
5/6/2015

1

CHAPTER 6

Metal Matrix Composites

Metal Matrix Composites

• High specific strength, high specific modulus, good 

toughness, higher temperature capabilities, … 

environmental resistance, …

• 1960s: Boron fiber reinforced 6061 aluminum

• 1960s: Unidirectionbally solidified eutectics

• 1970s: Carbon fiber reinforced metallic composites

• Now a variety of reinforcements are availabile, e.g. Al2O3, 

SiC, …

Metal Matrix Composites

• Main activities in MMCs: 

– Boron/Aluminum

– Carbon/Aluminum

– Al/Al2O3, Mg/Al2O3

– Al/SiC

– Eutectic composites

– Insitu composites

– Nano composites
– Unconventional composites (a new proposed course)

• Three kinds of metal matrix composites (MMCs):

– Particle reinforced MMCs

– Short fiber or whisker reinforced MMCs

– Continuous fiber or sheet reinforced MMCs
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Types of Metal Matrix Composites

• Particle or discontinuously reinforced MMCs have become 

very important

• Compared to fiber reinforced composites: 

– Inexpensive

– Relatively isotropic properties 

………
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Processing

• Liquid-State Processes

• Solid-State Processes

• Gaseous-Stare Processes

• Liquid-State Processes:

– Near net shape

– Faster processing time

– Less expensive

• Most common liquid-state processes:

– Casting, or liquid infiltration

– Squeeze casting, or pressure infiltration

– Spray co-diposition

– In-situ processes
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�Conventional casting

• Typically used with particulate reinforcements because of 

difficulties in casting fibrous preforms without pressure

• The particles and molten matrix are mixed and cast

• Secondary mechanical processing may be applied, e.g. 

extrusion or rolling

Liquid-State Processes

Liquid-State Processes

Modification to existing conventional processing:

1- Use alloys that minimize reactivity with the reinforcement, 

e.g. high silicon Al-Si alloys with SiC.

Liquid-State Processes
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2- Higher processing temperature due to higher viscosity of 

the slurry, e.g. ~745 °C for Al-Si-SiC

– Viscosity of particulate composite, ηc,

ηm: the viscosity of the unreinforced metal

Vp: the volume fraction of particles

• For very small particles, e.g., 2–3 µm, the viscosity is even 

higher due to a very large interface region.

Liquid-State Processes

3- Protection by an inert gas to reduce oxidation of the melt

4- Stirring is often required to avoid sedimentation or flotation 

of the reinforcements. 

– SiC density= 3.2 g/cm3, Al density= 2.2 g/cm3

– Stirring: Mechanical, induction, ultrasonic vibration, …

• Stirring also improves wettability and permeability of the 

reinforcement in the molten matrix

…

Liquid-State Processes

�Particle stirring (Vortex method)

Stirring of composite melt with ceramic particles to minimize 

settling of the particles during processing. 

Liquid-State Processes
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• Particles are stirred in the molten alloy

• Near net-shape (little further processing needed)

• Porosity should be minimized 

• Particle surface treatments may be needed to improve 

wettability

• Prolonged contact between liquid metal and reinforcement 

→ significant chemical reaction

• Typical lower limit on particle size: 15 µm!

• Max Vp ~ 15-20 %

• Binder in the preform (e.g, silica) can react with the molten 

alloy and alter the composition

Liquid-State Processes

Sedimentation of particles

• ρparticle > ρMatrix ⇒ Settling down of particles according to 

the Stokes’ law.

• Sedimentation is a greater problem at low volume fraction 

of the reinforcements (Vp). 

• At high Vp, particles interact with each other and hinder the 

sedimentation.

� Compocasting (semisolid composite casting)

• Processing within the semisolid temperature range

• Higher viscosity of the slurry

• Existence of already solidified particles 

→ Better distribution and retainment of the reinforcement

Liquid-State Processes

vs = particle's settling velocity (m/s)              g = gravitational acceleration (m/s2)

ρp = mass density of the particles (kg/m3)     ρf = mass density of the fluid (kg/m3) 

µ = dynamic viscosity (kg /m.s)

Liquid-State Processes

�Continuous fiber reinforced MMCs by vibration methods

•Tows of fibers are passed through a liquid metal bath

•Individual fibers are wet by the molten metal

•Excess metal is wiped off, and a composite wire is produced

•A bundle of such wires can be consolidated by extrusion to make 

a composite.
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Liquid-State Processes

� Lanxide’s Primex™ process:

• A pressureless infiltration process

• Used with certain reactive metal alloys such Al–Mg to 

infiltrate ceramic preforms. 

