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MICROMECHANICAL STRESS . CONCENTRATIONS IN TWO-PHASE. BRITTLE
2» ) MATRIX CERAMIC COMPOSITES
' ' *
D. P. H. Hasselman and R. M. Fulrath
inorganic Materials Research Division, Lawrence Radiation Laboratory,
and Department of Mineral Technology, College of Engineering .
: University of California, Berkeley, California

December 8, 1966

ABSTRACT

A quantitative investigation was conducted on the effect of micro-

‘mechanical stress concentrations on the strength of two-phase brittle

matrix ceramic systems. The materials consisted of a continuous brittle

matrix containing dispersions with elastic properties different than

'those of the matrix. A soda borosilicateiglass was use& as the matrix

and the dispersions consisted of 60 micron diameter spherical alumina
particles and 60 micron diameter spherical pores. Stress concentrations
were varied by measuring the strength of the composite under uniaxial

and biaxial tensile stress conditions,

% , .
At the time this work was performed the writers were, respectively,
graduate student research assistant, Inorganic Materials Research

Division, Lawrence Radiation Laboratory, and associate professor of

- ceramic éngineering, Deparﬁment-of Mineral Technology, University of

California, Berkeley, California. Dr. Hasselman is now senior research’

~

" ceramist, Metallurgy.aﬁd Ceramics Branch, Stanford Reseérch'Institute,‘

"Menlo Park, California,
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The experihentai results showed that micromechanical stress con-
Vcentrations strongly affect the maérosc0pic strength of the composite.
Under biaxial tensile stress additions of either alumina microsphores
or'spherical porositj to the glass matrik'resul*ed in a decrease in
strength equal to the maximum calculated stress concentration factor.
Under uniaxial tensile stress conditions, however, the reduction in
~strength for the glass-aiumina system was negligible. Thc.glass—

- porosity system gave a reducﬁion in uniaxial strength which was not equal
to the maximum calculated stiress concentrafion factor.

Expefimental results suggest that differences in streﬁgth of 5rittle
»multi-component systems under uniaxial and biaxial stress states can
in part be attributed to microstructural features.

"~ On the basis of the’experimental work a hypothesis is developed
felating the felative size of the rggion in the glass matrix over which
stréss concentrations act to the siie of the Griffith flaws responsibie
for failure. This hypothesis is extended to the efféct of porosity on

the strength of polycrystélline brittle ceramic materials.



P 1 S UCRL-16417-Rev

1. INTRODUCTION

éMaﬁy brittle céramic materials of technologicai importance are com-
posed of two or more phases which differ in physical aﬁd chemical proper-
ties. Under mechanical loading differences in elastic properties of
individual components of a ceramic body can lead to stress iphomogeneities
generally referred to as "stress concentrations". Numerous theoretical
solutions have appeared in fﬂe literature fér stress conceﬁtrations
aséociated with elastic inhomogeneities of various shapes contained in
"~ an infinite‘matrix.l—h Although these théﬁretical solutions appear t&
be useful for the prediction of mechanical behavior of eﬁgineering
structures; their applicability to the prediction of the mechanical
properties of ceramic systems appears limited.

The purpdse of the present study was to investigate the effect of
étress concehtrations on strength of composite materialé,‘in order to
determine whether engineéring stress concentration thebries can be
applied to these types of materials.‘ The composite system selected con-
sisted of e coqtinuous glass matrix containing (a) spherica} alumina
partic;es and (b) spherical pores,‘as diépersed phases. These two dis-
persants will reéult in distinctly.different values and distributions
‘of the stress céncentrations. Use of a glass.matrix assurés one of a
homogeneous uniform, pore-free matrix matefial.

