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MECHANTCAL PROPERTIES AND FRACTURE BEHAVIOR
OF CHEMICALLY BONDED COMPOSITES

“Mark Alexander Stett

-Inorganlc Materials Research Division, Lawrence Radlatlon Laboratory,

‘and Department.of Materials Sc1ence and Engineering,
College of Engineering, University of Callfornla,'
Berkeley, Callfornla

ABSTRACT

April 1969

The effect’of chemical bonding between phases of a glass-metal com-

:‘pdsite on'the.strength.ahd fracture'behavior was investigated;“When_no

chemical bOnding.oceurs,vstrengthening can .be achieved through the |

”mechanical formation'of_anvinterface.between'disperSantvand matrix. By

the formation of.a chemical bond ‘an even greater strengthenlng can be
obtained. Strengthenlng occurs by the limitation of the Grlfflth flaw.

size and is controlled by mlcromechanlcal.stress concentratlonS'developed

" upon loading. .Internal stresses developed upon coplihg:from the fabrica-
. tion temperature contrdl the path of fracture. The existence of a
'chemical bond serves to counteract the micromechanical_stfess'concen—

. tration and therefore increase the strength.
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1. INTRODUCTTON

Many?of today's:new,materiais areamultiphase'or COmposite in‘nature,
Dispersion strengthemed alloys make usepoféa‘finely diyided;seoond phase
distributed in a crystalline matrix. fGlass—éeramics makeymse.of oon-vﬂ

trolled crystalllzatlon from a glassy melt.. Fiber.reinforced;resins have
- been used extensively: in the area of organlc materrals., The properties
- of composite materia;s w1ll‘depend upon th% propertleS'ofithe individual
compohents, thefr distribution,_and their‘ph§sical and émemieai.inter-'
..action.“ _ | o 'L]“b ' - i.
| In developlng an understandlng of the propertles of brlttle—matrlx
Lfcomp031tes, the . obv1ous choice for the:matrix is glass—-the 1deal brlttle
materlal. Fulrath demonstrated that 'by vacuum hot pre551ng, avcontlnuous
. matrlx of glass contalnlng a dlspersed phase could. be fabrlcated Since
~that time extensive studles on the elastic and mechanlcal propertles of

" such systems have been reported.2 13-

In all the(prev1ouS'stud;es the -
interfadial,bonding charaoteristicsvbetweenptheidispersiontand’the matrix
trhave not been cieariy.identified.

v'vNason3 first encountered the problem of interfacial’bonding in-
attempting.to_disperse tungstem‘and nickel microspheres in giass matrices
where the matrix'thermai expansion coefficient Was'selected‘tomoe'either
A;less tham'or'greater than that of the Qispersed material. 'Whem the
tﬁermal expansion,coefficientvof the giass wasvless'than'that'of the's
.:nickei metal and'there was no bonding:between phases, théknickeilshrank p
itawaybfromithe glass upon cooling and formedvpseudoporosity; Com;osites
'tfabrioated Qy Nason from tumgsten amd a glass of lower thermal'expansion'

coefficient, however, showed an anomalqu'strengthening. He then hot




;2;

pressed under the séme conditions some of.thié glaés”agéinst‘é well-
polished.diéc_of tungsten, Adherencé was:observéd,betwéeg the tungsteh
and glass. A similar experimént using a nickel disc and another glass
with a lower thermal expansion>coefficient than that. of nickel showed no
iadherence.

Bertolotti and.Fulratth used‘this thermal eﬁpanéion mismatéh and
lack of interfacial bonding in order to create a controlled émount of
spherical porosity of known éize in their examination of porous glass.
With small particle sizes, they also observed an anomalous stfengthening'

-.and‘proposed that adsdrbed watér on.the surface of the glass powder used
‘in fabricating the‘composite caﬁsed a élight oxidation of the nickel
surface and rgsuitéd in & bond betweeh the oxidized'nickel and the gléss.
bAs a result of this observation, a more extensive studyvof the effect

of a chemical bond between phases in a brittle matrix.composite was

undertaken.



N lI. THEORY
In attempting to analyze this system,‘we-must consider two types of ,
?stresses. Internal . stresses are- created between glassy and crystalline
phases during coollng as a result of the difference 1n the thermal ex-

pansions of the two phases;u Under mechanical loading,,differences 1n‘

:,the elastic properties of individual components can. lead to localized
. concentration of the applied stress.;'The existencefof@afbond further

”complicates the situation. o

A, Internal Stresses
| As a result of differences in thermal expansion amonglphases in a
.polycomponent material, 1nternal stresses -are developed upon cooling
“from the fabrication temperature.- It has often been proposed that inter-
nal stresses affect the mechanical strength of composite materlals._

A means of calculating this internal stress was provided by Selsinglh
and shown to be accurate for a crystalline material of hlgh modulus of

elasticity embedded 1n a glass of low. modulus of elasticity.

'. I ¥,
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= tangential internal stress ,
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difference in thermal expansion
= Young s. modulus of the gless

Young s modulus of the metal dispersed phase
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temperature differential
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Poisson's ratio of the glass

=
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Poisson's ratio of the metal dispersed: phase

by

R

Particlé radius.

radius under consideration

r
:Without‘a.detailed knowledge of the Viscous.behavior of the glass being
used, however, it is difficult to estimaté what value.should‘be.used for
AT. The difference.betweéh the test témpergturé.and the temperature\at
which the viscosity‘of.the glass is high gﬁough.to suppoftastress sh;uld
be used.

Fulrathl,has,shown that internal stresses could be detected in
ceramic bodies %y'X—ray diffréction techﬁi@ues; Aftef correction for
. beam penetration and camera geometry, pe;k shifts give an éccurate
meésuremeht.§f s£rain. An increase in peak angle.is indicafive of gém-
__pression while.avdecrease in peak angle corresponds.to tension.r A more
‘-detéiled analysis of the.technique and exampleswof ifs_application Weré
15 '

presented by Grossman and Fulrath.

