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ABSTRACT

The evolution of advanced ceramic materials over the past two decades has

not been matched by improvl'ments in ceramic joining science and technology,

particularly for high temperature applications. Of the techniques being evaluated

for joining ceramics, brazing has been found to be the simplest and most promising

method of fabricating both ceramic/ceramic and ceramic/metal joints. A key factor

in ceramic b.azing is wetting of the ceramic by the filler metal.

This study deals with the application of brazing for the fabrication of

Si 3N4/Si3N4 and Si 3N4/Mo joints using Ni-Cr-Si brazing alloys based on AWS BNi-5

(Ni-1BCr-19Si atom%). Thermodynamic calculatiom were performed to predict

wetting at Si3N4/Ni-Cr-Si alloys interfaces. By using sorne simplifying assumptlon5

and suitable scaling of the reaction, the model predicted that Ni-Cr-Si alloys with

Ni/Cr=3.5 and XSicO.25 would react chemically with and wet Si3N4. Good agreement

was found between the theoretical calculations and experimental results.

Brazing experiments were carried out to study the joinability of Si3N4 with

various Ni-Cr-Si filler metals which had already shown good wetting characteristics

on Si3N4. The Si3N4/Si3N4 joints formed with a 10 atom% Si brazing alloy exhibited

the highest strength ("'120 MPa) which was mainly due to the presence of a CrN

reaction layer at the ceramic/filler metal interface. The high temperature four­

point bend strengths of Si3N4/Si)N4 joints were markedly higher than the roorn

temperature values. A high strength of about 220 MPa was achieved when the joints

were tested at 900·C.

From the results of the Si3N4/Mo joining experiments it was found that the

joint quality and microstructure were strongly influenced by the composition of the

filler metal and such brazing variables as time and temperature. Of all the Si3N4/Mo

joints, those made with the SIO brazing alloy at 1300·C for 1 min. exhibited the

highest strength of 55 MPa.

Finally, in all the cases, the shear strength of all the joints was found to be

lower than their four-point. bend values .
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RÉSuMÉ

Au cours des deux dernières décénies, l'évolution des matériaux céramique

de pointe n'a pas été suivie par la technologie en matière de joint, en particulier

pour les applications à hautes températures. Parmi l1's techniques /j'assemblage

reconnues, le brasage s'avère être une methode simple et prometteuse pour

"élaboration de joints céramique/céramique et céramique/métal.

Cette étude porte sur l'utilisation des techniques de brasage pour la

fabrication de joints Si3N4/Si3N4 and Si3N4/Mo utilisant des alliages de brasage Ni­

Cr-Si (Ni-18Cr-19Si atom%, d'après AWS BNi-51. Un calcul thermodynamique fut

effectué afin de prédire le mouillage à l'interface des systèmes Si3N4/Ni-Cr-Si. En

utilisant des hypothéses simplifiées et en équilibrant de façon pertinente la réaction,

le modèle a prédit que les alliages Ni-Cr-Si ayant une fraction Ni/Cr=3.5 et XSi <0.25

réagiraient chimiquement avec Si3N4 et mouilleraient la céramique. Ceci fut

confirmé par les résultats expérimentaux.

Des expériences de brasage ont été faites pour étudier la possibilité d'établir

des joints entre Si3N4 et divers métaux d'apport de type Ni-Cr-Si, qui sont déjà

reconnus pour avoir de bonnes charactéristiques de mouillage avec Si3N4. Les joints

Si3N4/Si3N4 effectués avec un alliage de brasage contenant 10 at% Si ont été les

plus résistants (-120 MPa); ceci principalement grâce â la présence d'une couche de

réaction de CrN à l'interface céramique/métal d'apport. La résistance en flexion

quatre-points des joints Si3NiSi3N4 a été remarquablement plus élevée à haute

température qu'à température ambiante; une valeur de 220 MPa a été atteinte lors

d'essais à 900°C.

D'après les résultats des expériences sur les joints Si3N4/Mo, la qualité des

joints et la microstructure sont fortement influencés par la composition du métal

d'apport et de paramètres de brasage tels que le temps et la ttlmpérature. Parmi

tous les joints Si3N4/Mo, ceux fait avec l'alliage de brasage SIO à 1300°C pendant

1 min. ont montré la plus haute résistance, soit 55 MPa.

Pour finir, dans tous les cas, les joints se sont avérés moins résistants en

cisal1lement qu'en flexion quatre-points.
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temperature (K)

gas constant (8.314 J mor) K- 1)

mole fraction of component i

total mole number of component i

activity of component i

enthalpy

entropy

Gibbs energy, energy release rate

molar Gibbs free energy of component i

molar Gibbs free energy of component i in its standard state

partial molar Gibbs free energy of component i in solution

change in G due to a change in the state of the system

integral molar Gibbs free energy change due to mixing of two or more

components to form a solution

integral molar Gibbs free energy change due to mixing of two or more

components to form an ideal solution

integral excess molar Gibbs free energy of a solution (âGM- âGM•id)

general state thermodynamic function

partial thermodynamic function of component i

coefficient of thermal expansion

Young's modulus of elasticity

surface area

molar volume

contact angle

work of adhesion

solid-vapour surface energy

solid-Iiquid interfacial energy

liquid-vapour surface tension

adsorption coefficient of component i

toughness

chemical coefficient of component !

liquid solution

pure solid

pure gaseous species

xvi
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Chapter 1

Introduction

1.1 Advaneed Ceramie Materials

Ceramics were one of the earliest durable produets known to man before the

advent of metals. The term "eeramies" cornes from the Greek word "keramos" whlch

includes a wide variety of inorganic materials. Today's definition is broader than the

historie one. The definition adopted by the US National Academy of Sclenc'.l Is, "an

inorganic, non-metallie, material processed or consolidated at hlgh temperature"l.

In North America and Japan "ceramics" incluùe glasses, while in Europe and many

other countries "glasses" are distinguished from "ceramies" and can be deflned as

"non-crystalline solids with compositions comparable to the crystalline ceramics".

One of the systems of classification of ceramics is to divide them into two

groups, traditional and advanced. The term "traditional" refers to those ceramic

materials which have been used by primary industries and consumer market for many

years, examples are, bricks, pottery, sanitary ware, dinnerware and thermal and

electricallnsulations. Advanced, structural or fine*ceramics refer to a broad group

of high performance inorganlc materials including oxides, and non-oxldes such as

carbides, nitrides, borides and the like. The former group Includes alumina, zirconia,

* The term fine ceramics Is used in Japan, because these materials are made
from very fine powder with fine-gralned microstructure.
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magnesia, and other refractory oxides. In the non-oxide group are silicon carbide,

silicon nitride, boron carbide, boron nitride, aluminum nitride, and other such

compounds. Advanced ceramics are distinguished from traditional ceramics by their

specialized properties and higher level of performance. They are also different from

traditlonal ceramlcs by the sophisticated processing and composition control they

require to achieve unique performance which influences the much higher cost over

the traditlonal ceramics.2

The development of advanced ceramics is due to the use of new concepts of

ceramic science, the discovery of new material compositions and manufacturing

techniques to achieve desired properties, and to the technologieal demand for

materials with unique properties.

High performance applications of advanced ceramics are due to their special

properties over metallic materials such as hardness, corrosion and erosion

resistance, mechanical strength at elevated temperature, magnetic properties, high

melting or decomposition point, low density, low electrical and thermal conduction,

and low coefficient of thermal expansion partlcularly ln SI3N4 and SIC familles

whlch translate Into superlor thermal shock resistance (Table 1.1). However, there

are some exceptions such as high thermal conductivity of beryllia and alumlnum

nitrlde or the refractory propertles of molybdenum, tungsten and other refractory

metals. Because of these special properties, advanced ceramic materials have

potential use in a wide variety of applications ranging from heat and wear reslstance

parts to electronic, aerospace and defence, cutting tools, bloceramics, optical

devices and partlcularly in heat englnes3.4(Fig. 1.1). The main parameter which

currently limlts the reliabillty of structural ceramlcs Is the flaw population,

Introduced durlng processlng. It has been demonstrated that thls problem can be

minimized by post sinterlng HIP (hot Iso-pressing) treatment or colloidal methods

for powder treatment and consolidation.5

Perhaps one of the major area of applications for structural ceramlcs Iles in

the field of aerospace and automotive engines6•7.8•9. The potential application
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Table 1.1 Property comparisons for sorne ceramics and materials.2.10.11

3

Materia1 Me1ting loensi5~ axl0-6 Therm. Strengthb
K1c "

Point oC g.cm K- 1 Cond. 20°C MPa.m
ll

•
Wm- 1K- 1

Si3N4 1750-19003 3.18 3.2 12-28 400-580 4-6

RBSN " 2.7 2.8 3-6 200-350 2.5

a-SiC 2300-2500 3.2 4.8 50-100 450-520 3.0-3.5

Al20 3 2050 3.96 8.5 30-35 200-350 3.5-4.0

Cast 1300 7.3 10.5 45 150-250 20
iron

Inconel 1400 8.19 13.0 11.2 1290-1410 103
718c

..aj DecompositIOn tempo bj MOR for ceramlCS and tenslle for metals
Ci Ni/19Cr/18.5Fe/5Nb/3Mo/0.4Al/0.9Ti/0.04C wt%.

3%

4%

• Bioceramics

o Aerospace and Defense

~ He.. Exchangers

E:l Wear and Industrial

o Cutting Taol.

l!I1l He.. Engine.

21%

TOTAL MARKET VALUE: 51.16 8,lI,on

•
Figure 1.1 Advanced structures-ceramic market segments for 1995.2



in automotive engines can be divided into two groups: those for gas turbine engines

and those for reciprocating engines (Fig. 1.2). Using ceramics in such systems results

in increased operating temperatures, because of their strength and corrosion

resistance at elevated temperatures. Functioning at higher temperature provides

greater thermodynamic efficiency and, consequently, decreases fuel consumption.

Moreover, in such systems as turbines or turbocharger rotors, where inertia is a

critical consideration, ceramics may offer significant performance gain allowed by

the decreased mass. The studies during the past decade have indicated that the use

of ceramic components in an automotive gas turbine operating at ==1300 oC would

lower the fuel consumption to about 5.5 liter/IOO Km 12. Another study showed

that the use of silicon nitride valves in a 5.8 L Chevrolet V-8 engine increased its

power by 6 te 7% 13. The primary interest of the aerospace industries in structural

ceramics centres on their use in gas turbine engine l4. Figure 1.3 shows the main

ceramic components being considered for use in a helicopter gas turbine. Another

motivation for developing ceramiC'.s for heat engine applications is the potential

replacement of relatively expensive and strategic metals such as cobalt, chromium,

niobium (columbium), nickel, manganese and tungsten l5. Materials that may be

affected by new developments in ceramic research are listed in Table 1.2. Current

ceramic materials being evaluated for engine applications are silicon, nitrogen, and

carbon which are inexpensive and available in abundant quantities.

