

Group Inu., a Cleveland market researct firm.
The automotive segment will account for the
greatest demand, the Freedonla repost said. Aute
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industry demand tor metal matzix CoMprrs:tes is
neditgiblie today but will hit about $20% miiitern

by 1992,

Players on the prodort con side inciade meral
20d chemicel tadustey jrants, sach as Ajcan
Aluminium Corp., Atited Sigrol snc., and
E.l. Ju Funt de Remowrs s Joo, as well as smald
Stut? Up Ventutes., flhe Cauifoinia Consol. tated

Technioyy nc., and DWA Composite Speciaities o,

Several Corposite man.lacruters adfewd with
Freedonia's precicticus while others disagreed,
Claiming the prediciions weie ertner tud high ot 1.
low.

In addition tu the 20l active Segtent, the
derospace 1ndustry s eapested to be 2 @ad
ronsumet . However, the leigthy festing requitements
mean the markel wiil bLe some years develofing.

Freedonia estimeted growth in the aer
segment from $3% millicn 1 1967 to $85 m:
by 1932 and to $230 mili:ion by 20GC.

Alcan's Cural Aluminlium Composites Jorp., s
increasing Zapacity at its San Diego pilot piant
while building a IS miilion-pound operaticn in
Jonguiete, Quebec. A third piant 1n the
United States 1s under cunsideration.

Curtal is targeting a broad range of warkets,
from sporting goods to missiles.

For exumple, the company has produced o wacel
rim for a high-perfornauce meuntain bike. Tne rim
will be produced by a French parts ranufacturer and
marketed through Specialized Eicycle Compconents,
Morgan Hiil, Calitornia.

Cn the autumotive side, Dural recently wast a
car-engine piston, which is turgeted for the
avtomotive aftermarket.

Also on the Jdeveloprent side arv avicspace
compunents. At an Air Show in Englarnd, Dural
displayed 3 cumpusite speed brake and a hydrautic
manifold, both of which were designed for fight.-:
Jjets.

Typilually,
patticulate tor
recently began
silicon to the

Dutal CcompGzltes use si1l1oon carbilde

reinforcement . However, the
addiag alaminium oaxide rather
matrix.

Company
"han

Aluminium oaide is morte resdily available and
promises to be less eibensive ihan sil.icon catbide.
The performance daspects are quite similar,

DWA Compeuite Spucialties produces an
aluminium-matr1x composite it calls DWAL 20 uper
Aluminium. Essentially an 2juminium composite. [wa
buys aluminiun powder from Alcan, mixes it witn
reintorcement particulate aund manufactures biliet
and other products.  Like Dural, DWA tries to line
up billet customers by Jdeveloping prototype
components and teaching tabricators how te work with
the material.

The start up company tabricates a variety ot
products, such as autoumotive and aeruspace
components. Sizes tange trom small rings to
40 foot long tubes which were desigued for America’s
Cup racver Stats and Stripes. The tubes were cut
down to make two 33 foot spdrs for the catamaran.
The use of aluminium composite material saved about
100 pounds per spat; Lowever, the spars were not
used for the a.tual tacve.




Undet developrent 13 an electtuntc grade ot
material to bridye the gap Letween ceramic parts and
metal structures.

The only comrtervial 1tem 1n production by DwA
is an luertiai guidance components tor sissiles.
The metal composite replaces beryllium in that
application because vt its nun toxicity.

The Suppllers ot Advanced Composite Materials
Assoviation wili begin to “pro actively™ recruit
setal-matrix composite <compsties next year, a
spokesman said.

The association 15 three years old and so tar
its major thrust has beéen towards polymer matrix
companies. However, metal-matrix composites are in
the group’s by-laws as a targeted material so it 's
time to reach vat, the spokesman said. (Extracrted
from American Metal Market, 30 Nuvember 1903)

"Syguerzine” L7 vuction costs trom metal ceramic
_2yueviing gl MAuCtlon

Composites

Ceramic-tibte reinforced metal matrix
composites (MMC) are notential materials for
applications requiring good strength at high
temperatures, goud structural rigidity anc
dimensional stability, light weight, and good
fabricability. The rea;on many MMCs have the
structural capability to withstani high temperatures
is because Of the inco:puration ot ceramic fibres.
Cost however, remains a barrier to adopting these
composite: tur non critical applicaticas. Most MMC
components dre made by powder -metallurgy pt.cessing,
requiring hct pressing >f the forging preform. The
neat net shape process ccelled squeeze casting,
however, offers a technigque to manufacture
ceramic-ribre reinforced MMC compounents at
affordable costs.

Advantages ol sJgueeze vasting

The soliditication of liguid metal under
pressure - sgueeze Cvasting - helps achieve
defect-free castings with improved metallurgical
propesties. The squeeze casting process is simple
and econumival, efficient in its use of raw
material, and has eaxcellent potential for autumated
opetation at hign production rates. The process
yields the highest mechanical properties attainable
in a cast pruduct, In fact, the tensile properties
of ferrous and nun ferrous squeeze castings are
comparable to thouse of forgings.

In addition to the densification achieved,
squeeze casting produces relatively fine grains in
the casting due tu the intimate contact between the
soliditying casting and the die, which results 1n a
tenfold increase in heat -transfer rate over
permanent -mould casting. Fine grain size also is
promoted by the large number of nuclei formed due to
the low casting tempetature and the elevated
pressure. Some wrought alloys also can be squeeze
cast, because die filling in sgueeze casting does
not require high me.t tluidity, and pressurized
solidification with rapid heat ttansfer tends to
minimize the segregation typical in wrought alloys.

The excellent mechanicdl properties,
microstructural relinement and integrity ot
squeeze-cast products are used to advantage in many
critical applications. Parts made recently include
aluminium-alloy truck hubs, barrel heads, and hubbed
flanges; brass and bronze bushings; steel missile
components and difterential pinion gears;: and

several parts made of cast iton. Otkher parts
include aluminium Jdomes, ductile iron mortar shells,
steel bevel gears, stainless steel turbine blades,
superalloy Jdisks, aiuminium autcmot ive wheell and
pistons, and gear tlanks made of brass and bronze.
Squeese Cast alur:inium wheels are being pruduced
commercially, oud high strength aluminium pistons
ar2e eipected to be commerciillized soon.

The casting provess

in the basic sgueeze-castiug process,
metal 1s metered into a preheated, lubricated die,
and torged whiie it suvlidifies. The forging
pressute is applied shortly atter the metal begins
freezing and 1s maintained untii the entire casting
has solidified.

liguid

The 1mportant sJueeze-casting process variables
drte:

M=eat guality:
- Casting temperature;
Towl.ng temperature;

- Tire delay auring die closing and pressute
application;

Pressure .evel;

Pressure duration.

The applied pressure (typically 100 MPa,
15 x 1¢? psi) is high enough to suppress gas
porosity; in extreme cases, standard degassing
treatments are used. The shape and section thickness
of the vasting govern the duration of pressu-e
necessary to ensure complete solidification. Times
beyond the minimum necessary can cause wall cracking
and punch retraction difficulty due to thermal
contractiun of the casting onto the rigid punch.
The maximum duration of pressure generally is about
1 sec.mm (25 sec 'in) of section thickness.

Shrinkage porosity alsc is limited by using
minimum melt superheat Juring pouring. This is
pussible in sgueeze casting because high fluidity -
requiring high pouring temperatures - is not
necessary to fill the die, the filling being readily
achieved by the pressure applied. In heavy casting
sections, which are particularly prone to shrinkage
porosity, the applied pressure squirts ligquid or
semiiiquic metal from hot spots into incipient
shiinkage pores to prevent the pores from forming.
Alloys with wide freezing ranges accommodate this
form of me't movement very well, resulting in suund
castings with minimum applied pressure.

Failute to control process variables can result
in defects such as oxilde inclusions, porosity,
extrusion seyregation, blistering, underfill, cold
laps, hot tearing, sticking, case bonding, and
extrusion bonding.

Adaption of the squeeze casting process to the
making of compusites incorporates a porous ceramic
preform (fibres of different density), which is held
in the die cavity by a fixture. The fibrous preform
is quickly and totally infiltrated by the molten
metal under pressure resulting in a sound, fully
dense fibre reinforced part. Pressure levels
necessary to form sound parts must be controlled to
preserve the shape of the preform. Preform
preheating also is important to avoid freezing of the
11g-id on the preform surface, which could result in
incomplete intiltration in the final cast composite.