B. ‘Applied Stresses

' Theoretical solutions exist for stress concentrations associated
with elastic inhomogeneities of various shapes in an infinite matrix
under load. = Since glass fracture is usually nucleated at the specimen
surface and because of the high stress gradients away from the surface
in the strength test, Goodier's solutions for a circular inclusion-in a

y . _ :
- flat plate were used.
For a circular hole in a plate it is found that the expressibn for

f'the-tangential stress concentration yields tensile stresses greater than

“the applied stress under conditions of tensile load. The expression
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for this stress concentration is

' a, =_2T..[B—- - -35—-.'.fco's 2] + T sin 0 (2)
. ; . hrz ‘ hr" . . ) .

Awhefe T app;iedAteAﬂiie,load.
6 = angle from iireétion»of appliéd.tension =909 for maximum
1s{reés.concéntrétion@in‘this_cﬁéé ' |
R = ﬁole radius | ’
r = radius uhdér considefétion '

 For a éimple tension, T, in one diréction there is a maximym stress con-

:{centrafion of 3T at the hole aé‘cap be seen in Fig. 1. This stress con-

.,centratibn decreasesvrapidly‘td'only 1.2T.ét‘g distance of R'iﬁto'thetf

. matrix. Thé stress concentration also decregses rapidly'as'é moves améy'
frbm-90°, confining thévstresslconcenfrétionvto.s@all regions at A and B.

In the case of a rigid inciusidn, contact wiﬁh the sﬁfrom_mding
, matériéi froduces a*qifferent type of strésé COpcentration; 'A_iigid in-
;”élusion in simple tensioﬁ ipducesva.tension at C and D»Vhich,éan.be as

much as 1.5T. The expression for this stress concentration is:

r b

G = 2G _:é_f + 3B 2c cos. 26 4'2-(1 + coé;ée)’ - (3)
@ r? r r?] - ' e ’

where -

A _‘.;TRZ. .(l-.-Qqu) GG -,(Z_L-.-2‘uG) GM | | (h)

R hGG’ | (1f2u) GG.f GM
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Fig. 1. Stress concentrations developed under an applied'tensilé load

(___..... = porosity, =~ = inclusion) .
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In these expréssions

9. = 0° for maximum stress'concentraﬁion‘.
dd'= bulk modulus Qf the glass
GM = bulk modulus of the{metal dispersed phase

[,and.the other terms have been previousiyvdefined.v Thé fenéion at.A and B
is reduced and becomes compression if Wy 15 less than 0,25. .Thé'fepsile
jstréss concentration at C agd D alsd decreaseé'With increaéing R,‘qu lessv
ifapidly. A stress concehtrati§ﬁ of 1.08T is:reached.atyabdistancevof:hﬁ;_
 The stress‘conEeﬁtration once again-décreaées fr§m é'maximﬁm with a change
in 8 from'6‘=;d°, coﬁfining fhe stress ébncentfatioﬁ to regions éﬁ Cvand

)

D.

C. 'Bondiﬁg ‘
A boﬁdviS'o%tainedeétwééﬁ a glass and a metal when the élassvis

saturated with the oxide of the metal at the glass-metal interface.
.According to Pask and Fulfathl7 aIChemical bond can.oécurVWheﬁ-a<ﬂalancé.

N?f_bond enefgies is achieved acroéévthe transition zone at the,iﬁférfaée
-w;bétweeh thebglass and the metal.  Thisfbalaﬁcefoccuré.when "therﬁodynamic-b
‘ ~equilibrium” is ébtained.at the'ihterface..,B& "thermodynamic»égﬁilibrigm"

it is meant that each of the phases is saturated with the lower oxide and

u
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' ‘that there is no possibility of further reaction.to.form a new phase., If
the available oxide.is entirely diséolved_by the.glass}befofe the glass
attains the saturation.coﬁcentration; the resultant contact with a purely
metallic surface results in évWeak bond.
| Consider a system.composed of nickél and a glass with a lower thermal

expansion. In this case the metal will shrink away from the glass upon
cooling from the fabrication temperature .when the;e is no pre-oxidation
. of the nickel ana interfacial bond formation. The.résult will be a giass—
pore system and the strength of the composité will be lowefed‘as a re-
»Sult of the iﬁtroaﬁctibn offthe nickel. This can be .seen schematicallj
in Fig. 2a5 If the glass comes in.contact wifh pre—qxidized nickel wﬁile
molten, diffusion of the Qxide into the glass.pccurs. The glass at the
oxide intérface.becomes saturated with the oxide (assuming,sufficient.
;6xide is present). This saturation would.résult in a balance of bond
energies and the formation of a ¢hemical bond. Ideally,.this‘balance
would occur without a bulk oxide layer at the nickel surface (Fig. 2b).
If there is aﬁ'excess of pre-oxidétion, a definite oxide layer will exist
between the nickel and the éaturated glass (Fig. 2e¢) and the stfength of
thé.reSultant composite would reflect the comﬁlex‘interactions'between'
the metal, the oxide layer, and the glass.
. D. 'Streng'théning' by Flaw Limitation

Hasselman and Fulrath? héve hypothesized that a dispersion of a

~ hard second phase within a brittle glass matrix will strengthen the com-
- posite by limiting the size of Griffith flaws. When the average distance
between secondhphase particles is less than the flaw size, the flaw size

is‘limitéd to this average mean free path. For a flat plate cdntaining



. @ Ni NiNi “OSilo-No,OB sio
. " METAL ~  GLASS
® Ni Ni Ni O SiONiOS BN O
 METAL OKIDE  GLASS |
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_ME’TAL_VI ~OXIDE I © GLASS

' 'Fig. 2. Schematic diagram of the bonding pqssibilitiesvbetween'metal and glass..
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‘g an elliptical flaw, .the Griffith expression for the macroscopié strength,

SO, is

|2 ’ ,
s, = (—%;) : , | (7)

where Yy is the surface energy, E is Ydung's modulus of elasticity, and
. _ v | : ‘ _
"a" is the flaw size. An expression for the mean free path, d, between

. spherical particles of uniforn radius, R, distributed statistically

vthroughout a matrix was provided by Fullman18 as

4 =)4R(l—§) : (8)

