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LIMITATION OF GRIFFITH FLAWS IN GLASS-MATRIX COMPOSITES |

Y. Nivas and R. M. Fulrath

4 " Inorganic Materials Research Division, Lawrence Radiation Laboratory,

. and Department of Materiels Science and Engineering
College of Engineering, University of California,
Berkeley, California !

ABSTRACT

January 1969

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 on Griffith flaws.4'Hasselman‘and
Fulrath's postulate was found to extend to small flaw sizes.

It was found that the use of tungsten. spheres w1th two particle
sizes or a wide distribution about one average size as the dispersed -
phase in a glass matrix decreased the average mean free path in the

matrix phase considerably more than could be achieved with a single

~particle size dispersion,

Experimentally determined average mean ffee-paths by statistical =
techniques were in good agreement with that calculated-by‘Fullman's
equation. This technique was successfuliy used when the dispersed phase

s

had two'particle sizes or a wide particle size distribution.. The strong

" effect of internal stresses due to & mismatch of thermal expansion of the

two phases in reducing the strength of a composite was demonstrated.

This work was done under the auspices of the United STates Atomic Energy

Commission.

The authors are graduate student and professor, Lawrence Radiation Labora=
tory, and Department of Materials Science and Engineering, University of
California, Berkeley, Callfornia 9u720,
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| I. INTRODUCTION

In 19661Ha;selmad7gnd Fglrathl deve;opéd‘a_theory for the
strengthening of giassicbntaining a diéperéed ﬁhase; This hypothesié
was based on tﬁe.premise that the dispersed phaSe cbuld limit the
average Griffith flaw siée which would be broduced in the éurfaceﬂof a
severely abraded composite. When alumina microspheres we}e dispersed -
in a glass matrix it was found that the theory ébuld be experimentallylv
confirmed. Iﬁ their wbrk they used a relation dgvelopéd_by Fullmanzlto'
calculate the average mean free path between dispersed phase pérticles,
This average mean free path was then considered to be the average |
Griffith-flaw size and would therefdre determine the composite strength.
Because different abrasion techniques would produce different flaw sizes
in the glass matrix, the relation rélating strength to flaw size was nbt
followed when the calculated mean free path was greater than a given
value for a specific sysﬁem. Therefore, a plot of the composite stréngth

vs the reciprocai square root of the avérage mean free path as deter;

mined by the Fullmen equation showed two regions.

In the first region, the stfength'df the composité was relatively

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

predicted relation was followved.
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 experimentally\investigated 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 fractidn of dispersed phase material that could be incdrpordted
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‘into a glass matrix to approximately 50 v/o.
This study was undertaken to, first, experimentally confirm the
Hasselman and Fulfath pdsﬁulate to smaller Griffith flaw siiesvand
second, to achieve higher volume fractions of thé'dispersed phase in

a glassy matrix than previously reported. Both of these objectives

1

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

particle sizes.



s -
I1. EXPERIMENTAL PROCEDURE -
A."Materiais |
Three glass compositions vere used in this‘stﬁdy.. All were in the
soda borosilicate sysﬁem and were chosen because of their thermél expan-
sion coefficients, Table I lists the three compoSitioné used, along
with the measured density and thermal expansion coefficient. The glasses
were: compounded using sodium carbonate, boric acid and.silica flouf.
The compositions were mixed, melted in platinum, and gfound to -hOO mesh,
Tungsten'Was chosen for the dispersed phase because microsPheres in
a wide size range are ;mm@ercially available. Size fractions were ob-
tained by screening or air elutration. The average particle sizes of
the separated fractions were measured by opticgl microscopy.:

B. §pecimeh Fabrication

The powdered glaés gnd tungsten microspheres were weighed to the
desired volume‘éompositioq,'mixed, and loaded into graphite dies. The
composites were vacuum hot pressed in équibment-ﬁreviously described.3
Both surfaces of the fabricated composite (one inch diameter by l/h inch
thick) were ground fla£ with 40O grit SiC. The éompact density was
measured by immersion in ethyl alcoﬁoi.