In’ordgr éo investigate the effect of different stress concentfation§
for each typé of dispersant,.SPecimens were subjectedvto uniaxial as

well as biaxiai'tensile loading.
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- IT. EXPERIMEHTAL

; : N . A. Materials

Thé glass for the composite systems investigated consisted of a
sodium borosilicate glaés of the samevcdmposition (14% Na,0, 16%_B203,
and T0% Si0O, by weight’ as the D-glass used in ﬁrevious investiga-
‘tions.5’6’7’8 This glass composition has a coefficient of thermal ex-
pansion nearly equal to that of alumina, which eliminates internal
stresses as a variable.

The spherical alumina particles were obtainéd by spheroidization
of alumina powder in a dc plasma jet. Alumina partiéle size was abouﬂ
60u. This particle size was selected such that over the whole range of
volume fraction alumina investigated, strengfh would not Be conﬁrolled
by glass "mean-free-path" considerations.8 Interfacial bonding is
4obtained between the D-glass and the alumina particles as shown pre-
viously. | | |

Spherical porosity was simulated by incorporating spherical nickel
particles in the glass matrix. Nickei particlé size Qaé approximately
60ﬁ.l Due to the mgch larger coéffﬁcient of thermal expansion of the
niékgl as'combared to thé glass and the nonbonding characteristics of
the glass-nickel interface,. on cobling the composite from the hot—bress-
ing tempefature a. spherical pore 1s producea. By.comparipg the total
shrin#agevof thé nickel with the calculated elastic strains in the
élass induced'in the strength tests?_it is easilyivefified that the
" nickel. cannot contribuﬁe to the load~béaring ability of the glass fof

‘volume concentrations of nickel investigated.

)
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B.-ispecimen Preparation

- A1 éomposites were prepared by the vacuum hdt—pressing technioque

described,pfevidhsly.6’7’8 Glass-alumina biaxial specimens consisted

of 1 in. diam disks (0.075 in. thick) sliced with a high-precision

- diamond saw from hot-pressed slugs 1 in. in diam by approximately 1 in.

high. Uniaxial strength specimens (0.075 in. thick by 1/4 in. wide) '

. were sliced from disks 2 in. diem by 1/b in. thick.

For purposes of comparison, it was attempted to manufaéture the

" glass-nickel specimens in a manner identical to the one followed for
vthe glass—alumina specimens. However, considerable difficulty was en-

'.cduntered attempting to slice 1 in. diem biaxial specimens, preéumably

because of the ductile nature of the metal phase. Instead, a sufficient

quantity of 1 in. diam disks (0.075 in. thick) were hotépreséed'in-

dividually, followed by a light grinding (lOOO;grit silican carbide)

/

to remove carbon and graﬁhite adhering to the surface. This also in-

sured a uniform surface treatment. Uniaxial glass-nickel strength

specimens (approximately 1/8 in. wide) were cut from 1 in. diam hot-

pressed disks.

C. Strength Measurements

Strength was determined by bend tests carried out at réom tempera-

ture. Uniaxial strength was determined by four—poiht.loading using a

3/k in; overali span. Biaxial tensile bend strength was obtained by '

-

means of a ring test similar to the one émpioyed by Binns10 which, in

effect, simulates two equal mutually perpendicular tensile stresses.

-The 1 in. diam strength specimens were placed on a stiff rubber O-ring -
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_énd loadedvby placing a 3/16 in. dian ball-bearing in the centér of
the specimén. The disk was loaded to failure in an Insfron machine. A
rubber O-ring was selected as specimen support in order to duplicate the
loading rates used in the uniaxial bend test. Time to féilure was
" approximately 36 sec. The value of strength obtained by the ring test
was calculated by means of an expression given by Timoshenko et al.ll
For simplicity this value of étrength wiil hereafter be referred to as
B biaxial strength. Although the strength of glass:is gdvérned by numerous
variéblesl2 (i.e., humidity, rate of ioadiﬁg, tempefaturé, etc.) the
value of glass strength obtained will be characteristic for the experi-
mental conditions selected. |
III. EXPERIMENTAL RESULTS

Pigures 1, 2, and 3 illustrate the experimental values for the
uniaxial and biéxiai‘strength for fhe glass-alumina and glass-porosity
sysfems. Average streng£h values with statistical data are also listed
in Tables I and II. Although different surface preparétioﬁ téchniques
were‘employed for each composite system, the valﬁes of glass strength
are sufficiently close together to conclude that no major differences
éxist betﬁeen'the surface éonditions. The values of the relative slope
which can be drawn through the glass-porosity data at low porosities
v(seé Figs. 2 and 3) are approximatély minus two and minus unity for the
uniéxial and biaxial stress conditions, respectively.