3¢

where ¢ is the volume fraction of dispersed particles. _Substituting
“Eq. (8) into Eq. (7) we find the strength‘pf a composite that is being

strengthénea by a flaw limitation mechanism to be

1/2
| 0

s = 4§¥EQ—T

o mR{1-¢
:When a given load is applied to the composite there will be, due to the
stress concentrations resulting from differences in elastic properties of
“the phases,9 areas of higher stress than the applied loéd. The measured

strength will therefore be

-1 , .
sm =% so , (10)

" By substituting Eq. (10) into Eq. (9) and rearranging this to isolate

)1/2

the variable, (1/4 , we find
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. [ uym)t/2 ;::53 ‘ ' 1/2  ‘ ' : (11)
A vsm_— (E%' (ER11~¢S) . ‘

3 This‘functioﬁ was plotted by first calculating,thé sloﬁeifrom apprbximate
 » values of Kf(l.h), y'(lOQQOO,eggs/cmz), and E'(107 psi). The éssumptgon
of l0,0QO érgs/ém?.fdr.the.surface enérgy is reasonéble frdm-two stand-
- points. It falls’wifhin the very wide rangétof valués previously assumed
f br.measured in 6thér_ihvéstigationsvand it pfoduceé'results that are in
, godd‘agreement with the observed data in this’inQestigétion. ThiSFVQlte
v , i _ ‘ :
" of the sﬁrface'energy is, hdwever, an assumptioh and more confidence
-'Qouid be expfesséd as to ité accﬁraﬁyvonly if a.more detailed‘study of -
the fracture sn;face énergy_ﬁere available. ‘From‘Eq. (11) it can be seen
that th&é funétion willinecessarily‘go through the origin. The location
of the horizontél’portionvof the curve was aCCQpplisﬁed by determining 
;the sfrength of each glass aionef At large values of "d" the average
mean free path will be largér than the Griffith flaw‘sizé and né
strengthening'will be 6Béerved.‘ The horizontal éxteﬁsion of tﬁé in-
- dividual_glass stfength value will intersect_the plotﬁed_slopeIAt the
sizeﬂcf fhé;Gfiffith flaw. Thié behavior can be seen in Fig..3: In
Wordér“to assurelstrengfhening in the cémposites studied here, a combina;
’ tion of pérticle size and volume-fréction wasbéhosen in éaqh case that

- provided an average mean free path less than the Griffith flawisize.
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}*glasses were measured by the resonance technique of Spinner aud*Tefft

.shape factor given by Splnner and Tefft.

,ties is given in Table I.

-13-

IITI. EXPERIMENTAL PROCEDURE

" The glaeses.used.in this investigatioh.were'ﬁadefinfthe laboratory

‘from silica flour,.reagentggrade sodium carbonate andlboric_aeid,_and

alumina. The materials were dry mixed and .then melted and refined in a

" platinum crucible.at 1400°C in an electric furnace. Densities of the
. cast glass were measured using an Archimedes technique with.methylv
_aleohol.'~The cast glass'was cfushed and dry ground tqf;325 mesh in an

- alumina-lined ball mill with alumina pebbles. ElaSticlproPertieS'of the

19

0

' and Piékett.2 With thls method two values for Young s modulus were

obtalned for each specimen by calculatlons us1ng Hasselman s21 tables.

The shear modu11 were calculated from an express1on of the pertlnent

| 19 A.summary of materlal proper-
b ' ' '

Nickel microspheres wefe purchased and partitioned by screening into

_various size fractions in order to obtain desired average particle sizes.

In order to evaluate the various oxldation treatments, weight gain tests
were earried.outvat three temperatures. 'The curves that.were obtained

were predomlnantly linear in the ranges that were used and can be seen in

.Flg. 4. From these data ox1de layer thlcknesses and average partlcle

_densitv.were'calculated'and-are given in Figs,v -6 These denSltleS were
‘used aloné‘wiﬁh the measured glass éensities.to-caleulate'compoéite batch
.;weights; Scanﬁing electron micrographs of both oxidized and undxidized.

.spheres are shown in Fig, 7.

The compesites were prepared from thoroughly mixed combiﬁafions of

oxidized nickel spheres and powdered glass and were vacuumﬁhot.pre3sed
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Table I

" 'Material Properties

— —
) . : in/in. °C. x 10° psi x 10 . gwm/ce
" Material ~ Composition o E " us o p
Ni | o 13.9 | 30,0  0.k2 8.9
: | . . .
D glass 70 810, 7.7 R ¢ 0.2 2.7
14 B,0s _ |
16" Nas0 .
S glass 55 8102 13.8 . 9.8 0.2 2,47
15 A1,04 S | |
30 [Na20
M glass - 50 Si0z 16,0 0.2 . 0.2  2.51
13 Al,03° . - .

37 Na,0
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Fig. 4. Oxidation of nickel spheres. - . -
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Fig. 5. Oxide thickness as a function of weight gain.
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. Fig. 6. Oxidized partiéle d_e_nsity as a function of .weighf 'ga_;inu.
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at 500 or 1000 psi f'o;} either 10 or 2d_iniputés...gt 700°C. . The hot-pressing
affangement is shown in Fig;_8. Mixed po%aérs.werévloaded into’a gfapﬁite-
die and the die wﬁs pésiﬁiénéd insidé'the Qaguum.chamber, A Pt—Pt 10% Rh
fherﬁocouple was inser£éd in:theidie ‘body and thé.system waélevéCuafedfﬁo
vless tﬁan a_ﬁicron préssure; .Resiétance.heat;ng"was employed using a
115 mil molybdenum heating coil. Rates §f cooiiﬂg"from maximuﬁ'ﬁempera-'
ture Vere‘controllédvbyithe furnace's f;ee coéiing raté. A lineaf dif-
'_ferentiél trgnsformer.attacheditovthe bellows.was uséd as a measuré of
'tﬁe‘cbmpaction of the sample'in the diéé The similarnsoftening‘Character—
~isties of the three glasses pérmittgd the fabridatién ofltheorétically

- o
-dense composites at a single t?mperature.-

Séﬁp;es for the méasqrémegt_of elastié;propertiéslwefe.cﬁt wifh.a
diémond séw‘ffomua 2 in. df;meter:x 1/k in. thiék vaéuum hét-pressed
glass disc. Strengt£ me;surements were maq; on .l60'iﬁ£ x‘}OBQ in.vbéfs;
:: ?f varioué leﬁgths.that.we;e cut from a 2 in. x;.OfO iﬁ. vacuum hot; o
" pressed disc;‘ The thin'dis;s were cooled in an argon atmosphere to avoid’
cracking.v An a&equaﬁe fléw denéity was insured,by'aﬁrédingvthe:tensilev
surface of the.disc lightly with EMQ_grit SicC. Thermai expénsioﬁ bars
iweré,also cut'f;om the 2 in. diaméter.x 17h in. thick vacuum hét—préssed;
glass discs.

