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" STRENGTH OF INTERNALLY STRAINED BRITTLE MATRIX COMPOSITES.
| Christian A. Youﬁg and R..M. Fulrath
Ihqrganic Matefials Resédrch‘Div1sion,‘Lawrenee'Radlatlen Labbraierﬁg
and Department of Materials Science and Engineering,
College of Englneerlng, University of Callfornla '
: Berkeley,_Callfornla
ABSTRACT
January 1971
The effect of internal stresses on the mechanical strength of
bfittle matrix composites‘where a good chemical bond ekistedsbetween the
matrix and dispersed phase was iﬁvestigated. By‘dispersing spherical
AlgOa pérticles iﬁ glasses of varying thermal expsnsionbcoefficients,'a
range'ef internal stresses was.set’uP in the coméosites. Uniaxial
strengths of the crystal-glass bodies were approx1mately all the same.

Therefore,'lt is concluded that internal stresses do not affect the

strength of well bonded, brittle-matrix composites.
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I. INTRODUCTION
Composite.materials are of considefabie teéhndlogicgl iﬁportancé ds

structural matgrialé.. Fiber—reinforced cdmposités:have-many ihdﬁstrial
applicaticné because of their high strength-to-weight ratios; Glass~
cerémics,,a hew development in the materials field, can be c;aSsified as
brittle-matrix composites, They are beihg used in numerdus applications
because they can be formed economically by-convehtional glass‘forming
techniques. .‘ |

| ~ For a numbef.of years, brittle—matrix coﬁposites have been studied
at this igboratory’in ordér to unaerstand better tﬁe mechanical proper-
ties of multiphase bodies, A modelbsystem consisting of:a cbntinuous
glass matrix with a metal or oxide phase dispersed.throughout fﬁe matrix
has been usea in all investigations.: Such a system can be fabricated by
vacuum hot pressing, utilizing the viscoﬁs néture of glass, tq give a
densevcompqsitg. The main parameters which have been found to affect
the strength of such éystems are: (1) the volume fracfion and size of
the dispersed phase, (2) the micromechanical stress conééntrations
developed upon loading, and (3) the degree of chemical bonding between
the glass and dispersedvphase. |

| One parémeter which has not been resolved as to it$ effect dn
strength is internal stress. This stress is éét up in fhe brittle—matrixr
compositg upon cooling'from the»fabricaﬁion temperature, when there is

a differente in thermal expansion coefficient of the-dispersed'aﬁd'cén—
tinuous phgse;_ Figuré 1 is a simplified model of the internal stress
prqduced in‘thefmatrix when a sphere is introduced into a éontinuousv

phase. In case I, where the thermal expansion coefficient of the matrix
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is less than that of sphere, radial tensile and tangential éompreséive
_stresses are set up in the matrix at the interface. In case II, the
tensile and compressive stresses are reversed. Thesé stresses can be
caiculated by an equation develoﬁed by Selsingl which applies for a

crystal of a high modulus of elasticity embeddedbin a low modulus glass:

P - l+\) » 1‘2\) . ’ (l)
L D ) o L
2Em ED v ' »
. o o R3 . ‘ v A o o v
P, =2P =-P.= . o (2)

where P = external hydrostatic pressure exerted on spherical pérticle
Pr = radial’stress in matrix |
Ptuﬁ-tgngeﬁtial stress in matrix
R é.fadius of pérticle
r = distance from a point in matrix to center of éphere
Aq ‘differenbe in thermalvéxpansion betwéen matrix'ahd particie.

AT = cooling range over which matrix can support a stress

vm ='Poisson's ratio of matrix phase

vy é‘Poisson's ratio of dispersed phase
E. = Young's modulus éf matrix phase

Eb = Young's modulus of dispersed phase

Fﬁlrath? was the first ﬁo,measure internal stresses in brittle-matrix
composites by X-ray diffraction techniques. He dispersed 2 to 5 um
plately Al»03 crystals in glasses of different coefficients of thermal

v'expansion,_and determined the internal strains produced in the (330) -
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.plane of the embedded crystalé The average stress on the A1203_particies
was determined to be as high as 30,000'psi.' Fulrath also measufed'the_
strengths of his Specimené and found that thére was aislight decrease in
sﬁrength'with increasing intefnal stress. Unfortunately, there was some
porosity in the one systembof maximum ihternal strain. The actual effect
of infefnalvétfess on'strength, thefefore, was not complefely resolved.

