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In the earlier chapters of this book, we considered the performance, manufac-

turing, and design issues pertaining to polymer matrix composites. In this

chapter, we review the thermomechanical properties of metal, ceramic, and

carbon matrix composites and a few important manufacturing methods used in

producing such composites.

The history of development of metal, ceramic, and carbon matrix compos-

ites is much more recent than that of the polymer matrix composites. Initial

research on the metal and ceramic matrix composites was based on continuous

carbon or boron fibers, but there were difficulties in producing good quality

composites due to adverse chemical reaction between these fibers and the

matrix. With the development of newer fibers, such as silicon carbide or

aluminum oxide, in the early 1980s, there has been a renewed interest and an

accelerated research activity in developing the technology of both metal and

ceramic matrix composites. The initial impetus for this development has come

from the military and aerospace industries, where there is a great need for

materials with high strength-to-weight ratios or high modulus-to-weight ratios

that can also withstand severe high temperature or corrosive environments.

Presently, these materials are very expensive and their use is limited to appli-

cations that can use their special characteristics, such as high temperature

resistance or high wear resistance. With developments of lower cost fibers

and more cost-effective manufacturing techniques, it is conceivable that both

metal and ceramic matrix composites will find commercial applications in

automobiles, electronic packages, sporting goods, and others.

The carbon matrix composites are more commonly known as carbon–

carbon composites, since they use carbon fibers as the reinforcement for carbon

matrix. The resulting composite has a lower density, higher modulus and

strength, lower coefficient of thermal expansion, and higher thermal shock

resistance than conventional graphite. The carbon matrix composites have

been used as thermal protection materials in the nose cap and the leading

edges of the wing of space shuttles. They are also used in rocket nozzles, exit

cones, and aircraft brakes, and their potential applications include pistons in
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intern al combust ion engines , gas turbine compone nts, he at exchangers , and

biomedi cal impl ants.

7.1 METAL MATRIX COMPOSITES

The metal matrix composites (MMC) can be divided into four general categories:

1. Fiber- reinfo rced MMC con taining eithe r con tinuous or discont inuou s

fiber reinf orcement s; the latt er are in the form of whiskers with a pproxi-

mate ly 0.1� 0.5 mm in diameter and have a length-to- diame ter rati o up

to 200.

2. Parti culate-rei nforced MMC con taining either particles or plate lets that

range in size from 0.5 to 100 mm. The particu lates can be incorpo rated

into the meta l matr ix to higher volume fract ions than the whiskers.

3. Dis persion -strengt hened MM C contai ning particles that are < 0.1 m m in

diame ter.

4. In situ MM C, su ch a s direct ionally solidifi ed e utectic alloys.

In this cha pter, we focu s our atte ntion on the fir st two categories, more

specifical ly on whi sker- and particulat e-reinforc ed M MCs. Mo re de tailed infor -

mation s on M MC can be found in Refs. [1–4].

Cont inuous carbon or bor on fiber-re inforc ed MMCs ha ve be en under

developm ent for > 20 years; howev er, they have found limit ed use due to

problem s in control ling the c hemical react ion betwee n the fibers and the molten

meta l at the high pro cessing tempe ratures used for such composi tes. The resul t

of this ch emical react ion is a brittle interph ase that redu ces the mechani cal

propert ies of the composi te. Fiber surfa ce treat ments developed to reduce this

problem increa se the cost of the fiber. Addit ionally, the manufa cturin g cost of

continuou s carbon or boron fiber -reinforce d MMC is also high , whi ch make s

them less attr active for many app lications . Much of the recen t work on M MC

is based on sil icon ca rbide whi skers (SiCw ) or sil icon carb ide parti culates

(SiCp ). SiC is less prone to oxidat ive react ions at the process ing tempe ratures

used. Fur therm ore, not only they are less ex pensive than carbon or boron

fibers, but also they can be incorpora ted into meta l matr ices using common

manufa cturin g techn iques, such as powder meta llurgy and casti ng.

7.1.1 MECHANICAL PROPERTIES

In Chapter 2, we discus sed sim ple micromechan ical models in relation to

polyme r matr ix comp osites in which fiber s carry the major por tion of the

composi te load by virt ue of their high modu lus compared with the pol ymer

matrix, such as epo xy. The same micr omechani cal models can be ap plied to

MMC with so me modif ications. The modulus of meta ls is a n ord er of magni -

tude higher than that of polyme rs (Table 7.1) . Many meta ls are capab le of
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TABLE 7.1
Properties of Some Metal Alloys Used in Metal Matrix Composites

Material

Density,

g=cm3

Tensile

Modulus,

GPa (Gsi)

YS,

MPa (ksi)

UTS, MPa

(ksi)

Failure

Strain, %

CTE 10�6

per 8C

Melting

Point, 8C

Aluminum alloy

2024-T6 2.78 70 (10.1) 468.9 (68) 579.3 (84) 11 23.2

6061-T6 2.70 70 (10.1) 275.9 (40) 310.3 (45) 17 23.6

7075-T6 2.80 70 (10.1) 503.5 (73) 572.4 (83) 11 23.6

8009 2.92 88 (12.7) 407 (59) 448 (64.9) 17 23.5

380 (As cast) 2.71 70 (10.1) 165.5 (24) 331 (48) 4 — 540

Titanium alloy

Ti-6A1-4V

(Solution-treated

and aged)

4.43 110 (16) 1068 (155) 1171 (170) 8 9.5 1650

Magnesium alloy

AZ91A 1.81 45 (6.5) 158.6 (23) 234.5 (34) 3 26 650

Zinc–aluminum alloy

ZA-27 (Pressure die-cast) 5 78 (11.3) 370 (53.6) 425 (61.6) 3 26 375
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undergoing large plastic deformations and strain hardening after yielding. In

general, they exhibit higher strain-to-failure and fracture toughness than poly-

mers. Furthermore, since the processing temperature for MMCs is very high,

the difference in thermal contraction between the fibers and the matrix during

cooling can lead to relatively high residual stresses. In some cases, the matrix

may yield under the influence of these residual stresses, which can affect the

stress–strain characteristics as well as the strength of the composite.

7.1.1.1 Continuous-Fiber MMC

Consider an MMC containing unidirectional continuous fibers subjected to a

tensile load in the fiber direction. Assume that the matrix yield strain is lower

than the fiber failure strain. Initially, both fibers and matrix deform elastically.

The longitudinal elastic modulus of the composite is given by the rule of

mixtures:

EL ¼ Efvf þ Emvm: (7:1)

After the matrix reaches its yield strain, it begins to deform plastically, but the

fiber remains elastic. At this point, the stress–strain diagram begins to deviate

from its initial slope (Figur e 7.1) an d exh ibits a new longit udinal mo dulus,

which is given by:

EL ¼ Efvf þ ds

d«

� �
m

vm, (7:2)

where
ds

d«

� �
m

is slope of the stress–strain curve of the matrix at the composite

strain «c. The stress–strain diagram of the composite in this region is not elastic.

In addition, it may not be linear if the matrix has a nonuniform strain-

hardening rate.

For brittle fiber MMCs, such as SiC fiber-reinforced aluminum alloys, the

composite strength is limited by fiber fracture, and the MMCs fail as the com-

posite strain becomes equal to the fiber failure strain. For ductile fiber MMCs,

such as tungsten fiber-reinforced copper alloys [5] and beryllium fiber-reinforced

aluminum alloys [6], the fiber also yields and plastically deforms along with the

matrix. In addition, the composite strength is limited by the fiber failure strain,

unless the fibers fail by necking. If the fibers exhibit necking before failure and its

failure strain is lower than that of the matrix, the strain at the ultimate tensile

stress of the composite will be greater than that at the ultimate tensile stress of the

fiber alone.