Uniaiiai sfrengths"wéfe measured using a_four;point loadiné device:
‘with a 3/4 in. overall spgn; ‘Specimené were loaded with the abraded
- surface agvthe.tensile.éu;face. Sevefainﬁreakings wefe'made witﬁjeaéh
-:spégimen to,obfain an{average_stréngth value. Resultﬁnt.fracfure.éur-
“faCes Were,exa@inédIQSing a scanning electrén micrpscépé,v Prepa;ation:

— S . o _
-included coating of the specimens with a 100-200A layer of aluminum.
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Hot-presséd'samples.were.Sectioned and mounted in a clear césting
resin. All samples .were polished with a set of silicon carbide.papers
.(2ko, koo, andVGOO grit) and theﬁ finished on a series of diamond pastes
(6, 2, and 1/2 micrdﬁ diémond).' Carbon was vaporidepésitedron the’
finished samples to provﬁ&e a conductiveASUrfacé.suitable for electron

microprobe analysis. The microprobe was used to examine the migration

"of the nickel oxide into the matrix glass.
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‘IV. RESULTS AND. DISCUSSION .

A. D Glass.System_(aG.<,qu)

The system.that was initially_seleoted'to intestigate'the.effect of
bonding on‘the strength_of glass—metal composites was that used»by'
Bertolotti and Fulrath 10 Nickel mlcrospheres that were pre—ox1d1zed to
3 varylng degrees ‘were used 'in congunction w1th D glass in order to’ expand
.pupon the anomalous strengthenlng observed for small partlcle sizes. It
can be seen in Fig. 3'that a particle radlus of 25u7and a volume fraction
of 20% are sufficient'to position the oxldized nickel-D glass system to
the right of point A, The strength of the comp051te should therefore
be a functlon of the ‘mean free path in the matrix as calculated us1ng
'Eq.:(9).' E1ther>the residual or mlcromechanical-stress concentrations.
_may modify this‘calculated strength‘and ﬁould.be,reflected in the value

of K in Eq.~ lO)' Compos1tes W1th a series of pre-ox1datlon treatments

‘ranglng from 0.18 to 5. 87 weight galn were fabrlcated at 500 psi for 10
‘minutes at 700°C. Strengths of these samples are given in Table’ II and -
. B . 1

can be seen as a funCtion of the amount of pre-oxidation in Fig. 9.

1. Non-bonded Composites

When there ‘was a lack.of bonding betﬁeen-the D glass'andvthe nickel
Jthe nlckel shrank away from the D glass upon coollng from the fabrlcatlon
temperature. ThlS led to the formatlon of pseudopor051ty and the re-
_sultant Weakening of the composite,,vSince the two phases_were not in-
‘ficontaot no internal stresses were introduced. .The previouslyimentioned.
iX—ray straln measurement technlque was used to qualltat1vely determlne |
»the state of 1nternal stress in thls non-bonded D glass-nlckel compos1te and

provide a standard for comparlson.with other systems, _Locatlon of the



~24-

Table II

Crossbending strength and statistical-daﬁa,for
oxidized nickel~D glass composites (10 min.)

Oxidation ‘ Average “Standard
Oxidation = - Time .Weight Strength  Number of  Deviation
~ Temp(°C)  (hrs.) - Gain (%) ~ (psi) v gamples (% of average)

800 1/4 0.3 10,730 17 8.4
" 1/2 0.7 011,960 . 17 ' 6.2
" 1 1.1 12,020 8 . - 9.5
" 2 1.7 10,870 . 15 12.6
" 3 - 2.2 10,910 9 11.7
" b 2.8 10,030 ST © . 13.h
" -6 3.3 10,350 - . 19 10.6
" 12 1/k 5.8 10,260 . S 12 12.2
750 1/6 1 0.18 9,560 -~ 18 : - 13.7
" 1/2 0.3 10,190 19 12.1
" 11/2 0.9 11,7450 21 - T.0
" 2 1.1 11,40 22 T3
SC 15 3.6 10,390 18 ' 5.4
.. D glass alone . ' T,740 -3 . 13.5
1

-..D glass & unoxidized Ni - 6,440 32 8.
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nickel (420) peak was'taken as a géugé_of.the internal.stress.‘ It can

be seen 'in Table III that the nickel (L420) peak was located at 14kL.52° 28,
The hypothesis has been presented thaf,the,effect of micromechanical

stress concentrations on the strength of & brittle material depéhds_on

the siie‘of the Griffith.flaw.relative to the région'over.which the

stress concentration acts.. .The effect_of.pprosity on .strength can be

9

: difided into two extremes. In the fifst-case,the pore size is larger"
:;than:the flaw size and the flaﬁ lies entirely iﬁ matéfial stressed to a
: high stress concentration and the introduction,bf.evén a Single pore
'instantaheously.decreases the strength of the nonporous material. The
decrease in strength will correspond to the ﬁaximum stress concentration
facfor. In‘ghe éecond case the pofe is considerably smaller than the
Griffith flaw. The flaws will be unaffected by the stresé concentrations
‘near the pores. A.decrease in strength as a function of the volume
'fractibﬁ of_porosity should be observed, but without'the'precipitous
decrease as in the first case. The Griffith fléw éizé-géperated by the -
standard specimen preparation technique uéed.here-éan be dbtained from
»Apoint A in Fig. 3 and is found to be-150u. By comparing this valﬁe wifh
the SOﬂ diameter pseudoporosity formed in this case we would éxﬁeét only
‘a slight decrease in strength upon the addition of the first pore. The
- data confirm this expectation with a glass strength of 7;790 psi and a 
measured‘coméosite strength of 6,440 psi.
Fracture ;urfaces_ofvthe broken bars were examined.using a scanning'

electrén microscope and can be seen in Fig,AlO. The path éf'fracﬁure in

a brittle material is altered by the inclusion of particles of a second

phase or pores. If the inclusion is a po}e, the fracture will propagate
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. TABLE III