Currently, consumption and shipments of advanced ceramic parts in the

United States are in the range of $1 to $2 billion per year and is estimated to be

about $10 billion by the year 200016, and that the market only for aircraft gas

turbines could reach $3 biliion by the first decade of 21 lh centuryl7. The

worldwide market has been proposed to grow to as much as $187 billion by the end

of the century 17. This rapid growth is due to the development of new applications

and to the substitution of ceramics for alternative existing materlals.

Although slgnificant progress has been made in the processlng and forming

of monolithic ceramic components to improve their strength and· toughness, these

•
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combustion chamber

--- 1ll1~llftlllollll_chAIItlIlI

---------Iln....c.lluhint·

1---- ltll.l'v h'loI\u,:hnn\1t11

(a)

Figure 1.2 Simpllfled cross section of a 2S/35üR gas turbine by
Leyland18(a), and (b) a set of ceramic components for a spark
Ignition englne19.
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Figure 1.3 Ceramic helicopter gas turbine showing main ceramic components. 14

materials are still far from exhibiting the advantageous ductility and toughness of

metallic parts. Ceramic fibre reinforced/ceramic matrix composites and/or ceramic

fibre reinforced/glass matrix (or glass-ceramic matrix) composites may present

future alternatives to overcoming sorne of the mechanical prope' .y limitation. AIso,

developing joining techniques to reinforce ceramics by metallic components presents

a major challenge to materials scientists.



Table 1.2 Sorne strategic materials for which ceramics could substitute. 15•
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Material Application where Technological Barricrs for
Ceramics May Replace Ccramics

the Material

Tungsten Wear Demonstration, scale up, cost
parts(bearings,nozzles) Achieve hardness potential of
Cutting tools Si3N4

Cobalt Diesel combustion parts Demonstration, cost
TUl'bocharger rotors NIA
heavy recovery systems NIA

Chromium Heat engines Demonstration, properties, cost
Chemical ware NIA
Heat exchangers Fabrication, performance, cost

Molybdenum Heat recovery systems NIA

Manganese Heat engines Demonstration, properties, cost

Titanium Wear parts Demonstration, scale-up, cost

Niobium High-temperature Fabrication, performance,
applications demonstration

1.2 The hnportance of Ceramic Joining

The promising role of structural ceramics in many useful devices and

structures has in turn led to realization of the importance of developing ceramic

joining techniques, which is perhaps one of the most important areas in the ceramic

field for research and development2.20.21 .22.

The increasing demand for joining ceramics arises from:

a) Fabrication of ceramic components of complicated shape or large size in one

piece can be very expensive and in sorne cases impractical, for the followlng

reasons:

• Difficulties in processing steps and high cost of fabrication.

• High probability of destruction of entire pieces, even by a single f1aw.

• Impossibility of reclaiming damaged parts.



• Difficulties in f1aw detection for large parts.

There exist numerous methods by which complex-shaped engineering ceramic

components may be formed, but each has its limitation. Difficulties with slip-casting

(suspension-casting) or pressure-casting methods are shrinkage, mould release,

lengthy drying cycle and particularly problems with shapes of varying cross section.

Injection moulding appears to be a promising technique for mass production of

ceramic components provided sorne existing problems can be solved. Accurate

control of time, pressure, and temperature is required during forming, but injection

moulding is amenable to producing components with both thin and thick sections,

such as bladed rotors. However, difficulties with defects, binder removal from thick

cross section without cracking, control of warpage, and lengthy debinding cycles are

encountered7.23.

•
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These problems can be overcome by joining simpler and smaller components,

which could be manufactured more easily. The simpler ceramic parts can be

inspected individually before joining and those without the desired quality discarded.

Furthermore, sorne applications may require ceramic materials of different

properties to be joined.

bl In many cases, because of the limitation of ceramics resulting from poor impact

properties and lack of tensile ductility, ceramic components functioning at high

temperatures have to be attached to moving parts, mainly metals, which must

withstand stresses or temperature gradients too great for ceramics. Another

example of ceramic-metal bonding is joining metallic interconnects to ceramic

substrate for microelectronic circuits.

Although the technology of ceramic joining has progressed steadily from late

1930's, currently it is not well developed, particularly for non-oxide ceramics, and

extensive research efforts are being directed to better understanding the nature of

adhesion at the interfaces, the relation between chemical bonding and mechanical

stresses at the interface, and predicting reactions which occur during joining. This

also . includes the development of joining techniques to obtain reliable joints,



particularly when the joint is expected to be used at elevated temperature.

One of the most promising techniques for ceramic joining is high temperaturc

brazing. This method is weil suited for the fabrication of ceramic to metal joints

and seals, and its status as the foremost method for making such joints has not been

seriously threatened.22 ,24,25.26

This work deals specifically with the use of brazing technique for joining

Si3N4 to Si3N4 and Si 3N4 to Mo. Such aspects as the wettability of Si3N4 by the

brazing filler metal as the basic requirement for brazing the candidate ceramic, the

effect of brazing alloy composition and other brazing variables on joint quality and

microstructure, and the influence of strength measurement methods on joint

strength will be discussed.

•
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Chapter 2

Literature Review

This chapter will briefly discuss the physical and chemical properties,

manufacturing and applications of silicon nitride (Si3N4). A review of both ceramic­

ceramic and ceramic-metal joining techniques will be given, with emphasis on

available methods for joining silicon nitride. The problems, advantages and

disadvantages of the brazing technique will be discussed. This chapter will also

review various testing methods for measuring the joint strength and the relationshlp

between them in evaluating ceramic joints.

2.1 SILICON NITRIDE

Of monolithic ceramics, Si3N4, because of the good combination of

mechanical, thermal and thermo-mechanical properties is VIl'! of the most promising

materials for high temperature structural applications27•28,29. Silicon nltride

does not occur naturally and must therefore be synthesized30. Although it was

initially accomplished in 1857 by Deville and Wôhlerand31 , its potential as a

structural ceramic material has been explored only durlng the last two decades. In

recent years significant progress has been made due to the improvement of Si3N4
starting powder and sophisticated consolidation techniques. So far, technologlcal

Investigations have malnly been concentrated on two types of S13N4: (a) dense Si3N4,

whlch can be manufactured by hot-pressing(HPSN), sintering (SSN, SRBSN) or hot­

isostatic pressing (HIPSN, HIPRBSN, HIPSSN, HIPSRBSN) and (b) porous Si3N4

produced by reaction-bonding of silicon powder compacts (RBSN). As a result of

processing, the two forms of Si3N4 are different in density, resulting in different



mechanical, thermal and thermo-mechanical properties32. Silicon nitride has a

high decomposition temperature and a high strength to density ratio compared to

stainless steel33. Silicon nitride also exhibits excellent strength at elevated

temperatures with a modulus of rupture (MOR) of "350 MPa at 1300·C34. The

excellent resistance to corrosive envlronment and hot hardness of Si3N4 make it an

Ideal engineering ceramic for such applications as bearing and cutting tools35•36•

valves for diesel engines or turbine blades37.38.39. The main advantage of

silicon nitride over other candidate materials (for heat engine applications), is its

lower thermal expansion and moderate elastic modulus (Table l.1), resulting in

minimized stress development during severe thermal transients. The thermal shock

resistance of silicon nitride is the critical characteristic which Inltially allowed

Si3N4 to be a major candidate for heat engine applications. Figure 2.1 shows a

comparison of the relative thermal shock resistance of Si3N4-based materials with

other heat resistant materials. A strength measurement of turbo charger rotors

made of Si3N4 and SiC at an exhaust gas temperature below 10SO·C lead to the

conclusion that Si3N4 and RBSN, in particular, feature a higher strength level and

thus an increased reliability compared with slllcon carbide40.

The emphasis on Si3N4 is not only because of its structural properties, but

also relates to the joinability of silicon nitride to itself and to other supporting

metallic parts. Several Si3N4 components including glow plugs, hot plugs, rocker arm

pads and the turbo charger rotors in commercial reciprocating engines are already

in Iimited production. ln spite of the above-mentioned advantage of Si3N4 over other

ceramic materials being evaluated for heat engine applications, yet further

investigations based on cost and performanr.e are necessary to provide new

comparisons.

•
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2.1.1 The Structure of Silicon Nitride

Silicon nitride crystallizes in two forms, a and B, with similar hexagonal

crystal structure, but with different unit ccII dimensions. The two forms of Si3N4
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Figure 2.1 Comparison of the relative thermal shock resistance of Si3N4­
based materials wlth oxides, ceramic matrix composites and WC-Co cemented
carbides41 .

were identified for the first time by Vassiliou and Wild in 195742 and observed by

Ruddlesden and Popper in 195843. It was then established that the distance in the

direction of the crystallographic c axis for a-Si3N4 is about twice as large as for the

Il form (Table 2.0. In both a and Il-Si3N4 the silicon atoms are located in the centre

of irregular nitrogen tetrahedra. Each nitrogen atom is shared between three tetrah­

edra so that each silicon atom has four nitrogen atom nearest neighbours and each

nitrogen has three silicon atom nearest neighbours. (Figure 2.2 ). The Si3N4 unit cell

of Il-phase is derlved from the phenacite type structure (Be2SiO4) wlth the berylllum

atoms belng replaced by silicon and the oxygen atoms by nitrogen (Figure 2.3). The

structure consists of Si3N4 layers which alternate in the sequence AB, forming

hexagonal tunnels in the direction of the crystallographic e-axis. In the SI12N 16 unit
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Table 2.1 The Unit Cell Dimensions for Sl3N4 (nm)32.

1
AXIS

1
a-513N4

1
8-S13N4

1

a 0.775-0.777 0.759-0.761

c 0.516-0.569 0.271-0.292

cla ::: 0.70 ::: 0.37

13

cell of the a-phase, the layers known from the Il-structure alternate wlth mlrror­

inverted layers in the sequence ABCD, resultlng in ac-direction lattice which is

about twice as large as for the il-modification. The hexagonal tunnels in the c­

direction are not present in the a-phase32.

The a-Si3N4 which is the major phase observed when silicon is nitrlded at

1150-1350·C , given enough time and ttle proper means of mass transport, can be

transformed to Il at around 1500·C, which ls the more stable high-temperature form

of Si3N4. The transformation, however, is reconstructive and can occur wlth

•
(a) (b)
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Figure 2.3 Bali Model of B-5i3N4 5howing the Hexagonal 5ymmetry.44

solution-precipitation by means of a liquid phase. During transformation, (l'-5i3N4
grains dissolve in the liquid phase and reprecipitate as fibre-like grains. The

intertwined structure of the acicular B-5i3N4 grains is responsible for the high

strength and toughness of 5i3N4 products.

2.1.2 Powder Production and Proccssing of 5i3N4 Ceramics

High purity silicon nitride powders can be synthesized by several methods,

sorne of which have already been used for commercial production like carbothermal

nitridation of 5i02, direct nitridation of 5i, the imide process and gas phase

reaction45. The morphological characterization of 5i3N4 powders ineluding the

fineness, partiele shape, microstructure of partieles and the powder agglomeration

highly influence the compaction and sintering properties. These factors depend upon

the method by which the ,1owder is produced.

