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ABSTRACT

Sinteredsiliconnitridewas vacuum brazed to itselfat 1130°C with a Au-25Ni-25Pd
wt% fillermetal. Wetting was obtained by coating the Si3N,surfaceswith titanium priorto
brazing by electron beam evaporation. The brazed jointswere virtuallyfree of porosity.
Metallographicanalysisshowed that Ti reacted with the Si3N,to form a TiN reaction layer
during brazing. Small amountsof Si and Ti dissolvedin the fillermetal layersbut they did not
appear to influencethe mechanicalpropertiesof the braze layer. Flexure bars were made
from the brazed coupons and tested at roomtemperature,600°C, 700°C, and 800°C in air.
At 700°C and below, fracture of the test bars occurredin the SigN,,either near the brazed
surfaces or at some distanceinto the monolithic material. The measured strengthof joint
specimensdecreased slightlywith increasingtest temperature,and generally exceeded the
intrinsicbraze fillermetal strengthin this temperaturerange. It was also found that lapping
the SigN,prior to Ti coating reducedthe number of near-surfaceflawsand produced joints
with higheraverage strengthand lower scatter than those left in a ground condition.
Specimenstested at 800°C had very low strengths,and thisbehavior was related to the
microstructureat the brazed Si3N,surfaces.

INTRODUCTION

Ceramicjoining, especiallyceramic-to-metaljoining,has been the subjectof much
developmentalresearchover the years. However,with the currentinterest in using ceramics
as structuralcomponentsin such demanding applicationsas internalcombustion engines,
turbine engines, and heat exhangers, there has come a heightenedinterest in ceramicjoining
technologies. The reasonsfor the interestin joiningceramics are the same as those for
joining metals,however, the developmentof effectiveceramicjoining techniques could have a
much greater impact on their use in mass produced components. One of the most important
functionsof joiningtechniques is to providethe meansfor economic fabricationof complex,
multi-componentstructures. Developmentof effective ceramic joiningtechniques will be
especiallysignificantbecause of limitationsimposed on component manufacturing by ceramic
processingtechniquesand by the materialsthemselves. For example, deformationof
densifiedceramics to form complexshapes is practicallyimpossibleowing to the fact that
most ceramic materialsare brittleeven at elevated temperatures. Also, in some development
programslike those for advanced heat enginessome complex parts are being made as
monolithsby difficultprocessingschemes or by extensivemachining of densified billets.
While, thisapproach to component manufacturingis acceptable for developmentpurposes, it
is undesireablefor mass production because of higli costs. Ceramicsare also difficult,and
thereforecostly,to machine,and by reducing the complexityof individualparts significant
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" savingsin machiningcost can be expected. The abilityto effectivelyjoin ceramicsmay
eliminatemachiningaltogetherin some cases.

Effectiveceramic joiningtechniques can also play an importantrole in improvingthe
reliabilityof ceramic structures. Because ceramicsare brittlematerialsthey are very sensitive
to flawsdue to the quality of raw materialsused intheir production, and to the characteristics
of various processingtechniques,includingmachining. A singleflaw can cause the rejection,
or, if undetected,the failureof a ceramic part. Ratherthan dealing with complicated
monolithicparts, it is easierto inspect and detect flaws in simple-shapedcomponents before
they are joined to form complexstructures.

Of the many techniquesavailablefor joiningceramics,14brazing was selected for the
present study. Brazing is a liquid-phasebonding process with characteristicsthat: (1) only
the filler material,but not the parts being joined, is melted during bonding; and, (2) the filler
material mustwet the base materialsand be drawn into or held in the joint by capillaryforces.
Traditionally,the term "brazing"is used for processeswhere the filler material is metallic,but,
in general, non-metallicmaterialssuch as glassescan also be used as filler materials. Ideally,
the process is accomplishedby assemblingthe component and fillermaterials,and then
uniformlyraisingthe temperatureof the assemblyto a pointwhere the fillermaterial becomes
molten, if wetting conditions are favorable,the liquidfiller materialwill be drawn into an
intentionallymade gap (i.e., the joint gap) between the parts being bonded, or it will remainin
the joint gap if preplaced. Generally,some chemical reactionor mass transport occurs
between the liquidfillermaterialand the base materials,and, upon cooling, the fillermaterial
solidifiesto produce a bonded part.