Internal stress measurements

28

D.glass.(vaG.S..uNi) _
‘No bond N 1kkh.52
Bond S T )
8 glass,(aG = aﬁi)
No bo_na . . 1hk,51
Bond ) - 1ks1
M.glass. (aG'>'°LNi)
No bond ' ‘ 1hk,/5h

Bond - , ~ 1hk.55

(@]

@]

o

o

.80870 ;

.80900

.80873 -

.80873

80866

,80863_
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.to‘the pore and around its diameter, leaving a hemispherical é#vity in
the fractﬁre surfaée. It can be seen in Fig.-loavthat the frééture
propagated directly .to and around the sphere bécause of the tensile
stress concentrations around a spherical cavity.

2. Bonded Composites .

When a bond was created between the D glass and the nickel, fhe
shrinkage of the nickel away from thé glass upon cooling wés preventedf
The thermal conﬁraction'did, however, introduce a radial tensile stress
which was evidenced in the X-ray strain measureﬁents'of Table 3 whére
the nickel (h20).peak was shifted to 144.,39° 26. This radial tensile
internal stress was formed hydrostatically around the nickel sphere. It
can be seen also from the strength data in Fig. 9 that the bond does,
indeed, prevent the shrinkage of the nickel away'from.the glass and pro—.
vide strengthening in a normally poroué system. | :

The maximum stress concentration due to loading.developedfin thisa”m
. system was‘calculated using the following values and Eqs. (3-6):

337 kbar (measured for D glass)

GG =

GM = T2k kbar (measured for nickel)
Mg = 0.2 (calculated for D glass)
Wy = 0.4 (calculated for nickel)

r = 250 = 9.84 x 10~ in

Maximum stress concentration ﬁill.occur at the inferfaée (R=;) aﬁd will
be 1.348T for this'system. Verification of the net radial teﬁsile streés
~ is seen in the spanning_electron micrographs of the fracture surfaces
(Fig. 10)<showing fracture through the matrix and around the'spheres

rather than radially to the spheres. Had contact. been maintained
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between the glass and the metal without the presence of a.bona,vthisr
value of stress concentration would have been.used in the strength cal-
culation using Eq. (10).
| The shape of .the curve in Fig. 9 for the ten minute series corre-
. sponds to the bond hypothesis préSented'previously. An optimuﬁ bond
(and also oﬁtimum strength) was.dbserved. A pfe-bxidation treatment of
‘about 0.8% weight gain followed by the‘giveﬁ‘hot-préssing treatment
satgrate& the glass with nickel oxide at,thé sphére-glaés interface.
With lesser pfe—oxidation‘treatﬁents, the.glass ﬁas,less than'satufated
. and a lower strength value was observed. With éreater pre-oxidation
;itreatments,!a bulk oxide layer remained after saturatibn and the'strength
was correspondingly less.  For a given pre-oxidation treatment, the
:;greater,lengthvof tiﬁe at temperature will allow more oxide to diffuse
awéy froﬁ the particle, thus shiffing the peak to greater weigﬁt gain,
.An'increased'ﬁre—oxidation will ‘be needed.to yield the optiﬁum.amount pf‘
-remaining oxide layer. | |
In order to fcest this hypothesis in the oxidizé&_ nickel;-D glass
-éystem, a séries_df samples with varied pre-oxidation treatments.was'hot
'pfessed at 700°C and 500. psi fdr 20 minutés. ‘The data are presented in
uTable.IV‘and the,effeét is clearly seen inAFig, 9. The dpbimum pre;
‘pxidation was increased, but the reason for the decrease in thevmaximum
étrength is not clear;
A sample with l.l%.weight gain was examined usiné.an eléctron beam
microprobe in order to determine the extent of diffusionwof the oxide
_ into fhe'glaéé. Nigkel counts were taken from the center of a.sphere

‘radially outward into the glass matrix. It was found from three randomly
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TABLE IV-

oxidized nickel~D glass composites (20 min.)

o Oxidation S Average , Standard
Oxidation Time . Weight.  Strength  Number of Deviation. -
Temp(°C) ~ _(hrs.) ~Gain (%) i (psi) . Samples (% of average) .

.150 1/2 0.3 8,030 -~ 18 7.3
" 1 0.6 7,780 13 15.9
" 11/2 0.9 . 9,390 14 - 15.2
" 3 1.b 10,750 - - 18 10.7
" L 1.7 9,830 18 10.6
" 15 3.6 9,670 - 16 9.9
D glass alone | 7,740 © 36 13.5
8.1

D glass & unoxidized Ni

6,440 32
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. selected spheres thét nickel was present to a distancelof approkimatelyv
lSu from the sphere. | _

A calculation of the expécted:stréngth was made using Eq. (10).
When contact is maintained between the glass aﬁd the niékel,vthe appliéd
%engile load will tend to pull the glass aWay from.the nickél and.micro—:‘
mechanical.sfréss concentrations will ariSef',The‘presence of a.bond,
hqwever, tended to couﬁtef this separation and a simple strengthening
due to a liﬁitation,of fhe'flaw size was observed (K=1). Using the fol-

lowing values for the D glass-nickel system

6 =0.2

R =25 = 9.84 x 10" " in v
E =Ill.7 x 10°% psi (measured)

y = 10,000 ergs/cm® = 0.0566 1b/in (assumed)

K =1

Equation (10) gave an expected measured.strength‘of'12;680 psi.: This.

agrees wéll (5.2% error) withvthe‘maximum measured §a1u¢ of lé,020 psi

in Table.IIf.> It therefdre appears that the.sfrength of a composite sys-
tem is not detéfmined by internal stressésubut rather by the micro-

‘mechanical stress concentrations developed on loading. |

Representative fracture spffaces of‘bonded compositesfcan'bg seen

- in Fig. 10. The path of fracture is altered when a éhemiéal bond exists

‘ Between the'glass énd.the'pickel. The fracture*propagates'thfoﬁgh the

"glgssvaropnd the inclusion, .but étili within the glass. This pfépggatiéﬁ
thrgugh.%he_matfix is most evident in the éase of the optimum’bbpd”_

:(Fig. 10d). .Because of the thermal expansion variation among,thé saturated

giass at the interface, the nickel, and the matrix glass, a radial internal
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tensile stress is .developed in the matrix.: To.relieve this tenSion, a
" fracture will propagate around the sphere.at a finite distance in the
'fglass phase.