The direct nitridation of 5i is an old and fairly simple method46,47. 5i

powqers of 99 to 99.99% purity (less than 10 pm diameter) react with N2 at 1473­

1450·C in an atmosphere of NH3, N2/H2 or N2 to produce coarse 5i3N4 powder48.



ln the imide process, silicon tetrachloride and ammonia react to produce a

mixture of ammonium chloride (NH4Cll and so called silicon diimlde (Si(NH)2)' The

NH4CI is then washed out by liquid ammonia or thermal treatment in an inert gas

stream at about 900°C. The remaining Si(NH)2 will then be pyrolysed at 1200°C

according to the following reaction:49

•
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to produce amorphous Si3N4 powder.

ln vapour phase reaction silicon tetrachloride and ammonia theoretlcally

react at high temperature according to:45

practically, at 1050°C the gas phase reaction still will glve silicon diimide which has

to be calcined and crystallized as mentioned above. The carbothermal nitridatlon of

silica seems to be a favourable method from an economical point of view for mass

production of Si3N4 powder. The most important feature appears to be the

abundance of high purity raw materials used, which are basically Si02, N2 and a

carbon-source50 • The general form of the carbothermal reduction process where

an oxide is reduced by carbon and then subsequently nitrided at 1350-1600°C can be

described by the reaction:50

(2.3)

•

Besides these industrially used methods, there are several synthesis methods

such as plasma synthesis and laser-induced reactlons whlch are only ln development

at present.

Because of high degree of covalent bonding, classical slnterlng Is not

applicable to produce pure dense Si3N4 ceramlcs. Consequently, alternative

techniques have been developed, such as nitrldatlon ·of silicon compacts or the

addition of sintering aids to Si3N4 powder to create liquid-phase slnterlng wlth or



without the application of pressure to assist the sintering process.

The expression sintered (or pressureless sïntered) silicon nitride usually refers

to Si3N4 which has been densified with the help of additives (sintering aids) at

atmospheric pressure. Below the sintering temperature (I650-1850·C), the additives

react and melt to form a Iiquid phase. This liquid phase allows transport and

rearrangement of the starting material at a greatly accelerated rate by a

mechanism in which the starting 1I'-Si3N4 particles dissolve into the Iiquid and the

n-Si3N4 phase is reprecipitated out as elongated interlocking grainsSl . Although

many additive~ have been reported for densification of Si3N4' most studies have

concentrated on the use of MgO, Y2°3' AI20 3 and AIN as sintering aids.

Since silicon nitride bodies with high density ('" 95-99%) and very good

strength ( bend strength '" 400-1000 MPa) can be produced by pressureless sintering

process. this is the preferred method for fabrication of complex-shaped components.

Hot pressing is analogous to sintering except that pressure and temperature

are applied simultaneously. Most hot pressing is done ln the range of 6.9 to 34.5 MPa

at temperatures approximately half the absolute melting temperature of the

material52. This process results in materials with higher final densities and fine

grain slze due to reduced densification temperature and increased contact stress

between particles. Hot pressing permits reduction of the amount of sintering aid

required to obtain full density. This can result ln an order-of-magnitude improve­

ment in high-temperature properties such as creep and stress rupture IifeS3. The

major limitation of hot pressing is shape capability. Non uniform cross section and

intricate or contoured shapes are difficult and often impossible to be fabrlcated by

conventional uniaxial techniques.

Another technique which combines good mechanical and therrno-mechanical

properties of Si3N4 with the possibllity of production complex-shaped components

is hot-isostatic pressing (HlPping). During HlPping, high pressure (up to 300 MPa) is

applied uniformly in ail directions via an inert gas to consolidate a powder compact

or to remove residual porosity from pre-slntered materials. Durlng the past few

•
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years special HIPping equipments have been developed to enable HIP densification

at temperatures higher than 1700·C32. This meth<Jù makes possible net shape

forming because the pressure is equally applied from ail directions. This also results

in greater material uniformity by eliminating die wall friction effects and preferred

orientation, resulting in higher strength and Weibull modulus. The HIP process is weil

suited to nitride ceramics, which decompose under normal pressure at lowcr than the

melting temperature. In spite of the above mentioned advantages, HIPping is still

a complex and costly alternative.

•
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2.2 THE METAL MOLYBDENUM

Mo is a silver-white metal that is not found in pure form. It can be obtained

principally from polybdenite (MoS2). Wulfenite (PbMo04) and Powellit.c

(Ca(MoW)04) are also minor commercial ores. Mo is also recovered as a by-product

of Cu and W mining operations. The metal is prepared from the powder by the

hydrogen reduction of purified molybdic trioxide or ammonium molybdate54. In

most instances, Mo is consolidated from powder by compacting under pressure

followed by sintering in the range from 1650 to 1900·C. Sorne Mo is consolidated by

a vacuum arc furnace casting method in which a preformed electrode is melted by

arc formation in a water-cooled mould 55.

Although Mo has been known for almost 200 years, its potential industrial

uses date back only ta the first decades of this century, and its significant

consumption to the mid-thirties56. The importance of Mo was realized when the

modern technologies of alloy production and the understanding of their propertics

were developed. Mo is a valuable alloying agent, as it contributes to the hardenabll­

ity and toughness of quenched and tempered steels57. It also Improves the strength

of steel at high temperatures. Almost ail ultra-high strength steels wlth minimum

yield points up to 2000 MPa ("'300,000 psi) contaln Mo in amounts from 0.25 ta 8%

54. Mo and its alloy are used for electrical and electronic parts, missile and aireraft

parts, high-temperature furnace parts, thermocouples, nuclear energy applications,



corrosion-resistant equipment and metallizing. Mo, because of its low thermal

expansion and high elastic modulus (Table 2.2), has found application as an interlayer

in ceramic-to-metal joining. This layer would alleviate stresses generated by the

thermal expansion mismatch between the ceramic and metal, resulting increased

joint strength.
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2.2.1 Oxidation and Corrosion Behaviour

Molybdenum oxides rapidly at elevated temperatures to the point of complete

disintegration. The final product of the oxidation reaction is molybdenum trioxide

(Mo03), which is volatile and therefore is not a self-protective oxide. Below SOO·C,

a parabolic oxidation law is followed indicating sorne degree of self-protection. The

oxidation of Mo is a two-step process with molybdenum dioxide (Mo02) as the

Internai oxlde layer and molybdenum trioxide as the outer layer58. Above SOO·C

Mo03 begins to volatilize and at 770·C it evaporates with same rate as it forms. At

996·C the oxldation rate is about 1400-2000 mg/cm2 h. The rate Increases with air

pressure and falls when the pressure falls, particularly when the partial pressure of

the oxygen falls in the corrosive gaseous mixture. For instance, the oxidatio!,! rate

at 113S·C at an altitude of SOOO m is 100 times slower than at ground level under

atmospheric pressure. Similarly the oxidation rate is lower in reduclng atmospheres.

ln summary, from the oxidatlon behavlour of Mo, it can be stated that Mo is

not a suitable structural material for continued service at temperatures above SOO·C

in an oxldizing atmosphere, except for very short tlme service conditions. In

contrast, It has been reported that, in oxygen-deflclent combustion gases, Mo wouId

have satisfactory high-temperature durability for combustion chambers or turbine

blades. The corrosion rates in fuel-rich combustion mixtures at temperatures up to

1427·C are such that uncoated Mo appears feasible for applications in reducing

atmosphere where engine Iife of less than 100 hour is acceptable58,59. Therefore,

if Mo Is to achieve its potential as a high-temperature structural material, it must
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Table 2.2 Sorne Properties of Mo. 55

19
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1 Property Fe
1

Atomic weight 95.94

Den~ity 10.22 g/cm3

Crystallography b.c.c

Melting point 261O'C

Boiling point 5560'C

Coefficient of thermal expansion 5.3 to 6 Ilm/m.k (20 to 1000'C)

Coefficient of thermal conductivity 80 to 142 W/m.k (20 to 1500'C)

Electrical resistivity 52 to 620 nn (0 to 2000'C)

Hardness "'250 HV (as-rolled at 20'C)

Elastic modulus "'330 GPa (at 20'C)

Tensile strength "'600 MPa (at 20'C)

be protected from oxidation by an adequate coating. Such oxidation resistance might

be achieved through alloying or through the use of external coatlngs which would act

as physical barrier between the Mo and O. Several types of protective coatings for

Mo and Its alloys are already in use. These includes, ceramic coatlngs, molybdenum

disilicide coatings, sprayed metal and electroplated coatlngs58.1t must be noted that

the performance requlrement for any coatlng system will vary depending on the

operatlng conditions, I.e., time, temperature, gas composition, veloclty and other



factors which will determine the durability and performance of a coating for a given

application.

Mo has particularly good resistance to corrosion by mineraI acids such as both

aqueous and anhydrous HF. The corrosion rate of Mo in 25 to 50% HF at 100·C are

0.4 to 0.5 mm/yr in aerated acid, whereas, in the absence of air is so small as to be

negligibléO. It is also resistant to many liquid metals and to most molten glasses.

ln inert atmospheres, it is unaffected up to 1760·C by refractory oxides. Mo is

relatively inert in hydrogen, ammonia, and nitrogen up to about 11 OO·C, but a

superficial nitride case may be formed in ammonia or nitrogen55.
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2.2.2 The Brazing of Molybdenum

The low coefficient of thermal expansion of Mo (Table 2.2) allows this metal

to be used as an interlayer in joining ceramics to metals to alleviate the residual

stresses within the joint area caused by thermal expansion mismatch between the

ceramic and metal (this will be discussed in detailed in § 2.3. Il. In these systems the

Mo interlayer is brazed to both ceramic and metal members. Therefore, ail the

arguments in brazing of Mo must be considered in these systems for a proper joint

design.

The property which is of importance in any discussion on joining Mo is its

ductility. In common with other refractory metals, Mo, because of its body-centred

cubic (bec) structure exhibits a change from ductile to brittle behaviour on cooling

below a certain temperaturej the ductile to brittle transition temperature. This

temperature is not fixed and varies with strain rate, alloying additions, impurities,

heat treatment and method of fabrication61 . The transition temperature for pure

Mo is 150 - 260·C62, thus, Mo is brittle at room temperature and must be handled

carefully to avoid damage. Also, this metal should be brazed ln a stress -free

condition. Another factor which influences the strength and ductility of Mo is the

microstructural changes that occur when the recrystallization temperature is

exceeded. The recrystallization temperature range for Mo is 1150 - 1200·C and can



be increased through alloying. For example the recrystallization temperature of Mo­

0.5Ti-0.7Zr is about 1470°C, and the stress-rupture strength of this alloy at elevated

temperatures (980 to lIOO°C) is several times that of unalloyed Mo. In sorne

applications, brazing performed below the recrystallization range using low melting

temperature filler metals. Other applications for high temperature services require

filler metals with melting temperature above the recrystallization temperature. In

this case the joint must be designed with the loss in mechanlcal propertles

associated with recrystallization. The low coefficient of thermal expansion should

be considered in the joint design especially when Mo is brazed to other metals which

may have expansion coefficient three or four times higher than that of the Mo.