If the composite failure is controlled by the fiber failure strain, the

longitudinal composite strength is given by

sLtu ¼ sfuvf þ sm
0 (1� vf), (7:3)
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FIGURE 7.1 Schematic representation of longitudinal tensile stress–strain diagram of a

unidirectional continuous fiber-reinforced MMC.
where sm
0 is the matrix flow stress at the ultimat e fiber strain that is de termined

from the matrix stress–s train diagra m.

Equation 7.3 appea rs to fit the exp erimental strength values for a numb er of

MMCs , such as copp er matrix composi tes (Figur e 7.2) contai ning e ither br ittle

or duc tile tungst en fibers [5]. In general , they are valid for MMCs in which (1)

there is no adverse interfaci al reaction betwe en the fibers and the matrix that

produc es a brittle inter phase, (2) there is a go od bond betwe en the fibers and

the matr ix, an d (3) the therm al resi dual stre sses at or ne ar the inter face are low .

The longit udinal tensi le stre ngth pred icted by Equation 7.3 is high er than

the experi menta l values for carbon fiber-re infor ced alumi num a lloys. In these

systems, unless the carbon fiber s are coated with pro tective surface coating, a

brittle Al4C3 inter phase is formed. Cra cks initiated in this interphase cau se the

fibers to fail at stra ins that are lower than their ultimate stra ins. In some cases,

the inter facial react ion is so severe that it weake ns the fiber s, which fail at very

low strains compared with the unr eacted fiber s [7]. If the matrix continues to

carry the load, the longit udinal tensi le strength of the composi te wi ll be

s Ltu ¼ smu(1� vf), (7:4)
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which is less than the matr ix tensi le stre ngth smu . Thus , in this case, the

matrix is weake ne d in the presen ce of fiber s instead of getting stre ngthened

(Figur e 7.3).

7.1.1 .2 Disco ntinuous ly Reinfor ced MMC

In recent years, the majorit y of the resear ch effort has been on SiCw - and SiC p -

reinfo rced alumin um alloys [8]. Titaniu m, magnes ium, and z inc alloys have also

been used ; howeve r, they are not discus sed in this chapter . Rei nforcem ents

other than SiC , such as Al2O 3, ha ve also been invest igated. Tensil e propert ies of

some of these composi tes are given in Append ix A.9 .

McDane ls [9] has report ed the mechani cal propert ies of both SiCw- and

SiCp -rein forced alumi num alloys, such as 606 1, 2024 =2124, 7075, and 5083.
Rein forcement content is in the range of 10–40 v ol%. These composi tes were

produ ced by powder metallur gy, follo wed by extrusion and hot roll ing. His

observat ions are summ arize d as follo ws:
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FIGURE 7.2 Longitudinal tensile strength variation of a unidirectional continuous

tungsten fiber=copper matrix composite at various fiber volume fractions. (Adapted

from Kelly, A. and Davies, G.J., Metall. Rev., 10, 1, 1965.)
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FIGURE 7.3 Longitudinal tensile strength variation of a unidirectional continuous SiC

fiber-reinforced high-purity aluminum and A384 aluminum alloy composites at various

fiber volume fractions. (Adapted from Everett, R.K. and Arsenault, R.J., eds., Metal

Matrix Composites: Processing and Interfaces, Academic Press, San Diego, 1991.)
1. The tensile modulus of the compo site increa ses wi th increasing

reinfo rceme nt vo lume fract ion; howeve r, the increa se is not linea r. The

modulus values are much lower than the longitudinal modulus pred icted

by Equat ion 7.1 for continuous -fibe r comp osites. Fur therm ore, the

reinfo rceme nt type has no influence on the modulus.

2. Both yield stre ngth and tensi le strength of the composi te increa se with

increa sing reinforcem ent volume fract ions; howeve r, the amoun t of

increa se depends more on the alloy type than on the reinforcem ent

type. The higher the stre ngth of the matr ix alloy, the higher the strength

of the comp osite.

3. The stra in-to-f ailure decreas es with increa sing reinfo rcement volume

fraction (Figur e 7.4). The fract ure mode changes from ductile at low

volume fractions (below 15%) to brit tle (flat and granu lar) at 30–40 vol%.
� 2007 by Taylor & Francis Group, LLC.



McDanel s [9] did not obs erve much direct ionality in SiC -reinforce d aluminu m

alloy s. Since MM Cs manufa ctured by powder meta llurgy are trans formed into

bars an d sh eets by hot roll ing, it is possibl e to introd uce diff erences in orien-

tation in SiCw -rein forced a lloys with more whiskers oriented in the rolling

direction . Repeated roll ing through smal l roll gaps ca n break whi skers and

particu lates into smaller sizes, thereby reducing the average particle size or the

average length-to- diameter ratio of the whiskers. Both whisk er orient ation and

size redu ction may affect the tensi le prop erties of roll ed MMCs.

Joh nson and Birt [10] found that the tensi le mod ulus of both SiCp- and

SiCw-reinforced MMCs can be predicted reasonably well using Halpin–Tsai

equati ons (Equati ons 3.49 through 3.53). Ho wever, the stren gth and ductil ity of

MMCs with discontinuous reinforcements are difficult to model in terms of

reinforcement and matrix properties alone, since the matrix microstructure in

the composite may be different from the reinforcement-free matrix due to

complex interaction between the two. The particle size has a significant influ-

ence on yield strength, tensile strength, and ductility of SiCp-reinforced MMCs

[11]. Both yield and tensile strengths increase with decreasing particle size. Such

behavior is attributed to the generation of thermal residual stresses, increase in

dislocation density, and constraints to dislocation motion, all due to the pres-

ence of particles. The ductility of the composite also increases with decreasing
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SiCw, 30%

SiCp, 30% SiCp, 20%
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FIGURE 7.4 Tensile stress–strain diagrams of SiCp- and SiCw-reinforced 6061-T6

aluminum alloy composites. (Adapted from McDanels, D.L., Metall. Trans., 16A,

1105, 1985.)
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particle size; howeve r, after atta ining a maxi mum value at particle diame ters

between 2 and 4 m m, it de creases rapidly to low values. The fail ure of the

composi te is init iated by cavity form ation at the interface or by particle fract ure.

Othe r observat ions on the therm omechani cal pro perties of SiCp- or SiC w -

reinforced alumi num alloys are

1. Both CTE and therm al con ductiv ity of aluminu m alloys are reduced by

the addition of SiCp [11,12].

2. The fracture toughness of aluminum alloys is red uced by the add ition of

SiCp . Investigat ion by Hunt and his cowor kers [13] ind icates that frac-

ture toughness is also relat ed to the particle size. They have also

observed that overagi ng, a heat treatment pro cess commonl y used for

7000-s eries alumi num alloys to enhan ce their fractu re toug hness, may

produ ce lower fract ure toughn ess in particle-rei nforced alumi num

alloy s.

3. The long-lif e fatigu e stren gth of SiCw -reinforce d alumi num alloys is

higher than that of the unreinf orced matr ix, whereas that of SiCp-

reinfo rced alumin um alloy s is at least equal to that of the unreinf orced

matrix (Figur e 7 .5).

4. The high -temperat ure yield stre ngth and ultimat e tensile stren gth of

SiC-reinforced aluminum alloys are higher than the corresponding

values of unreinforced alloys. The composite strength values follow

similar functional dependence on temperature as the matrix strength

values (Figure 7.6) .
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FIGURE 7.5 S–N curves for SiCw- and SiCp-reinforced 6061 aluminum alloy. (Adapted

from Rack, H.J. and Ratnaparkhi, P., J. Metals, 40, 55, 1988.)
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FIGURE 7.6 Effects of increasing temperature on the ultimate tensile strength and yield

strength of unreinforced and 21 vol% SiC-reinforced 2024 aluminum alloy. (Adapted

from Nair, S.V., Tien, J.K., and Bates, R.C., Int. Metals Rev., 30, 275, 1985.)
5. Karayaka and Sehitoglu [14] conducted strain-controlled fatigue tests

on 20 vol% SiCp-reinforced 2xxx-T4 aluminum alloys at 2008C and

3008C. Based on stress range, the reinforced alloys have a superior

fatigue performance than the unreinforced alloys.

