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I. INTRODUCTION

Composite materials are of considerable techpological importanée as
structural materials. Fiber-reinforced camposites have many industfial‘
applicétiéns because of their high’strengthpto—Weight rafios. Glass~
éeramiés, a8 new development'in the materials fiéld; caﬁ be classified as
brittle-matrix compositgs. They are being used in numerous applications
because they can be formed economically by conventional glass forming
techniéues. | | ‘

For g‘numbér of years, brittle-matrix composites havevbeen studied
at this léboratory in order to understand better the mecﬂanical proper-

ties of multiphase bodies. A model system consisting of a continuous

“glassy matrix with a netal or oxide phase dispérsed'thrqughouf the matrix

“has been used in all investigations. “Such a system can be fabricated by

vacuum hot pressing, utilizing the viscous nature of glass, to give a
dense composite. The main parameters which have been found to affect

the strength of such systems are: (1) the volume fraction and size of

‘the‘dispersed phase, (2) the micromechanical stress concentrations de-
- veloped upon loading, and (3) the degree of chemical»bonding between the

. glass and dispersed phase.

One parameter which,has‘not been resolved as to its effect on

| strength is internal stress. This stress is set up in the brittle-

métrix composite upon cooling.from the f&bricatioh temperature, when
there is a difference in thermal expansion coefficient of thé dispersed
and continuous phase, Figure 1 is a simplified model of the internal
streés prddﬁced in the matrix when a sphere is introduced into'a.cone

tinuous phase, In case I, where the thermal expanéion’coefficient of

it ) 1y
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Figure 1. Internal stresses developed in matrix at the interface when
the thermal expansion coefficient is either higher or lower
-than that of the dlspersed phase,
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the matrix ié'less than that of sphere; radial tensile and tangential
compressive.stresses are set up in the matrix at the interface.. In
céée-II, the tgnsile and compressive stréssesvare reversed. These
stresses can be calculated by an equation developed by Selsingl which

applies for a crystal of a high modulus of elasticity embedded ih a low

. modulus glass:

"AGAT ' .
P 1+v 1—2VD (l)
- +
211'm ED
U _ RS . '
Pr—2Pt--P. - S (2)

‘where P = external hydrostatic pressurevéxerted on spherical parficle
Pr = radial stress in matrix
Pt = tangential stress in matrix

R ='"radius of particle
r = distance from a point in matrix to center of sphere

Ao = difference in'thermal expansion between matrix and particle

AT = cooling range over which matrix can support a stress
‘vﬁ = Poiéson's ratio of metrix phase

VD = Poisson's ratio of dispersed phase

E_ = Young's modulus'of'mairix phase

ED = Young‘s modulus of dispersed phase

Fulrathz was the first to measure internal stresses in brittle-

matrix composites by X-ray diffraction techniQues. He dispersed 2 to 5 um
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plately Al,03 crystals in giasses of different coefficients'of.thermal
expansion, and determined the internal strains produced in the (330)
plane of the embedded crystal. The average stress on the A1203rbarticles
was deterﬁined to be as higﬁ.as 30,000 psi. Fulrath alsp measured the |
strengthS’df his spééimens and found that there Was a slight decrease in
'strength with incfeasing internal stfesg. Unfortuna£ely, there.was.some
pordsity_in tﬁe one system of maximum internal strain. The actual
effect of interhgl stress on strength, thefefore, was not completely
resélved; o
Hasselman and Fulra.th3 propdsed a hypothesié.fof the strengthening
'mechanism in briﬁtlefmatrix composites; which stated that fhe éférage
interparticle ’sp'acing of the vdisperb'sed phase would limit che size of the
Griffith flaw. Due to a mechanical.abrasion, the surface of the glass
had an average flaw siié; A strengthehing of a composite occurred when
the average interparticle spacing which was érEdiéted by the Fullmanh
equation was less than'the-average flaw size. Hasselman experimentally 
vefified this hypothesis by dispersing Al20s microspheres in a glass
vhose coefficieﬁt of thermal gxpansion matched that of Alzoa‘and measur-
iﬁg composite strengths. | | |
Nivas’ inveétigatéd thevstreﬁgth'of.éomposites consisting of
sphericai tungsten dispersed in thfee sodaAboroéilicate glasses whose
,thérmal expansion céefficients vere respectiﬁely higher, equal, and
lower to fhat of tungsten. He measured the average interparﬁicléispacing -
by ﬁsing a'statistical line intercept.techniqpe. Nivas' reéults_of
composite strengths were.in good agreement with Hasselman's hjpothesié;