Usually joint clearance in the range of 50 to 125)lm at the brazing temperature are

suitable. Thermal conductivity is important in brazing Mo. The coefficient of

thermal conductivity of Mo is high at room temperature and drops as the

temperature is increased (Table 2.2). The high coefficient of thermal conductivity

allows rapid heating and a minimum of time at the temperature, thereby minimizing

the danger of uneven heating.
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2.2.3 Brazing Atmosphere and Equipment

The brazing environment is of importance because of the reactivity of Mo

with 0, N and C and the effect of these elements on the mechanical properties of

the metal. As mentioned previously, the surfaces of Mo to be exposed to 0 at high

temperatures must be protected from oxidation. 5ince the coating layer would alter

the wetting of the metal by brazing filler metal, for such service conditions, the

brazing filler metal must be compatible with both the base metal and the coatlng.

The solvation of N at temperatures above lIOO°C and its severe influence on

mechanical properties of Mo must be taken into account as weil. Mo forms carbldes

in the presence of minute quantities of carbon. Thus, the brazlng atmosphere must

contain minimal amounts of OZ, NZ' CO and COZ when brazlng uncoated Mo.

Torches, controlled-atmosphere furnaces, vacuum furnaces, induction and resistance



heating equipments can be used to braze Mo. Oxyacetylene torch brazing can be

accomplished with Ag and Cu-based braze filler metals and an appropriate flux62.

ln terms of fixturing, graphite should not be used to position the metal during

brazing. Outgassed ceramic materials, Ta and W can be used as brazing

fixtures62.63.
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2.2.4 High Temperature Filler Metals

Many pure metais and alloys have been user! to braze Mo for high

temperature applications. Mo can be brazed with Au, Pa, Pt, Ni, reactive metals,

Ni-based fi1ler metals and refractory metal-based alloys 62.63. Mo samples brazed

with Inconel as the brazing alloy showed a braze-shear strength of approximately

130 MPa at 980°C63. It has been demonstrated that Mo joints made with Ti-65V,

pure V, V-50Mo and MoB-50MoC are as strong or stronger than the base metal at

elevated temperature. Mo-0.5Ti Mo base metal has been successfully brazed using

two binary braze metal, V-35Nb and Ti-30V at 1870 and 1650°C respectively62. Ti­

25Cr-13Ni braze filler metal, with a brazing temperature of 1870°C, has produced

joints with ::168 MPa shear strength at 1l00°C62.

2.3 CERAMIC-CERAMIC AND CERAMIC-METAL IOINING

The literature on ceramic joining is extensiv~ and a discussion of all the

materlals is beyond the scope of thls thesis. In this section a survey of ceramlc­

ceramic and ceramic-metal joining for both oxide and nonoxide ceramics, with

emphasis on joining silicon nitride, will be given. Methods of joining ceramics,

problems of ceramic joining, and methods by whlch the strength of ceramlc joints

are measured will be discussed.

2.3.1 Joining Theory

A completely acceptable theory for bonding ceramics has not been developed.

Most of the information available is empirical in nature, describing observations of



investigators concerning the nature of the bonding materials and interfaces under

a specifie set of experimental conditions. The large number of variables involved and

the complexity of ceramic structure provide significant difficulties in the

development of a satisfactory predictive theory of bonding ceramics.

Ceramic-to-ceramic or to metal bonding is the result of chemical and/or

mechanical interaction between the materials. The chemical interaction may result

in either the formation of new compounds at the interfp'.<l or the development of

weaker adhesion resulting from the formation of secondary bonding forces64.

ln spite of the absence of a general theory for bonding ceramics, two theories

for adherence of metals to ceramics have emerged over the last three decades. One

is known as the "glass migration theory" and the other as the "chemical reaction

theory". The former theory, proposed by Cole and Sommer65 in 1961, suggests that

the glassy phase present in the grain boundaries of impure ceramics, migrates by

capillary action into the sintered metal layer, producing a bond. This theory

describes bonding using the refractory metallizing technique. /-Iowever, the basic

theory for thls system is applicable to other metal-to-ceramic systems. The

criticlsm of the glass migration theory, in spite of its successes in explaining certain

procedures, is two fold. First it leaves out many examples where no glassy phasc is

present, before, during, or after bonding. For instance, it fa ils to explain the

relatively high adherence of a pure Mo metallizing layer to single crystals or to

alumina ceramics I.e. wlth no glassy phase or low impurity content. Second, It leaves

unanswered the question why the metal adheres to the glassy phasc66.

Many researchers have focused on importance of the role of chemical bonding

at ceramic metal interface. They have shown that the chemical bonding between the

ceramic and the metal is achieved through the formation of an Intimate, atomlc

contact interface or reaction ta reach chemical equilibrium at the interface67.

Discussion on chemical bonding will be glven in detail in Chapter 3.

•
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2.3.2 Methods of Joining Ceramics

Many different techniques have been developed for joining ceramics to

ceramics and to metals. Most of the published information relating to techniques for

jolning ceramics mainly describe the results of development work rather than proven

production process. The classification of joining techniques is somewhat arbitrary

and can be done ln different ways68,69.70.71.72.73. Here we will divlde

the joining methods into three major techniques70:
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• Mcchanical joining - used in both traditional and new applications such as the

tying-in of furnace roof refractories wlth metal hooks or dogbones. Press and shrink

fitting is another type of mechanical joining which is widely used in mass production

processes.

• Direct bonding - achieved by pressing together very fiat mating surfaces to

achleve diffusion bonding, as in the joining of sapphire to Nb durlng the fabrication

of high-pressure sodium lamps. Experimental studies of fusion welding using electron

beam, laser, and imaging arc techniques have also met with sorne success for high

melting point systems.

• Indirect bonding - the most common method of achieving high integrity joints

using a wide range of intermediate bonding materials such as organic adhesives,

glasses or glass-ceramics, soldering, welding, and brazing wlth or without

pretreatment of the ceramic surfaces to render them wettable.

Irrespective of the joining process, the achlevement of successful joints

depends on the70:

- Intirnate contact between the workpieces and conversion of these contactlng

surfaces into an automatically bonded interface, and the ability of this interface to

accommodate thermal expansion mismatch stresses generated during cooling after



fabrication or temperature changes in opera~ional conditions.

- the joining process should cause minimal chemical and mechanical degradation of

the base materials.
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Of the above joining techniques, attention will be given ta those processes

that permit the achievement of strong joints by direct bonding and indirect bonding

for high temperature applications. Low temperature techniques such as soldering and

adhesive joining will not be discussed. Since fusion welding is usually impractical

because of marked differences in the refractoriness of the workpiece materials and

problems with sorne ceramics (BN, SiC,Si3N4) which sublime or decompose before

melting will not be discussed.

Mechanical fastening has a limitation because it requires three- dimenslonal

design and it cannot produce a plane-to-plane bond structure. Furthermore, it is

quite difficult to build up a large-scale joined component by mechanical fastening.

2.3.2.1 Direct Banding

Direct bonding is analogous to solid state or diffusion bonding. The llterature

contains many reports which have used this method for bonding metals such as Al,

Pb, Cr, Zn, Cu, Ni, Fe, Pt, and refractory metals such as Nb and W to oxide and

nonoxide ceramics. Solld state bonding can follow contact wlthout any apparent need

for bulk interactions. Achievement of the minimum contact and bonding for a

slJecific application depends on the selection of not only the materials, but also

fabrication parameters, such as surface roughness and c1eanness, environment,

pressure. time, and temperature70. Solid state bonding of ceramics to metals can

be carried out directly or with the use of an interlayer material to promote bonding

at the ceramic/metal interface.

Solid state reactlon bonding procedures have the following characterist-

- Bonding temperatures lie below the melting point of the lowest melting componen~



in the system (generally the meta!), usually about 50 to 98% of the melting point in

degrees absolute.
•
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- Bond formation is carried out in air, argon or vacuum.

- Clamping pressures from 0.5 to 100 MPa are used, to ensure good physical contact

at the interface during bonding.

- Bonding times vary from a few second to about 3 hours.

- The surface of the ceramic to be bonded must be polished to a finish approaching

optical f1atness for the maximum bond strength.

Solid state bonding can be approached in two ways. The first involves the use

of considerable applied pressure, >7 MPa, which act as a significant driving force

in the sinterlng kinetics. The second way is to use much iower pressures only to

maintain contact and alignment during bonding.

Usually, increasing the fabrication time or pressure improves contact and

bond quality, but as shown in Figure 2.4 the influence of temperature has been

reported to be of greaterimportance75,76. On the other hand the high tempera­

ture employed increases the magnitude of the CTE (coefficient of thermal

expansion) mismatch stresses, often resulting in fracture of the ceramic77.

Therefore it is very difficult to bond ceramics to metals directly. Thus, when

applications at high temperatures are considered, it is indispensable to develop a

bonding method on such materials with a proper design that be able to accommodate

the stresses generated during cooling after fabrication. Unfortunately. the need to

exert pressure in diffusion bonding causes most joints to be of the face seal type,

which is not weil suited for accommodatlng mlsmatch~70. It has been found that

the ùse of a soft materlal layer Inserted between the ceramlc and metal members
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Figure 2.4 Influence of fabrication temperature of diffusion-bonded area of AI20 3

at constant pressure and time.76

can overcome or mitigate the effect of sorne of these practical problems

75,78,79. Another approach is the use of either a metal interlayer (usually

refractory metals) whose coefficient of thermal expansion is between the ceramic

and the metal80 to minimizing the CTE mismatch between the cerarnic and metal

or by placing a number of layers between the metal and ceramic; the difference in

alpha between each layer should be minimized to alleviate the interfacial stress. As

shown in Figure 2.5 the CTE mismatch is reduced by incorporating layers of

different compositions and closely matched values; the interfacial stress is reduced

if the layers are properly designed. This technique which Is also known as composite

interlayer method has been successfully used in many Investigations8l ,82. Eaton

and Novak80 employed this method for the fabrication of a graded gas-path seallng

as shrouding in the turbine section of an aircraft gas turbine engine. The top layer
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Figure 2.5 Graded alpha (a) attachment technique designed to reduce the a

mismatch between ceramics and metals.67

material was stabilized zirconia and a series of ceramics (mullite, zirconia, alumina,

spinel, and ceria)/CoCrAlY were used for the intermediate layer compositions.