Properties of metsl ceramiv compnsit
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I

Mat2i matrix Ccomposites have eahanced stifltness
compared with the matrix metals slone and they tetisin
tensile strength at elevated tempetatures. Fot
exacple, aluminium-alloy ceramic fibre reintorced
composites can replace a high nickel cast iren
insert in an aluminium-alloy Jdiesel tiuck pistoen.
The piston weight not only is :(educed by 9 to 10 pet
Cceni, but alsc the eguivalent bond stiength between
the reinforced area and the piston alloy is superior
to that of the :ron-insert a'—=irium-alloy bound.
Because the rate of heat transfer is decreased witn
a compusite insert cumpared with the iron insert.
the upper piston rings can be moved cluse:r te the
Ccrown ot the combustion chamber can be redesigned to
operate at a hij;her temperature, thus providing an
e:gine that has significantiy increased fuel econcmy
as well as reduced exissions.

in addition, ceramic fibre reintorced
aluminium-ailoy composites have been eviluiated toe
combusticn bowls to eliminate thermal tatigue
cracking due to high thermai cyclic compressive
stresses, plastic Jetormation, and creep. The
hot -pressed coaposite buwis showed a 100 per cent
improvement in yield strength over the bowis made
from aluminium-alloy alone. Similar improvements
were found in tests Oof other aiuminium-alloy
compcsites reinforced witn tibres of two Jd:fferent
types - high-alumina (Al,J3) ceramic ficres and
SiC whiskers.

Both siumina and aluminy siiicate teintorcement
in aluminium Alioy 932 compusites have been found to
Joubie the ult:mate tensile strength at 200°C (S00°F)
of a sgueeze cast component. In tests of a candidate
track shoe material, wear restistance of aluminium
Ri110y 2Ub squeeze cast composites reiafcrced with
discontinuous fipres ot Al,0, and S5i0, was
found to be comparable tc that of inductioa hardened
AISI 1345 ailoy steel, the currently used material.
The test was dry sand rubber wheel abrasion
{ASTM Go5, procedure B). In ludbricated ring wear
tests of carndidate materiais for automotive engine
pistons, aluminium Alloy 332 reintorced with
Al,04Si0; fibres (5 to 7 per ceat fibre
volume) showed a 70 per cent i1mprovement in wear
resistance over nhigh-anickel cast iron, while
aluminium Allzy 242 reintorced with Al,0, fibre
(also 5 t> 7 per cernt fibre volume) showed an 80 per
cent improvement .

while reinforoing with randomly oriented
ceramic t°%res imprives the wear resistance of
aluminium allcy parts, excessive localized damage
can result it ftibres are pulled out of the mat:ix
during wear conditions. Intertacial properties reed
to be cuntrulled to reduce the abrasiveness of
pulled-ocut fibres. Another cause of poor mechanical
properties is excessive fibre matrix reaction. In
particular, i1ron and silicon present in alumina
tibres react with an aluminium-matrix to form a
brittle phase during solidification. Control ot such
impurities reduces this intertacial reaction and
improves mechanical properties. In all instances,
however, the fracture surface shows mixed brittle
(fibre) and ductile (matrix) mocdes during tracture.

Metallographic studies of sgueeze-cast
components show that other important factors for
good composite properties are fibre composition,
fibre volume mechanical properties of fibres with
fespect to matrix, and interaction between the
fibres and the alioy matrix. Squeeze casting

wartables can be optimized to cuntrol the
interfacial reacticr between Lidres and the mazr:ix.

Unfortunately, the Jdata base of information on
SJueeZe Cast ety Cersmic composites is very
Limited, 4nd to reslize “he tull putent:al of
COMga v ites, A Cuptelensive data base s needed,
whickh Couid reveal many other appilications whele the
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use ol these tualerlals sould be advantagecus.

Prefurms fur s juvele Cast compusites consist of
ceramic tibres (A::"-j and S;Cl) toutd tntoe
near -net shapes. Thne type and amount of fitte 15 2
prefora 1s selevted based un the need for weasr
tesistance, seizure resistance. yield streng:th, »
tensile strength, tatigue sirength, stiffiess.
Jimernsional stability, the mal tes:stance, vibratiorn
and a_.cust. I charascteristics. cortosion
resistance, ind the operating environzent o the -
F2ricuiar part.

Pretora performance t3 etermined bty
Cceramic-fibre voiume (pef cent o Iotal part
volume), chemical and physicai chazacteristics of
the fibre{s), fibre orientazion in the pretorm, and
amount Of binder. These tactors - as well as size,
shape. and dimensioral tolerance affect pretorm
cost and final product uosts.

In urder to minimize costs, preforms are
designed to provide the needed petformance at the
lowest fibre concentrations. For exampie, I[of
Bigh-temperature fatigue cesisitance, cost -effective
fibre volumes may be as high as 27 per cent;
however, when only improved we [ resistance :s
required., a tibre volume of less than 10 fer cent :is
generally used. Preferred fibre orientatiaon is not
essential for improved wear resistance in an
aluminium part: the tibres car either be normal or
paratlel tc the surtace being enhanced. Ceramic
preforms with a variety of corpositions are
avail-bie.

(See tables, pajes 139 and 140.)

(Source: Advanced Materials § Processes inc. Metal
Progress 5,88, article written by Suresh K. Verma
and John L. Dorcic, IIT Research Institute,
Chicago, i.!l.}

Trimwnir g the cost of MMCsS

Innovat:
high cost out of manufacturing these highly
specialized materials

Powder metaliurgy (PM) technology offers a
method to manufacture complex near-net-shape parts
made of conventiunal and exotic alloys and alloys
that cannot be produced by conventional methods, as
well 4s metal -matrix composites (MMCs). However,

PM manutacturing techniques are limited in sove
instances by economical and technical factors. For
example, prealloyed powders (used in conventional
isostatic pressing) are very expensive, and because
they generally are spherical, they are not cold
compactable. To overcome this limitation, these
powders are compacted by hot isostatic prersing (HIP)
... expensive “canning” containers. Purthermore,
these containers must be remcved after hot pressing,
and a new container must be fabricated for each part
to be manufactured. On the other hand, mechanical
cold pressing of blend. d elemental powders is
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(CHIP) iy sway al Lign panola

CRIP s o PM o tesnnigue complising Coid
LsCe3tatle pressing (CIP) of blended elemental
powders i o2 teusabtle erastvamezic mould, tolluwed Ly
VASLUm s:ihteling and hot iscstatic pressing (HIP)
without the need Tor additionai expensive tovling.
The method (nocitporates elemental cold-coepactable
titaniee powde:, which 1s avatiable at a relatively
10w Cunt (vomparted with spherical presiloyed powders)
1in toth i eatz2 luw chicride (ELCI})
grades. In the viementsl powder blend teckhnique,
the proper propettion ot master-alloy and base
viemental powders ate blended to obtain a uniform
distribution cf the reguited chemical composition.

standa:.d

The CHIP Li.Cess 15 cumpetitive with forging ot
Casting in Many lastances. while forging refines
the Ticrostructute of wrought stock that already has
s significant amount of value added, a near ret-shape
part seldom is teasitle. Thus, machining Co:.$§ ate
Eigh and the buy to fly ratic (the ratic of the
welght Ot materiai purchasel to make a partticular
aircratt aerospace compunent to the weight of the
tinished comporent) usualiy 1s kigh. On the othet
hand, while casting may be cost competitive for some
part configuratici:s, the mechanical properties
obtained usually are inferior to thise of the KM
CHIP process.

Cold .sostatic pressing typivally produces a
density iin the green preshaped compact of 80 to
85 per cent ot theoreticai. The dernsity is uniform
because the applied hydrostatic pressure is the same
inoali Jirections. Jompies parts containing
undetcutls, reverse tapers, and wlosures and multiple
fianges <an be fabricated. Furtnermore. the process
is not limited to parts with small aspect ratiocs
{rativ of height to widta). Thetetore, the process
can be used to Mmanutacture parts such as shafts and
hollow bar and tapered tubing.

By controlling the size and other specifi.
features of the starting powders and by properly
designing the elastomeric tooling, dimensions can bLe
clusely controlied, thereby maximizing the raw
materiai utilization and minimizing Cinish machining
costs. This is important ecomnomically because
taw-material costs gccount tor g high progpottion ot
production costs, and the scrap material generated
by machining has iittle value compated with the
value of the finished part.

Cold 1sostatic pressing ot elemental bLlended
powder produces 3 high yield of crack-free
preforms. Such pretoims are typically densified to
about 95 per cent of theoretical density by vacuum
sintering. Full density (100 per cent) 1s achieved
by the subsequent hot isostatic pressing. Canning
prior to hot pressing 1s not necessary because the
porosity of the as-sintered prefcrm is closed,
i.e., closed to the outside atmosphere.

The ability to achieve properties that meet and
often exceed the specifications of cast and wrought
products have been demonstrated. This 18 valid
whether comparing specifications for strength and
ductility or fatigue resistance. Fatigue prouperties

of CHIP processed ELCI Ti-6Al -4V are equivalent to
tivse Of wrought arnealed material. Subsequent heat
treatment of this ailoy furcher improves fatigue
resistance to a level surpassing wrought arnealed
Ti oal The CHIP technigue 15 now a8 producticu
prooess whetein significant cust saviugs ate
achieved n critical components.

o
V.

