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MECHANICAL PROPERTIES AND FRACTURE BEHAVIOR
'~ OF CHEMICALLY BONDED COMPOSITES'

Mark A. Stett”and R. M. Fulrath”
'Inorganic Materials Research Division, Lawrence Radiation Laboratory, ,
_and Department of Materials Science and Engineering
College of Englneerlng, University of California,
Berkeley, Callfornla
ABSTRACT
- May 1969
The effect of-chemical bonding between phases of a glass'matrix;

metal composite on the 'strength and fracture behavior was investigated.

When no chemical bonding occurs, strengthening can be achieved through

the mechanical formatioﬁ of an interféce between the dispersant and

matrix. By the formation of a’éhemical bond, an even_greatef'strengthen— N
ing 9ah be obtained. Strengthening Qccurs Ey the limitation.of_the

Griffith flaw size;and is confrdlléd by micromechanigal stress concen-
trﬁtions deVeloped.upon loading. -Intefnal stresses develoﬁed'upon cool-

ing from the fabrication temperéture ¢ontrol the pathibf fracture. The
existence of a cheﬁical bond serves to counteract the micromechanical

stress concentration and therefore increase the strength.



I. INTRODUCTIOV
Many of today s new materlals are multlphase or comp051te in nature.

Dispersion strengthened_alioyS'make use of a finely dlvided.second phase.

'distrituted'in a crystalline‘matrix. Glass-ceramics meke use of'con—:

trolled orystallization.from'a/glassy‘meit. Glass fiber reinforced ’

resins are used ekxtensively in organic matrix composites, The properties

" of ‘composite materials will depend upon the properties‘of‘the individual

components, their distribntion,'and‘their physical and chemical inter-

‘action.

" in:nnderstending the‘properties.of brittleFMatrix composites,sthe_‘
obvious'choice’for‘the metrix‘isrglasséethe ideal brittle'materialrt
Fulre,th1 demonstrated that by vacuum hot-pressmng powdered gless, a con~
tlnuous matrlx of glass. contalning a dlspersed phase could be fabricated.

Slnce.that time extensive studies;on the elastic'and mechanical proper—
13

‘ties of such systems were reported.z- ®  In all the previous studies the

o.interfacial bonding characteristics between the dispers1on and the matrixe

were not clearly,identified.

Nasonviirst encountered the problem ofvinterfeciel-bonding in -

attempting to disperse tungsten‘and nickel microspheres in glass metrices_

where the matrix thermal expansion coefficient was selected to be either

less than or greater than that of the dispersion. When the thermeliexe_

pansion coefficient of the glass'was leeS‘than that of the nickel metal
, and there was no bonding between phases, the nickel shrenkdewey from the

, glass upon- cooling and forned pseudoporosity. Composites febriceted by.

Nason from tungsten and & glass of Jlower thermel enpansion coefficient

however, showed an. anomalous strengthening. He then hotepressed this
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glass under the same conditions against a well-polished disk of tungsten.
_Adherénce wasAoEserved between the tungsten'énd giass. ‘A similar experi-
ment'uéiﬁg a nickel disk and another glass with a lower thermal éxpansioh.
cdefficient than.that'offnickel shawed no adherernce.

Bertolotti and fulrathlo used this thermal expansioﬁ mismatch and
lack af inﬁerfaeiai bonding in order to create a controlled amount of
sphefical porosityvof known size in their investigation of fhe stréngth
of porous glass. With small particle sizes, they éiso observed an anoma--
lous sfrengfhéning énd’proposed that adsorbed water on the surface of the
glass pow&er used in fabricating the'cbmposite‘caused a élight oxidation
of’the.nickel surface and resulted:in a bonda between_the oxidized nickel
and the glass. As a result bf tﬁis observatibn,_a more extensive stﬁdy
of the effect of a themicﬁl bond between phééeé'in a brittle matrix com-
“posite was undertaken. | |

IT. THEORX
 Invattémpting>t§ ahalyze a brittle matrix s&stem,*we'mﬁst;conSider
two types of stresses. Internél stresses are created between glassy'and
crystalline phases during cooling_from fabrication temperature as a ré—
sﬁlt oflthe différence in the thermal expansions of the two phaseé. Under
mechanical loading, differences iﬁ the elastic properties ofkindividual
coméohents can lead to a locélized concentration of the applied stress.
The existence of a bond between phages further complicates the situation.
"it haé often been proposed that internal stresses affect the mechanical
strength of composite materiaié;“Fulrathl showed that internal stresses
could be detected in ceramic bodies by X—ray}diffraction techniques.

After correction for beam penetration and camera geometry, peak shifts



give an adcuratejmeasuregent of straiﬁ;: An iﬁérease in diffraction aﬁgle
"is indicatiVé,bf,compréséiéﬁjﬁhiié»a'décrease ih'angle‘correspondé to
tension., A more .detailed énéiysis'of the techniéue and exéméles'bf its
application were presénted'by Grossm§n and Fulréth.lh-‘ S

.TheoretiCal solutions exist for stfé;s ccncentraﬁions asspéiated
with elaéfic inhomogene;ties”ofvvarious'éhapés in;an'infiniﬁé_matrix‘ﬁﬁder
load. Since glass fraéfufé is ﬁsuélly huclééted‘ét tﬁe épécimen sﬁiface'
and because of the high.sﬁréss gradients away from the surface invﬁhé
streﬁgﬁh'test3'Goodier's soluﬁions15 for aVCircular inclﬁsidn in a flat
plate were used in this stud&.‘ ' |