however, the strengths were lower for the composites with the glasses of -
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higher and lover thermél expanSioné. Nivés then plotted the strength of
éomposites at a cohstant éize and volume: fraction of the disperéed phase
as 8 function of the coefficient of thérmal expansion of the glass
matrix. There was a significant decrease in strength when the thermal
exbansion of the'glaés did not match that of tuhééten.‘ This result was
interpreted as a consequence éf internal stress set up in the body.’

Later on, howzaver, Stett6 showed the degree of chemical bonding
between a glass-metal composite greatly affected the mechanical strength.
The question then arose as to whether good bonding occurred iﬁ Nivas'
two~-phase systems. His photomicrographs of polished sections revealed
many pullouts of spherical tungsten; which couid'be explained by poor
Eéﬁding betwéen the metal and matrix phase.

Therefore, fhe purpﬁse of this investigation was to determine what
effect internal stresses had on the mechanical strength of brittle~-matrix

composites when all significant parameters were defined. A constant size

and volume fraction of spherical, oxide crystals was dispersed in glasses

~of varying thermal expansion coefficients. Therefore, the micro-

mechanical stress concentrations would be constant in all composites.

- Finally, the system selected was experimentally known to have good

chemical'bonding batween the dispersed and matrix phase.
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I1.° E)%PERIMENTAL PROCED’URE
A, _'Méterials ;

Forvthis invesfigation, seven SOda;borosilicate_glassgs were made
from silica flour, sodium éarbOnate,_anhydrqus bdraxiand/or boric .acid.
The composition of each glass is given in Tabie_I; The raw materials
‘were dr& mi xed and'thén'melted end fined in & plafinum‘crucible'in air
at 1375°C for 2 hr. Linear coefficients of therﬁéi4eXpansion of
annealed glasses were measured with a quartz dilatometéf furnace wﬁich
had a 2.S°C/min;vheating rate. bensities were méééured on the cast |
. glassés uSipg an immersion technique withvethyl alééhol. The glasses
wefe then crﬁshed and ground dfy in an alumina-lined ball miil until the
average particle.size was below iS um. |

1Th¢ Al203 powder was spheroidized using a'R;F inauction—pouﬁled
plasma generétor, and the resulting‘powder'sepafated intovvarious‘
particlé sizes by sonic'screening; The average pafticle'size réﬁge of
the A1205 used in this,inyestigqtion was 25 um, The aﬁerage density of
the powdér was measured #ith an air picnometer. ,Thefe'ﬁas_some porosity
in the spheroidized poﬁder;

B. 'Specimen Preparation

Coﬁpqsite specimens were prepargd by‘iﬁtimately dry ﬁixing 4o vdl,'%
of Al,0; micréspherés with thevglasé powder. No mixing wés required’for‘
the giass specimens. The sample powder waé then pl@éed in;a 2 in,
diameter graphite die, lined‘with Grafoil,* and cold preéséd atleOO psi.

Vacuum hot‘pfessing of the powder was done at 2000 psi for 10 min. at

*Product of Union Carbide.
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Table I. Properties and Compositions of Materials

Thermal Expansion

Hot Prescsing

21,03

Material  _ Composition Coefficient Density Tenp. (°C)
| (wt.3) (in/in/°Ccx10°%) (gm/cm?)
.. /8102  B203 Naz20 . (RT - L50)cC)

I-1 glass 67.0 28.5 L.5 3.1 .2.83 690
L-2 glass  65.0 26.5 8.5 by 2.89 - 670
I-3 glass  66.1 21.1 12.7 6.3 3.00 660
D glass 70.0 1'1;.0 16.0 7.8 3.01 660
H-3 glass - 67.0 12.8 20.2 9.0 3.03 ~ 6ko
H-2 glass 65.5 10.1 2h.h 10.6 3.03 600
H~1 glass 61.6 8.3 30.1 12.5 3.0L 580
Alumina 8.0 . 3.83
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the temperatures given in Table I. The hot-pressed épecimen which had a
fiﬁal thiékness of 1/4 in. was furnacé cooled. The dgnéities_énd linear
coefficients of thérmal expansion are given in Table I.