The brazing process has some significantadvantagescompared to other joining
techniques. For instance,because meltingof the base materialsis avoided joining can be
accomplishedover a wide temperaturerange depending on fiflermaterialcomposition. This
characteristicalso makes it possibleto join ceramics by brazing. Also, the use of a liquid
bonding phase meansthat minorvariationsin surface flatness,surface topology, and part fit-
up tolerancescan be accommodated with relativeease. Other desireablefeatures of the
process are that: thermallyinduced stressescan be minimizedby heating components
uniformlyin a furnace; and, close assemblyand finishtolorancescan be maintainedwhich
can reduce the need for costly secondary finishingoperations. Lastly,the equipmentand
processingrequirementsfor brazing are usuallysimpleand straightforward,e.g., furnace
heating in vacuum or controlledatmosphere.

Of course, brazing ceramicswith metallicfillermaterialshas drawbacks. One is that
the full high temperatureand strengthcapabilitiesof some ceramiccomponents may by
compromisedby the presence of metallicbraze layers. Another is that many ceramicsare
wetted onlywith difficultyby liquid metalsincludingmost commerciallyproduced braze filler
metals. This meansthat identifyingor developingfillermetalssuitable for particularceramics
and their expected serviceconditionscan often be problematic.

Generallyspeaking, the problem of wetting ceramicsurfaces can be overcome by two
general methods: (1) alloyingbraze filler metalswith elementsthat activate wetting; and, (2)
applying coatingsthat promote wetting to the oxide surfaces prior to brazing. The abilityof Ti
alloyingadditionsto promote wettingof ceramics by liquidbraze fillermetals is well



documented and effective._'2 This approach, often referredto as active metal brazing, has
the advantage of being a relativelystraightforward process, but it is not widely used because
of the limitedcommercialavailabilityof active braze filler metals. In contrast, the use of
metalUzationto promote_et_ingof ceramicsis a widely-used,well establishedpractice that
has severalvariations.' Metallizedceramicsurfacescan be brazed with standard commercial
brazefiller metalsso that this approachoffersconsiderableflexibilityfor selecting joining
materialswhich are compatiblewith processingor joint propertyconstraints. Although it is
not used often as a pretreatmentfor brazing, a common methodof metallizingceramic
surfaces is vapor coating. The success of vapor coatings as a means of promoting the
wettingof oxide surfaces by liquid metalswas demonstratedsome time ago,'_'4 but was not
exploitedfor brazing of ceramics untilmore recently.'_°

This reportsummarizesthe initialresultsof a programof strengthtesting of sintered
Si3N,braze joints. Wetting of the Si3N,was accomplishedby vapor coating its joint surfaces
withTi priorto brazing. Titaniumwas selected for a coating materialbecause it was
previouslyfound to be effect for producingzirconia braze joints. Detailsof preliminarySi3N,
brazingstudiesare reported elsewhere.'u°

MATERIALSAND EXPERIMENTALDETAILS

SinteredSigN,was used for thiswork. it was procuredfrom Kyocera Corporation,and
its commercialdesignationis SN-220. Selected propertiesof SN-220, as quoted by the
manufacturer,are given inTable 1. The chemical composition of the SN-220 was not
availablefrom the manufacturer and was not determined, but it reportedly2' relies on sintering
aids of AI203and Y203,and also containsparticlesof WC which are artifactsfrom a milling
operation. This material was selected because it was judged to be representativeof sintered
siliconnitridesbeing evaluatedfor variousheat engine applications,and because it was
readily availableand relativelyinexpensive. The SN-220 materialwas supplied in billetswith
dimensionsof either 150 x 10 x 5 mm or 25 x 15 x 3 mm. The 150-mm-long bars were cut
into 10 x 10 mm coupons for brazingtrials and metallographicspecimens. The 25 x 15 billets
were usedfor makingcoupons for braze joint flexuretesting.

Because other studies" have shownthat the surface conditionof ceramics can
influencejoint properties, brazed couponsfor roomtemperaturetesting were prepared with
three differentfinisheson the joint surfaces: as-ground,30-1_m-finish,and lapped to a 1-1_m-
diamondfinish. The as-groundconditionwas the finishsupplied by the manufacturer. The
30-1_m-finishwas produced by manuallydiamond grindingjoint surfaces on a metal disc
impregnatedwith diamond particles30 I_min size. The lapped finishwas prepared by
metallographicpolishingtechniques.