The disks were then cut into bafs apprbximately 0.050 inches thick

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

streésed in tension on a b-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.
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C. 'Detérmination of Mean Free Path

Because the Fuilman expreésion is not.aéplicgble vhen a composite
cont;ins'twd‘or more sizekfractioﬁs? the detetmihation of the mean free
path in the glassy matrix was done_by,sﬁatistical nethods.,

Random sections were cut through the composite system. The sur-
face was then grqund and ﬁolished. A photomicrogréph was then taken
and the photograph enlarged to eight inche; by‘ten inches. Following
£he.techniques outlined by Underwood et al.} random lines of a given
length wvere drawn on the phétographf The number of spherical particles
interceplted by each line was counted. The average value of n, the
nunmber of particles.intgrcepted per line of length, L, wa§ determined
from the average of 30 to LO lines on sections thrbugh each composition.

The average nean free path, A, was determined fronm the relation

l-Vv
A= T (1)
. L . . .
where
‘ Vv = the volume fraction of the dispersed phase
NL = average number of particles intersected by unitflength of line.

A typical photograph'used is shown in Fig; 1. Where spherical
cavifies eXisted'due to particle pullout during grinding and polishing,

the cavity was assumed to be a particle.

OSSP PPN TR P



 III. RESULTS AND DISCUSSION . -

A. ‘Relation of Calculated to Measured Mean Free Paths

In the previous work of Hasselmaﬁ and Fulrath,l-all mean.free’paths
in thevmatrix 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 fhevaverage mean free
path calculated and experimentally defermined by Eq. (l). The results
are given in Table II., There appears to be good agreement between the
two values, with the experimentally determined mean free parh always
less than.that caleulated. As the vol fraction of dispersed phase is
increased; the difference between the two values of mean free path de-
creases. This is probably dﬁe to better statistics belng achieved in
the experimental method when NL increases'with either increased volune
_fraction orvdecreased particle size. ‘Further, the Fullman equation.
assumes ohe particle size whereas in any real system there exists a size
distribution; This leads to an uncertaisty in the calculated averége
‘mean free path." |

| Because this Study was to coneentrate'on increased volume frection
loadings of a dispersed phase and . smaller average mean free paths than
'prev1ously reported, it was concluded that the statlstlcal method reported
" by . Underwoodu could be used successfully for the average mean free pa@h.
. B. Density of Glass—Tungsten‘Compgsites

1 5,6

In prev1ously reported work™?

on glass matrix composites formed
by vacuum hot pressing, por051ty was 1ntroduced into the system at’
approximately 50 v/o dispersed_phase. All previous systems used one

.

dispersed phase particle size. This is in agreement with Sohn's
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fihdings that ﬁigh pécking densitie$ Qf“ﬁowderchﬁnnoﬁ be échieved pnleés
special.vibration teéhniqges are used for packing. Two methods are
available to increase pérticle packing_density{l First is to use mixed
size fract‘ions8 and second, use one siz¢ with a large size distribution.7
“Systems of both typeé'were-fabricatéd and the reSUlts'éhown.in Fié. 2.
(Dotted curve is predicted from Hasselman's work for a particle size of
15y or less.) As shown in the Tigure, increased loadings can be achieved
in either case., However, the maximum volume ffactibn of dispersed phase
that can be incorporated into a glass matrix is far less than the maxi-
mum packing density that can be achieved and has been shown in particle
packing studies. In vacuum hot pressing.with no deformation of the
crystalline dispersed phase and starting with a glass powder, the tech-
nidues adopted in particle packiﬁg studies to achieve high packing
density cannot be used. Therefofe, the maxinum densities reported in
this study are limited by.fabrication teéhniques.

C. Strength of Glass—Tung§ten'Combosites

The averége riean free path of each of the compositions of Ny glasé—
tungéten shown in Table II1 was.dete;mined by the method described in
Section II, C. The strength is plotted. in Fig. 3 accordihg to the
postulate of Hasselman and Fulrath;lr.‘ o | ! |

In the figﬁre, only those composites with less than 3 v/o porosityA
are plotted. Those compﬁsites with greater than 3 v/o porosity were
drastically veakened aslwas found by~Bertoiot£i andrFulréth.g The be-~
havior of these_composité'systemé with -closely matchihg thermal expansion
is exdctly the same as that observed for. the Al;03-D glass composites

reported previously. lHowever, this study has extended the averagé nean

P A




free»éafh to ldﬁér values;. 

