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LIMITATION OF GRIFFITH_FLAWS,IN.GLASS—MATRIX:COMPOSITES
~Yogesh Nivas'

Inorganic.Meterials Research Division,vLawrence Radiation Laboratory,
and Department of Mimeral Technology, College of Engineering,
. University of California, Berkeley, California
ABSTRACT

November 1968

_The effect of the limitation of Griffith flawé; 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 metrix deéreased.the average mean free path in the dispersed
phese considerably more thenvcould be achieted‘with a siﬁgle.particle
size'dispersion. |

Experimentally determined average mean'free path ty'etatistical
techhiquesbwas.in good_agreement with that caleulated by.Fuilman's
equation'andeas succeesfully used when the dispersed phase had t;o
particle sizes or a wide particle size distribution. The strené effect
of internal stresseS'developed due to miematch of thermal expansion of

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

In 1966 Hééselman and Fulrathl developed a theory.for .the
strengthening of,gia%éfEBhtaining a disperséd phase., This hypothesis
-Was;béééd-oﬁ thefpreéiéé;that'the dispgfs;dNPEQSe-could»limit;the
averagé ¢riffithfflééfgiievwhich would‘be produced.in.the surface of a
severelylabradéd comesiﬁe. When. alumina microspheresAweré dispersed
_in.a:glass matrix it.wés founa that the theory,cogld bé experimentally
confirmed. In theiriwﬁrk;they used a relation developed by Fullman2 to
calculafe the average.ﬁéén free path between dispersed phase'pérticles;
This average mean freéfﬁath wés then considered to be the average
Griffifh.flaw‘size,andFWduld'thereforevdetermiﬁe the composite strength. -
Becaﬁse différent abfééion»fechniques would produce_different flaw sizes
in ﬁhe élass,matrix;vthe.rélétion rélatingﬂsfrength to flaw‘size waé not
followed Vhen the calc;igted mgan free path was g£eater than a given
value fér:a specific syétem. Therefore, é plot of.the'composiﬁe strength
vs the reciprocal séuaré root of the average mean free path as deter-
mined by the Fullmanvequation shqwed two regions.

In the first region, the_strehgth of the composite Was‘relatively
independent of fhe calculéted mean free path}’vln the second reéion,vthe_
predicted relation ﬁas followed. ‘

The use of the Fuiimén equation requifes that the size and volume
fraction of sbhericayjdispersed phaée particles be known. Therefore,
the éystems which cagﬁbe expérimentally;investigated are limited to com-
poéites with a single ﬁarticle size as the dispersed phase. This
limifétion 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 v/o.

Tﬁié stﬁdy was undertaken to; first, experimentally confirm the
Hasselman and Fulrath postulate to smallef'Griffith flaw éiieé and
second,:to.achieve higher volume fractions of the dispérSed phasé in
a glassy matrix than previously reported. _Bdt?fof these objectives
should be.attained if the diépersea phase cénsists of two or ﬁore

particle sizes.



ITI. EXPERIMENTAL PROCEDURE
A. ‘Materials

Three glass compositions were used in .this study. All were in the
soda bo?osilicate,system ahd were chosen because of their thermal expan-
sion coefficients; Table I lists the three compositions used, along
with fhe méésuréd density anq thérmql'expansion,céefficient.-.The glasses
were ¢ompoun@ed using’sodiumacarbqnate, boric acid and silica flour.
The #om?ositions were mixed, melted in platinum; and ground to --400 mesh.

Tungsten was chogenlfor the disperéed phase because microspheres in
a wide size range are commercially available. §Size fractions were ob-
tained.by screening'pr air elutration.  The average particle sizes'of
the sepafated fréctions:were measured by optical miecroscopy. |

B. ‘Specimen Fabrication

Thé powdered glass and tungsten microspheres ﬁere weighed to the
.désired volume composition, mixed, and loaded into graphite dies. The
cdmposites were vacuum‘hof pressed in equipment preﬁiously described.3
Both surfaces of the fabricated composite (one inch diameter by 1/4 inch
thick) were ground flat with 40O grit SiC. The compact density was
measﬁred by imﬁersioﬁ in'ethyl alcohol. o

Thekdisks were thén.cut into bars approximately O;OSO inches thick
by 1/k4 inphrwi&e.on”a'pTGCisibn'diamond séw. The as-sawn sufface was
streésed in.tension oh a h—poiﬁt'loéding deviée with a span 5f'0.75
inches. The average mddulus of rupture was calculated from the résults

of eight or nine specimens of each composition.
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C. Déterminstion of Mean Fréeé Path

Because the.Ful;man-expression is not applicable when a composite
contaiés two or moretsiée'fractions, the_determination 6f}the mean free
path in the glassy_mafrix was done by'statisticalvméthods.