Hasselﬁan ana'Fulrath3 proposed.a hypothesis for the strengthening
mechanism in brittle-matrix composifes; which.staféd that the average
intéfparticlé spacing of the diépersed phase wéﬁld limit the Sizeréf the
Griffith flew. Due to & mechanical abrasion, the surface of the glass
had an average flaw siie. A strengthening'of a:pbmposite occurred when
the averagé interparticle spacing which was predicted by the Fullman%
'equation was less‘than the average flaw size. Hasselmah expérimentally
verified this hypothesis by dispérsing Al1,03 microspheres iﬂ a glass
whose coéfficient of thermal éibansion matched fhaf of AléOs and‘méasur—
iﬁg combosité strengths.

Nivaé5 investigated the stfength of composites consisting of
sphéricélltungsten dispersed in three soda-borosilicate glasses whose
thermal eipansioﬁ coefficients were respectively higher, equal, and
'lOWer to that of tgngstén. He mgasured the average interparticle spac-
. ing By using a statistical line intércept technique. Nivas',fesults of
composite.strengfhs were in good agreement with Hasselman's hypothesis;
.however, the strenéths were lower.fof the compositeé with the glasses. of
-higher and lower thermal expansions. Nivas then_plotted th¢ strength of
compésites at a cénstant size and volume fraction of the dispersed phase

as a function of the coefficient of thermal expansion of the glass matrix.
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Thére waé,a significant decrease in sffength wheﬁvthé thermal expansion 
of the glass did not match that of tungsten. This result was inter-
preted'as a'consequéhce of intérnal'stress set up'ih‘the body.

Léter.oh, however,_Stett6 showed the degreé'éf chemicél.bonding -
between a éléss;metal comppsite gfeatly affectéd_the mechanical éiréngth.
The queétion.then arose as to whether gdod‘bonding occtrred invNivas'
twb-phase s&stems.' His photomicrographs of poliéhed secfions révealed
many pﬁlléuts of sphericél tuhgsten, which,could‘be_explainéd by poor
boﬁding'bétﬁgen the metal and ﬁatrix phasé; . o

' »Thérefore, the purpoée of this investigaiion was to determine whafv_
effect internal stresses had on the mechanical sfrength of britt}e—ﬁatrix
composites when all sigﬁificant parameters were défined;' A constant Size

 and volume fraction of spherical, oxide_cryétalé'was dispersed in glgsseév
of varying thermal expahsioﬁ coefficients. Therefqre; the micrémechénical_‘
sttess»éohcentrétions ﬁbﬁld,be constant in all composites. Finéily, the
system selécted.was experimehtally kndwn fo have goodvcheﬁical bbnding
betweeﬁ the dispersed and matrix phaée.b |
| II. EXPERIMENTAL PROCEDURE.
(1) 'Maﬁérials_ , |

For this inﬁestigation, seven soda-borosilicate glaséés were made
ffom silica flour, sodiﬁm.carboﬁate, anhydrous borax.apd/qf borig acid;

‘The compoéition of each glass is:given.in Table I. The raw materials
were drj mixed and théq mélfed and fiﬁed in a plétinuﬁ crucible'in air
at 1375°C for 2 h. Linear coefficients of thermal expansion of annééled
- glasses were measufed with a quartz dilatometef fd:nace which had é

2.5°C/min heating rate. Densities were measured on the cast glasses
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using an immersion technique with ethyl ﬁlcohol; The‘glassesbwere then
crushed and‘ground dry in an alumina-lined ball ﬁill_until the éverage
particle siie was below 15 um. |

The Al203; powder was spheroidized using a F-R induCtién-céupled
plasma generator, and the resulting powder separéted intoAvarious particle
sizes bybsonic_screening. The average particle size rahge of the Al,03
ﬁéed in this investigation was 25 um. The average density of the powder
was measﬁréd with an sir picnometer,. There was some.porosity in the
~ spheroidized powder. |

 (2) Spec¢imen Preparation

Composite specimeﬂé’were prepared by intimately dry mixing Lo vol.%
of AleQ‘miérosphéres'wiﬁh the glass powder. No mixing was required for
‘the glaés specimens. The sample powder was thén placéd in a 2 in.
diameter graphité die, lined with.Grafoil,*'ahd cold pressed at 1000 psi.
Vacuum hot_pressihg of the powder was done at 2000 psi for lOkmin at‘the'
vtemperatpres given in Table I. The th—pressedvspecimen which had a
final thickness éf 1/5 in. was furnace cooled.  The densities and linear
coefficients of thermal expanéion are given in Table I. |

Eaéh‘ hot¥pressed.disk was mounted Qn a graphite Eloék and cut at a
éonstanpiSawing rate using.a 270 grit Aiamond blade into approximately
- .080 in. wide bars. These bars wber_e prepa;x'ed for uniaxial svtrength
measurements by'cérefully abrading them in order to obtain a constant

surface condition for all specimens. This was accomplished by hand

- grinding each bar the same way using 240 SiC grit and kerosene on a

¥ Product of Union Carbide.
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glass plate.