New titantum MMC techunology

Materials engineers, having recognized that
monolithic alloys have inherent performance
limitat:ons, are sea:ching for appruaches to develop
moterials independent of eguilibrium or setastatie
structures. One appruach led to the development of
MMCs, where 2 metal or alloy is combined witn a
non eguilibrium dispersed pnase generally, but
always, non-metallic. Sintered cexented carbides
were scme of the earitest and most successful MMCs,
Cconsisting ot tungsten carbide, <r other carbide
particles, dispersed in a ductiie metal mattia.

[RNA4

Contineally :ncreasing materiais-performance
reguirements in the aerospace industry led to the
development of fibre reintorced metals (typically,
an aluminium-alloy matrix), in which properties ate
nighly directional (non-unitorm). Fabrication ot
these cumposites is guite compliex and expensi.e, and
tibte-reinfcrced MM’s are exciuded from
consideration in many practicali component
configurations due to their geometrical and or cost
Coustraints.

The CHIP technique is the basis on which
Cyunamet Technilogy Inc., developed a proprietary
process to sanufacture a new family of titanium
aacro  and micro-composite materials to near-net
shape parts.

Commercially knuwn as CermeTi (the subiect of
JS and foreign patents assigned to Dynamet), the new
materials are processed essentialiy in the same
manner as monclithic alloys, except that a
substanrial amount of titanium-carbide particles
Llended with the elemental metal powders used to
make vp the matrix alloy.

is

CermeTi materials have been characterized with
tesfect to particie size, composition, CHIP process
variables, and mechanical properties. Prototype
patts made thus far include domed rocket cases,
missile fins, and alrcraft engine component pretorms.

Tne stiffness (Young's modulus) of CermeTi-10
(Ti-6Al-4V matrix with 10 per cent TiC)
micro-composite material is dramatically improved
trom room temperature to 650°C (1,200°F). In
addition, the roum-temperdture yield and tensile
strengths ate retained tc the upper temperature.
Ductility 1s impaired, but reasonable ductility
retdined thr = jhout the temperature range; the
ductilities of the composite and of the monolithic
titanium alloy dc not difter significantly at 650°C
(1.200°F).

15

Creep and stress-rupture test results from
CermeTi-15 (T1-6A1-4V with 15 per cent TiT) and
torged matrix-alloy specimens show that CermeTi
materials typically have an order of magnitude
increase in time to rupture compared with the
unreinforced titanium alloy at temperatures to $40°¢
(1,000°F).

Ouerall, CermeT: compcsites provide higher
modulus and better high temperature performance
than monolithic titanium alloys without compromising
the weight advantage of titanium. For example,
the modulus improvement in CermeTi 10 is abaut
15 per cent at room temperature, and this advantage




1s maintained to 6%3°C (i,200°F). The strength and
modulus levels increase by an additional 10 per cent
in CermeTi 29.

The improvement in high temperatuze strernjth
and stiftness increases the use tempersture limit of
Ti-6Al-3dV by approximately L1G°C (200°F). 1In
addition, the coapusite alloy. even with lLimited
room-temperature ductility { I per cent) has a
satisfactory level of fracture toughness. The
value of K, . for CermeTi-10 (estimated frum
4-point bend testing of notched test bars) is
about 28 HPa‘nnl‘ (26 ksi‘nn.l :). which is
comparable to the widely used ierospace aivminium
alioy 2014-Ts.

Fatigue properties of the compusite are
comparable to HIPed monolithic Ti-6Al-4V alloy
castings. In addition, the properties can be
tailored to meet specific applications by increasing
or decreasing the level of reinforcement.

As with monolithic alloys., CermeTi preforms can
subsequently be extruded or forged. Freshapes
containing up tu 20 per cent TiC have been
successfully extruded, and CermeT: forging blocks
weighing up to 5.5 kg (12 lb) have demonstrated good
forging characteristics.

Continuing materials development is aimed at
selecting alternative reinforcing particles,
selecting other metal matrices including aluminium,
and optimizing properties by changing processing
variables.

The technology incorperated to manufacture
CermeTi particulate-reinforced titanium alloy
products can be extend.d to other matrices, other
reinforcements, and other classes of high-
performance materials such as titanium-aluminide
int2rmetallic compounds.

Another feature of these new materials along
with improved bulk properties is their ability to be
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diftusion bonded to a munolithiv alloy of the same

< rsition, because the microcompasite matrix alloy
1s the continuous phase. This approach yiellds a
commun MALIIX MICTO MACIOCOMPUSite structure
designated emde.

The <M saterial -desiyn approach offers an
addizivnal dimension in fiexibility. Not only can
matrix and reinforcing particies be selected, but
al30 the resulting microcumpusites can be bunded
to munolithic alloys in a variety of ways. A
mote sophisticated application of the CM°C
material-Jdesiyn approach leads to multilayer
Ricro-macrocomposites. Materials haviag up to
eight alternating micro-macrocomposite layers have
been tabricated.

Typical applications for these Jdual-property
(hardness, Jductility, fracture toughness, and
modulus) macrocomposites include:

- Wear parts, such as gears, bearings and
shafts having an abrasion-resistance
surface layer and a tough, load-bearing
body:

- Erosion-corrosion
chiemical service;

resistant tubing for

- Creep tatigue-resistant engine components
for eievated-temperature service.

Specificaliy, cudC can be used for any
structural component where the properties of the
macrocomposite would be beneficial, but where the
component also would benefit from having a ductile
monolithic alloy cladding or containcent
construction.
(See diagrammes and table on pages 140 and 141.}
(Source: Advanced Materials s Processes, July 1989.
Article written by S. Abkowitz and P. Weihrauch.
Dynamet Technolugy Inc. Burlington, Mass.)
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Metal-matrix composites market value'

Year
1988-2000, .
MMC type 1988 1993 2000 AAGR%’
Aluminum 120 274 61.4 14.6%
Magnesium agk 70 2 17.7%
Titanium 10 20 100 21.2%
Copper M 3 201 24.9%
Intermetallic
wiINASP* 1.6 $5 337 28.9%
wio NASP 16 55 163 21.3%
In Situ 1.6 s5.1 182 22.5%
Other 04 26 5.0 23.4%
Totals
Commercial 31 119 33 22.2%
Defense
wiNASP 169 420 1283 18.4%
wio NASP 169 420 1109 17.0%
All :
wiNASP 200 53.9 1626 19.1%
wlo NASP 2000 539 1452 18.0%

" millions, 1989 dollars * Avg. annaal growth rots * Natinsal Asresposs Plane Seurcs: 2CC

(Source: Advanced Materials and Processes, Pebruary 1989)

- 138




Representative MMC materials

Matrix Fibre Potential applications

Aluminium Graphite Satellite and helicopter structures
Magnesium Space and satellite structures

Lead Storage battery plates

Copper Electrical contacts and bearings

Aiuminium Boton Compressor biades and structural supports
Magnesium Antenna scructures

Titanium Jet engine fan blades

Aluminium Borsic Jet-engine fan blades

Titanium High-temperature structures and fan blades
Aluminium Aluming Superconductor restraints in fusion power reactors
Lead Storage battery plates

Magresium Helicopter transmission structures
Aluminium Silicun carbide High-temperature structures

Titanium High-temperature structures

Superalloy1 High-temperature engine components
Superalloy Molybdenum High-temperature engine components
Superalloy Tungsten High-temperature engine components

L' cobalt base.

Eftect of fabrication process on properties

 Tensile Yield Elonga-
Fabrication strength, strength, tion,
Alloy process MP’a ( X 10°psi) Mba (< 10'psi) Yo
350 o slummmum Squeeze casting 309 (11.8) 205 (38.5) 3
Permanent mold 262 (38.0) 186 (27.0) 5
Sand casting 172 (25 0} 138 (20.0) 2
ciol Te aluminam Squeese casting 242 (42.3) 208 (38.8) 10
Forging 202 (38.0) 241 (35.0) 10
CDA 377 torging brass Squeeze casting 379 (55.0) 193 (28.0) 320
Extrusion 379 (55.0) 145 (21.0) 48.0
€ DA o224 alununum bronze Squeeze casting 783 (113.5) 365 (53.0) 13.5
Forging 703 (102.0) 345 (50.0) 15.0
CDA 925 leaded tin bronze  Squeeze casting 382 (55.4) 245 {(35.6) 19.2
Sand casting 306 (44.49) 182 (26.4) 16.5
Lype 357 stainless steel' Squeeze casting 614 (89.0) 303 (44.0) 46
Sand casting 400 (58.0) 241 (35.0) 20
Extrusion 621 (90.0) 241 (35.0) 50
Type 321 stainless steel’ Squeeze casting 1063 (154.2) 889 (129.0) 15
Forging 1077 {156.2) 783 (113.6) 7

'Annealed  'Heat treated

(Source: Agvanced Materials & Processes inc. Metal Progress May/88)
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Ceramic fibres available as pl'etornsl

Composition,
Trade name volume % Manufacturer
Sathil 95A1,0,-5510;  Chemical Industries Ltd. {UK)
Kaowool 17C 81A1,0,-195i0; Babcock & Wilcox
Kaowool 3000 65A1,0,-355i0, Babcock & Wilcox
Kaowool 2600 S0ALO,-50510;, Babcock & Wilcox
Kauwuoul (bleads ot Sattil and Kaowool tibers)
Fibermax 72A1.0,-27S10;  Standard Oil Engineered Materials Co.
Fiberirax S0A1,0,-50510; Standard Oil Enginecred Materals Co.
FP;Fibers MALO, Du Pont Co. »
Foamed ceramic preforms
Durocel/SiC 99.98 SiC Energy Research and Generation Inc. .
Durocel/SiN? Not available Energy Research and Generation In-.
Durocel/BO, Not available Energy Research and Generation Inc
‘For squeeze-cast alumi MMC comp .‘;,- *Availuble by special order.