A flat side of each hot-pressed disk was mounted on a graphite biock
and cut at a.cqnstant sawing rate using a 270 gfit.diamond biade_iﬁto'f
approximatély .080 in. wide bars. These bars were prebared for uniaxial
strerigth measurements by carefully abrading them in order to oﬁtain a

' constant surface condition for all specimens. :This was accomplished by

hand grinding cach bar. the same way using 2h0 SiC grit and kerosene on a

~ glass plate.

C. Testing Procedure

Uniaxial strengths were measured using a four-point loading device

’

with a .TS‘in. overall span. OSpecimens were loaded such that the -

abraded. surface was stressed. Time to failure was approximately 20 to

30 sec. for the glasses and 45 to 60 sec. for the composites. Fractured .

surfaces were studied with a scanning electron microécope by depositing

a layer of Pt-Pd on the surfaces.



III. RESULTS AND DISCUSSION

An X-ray‘diffraction'analysis of tﬁe chposites showed that no other
phéses crystallized during hot pressing. vAléo, an‘electron_microprobe
analysis revealed that there was negligible diffusion of aluminum into
the,glass phasé for all composites. Therefore, the composites cohsisted
of:only the Al,03 and glass phases.

The uniaxial strengths of the vacuum hot-pressed glasses and com-
posites aré given in Table II. In Figure 2, “he lower set of points is
a plot of giass strength versus the coefficieat of thermal expansion of
each glass., All values lie withih a relatively narrow range between
-8,600 and 10,000 psi. The composite daté, which are the upper set of
points, sﬁow singificant increases in strengths compared to the original

stfengths bf'the glasses. As the gr:ph shows, the composite strengths
“also lie within a narrow band rather than decfeasing sharply with in-
creasing stresses set ﬁp in the comp sites.

A statistical liﬁé interéept technique similar to the one used by
Nivass'showed that tﬁe average inter particle spacing, A, varied slightly
in the diffeient composites; Since the strength is proportionai to ther
inverse of the square root of A, fpom Hasselman's. hypothesis, the
strength,xo,rmultiplied by the square root”of A for each composite wiil
~glive & normaliZed curve. Figure 3 is a plot of the'compositevstrength
with the corfection factor versus thé.coefficient of thermal eipénsion
of ﬁhe glass matrix.

'The‘Selsing equation was usedlto calculate the int=rnal stress in
‘each system. The average coefficient of thermal expansion of Al,03; was

2 .
teken to be 8.0 x ZLO-"6 in./in/°C and those of the glasses were the
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Table II. Crossbending strength data of
glasses and composites '

"

Glass . Glass Data ,Cbmposite Data =
Average v ‘Standard Average _ Standard
Strength No. of Deviation Strength No. of Deviation
~ (psi)  Samples (% of aver.) (psi) sSamples (% of aver.)

I-1 8,600 27 16.6 12,600 30 5.2

I-2 9,280 25 9.2 12,500 31 4.8

I-3 8,220 28 13.1 12,600 21 5.6

D 9,040 19 1.9 13,800 29 5.7

H-3 10,180 26 13.8 13,000 29 %.0

H-2 8,840 25 . 13.3 13,000 22 6.1

H-1 9,970 27 12.6 1k,500 31 5.0

o)
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Figure 2. Uniaxial strength,of glasses and composites as a functidn_

of the coefficient of thermal expansion of glass phase.
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experimentally measured values. Poisson's ratio and Young's modulus of
. 3 _
Al1,03 were respectively .26 and 60 x 106 psi. No elastic properties

were measured on the glasses so Poisson's ratio and Young's modulus of
- ‘ ‘ 3
all glasses were assumed to be re pectively .20 and 10 x 10 psi.