: _Rancvlom.s;;e“ctibns were cut through the composite system. The sur-
facé was then ground and‘polished. A.photdmicrograph was then taken
E and the photograph enlarged to eight inches by ten inches. Following
.the.teéhhiquesxoutlined.by Undérwo;d et al.} random lihes of avgiven
length were drawn on the.ﬁhotograph.. The nuﬁber of spherical particles-'
intercepted by each iine‘was counted. The:average_value of n, the
number'of particles_intéfcepted per line‘of 1enéth, L; was determined
from the average of 30 to 4o lines on,secfions throﬁgﬁ each composition.

Thé-aveﬁagé mean free path, A, was determined from the relation

1V o :
A= , ' ; (1)
Ny
where v
Vv = the volume fraction of the dispersed phase
N, = average number Of'pa?ficles intersected by unit length of line.

A typical photograph used is shown inuFig. 1. Where spherical
 cavities existed due to particle pullout . during gfﬁﬁding'and polishing,

the cavity was assumed to be a particle,



III. RESULTS AND DISCUSSION

In the previous .work of Hasselman and Fulrath,l-all mean free paths
in the matrix‘pf the composite.were ealCulaﬁed from the Fullman eqﬁation.
To compareethe Fullman equation with Eq. (1), a single size fraction
verying_vdlume fraction series was fabricated and the.average mean free
path.calculeted and experimentally determined by Eq. (1). The results
are{givenjdn Table II., There aﬁbears fo’be good egreeﬁent between the
two values, with the experimentélly determined meen free path always
less than that calculated.‘ As the vol fractiqn of dispersed phase is
increased, the differehce,between the two values of mean free path de-
creases, This is probably dﬁe fo‘better statistics,being achieved in

the experimental method when NL increases with either increased volume

fraction or decreased particle size. Further,-ﬁhe Fullman equation

assumes one particlebsize whereas in any feal'system.there,exists a size
distribution. This leéds$to an uncertainty in the calculated averége
meaﬁ free path. ‘

Because this study_was’fo'cOncehfréte'on increased Volume fraction
loadings of a dispersed phase and smaller average mean free paths than
previously reperﬁed, it was.concluded that the statisticel method reborted

by Underwoodh could be used successfully for thedaverage mean free path.

' B. Density of Glass-Tungsten Composites

In previously reported workl 5’6.on glass matrix=comp03itee formed

byvvacuum;hot pressihg, porosity was ihfroduced into the System at

approximafeiy_SO_v/o dispefsed‘phase.' All‘previous systems'ﬁeed one
dispersed phasé particleﬁsize. Thié is in agreenent with Sohn'sT

¥
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-8ize fractions and second, use one size with a large size distribution.

L L6

findings that high packihg‘dénsitiesAof.powders cannot be achieved unless

special vibration.techniQues'are used -for packing. Two methods are

available to increase particle packing.denSity;-vFirst'is to use mixed

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
15y or less.) As shown in the figure? increased loadings can be achieved
in éitherucase. However, the maximum volume ffaction.of disperéed 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 def§rmation of the -

crystalliné dispersed'phase>and starting with a glass powder, the tech-

- niques adopted in particle packing studies to_achieve high packing

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

this study are limited by fabricationltechniques.

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

postulate of_HasSelman and Fulra’,th..1

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

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

9

draétically weakened as was found by Beftblotti and PFulrath, ‘The be-

havior of these composite systems with closely matching thermal éxpansion

- is exactly the same as that observed for the Al203-D glass compésites

reported previously. However, this study has extended the average mean
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free path to 1oﬁer values.

The separation between Regions I and II occurred at a ﬁeasured mean
free path of SOu, Using.thé elastic moduiusvof glass as 8.7 x 10.6 psi. -
(as measured by frequenCy‘resonance.methodlo) énd.the dynamic surface

eﬁergy of 2500 ergs/cmz‘in the Griffith,equationll gives a Griffith flaw

_of approximatély 5Tu.

~The slope of the linevin.Region II'can be uSéd'as shown by Hasselman
and Fulréth to calculate:the approximate dynamic surface energy. Agéin
using the appfopriate elastic modulus as given by Hasselman and Fulrath
for tungsten-glass com.posites,12 the dynamic.surface energy for fracture
can be calculated as 2360Aergs/ém2. Thése.resﬁlts_correlate remarkably
well for a bfittle méérix composite system.

: Using glasses withi%hermél ekpansion‘coefficients differing from
that of tuhésten;vthe'éo;positeé fabricatedEéh6wed the saﬁe relative
mechanicai.beh%yiof:1rIt_is ap?afeﬁt thét Strengthening is considerably.
reduced inTtheSe systems. The strengfh Qf_composites with high and low
expansion§glasses felative fo-tungstén afe given in Table III and
plotted in Figs. 4 and 5 as strenéth vs square root of calculated méan
free path, 4, for'single'pérticle size dispefsion.' Whén[the same volume
fraction and particle sizes of tuﬁgstén are dispersed in each of the

three glasges and the resultant strength plotted against the thermal ex-

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

is contributing to lower the strength as reported by Fﬁlrath.l3, The
behaviér of different glasses with tungsten dispersion is simiiér to that

shown by D. B} Bihslh for glass-alumina and glass-zircon composites.