- The sebaratidn bétwéen Regiéns Iiahd'II bccurred at a measured mean
free path of 50y. U51ng the elastic modulus of glass as 8.7 x 10. 6 p51
(as measured by frequency resonance method ) and’ the dynamlc surface
energy of,2500-ergs/cm? in the Grlfflth gquation glves a Griffith flaw
of aépfoximately STu. |

The slope of the line in Region 11 can be used as shown by Hasselman
and Fulrath'fo cglculate'thé apprqximate'dynamic surface energy. Again
using the apbropriate'elaétic modulus as given by.Hasselmaﬁ and Fulrath
for tungsten-élass composites,12 the dynamic-surface energy for fracture
can be calculgted'as-2300 ergs/cmz. These results correlate reﬁarkably
well for a brittle matrix composite system.'

“Using glasées with thermal expansion coefficients differing from
that of tungsten, the composites fabficated shéwed the.same relative
mechanical behaviér. It_ié apparent that strengthening is considerably
reduced in these Syétems., Thé strength ;f composifes with high and low
expgnsion glasses relatiﬁe‘to tuhgsten are given in Table III and
plotted in Figs. 4 and S as stréngth'vs square root of calculated mean
free bath, d, for sihgle particle size disﬁeréion, When the same volumé
fraction and particle sizes of tung;ten are diépersed in each of.the ”
~ three glasses and the resultent strength plottea against the thermal e#-
pansion' of the matrix phase (Fig. 6), it is apparent that internal stress
ié contributing fo lower the strength as'reported by Fulrath.l3 The
behav1or of different glasses with tungsten dispersion is similar tovthat .

. Y :
shown by D. B. Blngl' for glass-alumina and glass-zircon composites.
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\IV}. SUMMARY AND CONCLUSIONS

As a result of this work, it has beén shown ihat'the experimental
determination of the average mean free path'in a dispersed phase com-
pbsite system agrees vell with.that calculeted by the Fullman2 equation,
vFurther, this method can be used-whgh'the dispérsed‘pﬁase consists of
two particle sizes or a wide distribution ébout one average size.

The systems studied experimentally extended the postulate of
Hasselman and Fulrathl to smaller Griffith flaw sizes.. By using three
different glass compositions, the strong effect of internal stresses in

reducing the strength of a composite has been demonstrated,.

Ak A st

BRI

e b i, st 1t A by 5 S ot e ek b S 8 b n B wbe e WA At e A 74 i bR e &

ey




-9

ACI.(I\IO.WLEDGMENTS : o
Thanks are extendedvto M. A. Stett for héipful diséussions_and to
G. Dahl for téchqiéal assistance, |
‘This Qork was ddne under the auspices of the United States Atpmic

Energy Commission.' -



-10-

REFERENCES ,
D;-P. H.vHasselmaniaﬁd R. M. Fulrath;»"Propésed fracture theory of
a dispersion-strengthened glass matrix," J. Am. Ceram; Soc., 49 [2]
68-72 (1966).

R. L. Fullmun, "Measuremenl of particle size in opaque bodies,"

Trans, AIME, 197 {3] L7-52 (1953).

‘M. A. Stett and R. M. Fulrath, "Chenical reaction in a hot pressed

Al;03-glass composite," J. Am. Ceram. Soc., 50 (12) 673-676 (1967).

E. E. Underwood, A. R. Colcord and R. C. Waugh, "Quantitative re-

lationships for random microstructures," presented at Third Inter-
national Materials Symposium June 13-16, 1966, at University of

California, Berkeley.

~ Gerd Einmehl, "Strength in a two-phase model syster with fiber
reinforcement," M. S. Thesis, University of California, Berkeley,

' May 1966,

L. A. Jacobson, "Strength of a two phase model systen," M.S. Thesis,

University of California, Berkeley, January 1962. -

HE. Y. Sohn and C. Moreland,I"The éffect of particle size distribution
on packing density," The Canadian Journal of Chem. Engg, Vol. L6,
June 1968, |

R. K. McGeary, '"Mechanical packing of spherical particlés," J. Anm.

Ceram. Soc., b [10] 513-522 (1961).

‘R. L. Bertolotti and R. M. Fulrath, "Effect of micromechanical stress:

concentrations on strength of porous glass,”" J. Am. Ceram. Soc.

50 (11), 558-562 (1967).

S
I
g
i
b

v i} o arrm b




10.

11.

12,

13.

1L,

~11-
D. P. H, ﬁasselman,'"Tébles for éémputétiéh[of_shear modulus and
Young's modulné éf elasticity'from feéonént‘frequencies of rectangu~
lar prism," The Cafborundum Coméany; Niagafa Falls, N. Y. (1962)..
A. A. Griffith, "The phenomena of ruptufe and flow in solids," Phil.
Trans. Roy. Soc. (London), 221A {4] 163-98 (1920).
D. P._H. Hasselman énd R. M. Fulrath, "Effect of spherical tungsten

dispersion on Young's modulus of a glass," J. Am. Ceram. Soc.

