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MECHANICAL PROPERTTES OF BRITTLEVMATRIX COMPOSITES
| M. A. Stett’ and R. M. Fulrath

_ Inorganic Méterials Résearch Divisibn; Lawrence Radiation Laboratory,

.and Department of Materials Science and Engineering,

- College of Engineering, Univers;ty of Ca;iernia,

- Berkeley, California
Jurie 1969
ABSTRACT
Systems composed of ‘an inérganic glass matrix with metallic or in-

organic cfysial microspheres as the diSpe?séd bhase have been uéed as
models for strength and elaétiéity,studies. Parameters éuch as volume
fraction of the dispersed phase; siéé and shape of thé dispersed phase
particles, thermal expénsion mismatéh.beﬁween pﬁases,-and interfacial
bonding’ﬁetween phases have been‘indeﬁgndently controlled. The strength
andveléstiéity ofvthis typeléomposite sysfem ;re discﬁssed based on

these parametefs.

* Preseﬁtly at Kaiser Aluminﬁm_and Chemical Corporation, Milpitas, Calif.
Supported by the United States'Atomic Energy Commission under Contfact
W-ThOS-eﬁg-he. | | | |
At the time this work was doné.the writers'wgre, reépectively, research -

assistant and professor of ceramic engineering, Department of Materials

Sciencé and Engineering;_College of Engineering, ana'Inorganic Materials

Reéearch Diyiéion, Lawreﬁce Radiaﬁion Labofatofy, University of

California, Berkeley.
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I. INTRODUCTION

invofdér fo predict ﬁhe mechanical behavior and to develop ﬁew
brittle maﬁrix composife matefials, a‘quantitative.uﬁderstandingléf the
basic meéhaﬁfsmslbf failure of these composite.ma£eriéls_is nécessafy.l
The properties of composite materialsiwiil depend ﬁp0n the properties of
the individual compongnts, their aistribution;'and tﬁeir interagtion.
Thermai‘éxpansion difgéfences and varied elastic properties result in
internal stresses and.sthSS inhoﬁOgeneiﬁies under applied ioad, respec-
tiVely,: Chemical 5ondiﬁg betﬁeenvthe:phasesifurther complicates‘the
situation. Micrdstructural control in the fabrication of the éomposites
ﬁay intfé&uce thé factor of the distfibution of the.two phasés. |

In this discussion we examine the progress that has been made in

‘the understanding of thesé systems, The elastic properties and strength

ofba brittle glasg matrix contaihihg dispersions of controlled volume
fraéﬁioﬁ, parﬁicle shape, par£icle Size; and partiéle character were in-
veétiégted. Glass is an ideal'brittle_materiél and by con£rdlling the
composition of a glass,va wide‘range of thefmél expansion coefficients
may be achie#ed; Further, the QiSCOSity'characteristics_of gléssvallow
relétifely iow temperaturé fabrication of a théorétically dense com-—
posite system by vacuun hot—pressing.‘.St?engths of éystems with and
without interﬁal stresses were invesﬂiéated consiﬁering particle size,

particle volume fraction, stress concentration effects, and interphase

bonding.

II. POROUS SYSTEMS

Effect of Porosity:on Elastic Modulus

The'eVOlution of CO, and Hp0 from Na,COj3; and boric acid. vapor
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duriﬁg the fbrmétiqn,éf:ﬁ glass (165 ﬁazo, 1h%’3203; aﬁd_?O% s;oé) pro-
vided a method for the formation of a measurabie éﬁount ofispherical
pdrosity;l ‘Tﬁeurélapivé'amount of.bubbies in the melt wés an'invefSe
function Qf'theﬁlengthvof timg the-meitIWas'held ét.teﬁperaﬁure.
iEiguré 1 shows a photomicrograph of a s?ecimgn contéining 1.62 vol. %
porosity. .The bicture was made by focqéing 5e16w-fhe glass suffécé and
because‘of fhe relétively high_depth of'field anomalously hiéher volume
'fractions_afé Qbserved.' The voiﬁmevfractién»Of porosity that can be ob-
tained by this method-was limited to about 2.5 vol. %. .Youﬁg's modulus
and shear-modulus werevdetermined 5y a flexural>ahd forsioﬁél fesbnance
technicj_ué,2 yieldiné fwo vélues of Youﬁg?s ﬁodﬁlus.and one QalueIOf»shear
modulus for;éaéh specimen.v'A set of'precompiled tables was.used to. cal-
culate You#g'étmodulus from the measured reéonénce frequency,3 The
shear modulu; wasjcalculatedrusing the fechniqﬁé'given bvapinner,gnd
Tefft.Qi.True densitieslwere measured using_a pycnoﬁeﬁer techniqug'énd
bulk densiﬁies from weights and dimensi§ﬁs.-'The index of refraétiéﬁ was
. I .

