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MICROMECHANICAL STRESS.CONCENTRATIONS IN TWO-PHASE. BRITTLE 

l<lATRIX CERAMIC COMPOSITES 

* D. P. H. Hasselman and R. l-1. 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 cer~~ic systems. The materials consisted of a continuous brittle 

matrix containing dispersions with elastic properties different than 

those of the matrix. A soda borosilicate glass was used 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 engineering, Department of Mineral Technology, University of 

California, Berkeley, California. Dr. HasseJ.m.an is now senior research' 

ceramist, Metallurgy _and Ceramics Branch, Stanford Research Institute, 

Menlo Park, California. 
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The experimental results sho-vred that micro::nechanical stress con

centrations strongly affect the macroscopic strength of the composite. 

Under biaxial tensile stress additions of either alumina microsphores 

or spherical porosity to the glass matrix resulted 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-alumina syste~ was negligible. T~~ glass

porosity syste!ll gave a reduction in uniaxial strength -w-hich was not equal 

to the maximum calculated st~ess concentration factor. 

Experimental results suggest tn~t differences in strength of brittle 

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 

relating the relative size of the region in the glass matrix over which 

stress concentrations act to the size of the Griffith flaws responsible 

for failure. This hypothesis is extended to the effect of porosity on 

the strength of polycrystalline brittle ceramic materials. 

'• 

• 

.. 
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I. INTRODUCTION 

·,Many brittle ceramic :materials of technological importance are com-

posed of two or more phases which differ .in physical and che~ical proper-

·ties. Under mechanical loading differences in elastic properties of 

individual components of a ceramic body can lead to stress inhomoli:!eneities 

generally referred to as "stress concentrations". Numerous theoretical 

solutions have appeared in the literature for stress concentrations 

associated with elastic inhomogeneities of various shapes contained in 

an infinite :::'.atrix. 1-
4 

Although these theoretical solutions appear to 

be useful for the predic':;ion of mecha...'1ical behavior of engineering 

structures, their applicability to the prediction of the mechanical 

properties of ceramic systems appears limited. 

The purpose of the present study was to investigate the effect of 

stress concentrations on strength of composite materials, in order to 

determine whether engineering stress concentration theories can be 

applied to these types of materials. The composite system selected con

sisted of a continuous glass matrix containing (a) spherical alumina 

particles and (b) spherical pores, as dispersed phases •. These two dis-

persants will result in distinctly different values and dis-tributions 

of the stress concentrations. Use of a glass matrix assures one of a 

homogeneous uniform, pore-free matrix material. 

In ·order to investigate the effect of different·stress concentrations 

for each type of dispersant, specimens were subjected to uniaxial as 

well as biaxial tensile loading~ 
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II. EXPERIMEI·JTAL 

A. t-1aterials 

The glass.for the composite systems investigated consisted of a 

sodium borosilicate glass of the same composition (14% Na20, 16% B203, 

and TO% Si02 by weight) as the D-glass used in previous 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 alu:n.ina particles v:ere obtained by spheroidization 

of alumina powder in a de plasma jet. Alumina particle size was about 

60~. This particle size was selected such that over the whole range of 

volume fraction alumina investigated, strength would not be controlled 

by glass "mean-free-path" considerations. 8 Interfacial bonding is 

obtained between the D-glass and the alumina particles as shown pre

. l 8 VJ.OUS y. 

Spherica~ porosity was simulated by incorporating spherical nickel 

particles in the glass matrix. Nickel particle size was approximately 

60~. Due to the much larger coefficient of thermal expansion of the 

nickel as compared to the ~lass and the nonbonding characteristics of 

the glass-nickel interface, on cooling the composite from the hot-press-

ing temperature a spherical pore is produced. By compari~g the total 

shrinkage of the nickel with the calculated elastic strains in the 

glass induced in the strength tests~ it is easily verified that the 

nickel. cannot contribute to the load-bearing ability of the glass for 

volume concentrations of nickel investigated. 

. . 

• 
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B. Specimen Preparation 

· All composites were prepared by the vacuum hot-pressing techniq_ue 

d :b d . . - 1 6,7 ,B Gl 1 . b' . 1 . . t d escr1 e prev1ous y. ass-a um1na 1ax1a spec1mens cons1s e 

of 1 in. diani 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. diam by 1/4 in. thick. 