For a:cifcﬁlar hole in a plate it is found~th;t the expfessiqn‘fcr

the pahééntial stréss'cohcentratidn'yields'tensilé'stresses éreatér than
vthe épbliéd3stiess.under.condifiéns of tensile loed. The expres§ion for .

this stress concentration is

A 2T[R2 : 3R: cos 26] + T sin 6 - (l)“
~ Ly? bt . ‘ o
where T ; épplied tensile,load
'e = angle from difeétion of apﬁlied‘tension = 90° for m&x;mum o
stress cbncentration.in ﬁhis case
‘R = hoie radius |
r= radius under consideratién

For a simple tension, T, in one direction there is a maximunm stress con-
centration of 3T as can be seen in Fig. l. This stress concentration
~ decreases rapidly to only 1.27 at a_diStance of R into the matrix, The

stress concentration also decreases rapidly_With 0 from the 90° maximum,
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confining the stress concentration to small regions at A and B,

" In

the case of a rigid inclusion, contact with the surrounding

material produces a different type of stress concentration. A rigid in-

clusion in simple tension induces.g tenéion at C and D which can be as
~much as 1.5T. The expression>for this stress concentration is:
g. = 2G —;é+-+ §§a+.ggf cos 26| + 2-(1 + cos 28) (2)
r G 2 . 4 L, 2 s 2 ) : ‘
r° \r  rol . : :
where

TR2 (l+2uM)GG __(1—2pG)'G

A= Mo (3)
pom SO W)
o _HGG GG +;(?-huG?GM . v .
, G, -G S
TRZ. I ¢ P ¥ :
2G, ‘G, + (3-huG)(GM ‘

In these expressions

and the

reduced

0° for maximum stress concentration

bulk modulus of theﬁglasS' : o ' o

bulk modulus ofvthebmetalvdispersed phase
other terms as previously defined. The tension at A and B is -

and becomes compreséibn_if uG.is less than 0.25, -Thé tensile

stress concentration at C and D also decreases with increasing r. A

stress concentration of 1.08T is reached at a‘distance of LR. .The stress



" saturated ‘with the oxide of :the metal at the glass-metal interface.
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concentration once again.decreases with a'change in 6 from 6 = 0°, con-

¢

 fining the stress concentratipn.tO'régions at C and D.

A bond is obtained bétﬁeéhua glass and a metal wheﬁ'thé‘glass is
According to Pask andxFﬁlrathl6 a chemital bond can,océuf‘ﬁhén;a.balancé"
of b§nd enerSieé is achieved acroSs.théVtransiti§n £on¢ at the intérfacek
betwéeh the glass and the metal. This balahce‘odcurs‘%hen'hthermodynaﬁib
equilibrium" is obtained at the interface. By,"thgfmodyhamic‘eduilibrium,“
it is meent that each of the phases is.saturaﬁéd with the’ldfef oxide and
thét'there is no p@séibility of fﬁrthef feacfioﬁ to form'a new phase. If
the_availabievoxide is entirely dissoived b&:the giégs before the'glgss

attains the saturation'concentration; the'resultantvcontact with-avpurely

metallic surface results in a wéak1b0nd,

T

Hasselman and Fulrath have hypothesized thét'a disperéion of e hard

second phaée‘vithid a britfle glaés matrix will étrenghen the composite

by limiting the size of Griffith flaws. When the average distance between -

second phase particles is less than the flaw éize; the flaw size is

limited to this average mean free path. For a flat plate containing an

_elliptical flaw, the Griffith expression for the macroscopic strength, so,

is
(ol 1/2 S
o ma
where.Y_is the surface enargy, E is Young's modulus of elasticity, and
"a'" is the flaw size. An ekpression for .the mean free ‘path, d, between

sphericel particles of uniform radius, R, distributed statistically
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throughout a‘matrix was provided by Fullman ' as

Laslge v

 where ¢ is the volume fraction of dispersed particles. Substituting
Eq. (7) into Eq. (6) we find the strength of a composite that is being
- strengthened by a flaw limitation mechanism to be

e ‘ .

I Y )

" When a given load is applied to the composite there will be, due to the
stress concentrations resulting froﬁ differences in elastiq propertieé'of
the phases,” areas of higher stress than the applied load. The measured

streﬁgﬁh will therefore be
S, = % SO', e (9)

By substitiuting Eq. (9) into Eq. (8) and rearranging this to isolate the

variable, (l/d)l/2, we find

)1/2 (10)‘

oLz g
5 = LyE|™" " - 3¢_

m mK] | UR(1-¢)
This function was plotted by_first calculating the slope from approximate
values of K (1.4), vy (i0,000 ergs/cm?), and E (107 psi). ' The assumption
of 10,000 ergs/cn? for the fracture surface energy falls within the very

wide range of values previously assumed or measured in other investigations.




