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‘ COMPOSITE MATERIALS :
'FABRICATION, STRUCTURE, AND PROPERTIES

Richard M. Fulrath
D'epartm_ent.of Mineral Technology and
Inorganic Materials Research Division

Lawrence Radiation Laboratory
‘University of California, Berkeley, Califorpia

I. INTRODUCTION

Comp051te ceramic systems may be obtamed either by intention-
ally selecting the compos1t10n prlor to thermal processing or by selective
heat treatment_of devitrifiable glasses. Other types of composite systems.
“may be“ constituted to include either .a. metallic or an organic phase‘ with
a ceramic:phase or pha_ses. Irrespective of tHe particular system, thc
microstructure plays a dominant role in determmmg the propertles The i_
‘ mlcrostr‘ucture of a processed comp051te may also be used. in calculatmd
extenswe propertles when other methods of obtammg the volume percent.
of phases present are not available'. : | |

Typical types of composite systems a‘re the hlgh alumina two-
j phase ceramics, devitrified glass ceramics, fllament wound fiber glass

'reinforced plastics, and the metal-bonded car_bldes.v, The processmg

wemployed for the final prod'uct in each case plays an l’mportan't role in
the de\.relopment of the 'microstfucture. Interest in ceramlc mlcrostruc-
v' tures has been accelerated durmg the past several years. because of the |

simpler systems used and better process control developed.

II. COMPOSITE FABRICATION .
The electromcs industry has led in the increased use of alumma '

- ceramics for structural purposes. Through the industry's acceptance
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of cler:-:.tmic s‘trfuctur;al :compo;xenfs, .th‘e' ea_riy_- electrical porcelaiﬁ body
,cont;;iriing many phéses and. W1tha complex fnicrbétructure .(Fig,' 1) vha-'-s

) _cie-velol:;eAd.into the sinfer_ed singie-phaSe cér»aAmic 6f .n_ear'ly t‘heor»éticél
-..'iden'sity (Fig. 2).° H‘owever, the rhajority of high-alﬂrﬁina ceramics used.‘
éfg‘ﬁot subject to the.exacvting corr-l‘position and thermal prdcessing nec.es‘f,:
sary for a de'nSe single-phasé' ceramic. Thé general processing schcmeﬁ
| still utilizes ihé ,forfnation of a glalss at high ten;;peratures to aid 'dénéifi-
cation an.dv produce vacuum tightness. Composition control d‘eterminéS", ,
the glass properties such as viscosity, 'therrhal exparision coeffic_i‘en,t,
~and devitrification tendéncies. Phase equilibrium diagrarﬁélare uéeful'
: ih predicting the volume percent of _g.lassv present and its composition at. .
the maximum temperéture occurring during the firing pfocess. However, -
the nonequilibrium conditions that actuélly exis‘t'in the fabrication pro-- o
cess requife post-processing analys‘ivs; for guidance as to micfostruétngé
control. | | | o

" Because of the complex nature of ceramic processing, two com-

positions almost identical chemically may produce ,microstrﬁctures of

© quite different character. As an example, a mullite body may app‘ear'a.s._ '

| shown in Fig. 3 or as in Fig. 4. The microstructure as .‘shown in Fig. 3 ’.
E is probably that developed by heat treating the compacted ”raw' 'matéfivals» o
"until a glassy phase is developed which attacks thé i:;inéral constituents
“use'd for the fofmulatidn of the ceramic., It -is apparent th_af more than on'.é. |

'~ .crystalline phase, a glassy phase, and porosity are present. X-ray.dif-

" fraction substantiates the presence of two crystal phases by giving the -

diffraction patterns of both mullite and alumina. In Fig. 4 only one
crystalline phase, a glassy phase, and porosity are present. Although . -