6. Creep resistance of aluminum alloys is improved by the addition of

either SiCw or SiCp. For example, Morimoto et al. [15] have shown

that the second-stage creep rate of 15 vol% SiCw-reinforced 6061 alu-

minum alloy is nearly two orders of magnitude lower than that of the

unreinforced alloy (Figure 7.7).
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FIGURE 7.7 Comparison of creep strains of unreinforced and 15 vol% SiCw-reinforced

6061 aluminum alloy. (Adapted from Morimoto, T., Yamaoka, T., Lilholt, H., and

Taya, M., J. Eng. Mater. Technol., 110, 70, 1988.)
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7.1.2 MANUFACTURING PROCESSES

7.1.2.1 Continuously Reinforced MMC

Vacuum hot pressing (VHP) is the most common method of manufacturing con-

tinuous fiber-reinforcedMMC.The startingmaterial (precursor) ismade either by

drum winding a set of parallel fibers on a thin matrix foil with the fibers held in

place by a polymeric binder or by plasma spraying thematrixmaterial onto a layer

of parallel fibers that have been previously wound around a drum (Figure 7.8).

Sheets are then cut from these preformed tapes by shears or dies and stacked into a

layered structure. The fiber orientation in each layer can be controlled as desired.

The layup is inserted into a vacuum bag, which is then placed between

the preheated platens of a hydraulic press. After the vacuum level and the

temperature inside the vacuum bag reach the preset values, the platen pressure
Fiber
spool

Fiber
spool

Plasma spray
gum

Matrix foil with a 
fugitive binder

wrapped around 
the drum

Heated
platens

To vacuum pump

Vacuum
bag

(a) 

(b) 

(c) 

FIGURE 7.8 Schematic of drum winding and vacuum hot pressing for manufacturing

continuous-fiber MMC (a) drum winding, (b) cut and stack, and (c) vacuum hot pressing.
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is raised and held for a lengt h of time to complete the con solidati on of layer s

into the final thickne ss. Typical ly, the tempe ratur e is 50%–90 % of the solidu s

tempe rature of the matrix, and the pressur e ran ges from 10 to 12 0 M Pa (1.45–

17.4 ksi) . Afterw ard, the co oling is carri ed out at a con trolled rate and under

pressur e to reduce resi dual stresses as well as to prevent warping.

The consolidation of layers in VHP takes place through diffusion bonding,

plastic deformation, and creep of the metal matrix [16]. The basic process param-

eters that control the quality of consolidation are temperature, pressure, and

holding time. Another important parameter is the cleanliness of the layers to be

joined. Polymeric binder residues or oxide scales can cause poor bonding between

the fibers and the matrix as well as between the matrices in various layers. There-

fore, careful surface preparation before stacking the layers can be very beneficial.
7.1.2 .2 Disco ntinuous ly Reinfor ced MMC

7.1.2 .2.1 Powder Metallurgy

In this process , atomized meta l powder s (typical ly with a mean diame ter of

15 mm or � 325 mesh size) are blended with deagglom erate d whiskers

or pa rticulat es. Deagglo meration may involv e agit ation of a liquid suspensi on

of the reinf orcement in an ultr asonic bath. The blended mixture is cold-

compact ed in a graphit e die, outgass ed, and vacuum hot-pr essed to form a

cylin drical billet. The pressur e is applied in the hot-pr essing stage only afte r the

tempe rature is rais ed above the solidu s tempe ratur e of the matrix a lloy.

Curr ently avail able SiCp -rein forced aluminu m bill ets rang e from 15 cm

(6 in.) to 44.5 cm (17.5 in.) in diame ter. Most billets are extrude d to rod s or

recta ngular bars using lubri cated conical or streaml ine dies. Var ious struc tural

shapes can be fabricated from these rods and bars using hot extrusion, while

sheets and plates can be produced by hot rolling on conventional rolling mills.

Other metalworking processes, such as forging and shear spinning, can also be

used for shaping them into many other useable forms.

Typical tensile properties of SiCw- and SiCp-reinforced aluminum alloys are

given in Table 7.2. All of these co mposi tes were manufa ctured by powder

metallurgy and then extruded to rods or bars. Sheets were formed by hot rolling

the bars. Following observations can be made from the table:

1. The secondary processing of extrusion and rolling can create significant

difference in tensile properties in the longitudinal and transverse direc-

tions, especially in whisker-reinforced composites.

2. Ultimate tensile strength, yield strength, and modulus of discontinuously

reinforced aluminum alloys increase with increasing reinforcement

content, but elongation to failure (which is related to ductility) decreases.

3. For the same reinforcement content, whiskers produce stronger and

stiffer composites than particulates.
� 2007 by Taylor & Francis Group, LLC.



TABLE 7.2
Tensile Properties of Discontinuously Reinforced Aluminum

Alloy Sheets and Extrusions

Material

(Alloy=SiCw or p=

vol. frac.-temper) Orientation

UTS,

MPa (ksi)

YS,

MPa (ksi)

Elongation,

%

Modulus,

GPa (Msi)

2009=SiCw=15%-T8

(Sheet)

L 634 (91.9) 483 (70) 6.4 106 (15.37)

T 552 (80) 400 (58) 8.4 98 (14.21)

2009=SiCp=20%-T8

(Sheet)

L 593 (86) 462 (67) 5.2 109 (15.8)

T 572 (82.9) 421 (61) 5.3 109 (15.8)

6013=SiCp=15%-T6

(Extrusion)

L 517 (75) 434 (62.9) 6.3 101 (14.64)

6013=SiCp=20%-T6

(Extrusion)

L 538 (78) 448 (65) 5.6 110 (15.95)

6013=SiCp=25%-T6

(Extrusion)

L 565 (81.9) 469 (68) 4.3 121 (17.54)

6013=SiCw=15%-T6

(Extrusion)

L 655 (95) 469 (68) 3.2 119 (17.25)

6090=SiCp=25%-T6

(Extrusion)

A 483 (70) 393 (57) 5.5 117 (17)

6090=SiCp=40%-T6

(Extrusion)

A 538 (78) 427 (61.9) 2.0 138 (20)

7475=SiCp=25%-T6

(Extrusion)

A 655 (95) 593 (86) 2.5 117 (17)

Sources: From Geiger, A.L. and Andrew Walker, J., J. Metals, 43, 8, 1991; Harrigan, W.C., Jr.,

J. Metals, 43, 22, 1991.

Notes: L, longitudinal; T, transverse; A, average.
7.1.2.2.2 Casting=Liquid Metal Infiltration

The conventional casting methods can be adopted for producing MMC com-

ponents for low costs and high production rates. In casting MMC, the liquid

metal is poured over a fiber preform and forced to infiltrate the preform either

by gravity or by the application of moderate to high pressure. After the

infiltration is complete, the liquid metal is allowed to cool slowly in the mold.

The pressure is usually applied by means of a hydraulic ram as in die-casting.

Vacuum may also be applied to remove air and gaseous by-products of any

chemical reaction that may take place between the fibers and matrix as the

liquid metal flows into the fiber preform.