B. S GlasszSystem.(aG.=.qu)

The next system to be investigated was one in which the thermal egQ
‘pansion of the"glass was designed to‘equal that of thevnickel.r An attempt
was made to des1gn a glass whose thermal expans1on coeff1c1entkwas equal
'to that of nlckel The.measured value of thermal expansion for 8§ glass
"~ was 13.8 x lO -6 in/in. °C which is very nearly.the'i3;9ixhlo_6'in/in °C, of
-nickei.e.ln the following discussion theyvare consideredbclose enough to
T'be equal, but it should be recognized that,the.glass expansion isavery
'sllghtly less than that of the nlckel In fhe S glass—nickei system it
was necessary to change the partlcle srze and volume fractlon in order
to remainlin the flaw-limitation region. A particle size of_30u and a
voiume fraction of 30 vol;A%_were selected in ornervto remain to the
riént.of point B invFig. 3. Once againAa series of composifesuwas hct
pressed‘at iOOO psi for 10 minutes at.700°C with a wide,range.of pre-
~oxidation treatments. The dsta are giren in Table V and can.be:seen in -
Fig. 11. | | | -

1. Non-bonded Composites

With matchlng expanslons it would be expected that no 1nternal
;stresses would be created upon cooling the compos1te from fabrication

,"temperature. X-ray strain measurements in Table III show the‘nickel (h20)
_peak to be found at 144.51° 29, By comparison with the non-bonded D glass

'standard of lhh.52°.?6 there are essentially no internal stresses created
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TABLE V

Crossbending.strength and statistical data for
oxidized nickel-S glass composites (30% spheres)

Oxidation ' . Average '~ Standard

Oxidation . -Time -Weight Strength  Number:of ...Deviation
- _Temp(°C) _(hrs.) ~Gain (%) psi) Samples (% of‘average)

750 1/6 0.18 10,690 1k 5.6
750 - 1/2 0.3 11,410 15 - 5.2
750 : 1 0.6 12,460 11 - 6.4
800 ©1/2 0.7 10,790 16 9.0
750 11/2 0.9 11,540 13 3.5
750 2 1.1 11,090 13 5.3
750 in 1.7 11,000 . 17 9.2
800 - 3 2.2 110,690 11 8.1
750 110 2.8 ' 10,570 17 - 8.6
800 6 3.3 © 9,870 13 6.8
750 15 3.6 . 9,850 13 8.1
S glass only : 8,140 2k 1 9.2

8.2

'S glass & unoxidized Ni 10,380 9
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R

Fig. 11. Strength as s function of weight ga.ln for the M. glass- .
' ' oxidized nlckel serles ‘ v
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iﬁ fabricaﬁioh;

| _Since_contaét is.mechanicélly maintainéa,betweennthe.glass_and.the
metal upon cooling, Stress;concentrafions aré‘creatéd on:loading; A cal-
~culation of these stress concentrations ﬁasAmaae usiﬁg‘the following
values and Eqs. (3-6): | | |

= 277 kbars (measured for S glass)

GG =
Gy = T2l kbars (measured for S glass)

g = 0.2 (calculated. for S_glass) K

0.4 (calculated for'S glass) e

30p =11.8 x ;1'_0";‘ in.

E

r
S

‘Fér an applied loéd of T,'thé.maXimum_étress concentration as shown in.
Fig. 1 is 1.374T. . .Once aé;in the maximum stress conééntratioﬁ woﬁld be
expected to oceur atfthéﬂihtérface (R=r). ‘fhis.copcentration of stress
meéns thét; for an applied load of T;:therg‘Will be an éfea (éhéwn.in‘

{Fig;-l) within thé composite wheré a stress of l.37hTSWas déVei6§ed..'

" The expected strength ﬁas caiculated.using Eé;.(ld) and reéalling
that stress concentratiohs.exisféd aé.a.result,of the maihtehaﬁée of
‘contact between spHeré and glass upoﬁ coolihg ffom thé‘fabrication.

. temperature. Using the stress congenﬁration”factor of'l.37hT aﬁd a .
measured Young's modulus of-978 x 108 psi,‘a value of)lo;llo psi.was
calculated‘foruthe'non—bonded»composité.-‘This cdmpares Weli (2;7% efr9r,

With the average measured #alue of‘10,380 psi thét was foundvfor ﬁhévnine

_ bérs ﬁhat were broken.> |

| Scanning électron micrographs of fhe ffacfﬁrevsﬁrfaces'of'the broken
.bars'can.be seen in‘Fig; 12, In the ab;énce of a bond.it can:be'seen

(Fig. 12a) that the fracture pfopagate& to the sphére and around. it at -
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the sphere-glass interface. Hemispherical cavities.remain as.evidence

of spheres in the opposite‘fraéture surface.

In the D glass sytém.thé bond blayed an importaﬁt role in that it
pfevented the shrinkage of the nickelraway from the glass. With'matching
thermal expansions, however, this rolé'is unnecéssary and the Bond had no
effect upon internal stresses. This is.evidenced by.the'X-ray'étraiﬁ
measurements of Table III which showed no shift of the nickel (420) peak
with the formation of a bond. The same location, 144.51° 26, was observed
as for the non-bonded case.