Thisuvalue of the surfacevenergy is,_nowéver;'an assumﬁtion-anu more con-
fidence could'be expressed as to-its accuracy only if a more detailed;‘
. study of the fracture surface energy‘were avallable. From Eq (lO) 1t ‘
can be seen that this. funCtlon will necessarlly go through the orlgln
The location of the_horlzontal portion of the curve (where the-dlsper51onl'
does not limit the flaw size)lcan.beufounafbyldeterminingvtne strengthfof' |
an abraded‘glass; The horizontal extension‘of,the'indiuiaual'glass
_strength value will intersect the plotted slope at the size of the Griffith
.flaw,; This behaviorlcan be seen in Fié.-E; 'In order to assure strengthen-
.ing'in‘the composites’studied.here, a'comblnation-of particle size and
volume fraction was chosen.in each case that-nrovided an averageumean-'
free path leSS-than the'Griffith‘flaw size developed byfa standard abrasion:
treatment of all tensile surfaces. [ .
III.‘ EXPERIMENTAL PROCEDURE

vThe glasses used in this 1nvest1gation were made in the laboratory
‘from silica flour reagent grade sodium carbonate and boric acid and-
alumina. The materlals were dry mlxed and then melted and reflned in a
platinum crucible at lhOO°C in an electric furnace. Densities of the
IVCast.glass uere measured using an Archimedes techaique_uith methyl alcohol.
The cast glass was crushed and dry ground'to‘e325 mesh in:an aluuina-linedv
‘ball mill uith alumina pebbles. Elastic propertles of the glasses vere
;measured by .the resonance technique of Spinner and Te ffs%a and Eickett;;9
With this method two values for Young 5 modulus were obtained for eacﬁ
speclmen by calculations using Hesselman's~" tables, The Shear,moduli :

“were calculated from an expression of the pertinent shape factor given by

‘Spinner and Tefft.l8 A summary of material properties is given in Table 1.



Nickél micrbspheres were~purcha§ed and partitioned by screening into
various size fréctions'in order té.obtain desifed'averagevparticie sizés.
In order to evaluate the various oxidation treatments, weight gain'tgétsf
were carried'out.ét three'teﬁperatufss. The curves that. were oﬁtaiﬁea
were predominantly linear in ‘the fanées-thétfwére used and can be seen
in Fig. 3,. Scanning elecfron microgfaphs»of'both OXiaized and unoxidized
- spheres are shown in Fig. k.
| "The Composites were prepared from thoréughly'mixed cofibinations of
oxidized‘nickel.sphereS'énd powdered glaés and were vécﬁum hot pfessed
at'SdO or 10C0 psi for éithef'lO orl20 minutes at 700°C. The hot-pressing
afféngemeht‘was described ?reviously. The éimilar softening character-
istics of the three glaSSeé permitted the fabricatibn of theoreticallj
dense Composités atva siﬁgle température.

z:vSampies for theﬁmeasurement'of elaétic préperties were cut with a
diéﬁond saw from a 2 in. diameter x 1/4 in. thick vébﬁum.hot—pféssed
giass disk. Strength-measuréments.were made'On'fl6O in. x..050 in. bérs
of°vafioﬁs léngths fhat were cut from a 2 in. i».OSO'ih..vacuum hof-'
»pressed disk; vThe thin disks were cooled in an argon atmosphere to avoid
craékiﬁg. An adequate flaw density was insured by abrading the tensilé
surface’of the disk lightly with-2HQ grit SiC. Thermal expansion bars
wéré also cut from the 2 in. diameter x 1/4 in. thick vacuuﬁ’hot-pressed
glass disks. -

Uniaxial strengths were measured using a four-péint ldading devicé 
with a 3/& in. overall span. Specimens were 1oaded.with thé abraded.
surface as the tensile surface. Several breakings were made with eaéh -

specimen to obtain an average strength value, Resultant fracture surfaces



‘were examlned using a scannlng electron mlcroscope. Preparation included

coatlng of the spec1mens w1th a. lOO—2OOA layer of alumlnum.
Hot-pressed samples.were sectloned and mountedvln a-clear.cssting‘
resin. All samples were polished with a set of silicon carbide papers.

(2%0, L400, and 600 grit) and then finished on a series of .diamond pastes

- (6, 2 and 1/2 micron diamond). Carbon was vapor deposited on the finished

samples to provide & conductive surface suitable for electron microprobe

analysie;_ The microprobe was used to examine the;migration“of,the nickel

- oxide into the matrix glass.

- IV.  RESULTS AND DISCUSSION

G .

(l):.D Gless,Systen (o '<”aNi)

The system that was initially>Selected to investigete the‘effect of

bonding on the strength of glass-metal composites wss that used. by
__Bertolottl and Fulrath.'  Nickel mlcrospheres that were pre-oxidized to

'varying degrees were used in conjunctlon with D glass in order to expand

upon the anomalous strengthenlng observed for small particle sizes.. Tt

_'can be seen in Fig. 2 that & particle radius of ZSu snd a volume fractlon

of 20% are sufficlent to position the oxidized nickel-D gless system to

the right of point A, The strength of the composite shou;d therefore,

" be g function of the mean free path in the metrix as cslansted using '

(8) Either the residual or micromecheniesl strees eoneentrstions

- may modify this cslculeted strength and would be reflected in the' vslue"

of K in Eq. (9) Composites with a series of presoxidetion treatments

Irsnging from 0.18 to 5 8% weight gain were fabriceted at 500 psi for
- 10 minutes at T00°C, Strengths of these semplee are given in stle 2 and.

" can be seen as a function of the émount of preaoxidstion in Fig. 5.
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(A) ‘Non-bonded Composites: When there was a lack of bonding between

the D glass and the nickel; the nickel shrank aﬁay from the D glass'ﬁpon
cooling from the fabrication teﬁperature. This led to the formation of
pseudoporosity and the resultant weakening of thé.composite. Since the
'twobphases were not in contact, no internal stresses wefe introduced.