For purposes of comparison, it was attempted to manufacture the 

.· · glass-nickel specimens in a manner identical to the one followed· for 

the glass-alumina specimens. However, considerable difficulty was en-

.countered attempting to slice 1 in. diam biaxial specimens, presumably 

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

quantity of 1 in. diam disks (0.075 in. thick) were hot-pressed in

dividually, followed by a light grinding (1000-grit silican carbide) 

to remove carbon and graphite 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 Measurem~nts 

Strength was determined by bend tests carried out at room tempera

ture. Uniaxial strength was determined by four-point loading using a. 

3/4 in. overall span. Biaxial tensile bend stre.ngth was obtained by 

f i t t · '1 t th 1 d b B·. 10 h' h 1'n means o a r ng es s1m1 ar o e one emp oye y 1nns w 1c , 

effect, simulates two equal mutually perpendicular tensile stresses . 

. The 1 in. diam strength specimens were placed on a stiff rubber 0-ring 
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_and loaded by placing a 3/16 in. diam ball-bearing in ·the center of . . 

the specimen. The disk was loaded to failure in an Instron mashine. A • 

rubber 0-ring was selected as specimen support in order to duplicate the 

loading rates used in the uniaxial bend test. Time to failure was 

approximately 30 sec. The value of strength obtained by the ring test 

was calculated by means of an expression given by Tirnoshenko et a1. 11 

For simplicity this value of strength will hereafter be referred to as 

biaxial strength. Although the strength of glass is governed by· numerous 

vari~bles12 (i.e., humidity, rate of loading, temperature, etc.) the 

value of glass strength obtained will be characteristic for the experi-

mental conditions selected. 

III. EXPERIMENTAL RESULTS 

Figures 1, 2, and 3 illustrate the experimental values for the 

uniaxial and biaxial-strength for the glass-alumina and glass-porosity 

systems. Average strength values with statistical data are also listed 

in-Tables I and II. Although different surface preparation techniques 

were employed for each composite system, the values of glass strength 

are sufficiently close together to conclude that nomajor differences 

exist between the surface conditions. The values of the relative slope 

which can be drawn through the glass-porosity data at low porosities 

(see Figs. 2 and 3) are approximately minus two and minus _unity for the 

uniaxial and biaxial stress conditions, respectively. 

Figure 4 illustrates a fracture surface of a glass-nickel specimen, 

clearly sho-w'"ing the nonbonding characteristics between the_ 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 

be similar to the observation of Passmore et a1. 14 of the fracture 

surfaces of polycrystalline. alumina. 

The theoretical stress concentrations were calculated on the basis 

of the solutions of Goodier. 1 Since gla.ss fracture generally is 

nucleated in the specimen surface12 and because of the high stres-s 

gradients in the strength test employed, it was felt that Goodier's 

solutions for the stress concentrations around a circular inclusion in 

a flat plate (two dimensions) better describe the stress conditions 

in the surface than the solutions for the stress concentr~tions around 

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

trates th1e polar coordinate system employed to describe the stress. 

Using numerical values 331, 5 1635,13 and 0 kilobars for the shear 

·moduli for the glass, alumina, and porosity, respectively; and for 

Poisson's ratio for the glass and alumina the values 0.1975 and 0.257 ,13· 

respectively, the results for the stress concentrations in the glass 

matrix under conditions of uniaxial loading obtained were: 

Glass-alumina system: (Uniaxial) 

or =·2T [0.107 a
2
+ (-0.267 a'\ 0.356 a

2 
) cos 20) + T cos 0 (1) 

.r2 r4 r2 

(2) 

where: 

T = the stress applied to the composite 

-ar' a0 , r, a, and e are defined in F.igure 4 ·. 

..• 
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. Glass-porosity system: ·(Uniaxial) 

ar = 2T [- ::2 +{ f :: - ~:~ cos 20]. + T cos e · (3) 
• 

cos 20) + T sin 0 (4) 

Under conditions of biaxial loading, the stress concentrations became: 

Glass-al~~ina system: (Biaxial) 

a = .4T (o.107 ~2 ] + T (5) 
r · 2 - r 

a9 = 4T ( -0.107 ~?] + T (6) 
r2 

Glass-porosity system: (Biaxial) 

a = 4T (- ~2 ] + T 
r 4r2 

(7) 

ae = 4T [ a2 J 
4r2 

+T . (8) 

Under conditions of a tensile load (T positiv~), tensile stresses 

greater than the applied stress occur for Eqs. (1), (4), (5), and (8). 

The other equations result in stresses smaller than the applied tensile 

stress. As a consequence, if stress concentrations are to affect 

tensile strength, Eqs. (1) through (8) suggest that in the glass-alumina 
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system failure will be due to the radial component of the stress con

centration. (Eqs. (1) and. ( 5)) whereas for t.he glass-porosity system the 

tangential component (Eqs. (4) and (8)) will lead to failure. Equations 

(1) through ( 8) also show that maximum stress occurs at the inter.face 

(r = a) and that under conditions of biaxial loading the stress con-

centrations are independent of the angular position. 

