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LIMITATION OF GRIFFITH FLAWS IN GLASS-MATRIX. COMPOSITES 

Yogesh Nivas 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Mineral TechnOlogy, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

November 1968 

The effect of the limitation of Griffith flaws~ introduced in an 

abraded surface of glass, on the strength of glass-tungsten composites 

was investigated for small sizes of Griffith flaws. Hasselman and 

Fulrath's postulate was found to extend to smaller flaw sizes. 

It was found that use of tungsten spheres with two particle sizes 

or a wide distribution about one average size as the dispersed phase in 

a glassy matrix decreased the average mean free path in the dispersed 

phase conSiderably more than could be a,chieved with a single particle 

size dispersion. 

Experimentally determined average mean free path by statistical 

techniques was in good agreement with that calculated by Fullman's 

equation and was successfully used when the dispersed phase had two 

particle sizes or a wide particle size distribution. The strong effect 

of internal stresses developed due to mismatch of thermal expansion of 

two phases in reducing the strength of a composite is demonstrated. 
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I. INTRODUCTION 

1 
In 1966 Hasselman and Fulrath developed a th~ory,forthe 

strengthening of glass 'containing a dis:;:>ersed phase. This hypothesis 

was based on the 'premise;that the dispersed phase could limit the 

average Griffith ,flaw :'sizewhich would be produced in the surface of a 

severely abraded composi,te. When alumina microspheres were dispersed 

in a glass matrix it was found that the theory could be experimentally 

confirmed. 
2 

In their work they used a relation developed by Fullman to 

calculate the average, mean free path between dispersed phase particles. 

This average mean free path was then considered to.be the average 

Griffith flaw .size and WQuldtherefore determine the composite strength. 

Because different abrasion techniques would produce different flaw sizes 

in the glassmatrix,the relation relating', strength to flaw size was not 

followed when the calculated mean free path was greater than a given 
" 

value for a specific system. Therefore, a plot of the composite strength 

vs the reciprocal square root of the average mean free path as deter-

mined by the Fullman equation showed two regions. 

In the first region, the strength of the composite was relatively 

independent of the calculated mean free path. In the second region, the 

predicted relation was followed. 

The use of the Fullman equation requires that the size and volume 

fraction of spherical" dispersed phase particles be known. Therefore, 

the systems which can be expe~imentallYiinvestigated are limited to com-

posites with a single particle size as the dispersed phase. This 

limitation and the forming process (vacuum hot pressing) used,limited 

the volume fraction of dispersed phase material that could be incorporated 
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into a glass matrix to approximately 50 vlo. 

This study, was undertaken to, first~experimentally confirm the 

Hasselman and Fulrath postUlate to smaller Griffith flaw sizes and 

second, to achieve higher volume fractions of the dispersed phase in • 
a glassy matrix than previously reported. Both of these objectives 

should be attained if the dispersed phase consists of two or more 

particle sizes. 

:. " 
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II. EXPERIMENTAL PROCEDURE 

A •.. Mat erials 

Three glass compositions were used in.this study. All were in the 

soda borosilicate system and were chosen because of their thermal expan-

si'on coefficients. Table I lists the three compositions used; along 

I 

with the measured density and thermal expansion coefficient •. The glasses 

were compounded using sodium, carbonate, boric acid and silica flour. 

The compositions were mixed, .melted in platinum, and ground to-400 mesh. 

Tungsten was chosen for the dispersed phase because microspheres in 

a wide size range are commercially available. Size fractions were ob-

tained by screening or air elutration. ,The average particle sizes of 

the separated fractions were measured by optical microscopy. 

B. . SpeCimen Fabric at ion 

The powdered glass and tungsten micro spheres were weighed to the 

desired volume composition, mixed, and loaded into graphite dies. The 

composites were vacuum hot pressed in eqUipment previously described.
3 

Both surfaces of the fabricated composite (one inc;h diameter by 1/4 inch 

thick) were ground flat with 400 grit SiC. The compact density was 

measured by :immersion in ethyl alcohol. 