Although  these values were only for D glass, it wés‘believed that they

could be used for all of the soda—borosiiicate glasses in order to deter-

" mine the stress by the Selsing equation, The cooling range over which

the matrix can support a stress was to be that from the annealing point
to room temperature. The eannealing point was considered to be the

transition point which was determined from the thermal expansion curve

 of each glass. The external hydrostatic pressure, P, which equals the
; matrix radial stress, Pr’ at the interface was then calculated for all

'composites and the resulting values plotted in Fig. L.

' Figure'h shows that the internal stresses did not play an important
role in this system, even though these stresses were as high as 2.5 times
the macroscopic strengths. All strength data were for severely abraded

compositeé vhose surfaces, it was bélieved, had a constant flaw density

~and size. This certainly suggests that the length of the Griffith flaw

is limited by the average interparticle spacing of the dispersed rhase, -

even if internal stresses are set up in the brittle-matrix composites,

Therefore, the internal stress cannot cause the existing microscopic

flaws to extend statistically beyond the average interparticle distance.

-This occurs only if there is a good chemical bond between the dispersed .

and matrix phase. Also, thefcompésites must be in the strengthening

region of»Hasselman's'hypothesis,.which means that the average inter-

particlevspaCing is less than the Griffith flaw size in the original
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and Davidge and Green8‘also studied'two—phase.crystal—

‘ o v .
. 8luss materials where a good chemical bond existed and fouad decreases

in strength when there was a aiffereneekin_thermal expansionfbefween the
dispersed and matrixvpheSes. However,'the interperticle spacing between
the dispersed particles in fheir compositee were alwajs greater than the
original'Girffith flaW{siie. Their composites were nof in the strengthen—
ing region of Hasselman's hypothesis, as were the'oomposites of this
study.

A basic premise of fhis study was that good'chemical bonding existed
befween the.Aleg’and glass. The most conclusive'evidencé of this was
from a study of fractured surfaces of composrteo w1th a scanning electron

microscope (SEM). This technlque of studylng the path of fracture as a

~ function of the degree of chemical bonding and thermal expansion dif-

ference of the tﬁo“phases was first employed by Sfett.6 In a chemically
bonded composite where the thermal expansion coefficient of the-giass
phase is leee:than that of fhe dispersed phase, Stett found that the
fracture propagated around the sphere at a finite dlstance from 1t.
Figure )(a) whlch is a SEM picture of the comp051te with the lonest ex—

pandlng glass shows this type of fracture and thus 1nd1cates that good

AN

'bondlng is occurrlng, When the spherlcal partlcles were 1ntroduced'1nto

a glass of higher thermal expansion than that'oflthejdispersed phase,

"Stett found,the fracture propagated dlrectly to the! sphere and around .

it, Flgure S(b) is a SEM plcture of the comp051te w1th the highest
expandlng glass. In some cases, the fracture propagated dlrectly through
the sphere, which could only occur if there was a strong chemical bond

at the interface of the two phasee.
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XBB701é-5h65
(o)

Figure 5. SEM pictures at 1000X of fractured surfaces.
(a) Composite with glass of lowest thermal expansion
coefficient; (b) composite with glass of highest coefficient.
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Iﬁvsuﬁmary, by dispersing Al,0; particles in glasses of varying

thermal’ekpansion‘coefficients, a range of internal stresses were set up

"ih7thé ¢6mposites;‘ Uniaxial’strengths of the abraded specimens indicated

thai‘thesé_étresses did th affect'the strength of the composite,




1v. SUMMARY_I

The .effect of internal stresses on the'mechahicallst}ength of

- hfittle—hatri#‘cdmposites was studied by varying the'thermal e#pahsion‘
r*ggf;the.matrii bhese;. Un1ax1a1 strengths of “the crystal—glass materlals o 'v_h &3 :
dld not vary . 51gn1f1cantly w1th the thermal expan51on coeff1c1ent of the
h,(glass phase. Therefore 1nternal stresses dld not play an 1mportant role
‘hln the )trength of comp051tes when a good chemlcal bond between the dlS— ‘
‘persed and.matrlx phase ex1sted.
"={f¢)i
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