(Source: Advanced Materials & Processes inc. Metal Progress May/88)

-CHII" TCE ELCL, 100 1.1
[:] CHIP - BUS.FICL, 100% 1.0

- L] cwe. ercinio ppm)  100% LD
1.200 .
CHIP, std C1{0.35%) 90 4o [.1).
Wrought F_'_l CIP « sinter  9sa 1., fe0
< annealed
$ |
-
1 s0ol 1o
£ g
H 2
s o .
b
T soop Ti-eAl-eV
Smaooth arial fati
R - +0.1; room temp. 0

Blended elemental PM

1 I L 1 1
10' 10° 10’ 1o’ 10’
Cycles-to-failure, N,

Continual improvement of powder quality (including
extralow chloride) and processing technalogy tas led to the

capability of producing hitanium-alloy PM parts having .
fatigue propesties comparable to wrought material.

(Source: Advanced Materials & Processes, July 1989)
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Dynamic (elastic) madulus, « 10° ps

o . CetmeVi-10
A,
16 e,
A,
Y
Ti-eAl-aV s
1] -,
A,
A,
",
12 i g i o
o Py 40 o L [ JL

Temperature,

L2ow

The tmprovement in high temperature strength and

stiffness of Htamiam-matriy micre;omposites amounts to
approvimately a 110°C enhancement of the use
temperature imit of Ty 6 AL 4V The Cerme Tt 10 points
represent three test samples with nearly tdentical modulus
ralues.

Comparative tensile propetties

Material
CermeTi-10
(Ti-6Al-4V with 10% TiC)

Ti-oAl-4V

Test temperature,

°F
70
800

1,000
1,200

800
1,000
1,200

Ultimate tensile

strength, X 10’

116-117
75-77
65-67
44-47

73-75
63-65
44-45

psi

Yield strength,
X 10’ psi

115-116
68-69
59-61
38-40

55-58
51-52
30-33

failure, %

Strain-
to-

1.12;1,14.
1.63-1.80
2.15-2.66

2.90

I1.1-12.1
7.6-94
39-45

Creep and stress rupture 1ests haoe been performed on Cermeli- 15 (Ti-0 Al-4V with 15% TiC) Comparisons with propertses of the forged matris alloy haoe demonstrated

sigmifuant improvements for Cermel's materrals, typrcally an order of magmitude increase in time 1o rupture measured at lemperatures wp 10 1.000°F.

(Source:

Advanced Materials & Processes, July 1989)

141




13.

REBCENT PUBLICATIONS

(Books and articles)

Testing ol

Metsal watils compesites

ASTM, Fhiladeiphia, PA, USA, has made available
Testing Tavhn logy of Metal-Matrix Composites
(STP 964), ed. Di Giovanni and Adsit, containing
28 peer-reviewed papers covering material systems
from the continuous silicon carbon titanium system
to the particulate reintorced aluminium system.
Material forms included range from precast block to
braided pieces. Published in September 1988, the
collection (4172 pp) focuses on the need to obtain
accurate and reliable test data. Current testing
methodologies are defined and described, including
elevated tempcrature tests, Jdynamic modulus tests,
coefficient of expansion tests, and compression and
buckling tests. The bouk is intended for composites
rcsearchers and designers, aerospace engineers, and
materials scientists.

Cumposites Manuta.cturing, an international
guarterly journal from Butterworth Scieatific Ltd.,
Guildford, Surrey, United Kingdom, is a sister
journal to Composites. Scheduled tor publication in
early 1990, the journal will feature peer-reviewed
papers on advances in the Jdesign, processing,
fabrication, and producticn of resin-matrix, metal
matrix, ceramic-matrix, and ceramic composites. It
will also include news, book reviews, conference
reports, a literature survey, and patent abstract
sections. Readership is expected to come world-wide
from engineers and scientists in materials develop-
ment; suppliers in the automotive, aerospace,
marine, consumer, and manufacturing industries;
end-user organizations; and government and academic
research establishments.

A 4 2 T %

The following four articles were published in
Materials Science and Technology. Only abstracts
have been used here.

Microstructural assessment of lateraction zone in
titanium aluminide TiC metal-matrix composite

By D.G. Koaitzer and M.H. Loretto

Samples ot Ti 24AL-1INL 'TIC compusite:r wele heat
treated at temperatures between 1,000 and 1,200°C for
several hours and the extent of the redaction zone
between the Ti 24Al-1INb mattix and the Tit particu-
late was assessed using optical, scanning electron,
and analytical transmission electron mictuscopy. It
has been shown that there 15 an interaction zone
surrounding each Ti¢ particle caused by the diffusion
of C trom the TiC into the matrix and diffusion of Nb
into the TiC. The extent of these interactions
increases with increase of time and increase of
temperature. The phases formed Juring heat treastment
were shown to be Ti)(Ale)C and (TiNbL)C. The
significance of these observations is brietly
discussed in terms of recent work in which it has
been shown that there is no Jdetectabie change in the
matrix in similarly treated Ti 6A)] 4V Ti1. <composites.

Mechanical property test peo
composites

edutes for metal matrlz

By B. Roebucx, T,A.E. Gurliey and L.N. McCartney
Test procedures fur selected property

measurements on metal matrix cvomposite (MMC)
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mateilals ate exsmined. The mechanicial propetties
considered ate associated with tensile, compressive,
bend, impact, tracture toughuess, fatigue, and high
temperature testing. A brief review is also iacluded
ot matheratical medels designed to predicst the
mechanical propesties of MMCs t:om a knowiedge of the
propetties of the constituents and their geometry.

Fatigue pertormance ot alumina reinforced metal-
matrix composites

By N.J. Hurd

The roum temperature fatigue performance of
twd Saftfil reinforced metal matzia composites
manufactured by squeeze forming is assessed.
the composite with an LM 13 matrix, introduction of
Saftil Joes not result in an increase in the
ultimate tensile strenyth, and the fatigue
pertormance is inferior tu the unreinforced alivy.
By contrast, the composite with a 6082 type matrix
exhibits a markedly superior uitimate tensile
strength and stiffness compated with the
unreinforced equivalent and this is coupied with an
improved overail fatigue pertormance.

For

Processing ot No-Cu metal matrix composites

By D. Dew Hugnes, P.G. Quincey and P.L. Upadhyay

During the develcpment of new processing routes
for Nb;Sn superconductor, factors influencing the
workability of two-phase metallic composites have
been investigated. The ease with which such
composites can be fabricated depends strongly on the
relative hardness of the phases. FPioduction of a
regular uniform filamentary structure is promoted by
low hardness ratios in the initial compasite.

* 8 f

Wear-resistant mdterials

Ceramic. metal composites are said to offer wear
resistance in a variety of unigue applications. The
brochure explains tormulation featutes, typical
performance (qualities, suggested applications, and
handling considerations. Alanx Products L.P.,

10l Lake Dr., Newark, DE 19702, HSA.

* A ® * R

Report on advanced materials near

A bureau ot Mines task torce on advanc:d
materials (HISA) will publish a report - New
Materials Soclety: Challendes and Opportunities
that will incorpoarate opinions, viewpoints and
pulicies of experts and compdare the United States
position in new materials with that of other
countries.

The fepurt will be ditterent from any other
report in that it will focus not only on pclymers
and ceramics but also will tuke a look at new alloys
and metal compusites and what the metals industry is
doing to compete in the advanced materials field.

The study will be Jdivided into two volumes,
including market forecasts, a summary of current
government policy, research and tunding and an
overview of the significance of new materials
terms of national security and international
competitiveness.

ohe
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A second section will cover new developmeuts in
technology, including problems still to be soived
and potential uses tor advanced materials.

Members ot the new materials task torce include
leading policy makers and researchers trom
throughout the Bureau in the Department of lutertior,
including experts from its nine research centres
Oregon, Nevada, Missouri, lLtah, Alabama,
and Idaho.

in
Minnesota
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Interfaces in metal matrix composites

Ed. A. K. Dhiugra and S.G. Fishman,
Metallurgical Society, AIME, 1986, D. A. Buoks
{(Aust.) Pty. Ltd.