Two most important requirements for liquid metal infiltration are (1) the

flowing liquid must have a low viscosity and (2) the liquid metal must wet the
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 7.9 Surface energy requirement for good fiber surface wetting.
fiber surface. The viscosity of molten aluminum or other alloys is very low

(almost two orders of magnitude lower than that of liquid epoxy and five to

seven orders of magnitude lower than that of liquid thermoplastics). However,

there is, in general, poor wettability between the fibers and the liquid metal,

which may affect the infiltration process. The wettability is improved by

increasing fiber=atmosphere surface tension or by reducing the liquid

metal=fiber surface tension [17]. Both approaches reduce the fiber wetting

angle (Figure 7.9) and, therefore, improve wetting between the fibers and the

matrix. Common methods of improving wettability are

1. Control the chemical environment in which the infiltration is conducted.

For example, controlling the oxygen content of the environment can

improve the wettability of aluminum alloys with carbon fibers. This

is because aluminum has a strong affinity toward atmospheric oxygen.

As the hot liquid metal comes in contact with air, a thin, adherent

aluminum oxide layer is formed on its surface, which interferes with

wetting.

2. Add an alloying element that modifies or disrupts the surface oxide

layer. For example, magnesium added to aluminum alloys disrupts the

surface oxide and improves wettability with most reinforcements.

3. Use a coating on the reinforcement surface that promotes wetting.

Suitable coatings may also prevent unwanted chemical reaction between

the fibers and the matrix. For example, aluminum reacts with carbon

fibers above 5508C to form Al4C3 platelets, which cause pitting on the

carbon fiber surface and reduce the fiber tensile strength.

In general, for high cooling rates and low reinforcement levels (i.e., large

interfiber spacings), the matrix microstructure in the solidified MMC is similar

to that observed in a reinforcement-free alloy. However, for slower cooling
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rates or high reinforcement levels, the matrix microstructure in the MMC can

be significantly different from that of the reinforcement-free alloy [18,19]. Some

of the observed microstructural differences are

1. Matrix microsegregation may be reduced.

2. The crystal morphology may change from cellular dendritic to com-

pletely featureless.

3. Certain primary phases may nucleate preferentially at the reinforcement

surface (e.g., silicon in a hypereutectic Al–Si alloy nucleating on the

surfaces of carbon fibers or SiC particles).

4. If the reinforcement is relatively mobile, it can be pushed by growing

dendrites into the last freezing zone, thereby creating an uneven distri-

bution of the reinforcement in the composite.

5. If the fibers are held below the liquidus temperature of the matrix alloy,

the liquid melt is very rapidly cooled as it comes in contact with the

fibers and solidification begins at the fiber surface. This leads to finer

grain size, which is of the order of the fiber diameter.

7.1.2.2.3 Compocasting

When a liquid metal is vigorously stirred during solidification by slow cooling,

it forms a slurry of fine spheroidal solids floating in the liquid. Stirring at high

speeds creates a high shear rate, which tends to reduce the viscosity of the slurry

even at solid fractions that are as high as 50%–60% by volume. The process of

casting such a slurry is called rheocasting. The slurry can also be mixed with

particulates, whiskers, or short fibers before casting. This modified form of

rheocasting to produce near net-shape MMC parts is called compocasting.

The melt-reinforcement slurry can be cast by gravity casting, die-casting,

centrifugal casting, or squeeze casting. The reinforcements have a tendency to

either float to the top or segregate near the bottom of the melt due to the

differences in their density from that of the melt. Therefore, a careful choice of

the casting technique as well as the mold configuration is of great importance in

obtaining uniform distribution of reinforcements in a compocast MMC [20].

Compocasting allows a uniform distribution of reinforcement in the matrix

as well as a good wet-out between the reinforcement and the matrix. Continuous

stirring of the slurry creates an intimate contact between them. Good bonding

is achieved by reducing the slurry viscosity as well as increasing the mixing time.

The slurry viscosity is reduced by increasing the shear rate as well as increasing

the slurry temperature. Increasing mixing time provides longer interaction

between the reinforcement and the matrix.

7.1.2.2.4 Squeeze Casting

Squeeze casting is a net-shape metal casting process and involves solidification

of liquid metal under pressure. It differs from the more familiar process of
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pressur e die-c asting in whic h pressur e is used only to inject the liquid meta l into

a die cavit y and the solidificati on takes place unde r littl e or no pressure. In

squeeze casti ng, high pressur e is maint ained througho ut solidificati on. This

leads to a fine equiaxed grain structure and very little porosity in the cast

compon ent. In general , squeeze- cast meta ls ha ve high er tensi le stre ngths as

well as great er strains-to- failure than the g ravity-c ast or die-cast metals. In

additio n, since the use of pressur e increa ses casta bility, a wide varie ty of alloy

composi tions can be squ eeze cast, including the wroug ht alloy s that are usually

consider ed unsuit able for casting becau se of their poor flui dity.

Sque eze casti ng, as it applie s to M MC, star ts by placing a preh eated fiber

prefor m in an ope n die cavity, which is mo unted in the bottom plate n of a

hydrauli c press. A measur ed quan tity of liqui d meta l is poured ov er the

prefor m, the die cavit y is closed, and pressur e up to 100 M Pa is ap plied to

force the liquid meta l into the prefor m. The pressure is relea sed only a fter the

solid ification is co mplete.

Sque eze casting has been used to pro duce a variety of MM Cs, includi ng

those with wrough t alumi num alloys, such as 2024, 6061, an d 7075. How ever,

severa l investiga tors [21,22] ha ve suggest ed that impr oved pr operties are

obtaine d by alloy modif ication of commer cial alloys. Othe r varia bles that

may influ ence the qua lity of a squeeze- cast MMC are the temperatur es of the

molten meta l as wel l as the fiber prefor m, infilt ration speed , and the final

squeeze pressure [22,23].
7.2 CERAMIC MATRIX COMPOSITES

Structural ceramics such as silicon carbide (SiC), silicon nitride (Si3N4), and

aluminum oxide (Al2O3) are considered candidate materials for applications in

internal combustion engines, gas turbines, electronics, and surgical implants.

They are high-m odulus mate rials with high tempe rature resistance (Table 7.3) ;

however, they have low failure strains and very low fracture toughness. Poor

structural reliability resulting from their brittleness and high notch sensitivity is

the principal drawback for widespread applications of these materials.

The impetus for developing ceramic matrix composites comes from the

possibility of improving the fracture toughness and reducing the notch sensi-

tivity of structural ceramics [24]. Early work on ceramic matrix composites used

carbon fibers in reinforcing low- to intermediate-modulus ceramics, such as

glass and glass-ceramics. Recent work on ceramic matrix composites has

focused on incorporating SiC fibers or whiskers into high-temperature-resistant

polycrystalline ceramics, such as SiC and Si3N4. Since the modulus values of

these materials are close to those of fibers, there is very little reinforcement

effect from the fibers. Instead, the heterogeneous nature of the composite

contributes to the increase in matrix toughness through several microfailure

mechanisms as described in the following section.
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TABLE 7.3
Properties of Ceramics and Fibers Used in Ceramic Matrix Composites

Material

Density,

g=cm3

Modulus,

GPa (Msi)

Strength,

GPa (ksi)

CTE, 10�6

per 8C

Melting

Point, 8C

Ceramic matrix

a-Al2O3 3.95 380 (55) 200–310

(29–45)

8.5 2050

SiC 3.17 414 (60) — 4.8 2300–2500

Si3N4 3.19 304 (44) 350–580

(51–84)

2.87 1750–1900

ZrO2 5.80 138 (20) — 7.6 2500–2600

Borosilicate glass 2.3 60 (8.7) 100 (14.5) 3.5 —

Lithium aluminosilicate

glass-ceramic

2.0 100 (14.5) 100–150

(14.5–21.8)

1.5 —

Fibers

SiC (Nicalon) 2.55 182–210

(26.4–30.4)

2520–3290

(365.4–477)

— —

SiC (SCS-6) 3 406 (58.9) 3920 (568.3) — —

Al2O2 (Nextel-440) 3.05 189 (27.4) 2100 (304.5) — —
7.2.1 MICROMECHANICS

Consid er a ceramic matrix of modulus Em co ntaining unidir ection al continuous

fibers of mo dulus Ef. Und er a tensile load applie d in the fiber direction , the initial

response of the composi te is linea r an d the composi te mod ulus is given by

EL ¼ E f vf þ Em vm : ( 7: 5)

Unlike polyme r or meta l matrices , the ceram ic matrix has a failure stra in that is

lower than that of the fiber. As a result, failure in ceram ic matr ix composi tes

initiate s by matr ix crackin g, which originates from preexi sting flaws in the

matrix. Depending on the fiber stre ngth as well as the fiber–mat rix interfaci al

bond stre ngth, tw o diff erent failu re mode s are observed:

1. If the fiber s are weak and the interfaci al bond is strong , the matrix

crack run s through the fiber s, resul ting in a catas trophi c failure of the

material. The stress–strain behavior of the composite, in this case, is

linea r up to failure ((a) in Figu re 7.10) .