Priorto brazing, all SigN4joint surfaceswere coated with a 1-1_m-thicklayer of Ti by
vacuum evaporation. The Ti vapor was produced by melting a pure Ti source held in a water-
cooled Cu cruciblewith an electron beam meltingsystemoperating at 7 kV and 100 mA.
Typically,the pressure insidethe evaporationchamber was 400 i_Paat the time melting of the
Ti commenced, and it eventuallydropped to near 50 i_Paduring evaporation. The Si3N,
specimens were shielded from the Ti vapor untilthe pressure insidethe chamber stabilizedat
the lowerlevel. A standard quartz oscillationtechni.quewas used to monitor coating
thicknessduringevaporation, and thicknesswas verifiedby the weighingof reference tabs. A



" typicaltime to produce a 1-1Am-thickcoatingwas 30 min. The Si3N,specimensalso were
heated with quartz lamps to the range of 250-300°C prior to initiatingthe coating process.
The Si3N,specimenswere rinsedwith acetonefollowed by ethylalcoholand then air dried
before being placed in the evaporationchamber.

The fillermetal used for making the braze joints has a nominalcomposition of Au-
25Ni-25Pd wt%. This alloy is commerciallyavailablein a variety of forms (AWS standard
designation:BVAu-7Grl). A 25-1_m-thickfoilwas used for brazing the Si3N,coupons.
Typically,a piece of filler metal foil was cut to match the interfacialarea of the braze joint and
preplaced betweenthe SigN4couponsbefore heatingto the brazing temperature. The
liquidustemperatureof the fillermetal is near 1120° C, and a brazing temperatureof 1130° C
was used for all experiments.

All brazingwas done in vacuum. Joint assemblieswere placed in an aluminatube
which was subsequentlysealed and evacuatedto a pressure of about 130 i_Pa. Afterwards,
the tube was insertedinto an air mufflefurnacepreset and equilibratedat the brazing
temperature. A thermocouplepositioned near each joint assemblywas used to continuously
monitortemperatureduring the brazingthermalcycle. The holdingtime at the brazing
temperaturewas normally20 min,after whichthe aluminatube was withdrawn from the
furnace and cooled to roomtemperature. Joint assembliesfor metallographicexamination
were secured togetherwith Mo wire. The assembliesmade for flexuretesting were held on
edge in a graphitefixturewith the joint interfacein the horizontalplane. No load was applied
to any of the assembliesduring brazing.

Coupons used for flexuretestingwere made by brazing pairs of 25 x 15 x 3 mm
together along the 25 x 3 mm edges. Afterward,the brazed coupons were surface ground on
both 30 x 25 mmfaces, polishedto a 1-1_m-diamondfinishon one face, and cut into flexure
bars with dimensionsof 30 x 2.5 x 2 mm. Each bar had a braze layer centrallylocated along
its length and oriented perpendicularto its axis. The long edges on the tensile faces of each
bar were chamfered. Testing was done by four point bending at a crossheaddisplacement
rate of 0.25 mm/s with the polishedside of each bar being loaded in tension. The flexuretest
fixturehad an outerspan of 19.05 mm _nd an inner span of 6.35 mm. The tests were done in
air at temperaturesof 25° C, 600° C, 700°C and 800° C. Forthe elevated temperature tests,
the bars were equilibratedfor 30 min priorto loading.

Microstructureswere examinedopticallyand with a scanning electron microscope
(SEM). Standardless,semiquantitativemicrochemicalanalyseswere carriedout in the SEM
usingan energy-dispersivex-ray spectrometer (EDS) system.

RESULTS

Joint Microstmcture:The overall appearance of the SigN,braze joints is typified by the
cross sectional viewshown in Fig. l(a). Generally,the joint gaps were uniformlyfilled by the
fillermetal, there were no indicationsof crackingin the Si3N4near the joints, and there was
very littleporosity in the braze layers. Microstructuraldetails at the Ti-vapor-coatedSigN,
surface are shown in Fig. 1(b). After brazing,the fillermetal layer contained two major
phases: a Au-richmatrixand irregularly-shapedNi-richparticles. The presence of the Au-rich
and Ni-richphases is consistentwith the solid-state-phaseseparationobserved for both the



- Au-Ni and Au-Pd binarysystems.=3 The overall compositionof the filler metal layer, and those
of the individualphases are given In Table 2. The overall compositionis reasonablyclose to
the nominal compositionof Au-25Ni-25Pdwt%, but the presence of Si in the filler metal layer
after brazing indicatesthat some reactionwiththe SisN4has occurred. A Vickers indenter
under a 100 g load was used to measurethe hardness of the filler metal layer at 2.52 GPa,
and based on these measurementsthe yield strengthof the braze fillermetal was estimated
to be 265 MPa at room temperature.