The previously mentioned X-ray strain measurément téchniQue was used to
Qualitatively determine the state of:internal"stréss'in'this non-bonded
D glass—nickei composité which provided a standard for.comparison with
other systems. Location of the nickél (h20)‘peak'was taken as a gauge of
the internal stress. It can be éeen.ianable 3 that the nickel (hEO).'
peak Was,iocated at lh§}52°2é;

The hypotheéis was preéented.that the effect.of ﬁicromechanical
stre;s concentrations on the stréngth of‘a brittle méterial depends on
the" size éf the Griffith flaw relétivé to the region over‘ﬁhich.the stress
concentration actsfgl The Griffith fiaw size generétéd-byvtﬁe standérd |
specimén preparation teéhnique'used herg cén-ﬂe obtained from point>A in
'.Fig;‘2iand wés found to be;leQ}"By'compariﬁg this value wifh the 50
diameter pseudoporosity formed in - this caée we would expect only a slight
decrease in strength upon the addition of the first pore._ The daﬁé con-
firm fhis expeétatién with é glasé stfength of 7,790 psi and a measured
composite strength of 6,440 psi. | |

Ffacture surfaces of tﬁe broken'barS'were examined using a scanning
'electron microscope and cén be seen in Fig. 6..‘The path of fracturevin
a brittle matefial iékaltered by_the.inciuéion o% particles of'a second
phése or pores.' If'the inClﬁsion is a poré,.the'fracture will propagate

to the pore and around its diameter, leaving a hemispherical cavity in




»

~ 1.348T for this system. Verification of the net radial tensile stress

’ —llf

the fracture surface. It can be seen in Fig. 6a.that the fracture propa-
gated directly to and around the sphere‘becausé,of thevtensile‘stréss
concentrations around a spherical cavity.

(B) ‘Bonded'ComPOSiﬁes; When a bond was created between the'D,glass

and the nickel, the shrinkége of the nickel away from the glass upon

cooling was prevented. The thermal contraction did, howeVer, introduce
a radial tensile sthss which was evidenced in the X-ray strain measure-
ments of Table 3 whére the nickel (L420) peak was shifted to 1Lk .39° 26,

This radial tensile intefnal stress was formed hydrostatically around

_the nickel sphere. It can'be seen also fromthe strength data in Fig. 5

that the bond does, indeed, prevent the shrinkage of the nickel away
‘from the glass and provide'strengtheﬁing in & normally porous system.
The maximum stress concentration due to loadingidgveibped in this

system was calculated using the:folidwing-values;and"EQS. (2-5):

GG = 337 kbar (measured for D glaSS) '
GM = 72k kbar (measured for nickel)

0.2 (calculated for D glass)

0.4 (calculated for nickel) | - e

I

R = 251 = 9.8k x ‘1051‘ 1n,‘

Maximum stress concéntrationvwill occur at the interfage and will be

[
L

[

~is seen in the scanning electron micrographs of the fracture surfaces

(Fig. 6) showing fracture through the netrix and around the spheres’

rather than radially to the spheres, Had contact been maintained be- .

tween the glass and the metal without the presence of & bond, this value

‘of stress concentration would have been used ih,the strength-calculatibn
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using Eq. (9).

The shape of the cur&é in Fig. 5 for the ten minute series corre- ~
sponds to the bond hypothesis presented préviOuély. VAn optimum bona'
(and also optimum strength) was observed. A pre-oxidation treatment of *
about 0.8% weight gain followed by the given hot-pressing treatmént
saturafed~the glass with nickel oxide at the sphere-glass interface.

With lesser pre-oxidation treatments, thefglasg‘was less than saturated ’
and a ‘lower strength value was ob§er?ed.

With greater pre;oXidation treatments, 2 bulk oxide layer femained
. after saturation and the Strength was COrreséondingly less. For a given
pre—oxidationvtreatment, thevgfeater length of time .at temperatufe will

allow.more oxide'to diffuse-away from the particle, thus shifting the
peak to greater'weight gain. An increased pre—oxidatioh will be needéd‘
to yield thé optimum amount of femaining 6kidé layer. Iﬁ order to test
this hypéthesis in the oxi&ized nickel-D glasé‘system, a sériés of
‘samples with varied pre-oxidation treatments‘ﬁés hofkpfeésed'at 700°¢C
and 500 psi for 20 minutes. The data are présented in Table L and the
effect_is:clearly seen in Fig. S.F The - optimum pre-oxidation was in-
creased, but the reason for the'decréase in the maximum Strength is not
clear.

A sample with 1.1% ﬁeight gain was examined using an electron beam
.microprobe in'order to,defermine the:éxtent«of'diffusion of the oxide
-into the glass. Nickel countsAwere tgken from the center of a-sphgfe v
radially outward into the glass matrik.. It was foﬁnd from three randonly
" selected spheres that nickel was présené to a distance of'approximatély '

15u from the sphere.
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A calculatlon of the expected strength was made u51ng Eq..(9).
When contact was malntalned between the glass and the nlckel ~the applled
~ tensile 'load tended to pull the glass away from the nlckel and micro- .
mechanlcal‘stress concentratlons arose.‘ The presence of a bond however,
t ended to counter this separationiand a 51mple strengthenlng due to a,
limitation of the flavvsize vas‘observed“(Kel)."Using the~following_“
values‘for'the D glass~nickel system, | o

9 = 0.2

R'= 25 = 9.8k x 10-h’in.

