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METAL-MATRIX
COMPOSITES

1. Introduction

A composite material (1) is a material consisting of two or more physically and/or
chemically distinct phases. The composite generally has superior characteristics
than those of each of the individual components. Usually, the reinforcing compo-
nent is distributed in the continuous or matrix component. When the matrix is a
metal, the composite is termed a metal-matrix composite (MMC). In MMCs, the
reinforcement usually takes the form of particles, whiskers, short fibers, or con-
tinuous fibers (see COMPOSITE MATERIALS).

2. Types of Metal-Matrix Composites

Metal-matrix composites are generally distinguished by characteristics of the
reinforcement: particle-reinforced MMCs, short fiber- or whisker-reinforced
MMCs, and continuous fiber- or layered MMCs. Table 1 shows examples of
some important reinforcements used in metal-matrix composites. These are cate-
gorized by the diameter and aspect ratio (length/diameter) of the reinforcement.

The aspect ratio of the reinforcement is an important quantity, because the
degree of load transfer from the matrix to the reinforcement is directly propor-
tional to the reinforcement aspect ratio. Thus, continuous fibers typically provide
the highest degree of load transfer, because of their very high aspect ratio, which
results in a significant amount of strengthening along the fiber direction. Parti-
cle or short fiber reinforced metals have a much lower aspect ratio, so they exhi-
bit lower strengths than their continuous fiber counterparts, although the
properties of these composites are much more isotropic. Figures 1a and b show
typical microstructures of a continuous alumina fiber—Mg composite and silicon
carbide particle—Al composite, respectively.

3. Processing

Metal-matrix composites can be processed by several techniques. Some of these
important techniques are described below.

3.1. Liquid-State Processes. Casting or Liquid Infiltration. This pro-
cess involves infiltration of a fibrous or particulate reinforcement preform by a
liquid metal. Liquid-phase infiltration of MMCs is not straightforward, mainly
because of difficulties with wetting the ceramic reinforcement by the molten
metal. When the infiltration of a fiber preform occurs readily, reactions between
the fiber and the molten metal may take place which significantly degrade the
properties of the fiber. Fiber coatings (qv) applied prior to infiltration, which
improve wetting and allow control of interfacial reactions, have been developed
and are producing some encouraging results. In this case, however, the disad-
vantage is that the fiber coatings must not be exposed to air prior to infiltration
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Table 1. Typical Reinforcements Used in Metal-Matrix Composites

Type Aspect ratio Diameter, pm Examples

particle ~1-4 1-25 SiC, Al;O3, BN, B,C

short fiber or whisker ~10-1000 0.1-25 SiC, Al;03, Al;03 + SiOg, C
continuous fiber >1000 3-150 SiC, Al,O3, C, B, W

because surface oxidation of the coating takes place (2). One liquid infiltration
process involving particulate reinforcement, called the Duralcan process, has
been quite successful (Fig. 2). Ceramic particles and ingot-grade aluminum are
mixed and melted. The melt is stirred slightly above the liquidus temperature
(600—700°C). The solidified ingot may also undergo secondary processing by
extrusion or rolling. The Duralcan process of making particulate composites by
a liquid metal casting route involves the use of 8—12-um particles. For particles
that are much smaller (2—3 um), the result is a very large interface region and,
thus, a very viscous melt. In foundry-grade MMCs, high Si aluminum alloys
(eg, A-356) are used to prevent the formation of the brittle compound Al,Csg,
which is formed from the interfacial reaction between Al and SiC. The Al,C; is
extremely detrimental to mechanical properties, particularly toughness and cor-
rosion resistance.

Alternatively, tows of fibers can be passed through a liquid metal bath,
where the individual fibers are wet by the molten metal, wiped of excess
metal, and a composite wire is produced. A bundle of such wires can be consoli-
dated by extrusion to make a composite. Another pressureless liquid metal infil-
tration process of making MMCs is the Primex process (Lanxide), which can be
used with certain reactive metal alloys such as Al-Mg to infiltrate ceramic
preforms, Figure 3. For an Al-Mg alloy, the process takes place between
750-1000°C in a nitrogen-rich atmosphere, and typical infiltration rates are
<25 cm/h.

Squeeze Casting or Pressure Infiltration. This process involves forcing
a liquid metal into a fibrous or particulate preform (2—4) (Fig. 4). Pressure is
applied until solidification is complete. By forcing the molten metal through
small pores of the fibrous preform, this method obviates the requirement of
good wettability of the reinforcement by the molten metal. Composites fabri-
cated with this method have the advantage of minimal reaction between the
reinforcement and molten metal because of the short processing time involved.
Such composites are also typically free from common casting defects such

Fig. 1. Typical microstructures of some metal-matrix composites: (a) continuous alu-
mina fiber—Mg composite and (b) silicon carbide particle—Al composite.
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6061/SiC/50, composite (from Ref. 4).
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as porosity and shrinkage cavities. Infiltration of a fibrous preform by means of
a pressurized inert gas is another variant of the liquid metal infiltration tech-
nique. The process is conducted in the controlled environment of a pressure
vessel and rather high fiber volume fractions; complex shaped structures are
obtainable (3,4). Alumina fiber-reinforced intermetallic matrix composites,
eg, TiAl, NizAl, and FesAl matrix materials, have also been prepared by pres-
sure casting (5). The technique involves melting of the matrix alloy in a cruci-
ble in vacuum, while the fibrous preform is heated separately. The molten
matrix material (at ~100°C above T,,) is poured onto the fibers and argon
gas is introduced simultaneously. Argon gas-pressure forces the melt, which
contains additives to aid wetting of the fibers, to infiltrate the preform.