The interfaceregion between the fillermetal and the Ti-vapor-coatedSigN, is also
shown in F!g. l(b). Afterbrazing, the layerat the Si=N4surfacewas still about 1 I_mthick and
Ti-rich,but reactionof the "l'i-vapor-coatingwas evidentand Ti was detected throughout the
braze layer. The Ti-rich layer was studied in more detail by dissolvingaway the fillermetal in
an acid solution,and examiningthe exposed reacted surface in the SEM and by x-ray
diffraction (XRD). The surface revealed by this approachwas composed of fine cuboidal
grains and occasionallarger smooth regionsas shown in Fig. 2. Microchemicalanalysis
indicatedthat the cuboidal grains containedTi with trace amounts of AI, Au, Ni, Pd and Si,
while the smoothregionswere Au-rich indicatingthey were filler metal fragments. Analysisby
XRD showed that the only phase presentbesides Si3N,was TiN. These observationsshow
that the Ti-vapor-coatingreactedwith the Si3N,during brazingto form a TiN layer.

Room temperatureflexuretesting: Data from the room temperature tests are
summarizedin Table 3, and are plotted in Figs.3-5 using a Weibull distributionfunctionand
assumingthe data for each surface conditionrepresenta single population. The straight
lines and Weibull modulusvalues, m, were determinedby separate linear regressions.

Comparisonof Fig.3 for the as-groundjoint finishand Fig. 5 for the 1-1_m-diamond
finish indicatesthat because of a slightlyhigheraverage strengthand less spread in the
strengthvalues,there was an advantage to usingthe polishedjoint surfaces over the as-
ground surfaces. As noted in Tables 3, many of the specimensfrom these two groups
actuallyfracturedin the Si3N,.

Comparing Fig. 4 to Figs. 3 and 5 showsthat the 30-1_m-diamondjoint surface finish
resultedin lowerjoint strengthsand more scatterthan was found for joints with the other two
surface finishes. All of the joints with the 30-1_mfinish broke near or at the interface between
the SigN,and the braze layer. The erraticbehaviorof these joints compared to those with the
as-groundand 1-1_m-diamondjoint surface finishessuggeststhis strengthdata is spurious,
and this behaviorwas attributed to impropercleaning of the Si3N4surfaces after grindingto
the 30-1_mfinishand beforeTi vapor coating.

Rexure tests at 600° C: The resultsfor flexuretestingjoint specimensat 600°C are
given inTable 3, and are plotted in Figs. 6 and 7. The data for specimenswith ground joint
surfaces, Fig. 5, show that testing at 600°C produced lower average strengthand slightly
more scatter (o, = 376 MPa, m = 6.8) when comparedto room temperature test results(o, =
405 MPa, m = 7.6). Examinationof the test bars also indicatedthat the higher test
temperatureresultedin a greater tendency for fracture to occur in the Si3N4near the joint
surfaces comparedto the roomtemperaturetests.



" In the cases where the joint surfaceswere lapped priorto Ti vapor coating and
brazing, the higher test temperaturealso resultedin slightlylower average joint strengthbut
more scatter (of = 405 MPa, m = 6.7) comparedto roomtemperaturedata (of = 418 MPa,
m = 11.2). For these joints, however,testing at this temperaturedid not significantlyaffect
the failure locationtendency of the joints. At 600° C, over half of the test bars fracturedin the
Si3N4away _om the joint surfaces.

Flexuretests at 700°C & 800°C: The resultsfor flexuretesting at these two
temperaturesare givenin Table 4, and the data from tests at 700°C are plotted in Fig. 8.
Because more favorablestrengthcharacteristicswere associated with lapped joint surfaces,
thiswas the onlysurface finishconditionused at these two temperatures.