E = 11.T x lO6 psi'(measured)

Y = 10,000 ergs/cm? =“0.0‘5'66 lb/in}'(assumed)
K= l ) : ,

'qu (9) gave an expected measured strength of 12, 680 p81. “This agrees_
well (5. 2n error) w1th the ‘maximum measured value of 12 020 psi 1n |
“Table 3. It therefore appears' that the strength;of‘the composite_syStem
was not'determined,by internai StresseS‘hut rathet by the nicromechanical
'-Mstress concentrations developed:in loading. | |

_ Representative fracture surfaces of bonded cogposites.can he seen

~ in Fig. 6. The path of fracture was'altered.when*akchemiCal'bond exists
between the glasstand the nickel, The fracture propagated through the
glass around the inclusion but still within’ the glass. Thie propagation
through the matrix wes most evident in the case of the optimum bond -
(Fig,‘6d). Because of the thermal expansion variation among the saturated
. giass at the interface, the nickel, and the matrix glass, a radial in-
ternal tensile stress was developed,in the matrix; To relieve this ten~

'sion, a fracture propagated around the sphere at a finite distance in
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the glass phase.

(2) 8 Glass System (a, = o,)

- An attémpt was made to compound a glass whose ﬁhefmal expahsion co-
efficienﬁiwas equal to that‘of nickel. The measured value of thermal
expansion for Svélasé:Was 13.8 x lO._6 in./in. °C which is very nearly
the 13.9 x 10—6‘in;/in; °Cbof nickei. In £he followiné discussion they
are considered close enough to be éQuai,_but.it‘éhouldkbe fecﬁgnized_that
the glass expansion was very slightly less than that of the nickel. In
the S glass?niékel system it was nécessary to change the particle size:
and VOlume fraction in order to remain in the fléw;limitation region. A
particle size of 30u and a:Voldme fraction of 30 voi. % were selected in
order to remain to the right of point B in Fig. 2. OnC¢ again a series
of ébﬁpésites wgs-hot-presSed at 1000 psi for:lO ﬁinutes,at 700°C.With a
ﬁide range of pre-oxidation treatmehté{‘-The.data are given in Table 5
and can be seen in Fig. T.

(A) " "Non-bonded Compoéites. With matching expansions it would be

expectéd that no’internal stresses would be created upon cooling the
composite from tﬁe fabfication temperature. X-ray strain méasurements
iﬁ’Table 3 show the nickel (420) peak ﬁo be found at 1&&.51° 28. By
comparison with the noﬁ—bonded D glass standard 6f 1kh,52° 26 there are
essentially no internal stresses:created in fabrication.

Sincé contact was mechanically maintained between the glaés and the
meial upon cooling, stress concentrations were only createa on loading{
A calculation of thése.stress concgntfafibns was made using the follow-

ing values and Egs. (2-5):
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0
o

= 277 kbars (measnred for S’glass):

G

GM = 72“ kbars (measured for nickel)

uG = O.2a(calcula£ed for S édass).
_uﬁ = 0.b (calcdlated for’nickei)

R = 30p = 11.8 x 107" 1n

Forvaﬁdapplied load of T, tne maximum stress concentration as‘shown in
Fig. 1 was 1, 37hT Once agaln the max1mum stress concentratlon was ex-
}pected to occur at the 1nterface Thls concentratlon of stress meant
that,'for_an'applied load of T, therevwas an area (shown in Fig. 1) within
the compdsite‘where-a stress of 1.374T was'devélbped. B

‘fhe expected'strength'was calculated using Eq. (9) ‘and recalllné
that stress concentratlons existed as a result of the malntenance of
contact:between sphere and'glass upon coo%ing from the_fabrxcation
"‘temperature. Usingfthe stress concenﬁration factorbof_l;37hT and a

neasured Young's modulus of~9.8‘xv106 psi,:a'Value of ld,llO psi was

calcuiated for the non-bonded coﬁposife; 'This conpares“Weil (2.7%;error)
with the average measured value of lO 380 psi that was found for the |
nine bars that were broken.

Scanning electron micrographs of the fracture surfaces of the broken
bars can be seen in Fig. 8. vIn’the abSence of a bend it can be seen
| (Fig 8a) that the fracture propagated to the sphere and around it at the
 sphere-glass interface. -HemiSpherical cavities-remain as evidence of
spheres. in the oppos1te fracture surface. | o

(B ) Bonded Cqﬁposites. In the D glass system the bond played an

important role in that it prevented the shrinkage of the nickel away from

- the glass. With matchlng thermal expansions, however, this role was
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unnecessary and the bond had no effect upon internal stresses. This is
eVidencéd by the X—réy strain measﬁrements of Table 3 .which showed no
shift of the nickel (L420) peak with the formation of a bond. The same
location, 1kk 51° 29; was observed as for the non-bonded case.

The shape of the.curve.for the 30 vol % series in Fig. T once again
shows an optimum pre;oxidétion treatment in order to-obtain the optimum
bond and therefore the maximum strength ervthé’given fabfication process.
With lesser‘pre—oxidatién treatments we once again saw a lower strength.
because saturation was not reached. . With greater pre-oxidation treat-
ﬁehﬁs, a Bulk‘oxide layer remained after saturation and a lower strength
- was observed. In order to illustrate the'neceésity of controlling the
averége méan free path between particles; a series to the left of point B
- in Fig. 2'with only 20 vol. % of 25ﬁ-diametefvspheres Qas hot—pressed,

In this_iﬁstance the flaw-limitation mechaniém.was no£'applicable'énd.we
expected to see little effective strengthening upon the additionAof the
second phase., The results of this series are'given in Table 6 and can
be seen in Fig. 7. | |

| The expected strength of a bonded S glass—nickel.compoéite was cal-
culated using Eq. (9). Once again it was observed that the éresence of
a bond counteracted the ponéentration of stress deveioped.during load-

ing. Using

¢ = 0.3

R = 30p = 11.8 x'lo_h in. N
VE=9.8xlO6psi '

K=1

the strength to be expected was calculated as 13,900 psi. The maximum
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vmeasured value in Table 5 1s 12 h60 p51 and .this is 10. 37 lower than

antlclpateo.‘_

It is evident;paS‘inftherDhglaSShsyStem,'that the proper amount_of
preéoxidation inrorder.to obtain'the maximUm'strength is‘critical - Just
sllghtly more or less than the optlmum pre—oxldatlon w1ll yleld.a much

weaker compos1te.