Alumina/CoCrAIY intermediate layer material exhibited desirable dimensional and

oxidation stability which showed an as-fabricated four-point bend strength of 58

MPa and III MPa after 36 hour of oxldation at 1093°C. This joinlng method was

employed by Suganuma et a1.80• 82 to form AIN-Mo, TiN-Mo, and BN-Mo joints by

HIPping at 1620°C for 30 min. under 3 GPa pressure. The interlayer of each couple

contained 60 vol% of the ceramic phase to be bonded and 40 vol% of Mo powder.

Various ceramics have been diffusion bonded to metals and alloys. Klomp76

studied the bonding of Pt, Fe, Ni, Cu, AI, and Pb to pure alumina. The Pt-alumina

joints bonded at 1550°C under 3.1 MPa pressure for 100s showed a bond strength of

250 MPa. Ruhle et al.83studied the bonding mechanism between the Nb and

alumina by introducing line-shaped defects on single or polycrystal Nb. Those Nb

crystals were then diffusion bonded to alumina. They found that bonding occurred



primarily in the area of close contact between Nb and alumina.

Yamada and co-workers84 studied diffusion bonding of SiC and Si 3N4 to

Nimonic 80 (Ni-20Cr-3Fe-2.3Ti-I.4AI-2Co wt%) using Ni, W and Cu interlayers with

different thicknesses. They found that the residual thermal stress in the ceramic

part of the composite was extremely low and that the composite had a tensile

strength of more than 95 MPa at room temperature.

The disadvantages of hot-press bonding are that the process is complex and

expensive, that proper alignment of the parts is difficult, and the components

frequently fracture or deform while being joined.
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2.3.2.2 Indirect Banding Processes

Indirect bonding of ceramics includes those techniques in which a liquld

medium is responsible for bonding. Liquid phase bonding using molten metals or

glasses has been widely used to create ceramic/ceramic and ceramic/metal joints.

Of ail the liquid phase joining techniques, brazing is uniquely suited to the

fabrication of ceramic joints and seals and its status as the foremost method of

making such joints has not been seriously threatened. The advantages of brazing cao

be summarized as follows85:

• Brazing is a simple and flexible process which can use existing equipment,

therefore requires little capital investment and can be readily adapted to mass­

production operations.

• Large or complex assemblies can be joined in a single step operation and in a

stress-free condition especially with rl:!spect to ceramic-to-metal joining86.

• Joint members of different thicknesses can be brazed to each other.

• Using brazing filler metals with different meltlng temperatures, additinnal
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• Through proper joint design, brazed joints require IIttle or no finishing.

• Joints can be brazed for a wide range of service conditions by proper selection of

the filler meta!.

The main limitation of brazing for joining ceramics is finding proper braze

compositions that meet ail the desirable properties. In fact the brazing filler metal

Is the key material for brazing ceramics. The followlng criteria must be met for a

brazing filler metal to achieve the joining requirements particularly for high­

temperature applications:

Il the filler metal must wet the parent materials of interest especially the

ceramic.

2) the filler metal and/or brazing process should cause minimal degradatlon of

the base materiaJ(s).

3) it should be chemically compatible with the base materlaI(s) to avoid

formation of low melting intermetallics or undesirable phases at the inter­

face(s).

4) the filler metal must be ductile to accommodate eTE mismatch stresses at

the ceramic/filler metal interface generated during cool-down from brazing

temperature.

5) relatlvely strong bonds must be formed that will survive not only potential

thermal stresses but also service conditions.

6) it is also important that the brazing fiUer metaI be able to withstand high

service temperatures and severe chemical environments.

7) the filler metal should not blush over the ceramic or the metal member.

8) the fi 11er metal should have a low vapour pressure, particularly for vacuum

brazing.

9) good fluidity.

10) an appropriate melting point for intended application.



Of the above mentioned requirements, wetting of ceramic is the basic and

most important requirement for the filler meta!. The aspects of wettlng will be

dlscussed in detail ln Chapter 3. Briefly, Most braze filler metals do ,lot wet

ceramlcs easily. To promote wettlng, either the surfaces of ceramics must be

treated by meta11lzlng or the braze compositions should contaln active elements

such as Ti or Zr.

Indirect brazlng of ceramics Involves metallizing the surface to be joined by

such processes as the "Mo-Mn process" followed by brazing, the metal hydrlde

powder process, and the metal vapour coatlng process followed by brazlng. The Mo­

Mn process Is by far the most commonly employed87,88. It consists of spraying

(or brushing) the ceramlc wlth a mixture of Mo and Mn powders suspended ln an

organlc carrier. The coating is sintered to the ceramic ln a wet hydrogen

atmosphere. This coating is electrlcally conductive, and Cu (or another metal) Is

electroplated onto the coated area. The metallized and plated ceramlc Is then

brazed, usually ln a controlled atmosphere furnace. It is evident that, although the

ceramic may be stable to high temperatures, its use at high temperatures is limlted

by the presence of the lower melting plating materlal89. The active hydrlde

process is essentially a single-step process ln which hydride reduction and brazing

proceeds slmultaneously. The ceramic surface Is coated with Ti (or Zr) hydrlde and

the coatlng Is fired. The hydrlde dissociates at about 900·C and a residue of pure

metal remains. The Ti (or Zr) thereupon bonds by reaction wlth the ceramic and

subsequently the metallized ceramlc wlth the f111er metal. Even though the process

Is considered a one-step process, the hydrlde process has been replaced by the active

metal process85,89.

Another metallizing method which can be used for metalllzbg oxlde ceramlcs

Is "direct copper method". In this process a thln Cu sheet Is placed on the surface

of the ceramlc and heated ln air to about 1100·C. The oxidized surface of Cu

adheres strongly to the ceramlc and the free surface Is cleaned up and can be brazed

or soldered to metal71 .

•
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Many other alloys and compounds have been studied for metallizing ceramics

surfaces. Nal<a et al. 90 used amorphous Cu-Ti alloy for metallizing Si3N4. The

metallized surface was then Ni-electroplated and joined to carbon steel using Ag-Cu

filler metaI.

•
CllAPTER 2 LITERATURE REVIEW 32

Metal vapour coating of ceramics includes chemical and physical vapour

deposition. For active metals the latter proves feasible91 . Several variations of

physical vapour deposition have been used to coat reactive metals. They include,

sublimation and evaporation, sputtering, and ion plating. Hommands and co­

workers91 investigated the Ti coating of alumina and zirconia ceramics using plasma

ion bombarding. Although this method produces coatings generally with superior

adhesion, the process is not as widely used commercially as othel' physical deposition

methods. Vacuum evaporation method was used by Santella92 for coating Si3N4
with Ti. This study showed that a 1 IIm-thick layer of Ti improves wetting of Si3N4
by Ag-Cu, Au-Ni, and Au-Ni-Pd alloys.

Direct metallization of Si3N4 has been developed by the Toshiba Co?l. The

process consists of decomposition of Si3N4 at the surface of substrate to elemental

silicon and nitrogen gas under vacuum at high temperature according to the

equation:

(2.4)

•

The decomposition process depends on both temperature and nitrogen partial

pressure. In this process Ni powder is introduced onto the surface prior to vacuum

heat treatment at about 1200a C. In the Ni-Si system a eutectic forms at 20 at%Si

and 1150a C between Ni and Si which allows for complete wetting.

The above rnentioned metallizing methods, particularly the Mo-Mn process

have been developed to a high degree of reliabllity, but ail the processes are time

consuming and require extensive process control. Joining ceramics to metals using

or alloys containing active elements has been investigated since 194093. It is a

one-step joining process and it is less sensitive to process variables than the Mo-Mn



process. There are several methods of the active metal brazing. One method

involves cladding of a sheet of Ti by two sheets of the conventional brazlng alloys79.

Another method uses titanium hydride powder mixed with Ag powder (also Cu, Au,

etc.) and the mixture is applied as a palnt onto a ceramic surface. Then a metal

member is placed in contact and the assembly heated to about 1000"C under dry

hydrogen93. However, the most economical method utillzes a flller metal where an

active element forms a true alloy with the base filler meta!. Most of the developed

active filler metals centre on Cu-Ag containing various Ti additions with or without

the addition of third elements94•95,96. In spite of extensive investigations on

active metal brazing and fabrication of strong joints, this process may result ln

consistent properties of the jOints79,93 and is also Iimited to low temperature

applications.
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2.3.2.3 Miscellaneous Joining Techniques

ln addition to previously mentioned techniques, several other methods have

been developed for joining ceramics. Most of those processes in fact are not distinct

methods, but a combination of conventional joining methods with novel techniques

to improve the joint qualitYi sorne of which include:

• Squeeze brazing: developed by Suganuma97 , is a new joining process for bondlng

ceramics to ceramics and ceramics to metals. This process utilizes squeeze casting.

A brazing material is sQueezed into the interface channel to be brazed and is

solidified under a high pressure ranging from 10-100 MPa. Using pure Al as a filler

metal, this method can produces high-strength alumina-alumina and silicon nitride­

silicon nitride joints.

• Microwave joining: the concept of microwave joining is basically the same as solid

state bonding except that electromagnetic energy ls ·used to heat the materlals.

Microwave processing has been applied for drying, melting, calcining, firing and



sintering. The current emphasis is on sintering. The first report on microwave joining

dates back to 1985. The interested reader will find a coverage in the article by

Palaith and Silberglitt98. Although at an early stage of development, microwave

joining has the potential as a cost-effective method for joining both oxide and non­

oxide ceramics98.
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• Ion bombardrncnt: the N'ion bombardment of Si3N4 surface has shown improve­

ment in the adhesion property of films of reactive elements like Ti and Zr. The

increase in peel and tensile strength of the coating to ceramic bond is believed to

be a result of atom mixing caused by the ion bombardment71 .

• Carbon flux metallization: it has been demonstrated that a thin layer of carbon

on the surface of a wide range of structural ceramics enhances the wettability of

the surface by a Cu-35%Mn type braze, improving joint strength71 .

• Coating by hot isostatic pressing: HIPping has been used as a means of coating

metals with ceramics. Many ceramics such as TaC, TiC, AIN, TiN, and A120 3 have

been coated ante stainless steel. The novelty of the process is the simultaneous

sintering and bonding to the metal71 .

2.3.3 Problems of 'oining Ceramics

Fundamental problems of joining ceramics arise from the fact that ail types

of ceramic joining create interfaces across which there are discontlnulties ln

material properties. Even diffuslon-bonding of two single crystals in ultra high

vacuum likely involves sorne degree of structural discontinuity at the interface72.

Other pract·ical Joinlng methods like brazlng exhibits other types of discontlnuities.

They are chemical, mechanical, and thermo-mechanical mismatches. The study of

the nature of these dlscontinulties and learning how to control and to manlpulate the

properties of the interface for the intended application Is the objective of ceramlc



joining engineering. Thus, the degree of joint reliability and performance is

determined by how well those mismatches are identified and accommodated.

Depending on the joining method and application, these discontlnuitles exhlblt

themselves in different ways. The following are sorne of the materlal properties thal

may change suddenly at an interface between a ceramlcs and a metal73:
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• Crystallographic: generally there is a lattice mismatch between a ceramic-melul

joint.