'The shape !of the curve for thel3b vol %Aseries in Fig. li once again

’showé an optimdmvpfe—oxidatiOn treatment in order to obtain tﬁevoptimum
bond and therefore the maximum strength for fhe given fabrication procéss.-
With lesser pre-oxidation treatments we once again see a lowerfsfrength_
because saturation was not reached. With greéter'pre—oxidationftreat—
ments, a Bulk oxide layer remained after saturation and a iower strength
is.observed. In order to illustrate the neééssity of controlling the
average méén free path between éarticles, a seriés'to the left of point B
in Figf 3 with only 20 vol: % of 25u diaméter spheres: was hot pféssed.
In this.instange the fiawalimitétion mechanism is not‘applicablé and wé
would expect t§ see little effective strengthening upon the addition.of
“the seéond phase. The results of ﬁhis.series are given iﬂ Table VI and
can‘be seen in Fig. 11. |

The expected strength of a bqued S glass-nickel composite was cal-
;iculated using Eq. (10). Ohce‘again,it was observed thgﬁ the presence of

a bond counteracted the concentration of stress developed during loading;
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TABLE VI

Crbésbending strength'and statistical data for
oxidized nickel-S glass composites (20% spheres)

. Oxidation Average Standard

 Oxidation " Time Weight Strength  Number of . Deviation
“Temp (°C) "~ (hrs.) ~Gain (%) ~~ (psi) ~ ‘Samples (% of aversge)’
750 1/6 - 0.18" 9,280 13 - b7
750 1/2 0.3 9,230 - 17 9.8
750 1 0.6 9,040 12 . 13.6
750 . 11/2 0.9 8,940 11 4.8
750 . .2 1.1 9,320 20 . 9.0
750 -3 C1l.h 8,860 15 6.8
750 - . . L4 1.7 - 8,690 - 16 9.6
800 .. 3 2.2 8,70 16 b1
750 - 10 2.8 9,460 19. 10.9
750 ¢ 15 .. 3.6 9,410 © 19 7.9
S glass only : 8,140 2k '2.2
.0

S glass & unoxidized Ni . 8,770 18
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Uéing
¢ = 0.3
- o
R = 30u. = 11.8 x 10 ~ in
E=9.8 x.10° psi
K=1

the strength to be expected was calculated as 13,900 psi. Thé.méximuﬁ 
measured value in Table V is 12,460 psi and this iS“iO.3% lower fhan
: anticipatedi |

It is evident, as{inathe D glassssystem, that the proper.aﬁoﬁnt of
pre-oxidation in order to obtain:thé'maiimum étrength.is eritical. just
slightly more ér less than the pptimum pre—oxidaﬁion will yield & much
weaker composite.v

Characteristic fracture surfaces of the 30 vol. % bonded composités K
are seen in Fig. 12. Once again a sﬁall radial‘tenéion is developed as .
a result of the slight thermal exPansiop variation émqng the'séfurated
- glass, the nickel, énd the matrix glass. The bond is evidént in Fié.:lQB—d
by observing gléss adhering to the nickel spheres iﬁ ﬁhe fracgﬁre ;urface.
: Its‘mggnitude can be compared with the bonded D glaés—nickel system
shown in Fig. 10.

A sample with'0.9% weight ééiﬁ was examined_with the electron beam
microprobe. Nickel counté were taken as the beam traversed radially from
v_the center of a sphere outward into the matrix. Thrée raﬁdoﬁly selected .
“éﬁheres yielded a distance of 13y from the sphere at which nickel was
detected.

‘C., M Glass:System.(aG,>.aNi)

- The third system to be investigated was one in which the thermal
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-;expénsion of .the glass is greaﬁer than that of the nipkel.' Ih this case
the intérface betweéﬁ.the glass and the.séébnd phase is‘formedvmechanically
»by thé.contracfion,qf the_gléss aroﬁndvthe éphére.during cooiing; In
addition, a chemical bond was introduced by the pre-oxidation. process. °
OnceAagaih a change in the volume fraction of 35 vol. %iof 30ﬁ sphereé
. was dictated in order to preserve the flawflimitation.mEChani§m_(Fig;'3f
g;and.remain to thé right of point C. A serieé'of composites wésthotv :
pressed at 1000 psi for 10 minutes at T00°C with é range of p}e;pxidétion
" treatments. The strength values are giveh in Table VII'and_éan be seen
.ih Fig..l3. | .

o

......

l.g"Nonibonded‘Compos1tes : ' - ?f 

PR

With the thermal expansion coefficient of the glass greatéf than that

of the nickel, the glass contracted around the nickel microspheres upon

&

x

cooling from the fabrication temperature. This contraction around the
nickel was sufficient to .put the nickel into a slight compresgibﬁ’as is

" evidenced by- the X-ray strain measurements in Table III; The nickel

(h20);peak was detected at 1LL.54° 29 coﬁpared with 144,.52° 26 for the non-

bonded D glass sténdard.

Only mechanicél contéct_is maintained between the giass_and the
3 nickel in the non-bonded composite. Under the applied t%psion fhe
tendency ofrﬁhe'glass to:pull awa&_from the nickel géve'rise to a micro-‘
mechanical stress cencéntrqtion.  The-maximﬁm_stress céncenération_in

. this systemﬁﬁas calculated usingvthé following values and Egs. (3-6).

(@]
]

290 kbars (measured for M glass)
Mg = 0.2 (calculated for M glass)
r=30u=11.8x 10" in

¢ = 0.35
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- TABLE VII

Crossbending strength and statistical data for.
oxidized nickel-M glass composites (10 min.) -

Oxidation . Average . © ' Standard

- Oxidation Time . “Weight = Strength Number of - Deviation.
_Temp (°C) " (hrs. Gain (%) - (psi) Samplés (% of average)
750 1/6 - 0.18 13,630 20 . 9.4
750 . 1/2 0.3 1b,2k0- 16 6.1
750 : 1 + 0.6 15,260 19 6.1
- 800 | 1/2 0.7 14,580 T ... 8.8
750 - . "11/2 0.9 15,000 17 . 10.9
750 : 2 1.1 14,800 - 11 5.3
750 L 1.7 15,390 - 1k 5.2
goo -~ 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 Ni - - 11,860 12 . 7.0
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 Fig. 13. 'S§rength as a.funcfion of wéighﬁ;gain fof the M glésé-oxidized
' " nickel series. ' :
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_When a load of T is applied to .the composife; a.streésﬂconcenﬁratiOn of
1.366T was formed.at,thé glass-nickel intérfacé.as.shownvin Fig. 1.
Equation (10) was used to calculate the'strength.tpibe expected from
the non-bonded composite. Using the calculatéd.stress concentration
faétor and a measﬁred vélue of 10.2 x'lOs.psi for thé.Young's modulus,
a strgngth‘ofbll,610 psi ﬁas prédicted. This.agreés.Very well (2.1%
“error) with the actual measured value pf*ll;860 pSivfof the twelve bars
broke‘ﬁ. _ | | | |