CharaCteristic‘fracture_Surfaces of the‘BO'rbl\ % bonded cOmpositesr'

”:are Seen'in Fig. 8" Once again'a small radial tenSion was developed as
| result of the sllght thermal expansion varlatlon among the saturated
v'glass, the nlckel and the matrlx glass. The bond is ev1oent in Flg. 8b-d -

:_by observing glass adherlng to the nlckel spheres in the fracture sur—f

face._ Its magnltude can be compared with the bonaed D glass-nickel sys=

-'tem shown in Flg..6.

. A sample vith 0.9% weight gain was exemined with the ielectron beam

microprobe. 1Nickel[counts‘nere taken as ‘the beam traversed radiallyv

from the center of a sphere outward'into the metrix: Three randomly

:selected spheres ylelded a distance of 13u from the- sphere at whlch

. nlckel ‘was detected.

(3)5_MaGlass System aNl

The thlrd system to be investlgated was one in which the thermal

.expansion of the glass is greater than thet of the nickel In this caese -

’ the interface between the glass and the second phase was. formed mechanw-'

cally by the contraction of the glass ‘around - the sphere- durlng cooling,

_'In additlon, a chemlcal bond was introduced by the pre—ox1datlon process.

Once agaln g change in the volume fractlon of 35 vol % of 30u spheres

was dlctated in order to preserve “the flaw—llmitation mechanism (F;g. 2)

-
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and remain to.the right of point C. A series of cormposites was hot-
pressed at 1000 psi for 10 minutes at 7009C with a range ofvpre—oxidation
treatments. The strength values are given in Table 7 and can be seen

in Fig. 9.

(A)"Non-béﬁded CombOsites. .With'the thermal expahsionvCOefficient
of the glass'greater than that of the nickél, the glasé contracted eround
‘the nickel microsphéreé upon cooling from tﬁe fébfiéation"temperature;
This contraction around thé nickel was sufficient to put thé nickel into
a slight compression as isVGVidehcéd by the X-ray strain measurements in
Taﬁle”BQ ‘The nickel (L20) peak was detected at 1kkL.54® 26 compared with
lhh.52°>26 for‘thé non-bonded D glass standard.

._Onlyvmechénical coﬂtact was maintained between'the giass and the
| nickel in theigon—bonded'composife. Under-the appli¢d'teﬁsién the ten-
depcy'of“the giass to_puli avay from the nickel gave-fiSé'tb'a nicro-
vmechanical §tress concentration. The maximum stféss'concéntration in
. this system was_calculated.using the fdllowing'valueé.and Egs. (2—5),

290 kbars (measured for M glass)

(]
1]

G
Hy = 0.2 (galculated for M glass)
R = 30 = 11.8 x 107" in.

¢ = 0.35

When a load of T was applied-to the composite, a stress concentration of
1.366T was formed af the glass-nickel interface asvshown.in Fig. 1.
Eéuation (9) was used to calculate the strength to be expectéd from
the nohabonded compbsifé‘ ﬁsing the-qalculated stress concentfatioﬁ‘
factor and a measured value of 10.2 X 106 psi for the Young's modulﬁs,'

a strength of 11,610 psi was predicted. This agrees very well (2.1% error)
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with the actual measured value of.ll;860>psi‘fof:thé twéiVe b§rs broken.
Fracture surfaceés of - the bfokén-bérs.in.the‘Mvglass—nidkel‘systém‘ 

were examined with the scanning elecﬁfon miEroscbpe. The fféétpfeApath

.'in the non-bonded case can be .seen in Fig.:lOa. Once again ﬁhe fractufe-

propagated toward the nickel aﬁd érdund it, leaving a hemiépﬁérical

| cavit& in the fracture_suffade. This was expectéd bécéuéé it relieved

.the biaxial tension resulting from the internal stress.

(B) . Bonded Cdmnoéftés. As in the caée of the'métchingAtﬁefmal ex-
pansion system, the exisﬁencé-of a bond did nof“éffegp-the internal’’
_IStresses; .This was illustrated by the X-ray sﬁrain measufeﬁents which

locéfedvthefnickel‘(MZO)'peak”aﬁ 1L4,55° 26 for the bonded é§mpb§i£e com-
pared with 1LL,54° 26 for the ﬁoﬁ-bonded.compdsite. ) . |

The presence of ‘& Bdnd greatly‘énhanced fhe strength gf composites
'in”thisbsystem. As can be seen in Fig. 9,'strengthehing was}limitéd
'until‘a pre-oxidation treatment wqé used which wbuld safuraté the glass
ﬁnder.the'hot—pressing conditions,i A sample méde viﬁh spherés.preav
oxidizéd to 0.9% weight gain vas examined with the elegtron_micfopfobe.
 Nickel waé detected to a distance of 18u frog the gléssEnickél interface.