3.2. Solid-State Processes. Diffusion Bonding. This process is a
common solid-state processing technique for joining similar or dissimilar metals.
Interdiffusion of atoms between clean metallic surfaces, in contact at an elevated
temperature, leads to bonding. The principal advantages of this technique are
the ability to process a wide variety of metal matrices and control of fiber orien-
tation and volume fraction. Among the disadvantages are long processing times,
high processing temperatures and pressures (which makes the process expen-
sive), and a limitation on the complexity of shapes that can be produced.
There are many variants of the basic diffusion bonding process, although all of
them involve simultaneous application of pressure and high temperature.
Matrix alloy foil and fiber arrays (composite wire) or monolayer laminae are
stacked in a predetermined order (Fig. 5). Vacuum hot pressing is an important
step in the diffusion bonding processes for metal-matrix composites. Hot isostatic
pressing (HIP), instead of uniaxial pressing, can also be used. In HIP, gas pres-
sure against a can consolidates the composite inside the can. With HIP it is rela-
tively easy to apply high pressures at elevated temperatures with variable
geometries.

Deformation Processing. This process can also be used to deform and/or
densify the composite material. In metal-metal composites mechanical proces-
sing (swaging, extrusion, drawing, or rolling) of a ductile two-phase material
causes the two phases to codeform, causing one of the phases to elongate and
become fibrous in nature within the other phase. These materials are sometimes
referred to as in situ composites. The properties of a deformation processed com-
posite depend largely on the characteristics of the starting material, which is
usually a billet of a two-phase alloy that has been prepared by casting or powder
metallurgy methods (see METALLURGY, POWDER). Roll bonding is a common techni-
que used to produce a laminated composite consisting of different metals in
layered form (6). Such composites are called sheet laminated MMC. Roll bonding
and hot pressing have also been used to make laminates of Al sheets and discon-
tinuously reinforced MMCs (7,8). Figure 6 shows the roll bonding process for
making a laminated MMC. Other examples of deformation processed MMC are
niobium-based conventional filamentary superconductors with a copper matrix
and the high T¢ superconductors with a silver matrix. There are two main
types of the conventional niobium-based superconductors: Nb-Ti/Cu and
NbsSn/Cu. Niobium—titanium (~50-50) form a ductile system. Rods of Nb-Ti
are inserted in holes drilled in a block of copper, evacuated, sealed, and subjected
to a series of drawing operations interspersed with appropriate annealing
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Fig. 5. Diffusion bonding process: (a) apply metal foil and cut to shape, (b) lay up desired
plies, (¢) vacuum encapsulate and heat to fabrication temperature, (d) apply pressure and
hold for consolidation cycle, and (e) cool, remove, and clean part.

treatments to obtain the final composite superconducting wire. In the case of
NbsSn/Cu, a process called the bronze route is used to make this composite.
NbsSn, an A-15-type intermetallic, cannot be processed like Nb-Ti because of
its extreme brittleness. Instead, the process starts with a bronze (Cu—13% Sn)
matrix; pure niobium rods are inserted in holes drilled in bronze, evacuated,
sealed, and subjected to wire drawing operations as in the case of Nb-Ti/Cu.

Fig. 6. Roll bonding process of making a laminated MMC; a metallurgical bond is pro-
duced.
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The critical step is the final heat treatment (~700°C) that drives out the tin from
the bronze matrix to combine with niobium to form stoichiometric, superconduct-
ing NbsSn, leaving behind copper matrix. A similar process, called the oxide-
powder-in-tube (OPIT) method (9), is used to fabricate silver matrix high T¢
superconducting composites. In this process, the oxide powder of appropriate
composition (stoichiometry, phase content, purity, etc) is packed inside a metal
tube (generally silver), sealed, and degassed. Commonly, swaging and drawing
are used to make wires and rolling is used for tapes. Heat treatments, intermedi-
ate and/or subsequent to deformation, are conducted to form the desired phase,
promote grain interconnectivity and crystallographic alignment of the oxide, and
obtain proper oxygenation (9).

Powder Processing. In conjunction with deformation processing these
methods are used to fabricate particulate or short fiber reinforced composites.
This typically involves cold pressing and sintering, or hot pressing to fabricate
primarily particle- or whisker-reinforced MMCs (10). The matrix and the
reinforcement powders are blended to produce a homogeneous distribution,
Figure 7. The blending stage is followed by cold pressing to produce what is
called a green body, which is ~80% dense and can be easily handled. The cold
pressed green body is canned in a sealed container and degassed to remove
any absorbed moisture from the particle surfaces. The material is hot pressed,
uniaxially or isostatically, to produce a fully dense composite and extruded.
The rigid particles or fibers cause the matrix to be deformed significantly. In
addition, during hot extrusion, dynamic recrystallization takes place at the
particle—matrix interface, yielding randomly oriented grains near the interface,
and relatively textured grains far from the interface, Figure 8 (11).
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Fig. 7. Powder processing, hot pressing, and extrusion process for fabricating particu-
late or short fiber reinforced MMCs.
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Fig. 8. (a) Microstructure of SiC particle reinforced 2080 Al matrix composite after hot
extrusion and (b) Orientation image map showing random orientation of grains at the par-
ticle/matrix interface due to dynamic recrystallization, and textured grains away from the
interface (from Ref. 11).

Sinter Forging. This process is a novel and low cost deformation proces-
sing technique (12). In sinter-forging a powder mixture of reinforcement and
matrix is cold compacted, sintered, and forged to nearly full density, Figure 9.
The main advantage of this technique is that forging is conducted to produce a
near-net shape material, and machining operations and material waste are mini-
mized. The low cost, sinter-forged composites have tensile and fatigue properties
that are comparable to those of materials produced by extrusion.

Deposition Techniques. This process for MMC fabrication involves coat-
ing individual fibers in a tow with the matrix material needed to form the com-
posite followed by diffusion bonding to form a consolidated composite plate or
structural shape. The main disadvantage of using deposition techniques is that
they are time consuming. However, there are several advantages. (1) The degree
of interfacial bonding is easily controllable; interfacial diffusion barriers and
compliant coatings can be formed on the fiber prior to matrix deposition or
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Fig. 9. Sinter-forging technique for producing near-net shape, low cost MMCs
(from Ref. 12).
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graded interfaces can be formed. (2) Filament-wound thin monolayer tapes can
be produced that are easier to handle and easier to mold into structural shapes
than other precursor forms; unidirectional or angle-plied composites can be
easily fabricated in this way.