• Thermodynamic: in general, two materlals at an interface will not be in

thermodynamic equilibrium and they will tend to react at the sealing temperalure

to form interfacial reaction products.

• Mechanical: there can be a variation in elastic modulus across an interface.

• Therrno-mechanical: there will be a difference in the coefficient of thermal

expansion (CTE) across an interface.

Crystallographic: It is widely recognized that the crystallographic structure of an

interface determines to a great extent the physical, chemical and mechanlcal

properties of the interface. Theoretical work on the microstructure of ceramic­

metal interfaces is still in its infancy, in particular if chemical reactlons have to be

taken into account99.

The optimum interface properties are achieved if certain crystailograJlhic

planes of the ceramic and of the metal, including those of the reaction products,

form a coherent interface that involves little or no elastic strain. Theoretical works

stress the signi;icance of the planar atom density on the interface energy. This

seems to be supported by observations on non-reactive ceramic-metal systems where

the densest metal and ceramic planes coincide99.



Experimental investigations on the crystallographic relationship between cr­

SiC single crystal and a Ti-foil revealed a lattice matching in the codirection

bctwcen SiC and Ti3SiC2. As shown schematically in Figure 2.6 every seventh (0002)

plane (5.278 nm) of SiC coincides weil with every sixth (0002) plane (5.288 nm) of

Ti3SiC2 100. Other examples of the study of orientation relation between the

phases at ceramic-metal interface include the work of Morozumi et al. 10 1 and

Iseki et al. 102. The complexity of the phase relations increases greatly in going

from binary to ternary and multi-components systems where various r'eaction

products are formed at the ceramic-metal interface.
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Thcnnodynamic: ln joining ceramics to metals, particularly when using brazing

technique, the chemistry of the ceramic-metal system plays a significant role. The

Ti,SiC,

(lOTO),

.~

,.

Pool],

(OOO1)s A )

C

~

~
i SiC

(lOlO>'

!JOO~T

1.(0001),
B•C•C•B•,
t

i•B•C•i
"(VYVUU..A)~- [[2[0),

.Ç-
0- Si ç.;-,;';:,
o-Ti i2'='
s'SiC ~\"
T • Ti,Si C, "

•
Figure 2.6 Schematic lattice matching between SiC and Ti 3SiC2 in (lOlO) plane

section. 100



interaction of ceramic with the metal will determine both the optimum process

conditions for the bond formation and the properties of the joint. It is therefore of

extreme importance to determine the conditions for chemical reactions to take

place at a ceramic-metal interface from the thermodynamics point of view. This

will provide information to properly design the ceramic-metal joining system.

•
CHAPTER 2 LITERATURE REVIEW 37

Mechanical and therrno-mechanical: One of the major problems in ceramic-metal

joining is the development of residual stresses at the interface as the materlal Is

cooled down from the bonding temperature to room temperature. These residual

stresses reduce the strength of the bonded material, and in sorne cases lead to joint

failure during or after the joining process.

The primary source of residual stresses is the CTE mismatch between joinlng

materials, i.e. ceramics and metals. This is also, to a lesser degree duc to the

mismatch of elastic properties of the individual rnaterials and the plastic flow of the

metallic members. Careful design along with proper selection of joining materials

for Intended applications can alleviate the residual stresses developed during joining.

The interfacial stress (0), in a ceramic/metal joint consistlng of two parallel

ceramic metal rods of the same length and cross-sectio, ql areas whlch are fixed at

one end and are restrained from moving at the other end (Fig. 2.7), and assuming

that fully elastic conditions can be determined using the relation 103:

(2.5)

•

where EM and EC are the elastic moduli of the metal and ceramic rods

respectively. âa is the thermal expansion mismatch between the metal and ceramic

rod (Aa = ahraC)' and AT=TZ - TJ is the temperature change. When the thermal

stress in the metal rod exceeds its yield strength, the following equation will

determine the thermal stress 103:
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Figure 2.7 One dimensional model for ceramic/metal joint (the metal rod is 1 and

the ceramlc rod is IIi temperature change from TJ to T2).103

(2.6)

•

where EMP is the linear strain hardening coefficient and aMy is the yield strength

of the metal Oinear elastic-linear plastic conditions are assumed). Equation 2.5

shows the dominant effect of CTE mismatch on the cool-down stress level when a

high yield strength metal is employed and Eq. 2.6 indicates the role of yield stress

of a soft interlayer such as Cu on the thermal stress l03.

There have been many usefui analytical investigations on the stresses around

a bonded joint of different materials. Analytical modelling has been found to be a

usefui tool in ceramlc joining science. Initially it allows insight lnto sorne of the

mechanics of the bonding process that the material scientists cannot see, such as

residual stress. Secondly, it can predict that in what ceramic/metal combinations,

in terms of shape, size and materials properties, the residual stresses are at lowest

values.

Hsueh and ëvans104 carried out the theoretlcal stress analysis for simple

shapes of metal/ceramic bonded strips. Dalgleish et a/. IOS analyzed the stresses



at the interface of ceramic/metal bonded materials in order to estimate of the bond

strength. The effect of a transient thermal load on an interfacial edge crack and

centre crack between a ceramic-metal bond was investigated by Kokini l06. Other

useful studies have been reported as weill 07,108.

Many attempts have been directed towards the use of the finite element

method (FEM) to investigate the residual stresses developed at the joint area of

dissimilar materials l09,110,111.112. Using FEM, accurate stress analysis

is obtained in very complex geometries, but without very precise explanation of the

fundamental mechanisms of deformation. Analytical solutions on the other hand,

show the direct effect of each individual parameter, but they are restricted to very

simple geometries.

Irrespective of the method being utilized for stress analysis, two kcy factors

must be taken into account:

•
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• plastic deformation: ail successful ceramic-metal joints comprise of sorne form

of plastic rIow in the metallic constituents which results in relaxation of resldual

stresses.

• variation of properties of joining materials: undoubtly, the mechanlcal and

thermo-mechanical properties (elastic modulus, shear modulus, Poisson's ratio, and

thermal expansion) of nearly ail the materials are functlons of temperature. Thermal

expansion usually increases but elastic and shear moduli decrease as temperature

increases.

It is therefore of great importance to consider these factors ln evaluation of

cool-down stresses, since it will determine the accuracy of calculations and also will

prevent the estimated stress values from not exceeding the stresses present ln the

actual joints.

Suganoma et al. 113 calculated the stress distribution and maximum residual

stresses in Si 3N4-Steel joints and found that the tenslle stress appears ln the area
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near the free surface. The maximum tensile stress is shown in Figure 2.8 as arrows

and it shows why the cracks always grow to form a domelike failure path in

ceramics. Figure 2.8 also shows that the metal is under tensile stress while the

ceramic is under compress ion. In another report by the same authors114, they

investigated the residual st.resses when an alumina ceramic ls bonded to steel with

three pure metals and one cermet as interlayers. The Nb interlayer with the same

thermal expansion as AI was found to be the most effective material in reducing the

internai stresses from "'940 MPa (The maximum stress without using interlayerl to

about 125 MPa when a 2 mm thick Nb interlayer was inserled between the ceramic

and the metal. In both studies ail physical constant~ were assumed to be independent

of temperature and plastic deformation in the metallic constltuents was ignored.

The investigation of Yada and Koguchi l15regarding the use FEM for

estimation of internai stresses in modeled AIZ0 3-Cu joints allowed for plastic

deformation of Cu when it was bonded to alumina at 800·C. The variation of

SIee:

Figure 2.8 Contour map of internai stress. Arrows represent maximum tensile stress

appearing in silicon nitride. 113
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mechanical and thermo-mechanical properties of Cu and alumina with temperaturc

was tay'"" : ,to account as weil. Another usefui FEM calculation on magnitude and

distribution of thermal stresses in Si3N4-steel joints using Cu, Kovar, Mo, and W

interlayers was reported by Zhou et a1. 116. The FEM analysis took into account

the plastic flow and variation of mechanical properties of the interlayers. Thc

results of the study strongly suggested that selection of optimum interlaycr

materials depends not only on thermal expansion, but also on the thickness of thc

interlayer and on the change of interlayer mechanical properties.

The investigation of Tanaka et al. 117 when brazing alumina to stecl using

double Mo-Cu interlayer showed that the mode of cracking in the ceramic depends

on the thickness of the Mo interlayer.

As shown schematically in Figure 2.9 when the Mo is thin, it cannot

accommodate the shrinkage deformation of the Cu and steel; the thermal expansion

coefficient aC of the ceramic is smaller than that aM of the metal and the ceramic

is subjected to tensile stress and cracks at the edge. On the other hand whcn thc Mo

is thick, it completely constrains the shrinkage deformation of the Cu; since the

aMo < aalumina' the ceramic attempts to shrink more than the Mo and the relation
.'

aC>aM holds; tensile stress acts on the core of the ceramic and cracks the ceramic

10ngitudinally at the core.

CrlamlC CCI.mie

----- Tcmion

Melal

- - --- --
Comprc,~ion

Mela)

Figure 2.9 Schematic illustration of thermal stress in joint interface and mode of

cracking due to difference of thermal expansion coefficient. 117•
t.) Edit' crld.~ ln (t'lanlle (b) Core crick, in ccrml>,



~.:i..1 lolnlng of Oxide Ceramics

Most of the early investigations on joining ceramics centred around jolning

of oxide ceramics, speclfically brazing AIZ0 3 to metais wlth low melting

temperature metais such as Cu or Ag for low temperature applications.

ln general oxide ceramics are more difficult to wet than carbides. The

problem of bonding to a ceramic oxide surface is usually met by applying a thin

adherent coating to the ceramic or using filler metais contalning active

elements l18. Many metals and alloys have been used for joining alumina either

by solid-state reaction and diffusion bonding or by liquid-phase bonding with or

without pre-surface treatment. Ti-containing braze filler metals are the most widely

used alloys for joining alumina ceramics.

Refractory metals such as Nb and Mo, because of their low coefficient of

thermal expansion have been extensively used directly or as interlayers in AIZ0 3­

metal joining.

A study on solid-state bonding (under conditions of 100 MPa and 1300 or 1400

oC for 30 min.) between AIZ0 3 and steel using Nb interlayer and Nb/Mo laminated

layer was performed by Suganuma and co-workers80• 82. They examlned the effect

of interlayers on both bonding strength and the resistance to thermal cycllng for

AlZ0 3/steel joints. They showed that the joints with a Nb/Mo layer bonded at

1440°C had the highest strength with the best resistance to thermal cycling.

Another studylOI on solld-state bonding of AI20 3 to Nb showed that the fairly

high bond strength of a Al20 r Nb interface might be attributed to the formation of

a thin NbO" layer, which had grown epitaxially on the AlZÙ3 surface after

considering lattice matching between AIZ0 3 and NbO" phases.