Figure 4 illustrates a frécture surface of a glas;—nickei specimen,
élearly showing the honbonding characteristics between fﬁe glass and

the nickel. The interaction between spherical pores and propagating
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crack front as indicated by the "steps" in the glass surface appears to

1h

be similar td the observation of Passmore et al. of the fracture

" surfaces of polycrysfalline.alumina.

The theoretical stress‘concentrations‘were calculeted on the basis
of the solutions of Goodier.l Since glass fracture generally is
nucleated in the specimen surfacele»and because of the high stress
gradients in the strength test employed, it was felt ﬁhat.Goodier's
solutions for the stress concentrations around a circular inélusion‘iﬁ
a flat plate (two dimensions) better describe the stress conditions |

in theﬁsurface than'the solutions for the stress concentrations around

& spherical inclusion in a three-dimensional matrix. Figure 5 illus-

trates_thé polar coordinate system employed to describe the stress.

Using numerical values 331,° 1635, > and 0 kilobars for the shear

fmoduli for the glass, alumina, and porosity, respectively; and for

Poisson's ratio for the glass and alumina the values\0.1975 and 0.257;l3f
respectiVely, the resulté for the stress concentrations in the glass
‘matrix under conditions of uniaxial loading obtained were:

Glass-alumina system: (Uniaxial)

Q
i

. a2 gt a2 | o
=27 [0.107 =+ (-0.267 =+ 0.356 = ) cos 2@] + Tcos® (1)
72 ' r r2 , S

a
"

2T [—0.107 = 4 0.267 = cos 2@] +Tsin® . - . (2)
where:

T =}the'streés applied to the composite

'°r5 °0’ r, a, and © are defined in Riguré"h; “? Q7i;Qf



-

6 R © UCRL-16417-Rev

_Gléss—porosity system: ‘(Uniexial)

o ) . ’ T
>

< 2 Loob 2 .
g =27 [— & +( %- & _ é—\ cos 20] + T cos O (3)
o Lr? St rzl '
-»
o, Y
og= 2T [9- - -ﬁ— 2 cos 29] + T sin 0 (4)
Lr2 rt .

Under conditions of biaxial loading, the stress concentrations became:

Glass-alumina system: (Biaxial)

6r = 'hfr;[o.v.m'z -;'i] + T | - '(5)
oy = Iy [-0.107 i:i] + T | | ' ; : 4. - (6)

Glass-porosity system: (Biaxial)

:.ar”‘vT [“i‘zg]” . | " ; o
: T '
ce=hT[li—z_z] +T | |  : | o | .v.‘(8)
r oo '

vﬁnaer conditions ofvé tensile load_(T positiyé), tensile stresses
greater than the applied stress occur forrEqs.'(l), (4), (5), and (8).
The other_equations.result in étreséeé ;ﬁailer than the applied tensile
stress. As a conseépencé, if stress concentrations are to affect