– Processing temperature for an Al–Mg alloy: 750 -1000 °C in a 

nitrogen-rich atmosphere 

– Typical infiltration rates are 

less than 25 cm/h.

Liquid-State Processes

 .رخنه دھی واکنشی يا غير واکنشی يک تقويت کننده پيش ساخته اشاره کرد•

  ٢-٢ شکل •

.  به درون يک پرکننده ذره ای يا رشته ای وارد می شود Al-Mgدر اين فرايند،آلومينيوم خالص يا آلياژ •

.  در ضمن زمينه آلياژی را می توان در حين فرايند تشکيل داد•

، ھنگامی که آلومينيوم خالص وارد پيش ساخته متشکل از ذرات منيزيم آميخته شده با ذرات تقويت ٢-٢ شکل در •
. تشکيل می شود Al-Mgکننده سراميکی می گردد يک زمينه آلياژی 

انجام می پذيرد N2فرايند جھت حداقل ساختن واکنش ھای فصل مشترک، تحت اتمسفر •

) ب(رخنه دھی زمينه آلياژی به درون پيش ساخته ذره ای و ) الف: (رخنه دھی بدون فشار کامپوزيت ھای زمينه فلزی
.رخنه دھی زمينه فلز خالص به درون پيش ساخته متشکل از ذرات آلياژ فلزی و ذرات سراميکی
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American Foundry Society  .  105th Casting Congress, April  28 - May 1, 2001--Dallas, TX, USA

� Squeeze casting / pressure infiltration:

• Squeeze casting of a composite slurry

– A composite slurry  prepared by other casting methods, e.g. vortex 

method,  is solidified under a mechanically applied pressure

Liquid-State Processes
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 Schematic of squeeze casting or liquid infiltration processing. 

Liquid-State Processes

• Squeeze casting/Pressure infiltration 

– Forcing the liquid metal into a reinforcement preform.

Liquid-State Processes

•Preform 

Manufacturing:

a- Press forming

b- Suction forming

Liquid-State Processes

c- Weaving
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Liquid-State Processes

Freeze-casting 

•(Left) Directional growth of Ice crystals in a slurry of water and high volume fraction of 

fine ceramic particles

•The growing ice crystals push the ceramic into the grain boundaries. 

•After drying and sintering, a porous ceramic preform is obtained. 

•(Right) A freeze-cast Al-12Si-Al2O3 composite  produced by squeeze casting

Liquid-State Processes

d- Pyrolysis of a polymeric 

preform

e- Ceramic coating of a 

polymeric preform followed 

by sintering

f- Freeze-casting 

-…

Permeability of porous medium by a fluid

• Darcy’s Law for single-phase fluid flow:

• J: Volume current density (i.e., volume/area×time) of the 

fluid (- sign due to negative gradient)

• k: The permeability of a porous medium

• η: The fluid viscosity

• ∇P: The pressure gradient responsible for the fluid flow

Liquid-State Processes

•External pressure ↑↑↑↑
•Viscosity of the liquid ↓↓↓↓
•Permeability of the preform ↑↑↑↑

Volume current density ↑↑↑↑
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• During infiltration, a given 

reinforcement/atmosphere surface is

replaced with a reinforcement/liquid

metal surface. 

• If σRA > σRL + σLA.Cosθ → Spontaneous infiltration of molten 

metal into the preform!

• If σRA < σRL + σLA.Cosθ, the process cannot be spontaneous

→ Some work is required to make the melt flow in the interstices of the 

preform. 

• This work should be supplied by an external source such as 

vacuum in the preform or gas/piston pressure on the melt. 

Liquid-State Processes

• The minimum pressure required to infiltrate the melt into the 

preform can be written as

P ∝ Sf (σRL + σLA.Cosθ–σRA)

or P ∝ -Sf (σRA – σRL – σLA.Cosθ)

– Sf:  The specific surface area of the preform (interface per unit 

volume of the matrix)

• If melt is to be forced through a channel of width r:

P ∝ -Sf (σRA – σRL – σLA.Cosθ)/r

Liquid-State Processes

P ∝ -Sf (σRA – σRL – σLA.Cosθ)/r

• Infiltration is improved by increasing σRA and decreasing σRL. 