The bovk is a collection ot 1/ papers presented
at a symposium held at New Orieaus, Louisiana, USE,
in March 1986. The publication is divided into four
sections: Mechanicul behaviour, Characterization,
Reactions, end Graphite-Al’Myg, and vontains a mixture
of papers dealing in high tesolution electron
microscopy, analysis, mechanical properties, novel
experimental techniques and reviews.
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Residual stress in desiyn, process and materials

Edited by Wiliiam B. Youny. Metals Park:
209pp. ©20.1 87 071086 ISBN 0-87170 304-!

ASM,
1987.

Contents: Measurement methods. Thermal
processes heat treatment, case hardening.
processes - casting, welding, metal matrix
composites, ceramics. Thermal processes - surface
films, coatings. Mechanical processes: shot
peening, grit blasting. Mechanical processes:
machining, grinding, torming.

Thermal

Volume 4

This volume 15 the fourth in a series of
technical bovks that are intended to provide an
understanding ot the practical capabilities and
limitations ot ultrahard tool materials, including
both diamond and cubic boron aitride. Covering
10l pages, this voulume contdins seven articles by a
panel of international authors and is edited by
Chris Barrett. The subject matters covered are
synthetic diamond as dosimeters in biological
environments: polycrystalline diamond drill tits in
mining applications; friction and wear of metals
sliding ou SYNDITE at low speeds; the prediction ot
diamund weat in the sawing of stone; transmission
election mictoscope study of SYNDAX3 compared with
SYNDITE and AMBORITE; the hydiophobicity of diamond
surtaces, and tuol wear in the turning of glass
fibte-reintorced plastic,

Bltrahatd Materials Application Techiologyy

Volume 4 from De HBeers Industrial Dismond Division
(Prty.) Ltd., harters, Sunninghill, Ascot,

Berks., SLS 92¢X, United Kingdom. Tel.: (0990} 23450,
Telex: B48021, Fax: (0990) 28188,

one hundred innovations tor development:  That
is the title of a new publication bringing together
bright new ideas [rom arcund the world designed to
ease the lives of people in developing countries.
They include such inventions as a toot operated
treadlie pump from Hangladesh (thete are now 50,000
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in operation); rock cracking devices (with the
aggregate to be used for road-building): and
wind Jdriven ice machines.

The innovaticans come from 43 countries, winners
of an International Inveantors Awards competition
held in Sweden.

wWinning inventions were chusen for their
3bility "to prowste economic and social development
in the third world®™. All have practical
agplications and many are already in use.

One Hundred Innovations for Development,
published by Intermediate Technology, Myson House,
Railway Terrace, Rugby CV21 3HT, United Kingdom.
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Tomurruw's materials
By Ken Easterling

Aimed at a general readership including school
leavers, students and undergraduates of all
scientitic and engineering disciplines, as well as
individuals requiring updates on advanced materials,
this bouk begins with an introduction to the
fundamentals of materials science and investigates
such new materials as aluminium-lithium alloys and
fibre, polymer composites for aitcraft frames and
skins, rolled structural beams made by toughened
concrete, new engineering polymers that may soon
displace metals, advanced ceramics that promise to
tevolutionize the machine tool, electrical and
automobile engine industries, fibre optical
materials networks which will shortly span the
wotld, new generations of transistor and a new
superconducting ceramic with applications in
comput ing, medical scanuers and levitating trains.

A comprehensive glossary of words and terms
used in materials science is also included, thereby
making its content accesisble to non-specialists of
the subject.

Contents:
Part | - Fundamentals:

versus chaos in the world of
and cellular materials; Why

breaks and rubber stretches;
Furthet reading.

Introduction; Order
materials; Composite
metal bends. glass
Materials selection;

Part 2 Applicatiors: Structural materials;
Lightweight materials; Wear and heat resisting
materials; Optical materials; Electronic and
magnet ic materials; Further reading.

Book 414, ISBN U 901462 40 3.

Further details available from Helen Turkdogen,
Marketing Services Officer, The Institute of Metals,
1 Carlton House Terrace, London SWIY SDB.

Tel.: 01 839% 4071, Telex: 8814813,
Fax: 01 8139 2289.

Matesials matter

Materials in UK 1ndustiy available from
Medlascene, The Director Matket ing Centre, Bowen
Industrial Estate, Hargoed CF8 JEP, United Kingdom,
Ter.: 0433 R218)).

Materials iszsues in art and archeology (ed.
K. Y. Sayre and P. Vandiver) has been published by
the Materials Research Society (MHS), Pittsburgh,
PA, USA. The book (321 pp.) cuntains the




procecdings ot an MRS spunsoted symposium held in
April 1988 iu Renw, NV, USA. Its 39 urticles
address topics ranging trom geochemical
characterization of 25300 year old marble sculpture
to the soldering ot gould in the tourth millennium
B.C. The book is Jivided tnto presentations oo
three areas of research:  structurail ang
compositional analyses of ancient materials, ancient
materials technolugy, and processes of detertoration
and conservation. With more than 200 photograpbs,
illustrations, charts, and tatles, this publicaticn
retlects the growing scientific interest in
developments, procecs technologies, and
characterization methods for ancient ma wrials.

New NTIS catalogue describes setvives

The National Technical intormation Service
(NTIS) has published the 1937 update of its tree
32-page vatalogue describing specialized technical
information products and services available only
from NTIS.

NTIS disseminates the results of United States
Government -sponsored RsD activities as reported by
350 federal agencies and by world wide sources,
including Japan and western Europe. All scientitic
and technical fields are covered. Otiginal
tnformation available:

. Technical RsD reports

. Conterence presentaticns and proceedings

. Government patents (licensing opportunities)

. Manuals, guides and handbouks

. Subscriptions to publications trom DOE and
other ygovernment agencies

. Computer software and data files

. Translations

. Federal 1nformatiun processing standards
(FIPS)

. Applied engyineering studies

. Special bibliographies

. Environmental impact statements.

NTIS provides intormation in Jdozens of priat
and microturm products, including 26 ditterent
weekly newsletters (bulletins). The newsletters
summarize new reports received in each ot 26 subject
areas. NTIS Jdata base is available oun line through
several commervizl vendors.

For a tree catalogue, ask tor PR 827 ‘KL, NTIS

Products and Services Cataloy, NTIS, springfieid,
VA 22161, USA.

Material specialties

Volume 88 11 devotes In pages to covetage of
high temperature materials such as machinable
ceramics, epoxies, adhesives, high-temperature
tapes, cetamic cloths, and conductive materials.
Brief descriptions are given tor other products,
such as ceramic board, liquid cetamic toam,
high density castable alumina, heat sink compound.
safety products, and gasket -forming compounds.
Cotronics Corp., 3379 Shore Parkway, Brooklyn,

NY 11235, USA.

A directory tu India's technoloyy areas,
including fertilizers and chemicals, o1l and gas,

and enerygy industries is contained in g special
fadra High Tech issue of Indo Amcrican business
Times. Intended as g resource for timms seeking to
premote technology transter between Intle and the
United Staates, ' contains bLuasiness oontac?

>
(names, addresses, phone, telea, and taa nurters 2
hundreds ot fitms in Indiadr, 4 tes ulve gutlde, and
other data on India's technology areas.  The fisue
is availatle trom Indo American Husiness
P.O. Box 333nd, Farragut Station, washijton,
D.C. 20033, USA.

Tires.

Luoking shead tor materia

ard processes

Edited by Jacgues e Bussu, Guy Fiiens
Plerre Lissac. NY: Elsevier, 1987, 3sn ppo.
(Materials Science Monographs; vol. i)
620.1'1 TAd01.3 87 90%)9 ISBN O 343 4.803 4

Actounautical applileations. Diversilied
applications. Adhesives. Naval applications.
Materials and space. Composites bLehaviour.
Thermoplastics and ceramics.

Dictiona:y ot dcientifiv and Techuioal Terms

Fourth edition. S. P. Parker, Editur in chiet,
MoGraw HiIll Book Co., 11 w. 19th sSt., New York,
NY L0711, USA, 1989, 2,137 pp.. $9%.