2. If the fibers are strong and the interfacial bond is relatively weak, the

matrix crack grows around the fibers and the fiber–matrix interface is

debonded (both in front as well as the wake of thematrix crack tip) before

the fiber failure. Thus, the matrix crack, in this case, does not result in a

catastrophic failure. The ultimate failure of the composite occurs at

strains that can be considerably higher than the matrix failure strain.
� 2007 by Taylor & Francis Group, LLC.



Onset of fiber
failure

(b)

(a)

Onset of matrix
cracking

Strain

T
en

si
le

 s
tr

es
s

FIGURE 7.10 Schematic tensile stress–strain diagrams of ceramic matrix composites.
Assu ming that the failure mode is of the second type, increa sing load leads

to the formati on of multiple matr ix cracks [25] , which divide the composi te

into block s of matrix he ld toget her by intac t fiber s (Figur e 7.11). Fib ers

also form bridges between the crack faces and stre tch with the ope ning

of crack s. The stress–s train behav ior of the composi te beco mes nonlinear

at the ons et of matr ix crackin g ((b) in Figure 7.10). The ultimat e strength of

the composi te is de termined by fiber failure. How ever, e ven after the fiber s fail,

there may be sub stantial energy absorpt ion as the broken fiber s pull out from

the matrix. This is evidence d by a long tail in the stress–s train diagra m.

The onset of matr ix c racking occurs at a critical stra in, «m* , whi ch may be

different from the matrix failure strain, «mu . This strain is given by

«m* ¼ 24gm t i v
2
f Ef

df ( 1 � vf )E 2m EL

� �1 = 3
, ( 7: 6)

wher e

gm ¼ fractu re ene rgy of the unr einforced matr ix

ti ¼ fiber–mat rix interfaci al shear stre ss (or the resistance to sliding

of fibers relative to the matrix)

df ¼ fiber diame ter

vf ¼ fiber volume fraction

Once the matrix crack has form ed, the stress in the matrix at the crack plane

reduces to ze ro an d bui lds up slowly over a stre ss trans fer lengt h lm, which is

inversely proportional to the fiber–matrix interfacial shear stress. Fiber stress,

on the other hand, is maximum at the crack plane and reduces to a lower value
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FIGURE 7.11 (a) Debonding and (b) matrix cracking in CMC.
over the same stress transfer length. If the sliding resistance is high, the fiber

stress decays rapidly over a small stress transfer length, and the possibility of

fiber failure close to the crack plane increases. If the fiber fails close to the crack

plane so that the pull-out length is small, the pull-out energy is reduced, and so

is the fracture toughness of the composite.

Debonding instead of fiber failure, and subsequently fiber pull-out are

essential in achieving high fracture toughness of a ceramic matrix composite.
� 2007 by Taylor & Francis Group, LLC.



Evans and Marshall [26] have made the following suggestions for promoting

debonding and fiber pull-out:

1. The fracture energy required for debonding, Gic, should be sufficiently

small compared with that for fiber fracture, Gfc:

Gic

Gfc

� 1

4
:

2. Residual radial strain at the interface due to matrix cooling from the

processing temperature should be tensile instead of compressive.

3. Sliding resistance between the fibers and the matrix should be small,

which means the friction coefficient along the debonded interface should

also be small (~0.1).

4. Long pull-out lengths are expected with fibers having a large variability

in their strength distribution; however, for high composite strength, the

median value of the fiber strength distribution should be high.

As suggested in the preceding discussion and also verified experimentally, the

fracture toughness of a ceramic matrix composite is improved if there is poor

bonding between the fibers and the matrix. This can be achieved by means of a

fiber coating or by segregation at the fiber–matrix interface. The most common

method is to use a dual coating in which the inner coating meets the require-

ments for debonding and sliding, and the outer coating protects the fiber

surface from degradation at high processing temperatures.
7.2.2 MECHANICAL PROPERTIES

7.2.2.1 Glass Matrix Composites

Development of ceramic matrix composites began in the early 1970s with

carbon fiber-reinforced glass and glass-ceramic composites. Research by

Sambell et al. [27,28] on carbon fiber-reinforced borosilicate (Pyrex) glass

showed the following results:

1. Increasing fiber volume fraction increases both flexural strength and

flexural modulus of the composite containing continuous fibers.

2. The fracture energy of the glass matrix, as measured by the area under

the load–deflection diagrams of notched flexural specimens, increases

significantly by the addition of continuous carbon fibers. For example,

the fracture energy of 40 vol% carbon fiber-borosilicate glass is 3000

J=m2 compared with only 3 J=m2 for borosilicate glass. The flexural

strength for the same composite is 680 MPa compared with 100 MPa for

the matrix alone. The load–deflection diagram for the matrix is linear up
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to failure, whereas that for the composite is linear up to 340 MPa. The

load–deflection diagram becomes nonlinear at this stress due to matrix

cracking on the tension side of the flexural specimen.

3. Random fiber orientation of short carbon fibers produces flexural

strengths that are lower than that of borosilicates; however, the fracture

energy (work of fracture) increases with fiber volume fraction, as shown

in Figure 7.12.

Prewo and Brennan [29] have reported that carbon fiber-reinforced borosilicate

glass retains its flexural strength up to 6008C. Above this temperature, the

composite strength is reduced due to matrix softening. Thus, although glass

matrix is attractive for its lower processing temperature, its application tempera-

ture is limited to 6008C. An alternative is to replace glass with a glass-ceramic,

such as lithium aluminosilicate (LAS), which increases the use temperature to

10008C or higher. Since carbon fibers are prone to oxidation above 3008C, they
400
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FIGURE 7.12 Work of fracture of various glass matrix composites. (Adapted from

Sambell, R.A.J., Bowen, D.H., and Phillips, D.C., J. Mater. Sci., 7, 663, 1972.)
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are replaced by SiC fibers, whi ch show no ap precia ble reduc tion in either

stren gth or modulus up to 800 8 C.
Ther momecha nical propert ies of SiC-reinforc ed glass-cer amics ha ve been

studi ed by a num ber of invest igators [30,31]. The results of invest igations on

Nica lon (SiC) fiber-re infor ced LAS are summ arize d as foll ows:

1. Nica lon =LAS co mposites retain their flex ural strength up to 800 8 C
when tested in air, and up to 1100 8 C when tested in an inert atmosp here,

such as argon. The fract ure mod e of these comp osites de pends strong ly

on the test environm ent.