“ the chemical.composition of the body is close to that shown in Fig. 3, =
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the raw materials and prccessing has produced a distinctively different
m_icrostructure. | | |
Typical alumina ceramics are produced by a number of techniques.
' Generally, alumina powders and fluxes or glass fOrm{érs are finely ground
and-t‘noroughly mixed. The fine grinding increases tk;e surface area and
~subsequent driving force for densification.. The form}ing» step which may
be slip casting, dry pressing, exfrusion, or hydrostatic preSsing is fol-
lowed by sintering at temperatures of 1400 to 1800°C.
The process is adjusted to .prod.uce a fine-grained dense ceramic
with a minimum glass content. Without the added glass phase or a grain
' 'grow.th inhibitcr, discontinuous grain growth may occcr at high tempere—
tures. These large grains Will affect mechanical properties if a sufficient
_volume is present, In systems with .a definite’ iicjuid phase present, the
crysialline' material Wil-l be continually dissolviﬂg and precipitatingl in an
attempt to reduce its surface area. The actual area of crystal-crystal-
boundary deveioped and liquid-crystal interface formed will deperxd on
the interfacial energy conditions. The shape of the crystal grains will
be dependent on crystallographic surface energies. For some systems.
: fhe 'crysta.l shape will be platy, while. for others blocky or needle-shaped
crystals will de{/'elop. Spherical crystals may be produced in some
-systems if continued solution of the-mineral constivtuents in the glass
occurs with no precipitation. | | |
| Hot pressmg of such systerns may reduce gram growthAtendcncms
’ .‘ but mtroduce preferred orlentatlon if plastlc deformatlon occurs. Also,

platy crystals m the presence of a glass may ahgn under a- umaxlal

pressure.
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The- metal-bonded carbides follow essentially the samc processing
steps except for the necesSity of atmosphere control. ; Wett'm& of the
' carbldes by the liquid metal and solution- prec1p1tat10n reactxons are of
’equal 1mportance in developmg dense structures.
| The formation of a multiphase ceramic may be made by completely
melting all constituents and formmg in the glassy state. Further heat |
-7 treatment may then be used to devitrify the glass to af ceramic with a .high
proportion of crystalline material., This technique 'dépends onla large =
number of nucleation sites uniformly distri’buted in tne glass to .give a
dense fine-grained bodj. The varlatlon of composﬂclqn of the crystallmc
phase due to zoning and the small particle size has mgde microstructural
and X—ray analysis dlfflcult - The measured propertxes of these systems
do not appear to be too different from similar *nultlphase ceramics pro-

4

duced by other fabrication techniques.

Filament-wound fiber glass reinforced plastics, .although processed T

dat room temperature or slightly above, offer an excellent example of con-
) trolled microstructure by processing techniques. The winding o.f fiber.-
) glass strands on a mandrel with speeific orien_tations can allow.,.mec’h'a'nical‘
- -properti,es to vvary in specific directions and be optimizedvx"or nservice R

conditions. !

IIl. COMPOSITE STRUCTURE AND PROPERTIES
Of the systems discussed, it is readlly apparent- that the micro-
structure may Vary between wide llmlts In attempts to analyze tho prop-,
) t»ertles of such systems, the general method has been to establlsh simple.
| models and relate properties to the model. The models are of two general

 types: Fu‘st the model based on spherlcal mclusmns ina contmuous
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matrix, ana second, the"rhodel based on :a‘seriés of slabs (Fig. 5). The
attempt is then to vary the volume percent of the phases and predict
composite properties from the properties of the individual phases.

It is abparent that such approaches may be su?;cce'ssful for somer
systems but due to specific microstructure fail for ééhers. Kingery_
has studied thermal conductivity of composite systexris in this manner
with reasonable success. The thermal expansion of composite systems
is another area that has Abeen approached in this mam;ie’r. Howevér,
agreement between predicted and measured p‘roperti‘és has not been so
succeésfully demonétréted.

The mechanical properties c’)f. composite systems has also been
approached by the model approximation. A new variable appears when
mechanical properties are discussed, namely, the effect of interfacial
bonding be.tween phases. For example, if a composite with no interfacial
bonding is formed by a Séries of slabs as shown in Fig. 5(b), then the
tensile st’rength-parallel to the slabs (in the Z direction) wbu_ld be a func-
tion of the tensile strength, elasticity, and volume percent of the two
‘phases. However, perpendicular to the slabs (the X direction) the com-
posite would have zero tensile strength. The introduction of interfacial
bonding not only affects the mechanical properties but introduces ihterﬁal
'stfess_c-:s if the thermal expansion .coeffi.cierit of the phases differ. Thesc
rhi’crostresses may develop as the composite is'cooled from the high tc.m—
peratures used in the processing.