Fracture.surfaées of .the broken barl in the M glass-nickel system

© were examinéd»with the scanning-electrén microscope. The fractuie path
¥ i : .

in the non-bonded case can .be .seen in Fig.vlha; - Once again.thg fracture

'propagates toward the nickel and around it;.leaVing d'hemispherical

~cavity in the fracture surface. This would be expected because it re-

- lieves the bisxial tension resulting from the interhal stress.

o 2..' ‘Bonded Composites

As in<fhe case'of the matching»thefmal ekpahsion sysfem, ﬁhé exis-
tence of a bénd‘dia\nét affect the internal stresses. This‘wasAillus—
frated;by'thé'X—réy strain measurements which located the nickeiw(hQO)
 ?eak at 144.55° 26 for the bonded composite cdmpafed with 1hk.54° 20 for
Vthe.non-bondéd composite. | | |

The présence of a bond_greafly enhanced the éfrengfh'of cqmpbéites
'.in‘this system. As can be seen in.Fig. 13, stréngfheniﬁg waéviimited
}.until a pre-oxidation.tfeatment was used which would saturate the giass‘
?undér the hot4preséing.condi£ions. A sample madé with,spheres‘pre—
’ioxidized to‘O.Q%.weight'gain wés éxamined with‘thé electron micfoprobe._

Nickel was,detecféd to a distance of 18y from the glass-nickel interface.
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Existence of the.bond again prevented the glass from pulling away
from the hickel under an applied tensile|load (K=1). Equation (10)
yielded a predicféd strength of 15,880 psi for.thé'bonded.composite.'»A

~comparison of this value Qith the maXimwn.strength measured in Table VII

. b L . ‘ : 4
of 15,390 psi again shows a good (3.1% error) agreement for the 1k

samples bquen.
Representative fracture surfaces of the bonded compositeé in.the

M‘glass-nickel‘system_cah be seen.in Fig.~1h; Thé radial coﬁpréssion

introduced as an internal stress during fabricatioﬁ correspoﬁdinglg set
.fup‘a fangentialAtensile.stréss. .In order_to.attempt'téfre;ievg this
F“tangential_fensile stress, the ffacture procéeded dirégtljvfé'éhe nigkel
~ microspheres and aroun&“tﬁém at the glaés—nickel ihterfacevin épite qf»l_
the presence:ofAthé,bondk Careful examination of the pictufes‘shows
(aé in Fig. i&é) some adhesion of the glass:té tﬁé miqrosphefés'in con-

firmation of the existence of a bond.
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. V. SUMMARY

,‘Composites.were.hotvpressed:uéing gléésééjof~varjihg therﬁ;l_expan-
sion coefficient and nickei with varying.dégfees.of pre—oiidation in
order to stﬁdy.thé‘éffécf of.chemical'boﬂding.betweehfthe nickeivand
‘.élass upon strengéh'and fracture behévior. Glaéseé ﬁith a thermal ex-
vpansién‘coeffiCienf.loﬁerifhah, highér'théh; and matching.fhat of nickel
ﬁere.comp§unded. The .bond was,dévelopediby thé migrati6n of éxide-ét the
';Ifabrication températufe‘and the fesultaﬁt satufaﬁidh ofithe,gléss With
"._the oxide in the vicinity of thé nickel. |

When no bond WaS'preseht; a lower expansion glass'led tofpséﬁdo-v
porosi£y wiéh the.resultant Veékening'and a highér expansion:éléés led ﬁo
 strengtheniné_due to mecianical contraction‘of.thé‘glasé’around:the'nickéi
_upon cooling. No hatter what the relative'thermalveipansions wére; micro;‘
b-mechanicalvstfess concentrations were.developéd upon loading. vStrengthéﬁ—
ing ﬁas obserﬁéd'with both matching and higher thermal expansion'gléSSes,
“but thé’micromechanical.streés cdhcentratibnsireduced the strengtﬂ far
‘below that expected from & simple Griffith flaw limitation mechanism.

The preseﬁce of the optimum bond between phases dramatically in-
‘Ereqsed the strength of ﬁhe composités. :In'the caée of.the low expansibn
_.glasébthe bond prevented the formétion of pséudoporosity B& halting
.shrinkage of the,n{ckel”away from the glasé. In all cases the existéﬁcé
‘ of a bond b;tween.phases cbunte:acted the micromechanical étressjch_
;ééntrafion.developed uponiloading."Thévstrengthvwas then reéuigted by
':é'simpie Griffith flaw limitation mechanism..

Internal stfésses that are developed ﬁithin the composite»during

cooling from the fabrication temperature control the path of fracture.
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Differencéé#in thermal expansiéh near .the nickellcan-creaté eifher

radial or tqngenﬁial tensién in thé_matrix; In'ordér'to relieve tan-

. gential teﬁsion,.suéh as that developed in.thé‘bonded;-high expanéion ’ v .
matrix Systeﬁ; the fracture propagates diréétly to the nickel sphere.- |
In order fo reiieve radial tension, such as‘that de&eloped in tﬁe bbnded, 0
“low expénsion matrix system;‘the fracture prbpagates around.thg ﬁickel,

”'bgp still within the glass matrix. |

The strength and path of fractufe were found.té.be;indepénaént.v
J;Internal_stresses.éontrol.the path of fracture, macromechaﬁical stress

‘concentrations control the strength, and the bond counteracts the micro-

" mechanical stress concentrations to produce an even greater strength.

"
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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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