'uséd,as:avcheck on glass composiﬁion.

 Th¢vexperimental resuits we%eifiﬁted by a leastrsquafés'tephniépe to
the éXpressions | ' |

"E=E_( - éE P) - L (ii5

G

G (1 - o P)

e

where E is the Young's modulus, ¢ is the shear modulus, P ié‘thé volume

- fraction porosity, the subscript;o refers to the nbnporous material, and

o and a. are constants. These results ere shown in Fig. 2. Ekpérimental
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values for aF and o, compared very well with théoretical values calculated

G
from solutions for the effect of'sphefical porosity on shear modulus and

bulk modulus.

Micromechanical Stress Concentrations

Under mechanical loading, differences in elastic properties of in-
. . .

dividﬁal components cén lead to stréss concentratibﬁé. Theoreticai
sbiutiohs exist fof sfress concentrations associétgd with élastic in-
homogeneities of various shapes in‘ah'infinite matrix. Sinpe glass
ffactufe is.ﬁsually‘nucléated‘at the speciﬁen surface and‘bé¢ause of the
high’stress gradients in the strengfh'tést, Goodier's solutions for.a
circular inclusion in a flat platéh were used. Figure 3 de#éribés the
polAr coordinate system used to describe fhe stress;

Using 3311 and O kbars for thé sheér moduli of D glass and porosit&,'
'respectivély, and O.l97l‘for Poisson's ratio of thé glass, the following
stress-coﬁgeniraﬁions were calculatéd for Sméll volume fractions and .

unia#iai loading

» 2 w2 .
o= o7 | - =B+ 3a. _ & cos 2 8|+ T cos © (2)
s © hr? Lr* 2 -
a2 o : |

: Ot = 2T & . éé;-cos 2 6| +Tsin § E ‘ (3)

' Lr? Lrt ) S
~and for biaxiél'loading

o =LT | - 2| &+ T , - ' : (k)
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o, = U7 "‘-a-‘-——'+-T_ : ' : o (s)

where T is tﬁe stress abplied to £he éoﬁposite aﬁévfhe'ofher terms are
defined in Fié. 3. Under a ténsilé load'(T_positiye), teﬁsile'strésses
greater than the aﬁplied stress occufgfor Egs. (3) énd:(S) and if stréss
cdncentrafionS'affect tensile strength, the tangential cbmponent will
lead t6 frapture.' It can also be seén.that maxiﬁum,stress ¢ohé§htfatibn
will occur ét the interfacé (flﬁ a) and will be independenﬁ of angular
vvoriéntation under biaxial loading. Maximum tgngéntial stresses are
.foﬁnd to be'3T and 2T for uniaxial and biaxial stress,'respéctiveiy; The
hyﬁotbesis has been pfesented_that the‘effeét;éf.ﬁicromechahical stfess
conceﬁtratidns.qn'the strength df'a bfiﬁfle material depéna;'dn thé size
of the Griffith fléw relative to tﬁe région over which thé'Sfréss con-
centratiéﬁ acts. The effect of poroSity on'stfength can be divided into
three regibnS.S"In fégion I £he pore size is 1argéf thgn'the flaw size
and tﬁe flaw lies'entireiy_in material stfesséd to the.maXimumVStréss
,cqncentratién. Engineeringvstrﬁctures with drilled_héleslof grooVes in
'cherwiségpore—ffee materials féll‘in ﬁhiS'regioﬁ wheré the introdﬁction
ofbeveﬁ'a sihgle pore instanténeously decreases the strength;of the'ﬁon—
porous:ﬁateriél. The decrease in strength will corréspond t§ the maximum
stress concentration factor. This can be seen in Fig. k4. FOr region III
the poré'is considerably smaller than the Griffitﬁ flaw ﬁhich wiiine
completely unaffected. by the stréss cbncentfations:néar the pbres. A
decrease in strehgth should be observed; but without the érecipitoﬁs

decrease as in regién I. In region II the flaw size is of the order of
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the pore size and only part of the flaw lies within thg stress concentra-
tion.

.Results of tests for both uniaxial and biaxial loading can be seen
in Figsf 5—6.6 ‘In a previous.investigation7 it was suggestgd that, neg-
lecting étréss concentrations, the strength of.the composite should.fol—

low the relation

S =80 (1. ¢t/ o (6)
where 8§ and So are the strength of the composite and matrix, respectively,
and ¢ is the volume fraction second phase. The exberiméntal results

shown in Fig. 5 and Fig. 6 suggest that a stfess concentration factor,

K, should be introduced.

_ s 1/2 S 4 ;
8 = KQ.(l - ¢} - . (7)

Figure T is a diagram of stress contours in the two cases considered.

The fact that there is an area of higher stress concentration than 2T in

the uhiékiél'caSe can account for theylower observed'sfrengths. Region
III seems to be approached more rapidly in the biaxial case than in the
uniaxial case.