For the glass-alumina system the values of the maximum radial 

stresses are 1.39 T and 1.43 T for uniaxial and biaxial loading, 

respectively, whereas the oaximlli~ tangential stresses for the glass-

porosity system are 3 T and 2 T under uniaxial and biaxial stress, 

respectively. The values of stress concentration divided by t.he applied 

stress are often referred to as stress concentration factors. 

IV. DISCUSSION AND CONCLUSIONS 

The·most interesting results of the present investigation is that 

the experimental data of the strength for the glass-porosity system 

· show·an apparent precipitous decrease in strength even at a small volume 

fraction porosity, followed by a rather small further decrease in 

strength at further increases in porosity. This appears to be in dis-

. . . . 14 15 16 17 18 19 agreement with observations on polycrystall1ne ceram1cs, ' ' ' ' ' 

which generally are thought to show a smooth decrease in strength from 

the zero-porosity' strength upon introduction of the pore phase. In the 

present 'investigation extrapolation to zero porosity of the glass-

porosity strength data results in zero-porosity values of s.~rength much 

smaller than the observed values of strength of the glass itself. The 

zero-porosity extrapolated value of biaxial strength of the glass 
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{~600 psi) is approximately one-half the observed value of the glass 

strength, in agreer:1ent with a calculated stress concentration of twice 

the applied stress (E~. (8)). The relative slope of the straight line 

in Fig. 3, with a value of approximately minus unity, suggests that 

'Iinder conditions of biaxial stress the average stress level within the 

glass is inversely proportional to the glass volume fraction. 

The uniaxial strength data for the glass-porosity 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. 4) ._ The relative slope 

. of the strength-porosity curve under uniaxial stress (~ -2) as compared 

to the.relative slope under biaxial load (~ -1)' is thought to be a 

reflection of the fact that under uniaxial load the stress distribution 

around a pore is considerably more complex than under a biaxial load, 

as may be ascertained by comparing Eqs. (3), (4), (7), and (8). 

Of _interest to"note is the upward curvature of both the uniaxial 

and biaxial strength data for the glass-porosity system as shown in 

Figs. 2 and 3. In a previous investigation8 it was suggested that at . . 

·the interparticle spacings'employed neglecting stress concentration 

effects (other variables held constant) that the strength·of a com-

posite system should follow the relation: 

S = So (1 ~ ~)~112 (9) 

where S and So represent the strength of the composite and matrix, 

respectively, and ~ is the volume fraction dispersant· (porosity P for 

• 

• 
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the present system). 

!.The experimental results for biaxial strength of the glass-porosity 

system suggests that Eq. (9) should reflect the effect of the stress 

concentration, as well as the decrease in amount of material carrying 

tlie load .. Dividing the right-hand side of Eq. (9) by the maximum stress 

concentration factor (K) and ir:troducing the factor (1-P) to correct 

for the reduction of load bearing volume results in: 

S = ~o (1-P)l/2 (10) 

which indeed describes the observed strength values for biaxial stress 

(K = 2) to within 300 psi of the observ~d average values. Equation (10) 

however, does not appear to be applicable to describe the results ob-

tained for the uniaxial strength of the glass-porosity system. 

· As the relative effect of porosity on the. biaxial strength of the 

glass appears to be different than the relative effect of the porosity 

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

simil~r 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-alumina system 

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

, porosity system, with the ¢iifference that now the alumina dispersed 

· . pha3e is under 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 
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divided by the calculated stress-concentration factor for this syste~ 

(1.43). At least qualitatively similar observations were made by 

Binns.10 In fact, the biaxial strength value can be described quite 

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

tration, by 

S ~ So (1 
K 

¢)-1/2 (11) 

The uniaxial strength results of the glass-al~~ina system in con-

trast to the glass-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 concentration· 

factors as desc·rtbed by Eqs. (1) through (8) should be valid for very 

' . small concentrations of disperseG. phase only. The agreement between 

· theory (Eqs. 10 and 11) and experiment suggests that, at least under 

conditions of biaxial stress, the calculated values of stress concen-

trations (Eqs. (1) to (8)) can be applied to relatively high volume 

concentrations of a dispersed phase. 