• In wetting systems (θ < 90°), infiltration is improved by 

increasing Sf and decreasing r. 

• In non-wetting systems (θ > 90°), infiltration is improved by 

reducing Sf and increasing r.

• Sf and r are dependent on volume fraction and size of the 

reinforcements. 

Liquid-State Processes
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• For most metal-ceramic systems (non-wetting systems), decreasing 

the size of reinforcement particles/fibers or increasing the volume 

fraction of the reinforcement deters infiltration. 

• A preform with a higher specific area and smaller interstitial 

channels requires a higher pressure for infiltration. 

• Main variables:

– Reinforcements temperature

– Melt temperature

– Die temperature

– Applied pressure

– Rate of pressure application (Rate of infiltration)

– Alloy composition

– Reinforcement composition

Liquid-State Processes

Squeeze cast/Pressure infiltrated composites

• A threshold (Min.) pressure is required for infiltration.

• Applied pressure should not exceed a Max. value!

– Applied pressures: ~70–100 MPa

• Makes the molten metal to penetrate the fiber preform and bond the 

fibers

• Higher pressures may result in preform movement or failure!

• Short dwell time at high temperature 

– Minimal reaction between the reinforcement and molten metal

Liquid-State Processes

• Can be free from common casting defects such as porosity 

and shrinkage cavities

• Macrosegragation may occur!

• Selective reinforcement is possible

• Casting of wrought alloys is possible

• Near net-shape

Liquid-State Processes
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Diesel engine piston 

(Al/Alumina fiber composite) 

made by squeeze casting

Liquid-State Processes

• Selective reinforcement

• Combustion bowl and ring grooves in diesel engine pistons

• Selective reinforcing with ceramic fibers instead of the Ni-resist cast iron 

inserts  

• Much superior products and 10% weight reduction

Pressure Gas Infiltration of a preform

• Controlled environment of a pressure vessel

• Rather high reinforcement volume fractions

• Reinforcement: particles, long or short fibers, whiskers, …

• Complex-shaped structures

Process involves: 

• Melting the matrix alloy in a crucible in vacuum

• Separately heating the preform

• Molten matrix material is poured onto the fibers

• Argon gas pressure forces the melt to infiltrate the preform

• The melt generally contains additives to aid in wetting the 

fibers.

Liquid-State Processes

Liquid metal gas infiltration process

Liquid-State Processes
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a) SiC particles, b) Al2O3 particles, c) aluminum borate whiskers and d) Alumina 

flakes preforms used in pressure infiltration process

a b

c d

Centrifugal Casting

• Inducing a centrifugal force during casting

• Obtaining a gradient in reinforcement volume fraction 

• Optimal placement of the reinforcement

Liquid-State Processes
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Liquid-State Processes

• Brake rotors

• Wear resistance on the rotor face

• Easier machining on the hub area

Liquid-State Processes

• Motor cycle brake rotor

Liquid-State Processes

T.P.D. Rajan, R.M. Pillai, B.C. Pai , M A T E R I A L S C H A R A C T E R I Z A T I O N 6 1 ( 2 0 1 0 ) 9 2 3 – 9 2 8
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B. Li, , et al., Trans. Nonferrous Met. Soc. China 23(2013)  923-930.

Zhai Y., et al.,  Trans. Nonferrous Met. Soc. China 20(2010) 361-370.

Processing of WC/Co Composites

• Cemented carbides = WC/Co MMC

• Liquid cobalt wets WC particles very

easily (θ=0)

� Milling of WC particles with 

Co powder → spherical granules of WC/Co

� Compaction under pressure (50–150 MPa) to make green 

compacts having 65% of the theoretical density

� Pressureless liquid phase sintering 

– Good infiltration of WC particles by liquid cobalt occurs because of 

capillary action and enhanced interfacial diffusion.

Liquid-State Processes
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Spray-Forming

• A molten alloy matrix is 

atomized using a spray gun 

• Preheated dry ceramic 

particles are injected into 

this stream

• Produces a porous preform

• The co-sprayed MMC is 

subjected to  scalping, 

consolidation, and 

secondary finishing 

processes.