Although not strictly telated to materiatls
science and engineering, this volume rdtes rention
sulely tor its exhaustive approach to defining the
language of science and technology. The Latest
edition includes Jetinitions of 100,100 terms, an
increase of 7,600 frum the third edition. Listings
are divided among 102 separate disciplines,
including crystallography, cesign engineering,
eiectronics, engineering, 1ndustrial engineering,
materials, metallurgy, minetalogyy, mining
engineering, solid state physics and spectroscopy.
The definitions, written 1o language desigyned to be
understandable to the nouu specialist, are checked
for accuracy, clarity and completeness by
28 vonsulting editors., The volume contains mute
than 3,000 photographs, drawings and tables, as well
as appendices that include SI Engiish conversions,
the periodic table o! the elements, schemati
electrenic symbols, listings of screntific and
technical organizations, and mathematical i1 s,
symbols and notations,

Japanese Ryl tgend analysiz:  advanced
materials is an ambitious project to provide western
technology cumpanies insight into Jupan's growing
matetials technology buse and opportunities for
strategic alliances. It 1s published by
KRI International, 4 smallet (40 protessionals)
Japanese version ot SRI International., (The tw.
companies are aftiliated and KRI's internationagl
advisory council chavrman is (hatles Anderson, the
former president of SRI.}) It has already completed
reports on conductive polymers, polymer alloy and
blends, and photuresists. Futuvie reports will focus
on metals and alloys, gallium arsenide and other
advanced semiconductors, carbon fibre reintorced
plastics, liqguid crystals, ceramis composites, and
structure ceramic s,  (Takako Kawakami, Director,

KRI USA, 150 W. Santa Clata Gt., San Jose, CA 951114,
USA)




Ilutotmation on 1,100 laboratettes 1s ygtven in
the 1989 ASTM Diteclory of Testing Labotatoties,
which is now avallable. Covering d0d mote
Laboratortes than the 1988 edition, 1t containg
labotatory oames, phone aurbers, testing
Ccapabilities and key contacts.  The directory is
indexed tu at... “earch by location, Laboratoty
name, fields of testing, materials or products.
Coples may be putchased trom ASTM Customer Service
(Amer ican Soctety for Testing aud Matetials,

1910 Hace Street, Entladelphia, PA 19103, USA).

Photoveltaly puwel genetation: proceedings ot the
second contrarctors' meeting held in Hambury,
i387

16-18 Septembe:
Edited by R. van Overstraeten and Go
Boston, USA: Kluwer Academic, 1988.
Energy bLevelopment Thitd Proyramre;
621.31°243 TK2960 87-36102 ISBN 90-277

Caratti,
3l pp. (Solat
Vol. 3)
’hdi-4

Photuvultale power generation Rsli programme.
A-Si solar cells prepated by the glow discharge
technigue. Evaluation ol promising alternative A S1
deposition methods. High efficiency crystalline
silicen thin film solar cells. Thin film solar
cells based on Il VI and ternary chatcopyrite
semiconductor materials. II1-V compound
semiconductors tor use in thin-tilm cells or i
monolitnie multilayer celis.

=

It 1s good t see that the [nstitute of
recently organized a major conference on the role of
new materials in the renewable energy field. For
ezample in relation to windturbines, sclar power and
tidal barrages. Letails of the "Materials in Modern

______ " conterence, held at the University
of Bristol on 2/-29 September 1989 can no doubt be
obtained trom the lustitute o¢ Metals, | Clarlton
House Terrace, London SwY SDB, Hnited Kiangdom.

Metals

Fons to burldings and solar

Solar enetgy appli
radiation data: pro

Edited by T. . Steemers,
i85 pp.
Jol.

boston, USA: Kluwet
(Solar Energy Developrent
4) 697'.78 THIdi3 BY-2)59

Academic, 1988.

Third Proygramue;
1SBMN

WwO-277-271% %

materials for

edings of

Metals
BYAVARE:]

Edites by J. A, bark:
1987, 137 pp.

2979

bwattiey Louch,
n20.1 TIiLign &7

AUM,
ISBN 0-87117u

Cermets,
Ceramics.,

Trends 1n high speed machining. BN,
diramonds . Coating lon implantation.

Tool monitoring.

Piezofesintive sensors

Sulid state plecotesistive pressule Sensos s,
transducetrs, dnd transmitters in several models are
the subject ot this eight page review. Discussion
summarizes poussible applications for vatious
products. Quivk reterence selection charts show
each model and provide usetul data on operating

teatutes, pressute tanges,
characteristics. outputs, electrical connections,
and operating conditions. Cutaway Jdrawing shows
vital construction featutes of pressure sensofs with

perlormance

best tit straight [ine perfourmance specificativng.
Fuxboto 10T {nc., 199 River Qaks Pacrkway, San Jose,
CA 99134, s5A.

1te sensors

Updated handbook includes information on
soiid-state pressure sensors and acvelerometers.
The 250 -page reference yuide reviews custom design
options and Jdevotes l0U pages to specific
application details. Pressute sensors, transmitters,
and transducers tor pressure tanges from 0 to 1 psi
through 1 to 5,000 psi are listed with extensive
engineering data. Cireuit design basics,
precalibrated breadboards and tuily signal-
conditioned sensors are highlighted. Sensym Inc.,
1295 Heamwood Ave., Sunnyvale, CA 94098, USA.

Autometive sSeusors

Eight -page brochure explains how automotive
sensors can be used to measure speed, motion,
rorque, and position ia braking, suspenston,
powertrain and steering systems. The colour
bulletin discusses sensor design and manufacturing
product capabilities, and recommended applicaticas.
Research, development and customer service are
high.ighted. Spectrcl Electronics,

17070 E. Gale Ave., City of Industry, CA 917315, USA.

£ X x K x

Pressure seusor advantages

The abilities of pressure sensors to protect
instrumentation from the process line are explored
in this 12-page brochute. Discussion tocuses
desigyn that eliminates instrument pliugging and
fouling by isolating instrument from the line and
giving a 360 per cent reading. Accurate readings,
various applications and sensor construction are
detailed. ked Valve Co., 700 N, Bell Ave.,
‘arnegie, PA 15106, UISA.

on
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"Inductive and Capacitive P
devotes 28 pages to the subject
sensors work,
ranges.

of how proximity
selection considetations and operating
Minidture sensors, wide temperature ranyge
models and specialty designs are presented with

extensive pertormance data. Wiring diagrams,
mounting options, circuitry, sensitivity adjustment,
terminology and Jimensicns also are covered.
Rechner Electronics Industries Inc,,

8651 Butfalo Ave., Niagara Falls, NY 14304,

HsA,

Superconductivity

New materials and ceramics fabrication,
behavioutr and composition of the new materiols,
ceramic superconductor structure, and the likeilihood
of toom temperatyure supetconductors, dare dealt with
in "Introduction to supercunductivity™, available,
priced 35 pounds sterling, trom IBC, Canada Road,
Byftlect, Surrey KT14 7JL, United Kingdom.




Chemistry of high temperatute supetconductors

Bds. D. L. Nelson, M. S. wWhittingham and
T. F. George. washington: American Chemical
Society 1987. pp. xi ¢ 329. ISBN O B412 1431 x.

Chemistry of high-temperature superconductors 11

Eds. D. L. Nelson and T. F.
Amer ican Chemical Society 1988.
ISBN 0 8431z 1541 3.

George. Washington:
pp- xi + 338.

The recent Jdiscovery of higher temperature
superconductivity in a number of copper oxide
compounds has made these materials the focus of
intense research work by maay scientists around the
world. The goal of all this effort is a better
understanding of high-tempetature superconductors,
which will allow the improvement of their properties
and push this new class of materials into practical
commercial applications.

"Chemistry ot high temperature superconductors”™,
volumes I and TI, is based on the results of some ot
this research. Volume I comprises seven sections
which discuss the theory of superconductivity,
materials preparaticn and characterization,
structure-property relationships, surfaces and
interfaces, processing and fabrication,
applications, and research needs and opportunities.
volume Il is divided into four sections which report
on the rapid progress that has been made in the
following ateas of physical chemistry: theory, new
materials, surfaces and interfaces, and processing.

Both bouks provide data of invaluable help to
chenists, physicists and materials scientists
working in the whole spectrum of superconductivity.
They make good reading for enlightenment on the race
which is now on for applications and extrapolation
of the phenomenon to more normal temperatures.
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Ceramics

World report on advanced ceramics (WRAC) is the
ninth in a series ot intelligence services provided
by Technical Insights, Inc., Englewood, NJ, USA.
Published monthly since Movember 1988, WRAC monitors
major developments world-wide in the advanced
ceramics industry. The publication tracks and
analyses technically and commercially significant
research efforts, patent grants, partnerships, and
licence arrangements.
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Structural cefamivs

John P, Wachtman, Jr., Editcor, Academic Press,
1250 Sixth Ave., San Diego, CA 9210., USA, 1989,
368 pp., $75.

This book, Volume 29 of Academic’'s Treaties on
matesials Science and Technologqy series, is a useful
introduction to the science and technology of
advanced ceramics for engineers who may not be
experts in the field. Coverage begins with a survey
of potential application areas for high-performance
structural ceramics. The :ole of structural
ceramics as "enabling” matetrials £o: technologies
such as advanced lLiedat engines is discussed., This is
tollowed by a chapter on designing with structural
ceramics, including information on key material
chatacteristics and an exanple design problem.