Figure 8 shows that the 700°C strengthdata fit two distributions.The average joint
strengthvalues were: o, = 308 MPa, m = 15.9 in the lowerdistributionand of = 410 MPa,

t m - 9.4 in the upper distribution. The bimodal natureof the data was verfied by groupingit
into two sets, one containing814 & 816 and the othercontaining815 & 817, and then
applyingthe "Student's" t analysisto the respectivemean and standard deviationvalues.
Referenceto Table 4 shows that the data sets were differentiatedbased on braze layer
thicknessas measured on the tensilefaces of the test bars.

As the nominalthicknessof the braze fillermetal was 25 I_mthe source of the wide
variationin braze layerthicknesswas at first problematic. No attempt was made to
intentionallyinfluencebraze layer thickness,and experience had shown that thicknessesnear
25 I_mwere typicallyobtained. However, examinationof untested bars indicatedthat .ioint
thicknesswas not uniform. The lapped joint surfaces were misorientedslightly(about 1°j_
from 90° relativeto the 25 x 15 mm surfaceson the individualSi3N4coupons. This in turn
resultedin a maximumvariationin braze layer thicknessfrom about lO-i_m thickon one 30 x
25 mm face of the braze couponsto about 50 I_mon the other. The test bars from coupons
814 & 816 had their tensilefaces on the side wherethe increased braze layer thicknesswas
observed,while those from 815 & 817 had theirtensilefaces on the side of reduced braze
layer thickness. Regardlessof the source of thicknessvariation,the 700°C data suggestthat
braze layer thicknessmay have a significantinfluenceon joint strength. These data also
show that excellentjoint strengthwas maintainedat this temperature.

All of the bars heated to 800°C broke under the prelo_dingconditions,so only a
limitednumber of testswere attempted at this temperatureas indicated in Table 4.

Fractography:The tensile face of each flexurebar was examinedopticallyaftertesting
to assess where failuresoccurred,and these resultsare given in the data tables. Some of
the joint specimensclearlyfractured entirelyinthe Si3N4,often several millimetersaway from
their braze layers. Other specimensfailed very near, Fig. 9(a) or along, Fig. 9(b), the interface
between the filler metal layerand the Si3N,,and these are noted as joint failures. Examination
of a more select sample of the joint specimensin the SEM showed that, in many cases,
failureswhich initiatednear Si3N,/brazelayer interfacespropagated largely throughthe
ceramic. Testing temperaturedid not have a strong effect on the overall fracture
characteristicsat 700°C and below. Also,failurein or significantelongationof the braze filler
metal layerwas not observed even at 700° C.



" Several of the joint specimens tested at 800°C were examined in the SEM, and the
micrographshown in Fig. 10 is representativeof their fracturesurfaces. The granular
appearance suggests that some liquid phase was presentat the test temperature, or that the
fracture surfaces oxidized extensivelyduring cooling. Microchemicalanalyses from area
scans on the surface shownin Fig. 10 indicatedthat the average Si concentrationwas in the
range of 11 wt% (23 at%). Significantlevelsof Ni, Pd and Ti were also found. These
observationssuggest that liquationoccurred between 700°C and 800°C and that this
behaviorwas caused by a Si-richor a silicidephase.

DISCUSSION

Metallographicexaminationshowed that the Au-25Ni-25Pdwt% fillermetal was
effective for producingsound, defect-free braze joints of Ti-vapor-coatedSi3N,. A Ti-rich layer
was found at the Si3N, surfaces after brazing, but Ti was also detected throughout *,hebraze
layersindicatingthat some dissolutionin the fillermetal occurred. Microchemicalanalysis
also detected small concentrationsof Si in the braze layersuggestingthat reduction of the
Si3N,occurred during the brazing operation. Titaniumforms a stable nitrideand silicidesand
because the Ti was in direct contact with Si=N,reactionbetween them was likely. The
possiblereactionsfor whichthermodynamicdata are available='=sare:

1/5Si3N, + Ti = l/5TisSi3 + 2/5(N=) &G°T= -14.7 kcal/mole [1]

113Si3N,+ Ti = l/3TiSi + 2/3(N=) &G° =-16.9 kcal/mole [2]

2/3SiaN4+ Ti = TiSi=+ 4/3(Nz) &GOT= +13.5 kcal/mole [3]

1/4Si3N, + Ti = TiN + 3/4Si &G° = -32.1 kcal/mole [4]

These data show that TIN, TisSi_,and TiSi can all form by reaction of titaniumwith Si3N,at
1130°C, but that TiN is considerablymore stablethan the titaniumsilicides. The XRD data
confirmedthat a layerof TiN formed preferentiallyat the Si3N4surfacesduring brazing. The
lack of porosityin the braze layersalso offers indirect evidencefor the preferentialformation
of TiN. If silicidereactions were preferred,they would have released N=which would have
formed pores in the liquidfillermetal.