The disks were then cut into bars approximately 0.050 inches thick 

by 1/4 inch wide. on a'precision diamond saw. The as-sawn surface was 

stressed in tension on a 4-point loading device with a span of 0.75 

inches. The average modulus of rupture was calculated from the results 

of eight or nine specimens of each composition. 



c .. Determination of < Mean Free 'Path 

Because the Fullman expression is no~ applicable when a composite 

• 
contains two or more size fractions, the determination of the mean free 

path in the glassy !!latrix was done by 'statistical methods • • 

Random sections were cut through the composite system. The sur-

face was then ground and' polished. A photomicrograph was then taken 

and the photograph enlarged to eight inches by ten inches. Following 

the. tec:hI1iques outlined by Underwood et ai.,4 random lines of a given 

length were drawn on the photograph. The number of spherical particles' 

intercepted by each line was counted. The average value of n, the 

number of particles intercepted per line of length, L, was determined 

from the average of 30 tb40 lines on sections through each composition. 

where 

The· average mean free path, A, was determined from the relation 

v = the volume fraction of the dispersed phase 
v 

NL = average nUiIlber of particles intersected by unit length of line. 

A typical photograph used is shown in .. Fig. 1. Where spherical 

cavi ties existed due .to particle pullout during grinding. and polishing, 

the cavity was as'sumed to be a particle. 
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III. RESULTS AND DISCUSSION 

A. 'Relation'of Calculated t6Measured'Mean'Free'Paths 

1 
In the previous ,work of Hasselman and Fulrath, all mean free paths 

in the matrix of the composite were calculated from the Fullman equation • 

To compare ,the Fullman equation with Eq. (1), a single size fraction 

varying volume fraction series was fabricated and the average mean free 

path calculated an~ experimentally determined by Eq. (1). The results 

ar~ given,' in Table II. There appears to be good agreement between the 

two values, with the experimentally determined mean free path always 

less than that calculated. As the vol fraction of dispersed phase is 

increased, the difference.between the two values of mean free 'path de-

creases. This is probably due to better statistics being achieved in 

the experimental method when NL increases with either increased volume 

fraction or decreased particle size. Furtller, ,the Fullman equation 

,assumes one particle size whereas in any real system there exists a size 

distribution. This leads to an uncertainty in the calculated average 

mean free path. 

Because this studywa:sto concentrate on increased volume fraction 

loadings of a dispersed phase and smaller average mean free paths th~n 

previously reported, it was concluded that the statistical method reported 

4 
by Underwood could be used successfully for the average mean free path. 

B.Density6f'Glass"';'TlingstenC6IiJ.p6sites 

In previo:usly reported work
l ,5,6 on glass matrix composites formed 

by vacuum hot pressing, porosity was introduced into the system at 

approximately 50 vlo dispei-sedphase. All previous systems used one 

dispersed phase particle"size. This is in agreenient with Sohn's7 



) 
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findings that high packing densities of powders cannot be achieved unless 

special_ vibration techniques are used·for packing. 'Two methods are 

available to increase particle packing density. First is to use mixed 

size fractions
8 

and second, use one size with a large size distribution. 7 

Systems of both types were fabricated and the results shown in Fig. 2. 

(Dotted curve is predicted from Hasselman's work for a particle size of 

l511 or less.) As shown in the figure, increased loadings can be achieved 

in either case. However, the maximum volume fraction ·of dispersed phase 

that can be incorporated into a glass matrix is far less than the maxi-

mum packing deqsity that can ,be achieved and has been shown in particle 

packing stUdies. In vacuum hot pressing with no de'formation of the 

crystalline dispersed: phase and starting with a glass powder,' the tech-

niques adopted in particle packing studies to achieve high packing 

density cannot be used. TherefQre, the maximum densities reported in 

this study are limited by fabrication techniques. 

c. Strength'of,Glass';'Tungsten·Composites 

The average mean free path of each of the compositions of Ny glass-

·tungsten shown in Table III was determined by the method described in 

Section II, C. The strength is plotted in Fig. 3 according to the 

, , . 1 
postUlate of Hasselman and Fulrath. 

In the figure, only those composites with less than 3 v/o porosity 

are plotted. Those composites with greater than 3v/o porosity were 

drastically weakened as was found by Bertolotti and FUlrath.
9 

The be-

havior of these composite systems wit~ closely matching thermal expansion 

. is exactly the same as that observed for the A120a-D glass composites 

reported previously. However, this study has extended the average mean 

• 

., 
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free path to lower values. 