Several deposition techniques are available: immersion plating, electroplat-
ing, spray deposition, chemical vapor deposition (CVD), and physical vapor
deposition (PVD) (see THIN FILMS). Dipping or immersion plating is similar to infil-
tration casting except that fiber tows are continuously passed through baths of
molten metal, slurry, sol, or organometallic precursors. Electroplating (qv)
produces a coating from a solution containing the ion of the desired material
in the presence of an electric current. Fibers are wound on a mandrel, which
serves as the cathode, and placed into the plating bath with an anode of the
desired matrix material. The advantage of this method is that the temperatures
involved are moderate and no damage is done to the fibers. Problems with elec-
troplating involve void formation between fibers and between fiber layers, possi-
ble poor adhesion of the deposit to the fibers, and limited numbers of alloy
matrices available for this type of processing. A spray deposition operation
may also be used. This technique typically consists of winding fibers onto a
foil-coated drum and spraying molten metal onto them to form a monotape.
The source of molten metal may be powder or wire feedstock which is melted
in a flame, arc, or plasma torch. The advantages of spray deposition are the
easier control of fiber alignment and rapid solidification of the molten matrix.
In the CVD process, a vaporized component decomposes or reacts with another
vaporized chemical on the substrate to form a coating on that substrate. The pro-
cessing is generally carried out at elevated temperatures.

PVD may also be used to produce multilayered MMCs, particularly at the
nanometer scale. An example of such a multilayered MMC microsturcture with
individual layers on the nanometer scale is shown in Figure 10 (13). Figure 10(a)
shows the microstructure of a multilayered Al/SiC composite with progressively
thicker layers. Figure 10(b) shows a comparison of the tensile behavior of a
multilayered composite (with layers of uniform thickness) with that of a single
Al film. The total layer was 500 nm in thickness, with individual SiC layers
~25nm and Al layers ~105nm. Note that the composite had a significantly
higher strength than a pure Al film of similar thickness.

3.3. In SituProcesses. In these techniques, the reinforcement phase is
formed in situ. The composite material is produced in one step from an appropri-
ate starting alloy, thus avoiding the difficulties inherent in combining the sepa-
rate components as done in a typical composite processing. Controlled
unidirectional solidification of a eutectic alloy is a classic example of in situ pro-
cessing, Figure 11. Unidirectional solidification of a eutectic alloy typically
results in one phase being distributed in the form of fibers or ribbon in the matrix
phase. The relative size and spacing of the reinforcement phase can be controlled
by simply controlling the solidification rate, although the volume fraction of rein-
forcement will always be constant. The solidification rate in practice, however, is
limited to a range of 1-5cm/h because of the need to maintain a stable growth
front which requires a high temperature gradient.

The XD process (patented by Martin Marietta) is another in situ process
that uses an exothermic reaction between two components to produce a third
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Fig. 11. In situ processing by controlled unidirectional solidification of a eutectic alloy.

component. Sometimes such processing techniques are referred to as self-propa-
gating high temperature synthesis (SHS) process. Specifically, the XD process is
a proprietary process developed to produce ceramic particle-reinforced metallic
alloy. Generally, a master alloy containing a high volume fraction of reinforce-
ment is produced by the reaction synthesis. This is mixed and remelted with
the base alloy to produce the desirable amount of particle reinforcement. Typical
reinforcements used include SiC or TiB; in an aluminum, nickel, or an interme-
tallic matrix.

3.4. Spray-Forming of Particulate MMCs. Another process for mak-
ing particle-reinforced MMCs involves the use of modfied spray forming
techniques that have been used to produce monolithic alloys for some time
(14). One particular example of this, a co-spray process, uses a spray gun to
atomize a molten aluminum alloy matrix, into which heated silicon carbide
particles are injected (Fig. 12). An optimum particle size is required for effi-
cient transfer, eg, whiskers are too fine to be transferred. The preform pro-
duced is generally quite porous. The cosprayed MMC is subjected to
scalping, consolidation, and secondary finishing processes to form a wrought
composite. The spray process is generally automated and quite fast, but it
should be noted that it is essentially a liquid metallurgy process. The forma-
tion of deleterious reaction products is generally avoided because the time of
flight of the composite particles is extremely short. Silicon carbide particles
of an aspect ratio (length/diameter) between 3—4 and volume fractions up to
20% have been incorporated into aluminum alloys. An advantage of the pro-
cess is the flexibility it provides in making different types of composites, eg,
in situ laminates can be made using two sprayers or by selective reinforce-
ment. This process is quite expensive, however, mainly because of the costly
capital equipment.
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4. Interfaces in Metal-Matrix Composites

The interface region in a composite is extremely important in determining the
ultimate properties of the composite. At the interface, a discontinuity occurs in
one or more material parameters such as elastic modulus, thermodynamic
parameters such as chemical potential, and coefficient of thermal expansion.
The importance of the interface region in composites stems from two main fac-
tors: The interface occupies a large area in composites, and in general, the
reinforcement and the matrix form a system that is not in thermodynamic
equilibrium.

In crystallographic terms, ceramic—metal interfaces in composites gener-
ally are incoherent, high energy interfaces. Accordingly, they can act as efficient
vacancy sinks, and provide rapid diffusion paths, segregation sites, and sites for
heterogeneous precipitation, as well as sites for precipitate-free zones (eg, in an
age-hardenable matrix). Among the possible exceptions to this are the eutectic
composites (1) and the XD-type particulate composites (15).