2. Room- tempe rature tensi on test in air of unidir ectional Nica lon =LAC

compo sites shows mult iple matrix cracki ng and fiber pull- out. The

compo site fails gradual ly afte r the maxi mum load is reached. When

the same composi te is test ed at 9 00 8C and ab ove, fiber failure occu rs
afte r one single matr ix crack ha s form ed, resul ting in a catas trophic

failure wi th su dden load dro p. Thi s change in failure mod e is attribut ed

to fiber stre ngth degradat ion as well as increa sed fiber–mat rix bonding

in the ox idative atmos phere. The initial carbon-r ich layer between the

SiC fiber an d the LAS matrix is replac ed by an amorph ous silicate due

to oxidat ion at 650 8 C–100 08C. Thi s creat es a strong interfaci al bond and
trans forms the composi te from a relative ly tough mate rial to a brittle

mate rial [31].

3. The presen ce of a carbon-r ich inter face is ve ry impor tant in obtainin g a

strong , tough SiC fiber -reinforce d LA S composi te, since this interface is

strong enough to trans fer the load from the matr ix to the fiber s, yet

weak enou gh to debon d before fiber fail ure. Thi s enables the composi te

to accumul ate a signi fican t amount of local damage without fail ing in a

brit tle mode.
7.2.2 .2 Polycr ystall ine Cer amic Matrix

Cerami c matrix co mposites us ing polycry stalli ne c eramic matrix, such as SiC ,

Si3N 4, and ZrO 2–TiO 2, are also dev eloped. Thes e matr ices offer highe r tem-

peratur e ca pabilities than glasses or glass -cera mics. Rese arch done by Rice and

Lewi s [32] on unidir ectio nal Nicalon (SiC) fiber -reinforce d ZrO2–TiO 2 and

ZrO2–SiO 2 comp osites shows the impor tance of prop er fiber –matrix bonding

in achieving high flexural strength and fracture toughness in ceramic matrix

composites. The BN coating used on Nicalon fibers in their work creates a

weaker bond than if the fibers are uncoated. The composite with coated fibers

has a flexural strength of 400–900 MPa (60–125 ksi), compared with 70–220

MPa (10–32 ksi) for uncoated fibers. The difference in flexural load–deflection

diagra ms of coated and uncoated fiber compo sites is shown in Figure 7.13. The

coated fibers not only increased the strength but also created a noncatastrophic

failure mode with significant fiber pull-out. Fracture toughness of coated fiber
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FIGURE 7.13 Effect of fiber surface coating on the room temperature flexural load-

deflection diagrams of SiC (Nicalon)-reinforced SiO2. (Adapted from Rice, R.W. and

Lewis, D., III, Reference Book for Composites Technology, Vol. 1, S.M. Lee, ed.,

Technomic Pub. Co., Lancaster, PA, 1989.)
composi tes is >20 MPa m 1=2, compared with abo ut 1 MPa m1=2 for uncoated

fiber compo sites.

Thom son and LeCost aonec [33] rep orted the tensi le and flexural propert ies

of Si3N 4 matrix reinf orced with unidirec tional and bidir ectional SiC monofi la-

ments. The fiber s are de signated as SCS-6 (filam ent diame ter ¼ 140 mm) and

SCS-9 (filam ent diame ter ¼ 75 m m), both having a doubl e c arbon-r ich layer on

the out side surfa ce. The pur pose of the doubl e layer is to e nhance the fiber

strength as wel l as to promot e de bonding. As demonst rated in Figure 7.14,

SCS-reinf orced Si3N 4 composi tes exhibi t consider able load-carryi ng capabil ity

and toughness be yond the initial matr ix microcrack ing at both 23 8C an d 1350 8 C.

7.2.3 MANUFACTURING PROCESSES

The manu facturing process es for ceram ic matr ix comp osites can be divide d into

two groups.

7.2.3.1 Powder Cons olidatio n Pr ocess

This is a two-step process of first making a ‘‘green’’ compact , followe d by

hot pressing the compact into the final shape (Figur e 7.15). Ho t pressi ng at
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FIGURE 7.15 Powder consolidation process for manufacturing CMC.
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temperatures ranging from 12008C to 16008C is used to consolidate the com-

pact into a dense material with as little porosity as possible.

There are various ways of making the green compact. For continuous

fibers, the compact is made by stacking a number of tapes, which are cut

from a sheet of fiber yarns infiltrated with the matrix. The sheet is produced

by pulling a row of parallel fiber yarns through a tank containing a colloidal

slurry of the matrix and winding it around a drum. The compact can also be

made by infiltrating a fiber preform with either a matrix slurry or a colloidal sol

prepared from alkoxides and other organic precursors.

The green compact is consolidated and transformed into a dense compos-

ite either by VHP in a press or by hot isotactic pressing (HIP) inside an

autoclave. VHP is commonly used; however, it is limited to producing only

simple shapes, such as plates, rods, or blocks. To reduce porosity in the

composite, the hot-pressing temperature is selected in the range of 1008C–
2008C higher than that for hot pressing the matrix alone. In some cases, such

high temperatures may cause fiber degradation as well as undesirable reactions

at the fiber–matrix interface. Rice and Lewis [32] have shown that the strength

and toughness of hot-pressed ceramic matrix composites depend strongly on

the processing conditions, which include temperature, pressure, and time.

Fiber degradation and adverse fiber–matrix reactions can be reduced with a

fiber coating as well as by using an inert atmosphere (such as argon) during

hot pressing.

The processing temperature is usually lower in HIP. Since pressure is

applied equally in all directions instead of uniaxially as in VHP, it is also

capable of producing more intricate net-shape structures with higher density

and greater uniformity. However, in HIP, the compact must be enclosed in a

gas-permeable envelope (called the ‘‘can’’) which is removed after processing.

Finding a suitable canning material frequently poses a problem.
7.2.3.2 Chemical Processes

Two common chemical processes are chemical vapor infiltration (CVI) and

polymer pyrolysis. They are briefly described as follows.

In CVI, the ceramic matrix is deposited on fibers from a gaseous medium by

passing it over a preheated fiber preform in a controlled environment. The gas

is selected such that it either reacts or decomposes when it comes in contact

with the fibers. The temperature range for CVI is 10008C–12008C, which is

lower than the hot-pressing temperature. For example, SiC matrix can be

deposited on SiC fibers by passing methyltrichlorosilane over the SiC fiber

preform in the presence of hydrogen at 12008C [34].

The advantages of CVI are that (1) it can be used to produce a variety of

shapes, (2) there is a uniform distribution of matrix in the composite, and

(3) fibers undergo less mechanical damage, although the possibility of chemical

degradation due to contact with the gas exists. Controlling the porosity in CVI
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can be a prob lem, since pore s can seal off between the matrix de posits as they

grow from adjacent fiber s an d impi nge on each other.

Polymer pyrolysis is a two-step process of first making a polymer-impregnated

prefor m via standar d polyme r impr egnatio n techni ques, follo wed by pyrolys is

of the polyme r at high tempe ratur es to yield the ceram ic matr ix. For exampl e,

the polyme r precurs or for prod ucing SiC matr ix is an organosi licon polyme r,

such as polycar bosilane or polybo rosiloxane.

The pyrolys is temperatur e is in the range of 700 8C–10 00 8 C, whi ch is low
compared wi th that used in hot pressin g. Ther efore, pr ovided a suit able poly-

mer precu rsor is avail able, it is suit able for a wi de ran ge of fibers that canno t

ordinar ily be used with hot pressing. The princip al disadv antage is that it

resul ts in a highly poro us matr ix, primaril y due to shrinka ge c racks origi nating

from the pol ymerizati on pro cess during pyrolys is. One method of reducing the

polyme r shrinka ge is to mix it with fine ceram ic filler s.