Existénce‘of the bond_égain prevented the glasé.frgm puliing away  .
from the nickei under énvapéliéd tensile load (Kél),'-Eqéation (9).
yieldéd avprediéted strength of_l5,880 psi for fhg bonded composite. A
cdméarisdn of‘this.valﬁe vith thé’maximum strength;mgaéured in‘fgble i
Cof 15,390_psi‘agaip shows & good (3.1% error) agreement for:the'lh samples
bfoken.

Representstive fracture surfaces of the bonded composites in the

M glass-nickel system can be seén in Fig. 10. The radial comnpression
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introduced as an internal stress during fabrication correspondingly set
up a tangential tensile.stress.' In order t§ attempt to relievelthié'
tangential tehsile-stress; the fracture procéeded directly to the nickel
miérOSphéres and around them at the glass-hickel interface in spite of
the presence of the bond. CarefulAexamihation_of.the pictUres‘shoﬁs
(as in Fig. 10e) some adhesion of the glass to the microspheres cOnfirﬁ—
ing the existence of .a bond.

V. SUMMARY

"Composites were hot-pressed using glasses of varyving thermal expan-
sion coefficient and nickel with varying degrees of preéoxidation in-
order to study the effect of chemiéal.bonding between the nickel énd
glass uponVStfength and fracture;béhavior. Glesses with a thermal expan—
sion coefficient lower than, highér than, and'métching that of nickel
were cémpounded. The bond was deféloped by the migration:of oxide at
the fabrication temperature and the resultant'saturatibn of the glass
with the oxide in the vicinity of the nickel.

When no bond was present,'a'low expansion glassvied to pseudo-
poroéity wifh‘ihe resultant weakening, and a high expansion glass led to
sﬁrengthening due to mechanical contraction of the glass aroﬁnd the
nickel upon cooling. No matter wﬁat the relative thermal‘expansions
were,'micromechénical stress éoncentratiohs were developed gpon loadihg.
Strengthéning was observed with both matchiqg andbhigh thermalve#pansion‘
glasses, but the micromechanical stress concentrations reduced the
strength faf below that expécted f?om.a simple Griffith flaw limitation

mechanisn,.

The presence of the optimum bond between phases dramatically
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increased the‘strengthvof the'compositest.In the'casetof the low expan-'
sion‘glass £hé bond'preventedithe‘formation_Of.pseUdOPorosity by“halting
shrinkage of the uickel-awaydfrom thelgiass; ,In:all cases the existence
of a bond betweenbphases counteracted the;micromechanical.stressfcon-:p
.centrations developed upon'loadiué.‘ The strength Was then dlctated by
) 51mﬂ1e Griffith fiaw llmltatlon mechanlsm.

| Internal stresses that were developed_w1thin:thevcomposite during
cooling.from'the fabrication temperature'controlied'thetpath of fracture.
Differences iu'therual expansion created edthervradiai‘or tangentialn
'tension"in tﬁe matrix;‘ In order to relleve tangentlal ‘tension, such as

that developed in the bonaed hlgh expan51on matrlx system, tne fracture

'~=ipropavated d1rectly to the nlckel spnere. In order to relieve radial.

u‘ten51on, such as that developed in the bonded,. low expan51on matrlxv
i. system the fracture propagated around the nlckel but stlll w1th1n the
| glass matrlx._r |

‘The strengthaand path‘of fracture were.fouod'to:be'independeot.
-Interﬂal‘stresses.coutrolled the path of fracture, mfcromechanical stress -
:coocentrations'cohtrolled the strength; and the bondvcouhteractedfthe

micromechenical stress concentrations to produce an even greater strength.
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Table I

Material Properties

Thermal Young's
Expansion Modulus Poisson's  Density
in/in °Cx10°® psi x 1078 Ratio gm/ce

Material Composition - Q ’ ‘B e o
Ni ‘ 13.9 30.0 0.kh2 8.9
D glass 70 Si0, T.7 11.7 0.2 2.47
: 14 B,03 o ' '

16 Naz0
S glass 55 8i0, 13.8 . 9.8 0.2 2.47

15 A1203

30 Nazo
M glass 50 Si02 16.0 10.2 0.2 2.51

013 A1,03 :

37

Nazo,
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Table II

' Crossbending Stréncuh and statistical data for
oxidized nchel-D glass cox p051tes (lO min. )

. : Oxidation - - . Average : - Standard
Oxidation Time Weight Strength  Number of Deviation
_Temo(°C) __(hrs.) ~Gzin (%) _(psi) Samnles . (% of everaze)

- 800 /8 0.3 10,730 . - 17 8.4

" 1/2 0.7 11,960 S17) 6.2

L 1 1.1 ©12,020 18 9.5
" 2 1.7 . 10,870 15 12.6
L | 2.2 10,910 9 11.7
" L 2.8 10,030 17 - 13.b
" 6 3.3 10,350 19 10.6
" 12 1/b 5.8 . 10,260 12 212.2

750. .. 1/6 0.18 . 9,560 18 13.7

" , /2 0.3 10,190 19 12.1

e 11/2 0.9 -~ -11,7h0 21 7.0

"o 2 1.1 11,kko 22 7.3

" 15 - 3.6 10,390 18 5.b4

) glass alone A T,740.. © . 36 lg.s
.1

D glass & unoxialz°d Vi B - 6,kko 32
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TABLE III

Internal stress measurerments

D glass (¢ < aNi)

No btond

~Bond

Ll

S glass (aG = q,.)