Other phases such as Ni, Pd, or Ti silicidesor NixTicompounds were not directly
observed by SEM or XRD..However, their presence cannot be precluded. Quantitiesof these
compounds too smallto be detected may have formed in the braze layer microstructures. It
is also possiblethat low-meltingcompounds incorporatedinto the reaction layer at the SiaN,
surfaceswere dissolvedby the acid solutionused to revealthe TIN.

Microchemicalanalysisfurthershowed that Si partitionedpreferentiallyto Ni-rich
particlesfound inthe braze layer. The,unmelted fillermetal is ductile, and the absense of
cracking inthe reacted filler metal layersindicatesthat the dissolutionof the Si and Ti did not
seriouslycompromisebraze layer ductility. The lack of cracks around hardness indentations
also suggests that ductilitywas maintainedin the braze layers.



• The flexure tests illustrateseveralimportantpoints about the strengthof the Ti-vapor-
coated braze joints. The first is that joint strengthwas not limited by the braze layer strength
at temperaturesup to 700° C, even though the intrinsicstrengthof the metalliclayer is much
lowerthan that of the Si3N,. Four-pointflexuretesting imposesa tensilestress on the outer
faces of test bars, which in the presentstudy is also normal to the braze filler metal layers.
The problem of loading a thin soft layer in tensionbetween two strongercomponents has
been analyzed by Dalgleishel al.=¢=_who showedthat substantialhydrostaticstresses
develop in the thin layer. The limitingimposed stresso, that such an arrangementof
materialswill supportis described by the relation:

o_./Y---3/4 + 1/4(w/t) [5]

where Y is yield strength of the layer material,w is the layerwidth, and t is layer thickness
between the higherstrengthcomponents. For the "l'i-vapor-coatedSisN, braze joints
estimatesof w and t are 3 mm and 25 pm, respectively,which means that w/t =,120 and
oJY = 30. Consequently,the joints may supporttensile loads 30 times greater than the yield
strengthof the braze layerwhich was estimated at 265 MPa. Clearly,accordingto thisstress
analysis,joint strengthshould not be limitedby the braze filler metal strength,and failuresin
the SigN,should be expected. This is exactly the situationwhich was observed. The
tendency for failuresto occur outside of the braze layereven at 700°C must be taken as an
indicationthat, even at this temperature, the conditionsof equation [5] are satisfiedand oJY
exceeds the intrinsicstrength of the Si3N,.

The flexuretest data also show that the conditionof the Si3N,joint surfacesis an
important factor in determiningthe joint strengthcharacteristics. As comparedto a ground
finish,lapped joint surfaces resultedin higher average joint strength and greater tendency for
failureinitiationin the SigN,. At roomtemperature, lapped joint surfaces also resultedin a
higherWeibull modulus. Based on the joint strength data from roomtemperatureand 600°C
it is concludedthat removingat least 50 pm of materialfrom Si3N,surfaces by a process
which involvesminimaldamage and chemicalresiduesis recommendedfor improvingthe
overall strength characteristicsof the joints.

To learn more about the effects of finishcondition,both ground and lapped Si3N4
surfaceswere examinedby an acousticsurface wave technique. Using 50 MHz acoustic
surfacewaves, the defects greater than about 25 pm in size and withinabout 100 pm from
the outer specimensurfaceswere detected. The resultsof this examination,shown in Fig. 11,
verifiedthat lapping greatly reduced the populationof near-surfaceflaws in the Si3N,. Figure
11(a) shows the resultof examining a ground surface where near-surface defectsproduced
by the grindingprocess are clearlyvisibleas light areas. Lapping removed a thicknessof
about 50 I_mfrom the SigN,surfaces. The effect of this treatment on the near-surfaceflaw
populationin shown in Fig. 11(b), where a significantdecrease in the number of near-surface
flaws is evident. Undoubtedly,the lower numberof near-surfaceflaws at the lapped joint
surfaces reduced the probabilityof failureinitiationin those regionsrelativeto that for failure
in the Si3N,.