7.3 CARBON MATRIX COMPOSITES

The carbon matr ix composi tes consis t of ca rbon fiber s in carbon matrix and are

commonl y referred to as carbo n–carbon (C–C) co mposites. They are therm ally

stable up to 3000 8C in a nonox idative e nvironm ent, but unless protect ed by a

surfa ce coati ng or chemi cally modif ied to pro vide protect ion, they oxidize and

degrade in presen ce of oxygen, even at 400 8 C–50 08C. The pro tection of C–C
composi tes agains t oxidation at high tempe ratur es requir es the use of eithe r an

exter nal coati ng or inter nal modificat ion. Both ox ide coati ngs, such as SiO2

and Al2O 3, and nonox ide co atings, such as SiC, Si 3N 4, and HFB 2, have been

used. Low oxygen permea bility and thermal e xpansion matc hing are the two

most critical requir ement s for the extern al coatin g. Thermal exp ansion mis -

matc h between the coati ng and the C–C composi te may cause cracki ng in the

coating, which in the most severe case may result in spalling of the coating from

the C–C composite surface. For applications in oxidizing environments, current

coatings limit the maximum use temperature of C–C composites to 17008C.
Fibers in the C–C composites can be either continuous or discontinuous.

Cont inuous fibers are selected for structural applic ations. Table 7.4 shows

the mechanical and thermal properties of continuous fiber-reinforced C–C

composites containing carbon fibers that have strengths up to 2.5 GPa and

elastic modulus in the range of 350–450 GPa. For comparison, properties of

graphite are also listed in Table 7.4, since graphite is also considered for high

temperature applications in which C–C composites are used. As with other

fiber-reinforced composites, the tensile and compressive properties of C–C

composites depend on the fiber properties and fiber architecture. While they

are generally very high, the shear strength and modulus are very low. This is

one of the limitations of C–C composites. Another point to note is that the

failure strain of the matrix in C–C composites is lower than that of the fibers.

Thus if there is a strong bond between the fibers and the matrix in a C–C
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TABLE 7.4
Properties of Carbon–Carbon Composites

Mechanical Properties at 238C Thermal Properties

Material vf (%)

Tensile

Strength (MPa)

Tensile

Modulus (GPa)

Compressive

Strength

(MPa)

Shear

Strength

(MPa)

Shear

Modulus

(GPa)

CTEa (10�6

per 8C)

Thermal

Conductivityb

(W=m8C)

C–C with

1D

Unidirectional

continuous

65 650–1000 (x) 2 (z) 240–280 (x) 3.4 (z) 620 (x) 7–14 (xy) 4–7 (xy) 1.1(x) 10.1(z) 125 (x) 10 (z)

C–C with 2D

Fabric

31 (x) 30 (y) 300–350 (x) 2.8–5 (z) 110–125 (x) 4.1 (z) 150 (x) 7–14 (xy) 4–7 (xy) 1.3 (x) 6.1 (z) 95 (x) 4 (z)

C–C with 3D

Woven

orthogonal

fibers

13 (x) 13 (y) 21 (z) 170 (x) 300 (z) 55 (x) 96 (z) 140 (z) 21–27 (xy) 1.4–2.1 (xy) 1.3 (x) 1.3 (z) 57 (x) 80 (z)

Graphite 20–30 7.5–11 83 2.8 50

Source: Adapted from Sheehan, J.E., Buesking, K.W., and Sullivan, B.J., Annu. Rev. Mater. Sci., 24, 19, 1994.

a Coefficient of thermal expansion between 238C and 16508C.
b At 8008C.
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composi te, fiber s fail imm ediately after the matr ix fails and the composi te fail s

in a brit tle manner wi th low stre ngth. On the other hand, if the fiber–mat rix

bond is not very strong , matrix cracki ng at low strain will not produce imm e-

diate fiber failure; instead, there will be en ergy a bsorption due to debon ding,

fiber bridgin g, fiber fractu re, and fiber pull-o ut, an d such a composi te can

possess high fract ure toughness . Ind eed, the work of fractu re test of fully

densif ied unidir ection al C–C co mposi tes shows fracture energy value of abo ut

2 3 10 4 J=m 2 [35]. In compari son, the fractu re energy of engineer ing ceram ics

and premi um-grad e grap hite is < 10 2 J=m 2.

Two basic fabri catio n method s are used for making C–C composi tes [36] :

(1) liquid infiltrati on an d (2) chemi cal vapor deposition (CVD ). The star ting

mate rial in either of these methods is a carbon fiber prefor m, whi ch may

contai n unidirecti onal fibers, bi- or multidir ection al fabrics, or a three-

dimens ional structure of carbo n fibers. In the liqui d infilt ration process , the

prefor m is infi ltrated wi th a liquid, which on heati ng, carbo nizes to yiel d at

least 50 wt % c arbon. In the CVD process , a hydrocarbon gas is infilt rated into

the prefor m at high tempe rature an d pressur e. The che mical breakdo wn of the

hydrocarb on gas pro duces the carbon matrix. In gene ral, CVD is used wi th thin

section s and liqui d infiltrati on is used with thick secti ons.

Two types of liqui ds are us ed in the liquid infilt ration method: (1) pitch,

which is made from coal tar or petrol eum and (2) a therm oset resi n, such as a

phen olic or an ep oxy. In the pitch infi ltration method, either an isot ropic pitch

or a mesophas e pitch is infiltrated into the dry carbon fiber prefor m at 1000 8 C
or higher an d at pressur e ranging from atmosp heric to 207 MPa (30,000 psi) .

At this tempe ratur e, carboniza tion occu rs simulta neously with infiltratio n. If

the carbonization is performed at the atmospheric pressure, the carbon yield is

50–60 wt% with isotropic pitch and >80 wt% with mesophase pitch. The

carbon yield is higher if the pressure is increased.

In the thermoset resin infiltration method, the starting material is a prepreg

containing carbon fibers in a partially cured thermoset resin. A laminate is first

constructed using the prepreg layers and the vacuum bag molding process

descri bed in Chapt er 5. The resi n in the laminate is then carbonize d at

8008C–10008C in an inert atmosphere. The volatiles emitted during the carbon-

ization reaction cause shrinkage and a reduction in density. The carbonization

process is performed slowly to prevent rapid evolution of volatiles, which may

cause high porosity and delamination between the layers. The infiltration=
carbonization process is repeated several times to reduce the porosity and

increase the density of the composite. The carbon yield in this process is

between 50% and 70% depending on the resin and processing conditions used.

The CVD process starts with the fabrication of a dry fiber preform in the

shape of the desired part. The preform is heated in a furnace under pressure

(typically around 1 psi or 7 kPa) and in the presence of a hydrocarbon gas,

such as methane, propane, or benzene. As the gas is thermally decomposed, a

layer of pyrolitic carbon is slowly formed and deposited on the hot preform
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surface. In the isothermal CVD process, the temperature of the furnace is

maintained constant at 11008C. Since the pyrolitic carbon deposited on the

surface tends to close the pores located at and very close to the surface, it

becomes difficult to fill the internal pores with carbon. Thus it may be

necessary to lightly machine the preform surfaces to remove the surface carbon

layer and then repeat the infiltration process. The infiltration is better if either

a thermal gradient or a pressure gradient is created across the thickness of the

preform. In the thermal gradient technique, one surface is maintained at a

higher temperature than the other, and the carbon infiltration progresses from

the hotter surface to the colder surface. In the pressure gradient technique, a

pressure differential is created across the thickness, which forces the hydro-

carbon gas to flow through the pores in the preform and deposit carbon

throughout the thickness. With both these techniques, very little, if any,

crust is formed on the surfaces.

The C–C composite obtained by either liquid infiltration or by CVD can be

heated further to transform the carbon matrix from amorphous form to gra-

phitic form. The graphitization temperature is between 21008C and 30008C.
Graphitization increases both strength and modulus of the C–C composite,

while the fracture toughness depends on the graphitization temperature. For

example, for a pitch-based matrix, the optimum graphitization temperature is

27008C, above which fracture toughness starts to decrease [37].