No bond
Bond

z { >
M glass (aG aNi)

No bond

- Bond

o9

1Lk 52
1Lk, 39

14k, 51
1hﬂ.51

144,54
1Lk .55

0.80870

~ 0.80900

0.80873
0.80873

0.80866

0.80863
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f TABLE v

iCrosébendiﬂ” ngtn and statlstlcal aata for
ox1alzed nickel-D glas: coapocltes (20 min.)

- Standard

_ Oxiaation o Average v 3
‘Oxidation Time Weight Strength  Number of . - Deviation

Temp(°C) (nrs.) Gain (%) (psi)  Samples. (% of everage)

750 1/2 0.3 8,030 18 7.3

"o 1 0.6 7,780 - 13 15.9

" ' 11/2 0.9 ©9,390 o1k 15.2

" 3 1.k 10,750 18 10.7

" 4 1.7 9,830 - 18 10,6

"o 15 3.6 9,670 16 9.9

D glass alone 7,740 36 lg.S

.1

D glass & unoxidized Ni . 6,Lkko - 32
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TABLE V

Crossbending strength and statistical date for
oxidized nickel-S glass composites (305 spheres)

”

Oxidation Average ~ Standard
Oxidaticn Time Weight Strength  Lumber of . Deviation
Temp(°C) (nrs.) - Gain (3) ‘(vsi) = ‘Samples . (% of averzze)
750 1/6 0.18 10,690 . 14 5.6
750 1/2 0.3 11,b10 - 15 5.2
750 1 0.6 12,k60 11 6.L
800 1/2 0.7 10,790 16 9.0
750 i1l/2 - 0.9 11,540 13 3.5
750 2 1.1 11,090 13 5.3
750 . L 1.7 11,000 17 9.2
800 - 3 2.2 10,690 11 8.1
750 10 2.8 10,570 17 8.6
8G0 6 3.3 9,870 13 6.8
750 . 15 3.6 9,850 - 13 8.1
S gless only 8,1L0 2k 2.2
.2

S gless & unoxidized Ni 10,30 -~ 9
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. TABLE VI -

Crossbending strength and statistical data for
. oxidized nickel-S glass composites (207 spheres)

Oxidation  Average o ' 'Standard

~ Oxidation™ = Time - Weight - Strength  Number of . Deviation

"~ Temo (°C)  (hrs.)  Gein (%) (psi) ‘Semples -~ (% of averags)
750 . 1/6 0.18 . 9,280 13 - 4.7
750 coo1/2 0.3 - 9,230 7 - 9.8
- 750 . 1 - 0.6 9,0Lk0 12 13.6-
750 1.1/2 0.9 8,9Lk0 11 4.8
750 2 C1.1 9,320 - - 20 9.0
750 3 1.k 8,860 15 6.8
150 . ok C1.T 8,690 16 9.6
800 - 3 2.2 8,740 - 16 1k
750 - 10 2.8 9,460 19 110.9
750 .15 - 3.6 . 9,510 19 7.9
8 gless only ' .. 8,1k -2k 2.2.
.0

S glass & unoxidized Ni 8,170 18
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TABLE VII

Crossbending strength anc statistical data for
oxidized nickel-}{ glass composites (10 min.)

Oxidation Averaze v Standard
Oxidation Time Weight Strength  Number of - . Deviation
Termp (°C) (hrs.) Gain (%) (vsi)  Samples (% of averaze)
750 1/6 0.18 13,630 20 9.L
750 1/2 0.3 1L 2ko 16 6.1
750 1 0.6 15,2¢0 19 6.1
800 : 1/2 0.7 14,580 7 . 8.8
750 11/2 0.9 15,000 Y 10.9
750 S 2 1.1 14,800 11 5.3
750 L 1.7 15,390 1k 5.2
800 '3 2.2 15,120 9 7.3
750 .15 . 3.6 15,320 10 6.9
M glass only . : : 9,920 13 6.1
M glass & unoxidized ¥i . 11,860 12 7.0
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. FIGURE CAPTIONS
Stréss concentrati§nsbd§Velépea ﬁnder_an éﬁplied tensile load -
oo = porosity, " =.inélusion); | |
Calculated cdmpbsite strength.as a funcfion of réciﬁroca;
square fpot of fhelavérage meén free path.,

Oxidetion of nickel spheres;

Nickel spheres before and after oxidation (20°,'1380X)

‘(A) Unoxidized; (B) Oxidized 1 hr. at 750°C (0.6%)

Strengfh as a functioh»bf'weight gain for the D gléss;
oxiéized nickel series, - |

fraépurevsuffaces in the;D-glass (10-min) series (inclined
20°,marks-inaicaxe?é5ﬁm) | ‘ | ,

() 0%, (B) 0.18%, (C) 0.3%, (D) .74, (E) 1.7%; (F) 5.8%.

" Strength as a function of weight gain fof the M glass-oxidized

nickel series.
Frécture'surfacés in the S glass (70% glass) series (inclined
20°, marks indicate SOum)

(8) 0%, (3) 0.18%, (¢) 0.9%, (D) 178, () 2.24, (F) 3.3%.

: Strength as a:functidnvof weight gein for the M glass;oxidized

nickel series.

Fracture surfaces in the M glass series (inclined 20°, marks

indicatefSOum)

(a) of, (8) 0.18%, (C) 0;3%.i(D) 0.9%, (E) 1.7%, (F) 2.2%.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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