The data from testing at 700°C also implythere were two flaw populations inthe test
bars which resultedin two substantiallydifferentfailuremodes. Because all of the joint
coupons and test bars were were prepared by the same techniques,the flaw situationfor the



• specimenstested at 700°C should have been similar to that of the lapped-joint-surface
specimenstested at lowertemperatures. A variablewhich unintentionallyappeared in these
specimens,however,was the variationin braze layer thicknesson the tensilefaces of the test
bars. Joint strengthis knownto increaseas braze layer thicknessdecreases,_= a trend
which is attributedto geometricfactorsand the mechanicalpropertiesof the layer material.
This general trend is supported by the present data, but Fig. 8 strongly suggeststhat the
braze layer thicknessdirectlyinfluencedthe failuremode at 700° C. The analysisof metal-
bonded ceramic joints= assumesthe braze layer is uniformin thickness, and the slight
misorientationfound in these Si3N,joint specimensmay have influencedthe distributionand
intensityof stressesinthe SiaN4 enoughto activatethe differentfailure modes. More study is
requiredbefore firmconclusionscan be made about this behavior,and such work should be
pursued because effects of a nonuniformbraze layer can have importantpractical
implications.

More study willalso be requiredbeforethe loss of joint strength at 800°C can be
satisfactorilyexplained. Siliconand Au form a simple eutecticsystem and are mutually
insoluablein the terminalpure solid phases. Nickel, Pd and Ti, also form eutecticsystems
with Si. However, two or more intermetallicphasesform in each of these binary systems,and
eutectic temperaturesof 964° C and 760°C occur respectivelyin the Ni-Si and PdoSisystems.
Uquationof phases inthe braze layer due to the solutionof Si then is a real possibility. The
fracture surfaces of flexurebars tested at 800°C suggestedthat a liquid phase may have
been present at this temperature. Also,the high Si concentrationon the fracture surfaces
supportsthe possibilityof liquation. On the other hand, the true appearance of these
surfacesmay have been obscured,at least partially,by oxidation. Furtherexaminationof
these specimenswillbe requiredbeforethe cause of failure at 800°C can be determined.

SUMMARYAND CONCLUSIONS

Siliconnitridesurfaces were vapor coated with1i by electronbeam evaporation in
order to improvetheirbrazing characteristics. Couponsof Ti-vapor-coatedSi3N4were then
vacuumbrazed together with a fillermetal of Au-25Ni-2525Pdwt% at 1130°C. The braze
joints had good overall appearance and were virtuallyfree of porosityand lack-of-bond type
defects. Duringthe brazing operation,the Ti coatings reacted with the Si3N4to form a TiN
reaction layer at the originalTi/Si3N4interfaces. Siliconproduced by this reaction,as well as
some Ti from the vapor coating dissolvedin the braze fillermetal layer. These reactionsdid
not appear to significantlyalter the braze layermicrostructureor properties.

Brazed Si3N,couponswere cut into flexurebars and tested at room temperature,
600° C, 700°C, and 800° C. The resultsof these testssupport the followingconclusions:

1. Joint strengthwas not limited by the braze filler metal strengthat temperaturesof
700°C and below. Joint flexurebars oftenfailed in the monolithicSi3N,at strengthvalues far
exceedingthe yield strength of the braze fillermetal. This behaviorapparentlywas due to the
developmentof a hydrostaticstressstate in the braze fillermetal layer which substantially
increased its effectiveyield strength.

2. The conditionof the SigN4surfaceswhich formed the braze joint had a significant
effect on joint strengthcharacteristics.A lapping operationwas used to remove
approximately50 I_mof materialfrom some joint suPfacespriorto Ti vapor coating and



" brazing. The lapping operationsignificantlyreduced the number of near-surfaceflaws in the
SisN,,and producedjoints having higheraverage strengthand reduced scatter comparedto
those left in a surface groundcondition.

3. At 700°C and below, the fracture behaviorof the joint specimens generallywas
consistentwiththat predicted by stress analyses==of ceramicsbonded with ductile metal
interlayers. Preferredfailureinitiationsites were in the St3N_either near or some distance
away from the brazed surfaces.