Some degree of bonding must exist between the ceramic reinforcement and
the metal matrix to enable load transfer from matrix to fiber. Two main cate-
gories of bonding are mechanical and chemical. Mechanical keying effects
between two surfaces can lead to bonding. This has been confirmed experimen-
tally for tungsten filaments in an aluminum matrix (16). Mechanical gripping
effects have also been observed at interfaces between Al;Os; and Al (17); these
results are shown in the form of crack density in alumina as a function of
strain in the alumina—aluminum composite for different degrees of interface
roughness, Figure 13. The crack density continues to increase to larger strain
values in the case of a rough interface while it reaches a plateau value for the
smooth or slightly rough Interface. Most MMC systems, however, are nonequili-
brium systems in the thermodynamic sense; that is, there exists a chemical
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Fig. 13. Number of cracks per mm vs percent strain in an alumina/aluminum composite
for different degrees of roughness where (¢) represents the polished substrate or smooth
interface; (m), steep sided pits, 10%/cm? or rough interface; and (a), gently sloping pits, 10/
cm? or smooth roughness. The crack density continues to increase to larger strain values in
the case of a rough interface while it reaches a plateau value for the smooth or slightly
rough interface (from Ref. 16).

potential gradient across the fiber/matrix interface. This means that given favor-
able kinetic conditions, which in practice means a high enough temperature or
long enough time, diffusion and/or chemical reactions occur between the compo-
nents. Figure 14 shows a dark field (DF) transmission electron microscopy (TEM)
micrograph showing a reaction zone (RZ) between alumina fiber and magnes-
ium matrix. The lenticular shaped regions are deformation twins in the Mg
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Fig. 14. A dark field (DF) transmission electron micrograph showing interface in a con-
tinuous fiber (F) 0-Al;O3 (F)/Mg alloy (ZE41A) matrix (M) within the reaction zone (RZ).
The lenticular shaped regions are deformation twins in the Mg alloy matrix that resulted
because of palstic deformation during cool down from the processing temperature.

alloy matrix that resulted because of plastic deformation during cool down from
the processing temperature to room temperature. Note that at times some con-
trolled amount of reaction at the interface (Fig. 14) may be desirable for obtain-
ing strong bonding between the fiber and the matrix; however, too thick an
interaction zone adversely affects the mechanical properties of the composite.

Finally, ceramic—metal interfaces are generally formed at high tem-
peratures. Diffusion and chemical reaction kinetics are faster at elevated
temperatures. Knowledge of the chemical reaction products and, if possible,
their properties are needed. It is therefore imperative to understand the
thermodynamics and kinetics of reactions such that processing can be controlled
and optimum properties obtained.

5. Properties

5.1. Young’s Modulus. Unidirectionally reinforced continuous fiber-
reinforced MMCs show a linear increase in the longitudinal Young’s
modulus as a function of fiber volume fraction. Figure 15 shows an example
of modulus increase as a function of fiber volume fraction for an alumina
fiber-reinforced aluminum-lithium alloy matrix composite (18). The
increase in the longitudinal Young’s modulus is in agreement with the rule-
of-mixtures value, whereas the modulus increase in a direction transverse to
the fibers is much lower. Particle reinforcement also results in an increase
in the modulus of the composite; the increase, however, is much less
than that predicted by the rule-of-mixtures. This is understandable inasmuch
as the rule of mixtures is valid only for continuous fiber reinforcement.
Figure 16 shows increase in Young’s modulus in an aluminum composite
with volume fraction of silicon carbide particles (19). Note that due to particle
orientation along the extrusion axis, the modulus along the longitudinal orien-
tation (parallel to the extrusion axis) is higher than perpendicular to extrusion
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Fig. 15. Modulus increase as a function of fiber volume fraction V; for alumina fiber-
reinforced aluminum-lithium alloy matrix for (a) E (elastic modulus), and (b) G
(from Ref. 18). To convert MPa to psi, multiply by 145.

(transverse orientation). Thus, there is a loss of reinforcement efficiency in
going from continuous fiber to particle. Metal-matrix particulate composites
such as SiC particle-reinforced aluminum can offer a 50—-100% increase in
modulus over that of unreinforced aluminum, ie, the modulus equivalent to
that of titanium but density that is ~33% lower. Also, unlike fiber-reinforced
composites, the stiffness enhancement in particulate composites is reasonably
isotropic.
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Fig. 16. Young’s modulus increase in an aluminum composite with SiC particle reinfor-
cement volume fraction (from Ref. 19). To convert GPa to psi, multiply by 145,000.
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5.2. Strength. Prediction of MMC strength is more complicated than the
prediction of elastic modulus. Consider an aligned fiber-reinforced MMC under a
load P, in the direction of the fibers. This load is distributed between the fiber
and the matrix:

P. =P, V, + Pfo

where P,, and Py are loads on the matrix and fiber, respectively. This equation
can be converted to the following rule-of-mixtures relationship under condi-
tions of isostrain, ie, the strain in the fiber, matrix, and composite are equal:

oc =0fVi+0mVn

where o is the stress, V is the volume fraction, and ¢, f, and m denote compo-
site, fiber, and matrix, respectively. This rule-of-mixtures equation says that
the strength of the composite is a volume weighted average of the strengths
of the fiber and matrix. This is correct provided the in situ values of the
strength of fiber and matrix are used. If the fiber remains essentially elastic
up to the point of fracture, the fiber strength in the composite, o is the
same as that determined in a test of the fiber individually. This is particularly
true of ceramic fibers. However, the same cannot be said for the metallic
matrix. The matrix strength in the composite (in situ strength) is not the
same as that determined from a test of an unreinforced matrix sample in iso-
lation because the metal matrix can suffer several microstructural changes
during processing, and consequently changes in its mechanical properties. In
view of the fact that, in general, ceramic reinforcements have a coefficient of
thermal expansion smaller than that of most metallic matrices, thermal stres-
ses are generated in both the components, the fiber and the matrix. The rein-
forcement also acts as a constraint on the matrix flow, thus increasing its flow
stress. A series of events can take place in response to the thermal stresses
(20-23): (1) plastic deformation of the ductile metal matrix (slip, twinning,
cavitation, grain boundary sliding, and/or migration); (2) cracking and failure
of the brittle fiber; (3) an adverse reaction at the interface; and (4) failure of the
fiber—matrix interface. These changes can result in the in situ of the matrix to
be different from that of the matrix material in isolation.