Bonding of Cu to AI20 3 seems to require a thin layer of °on the surface of

Cu prior to bonding in order for CuAlOZ or CuAIZ0 4 to form 1J9 . Okamoto and

Naka 120 studied the joining of low carbon steel to alumina ceramics using Cu

flller metal in a slightly oxidizing atmosphere. They found that in the low carbon

steel/alumina joint, the intermediary compound FeAI20 4 between Cu and alumina

•
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provides the essential role in joining steel to alumina. To promote wetting and

bonding of alumina, amorphous CusoTiSO filler metal \Vas developed by Naka et

al. 118. This brazing alloy was then used for joining alumina to Kovar (Fe-29%NI­

17%Co) alloy that possesses similar thermal expansion characteristlcs as alumina

ceramics. They reported a maximum room temperature shear strength value of 170

MPa for the joints brazed at 1150·C for 30 min. Longer brazing tlme resulted in

lowering the joint strength. Another investigation by the same authors 121

indicated that the formation of a titanium oxide on the A120 3 surface was

attributable to the strong joining between alumina and the Cu-Ti filler metal.

There have been many reports on joining Al20 3 ceramics to other pure metals

such as Pt, Fe, Ni, Al, and Pb7S.76.78.122. In the investigation of Sakata and co­

workers l23, samples of diffusion-bonded Al20 r Fe were prepared using either

FeO or Fe-FeO composite interlayers.

There exist extensive investigations concerning the bonding mechanisms and

characteristics of Al20 3-metal joints using the active Ag-Cu eutectic alloys (Le.

Cusil-ABA, Incusil-ABA, and Ticusil)86.91.94,9S. More references are found in the

book by Schwartz67. These alloys exhibit good wetting and bonding behaviour with

AI20 3 ceramics. The ductility of these alloys will permit the metal to yield below

the fracture strength of the ceramic, minimizing CTE mismatches. Active brazlng

alloys based on Ag-Cu with addition of Sn to reduce the Ti level have been studled

for brazing alumina and zirconia ceramics 124. More details on the raie of TI for

enhancing wettability of ceramics will be given in the following chapter.

Of other oxide ceramic:5, zirconia (Zr02) ceramics, because of their

transformation toughening abilities, which gives higher fracture toughness, have

been the subject of many investigations for engine applications and joining l2S.

PSZ (partlally stabilized zlrconia), the toughest known ceramic, is being lnvestlgated

for uncooled diesel engine application because of lts insulatlng capablllty, hlgh

strength, and toughness. 91 ,126.127

Jolning of zirconia-based ceramics have becn investigated using differcnt

•
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brazing alloys. Rathner and Green128 studied the brazing of yttria-tetragonal

zirconla polycrystal (y-TZP) to ltself with pure AI and an AI-5.8 wt% Zr alloy. The

specimens brazed with Al-Zr alloy exhibited higher joInt strength due to the

formatIon of needlellke AI3Zr precipitates which can aid ln strengthening of the

joInt. Joining of partially stabilized zirconia to nodular cast Iron was accomplished

by Hammond et a/.91using Ag-30Cu-l0Sn (AWS A5.8) brazing alloy. They fabricated

the joInts using a new process, termed "the actIve substrate process", rather than

by the usual actIve metal approach. The process utillzes a Tl transition piece to

minimize strain on the ceramic side. ThIs process was then employed by Santella et

a/. 129 for joining the same materials. Moorhead127 developed a broad range of

experimental filler metals that will braze MgO- and Y20Tstabillzed PSZ. Two of

the alloy systems studied, Ag-30Cu-21Tl and Cu-20Au-18Ti at%, produced ceramIc­

ceramic brazements with room temperature flexural strengths greater than 100

MPa.
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Bonding between PSZ and two types of metals, Incoloy 909 and SAE 8620 as

the shaft materials for turbocharger rotors applications was studied by DeLuca and

Swain l30. The cyclical fatigue test results showed that the attachments are

stable up to 650·C.

2.3.5 lolning of Si-Based Ceramics

Joining of sillcon-based ceramics such as silicon carbide and silicon nitride

have been the subject of many recent investigations for structural use in hot

machinery such as gas turbines. Severai approaches have been taken to join these

materials either to themseives or to other metallic members, but not ail of them

have been successfuI, particuiarly for high-temperature applications.

It Is expected that the development of suitable joining techniques, particuIar­

Iy for joinlng these materiais to metaIs, will be of great Importance for the full

reallzatlon of such structural applications.



2.3.5.1 Jolnlng of Silicon Carblde Ceramlcs

Joining of SiC ceramics has been investigated using both solid state and liquid

phase bondlng techniques. Solid-state bonding of SiC has been practlced by direct

joinlng or by the use of a joining vehicle. SiC-SiC joints formed by pressing two SiC

blocks at 1500-1600°C using a Ni-active metal (or hydride) powder mixtures as a

bond layer showed a shear strength of about 100 MPa 131. Another example of

soUd-state bonding of SiC with foils of Ti or Zr at 1500°C or at 1000°C for Al/TilAI

folls was reported by Morizumi et al. IOO They achieved a maximum room­

temperature bend strength of 300 MPa for the joints bonded with Ti interlayer. In

another study a thin (IO /Jm) double layer of Ti and Si was used as a bond layer for

joining SIc1 32. Ti and Si layers were sputtered onto the faces to be joined.

Bondlng was performed using a HIPping process at IBOO°C and 30 MPa for 60 min.

ln an inert atmosphere. The joint's four-point bend strength was measured at room­

temperature and 1000°C. The mean strength value of the specimens broken at room­

temperature was approximately 76 MPa, whereas it was almost 209 MPa for the

samples broken at 1000°C. Reaction between SIC and sorne transition metals has

been reported by sorne investigators 133, 134,135, 136. Most of these

studies have focused on reaction products formed rather than forming joints. The

work of Choi et a/. 137 have led to the conclusion that SiC reacts with transition

metals (Ti, Cr, Fe, Ni) at ali temperatures between 700-900°C under condition of

inert atmosphere since SiC is dissociated into SI and C.

There have been studies on bonding mechanism between SiC and Ni-or Fe­

based alloysl38,139. The four-point bend strength of these joints have been

reported to be about 60 MPa. A very real problem has been reported when SIC Is ln

close contact with a Ni-based (Ni-20Cr-10AI at%) alloy in hot machlneryl39. This

problem, which is due to the presence of llquid phases at 900°C, can be overcome

by the use of barrier coatings to minimize undeslrable reactions. Such barrler

coatings are necessary if SiC ceramics in contact wl~h NI-based alloys arc to be

used above 700°C 139. Apart from the severe reactlon, another dlfflculty ln jolnlng

•

•

CHAPTER 2 LITERATURE REVŒW 45



SiC to Ni and Fe or their alloys is the great CTE mismatch, which leads to stresses

50 large that may make the two parts uncouple. 'Schiepers et al. investigated the use

of a Cu foil (25 and 50 /lm thick) barrier140. They found no reaction between SiC

and Ni or Fe. They also concluded that the Cu foil seemed to cope with the thermal

expansion mismatch.

Brazing of SiC ceramics due to the simplicity of the technique and other

previously mentioned advantages over solid-state bonding appears to be an

industrially practical method for fabrication such joints. In the low temperature

brazing of SiC, metals and alloys such as Ali 02, Cu141, and Ag- and Au-based

alloys with or without active element additions are generally used as the brazing

filler meta1 142,143,144,145. Other compounds such as SiB6, Al4C3, and

MoSi2 have been studied for brazing SiC 146. Using Fe or Ni- based brazing alloys,

joints suitable for high temperature applications can be formed. Agaln, control of

reaction between SiC and brazing alloy constituents is of great importance to avoid

formation of undesirable reaction products. McDermid et a/. 147,148 developed

a thermodynamic approach to the high-temperature brazlng of SiC-SiC and Nb-SiC

using Ni-based brazing alloys. Through the use of the thermodynamic model, they

designed appropriate .brazing alloy compositions to optimize the reaction between

SiC and the filler metal. The four-point bend strength of SiC-SiC joints was reported

to be as high as 100 MPa,

Reaction at the interface between pressureless sintered SiC or reaction

sintered SiC and AI at 1100°C was studied by Iseki et al. 142 The room temperature

four-point bend strengths were about 240 and 110 MPa for the joints of pressureless

sintered SiC and of reaction sintered SiC, respectively. They concluded that this

difference in joints strength is c10sely related to a reaction between SiC and Al. In

the case of reaction sintered silicon carbide, free Si and Al form a continuous liquid

phase with sorne cracks at the front of Al-penetrated region in RBSC. The presence

of cracks explains the lower strength for RBSC/Al joints. Another study showed that

in the case of joining of RBSC (which contained 10wt% free Si) to stainless steel

•
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using an active Ag-Cu brazing alloy, it was necessary to add more Ti (up to 18 wt%)

to the brazing filler metal to induce wetting. The low, 40 MPa shear strength of

these joints was due to the formation of Cu-Ti and Si-Ti compounds which made the

brazing filler metal brittle142.

2.3.5.2 Joining of Silicon Nitride Cerarnics·

The unique properties of Si3N4 make it attractive for many advanced

structural applications and was described in Chapter 1. In many instances the

application of Si3N4 is associated with joining this material to metallic componenls

or to itself to fabricate complex assemblies. Despite the obvious importance of

Si3N4 in many high lemperature engineering applications, there have been few

systematic studies of Si3N4-Si3N4 and Si3N4-metal bonding.

A number of joining techniques such as hot-press reaction and interdiffusion

bonding, surface treatment joints (CVD, surface oxidation), metallization jolnlng,

joining using glass or ceramic compounds, and brazing have been utilized for bonding

Si3N4 ceramics. Ideally any method for joining Si3N4 to itself should produce a bond

at least as strong and as chemically resistant as the base materials. However, il has

proved difficult to achieve this in practice. Although there are reports available on

the fabrication of high strength Si3N4 joints, almost ail of them have elther concen­

trated on low temperature brazing processes or have employed hot-pressing whlch

is complex and expensive and is only applicable to simple geometries.

Of ail the joining methods which have been developed for bonding Si 3N4 '

brazing is under active development. The advantages of this technique was remarked

on in § 2.3.2.2, because it is a relatively easy and inexpensive process suitable for

mass production. An example is that, NTK Ceramics Is produclng about 10,000

automotive turbo charger rotors per month (as of mid-1988) for Nissan Motor Co.

that consist of a Si3N4 rotor brazed to a stainless-steel shaft l49. The main

limitations of brazing are refractoriness of the bonded assembly and in sorne cases

low joint strength and reliabiiitylSO. Proper selection of filler ~etal, along wlth



a correct joint design and an appropriate brazing procedure can minimize these

limitations.
•
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ln choosing the filler material to be used to form an interface or bond layer

between the solid components, both chemical and mechanical compatibility with the

components to be joined must be considered. A reasonable match in coefficient of

thermal expansion and Young's modulus is required to minimize interface stresses.