tensile strength, Eqs. (1) through (8) suggest that in the glass-alumina
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‘-,  | . .. system failﬁre will be due to the radial coﬁpqneﬁt of the stress con-
T .:’centratibn.(Eés. (l) and (5)) whereas for the glass-porosity system the
tangential.component (Eqs. (4) and (8)) will lead to féilure: Equafions
e . . ‘(l) thrbugh (8)'a1§o show that maximuﬁ stress occurs at the interface
"(r = a) and that under conditisns of biaxial loading the stress con-
qentrations are independent of thé angular position.
For the glass-alumina system the values of the maximum.radial'
L ; R s;reéées are 1.39 T and 1.43 T for uniaxial and biaxial loading,
reséectively, whereas the maximum tangential stresses for thevglass—
porosity system are 3 T and 2 T under uniaxial and biaxial sfress,
respeétively. The values of stress concentration divided by the applied .
stress are often feferred to as stress concentfation factors.
IV. DISCUSSION AND CONCLUSIONS
The ‘most interesting results of the present,investiéation is that
the experimental data of the strehgth for the glass-porosity system
- show an apperent precipitous decrease in strengtﬁ even at a sﬁall volume
fraction porosity, followed by a rather small further décrease in
strength at furfher increasesvin porosity. This éppears to be in dis-
agreemenf with observations on polycrystalline éeramics,lh’l5’16’17’18’19
which generally are thought td show a smooth decrease in sfrength froﬁ
-f' the zéro—porosity'strength upon introduction of tﬁe poré bhase. In tﬁe
‘ | o viﬁ ?resent investigation extfapolation to zero porosity of'the glass-
porosit& strength data results in zero-porosity vélﬁes of g}rength much
) smaller than the oﬁéerved values of étrength of the glass itself.v The

'zerb—porosity extrapolated value of biaxial'strength of the glass
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(§6600 psi) is approximatély one-half the observed value of the éiass
sfrength, in agreement with é calculated streéé concentration of twice
the applied stress (Eq. (8)). The relative slope of the straight line
in Fig. 3, with a value of épproximately minus unity, suggests thaf
under'conditioné‘of biaxial stress the average stress lével_withiﬁ the
glass is inverseiy propoftionai to the glass vdlume fraction.

The uniaxial strength data for the glass—porbsity system is less
distinct. Although a precipitous decline in strength on addition of
porosity is observed, the extrapolated value of zero-porosity strength
‘does not correspond to the glass-strength divided by the calculated
 stress concentration factor equal to 3 (see Eq. L4). The relative slope
of the strength-porosity curvé under uniaxial stress (kr_e) as compared
to the.relative slope under biaxial load (~ -1) is thought to be a
reflec£ion of the fact that under ﬁniaxial load the stress distribution
around a pore is considerably more complex than under a biaxial load,
as may be ascertained by comparing Egs. (3), (4), (T), and (8).

Of interest to'noté is the upward curvature of botﬁ the uniaxial
and biaxial strength daﬁa for the glass-po?osity syéteﬁ as shown in
Figs.. 2 and 3. 1In é previous inveétigation8 it was suggested that at
‘the interﬁarticle spacings employed neglecting étress concentration
) effecté (other variables held constant) that the strenéﬁh~of a com-
posite system éhould follow the relation: | |

5=50 (1-p) L2 - (Y
where S and So represeht the strength of fhe.édmposite and matrix,

respectively, and § is the volume fraction dispersant- (porosity P for

T v
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the prgsent'sfstem).

k:The exéerimental results for biaxial strength of tﬁe glass-porosity
system suggests that.Eq!(9) should reflect-ﬁhe effecﬁ‘of the stress
concentration, és well as the decrease in amount of material éarrying
the load. _Dividiné the right-hand side of Eq. (9) by the maximum stress
conéentration factor (K) and irtroducing thg faétor (1—P)‘to correct |

for the reduction of load bearing volume results in:
S = %9?(1-P)1/2 - - .- (20)

which indeed describes the observed strength values for biéxial stress
(X = 2) fo within 300 psi of the observéd dverége values. Equation (10)
however, d§es not appear to be applicable to describe the results ob-
tained fof the uniaxial strength of the glass—porosity systeﬁ.