Three chapters then cover the most common classes of
advancaed ceramics - silicon carbide, silicon nitride
and sialouns, and transformation toughened

materials in terms of properties and processing
methods. Chapters on ceramic matrix composites and
triboleogical properties Of advanced ceramics
complete the book. Numerous references are
presented at the end of each chapter tor those
seeking turther reading.

Chem. Systems Inc., Tarrytown, NY., USA,
issued a report titled "Advanc-d ceramic
processing technoloyy®, a comprehensive survey ot
materials and processes empioyed in making advanced
ceramiuvs.

has

The report is divided into nine sections: taw
materic’s, size separation, particle size reduction
processes, granulation, ktatching and mixing
processes, forming processes, drying, thermal
densification, and hot forming and pressure
sintering.

In the report, the processing steps and their
critical variables are Jdiscussed in detail,.
Emphasis is placed on the effect of a powder's
characteristics on an unstructured microstructure.
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Silicone materials

A new brochure from Silicone Products Div.,
Genetal Electric Co., Waterford, NY, [ISA, details
uses of silicone materials in electrical/electronic
applications. Information on silicone technolcgy
for junction and die coatings, moulding compounds
for packaging systems, conformal coatirgs and gel
encapsulants, and high-temperature adhesives is
included.
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International Encyclopedia of Composites

This new six volume encyclcpaedia will cover
all areas of composite materials and reiated process
technology.

For more information on this and other VCH
titles please contact ycdr local bookseller or
case of difficulty:

0

VCH,
VCH,
VCH,
VCH,

P.0. Boa 01161, D 6940 Weinheim
Hurdstrasse 10, P.O. box, CH-4020 Basel

8 Wellington Court, Cambridge CB1 lHw, UK
Suite 909, 230 East 23rd Street, New York,
NY L0010-4606, USA.
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Advanced cemposite mould making is 4 rescutce
the manufacture of motlds used to form or vund
advanced composite parts and assemblies. The 431 pp
volume, by John J. Morena, provides detailed
instruction on how to use each kind of mould making
material and execute ecach mould making process.
Procedures for solving mould and tool design
ptoblems are presented. Tabula: data assists
design of advanced composite parts for such
industries as aitcraft, aerospace, marine,
transportation, leisurte and sport. Information
given on how to select and use materials.

Van Nostrand Reinhold, 115 Fifth Ave., New Youtk,
NY 10003, USA.

on
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The use of cuompesites tor postitioning and othet
applications is the focus uf two> product brochures.
The first covers composite production amd polymer
composite material characteristics such as
vibration damping. Second bLrochute eaplatns how
to achieve long travels in a limited work
environment with cumposite positioning tables using
linear do motors. Two piece construction also is
featured. Anorad Jurp., 110 Oser Ave., Hauppauge,
NY 11788, USA.

The fast - incCreasing use ot composites in the
aerospace industry is likeiv to continue, with
atrcraft manufacturers cuii-atly looking at such
techniques as carbon, glass or aramid tibre tilament
winding used with prepregs tor very large structu s
such as fuselages, eayine nacelles, taitl cones and
windmill blades.

This is one ot the cuncclusions emerging trom 2
stud; carried out by IAL Cousultants tor its
subscribers. The 200 page report, entitled
market for advanced composites in the Buropean
aeruspace and defense industries®, brings together
the views of over une hundred experts in the
polymer supply., tabrication and end-use sectors.
Potential applications of composites in aerospace
and defence are revieded in detail, and the report
concludes with an optimistic appraisal of the
market up to 1932, AL Jonsuitants Ltd.,

14 Buckingham Palace Road, London SWiw 09F,
United Kingdom.

“The

Advanced composite materials, 4 bouk which aims
to fill the need for a comprehensive teitbook on
advanced composites, is to be published by the
Design Council in the United Kingdom. It is edited
by Leslie Phillips, a leading consultant in polymer
technology, one ot vriginal patentees ot
high-strength carbon tibres produvced trom poly
acrylonitrile, and a past head of plastics
technology at the Royal Ailrcratt Establishment,
Farnborough, United Kingdom.

The book 15 aimed at those concerned with
fibres or resin matrices, practising engineers and
metallurgists who have little or nc experience of
composite materials, and at industrialists and
academics who have an interest in the opportunities
presented by these materials. Tt should dalso be
suitable tor students of engineering and materials
science.

As well as contributicas from Leslie Phillips,
outlining the history, fabrication methods and
applications of composites, Advanced Cemposite
Materials contains chapters by experts specializing
‘n:

- Properties ot thermoset composites and design
of pultrusions;

Joining and finishing of composites:
Quality control and non destructive testing;

Design, analysis and prototype testing:
and also
Fracture and failure mechanisms,

A glossary of terms and ¢ bibliography will
also be included. Further anetails on the book can
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be Oobt .ned from Design Council Books,
Londun SWiY 45U, United Kingdom.

28 Haymarket,

Thitd Techni

al Cunfer-aice” held in September 1988.
The papers <over processing and manufacturing
science, internal intertaces, materials engineerinyg,
impact and domage tuierance, reinforcement, stresses.
design and characterizat:on, durability and non-
Jestructive testinyg, structure design and analys:s,
and fatigue and fracture. 734 pp. Otder from
Technomic Publishing Co., Inc., 851 New Holland Ave.,
P.0O. Box 3535, Laucaster, PA 17604, USA.

Plastics
Polymer pubitation

Magazine-tormat publication "Novus”™ 1ncludes
several articles on the features and developments of
polymers. Zpnlication story details polymer use in
experimental aircratt Voyager. Other sections focus
on product applications in lockers, bottling,
batteries, flanges, and grinder pump housings.
Quality, chemical resistance and design flexibility
are highltighted. Geon Vinyl Div., B.F. Goodrich,
box 228011, Cleveland, OH 44122, USA.

lLuminescence techniques in solid state polymer
research

Ed. L. Zlatkevich. New York: Marcel Dekker
1989, pp. 1 + 318. ISBN O 8247 8C45 0
® & & & &
Plastics materials
Fifth editicn. J. A. FPrydson. Guildford:

Butterworth Scientific 1989.
ISBN O 408 00721 4

pp. 1 + 839.

Plastics publications 1989, a new catalogue
trom Technomic Publishing Co. Inc., Lancaster, PA,
USA, describes 81 books, journals and software
packages on various aspects of plustics technology.
Topic areas listed include alloys and blends,
composites/reintorced plastics, computer-aided
design and manutacturing (CAD/CAM), [oamed plastics,
interpenetrating polymer networks, non-destru.tive
evaluation, plastic films, structure and properties,
and thermoforming.

Plastics joining
A 180 page introductoury text on plastics

joining is being marketed by Edison Welding

Institute. .Joinin )

designed to help engineers and managers understand

several of the must common methods for joining

plastics and composites, including friction,

ultrasonic, vibration, hot plate, hot gas, and

high frequency welding. Adhesive bonding also is

addressed. For ordering information, contact

EWI Bookstore, 1100 Kinnear Rd., Columbus,

Ohic 43212, USA.
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Bulletln U310 3045 provides Jdetaitled selection
data on several s*ructural adhesives suited tor
bonding with rutber, plastics, SMC, metals and othe:
matertals. Bond strength and performance, cure
times, temperatures, preparation and applications
are charted tor yuivk review. Environmental
resistance and many special applications are
detailed. Industrial Adhesives Div., Lord Corp.,
Box 10038, Erie, PA 16514, USA.
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Thermuplastic polymer additives: theury and practice

Ed. J.
pp-

T.
xi

Jr. New York: Marcel Dekker
ISBN O 8247 7901 O

Lutz.

1989. + 523,

Telechelic polymers: synthesis and applications

E. J. Goethals.
i + 402.

Florida: CRC Press 1989,

pp- ISBN 0 8493 6764 ©
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Engineering thermoplastics

A 24-page guide to designing with engineering
thermoplastic materials as replacements tor metals
has been published by Plastics and Rubber Div.,
Mobay Corp., Pittsburgh, USA. The booklet discusses
metals applications with potential for replacement
by thermoplastics, the differences between piastics
and metals, selection of thermoplastic materials,
processing methods, and designing with
thermoplastics.

Styrenic pclymer studies

"Stabilization of Styrenic Polymers" reviews UV
and thermal stabilization of impa.t polystyrene,
ABS, polybutadiene, SAN, crystal polystyrene, and
other materials. Studies on the etfects of heat and
UV exposure on physical properties, performance
after multiple extrusion, discolouration and other
aspects are featured. Quick reference listings are
included. Additives Div., Ciba-Geigy Corp.,

3 Skyline Dr., Hawthorne, NY 10532, USA.
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Engineering science of polymeric materials

Z. H. Stachurski, Royal Australiasi Chemical
Institute, Australian Polymer Science Series, 1988.
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Polymeric materials: chemistry tor the tuture.

By Joseph Alper and Gordon L. Nelson.
110 pages. American Chemical Society,
1155 Sixteenth Street, N.W., Washington, DC 20036,
USA.