Thé complexities of the mechanical properties of composite systems
wili be derhonstrated by examples from studies on idealized systems .of
'glass-crystal combinations. 3-6_ These systems were formed by vacuum

hot pressing crystal and glass powders at low temperatures; This low
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tem_perature fzcbricétion ‘produce..d_ .a c.ontinuogs giass matrix ér_xd 1'*ed'ucéd .
: »tlﬂe tendency for glass-crystal chemical reactions on a rhacro scale.
.The glﬁss matrix contained controlled volun“xe p-ercentages of disberséd
Vi crystal particles. Further, the crystal pérticle size;':and shape in the
| : coAmpos‘ite wlas controlled by tfie_ original c.:ry‘stal. ‘sivze :anc.i shape used; |
__Ali stréngths reported‘were for specimens cut from"ithe hot preséc;d_ |
‘cdmposite with a-diamo_nd saw. . No attéxﬁpts to sur“fa%:ve‘finish tlge_ speci‘-_ '
mens were made. | . |
| Cémppsite systems made using alumina as thé dispersed phase
in a giass métrix_ have deménstra'téd the remarkavblev mechanical prop-
erties 6f composite systems. For a Areference material glass pow.ders-
were vacuum hot pressed into a compact of the same .density as melted
and cast nﬂaterial. These compacts were diamond sawed intb speciméns
for strengt‘h measurements. The strength of glass is noted for.its sensi-
tivity to surface flaws. T The glasbs exhibited a flexural stfeng‘th of
approximately 6000 psi. On the addition of small (2 to 3 micror{) aiumina B
particles into a glass matrix the strength was increas_ed as shown in Fig. |
© 6 to a maximum value of 32, 000 psi (an in‘crease of fivertimes)‘., This in—
crease in strength can be hypothesized as being due to the reduction in
length of existing microcracks in the glass matrix. This technique Qf
strengthening glass was limited because of porosity intfoduced when the
volume percent of alumina exceeded 50%. The effect of increased porosity
in thi$ type of composite system caused the stféngth to dc—_rcfease exponén.- v
tiaily_.as the volume percent porosity increased. This is Ifsimilar to th_e ._‘v ’
effect of porosity on crystaliiﬁevcer'amic _bbdies as discussed by Knudsen.
| The question of interfacial bonding ahd internal stresses was‘.

answered by compacting alumina'disperr'sed in glass matrices where the
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glass used had higher and lower th.errhal e{gpansion coef‘ficiven'ts ti{an
alumina. - Stféﬁgths were.determined in these systems and the magni-
tude and sign of internal stresses deteéted by X-ray iiffraction tech-
niques._9 The 2 to 3 micron alumina pa'rtic.les which ;verc platy in shape
gave exﬁellent inte_rnal stress i;atterns. T-’he magnitéde and sign of the L
.stf.ess aetermined agreed with the predicted values. %Therefore, the |
= interface between the crystal particles and the gvlass must have de&eloped
a bond. | |
‘When 50 volume pe-rcentalumina.part_icles were dispersed in a
glassy matrix the induced internal stresé appeared to have little .effect
on the composite’propert'ies. Table I gives the determined flexurél
strengths fér comppsites in which the matrix has a higher (Glass A),
rriatching .(Glass D), and lower (Glass C) thermal expansion coefficient
‘than the included particles. It is apparent that the pai‘ticle size of the
included phase is far more important than the internal stress. This Sub-.
stantiates the earlier hypothesis that the‘ crack length in the glass phasc
is the éontrolling factor regarding the strength. As the particle size is
increased at constant volume percent of dispersed phase the av'erage path
length_in the glass_phasé increases and a decrease inv composite strength
resullts.
It is unfortunate that similar studies on composites with brittle -
crystalline matrices have not been made. It is predicted that similaf
" results would be attained pi‘ovided the matrix grain size was controlled
by the disperéed phase and that interfacial bonding occufred.
Thorium oxide disperée_d in glass matrices behaved similarly to.
| - ' 10

alumina even though the particle shape was blocky instead of platy.

Mullite crystals dispersed in a.glass matrix of matching expansion
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coefficient did not'increase the strength unless ‘the vacuum hot pressing
was carried out at temperatures high enough to form an interfacial bond.