O IIT. NONPOROUS SYSTEMS

Al;03 Dispersant

”Theoretical exbressionsS_lo for the elastic.moduli of.the two-phase
systems were compared using the Al,03-D glaé; system.llv The procedures
ﬁere the saﬁe as those used in thévpbrosity—glass system.f'D giass and
Algoa héve nearly identical coefficieﬁts of thermal expansion and.AlZO3

has'én elastic modulus considerably higher than that of D glass.'
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Experiménﬁal.énd theofeﬁical resulﬁs can be seen ih Fig. 8: Tﬁe éxferif
vméntal resuits.aérée‘well with Hashin and Shtrikmén'g.lower»bound for
arbitrary phase geometry thch cbincideé with'Hashin's approximaté ex— T
pressidn féf spherical phase geometry.

- Using 331 and 1635 kbars fdr thé shear moduli of DvglaSS.apd
%alumlna, respectlvely, and O. 197 and O 257 fof Poisson;s rétio for.?
D glass. and alumlna respectlvely, the étress concéntratlons.ln the glass

~matrix under uniaxial loading for small volunme fractlons were

- Q
I

2 rli r2

2T [O.lO?vé— + (—O 267 &= + 0.356 -)cos 2 e] + T cos 6 (8)
T .

Q.
I

o 2 " e L
.27 [—0.107 EZ + 0.267 é: cos 2 % +Tsin 6 - - (9)
: r r : : ' :

under biaxial loading were

0= T "0.107 }'+T _ ' (10) .

Q
"

R 2 : ' - :
hTI—O.lO? 9—;] +T _ (11)

L r

'whérevT‘i§ thé stresé épplied to»the'composité éﬁd“the”other.terms are
défined_in Fig. 3. Under conditions of tepsiie‘loéd, Eqs. (8) and (10)
'yield‘éoncentrations greater than one and failure will be due to tﬁése
.:radial streséeéf The value will be 1.39T.undervuniaxial.loéd ;hdvl.h3T v
funder biaxial lgad. Experimental results are shown in Fig. 9 andfcan be

- interpreted in a manner similar to the porosity-glass system. The bi- ?

axial strength value can be described quite accurately uéiﬂngq;-(7).
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The uniaxial strength results do not ‘show a precipitous decline in
strength on addition of the alumina phase.
For a flat plate containing an'elliptical flaw, .the Griffith expres-
sion for the macroscopic strength is 
1l/2

_ [ e - -
So f:( ma | ' (12)

where Y_is”the surface energy; E is Young's modulus‘of’eiasticity, and a

*

"is the flaw size. A fracture theory has been prdposed based‘on-the

limitation.of flaw size by disper;ions in a brittle matrix.13 The result
of limitiné the flaw size will be a‘strength iﬁcreaée. Experimental
resﬁlts‘verifying this hypothesis are given in Fig. ld. In Area I the
average.dis£ancé.between particies is greafer than the flaw siie'énd

Eq. (6) is applicable. At higher Voluﬁe fractions (Area II) the flaw
size will bé.restricted to the average mean freefpath'ﬁetweén pafticles.

An expression for the mean free path, 4, betwesn spherical particles of

~ uniform radius, R, distributed statistically throughout a matrix was

provided by Fullmanlh as

_ bR (1-9¢)

36 (13)

d

Substituting Eq. (13) into Eq. (12) we find the strength in Area II to be

o .| 3 e P - (1)
"1 7R (1-9) | - '

This limitation of flaw size by the dispersed phase can be seen in Fig. 11.
The'discontihuity in Fig. 10 provides a measure of the original flaw size

and the exténsion of the curve in Area II should pass through the origin.
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The Sldbebof £he curve in Area II can be used to'calculate'the_dYnamic‘
;surface'energy.'

‘Two Particle Sizes

Ih,drder to obtain smaller mean free paths ahd_to extend the data
,in_Fig;'lO,'composites were made with a tungsten dispersant of more than

15

jone particle size.”” Due tovthe inability to fabricate dense composites,
mean fpee-paths_were limited to ébout'15u with only one particle size. .