The strength in situ MMC is given by a relationship similar to the
Hall-Petch relationship used for grain boundary strengthening of metals:

o=00+ kX2

where o is a friction stress term, £ is a material constant, and A is the spacing
between rods or lamellae (24). The interfiber spacing, A, can be varied rather
easily by controlling the solidification rate, R, because A’R = constant.

5.3. Toughness. Toughness can be regarded as a measure of energy
absorbed in the process of fracture or more specifically as the resistance to
crack propagation, Ki.. The toughness of MMCs depends on matrix alloy compo-
sition and microstructure; reinforcement type, size, and orientation; and proces-
sing insofar as it affects microstructural variables, eg, distribution of
reinforcement, porosity, segregation, etc.
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Table 2. Impact Fracture Energy of B/Al 1100°

Fiber diameter, pm Energy,? kJ/m?
100 90

140 150

200 200-300
“Ref. 22.

®To convert kd/m? to ft-Ibf/in?, divide by 2.10.

For a given V}, the larger the diameter of the fiber, the tougher the compo-
site. This is because the larger the fiber diameter for a given fiber volume frac-
tion, the larger the amount of tough, metallic matrix in the interfiber region that
can undergo plastic deformation and thus contribute to the toughness. Table 2
shows this effect of fiber diameter on the impact fracture energy for a boron
fiber—aluminum composite system (25).

Unidirectional fiber reinforcement can lead to easy crack initiation and pro-
pagation compared to the unreinforced alloy matrix. Braiding of fibers can make
the crack propagation toughness increase tremendously because of extensive
matrix deformation, fiber bundle debonding, and pullout. Table 3 summarizes
this effect of fiber braiding (26). The fracture energy is the maximum for a
composite consisting of three-dimensionally (30) arranged alumina fibers in an
aluminum matrix.

The general range of Ki. values for particle-reinforced aluminum-type
MMCs is between 15 and 30 MPa-mY?, whereas short fiber- or whisker-rein-
forced MMCs have >5-10 MPa-m'2. Table 4 gives fracture toughness data for
silicon carbide whisker (SiC,,) and silicon carbide particle (SiC,) reinforced alu-
minum composites (27).

5.4. Thermal Stresses. In general, ceramic reinforcements (fibers,
whiskers, or particles) have a coefficient of thermal expansion lower than that
of most metallic matrices. This means that when the composite is subjected
to a temperature change, thermal stresses are generated in both components.
Figure 17 shows a microstructure-based simulation of thermal stresses in an
SiC particle reinforced Al matrix composite (28). Note that thermal residual
stresses develop in the SiC and Al, and they are exacerbated in regions of particle
clustering.

Table 3. Effect of Fiber Braiding on Fracture Energy of Alumina
Fiber—Al—-Li Composite”

Initiation Propagation Total fracture

Material energy, J°  energy, J° energy, J°

Al-2.5 Li alloy 173 145 218

0.34 Vyalumina/Al-Li 62 79 141
unidirectional

0.36 Vyalumina/Al-Li 68 196 264
3D braided

“Ref. 23.

®To convert J to ft - Ib, divide by 1.356.
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Table 4. Toughness of SiC Particle and Whisker
Reinforced 6061 Al*

Material Ki,MPa - m'?
20 v/o SiC,,/6061-T6 Al 7.1

25 v/o SiC,/6061-T6 Al 15.8
6061-T6Al 37.0
“Ref. 24.

Work involving a single-crystal copper matrix containing large diameter
tungsten fibers has unequivocally shown the importance of thermal stresses in
MMCs (20). A dislocation etch-pitting technique was employed to delineate
dislocations in a single-crystal copper matrix and it was shown that near the
fiber the dislocation density was much higher in the matrix than the dislocation
density far away from the fiber. The situation in the as-cast composite can be
depicted as there being a hard zone (high dislocation density) around each
fiber and a soft zone (low dislocation density) away from the fiber. The enhanced
dislocation density in the copper matrix near the fiber arises because of the plas-
tic deformation in response to the thermal stresses generated by the thermal
mismatch between the fiber and the matrix. The intensity of the gradient in dis-
location density depends on the interfiber spacing. The dislocation density gradi-
ent decreases with a decrease in the interfiber spacing. The existence of a
plastically deformed zone containing a high dislocation density in the metallic
matrix in the vicinity of the reinforcement has been confirmed by transmission
electron microscopy, both in fibrous and particulate MMCs (29). An example of
dislocations generated near the interface is shown in Figure 18.

Thermal expansion mismatch between the reinforcement and the matrix is
an important consideration. It should also be recognized that it is something that
is difficult to avoid in any composite, however, the overall thermal expansion
characteristics of a composite can be controlled by controlling the proportion of
reinforcement and matrix and the distribution of the reinforcement in the

100 MPa

—100 MPa

Fig. 17. Microstructure-based simulation of thermal residual stresses in a SiC particle
reinforced Al matrix composite (from Ref. 28).
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Fig. 18. Transmission electron micrograph (TEM) showing dislocations in aluminum in
the region near a silicon carbide particle, SiC,.

matrix. Many models have been proposed to predict the coefficients of thermal
expansion of composites, and analyze the general thermal expansion character-
istics of MMCs (30—33). Some experimental measurements and theoretical and
numerical model predictions of thermal expansion behavior of a particulate
MMC are shown in Figure 19 (28).