Paper.
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Metals

Volume 16: Machining of the Metals ,ﬂgnﬁi»g&@
provides machinists and engineers with practical
information on the most recent developments in

mechining technology, cuvering: traditional and
non-traditional machining processes; cutting toul
materials; cutting fluids: yrinding, honing aud
Lapping: machining of specific metals and alloys:
machine controls and computer applications in
machining; and high productivity machining.

9443 pp: wurder Ro. 8022P. Contact: ASM
laternational, Member Cusiovmer Service Center,
Metals Park, OH 34073, USA.

Specialty alloy seiection

Ten heat-resistant alloys, seven corrosion-
resistant types, and two wear-resistent alloys in
bar, sheet, plate, electrodes, fittings and other
forms are the focus of a four-page brochute.
Drawings show availability in various styles.
describes alloy performance characteristics and
ordering guidelines. High Performance Alloys Inc.,
Boux 40, Tipton, IN 46072, USA.

Text

"Inspection standards ftor commercial guality
castings® is a pocket-sized 32-page handbook on
gua..ty standards tor precision investment
castings. Aspects such as linearity, straightness,
hole tolerances, contours and positioning are
discussed. Illustrations and text also explore
metallurgical and guality-control standards, metal
properties, chemical changes and other fectours.

VSX biv., GTE Valenite Corp., Box 3950, Troy.
M1 48007, USA.
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A definitive assessment of trends in the major
metals, such as Al, Sn, Cu aud Pb, over the next
decade, is available from the Institution ot Mining
and Metallurgy, 44 Portland Place, London WIN 4Bk,
United Kingdom.

3rd edition. Genium Publishing Corporation,
Room 212, 1145 Catalyn Street, Schenectady,
NY 12303-1836. USA.

This new edition lists more than 45,000 metals
and alloys ptouduced around the world, giving each
country’'s designations tor "nominally equivaleat”
materials.

The key teature of the reterence is its
organization of material designations in
alphanumerical order rather than by chemical
compositiun. Each country’s alphanumeric
designation 1s followed by the material’'s
composition, listing the percentage of its various
alloying elements.

The third edition is the work of editors
Johi G. Gensure and Daniel L. Potts, both materials
engineers.

Listings contain materials produced in
34 nations, including the Pecple’s Republic of
China. Fifty nine standards organizations are
tuepresented, including four international societies
(AECMA, EURONORM, COPANT and [SO), the United States
Federal Government, and numerous United States
technical standards groups. Thirty four mate-ials
categories are presented.
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Repott on the Sixth Iaternational and Second
European Conference on Composite Materials

The Imperial College of Science and Technology
in London was the site of the combined ITCM-VI/ECCM 2
conferences and exhibition attended by close to
850 delegates from 31 countries. The over 250 papers
and posters presented indicate the increasing
interest worldwide in composites. Surprisingly.
there were far more papers on metal-matrix (36) than
on ceramic-matrix (6) composites. This may be more
indicative of an increase in commercial
competitiveness, ard thus unwillingness to impart
too much information, than of a decrease in interest
in CMCs. Three MMCs that attracted a great deal of
attention at the exhibition were Toyota's squeeze
cast aluminium-matrix composite reinforced with a
hybrid form of Ube's Tyranno fibre, Alcan’'s
cost-effective aluminium reinforced with silicon
carbide particulates, and Cray Advanced Materials~
pressure infiltrated ceramic fibre reintorced
aluminium and magnesium.

The conference featured plenary lectires
preceding each of the morning and afternoon sessions.
Their emphasis was largely on polymer-matrix
composites. Among the lec.ure topics covered were
the use of composites in the automotive industry,
where cost is a factor: the present state of
development >f fibre reinforced composites for
load-bearing applications above 150°C: engineering
approaches to predicting the lifetime >f materials
and components; the history, present status and
future of fibre reinforcements; the non-destructive
evaluation of continuous fibre reinforced polymeric-
matrix composites; and the future of advanced
polymeric composites in aircraft.

It is to the credit of all those responsible
that the proceedings edited by F. L. Matthews,
N. C. R. Buskell and J. M. Hodgkinson of Imperial
College and J. Morton of Virginia Polytechnic
Institute, which were included in the registration
fee, were available at the conference. The Seveuth
International Conference on Composite Materials was
heid in Beijing, China, on 25-28 August 1989, and
the Third European Conference on Composite Materials
was held in April 1989 in Bordeaux, France.

To obtain the ICCM and ECCM proceedings: In
the United States and Canada, the Metallurgical
Society, Book Order Dept., 420 Commonwealth Dr.,
warrendale, PA 15086. Phone: (412) 776-9000,
telex: 9103809397. Also Elsevier Applied
Science Publishers Ltd., Crown House, Linton Road,
Barking, Essex IGll BJU, United Kingdom.
Phoue: (44) 01-594-7272, telex: 896950.
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Metal -matrix composites: property optimization and
applications. 8-9 November 1989, City Conference
Centre, London, United Kingdom. Organized by The
Institute of Metals.

Scope

This conference was the second in a series
which began with the meeting on Structure and
Property Assessment in London on 23-24 November 1987.
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Since that time, the development of metal-
matrix composites has accelerated considerably. A
number of companies in the United Kingdom and
world-wide are now in, or on the brink of,
production of metal-matrix composites of various
matrices and reinforcements.

The conference was intended to allow an
opportunity for the most up-to-date information
in this rapidiy expanding field to be discussed.
In view of the imminent production of some metal
matrix composites, it was hoped that the subjects
would cover the spectrum from fundamental
matrix-reinforcement interactions to case studies
on actual or potential applications.

The subjects covered focused on the
optimization of the structure and properties
of metal-matrix composites for industrial
applications. Sessions included: matrix-
reinforcement interactions; design and property
optimization; manufacturing and processing:
and applications/case studies. A wide variety
of industrial applications were included to
highlight the future potential of metal matrix
composites.

(Conference Department (C922), The Institute of

Metals, 1 Carlton House Terrace, London, SwlY 5DB,

Tel.: O01-839 4671; telex: 8814813;

Fax: 01-839 2289)
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UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION
Vienna International Centre, P.0. Box 300,
A-1400 Vienna, Austris

Advances in Materials Technology: Monitor
Reader Survey

The Advances in Materials Technology: Monitor has now been published since 1963.
Although its wmailing list is continuously updated a&s nev requests for inclusion are
received and changes of address are made ss soon as notifications of such changes
are received, I would be grateful if readers could reconfirm their interest in
receiving this nevsletter. Kindly, therefore, ansver the questions below and mail
this form to: The Editor, Advances in Materials Technology: Monitor, UNIDO
Technology Programme at the above address.

Computer access number of mailing list (see address label):
Name :
Position/title:

Address:

Do you wish to continue receiving issues of the Advances in Materials Technology:
Monitor?

Is the present address as indicated on the address label correct?

How many issues of this newsletter have you read?

Optional

Which section in the Monitor is of particular interest to you?

Which sdditional subjects would you suggest be included?

Would you like to see any sections deleted?

Have you access to some/most of the journals from which the information contained
in the Monitor is drawn?

Is your copy of the Monitor passed on to friends/colleagues etc.?

Please make any other comvents or suggestions for improving the quality and
usefulness of this nevwsletter.
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FOR NEW SUBSCRIBERS:

Request for ADVANCZS IN MATEAIALS TECHNOLOCY: NONITOR

1f you would like to vecelve fosues of the Advences in Materiale Technology:
Monttor ju tbe future, please complete the form bLrelow and return 1t to.

UNITED NATIONS @ NATIOND UMNIGS
4

LRTES RATRAAE IEATIAL BETEI BT WIR. 2P PR On

UNIOO0 SAILING LIST QUESTIONNAIRE

Advances 1o Materfsls Technology: Monfitor
(Coda: 504)
VRSO SIS LT, DUST AL IHEORIA NER SICTAMER.
P8 B0 IS5 V08 VWINGA MATRA

Tyse & prunt canrly lore brwr P Baa) 5 s ¢ e bitwass su oo d
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ot on o 11 EEERR 137 ANENE
ORCANIATION 44111 . I8 I I 1 O O I O O O
STALETY ANC Mm b PO Bnal -4 ¢+
Ty and STATE O PRDVINCE . . S Sy S & bn & S8 B
CoOuntTAY l

MLEALE DO NOY R 3E o Ted M PACES

w] ewea[] ame[T1]
er [ITTITITTIILS

Readers’ comments

We stould apprectste it 1f vesders could take the time to tell us In thie
spaze what they think of the 17th 1ssue of Advances in Msterials Technolopy:
Foritor. Cowmegte oo the usefulness of the inforwstion snd the vay it hss been
crgsrizel will help us in preparing future fesues of che Monftor.
for ye.r co-operstion snd look forwsrd to hearing from you.

Ve thank you
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