(3) Testing Procedure

Uniaxial strengths were measured using é'four-point loading device‘
.with a .T5 iﬁ. overall span. Specimens were loadéd.such,that phe abraded
surface.wasistressed. Time to failure was apbrothafelyv20 to 30 sec
for the'glaéses'and 45 to 60 sec for the composites. Fraéfuﬁed surfaces

weré studied‘with.a scahning electron microscope by depositihg a léyer
of.Pt-Pd:on.the surfaces.
| | III. RESULTS AND DISCUSSION|

An X-ray diffraction analysis ofvthe cémposités showed that ﬁb'other
phaseé crystallized during hot pressing. Also,.an'electrOn micropfébe_
analysis revealed that there was negliigible diffusién of aluminum.iﬁto
the glass phsse for all composites. Therefore,.the composites c@hsiéted‘
| of oﬁl&'the Aizoa and giass phases, |
. Thevugiaﬁial stréngths of the vacuunm hot—preséed gléssés and com;.
» ﬁosites are given ianabie II. In Figure 2, the lower set of ﬁéinfs is
a p;ot of glass stfepgthfversus the coefficient.of thermal éxpénsibn:of
eéch glass. All values lie within a relatively'narrOW'rang¢ between
- 8,000 gﬂd i0,000 psi;. The composite data, whiéh.are the upper_éet of
points, show significant increases in strengths compafed to the originali
v strengthsIOf‘the.glasses. As the graph shoﬁs, the gomposite strengths
also 1i¢ within a narrow band rather than decreasiﬁg sharply with in-
creasing stresses set up in the composites.

A s@atistical line intercept technique similar to the one used by
Nivas5 showed that the average inter particle spacing, A,vvériéd'

slightly in the different camposites. Since the strength is proportional
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to the.invérse of the square root of.A; from Hasselman's hypothesis, thé
strenéth, 0, multiplied by fhevsquare root of A fér each coﬁposife will
~give a normalized cufvé. Figure'3»is a plot of.the composite strength
" with the.cdrrection factdr versus thé coefficient of therﬁal expansion
of the.glass matrix.

Thé SelSing equatioﬁ_was used to calculate thevinternalvstress in
each sysﬁem. Thé average coefficient of thermal expansion of Al,03; was
taken to bé 8.0 x'10-62‘in./in/°C and those of the glasss were the
experimentally measured values. Poisson's ratio and Young's modulus of

063 psi. DNo élastic propefties

fAléOgbwéfe'fespectively .26 and 60 x 1
were ﬁeasuréd‘on the giasseé so Poissonfs ratio and Youné's modulus of
all glasses were assumed to be respectively .20 and 10 x 1083 psi.
Alﬁhgugh'these vaihes were only for D glass;_it was.ﬁelieved ﬁhat‘they
could bg uséd,for all of the'sodaébbfosiiicate glasées in order to
determine the stress by the Selsing equation. The cooling range over
which the matrix can support & stress was to be that fromvthe'annealing
point f§ room temperagure. The annealing point ﬁas considered to be the
trgnsition point which waé determined'ffdm'the thermal expansion cﬁrvev
of each glass. The maximum_matrix radial stress, Pr’ at thé'interface
ﬁas then»calculated fpr ali composites aﬁd the resulting‘Valﬁés plottéd.
in Fig. b, - | | |
Eiéure 4 shows that iﬁternai‘stresses did not play an important

role in this system; even though these stresses.ﬁere as high as 2.5 times
the macroscopic stréngths. | All sfrength_data wére for severely abraded
compositéé whose surfaces; it was believed, had a'cénstanf flaw density

and size. This certainly suggests that theilength.of the Griffith flaw
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is limited by the average interparticle_spaeing of the dispersedgéhase,
even 1f internal stresses are set up in the brlttle-matrlxcomp051tes.
Therefore “the 1nternal stress cannot cause the ex1st1ng microscopic
flawsfto extend statistically beyond the average'interpartiqle distance.
This deeuré only ifvthere is a good ehemical bond Between the dispersed
andlmatrix‘phase. Also,‘the eomposites must Be in the strengthening
regien'of Hasselman's hypothesis, which means that the.averege inter—
particle_epacing is.less than the Griffith flaw size in the originai

. glass; Binns7 and Davidge'and Greena also Studied tno—phase crystal-
glass materials where a good chemical bond.exiSted‘and found decreases
in etrength:when there wae a difference in tnermel expaneion between the
dispersed and matrix phases. HoweVer, the interperticle spacing -between
the diséersed particles in tneir composites werevelweys greater than the
.orlginal Grlfflth flaW'SlZe. Their comnosites were not in the strengthen-
1ng reglon of Hasselman 8 hypothe81s, as were the comp051tes of th1s
study..