5.5. Aging. Frequently, the metal-matrix alloy used in an MMC has pre-
cipitation hardening characteristics, ie, such an alloy can be hardened by suita-
ble heat treatment called aging. It has been shown that the microstructure of the
metallic matrix is modified by the presence of ceramic reinforcement. In particu-
lar, a higher dislocation density in the matrix metal or alloy than that in the
unreinforced metal or alloy is produced. The higher dislocation density in the
matrix has its origin in the thermal mismatch, Ao, between the reinforcement

24 T T T
B Weeton et al., 1987

e Zweben, 1992
22 M, 0O Harrigan, 1992
S

201
18 1
16

14

Coefficient of thermal expansion (1 0° /°C)

12

Turner =~s |

1 n 1 n 1 n 1 L | 1 n 1 n
0 0 5 10 15 20 25 30 35
SiC reinforcement volume fraction (%)

Fig. 19. Experimental measurements and theoretical and numerical model predictions
of thermal expansion behavior of a particulate MMC (from Ref. 28).
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Fig. 20. Aging behavior of a particle reinforced MMC versus the unreiforced matrix
alloy. Note the acceleration in aging of the composite due to enhanced precipitation at dis-
locations at the particle—matrix interface.

and the metallic matrix. This thermal mismatch can be quite large, eg, in the
case of SiC and aluminum it has a high value of 21 x 10~ %/K. The high dislocation
density enhances the precipitation kinetics in a precipitation hardenable matrix,
such as 2XXX series aluminum alloy due to heterogeneous nucleation of precipi-
tates at dislocations in the matrix of the composite. A considerable strength
increment results due to age hardening treatments. More importantly, for a
given temperature, an acceleration in aging takes place, Figure 20. Thus, a stan-
dard aging treatment for, eg, an unreinforced aluminum alloy, is not likely to be
valid for the composite (34—37). This has important practical implications, ie, one
may not use the standard heat treatments commonly available in various hand-
books, eg, for monolithic aluminum alloys for an alloy used as a matrix in an
MMC.

5.6. Fatigue. This phenomenon of mechanical property degradation
leads to failure of a material or a component under cyclic loading. Many high
volume applications of composite materials involve cycling loading situations,
eg, automobile components. Application of conventional approaches, such as
the stress vs cycle (S—N) curves or the application of linear elastic fracture
mechanics (LEFM) to fatigue of composites, is not straightforward. The main
reasons for this are the inherent heterogeneity and anisotropic nature of the
composites which result in damage mechanisms in composites being very differ-
ent from those encountered in conventional, homogeneous, or monolithic mate-
rial. Novel approaches, such as measurement of stiffness reduction as a
function of cycles, are being used to analyze the fatigue behavior of MMCs.
Because many applications of composite MMCs involve temperature changes,
it is important that thermal fatigue characteristics of composites be evaluated
in addition to their mechanical fatigue characteristics.
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Fatigue Crack Initiation. Processing-related defects in the form of inter-
metallic inclusions or particle clusters play an important role as fatigue crack
initiating sites, particularly in powder metallurgy processed materials (38,39).
These defects act as stress concentrators that increase the local stress intensity
in the material and promote easy crack nucleation. Several researchers have
shown that crack initiation during fatigue takes place at these defects, which
are typically located at the surface of the specimen (38,40). The reason is that
inclusions at the surface are more highly stressed than inclusions completely
within the matrix (where more load is borne by the reinforcement), so a higher
stress concentration and, thus, higher probability for crack initiation is present
at the surface. For a given inclusion size, the stress concentration in a composite
where the inclusion is surrounded by high stiffness reinforcement particles, is
lower than in the unreinforced alloy. Since more of the load is being carried by
the high stiffness SiC particles in the composite, an inclusion in the composite
will be subjected to lower stress than a similar inclusion in the unreinforced
alloy. In extruded materials, the overall size of inclusions is also lower in compo-
sites since the ceramic reinforcement particles break the brittle inclusions into
smaller sizes during extrusion.

S—N Curves. A rule-of-thumb approach in fatigue of monolithic metals is
to increase their monotonic strength that concomitantly results in an increase in
cyclic strength. This rule assumes that the ratio of fatigue strength to tensile
strength is about constant. It is generally true that the maximum efficiency in
terms of stiffness and strength gains in fiber-reinforced composites occurs
when the fibers are continuous, uniaxially aligned, and the properties are mea-
sured parallel to the fiber direction. Going off-angle, the role of the matrix
becomes more important. Because of the highly anisotropic nature of the fiber-
reinforced composites in general, the fatigue strength of off-axis MMCs (just
like that of any other kind of off-axis fibrous composite), decreases with increas-
ing angle between the fiber axis and the stress axis. In a study of the fatigue
behavior of tungsten fiber-reinforced aluminum-4% copper alloy under tension
compression cycling it was found that increasing the fiber volume fraction from 0
to 24% resulted in increased fatigue resistance (41). This was a direct result of
increased monotonic strength of the composite as a function of the fiber volume
fraction.

In terms of general S—N curve behavior, a composite such as a silicon car-
bide particle-reinforced aluminum alloy shows an improved fatigue behavior
compared to the reinforced alloy, Figure 21 (8,39,42). Such an improvement in
stress controlled cyclic loading or high cyclic fatigue is attributed to the higher
stiffness of the composite. However, the fatigue behavior of the composite, eval-
uated in terms of strain amplitude vs cycles or low cycle fatigue, was found to be
inferior to that of the unreinforced alloy (43). This was attributed to the lower
ductility of the composite compared to the unreinforced alloy. At elevated
temperatures, particularly close to the aging temperature for age hardenable
alloys, the matrix strength decreases resulting in a decrease in fatigue strength,
Figure 22 (44).

Fatigue Crack Propagation Tests. One significant drawback of studies
on fatigue behavior of a material using this S—N approach is that no distinction
can be made between the crack initiation phase and the crack propagation phase.
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Fig. 21. Stress vscycles (S—N) behavior of a particle reinforced MMC. With increasing
volume fraction of particles the fatigue strength of the composite increases (from
Ref. 42).