- As the relative effect of porosity on the biaxial strghgth of the
giass appears to be different.than the relative effect of the bofosity

on uniaxial strength as shown in Figs. 2 and 3, it is suggested that a

€

similar effect may be observed for polycrystalline ceramics. At present

the writers are not aware of experimental data which would substantiate

_this hypothesis.

. The experimental results for strength for the glass—alﬁmina system

can be interpreted in & manner similar to ‘the results for the glass-

porosity system, with'the difference that now'the'aiuﬁina disperéed

. phase is unde# stress and contributes to the load-bearing ability. The
biaxial strength results (Fig. 1) show a zero-volume-fraction intercept

‘at a value of strength which is close to the value of glass strength



divided by the calculated stress-concentration factor for this system
(1.43). At least qualitatively similar observations were made by
Binns.lo “In fact, the biaxial stfength value can be described quite

accurately, using Eq. (9) corrected for the effect of stress concen-

A_ tratiop, by

s=2 -2 S Q)

The uniaxial strength results of tﬁe glass-alumina system in con-
trast to the,glgss—porosity system do not show a precipitous.decline
in strength on addition of the alumina phase.
It should be noted here that the values of stress concentrétion'A
faéfors as described by Eqs. (1) through (8) should be valid for vefy
.small concentrations of dispersed phase only. The agreemeﬁt-betﬁeen
'theory,(Eqs. lOrand 11) and experiment suggest; that, at least under:
1conditions of biaxial stress, the calculated Valugs of stress concen-
1‘trations (Eqs..(l) to (8)) can be applied to relatively high volﬁﬁe -
concenffatidns of a disPerséd phase. | |
' For the four different systems studied (i.e,, poréﬁs matrix‘under

uniaxial and biaxial loading and a disperséd phase system under uhi-
axial and biaxial loading) it is apparent'that the micromechanical
stresses must be considered in discussing fracture behavior of brittle
-materials. See t values as given in Tables I and II.” A reasonable
explanation for.the observed diffefences‘in-the effect of.micromechanical
stress concentrations on the uniaxial and biaxial tensile sfrength of
"thé.composite systems investigated, caﬁ be based on the hypothesis

.that fracture in brittle materials generaily originates at struétufal

~
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defects, i.e.;‘"Griffith flaws". The ek@éﬁénéé of these flaws in
.brittle ﬁaterialsAis well substantiated.12’20 For this invéstigation
the Surfaée treatment of the glass matrix would produce Griffith flaws
of the order bf 40 to SO.microns as found previously.

The original expression as derived by Griffith for ﬁhe macroscopic

strength (S) of an infinitely large, uniformly stressed flat plate, with

an elliptical flaw of length (d) can be expressed by
5 (%} :  (12)

whereAy is the surface energy and E is Young's modulus of elasticity
of the'ﬁaterial.

~ The material systems presently investigated contéiﬁed sphefical
dispersidns with g'diameter of epproximately 60 microns. Exaﬁination of
Egs. (1) through (8) will reveal that the concentration of‘stress in
éxgess of the intefnally applied stress extends over distances con-
siderabiy smaller than the size of the dispersions. Ih fact, the
maximum value of étress concentration under_uniaxial stress conditions
occurs at two points only (6 = 0 and © = 180°, at r = a). As,é con-
éequence a Griffith flaw located near one of the dispersed alumina |
particles or pores is.suBJeCted to a highly non—uﬁiform stress field;
sgch that only a small segment of the flaw is subjected to the higher
"levelloflstress due to the -stress éonééntration effecf.v Under these.f
condiﬁions it is to be'expected that, at.least quélatitively, fhe
Griffith criterionj(lQ) no longer is valid. For failure to ocecur, a

stress level will be required higher than calculated on the basis of
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fhé maximﬁm stress concentration factor and lower than the macroscopic
strength of the matrix phage.

| Examination of Egs. (1) to (4) shows that for the glass-alumina
.system the region of the mafrix under a high stress concentration is
considerably smaller than the region under a high stress concentration
in the glass-porosity system. This at least qualitatively explains
the precipitous decline in the uniaxial strength of the glass porosity
~system but not fop the glass-alumina system. Examinaton of Egs. (5)
to (8) shows that under biaxial stress conditions the high tensile
stress concentrations act o&er & considerably larger volume of the
matrix as compared to the uniaxial stress condiﬁions.i And indeed, as
suggested by the observations, the stress concentrations under biaxial
_ conditions act over a sufficientiy large volume'compared to the size
bf fhe flaws that failure can occur at the calculated level of stress.