~ Usirng two»?articlés in the W-Ny glass (65% Si0,, 8.5%_Nazo,'26,5% B,03)
system it was poséible to extend the meanvfree path limitation (Fig. 12)
éna:with‘a_S—iBU parﬁiclé size distribution a mean ffee path-limiféfion
of 6y was:Obtainéd;' A fépresentativebmiéréstructure in thié'syétém is

- shown in Fig. 13. With two particle sizes, the mean free path‘was,de—
terminéa by a statistical techﬁique.l6 The average meén free path{ A,

was determined from the rélation

whefe'V§ is thé volume fraction of the dispersed phase and NL'is the
aVerage.nﬁmberjof particles intersected by a unit length of line;b This
value was used for "a" in Eq. (12) in order to determine strengthé{

IV. BONDED SYSTEMS

'Strengthening

Where -no ihterphase.bonding:occurs, strengthening can be achieved
through the mechanical formation of an interface between dispersant and

matrix. By the chemical formation of that interface, an even_greaﬁer

17

strengthening cahvbe'obtained. Nason attempted to examine the effect
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of an iﬁte?faciai.bond.in the strengthing of élassvmétrix—dispersea_
metal systems. Compositéé fabricated from‘tqngsten and a glass of lower
thermal;expansion showed an anomaloﬁs strengthening (Fig; 1k). Pressure
wettingfexperiménts showved vonding (Fig. lS)ybétWeeh the two and not be-
tween nickéi and another glass with a thermal expansioﬁ less than nickel.
In the éase of the niékel, weakeﬁing was noﬁiced as would be expectedv
for inducéd.porosity and later verified by Berﬁoiotti and Fulrath (Figs.
5-6). With émall particle‘sizes, Bertolotti and Fulrath alsovobéerved

an anomalous strengthening and proposed that adsorbed water on the sur-

face of the glass powder used in fébricating the composite caused oxida-

tién of.the nickel surface and resulted:in’a bond between the oxidized
nickel and the glass.. Nickel microséhefes that were pre—oxidiZed wére
hot—préssed withva glass of lower thermal expansion (D glasé) and it'was
shown thét the bond did, indeed,.prevent the shrinkage of the nickel

aﬁay from the glass and provide strengthening in a nofmally pofdus system
(Fig. 16).v In a system where the thermal expansidn of the glass is'
greater than that of the nickel and strengthening would be éxpectéd;

even greater sfrengtﬁening vas observéd (Fig. 17) when an interféciai

bond was preseﬁt. The dispersed phase should produce approximately 20%

"strengthening by flaw limitstion in this case. The presence-ofvthe bond

introduced another 30% strengthening. The. mechanism of this extra

strengthéning is presently under investigation.

‘Fracture Behavior

NOtvoﬁly will the strength.bevaffected by the presence of an inter-

- facial bond, but the fracture behavior will also be altered. In a non-

bonded system the fracture will propagate directly to and around a,
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dispersed sphere because ofvgtress'boﬁcéntfatiéné around a sphéricai
cavity (Fig. 18). During the hotepréssiné_qf thé oxidized hickel—D glass
compogite,.the interfacial bond is fbrmed'by-thé_migrétion éf nickel
oxide'infb ﬁhe glass until the giass is satufated‘with nickél oxide near

the sphére;’ Because of .the thermal exgansion'differencé between this

saturated glass, the nickel, and the matrix glaés; a radial tensile sﬁress

: is’deveioﬁed. -To attempt to relieve this tension, a fracture will:propa—
éate ardund-the sphere (Eig._l9).aﬁ a finite’dist;nqe in the_glass §hase.
This altefafionvof_fracturé behafior is presentl& being investigéted_for
other systews. | |

V. SUNMARY B

strengthening of bfittle matrix composite,mafe?iais can be achieved
 through the limitation of the size of'existing Griffitﬁ flawsf Iﬁ'porous
éystems thé relative size of the Griffitﬁ flawé'aé.compared to thé 
averagé‘méan free paih determines'the effect of the porosity onvst?ength.
Under ﬁechanical loading, the stress concentrations that arise frdm_
differences in elasfiélprbpérties affect tﬁe.comﬁosite’strehgth. The
existence of a bond between théltwo phases increases'ﬁhe Strengtﬁ-ﬁarked—
1y and éltérs the fracture bghavior.
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. FIGURE CAPTIONS

Photomicrograph of sodium borosilicate glass specimen con-

taining 1.62% porosity . _ o o , -
YOung's,modulus, shear.modulus, and index of refraction bf

sodium borosilicate glass as a function of pore .content

_VPolar-Coordinate systen for déScription of stress concentrations

 Pfoposed'relative effect of Spherical'porosity on uniaxial

tensile'strength. I. Flaw size << pore size; II. Flaw size

~ pore size; and III. Flaw size >> pore size

~Uniaxial tensile strength of sodium borosilicate glass'contain-

ing spherical pores

- Biaxial tensile strength of sodium bofosilicate glass contain-

‘ing spherical bores

Approximate tangential tensile stress concentration around a

flat cylindrical pore under uniaxial and biaxial loading

Experimental and theoretical results for Young's modulus'of
‘sodium borosilicate glass as a function of the volume content

‘of alumina particles

Uniexial and biaxial strength of sodium borosilicate glass con-
tainipgl60u diameter alumirna spheres

Ekperiméntal data for uniaxial strength of sodium borosilicate
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any peréqn acting on
behalf of the Commission: ' ’

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. ' '

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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