IV. .SUMMARY AND CONCLUSIONS

As a.reSultvof.thisAwork,iit_has.beenfshbwn.that the eiperimental:
deterﬁination of thé averdgélmean free_paihvin-a dispersga phase com-
_posite sygtem agrees“ﬁé1i“§ith that ééigulated_ﬁyftﬂe.Fullman2 equation.
Fﬁrther,:ﬁhiS’method cén,be used whgn.the dispersed.phaSé consists of
: twojparticlé sizes or é'wide_distributioﬁ.about one,averagé,size.

' ;-Thé systems.stu@iéd1gxper;m?ntallyiextended,thé postulate of

.Haggéiﬁan and_Fulfathl td smaller Griffithvflaﬁ sizes.. ByvuSiﬁé.fhree
different glass.comppéiﬁions; the étrdné.effeCt of internal étfesses'in

reducing the'strengthxof a composite has been demonstrated.

Yy

L
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TABLE I
Properties and Compositions of Materials o
 €1
o S * : :
_ . Composition Thermal expansion Density Hot pressing
Material AWt %) (1n/1n°C x 108). . (gm/cm3)' Temp. (°C)
Ny glass . 8i03:65. O”’Af' , ‘ e :
Na20:8.5 .7 - k.9 - 2.20 690
BzO3 26 5 : : .
D glass SiOszQ,O C . , : ' v
Na30:16.0 1.7 2.4 . 660
B203:1k.0 S :
N, glass . $i02:67.0 , o |
Nas0:4.5 3.25 S 2.16 640
B203:28.L4 o S Co :
.Tungsten . 3 ' - ke 19.3
¥ A1l the values of thermal expans1on are given in the range of room
temperature to 450°¢,
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TABLE II

Calculated and,Measured_AVerage.Mean Free Paths

=Avéragé*;»

, L Particle :

Composite Composition ... Bize... ... A Cal. . A Meas. . Difference
T ......... U ..... u ..... T
L * o : .

5 v/o Al,05 ' 82 . - 1038 800 22%

10 v/o Nickle ' 95 570 b7 20%

e _ o v

20 v/o Al203 o 78 S 208 170 18%

: ® 8 : .

30 v/o Al203 - T8 121 10k _ 14%

30 v/o Tungéten - _ 75 . 116 100 13.5%

30 v/o Tungsten - s0 8 70 10%

Lo v/d Tungsten ’ o . 50 ‘_SOVb_ L6 A 8%

50 v/o Tungsten 50 33 30.5 T.5%

* Composites from previously reported work.



TABLE ITI

Cross-Bendlng Strength of Sodium Borosilicate Glass Matrlces
Containing Dlspersed Spherical Tungsten Particles

: ' T S ' Volume Fraction W (¢).. = .
Tungsten - - ————— ———————  Matrix
Particle Size . (u). . 10 20, Lo 300 o500 60...?t 63.2 .10,

50 7900 8700 9300 11,140 11,900 S S
| o by (s e Gl Ty ey
: - R : : T - Glass -
70 + 10 N - . 8650. 9725 10,700 13,000 15,600- 8160
S ey @) e (56 (Be) (8 (Strengtn
‘so+6 . . 10,800 12,150, 13,000 16,620 17,900 _ 8000 |  psi)
. T 752 B € <) N € M (3. 5).f..(2.3); - (13.6)
'3 to I3 ~ ' 16,900 18,800 22,500 _ 63ro_ |
R SR - 71' CBU5) T (505) (5. L) (3L sY
50 . . 7ig0. . 7050 . 8300 8825 8600
IR TR () B C15:) BN ) RUN €/ 65) BESR(C S ) DR LTRSS AU (gtr§i2§§
20 8300 9247 9700 _ 10,000 11,160 | =900
_____ L i) Ea) L (s e (i) L L i)
50 2700, 2785 2260 . 3200 - 2800 ' ; | D glass
L f}f.}ff(&ﬁé)fff.(12;5)ﬂ:ff(ll)f.fff(BIS)fff(lOIS)f.Afff‘ff;.f f.f;”‘ffftffﬂ:~~ (Strength
20 R 7480 7000 7500 7660 8300 - 72§O
| o (18) @3 (e (12) (6.1) pe

All bend strengths are glven in psi. Numbers in parenthes1s represent the percentage standard
deviation. The strengths were determlned from 7 to 9 breakings per sample o
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Fig, l.

XBB 691-7

A typical photomicrograph of Ny glass and tungsten
composite, containing 63 .2 v/o tungsten spheres of
sizeg 70 and 10u (72% coarse + 28% fine). Black
spheres are pull outs during polishing.
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FIG. 5 EXPERIMENTAL DATA FOR THE STRENGTH
. OF N4 GLASS AND TUNGSTEN COMPOSITES
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~ ROOT OF MEAN FREE PATH.
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