Liquid-State Processes

Schematic of the spray forming process

• .Cainer, 2811

Liquid-State Processes
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• Extremely short flight times 

→formation of deleterious reaction 

products avoided

• High production rate: 6-10 kg/min

Liquid-State Processes

• Great flexibility in making different types of composites, e.g.

– Making  in situ laminates using two sprayers

– Selective reinforcement

– Functionally graded Materials (FMGs) are possible

High pressure die cast crankcase with 

indirect extruded cylinder liners of the 

spray formed alloy AlSi25Cu4Mg.
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• In Situ composites

• Reinforcements are formed 

during the solidification of 

the molten metal within the 

matrix, e.g., controlled 

unidirectional solidification 

of eutectic alloys.

• Fineness of distribution of 

the reinforcement phase is 

controlled by the 

solidification rate.

� Other examples of in situ 

composites?.

Liquid-State Processes

Liquid-State Processes

•XD™/ SHS (self-propagating high-temperature synthesis) 

process: An exothermic reaction between two components is used 

to produce a third component. 

A master alloy with high vol% of reinforcement is produced which 

can be mixed and remelted with a base alloy to produce a desirable 

amount of particle reinforcement, for example SiC or TiB2 in an 

aluminum, nickel, or intermetallic matrix.

Add more of 

desplacive

reactions.

Diffusion bonding

• Used to join similar or dissimilar metals

• Stacking in a predetermined order of:

�Matrix alloy foil and fiber arrays

�Composite wire

�Monolayer laminates

• Simultaneous application of pressure and high temperature

→ Inter-diffusion of atoms from clean metal surfaces in 

contact at elevated temperature

Solid-State Processes
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(b) Microstructure of SiC fiber/titanium matrix 

composite made by diffusion. 

(900°°°°C, 105 MPa, 3 h, fiber diameter =142 µµµµm)

Solid-State Processes

900°C, 105 MPa, 3 h

Fig. 6.8 (a) Schematic of diffusion bonding process.

Solid-State Processes

� The main advantages:

•The ability to process a wide variety of matrix metals

•Control of fiber orientation and volume fraction

× The main disadvantages: 

•Processing times of several hours

•High processing temperatures and pressures

•Quite expensive

•Only objects of limited size can be produced

Solid-State Processes

• Deformation processing of metal/metal composites

�Less conventional: In-situ composite

�Extrusion, drawing, rolling or … of a ductile two-phase 

material.

�The two phases co-deform → the minor phase elongates 

and becomes fibrous within the matrix

�The starting material is usually a billet prepared casting 

or powder metallurgy methods.

�More conventional:

� Roll bonding to produce sheet laminated MMCs

�ARB (accumulative roll bonding)

� CAR (continual annealing and roll-bonding)
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R. Jamaati et al., J Mat Eng and Perform 21(7), 2012, 1249-1253.

A356/10 vol.% SiC composites

(10 cycles at room temperature)

Solid-State Processes

• Nb–Ti composite superconductors

�Extremely fine Nb–Ti superconducting filaments embedded in 

a copper matrix

�Annealed Nb–Ti rods are inserted into hexagonal-shaped high 

purity copper tubes. 

�These rods are loaded into a copper tube, evacuated, sealed, 

and extruded. 

�The extruded rod is cold drawn and annealed repeatedly to the 

appropriate final size and properties.

Solid-State Processes

Fig. 9.6 (b) One strand containing 

1,060 filaments (Dia. = 50 µµµµm)
Fig. 9.7 SEM of Nb–Ti/Cu superconductor
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Solid-State Processes

Fig. 9.9 (a) An Nb3Sn/Cu

composite superconductor. Each

little dot in the picture is a 4-µµµµm

dia. Nb3Sn filament. (b) SEM of a

Nb/bronze composite before the

heat treatment to form Nb3Sn.

Fig. 9.8 Schematic of the bronze method of 

fabricating Nb3Sn/Cu superconductor

• Deposition techniques for MMC fabrication

1- Coating individual fibers in a tow with the matrix material

2- Diffusion bonding to form a consolidated composite plate or 

structural shape

•Several deposition techniques are available:

�Immersion plating 

�Electroplating

�Spray deposition

�Chemical vapor deposition (CVD)

�Physical vapor deposition (PVD)

(More information available in the text book.)

Solid-State Processes