: 48 [10] 548-49 (1965).

R. M. Fulrath, "Internal stresses in model ceramic systemé," J. Am.
Ceram. Soc. k2 [9] k23-29 (1959). | |

D. B. Bins, "Some physical properties of two‘phase crystal-glass
solids," Science of Ceramics Vol. I, Ed. G. H. Stewart, Acadenic

Press, N. Y. 1962,



=12«

TABLL I

Propertles and Comp031tlons of Materlals

‘ *
‘Composition . Thermal expan51on Density Hot pressing
Material (wt %) (1n/1n°C x 10 6) (gm/cm’) Temp. (°C)
Ny glass $i02:65.0 : .
~ Nay0:8.5 4,9 _ 2.20 690
B203:26.5 : S
D glass $i02:70.0 » -
N&20:16.0 7.7 ' 2.46 660
B203:1L.0 ' ’
‘Ny glass . Si02:67.0 .
'Na20:k.5 3.25 . 2.16 640
B203:28.L4
Tungsten . L6 19.3

¥ A1l the values of thermal expansion are given in the range of room
temperature to 450°C,
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| TABLE II

 Calculated and Measured Average Mean Free Paths

Aferage

o Particle :
Composite Composition _ Size A Cal. A Meas. Difference
P NN PN P o . u . Lo u . . Lo u .

* ‘ : >
5 v/o Al1,0; : g2 . "1038 800 22%

. .

10 v/o Nickle : 95 ’ 570 L72 20%

% .
20 v/o Al1,03 T8 208 170 18%
30 v/o Al203 S 78 » 121 10k 1L
30 v/o Tungsten - 75 - 116 . 100 13.5%
30 v/o Tungsten'ﬂ : .' 50 . - 78 10 . 10%
40 v/o Tungsten =~ - - 50 50 46 8%
50 v/o Tungsten : 50 - 33 s 30.5 | 7.5%

* Composites from previously reported work.
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TABLE III

Cross-Bending Strength of Sodium Borosilicate Glass Matrices
Containing Dispersed Spherical Tungsten Particles

Volume Fraction W (¢)

Tungsten ' ' - - : Métrix
Particle Size (u) 10 20 30 Lo 50 60 63.2 70 -
50 | .7900A 8700 9300 11,140 11,900 S
S (L4.3) (8.2) - (6.3) (5.2 - (50 . T Ny
: - ' — - Glass
T0 + 10. - i 8650 9725 10,700 13,000 15,600 = 8160
N : S (6.2)  (8) . (h.8)  (9.6) (h.2)  (8.1) (ftg;’;gt?‘
50 + 6 _ . ~10,8C0 12,150 13,000 16,620 17,900 8000 psi)

| o (s.5) 0 (k2)  (hi6) T (3.5) 0 (2.3) (13.6) |-
3 to 13 ) ’ 16,900 18,800 22,500 6370
: (L.5) (5.5) (5.1) (3.5) .
.50 7120 7050 8300 8825 8600
' . o N4 glass
e !
, . (6.3)  (5.3) . (6.3) (7.5) (k.3) o (S rength
20 ' 8300 9247 9700 10,000 11,1k0 = 7900
o - (9.5) (3.3) . (1.3) (12) (9.2) - o " psi)
50 . . 2700 2725 2260 3200 2800 ‘ o ‘ ‘D glass
- (L4,9) (12.5) (11) .. (8.5)  (10.5) . ° S (Strength °
20 . 7480 7000 7500 7660 8300 B N 72§°
' ‘ (7.6) (13) (6.7)  (12)  (6.1) I S

A11 bend strengths are given in psi. Numbers in parenthesis represent the percentage standard
deviation. The strengths were determlned from T to 9 breaklngs per sample.

-
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Fig. 1.

XBB 691-7

A typical photomicrograph of Ny glass and tungsten
composite, containing 63 .2 v/o tungsten spheres of
sizes 70 and 10up (72% coarse + 28% fine). Black
gpheres are pull outs during polishing.
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FIG. 2 MEASURED DENSITY OF THE Ny
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PLOTTED AS % OF THEORETICAL DENSITY
AGAINST VOLUME FRACTION OF TUNGSTEN.
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