Two other noteable observationswere also made. First, joint strength at 800°C was
minimal,and appeared to be limited by a phase or phases formed in the braze fillermetal
layer. Second, the thicknessof the braze layer on the tensileface of the test bars appeared
to have a significanteffect on measured strength. Joint strengthswere higherwhen the
apparent braze layer thicknesswas reduced. Fracture inthe Si3N,away from the joint region
also was favored under these conditions.
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" Table 1. Selected propertiesof SN-220 SiaN,. Roomtemperaturevalues are given unless
otherwisenoted.

'i 'i'r r ,. ,

Bulk FlexureStrength, MPa Weibull
Density Modulus
g/cm3 R.T. 800°C 1000°C 1200° C 1300° C R.T.

w i, , ,

3.2 588 598 510 323 118 7-15

I I I

Fracture Thermal Thermal Shock
Toughness Hardness ¢¢_pm/m/°C Conductivity Resistance

MPa-Vm GPa 40-800°C W/m-K &T°C

6.2 14.7 3.2 20.9 500-600

,,,,,,,, ,J,_ ll,lm ,, ,,', , 'I , ,,,,

Young's OxidationResistance,mg/cm= in 24h
Modulus Poisson's

GPa Ratio 1200° C 1250" C 1300° C 1400° C

294 0.28 0.2 0.6 0.8 1.9
I II III .... Imll ]Jill ilrl III1 nnl i Illl

Table 2. Compositionsof phases in braze fillermetal layer afterbrazing at 1130°C.

lipII iII _ml I I 11 II I II II l, lJ l l

Braze Layer Compositionin wt%
Analysis .....
Location Au Ni Pd ,, Si

Overall 50.43 23.60 23.51 2.07 O.41

Au-dch matrix 51.20 23.43 23.10 1.91 0.36
i ii

Ni-richparticles 34.77 43.01 19.20 1.73 1.29
............. P rl,, ,,, i ,,,,, ,, .J. "' ,,,, ''
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. Table 3. Resultsfor flexuretestingof Ti-vapor-coatedSigN,braze joints at room temperature
and 600°C.

,, , , , r I I

Specimen Surface Test Temp. Number Strength Average No. Failed at
Series No. Finish °C Tested Range, MPa Strength, MPa Joint

I . II I

400 ground 25 18 293-496 405 ± 54 10

403 _ I=m 25 18 195-440 340 ± 77 18

407 1 pm 25 14 345-464 418 ± 30 8

451 ground 600 18 260-516 376 ± 56 14
i, H , , ii ,

444 1 I_m 600 17 292-487 405 ± 50 7
H, , i. ii i tpl I i i ,,. i, ,i

Table 4. Resultsof flexuretestingTi-vapor-coatedSi=N,braze joints at 700°C and 800°C.
The 1 pm surface finishwas used on all test bars.

_ ,.,,. i ' r , '"1 _,, "1 ..... i ,, ' ,,,

Specimen Test Temp. Number Thickness of Strength Fracture
Series No. °C Tested Braze, pm Range, MPa Location

,q, i ,,, , I I I ..... _ ,J, _1, ,,, i i|1 i ii L,,,

814 700 6 45-50 296-322 Joint
p,. ,I, i i ,,, ,, ,

815 71111 4 10-13 375-415 SigN,

815 700 2 16-25 347-378 Joint

816 700 3 41-51 274-339 Joint

816 800 2 41 13-21 Joint

817 700 4 10-16 409-489 Si=N,

817 800 2 10-13 22-99 Joint
i i ii n i i i . , . , ,.
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Fig.2. SEM micrographon a Si3N4surfaceafter brazing and removal of the braze filler
metal by acid dissolution showing grains of TiN.
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Fig. 3. Room temperature flexure strength of specimens taken from coupons in which
the brazed surfaces had a ground finish,
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Fig, 4. Room temperature flexure strength of specimens taken from coupons in which
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Fig. 6. Flexurestrengthat 600°C of specimenstaken from coupons in which the
brazed surfaceshad a ground finish.
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(a)

(b)

Fig. 9 Optical micrographs on tensilefaces of flexure test bars showing failure at (a),
and failure near (b) the interfacebetween the SiaN4and the braze filler metal layer.
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