Tests on notched or precracked samples, generally conducted in an servohydrau-
lic closed-loop testing machine, provide results in the form of crack growth per
cycle, log(da/dN) vs cyclic stress intensity factor log AK. Crack growth rate,
da/dN, is related to the cyclic stress intensity factor range, AK, according to
the power law relationship first formulated in 1963, where A and m depend on

500 : Ty vy

2080/SiCp-T6
450 o 5 um SiC particle size

400 |
350 F 2080/SiC/30_

300

Stress amplitude (MPa)
o
L
O

250

200

150 4 2 s vaanal 2 2 s saauel o » s uaseel " PR | " 4 o auanal
10° 10* 10° 10° 107 108
Ny, cycles to failure

Fig. 22. Elevated temperature fatigue behavior of a patricle reinforced MMC. With
increasing temperature, the matrix strength decreases resulting in decreased fatigue re-
sistance (aging temperature was 175°C) (from Ref. 44).
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Fig. 23. Crack growth vs cyclic intensity factor for a particulate MMC versus the unrein-
forced alloy (after Ref. 46).

the material and test conditions (45):
da/dN =AA K™
The applied cyclic stress intensity range is given by
AK =YAoca'?

where Y is a geometric factor, Ac is the cyclic stress range, and a is the crack
length. The principal concern in this kind of test is to make sure that there is
only one dominant crack that is propagating. This is particularly a problem in
fibrous composites. In the case of a particulate composite, frequently a dominant
crack can be made to propagate and the above relationships can be used. A com-
parison of crack growth vs cyclic intensity factor for a particulate MMC and the
unreinforced alloy is shown in Figure 23 (46). Higher threshold vales, AK;;,, are
observed for composites than for monolithic materials (47,48). The slope of da/dN
vs AK in region II for the composites is generally comparable to the unreinforced
alloys. Figure 24 shows some reinforcement and crack tip interactions in a
particulate composite. At higher AK, the plastic zone around the crack tip is
much larger than the particle size, and particle cracking takes place ahead of
the crack tip. This results in planar crack growth. At lower AK, the plastic
zone is much smaller so the crack avoids the SiC particles and grows in a tortu-
ous fashion. Experimental evidence for this is shown in Figure 25. It appears
that choosing the optimum particle size and volume fractions together with a
clean matrix alloy results in a composite with improved fatigue characteristics.

Stiffness Loss in Fatigue. The complexities in composites lead to the
presence of many modes of damage, such as matrix cracking, fiber fracture,
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Fig. 24. Reinforcement and crack tip interactions in a particulate composite: (a) low
K nax, AK, smaller plastic zone—tortuous crack growth takes place (b) high K., AK, lar-
ger plastic zone envelops several particles—particle fracture takes place ahead of the
crack tip, resulting in planar crack growth.

delamination, debonding, void growth, multidirectional cracking, etc. In the case
of the isotropic material, a single crack propagates in a direction perpendicular to
the cyclic (mode I) loading axis (Fig. 26). In the fiber-reinforced composite, on the
other hand, a variety of subcritical damage mechanisms (Fig. 27) lead to a highly
diffuse damage zone, and these multiple fracture modes appear rather early in
the fatigue life of composites. The various types of subcritical damage result in a
reduction of the load carrying capacity of the laminate composite, which in turn
manifests itself as a reduction of laminate stiffness and strength (49-53). The
stiffness changes in the laminated composites to the accumulated damage
under fatigue have been experimentally related. The change in stiffness values
is a good indicator of the damage in composites, thus stiffness loss in continuous
fiber-reinforced MMCs can be a useful parameter for detecting fatigue damage
initiation and growth. This progressive loss of stiffness during fatigue of compo-
sites is a characteristic that is very different from the behavior of metals in fati-
gue. Similar loss of stiffness has been observed on subjecting a fiber-reinforced
composite to thermal fatigue (54).

(a) (b)

Fig. 25. Fatigue crack growth profile in a SiC particle reinforced Al matrix composite,
exhibiting crack trapping and crack deflection mechanisms.
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Fig.26. Self-similar crack propagation in an isotropic material. The crack propagates in
a direction perpendicular to the cyclic loading axis (mode I loading).

5.7. Creep. The phenomenon of creep refers to time-dependent deforma-
tion. In practice, at least for most metals and ceramics, the creep behavior
becomes important at high temperatures and thus sets a limit on the maximum
application temperature. In general, this limit increases with the melting point
of a material. An approximate limit can be estimated to lie at about one-half of
the melting temperature in kelvin. The basic governing equation of steady-state
creep can be written as follows:

¢ = A(0/G)" exp(—AQ/kT)

where ¢ is the steady-state creep strain rate, o is the applied strain, n is an
exponent, G is the shear modulus, AQ is the activation energy for creep, % is
the Boltzmann’s constant, and T is temperature in kelvin. In general, the
creep resistance of metal is improved by the incorporation of ceramic reinforce-
ments. The steady-state creep rate as a function of applied stress for silver
matrix and tungsten fiber—silver matrix composites at 600°C is an example
(Fig. 28) (55). Whisker or particle reinforcement also results in significant

(a) (b) (c)

Fig. 27. Variety of subcritical damage mechanisms in fiber-reinforced composites, that
lead to a highly diffuse damage zone. (a) Fiber cracking, (b) matrix cracking, and (c) inter-
face debonding.
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Fig. 28. Steady-state creep rate as a function of applied stress for silver matrix (s) and
tungsten fiber—silver matrix composites (a) at 600°C (from Ref. 55). To convert MPa to psi,
multiply by 145.

creep strengthening over the unreinforced alloy, Figure 29 (56). Anomalously
high values of the activation energy, @, and stress exponent, n, have been
reported in MMCs (57—59). Nardone and Strife (57) rationalized this by propos-
ing the concept of a threshold stress o, for creep deformation, originally used to
explain the high values for @ and n in dispersion-strengthened alloys. The
physical explanation for the threshold stress in the discontinuously reinforced
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Fig. 29. Steady-state creep rate as a function of applied stress for SiC particle and SiC
whisker reinforced Al matrix composites. To convert MPa to psi, multiply by 145 (from
Ref. 56).
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composite system can be attributed to a variety of reasons (58): (I) Orowan bow-
ing between particles, (2) back-stress associated with dislocation climb, (3)
attractive force between dislocations and particles, resulting from relaxation of
the strain field of dislocations at the particle—matrix interface.

6. Applications

In aerospace applications, low density coupled with other desirable features,
such as tailored thermal expansion and conductivity, high stiffness and strength,
etc, are the main drivers. Performance rather than cost is the driving force for
materials development. In as much as continuous fiber-reinforced MMCs deliver
superior performance to particle-reinforced composites, the former are fre-
quently used in aerospace applications. In nonaerospace applications, cost and
performance are important, ie, an optimum combination of these items is
required. It is thus understandable that particle-reinforced MMCs are increas-
ingly finding applications in nonaerospace applications.