At this stage the development of a fracture theory of strength
based on Griffith flaws located in non-uniform stress fields would be
desirable. Héwever, the developmant of such a fhepry appears matﬁe—
matically prohibitive, no doubt made even more complex by interactions
.befween the stress field around the diépersed phaée and the stress
distributions around the Griffith flaw.

The hypothesis that the effect of micromechaﬁiqal stress con-
‘,éentrations on the strength of a brittle material depend on tﬂé size of
‘-the Griffith flaw relative to the regioﬁ ovér which the stress.con-
centration acts is vital ﬁo‘the development of any fracture theory.

Based on this hypothesis, the effect of porosity on strength can be
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‘viewed from-two extremes. The first case is where the pore size and

resultant micromechanical stress fields are large relative to the size’

- of the Griffith flaw. The reverse forms the basis of the opposite case.

In case I the pore size is substentially larger then the flaw size

such that a flaw lies entirely in material stressed to the maximum

value of stress concertration. Engineering structures with drilled
holes, grooves, etc., in otherwise pore free materials, fall in this
region. Here the stress concentration approach can be applied success-

fully;'the structure failing when the maximum stress_concéntrationi

exceeds the strength of the nonporous material. In this region the

effect of porosity on tensile strength will exhibit an instantaneous
decrease in strength upon introduction of the first pore in the body.
The decrease in stfength will correspond to the maximum stress con-

centration factor. The results obtained in this investigation for the

 biaxial tensile strength of a glass containing spherical pores appear

‘to be representative of the effect of porosity on tensile strength for

case I,
For case III the pore is considerably smaller than the Griffith
flaw. The flaw will be completely unaffected by the stress concen; .

trations near the porés.’ Strengthvshould exhibit a monotonic decrease

with increésing porosity, without the‘precipitoué deqrease in strength

characteristic of case I. The effect of porosity on high strength

polycrystalliﬂe industrial ceramics should fall in this region, as well

as many high strengfh ceramics investigated in the laboratory, such as

1h

the high—density alumina investigated by Passmore et al. vho found

-
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a flaw 'size of the order of the grain size and a pore size an order
of magnitude smaller than the grain size. It is in this region where

17 and Brown ¢t al.21

the "chss-éectional area" approach by Knudsen
for thq effect of porosity on strength appear to be most applicable.

As these theories are not restricted to pore size,'they should be
applicable to engiheering structures as well as brittle ceramics con-
‘taining S@all pores. However, éare should be taken in predicting the.
effecf”of porosity on strength based on these theories in regions where
stress concentrations are the governing factor.

In iﬁtérmediate case II the flaw size is of the érder of the pore
size éuch that oﬁly a segment of the flaw is subjected to the stres;
concentration. The effect of porosity on strength in this region
will exhibit a precipitous decrease in strength upon introduction of
i.thevfifst pore but nof to a value cérresponding to the calculated
| maximum stress concentration. The present results for the uniaxial
ﬁensile_strength of the glass containing spherical pores appear to
'fall in this region; ' _ .

The results for the hypothesis that micromechanical stress con-
ceptrations affect the porosity-stress relationship of brittle materials
is sﬁmmarizgd in.Fig. 6. The relative slopes ;hown injtherfigﬁre for
the threg cases ﬁere grbitrarily chosen.