For the four different systems studied (i.e., porous matrix under 

uniaxial and biaxial loading and a dispersed phase system under uni-

axial and bia.Xial 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 differences in the effect of micromechanical 

stress concentrations on the uniaxial and biaxial tensile strength of 

the composite systems investigated, can be based on the hypothesis 

v 

· that fracture in brittle materials generally originates at structural · • 
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defects, i.e., "Griffith flaws". The existence of these flaws in 

.brittle materials is well substantiated.12 •2° For this investigation 

the surface treatment of the.glass matrix would produce Griffith flaws 

of the order of 40 to 50 microns as found previously.
8 

The original expression as derived by Griffith for the macroscopic 

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

an elliptical flaw of length (d) ca.'1 be expressed by 

s ::: [ 1) 1/2 (12) 

where y is the surface energy and E is Young's ~odulus of elasticity 

of the material. 

The material systems presently investigated contained spherical 

dispersions with a diameter of approximately60 microns. Examination of 

Eqs. (1) through (8) will reveal that the concentration of stress in 

excess of the internally applied stress extends over distances con-

siderably smaller than the size of the dispersions. In fact, the 

maximum yalue of stress concentration under uniaxial stress conditions 

occurs at two points only (e = 0 and e = 180°, at r =a). As a con-

sequence a Griffith flaw located near one of the dispersed alumina 

particles or pores is subjected to a highly non-uniform stress field, 

such that only a small segment of the flaw is subjected to the higher 

level of stress due to the·stress concentration effect. Under these 

conditions it is to be expected that, at least qualatitively, the 

Griffith criterion ·.(12) no longer is valid. For failure to occur, a 

stress level will be required_ higher than calculated on the basis of 
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the maximum stress concentrat-ion factor and lower than the macroscopic 

strength of the matrix phase. 

Examination of Eqs. (1) to (4) shows that for the glass-alumina 

system the region of the matrix 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 for the glass-al~~ina system. Examinat~o~ of·Eqs. (5) 

to (8) shows that under biaxial stress conditions the high tensile 

stress concentrations act over a ~onsiderably larger volume of the 

matrix as compared to the uniaxial stress conditions. And indeed, as 

suggested by the observations, the stress concentrations under biaxial 

conditions act over a sufficiently large volume compared to the size 

of the 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. However, the developm~nt of such a theory appears mathe

matically prohibitive, no doubt made even more complex by interactions 

between the stress field around the dispersed phase and the stress · 

distributions around the Griffith flaw. 

The hypothesis that the effect of micromechanical stress con-

,_, 

_centrations on the strength of a brittle material depend on the size of • 

the Griffith flaw relative to the region over which the stress con

centration acts is vital to. the development of any fractu~e 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 substantially larger than the flaw size 

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

value of stress concer.-:!'a.tion. Engineerir.g structUr-es 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 concentration 

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 strength 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 smallerthan the Griffith 

flaw. The flaw will be completely unaffected by the stress conceri-

trations near the pores. Strength should exhibit a monotonic decrease 

with increasing porosity, without the precipitous decrease in strength 

characteristic of case I. The effect of porosity ori high strength 
\ 

polycrystall~ne industrial ceramics should fall in this region, as well 

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

the high-density alumina investigated by Passmore et a1. 14 who found 
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a flaw ·size of the order of the gra~n size and a pore s·ize an order 

of magnitude smaller than the grain size. It is in this region where 

the "cross-sectional area" approach by Knudsen17 and Brown et a1. 21 

for the effect of porosity on strength appear to be most applicable. 

As these theories are not restricted to pore size, they should be 

applicable to engineering structures as well as brittle ceramics con-

taining small pores. However, care should be taken in predicting the 

effect of porosity on strength based on these theories in regions where 

stress concentrations are the governing factor. 

In intermediate case II the ~law size is of the order of the pore 

size such that only a segment of the flaw is subjected to the stress 

concentration. The effect of porosity on strength in this region 

will exhibit a precipitous decrease in strength. upon introduction of 

the first pore but not to a value corresponding to the calculated 

maximum stress concentration. The present results for the uniaxial 

tensile strength of the glass containing spherical pores appear_to 

· "fall in this region. 

The results for the hypothesis that micromechanical stress con-

centrations affect the porosity-stress relationship of brittle materials 

is summarized in Fig. 6. The relative slopes shown in the figure for 

the three cases were arbitrarily chosen. 

V. SUMMARY 

An investigation was carried out to determine the effect o~ micro-

\ . .' 