The separation between Regions I and II occurred at a measured mean 

free path of 50~. Using the elastic modulus of glass as 8.7 x 10.6 psi 

(as measured by frequency resonance method
lO

) and the dynamic surface 

energy of 2500 ergs/cm2 in the Griffith equation
ll 

gives a Griffith flaw 

of approximately 57~. 

The slope of the line in Region II can be used as shown by Hasselman 

and Fulrath to calculate the approximate dynamic surface energy • Again 

using the appropriate elastic modulus as given by Hasselman and Fulrath 

f t t 1 . t 12 th d '. f f f t or ungs en-:-g ass composl es, e ynamlc sur ace energy or rac ure 

can be calculated as 2300 ergs/cm2
• These ,results correlate remarkably 

well for a brittle matrix composite system. 

Using glasses with thermal expansion coefficients differing from 
1,' , 

that of tungsten,' the composites fabricated showed the same relative 

mechanical behavior. lIt is apparent that strengthening is considerably 
~ . '. . 

, 
reduced in'these syste~s. The strength of composites with high and low 

" 

expansion glasses relative to tungsten are given in Table III and 

plotted in Figs. 4 and 5 as strength vs square root of calculated mean 

free path, d, for single particle size dispersion. When the same volume 

fraction and particle ,sizes of tungsten are dispersed in each of the 

three glas~es and the resultant strength plotted against the thermal ex-

pansion of the matrix phase (Fig. 6), it is apparent that internal stress 

13 
is contributing to lower the strength as reported by Fulrath. The 

behavior of differe~t glasses with tungsten dispersion is similar to that 

", '.' 14 
shown by D. B. Bins for glass-alumina and glass-zircon composites. 
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IV. .SUMMARY AND CONCLUSIONS 

As a result of thiswork,it has .been shown that the experimental 

determination of the average mean free path in·a dispers!=d phase com-

'.' " . . ... 2 
.:posite system agrees .. well·with that calculated. by the Fullman equation. 

Further, this method can be used when the dispersed.phase consists of 

two.particle sizes or a wide distr;ibution about one average size. 

The systems studied experimentally extended. the postulate of 

Hasselman and Fulrath
l 

to smaller Griffith flaw sizes. By using three 

different glass.compositions, the strong effect of iriternal stresses in 

reducing the strength of a composite has been demonstrated. 

• 

,. 
\ 

l.' 
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TABLE I 

Properties and Compositions of Materials 

Composition 
. (wt .. %) .. 

Si02: 65.0 
Na20: 8.5 ,';" 

B203 :26.5" 

Si02 :70 •. 0 
NaiO:16.o 
B203:14.0 

Si02 :67.0 
NaiO:4.5 
B20~:28.4 

* Thermal expansion 
(in/inoC X lOG) 

4.9 

3.25 

4.6 

Density 
(gm/cm3 

) 

2.20 

2.46 

2.16 

.19.3 

Hot pressing 
Temp~ (OC) 

690 

·660 

640 

* All the values. of thermal expansion are given in the range of room 
temperature to 45'OoC. 
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TABLE II 

Calculated and.MeasuredAverage Mean Free Paths 

• . Average 
Particle 

Composite Composition Size A Cal. A Meas. Difference 
')1 . J1 ' . ]1 

* 5 via A1203 82 1038 800 22% 

* 10 via Nickle 95 570 412 20% 

* 20 via Al203 78 208 170 18% 

.* 
30 via A1203 78 121 '104 14% 

30 via Tungsten 75 116 100 13.5% 

30 via Tungsten 50 ,8 70 10% 

40 via Tungsten 50 '50 46 8% 
t 

50 via Tungst'en 50 33 30.5 7.5% 

* Composites from previously reported work. 



TABLE III 

Cross-Bending Strength of Sodium Borosilicate Glass Matrices 

Containing Dispersed Spherical Tungsten Particles 

.Vo1ume.FraciionW (¢). 
Tungsten 

Partic1e.Size (~) 

Matrix 
10 20 Jb. 40 50. 60 .. 63.2 10.' . 

., .-' 

50 7900 8700 9300 11,140 11,900 
(4.3) (8.2)' (6~ 3) (5.21. . .. (5) .. .. Ny' 

70 + 10 . " 8650. 9725 . ~o, 70013,000 15,600; 8160 (S~;:~:th 
• ,1' .(6.2).· (8), . (4.8) .'. (9.6)(4.2) .... (8.1) = 8250 

5'0'+ 6' -10,800 12,150 13,000 16,620 17,900 8000 psi) 
.. ,- ( 5 . 5) .. ( 4; :2) . . ( 4; 6) '. D. 5) . . (2 • 3 ). ( 13. 6 ) 

3. to 13 16,900 18,800 22,500 6370 
. . "( 4'; 5) ( 5; 5) ( 5 .1) ( 3; 5} ...... 