V. SUMMARY

An investigétion was carried out to determine theveffect of micro--

mechanical stress concentrations on the macrdscopic Strength éf.multi—

cbmponent brittle ceramic materials. Combosite sysﬁems investigated

"4
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-

" consisted of a continuous glass matrix containing (a) spherical particles

'_of'alumiﬁa andJ(b) spherical pores. Experimental data obtained show

that for the systems investigated stress concentrations have a detri-

‘mental effect of macrosc0pic tensile strength. Under biaxial tensile

stress conditions the decrease in strength corresponds to the.maximum
calculated stress concentration factor. Under uniaxial tensile stress,
however, the decrease in strength is less than expected from stress

i}

concentration factors.

A discussion is preseonted which explains these observations in
terms of the size of the region c¢f the glass matrix over which the
stress concentrations act, compared to the size of the Griffith flaws,

responsible for failure.
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Table I. Crossbendlng strength and statistical data for a sodlum bor051licate
glass contalnlng dispersions of 60u dlameter spherlcal alumina particles,

Values ' Significant

_ ' : of tt for . differences

Uniaexial strength ' Biaxial strength difference between
Volume ' Standard ‘ ~ Standard between uniaxial and
content Average No. of deviation Average No. of deviation uniaxial and biaxial

© "A1,03(%) (psi) samples (% of average) (psi) samples (% of average) Dbiaxial strength strength?

0 14,700 - 38 12.7 13,100 18 7.2 o 3.4 .Yes

2.75 - - - - | 9,650 10 8.9 - -

5.5 14,300 32 b7 9,610 9 6.0 o 11.2  Yes
0.9 13,2000 25 10.2 9,600 9 9.5 7.3 Yes
21.6 13,200 34 5.6 9,900 9 5.0 12.7 Yes
32.0 14,2000 35 5.9 11,000 10 5.9, 0.7 Yes
42.3 : 16,0000 32 5.3 13,hoo", 10 ‘2.5 . 9.3 N " Yes -
k7.5 . 16,900 31 5. 13,000 9 _ 5.% 12,2 . Yes

* Dafa obtained from reference. 8.

-'_T See W. J. Dixon and F. J. Massey, Jr., Introduction to Statlstlcal Analysis, Chapter 9, Second Edltlon
McGraw-Hill Book Co., New York, 1957 488 pp.

T At the 95% confidence. level. v . - . . ’

,h _02-
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Teble II. Crossbending strength and statistical data for a sodium’
borosilicate glass containing 60u dismeter spherical pores ;
Values ‘ Significaﬁf
. o . o . of t*+ for difference*f
Uniaxial strength =~ = Biaxial strength difference -between L
. _ Standard , Standard ' “between . uniaxial and-
Porosity . Average No. of deviation ~ Average No. of deviation uniaxial and biaxial

(%) (psi) samples (% of average) (psi) samples (% of average) biaxial strength-  strengths? .

‘o 1200 15 16.1 12,500 12 5.5 0.16 No
'-'2.5, 6,610 . 15 '7.5 6,300 9 11.0 1.22 Yo
‘n5 . 6,&50“r 18 8.2 ‘ ,6,360 - 8 6.0 0.41 ﬁé
10 5,500 f- 0 101 5,980 9 6.9 2.00 No
-‘1;15 {i"._f'h,97o_'> | 12 8.9 5,400 9 3.1 PRTE No
‘ 25-; h,hloﬂ; Y e | 5280 9 8.0 52 ' Yes
t3o_?:? 3,870 16 f szjA11,h o 5010 9 5.2 - 802 Yes
g '."fho' 3,30 :j'~_1o "_»';] ié-5._ 5,180 9 T.9 . o - 9.01 | ' "*ers?

+ See Table I.
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Fig. 1 Uniaxial and biaxial strength of a soda borosili-
cate glass containing 60u diam alumina spheres
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Fig. 4 Fracture surface of a soda borosilicate glass containing
15 vol %, 60p diam nickel spheres
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