Reduction in the weight of a component is a significant driving force for any
application in the aerospace field. For example, in the Hubble telescope, a pitch-
based continuous carbon fiber-reinforced aluminum was used for waveguide
booms because of its light weight; high elastic modulus, E; and low coefficient
of thermal expansion, a. Other aerospace applications of MMCs involve replace-
ment of light but toxic beryllium. For example, in the United States Trident mis-
sile, beryllium has been replaced by a SiC,/Al composite.

An important application of MMCs in the automotive area is in diesel piston
crowns (57). This application involves incorporation of short fibers of alumina or
alumina—silica in the crown of the piston. The conventional diesel engine
piston has an Al-Si casting alloy with a crown made of a nickel cast iron. The
replacement of the nickel cast iron by aluminum matrix composite results in a
lighter, more abrasion resistant, and cheaper product. Another application in
the automotive sector involves the use of carbon and alumina short fibers in
an aluminum matrix for use as cylinder liners in the Prelude model of Honda
Motor Co.

Particulate MMCs, especially with light MMCs such as aluminum and mag-
nesium, also find applications in automotive and sporting goods. In this regard,
the price per kg becomes the driving force for application. An excellent example
involves the use of Duralcan particulate MMCs to make mountain bicycles.
The Specialized Bicycle company in the Unites States sells these bicycles with
the frame made from extruded tubes of 6061 aluminum containing about 10%
alumina particles. The primary advantage is the gain in stiffness. An important
item in this regard has to do with recycling and reclamation, particularly in alu-
minum matrix composites, because recycling has been extremely successful in
the aluminum industry. The two terms, recycling and reclamation, are used
advisedly for composites. Recycling (qv) refers to reuse of a worn product as a
composite, and involves reclamation of the individual components, ie, aluminum
and ceramic particles separately. Cast MMCs can be remelted and reused as a
composite. Although some of the issues such as particle/molten metal reaction
are the same in remelting, it should be appreciated that scrap sorting and
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melt cleanliness and degassing can be rather complex problems in MMCs.
Special fluxing and degassing techniques have been developed at Duralcan. Pow-
der processed MMCs as well as the reclamation route involve remelting. Accord-
ing to one report (58), by using combined argon and salt fluxing, silicon carbide
particles can be removed from the melt and 85-90% of the aluminum reclaimed.

An important potential commercial application of particle-reinforced alumi-
num composite is in the making of automotive driveshafts. In driveshaft design,
the speed at which it becomes dynamically unstable needs to be considered. In
terms of geometric parameters, a shorter shaft length and larger diameter
gives a higher critical speed, N,; in terms of material parameters, the higher
the specific stiffness E/r, the higher the N.. Changes in the driveshaft geometry,
increase in length or a reduction in the diameter, can be made while maintaining
a constant critical speed. A decrease in the driveshaft diameter can be important
because of under-chassis space limitations. A relatively new application for
MDMCs is the passenger car connecting rod. Recently, lightweight MMC connect-
ing rods were fabricated using a low cost sinter-forging technique. Figure 30
shows a 3D model of the MMC connecting rod, which exhibited close to 60%
weight savings over the conventional steel connecting rod.

Copper-based composites having Nb, Ta, or Cr as the second phase in a dis-
continuous form are of interest for certain applications requiring high thermal
conductivity and high strength, eg, in high heat flux applications in rocket
engine thrust chambers. Carbon fiber-reinforced copper has applications in the
aerospace industry as a very high thermal conductivity material. The problem
with carbon fibers and metallic matrices is that the surface energy considera-
tions preclude wetting of the carbon fibers by the molten metals. The surface
energy of carbon fiber is ~100 mdJ/m? whereas for most molten metals the
surface energy is 10 times higher. Wetting occurs when the surface energy of
the substrate (fiber) is higher than that of the molten metal. Thus the wetting
of carbon fibers by molten copper is not expected.

6.1. Filamentary Superconductors. Niobium-titanium superconduc-
tors are used in magnetic resonance imaging (MRI) techniques for medical diag-
nostics. The superconducting solenoid made from Nb-Ti/Cu composite wire is
immersed in a liquid helium cryogenic Dewar flask. Nb-Ti/Cu superconducting

ALMMC Steal

Pin Weight (g) 65.2 144.7
Crank Weight (g) 184.0 437.7
Total Weight (g) 2492 582.4

Weight savings = 57.2%

Fig. 30. Prototype MMC connecting rod fabricated by sinter-forging. The 20% SiC rein-
forced Al matrix composite exhibited close ot 60% weight savings over the conventional
steel rod (courtesy Metaldyne Corp.).
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composites are also used in various high energy physics applications, such as
particle accelerators. The Nb3sSn/Cu superconducting composites are used for
magnetic fields >12 T. Such high fields are encountered in a thermonuclear
fusion reactor, representing a sizeable fraction of the capital cost of such a fusion
power plant.

6.2. Electronic-Grade MMCs. Metal-matrix composites can be tailored
to have optimal thermal and physical properties to meet requirements of electro-
nic packaging systems, eg, cores, substrates, carriers, and housings. A controlled
thermal expansion space truss, ie, one having a high precision dimensional tol-
erance in space environment, was developed from a carbon fiber (pitch-based)/Al
composite. Continuous boron fiber-reinforced aluminum composites made by
diffusion bonding have been used as heat sinks in chip carrier multilayer boards.

Unidirectionally aligned, pitch-based carbon fibers in an aluminum matrix
can have high thermal conductivity along the fiber direction. The conductivity
transverse to the fibers is about two-thirds that of aluminum. Such a C/Al com-
posite is useful in heat-transfer applications where weight reduction is an impor-
tant consideration, eg, in high density, high speed integrated circuit packages for
computers and in base plates for electronic equipment. Another possible use of
this composite is to dissipate heat from the leading edges of wings in high
speed airplanes.
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