Depending on the starting material and the process condition, the micro-

structure of carbon matrix in C–C composites may vary from small, randomly

oriented crystallites of turbostratic carbon to large, highly oriented, and graph-

itized crystallites. The carbon matrix may also contain large amount of poros-

ity, which causes the density to be lower than the maximum achievable density

of approximately 1.8–2 g=cm3. There may also be microcracks originating from

thermal stresses as the C–C composite cools down from the processing tem-

perature to room temperature. Since porosity affects not only the density, but

also the properties of the composite, repeated impregnation and carbonization

cycles are used to reduce the porosity. This process is often referred to as

densification.
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PROBLEMS

P7.1. Experimentally determined elastic properties of a unidirectional continu-

ous P-100 carbon fiber-reinforced 6061-T6 aluminumalloy areE11 ¼ 403

GPa, E22 ¼ 24 GPa, v12 ¼ 0.291, and G12 ¼ 18.4 GPa. Fiber volume

fraction in the composite is 0.5.

1. Compare these values with theoretical predictions and explain the

differences, if any.

2. Using the experimental values, determine the off-axis elastic modu-

lus, Exx, at u ¼ 158 and 458 and compare them with the experimental

values of 192 and 41 GPa, respectively.

P7.2. Suppose both fibers and matrix in a unidirectional continuous fiber

MMC are ductile, and their tensile stress–strain equations are given by

the general form:

s ¼ K «m,
07 by Taylor & Francis Group, LLC.



wher e K and m are mate rial con stants obtaine d from exp erimental ly

determ ined stre ss–strain data. K an d m for the fibers are different from

K an d m for the matr ix.

Ass uming that the longit udinal stress–s train relationshi p for the

compo site can also be described by a sim ilar equati on, derive the mate r-

ial constant s K an d m of the co mposite in terms of fiber and matr ix

parame ters .

P7.3. Ref erring to Prob lem P7.2, determ ine the stre ss–strai n eq uation for a

unidir ectio nal beryll ium fiber -reinforce d alumin um alloy . Ass ume that

the fiber volume fraction is 0.4. M aterial co nstants for the fiber an d the

matr ix are given as follows :

K (MPa) m

Beryllium fiber 830 0.027

Aluminum matrix 250 0.127

P7.4. Ref erring to Appendix A.2 , determ ine the therm al residu al stresses in a

unidir ectio nal SCS- 6-rein forced tit anium alloy (vf ¼ 40%) and com-

ment on their effe cts on the failu re mod e ex pected in this composi te

unde r longit udinal tensile loading . The fabricati on tempe rature is

940 8 C. Use the followi ng fiber and matrix charact eristic s in your calcu-

lation s:

Fiber : Ef ¼ 430 GPa , v f ¼ 0: 25, a f ¼ 4: 3 � 10 � 6 per 8C ,
sfu ¼ 3100 MPa , rf ¼ 102 m m:

Matrix : Em ¼ 110 GPa , vm ¼ 0: 34, am ¼ 9: 5 � 10 � 6 per 8C ,
smy ¼ 800 MPa , s mu ¼ 850 MPa , « mu ¼ 15% :

P7.5. Usi ng Halpin –Tsai equatio ns, de termine the tensi le mod ulus of 2 0 vol%

SiC whi sker-reinf orced 2024-T6 aluminu m alloy for (a) lf= df ¼ 1 and

(b) lf=df ¼ 10. Ass ume a random orientati on for the whiskers.

P7.6. SiCw-rei nforced 6061-T6 alumi num alloy (v f ¼ 0.25) is form ed by

powder metallur gy and then extrude d into a sheet. Micros copic exam-

ination of the cross section shows about 90% of the whiskers are aligned

in the extrusion direction. Assuming lf=df ¼ 10, estimate the tensile

modulus and strength of the composite. Make reasonable assumptions

for your calculations.

P7.7. Coefficient of thermal expansion of spherical particle-reinforced com-

posites is estimated using the Turner equation:
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ac ¼ vrKrar þ vmKmam

vrKr þ vmKm

,

� 2007 by
where

K ¼ Bulk modulus ¼ E

3(1� 2n)
v ¼ volume fraction

a ¼ CTE

E ¼ modulus

n ¼ Poisson’s ratio

Subscripts r and m represent reinforcement and matrix, respectively

Using the Turner equation and assuming SiC particulates to be spher-

ical, plot the coefficient of thermal expansion of SiCP-reinforced 6061

aluminum alloy as a function of reinforcement volume fraction. Assume

ar ¼ 3.8 3 10�6 per 8C, Er ¼ 450 GPa, nr ¼ 0.17.

For comparison, experimental values of ac are reported as 16.25 3
10�6 and 10.3 3 10�6 per 8C at vr ¼ 25% and 50%, respectively.
P7.8. The steady-state (secondary) creep rate of both unreinforced and

reinforced metallic alloys has been modeled by the following power-

law equation:

_« ¼ Asn exp � E

RT

� �
,

where

_« ¼ steady-state creep rate (per s)

A ¼ constant

s ¼ stress (MPa)

n ¼ stress exponent

E ¼ activation energy

R ¼ universal gas constant

T ¼ temperature (8K)
1. Plot the following constant temperature creep data (Ref. [15])

obtained at 3008C on an appropriate graph and determine the values

of A and n. Assume the activation energies for 6061 aluminum alloy

and SiCw=6061 as 140 and 77 kJ=mol, respectively.

2. Compare the creep rates of the above two materials at 70 MPa and

2508C.
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6061
 26
 9.96 3 10�10
34
 3.68 3 10�9
38
 6.34 3 10�9
SiCw=6061
 70
 7.36 3 10�9
(vf ¼ 15%)
 86
 3.60 3 10�7
90
 6.40 3 10�7
95
 2.04 3 10�6
100
 6.40 3 10�6
P7.9. A unidirectional Nicalon fiber-reinforced LAS glass matrix composite

(vf ¼ 0.45) is tested in tension parallel to the fiber direction. The first

microcrack in the matrix is observed at 0.3% strain. Following fiber and

matrix parameters are given:
df ¼ 15 mm, Ef ¼ 190 GPa, sfu ¼ 2.6 GPa, Em ¼ 100 GPa, smu ¼ 125

MPa, and gm ¼ 4 3 10�5 MPa m.

Determine (a) the sliding resistance between the fibers and matrix,

(b) the stress transfer length, and (c) expected range of spacing between

matrix cracks.
P7.10. A continuous fiber-reinforced ceramic matrix composite is tested in

three-point flexure. Describe the failure modes you may expect as the

load is increased. What material parameters you will recommend to

obtain a strong as well as tough ceramic matrix composite in a flexural

application.

P7.11. The longitudinal tensile modulus of a unidirectional continuous carbon

fiber-reinforced carbon matrix composite is reported as 310 GPa. It is

made by liquid infiltration process using epoxy resin. The carbon fiber

content is 50% by volume. The carbon fiber modulus is 400 GPa.
1. Calculate the modulus of the carbon matrix and the percentage of the

tensile load shared by the carbon matrix. Comment on how this is

different from a carbon fiber-reinforced epoxy matrix composite.

2. Assume that the failure strains of the carbon fibers and the

carbon matrix are 0.8% and 0.3%, respectively. Estimate the longi-

tudinal tensile strength of the C–C composite. Comment on how

this is different from a carbon fiber-reinforced epoxy matrix

composite.

3. Using the rule of mixtures, calculate the longitudinal thermal con-

ductivity of the C–C composite. Assume that the thermal conduct-

ivity of the carbon fibers is 100 W=m8K and the thermal conductivity

of the carbon matrix is 50 W=m8K.
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