"Aibesic premise of this study was thet good chenieal bonding existed
between.tne Alzoa and'glaes. The most conclusive evidence of this"nas
from.a study of fractured surfaces of composites with a scannlng electron -
mlcrosc0pe (SEM) This technique of studying the path of fracture as a.
functlon of the degree of chemical bonding and thermal expans1on dif-

. ference of the two phgses’was first employed by Stett.6 In a chemlcally
bended eomposite where the thermal expansion coefficient'of the glaés
rhase is less than that of the disperséd phase, Stett fonnd.that the

' fractnre proﬁagated around the sphere at a finite distance from;it.A

- Eigure_S(a) which is a 8EM pieture of the‘compoéite with the lowest |
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expanding giaés‘shows this type bf fracture‘and thus indicates that.good
bonding is gcéurring; When the spherical particlésbwere introduced into
. a glags of highér thermal eipanéion'than that of thévdispersed bhase,
Stett found the fracture propagated dlrectly to the sphere and around it.
» Flgure S(b) 1s a SEM picture of the comp081te with the highest expandlng
- glass. In some cases, the fracture propagated dlrectly through the
sphere, which-could onlyvoccur if there was a strong chemical bond at
the interféce of the two phaées.

IV. SUMMARY

The:effeci of internal stresses on the mechanical strength of
brittle—matrix-composites wés studied by varying the thermal expansion
of thé matrix phase.’ Uniaxial étrehgths of thé,crystal-glass materials
did not vary significantly with the thermal expansion coefficient of the
~glass phagé; Théfefore, internal stresses did not play an importaht
role in the strength_of composites when & good chemical bond betWeen‘the
diépersédﬁand matrix phase existed. |
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Table I. Properties and Compositions of Materials

v4 Materia1

Thermal Expansion .-

- Hot Pressing :

Compoéition Coefficient Density Temp. (°C)

o (wt.%) (in/in/°Cx10°) | (en/cn®)

- 8102 . B203  Na20.. . (RT - h50°C). o
I-1 glass 67.0 28.5 4.5 3.1 2.83 690
L~2 glass   65.0 26.5 8.5 .4 2.89 670
L-3vglaSS  66.1 21.1 12.7 6.3 3.00 660
D glass 70.0 14.0 16.0 7.8 3.01 660
H-3 glass ~ 67.0 12,8 20.2 9.0 3.03 640
H-2 glasé 65.5 10.1 2k.k 10.6 3.03 600
H-1 glass ',61.6 8.3 30.1 ©12.5 3.0k 580

Alumina . 8.0 3.83

Al,03




-12- | _ ;fUCRL-20395 Rev

Table IT. Crossbending strength data of
- glasses ahd composites

L-1

Glass Glass Data Composite Datsa ,
Average ~ Standard Average - Standard R
Strength No. of Deviation Strength No. of. Deviation

(psi) . Samples (% of aver.) (psi) Samples (% of aver.)
8,600 . 27 10.6 12,6000 30 5.2
-2 9,280 25 . 9.2 12,500 31 . k.8
- L-3 8,220 28 13.1 12,600 21 5.6

D 9,040 19 111.9 13,800 29 - 5.7

H-3 10,180 26 13.8 13,000 . 29 4.0

H-2 8,8k0 25 13.3 13,000. 22 6.1 |

H-1 9,970 27 12.6 14,500 31 . 5.0 ;

¢
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FIGURE CAPTIONS

 Internal stresses developed in matrix at the interface when -

the thermal expansion coefficient is either higher or lower
than that of the dispersed phése.'

Uniaxial stréngth of glasses and composites as'a function of

'the'coefficient of fhefmal éxpaﬁsion‘of.giass phase.
uUniaxial‘strength corrected for small variétions of inter-
-particle spacing of dispersed phase as a fimction of thermal
'expansién:éoefficient of mafrix. ' |

'Internél radial stress in each composife matrix at the infer—
- face as a functidn of the thermal expansion coefficient of

' matfix., |

SEM pictures at 1000X of fractured surfaces: (a) composite

with glass of lowest thermal expansion coefficient (b) com-

~ posite with glass of highest coefficient.
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