. . . v 
mechanical stress c"oncentrations on the macroscopic strength of multi-

component brittle ceramic materials. Composite systems investigated 
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consisted of a continuous glass·matrix containing (a) spherical particles 

of alumina and. (b) spherical pores. Experimental data obtained show 

that for the systems investigated stress concentrations have a detri

mental effect of macroscopic tensi1e stre.ngth. Under biaxial tensile 

stress conditions the decrease in strength corresponds to the maxi~um 

calculated stress concentration factor. Under uniaxial tensile stress, 

however, the decrease in strength is less than expected from stress 

concentration factors. 

A discussion is pr~s~nted which explains these observations in 

terms of the size of the region cf the glass matrix over which the 

stress concentrations act, compe.red to the size of the Griffith flaws, 

responsible for failure . 

' . 
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Volume 
content 
Al203(%) 

0 

2.75 

5.5 

10.9 

21.6 

32.0 

~2.3 

47.5 

Table I. Crossbending strength and statistical data for a sodium borosilicate 
glass containing dispersions of 60~ diameter spherical alumina particles, 

Values 
of tt for 

Uniaxial strength Biaxial strength difference 
Standard Standard between 

Average No. of deviation Average No. of deviation uniaxial and 
(psi) samples (% of average) (psi) samples (% of average) biaxial strength 

. . * 
14 '700 . 38 12.7 13,100. 18 7.2 3.4 

-- -- 9,650 10 8.9 

14,300 32 4.7 9,610 9 6.0 11.2 

* 9,600 13,200 25 10.2 9 9.5 7.3 

* 13,200 34 5.6 9,900 9 5.0 12.7 

. 14,100 * 35 5.9 11,000 10 5. 9, 10.7 

16,000 * 32 5,.3 13,400 10 2.5 9.3 

16,900 * 5.4 31 13,000 9 5.4 12.2 

* Data obtained from reference 8. 

Significant 
difference:j: 

between 
uniaxial and 

biaxial 
str~ngth? 

. Yes 

Yes 

Yes 

Yes 

Yes 

Yes· 

Yes 

t See W. J. Dixon and F. J. Massey, Jr., Introduction to Statistical Analysis, Chapter 9, Second Edition. 
McGraw-Hill Book Co., New York, 1957. 488 pp. 

:P At the 95% confidence level. 
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Porosity . Average 
. (%) (psi) 

0 12,400 

2.5 6,610 

5 6,450 

10 5,500 

15 4 ,970. 

20. 4,410 

30 3,870 

. '40 3,340 

+ See Table I. 

~~ 

.) til 

Table II. Cross bending strength and statistical data for a sodium 
borosilicate glass containing 60~ diameter spherical pores 

Values 
of t+ for 

Uniaxial strength Biaxial st.rength difference 
Standard Standard ·between 

No. of deviation Average No. of deviation uniaxial and 
samples (% of average) (psi) samples (% of average) biaxial strength 

15 16.1 12,500 12 5.5 0.16 

15 7.5 6,300 9 11.0 1.22 

18 8.2 6,360 ·8 ·. 6.0 0~41 

10 10.1 5,980 9 6.9 2.00 

12 8.9 5,400 9 3.7 2.12 

14 . 8.2 5,280 9 8.0 5.12 

16 11.4 5,170 9 5.2 8.02 

10 12.5 5,180 9 7.9 9.01 

• 

Signi.ficant 
difference+ 

·between 
uniaxial and 

biaxial 
strengths? 

No 

No 

No 
l 

No N ,..,.. . 
I 

No 

Yes 

Yes 

Yes· 
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o Uniaxial 

o Biaxial 

0.1 0.2 0.3 0.4 0.5 

Volume fraction Al2 0 3 

MUB-7856 
Fig. 1 Unia;cial· and biaxial strength of a soda borosili

cate glass containing 60~ diam alumina spheres 
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0 
0 0.1 0.2 0.3 0.4 0.5 

Volume fraction spherical pores 

MUB-7857 
Fig. 2 Uniaxial strength of a soda borosilicate 

glass containing 60~ diam spherical pores 
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MUB•7855 
Fig. 3 Biaxial strength of a soda borosilicate 

glass containing 60lJ. diam. spherical pores 
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Fig. 4 
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ZN - 5269 

Fracture surface of a soda b or osilicate gl ass containing 
15 v al %, 60~ di am nickel spheres 
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Fig. 5 Polar-coordinate system for the description of 
microrncchanical stress concentrations 
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o. r 0.2 0.3 0.4 

Volume fraction porosity 

MUB-8103 
Fig. 6 Proposed effect of micromechanicai stress concen

trations on the streng~~h of a po,t·ous brittle 
material ·where: Case I. Fl<:n,, size << pore size; 
Case III. Flaw size >>pore size; anc Case II. 
Flaw size z pore size. 
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A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
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