50, 7120 7050 8300 8825 8600 
, '. ' .• ··.·(6.3)(5;3) ..• (6;32 .. ·.(1;5) .(4.3) (N

St
4 glatsh~ 

_'. reng, 
20' 8300 9247" "9700 10,00011,140 ,= 7900 

., . ,,' (9.5). .(3'.3).('r.3J. (12) .. (9.2) .' , , , . psi) 

50 2700· 2725 2260 ~ 3200 2800 D glass 
(4;9) . (12.5), .. ' (Ill, , .·(8~5) (10.5) . (Strength 

20 7480 7000 7500 7660 8300 = 70~0 
(7~6) (13):' (6~7)' '(12) (6~1)'" PSl 

All bend strengths are given in psi. Numbers in parenthesis represent the percentage standard 
deviation. The strengths were determined from 7 to 9 breakingsper sample. 

)' ': 
4-' .( 

I 
f-' 
.j::" 

I 
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XB B 691-7 

Fig. 1. A typical photomicrograph of Ny gl ass and tungsten 
composite, c ontaini ng 63.2 vlo tungsten spheres of 
sizes 70 and 10~ (72% c oarse + 28% fine). Black 
spheres are pull out s during polishing. 
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PARTICLE SIZE DISTRIBUTION 
(3 TO 13p.) 

TWO PARTICLE' SIZES OF TUNGSTEN 

(SOp. + 7 JL) 

<i 100~--o---~ __ .,.. 
u 
~ 
w 
a: 
o 
w 
:::r: 
~ 

LL 
o . TWO PARTICLE SIZES OF TUNGSTEN 

if. (70p. + lOp.) 

I 00 <J-i.--i..~-o---o---,- ___ _ 

30 40 50 60 70 

VOLUME FRACTION OF TUNGSTEN 

FIG. 2 MEASURED DENSITY OF THE Ny 

GLASS AND TUNGSTEN COMPOSITES . " , . 

PLOT'tED AS % OF THEOR E TICAL DENSITY 

AGAINST VOLUME FRACTION OF TUNGSTEN. 
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'MEASUREDMEANF"REE PATH (microns) 

300,: 50 20 ,,9 -6 4 

8W'--";;;;;"';"'~ 

I 

4 

.I 
/ 

I 

O~--~~~~--------~----~~--------~~ 
o 0.1 0.2 0.3 0.4 0.5 

I ( - ) -1/2 .;r' microns 

FIG. -3 EXPE·RIMENTAL DATA FOR THE STRENGTH 
OF Ny GLASS AND TUNGSTEN' COMPOSITES 

PLOTTED AGAINST RECIPROCAL SQUARE ROOT 

OF MEASURED MEAN FREE PATH. 
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MEAN FREE PATH (microns) 

300 50 20 9 6 4 
20--~----~~~------~--~~--,--, 

.16 -.-en 
~ 

It) 

Q I2 -
J: 
l­
e.!) 

Z .. 

~&\F--O-O~· ~'FLAW SIZE = 641' 

CJ) . (CALCULATED FLAW SIZE = 74 JI.-) . 

. ".;' ",' .' . 

O··~·----~~--~----~~--~----~~ 
00.1 . 0.2():3 0.4 0.5 , 

.. I ..• 
-:- (microns)- /2 
$' 

FIG. 5 EXPERIMENTAL DATA FOR THE STRENGTH 

OF N4 GLASS AND TUNGSTEN COMPOSITES 

PLOTTED AGAINST RECIPROCAL SQUARE 

ROOT OF MEAN FREE PATH. 
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.. 20 

••• 50 

D . 
o . 2 4 6 8 lOx 10-6 

THERMAL EXPANSION OF GLASS PHASE 

(R. T. TO 450°C) 

FIG; 6. EFFECT OF THERMAL EXPANSION OF 
THE GLASS ON THE STRENGTH OF 

COMPOSITES CONTAINING 40 v/o 

. TUNGSTEN SPHERES. 

r· • 
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