The lack of interfacial bonding in composites yas studied by

i
i)

J:—).cobvson5 using dispersed nickel spheres in glass matx*ices_. A typical

microstructure of such a system is shown in Fig. 7. ‘ The spheres of

| nickel appear to be of random size because of thvev ran?iom cro'ss-s'ec'tikon
"of the sphére cut on sectioning. The dark holes are due to the spheres
~dropping out of the composite.

Nickgl metal spheres dispersed in a glass of fow‘er therm;ﬂ ex-
pansion cociszicievnt causéd the strength 6f th_e compoéifé to decreas’e_ as
the nickel content was increased (Fi.g; 8).' _If the glass had a higher |
thermal expansion coefficient than that of nickel the nickel particles were
mechanically gripped in the glass matrix by the developed radial com-
| pressive sfr’esses.and the resultant com.posilte behaved as if interfacial
bohding had occurred.  This is shown in Fig. 8 where the .étrengt’h' o-f
the composite increéses with increased dispersed particle content.,

To date, detailed an.alysis,of the mechanical strength of composite
' materials is extremely difficult because of the number of variables . "
vassociated with the nature of the stress distribution in the comppsité. |
However,‘ even though th‘e field appears complex, basic studies are con-
tributing to a better realization of the more important parameteré. v.For' .'3

i 'cvompo.sites of brittle materials the minimizing of flaw length by rriicto; -
| v’__rvstfuctural control appears to be thé mést frﬁitful approach to increasiﬁg
strengths, Mterfééial bonding appears ito be mandatory where thex_;rr;:il

expansion coefficients and microstructure cannot be controlled.
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) | Iv.” SUMMARY
The pr-ocess;ing of compbsi%es plays a dominant role in determin-

ing the developed _microstructure; The analysis of the properties of
composite materials based onimodels, while Succes.gful for thermal
‘ conductivity énd in some cases therfnal expansion, 1s less Succeésful
for predicting mechanical strength. The interface between phases in a

composite system isl the most important parameter in the development

of a compb'site of hig.h'streng’th. Interfaces which are chemically
- bonded or mechanicallly forméd may improve the strength of composite

materials,
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Table I. Y-Strengt“n of glass-alumina composites.

All compositions equé.l volumes of glass and ai:um_ina with
the glass forming matrix, T

T
Flexural strength of

Average dispersed Glass thermal the f;omposite sys-
particle size expansion relative temifor vacuum hot
- {microns) to that of alumina pregsed composites

Xpsi x 10%)

Higher g 3641
. . uf
2.5 - Matching ¥ 33.8
' Lower _ -/ 31,0
Higher | 28,7
17.0 : Matching 24.8
Lower: 27,0
_ Higher v 17, 2
60.0 Matching - 19.6

Lower 21.1
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' FIGURE LEGENDS
Fig. 1. Micrqstructui'e of a high A1203 body containing a crystalline

phase, a glass phase, and porosity (500X). C_é{urtesy Dr. A.G.
15incu's. : - . - |
o 'Fig. 2. Microstr'u'cvture, of a translucent p’olycryéta;line .&1203 éeramié-»
(500X). Courtesy Dr. A.G. Pincus. T

| I'ig. 3. The m‘icrostructure of a mullite .ceramic si’xowing two crystal-
line phases, a glass ph:ise, and por'osity (10405(). |

}Fid. "4.' The microstructure of a mullite ceramic c;é/)ntainin.g one-

~crystalline phase,‘z}z glass phase, and p_orosify (870X). - )

Fig. 5. | Two ekamples of modél microstructures.

| (@) A system of spherical inclusions in a matrix material.-
(b) A system of parallel slabs of two differént materials,

Fig. 6. The'variation in éompésite strength as a function of dispcrsed
phase content. Two to three micron alumina particles dispefsed
ina glass of matching thermal expansion coefficient, Porosity is
gncountered at approximately 50 volume percent alumina and in- .

~ creases linearly to approximately 48 percent for lvOO volume per-
cent alumina,

Fig. 7. Spherical nickel metal spheres included in a glass matrix
(250X). The nickel phase is 40 volume percent of the total

" composite.

Fig. 8. The variation of éomposi_te strength with increased included -

particles. Glass matrix with sphericalnickel metal inclusions.

Glass 8 and glass D have a higher and lower thermal expansion

coefficient, respectively, than that of nickel.
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