While wetting of Si3N4 by filler metal is the basic requirement in brazing, most

metals and alloys do not wet this material. There exist numbers of approaches for

treating the surface of Si3N4 to make it wettable; the most commonly used is the

Mo-Mn process. I3razing Si3N4 using active filler metals, particularly based on Ag­

Cu alloys has been extensively investigated. The following points are suggested in

designing active brazing filler metals 151:

1. The selected active element should have a high free energy of reaction

with the ceramic, and strong segregation at the ceramic-metal interface.

2. The lower limit of active element content in the brazing filler metal should

ensure a good wetting of ceramic by the brazing filler metal, while the upper

Iimit should be such that there is no brittle dispersed phase in the brazing

filler metal.

3. The brazing temperature and time should be sufficient to ensure interface

reaction of the brazing filler metal with the ceramic.

Extensive work concerning the bonding mechanisms and characteristics of

Si3N4/Si3N4 and Si3N4/metal joints using the active Ag-Cu filler metals has been

done at Sandia National Laboratory (Albuquerque, New Mexico) and by other groups.

Reactions between Si3N4 and Ag-Cu-Ti braze alloys (Cusil-ABA and Ticusil) have

been studied by Loehman ec a/. 152, Braw and Loehman l53, Tomsia ec

al. 154, and Johnson155. It was found that the reaction zone contained TiN and

titanium silicides. In another study, a layer of orthorhombic Ti-Si-Cu-N compound

was identified between the TiN and the Si3N4 substrate l56.

Mechanical properties of the Si3N4/Si3N4 brazed joints using Ag-Cu active



filler metals have been evaluated in many studies. High strength values of between

300 to 770 MPa (depending on joint thickness) arc reported by Loehman and co­

workers 152. In another study a joint strength of 490 MP, was reported 151.

Application of Ag-Cu active fi 11er metals in brazing Si 3N.1to metals has been

reported in some investigationsI16.157. Zhou et al. 116 examined the joining of

Si3N4 to mild steel using an active brazing method combined with the insertion of

Mo, W, Cu, or Kovar interlayers ta lessen interfacial stress. They found that the use

of low yielding/high thermal expansivity Cu interlayers is more effective in

reduction of thermal stresses than the use of low thermal expansivity Mn and W

interlayers. However, due to the low melting point of Cu, the application of such

joints is limited to low temperatures.

The oxidation behaviour of Si3N4 joints brazed with a series of aetive hruzinl(

filler metals at 600eC was studied by Kapoor and Eagar l58. Their study revealed

formatio:l of a nonprotective oxide on the alloys: Cu-IOSn-IOTi, Ag-Cu eutectic +

5% Ti and Ag-Cu eutectic + 5% Zr. This indicates the poor oxidation resistance of

active-metal brazing alloys. 1'0 enhance oxidation resistance they add AI, Si, or Ni

to the base alloys. The addition of Si caused a significant loss in wettabilil.y.

However, a protective scale was formed by the addition of AI.

Application of active Cu alloys in brazing of Si3N4 has been investigated by

Naka et 81. 159• They used amorphous Cu-Ti alloys for brazing both Si3N4 Lü Si3N4

and Si3N4 to pure metals and alloys such as Cu, Fe, lnvar, Kovar, or SUS 304 alloy.

They obtained a maximum shear strength value of 313 MPa for Si3N4 joints using

CU66Ti34 filler which was higher than that of Si3N4 joints using other Cu-Ti fillcrs

at a brazing temperature of lIOOeC. It was also found that the strength of Si3N4

joints using CU50Ti50 fi 11er decreased from 176 MPa to about 19 MPa with increasing

brazing time from 30 min. to 2 hour. The authors studied the effect of brazinl:

temperature on Si3N4 joints made with the same filler metal 160. At constant

brazing time of 30 min., the shear strength of Si3N4-Si3N4 joints exhlllited a

maximum value of 180 MPa at llOoec and the strength decreased markedly to 14
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MPa at 1200°C. The above results show the influence of brazing variables such as

brazing time and temperature on joint strength which is one of the main goals in

ceramic joining. Thus, the achievement of reliable ceramic brazements depends on

how adequatcly these parameters are being controlled.

The clevated temperature fracture shear strength of the Si3N4 joints made

with CUSOTiSO filler increased to 199 MPa at 100°C and gradually decreased to 106

MPa at 700 °C IS9. During brazir.g SiJN4 to metals with CUSOTiSO filler, Fe, Cu, Co

etc. diffused into the filler from the metals. In joining of Cu, large amounts of Co

dissolved in the Cu-Ti filler and Ti in the filler t:iffused into Cu. Ali of the ceramic­

meta t joints made in this study were affected and cracked by the thermal stresses

which arose from the difference in mechanical and thermo-mechanical properties

bctween Si3N4 and metals (or alloys) during cooling from the bonding temperature.

Besides, poor ductility of the filler did not allow for alleviation of thermal stresses.

Another example of joining Si3N4 to metal using active Cu Ciller metals was

reported by Tanaka et al. 117 They u(;ed Cu-34Ti at% filler metal for joining Si3N4
to Co. The report has mainly concentrated on reé ction products between the filler

and the base materials. The assessment of mechanical strength of the joints was not

addressed in the report, but the joint microstructure indicated cracking at the

ceramic-metal interface. Joining of Si3N4 using active element coating of the

ceramic surface followed by brazing or soUd state bonding has also been

invcstigated92.161

Among the pure metals belng evaluated for jolning silicon nitrlde ceramlcs,

particulal' attention has been paid to the potential of Al as a braze meta\. Al

posseSSéS two properties; firstly aluminum bonds strongly with Si3N4. The bond

strength sometlm~s approaches the strength of silicon nitride l62. Secondly, Al

is a soft metal which relaxes the stress arising from the CTE mismatch between

ceramic and metal during the joining process 163. Wetting of Si3N4 by AI is

usually not as good as active filler metais164; oxidizing the silicon .litridcl surface

can lmprove the wcttAbHity 16S. Despite the formation of strong bond between
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Al and Si3N4' the low melting point of Al limits the application of such joints to be

below 500oe. Although pure AI is often used to join Si3N4, somc researchers focused

on joining using AI-Cu and Al-Ti alloysI66.167.

Reaction between Al and silicon nitride has been studied using both analytical

transmission electron microscopy and X-ray diffraction. In the study of intcrfacc

chemistry of thin Al film deposited on Si3N4 surface, an intcrfacial AIN Iikc layer

was observed 168. Naka et a/. 169 found that two reaction phases, an AIN-typc

sialon and an amorphous phase of alumina were formed at the interface betwecn

pressureless-sintered silicon nitride and liquid Al at 1200oe. In the invcstigations of

Ning et a/.170.171 formation of B'-sialon and an .lmorphous alumina layer

containing silicon was reported. Recently Ning and co-workers 172 analyzcd thc

brazed interface between Al and HIPped additive-free silicon nitride. Bonding was

conducted at a low temperature of SOO°C for 5 hour or at a high temperature of

1200°C for 30 min. in a vacuum of 1.3 MPa. In reviewing the work of these authors

and other researchers, it can be concluded that B'-sialon and sllica-alumina oxidcs

are formed at low temperature, while B'-sialon, AIN-typc sialon, aluminum nitridc,

silicon and the silica-alumina oxides are formed at higher temperatures.

The application of pure Al as a filler for brazing Si3N4 to metals and alioys

has also been studied 173, 174, 175. The strength of Si3N4-lnvar ailoy joints

was measured between 150 and 200 MPa 175. The room-temperature tensile strength

of solid-state bonded Si3N4/Nimonic SO ailo}' joints varied from 1 to 15 MPa

depending on the bonding atmosphere and surface condition of the ceramic l76.

The application of Ni-based brazing alloys in the formation of Si3N4

brazements has been very scarce. Heat and corrosion resistance propertles of these

alloys make them a major candidate as a bonding medium in ceramic joining for

high-temperature applications. Nearly ail the available reports on the use of NI­

based alloys for joining silicon nitride ceramics centre around solid-state bonding

rather than brazing.

Because of the high reactivity of Ni and Cr with Si3N4, alloys contalning
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these elements have been employed in joining. Interaction of Si3N4 with Ni and/or

Cr ln the solid state has been investigated at dlfferent temperatures and environ­

ments J77. J78. J79. 180.

Nakamura and Peteves 181 studied the solid-state bonding of hot-pressed

silicon nltride uslng aa Ni-20Cr wt% alloy at 1000-1350·C under uniaxial pressure

in the range of 50 to 100 MPa. The average fmlr-point bend strength was about 300

MPa. However, they found a large scatter in strength due to the formation of

interfaclal pores. The major Interfacial reaction products were found to be Cr

nitrides. The oxidation resistance of the joints was excellent up to 800·C in air.

Peteves et al. 182 also used NI-20Cr wt% alloy foil for diffusion bondlng

of silicon nitrlde at 1150·C by applying 100 MPa for 1 hour in an Ar atmosphere or

at 1200·C in vacuum. The reaction of Si3N4 with the alloy produced an interfacial

CrN layer which was assumed to be responslble for strong bonding between the

ceramlc and the metal foil. In the case of joinlng uncoated Si3N4 ullder argon

atmosphere, bondlng strength was 309 M,Pa, while Cr-coated samples exhlbited a

joint strength of 384 MPa. For the ceramic specimens jolned in vacuum, a strength

of <100 MPa was reported.

Another example of using Ni-Cr alloys in joining Si3N4 ceramics is provlded

by the investigation of Mehan et al. 183 on solld-state bondlng of Si3N4 and SIC

using Ni-20Cr-10AI at% alloy. The study revealed that Si3N4 reacts to sorne extent

with the alloy producing AIN, Ni and Cr silicides and probably a chromium nitride.

SIC reacted wlth the alloy to a significantly higher degree than silicon nltrlde

ceramic, because of the dependence of the Si3N4/metal reactlon on the partial

pressure of N2.

The investigation of Bennett and Houlton184 provides information on the

interaction 'between silicon nitride and several Fe, Ni, and Mo-based alloys. The

prlmary solid-solid Interaction between Si3N4 and the alloys at 800 to 1l00·C in an

inert gas atmosphere involved the reaction of Cr, Fe and/or Ni with the nitride to

form a sillcide, whlch also contained dissolved nitrogen.

•

•
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An example of using pure Ni as an interlayer in joining Si3N4 to type 405

steel is provided by Suganuma ét al. 185 It was found that severe reactÏf·'l took

place between the metal and the ceramic which damaged the Si3N4 side near the

interface. It then reduced the bond strength significantly. Diffusion of Si from the

Si3N4 side to the Ni side was also observed.

One of the common features of aH of the above mentioned studies is that, Ni­

based alloys containing such elements as Cr, Fe, AI, etc. react wlth Si and N

(supplied .:y the decomposition of Si3N4) to produce nltrides and sllicldes. The

degree of reactlons whlch sometimes results in excessive degradatlon of the ceramlc

is determined by the alloy composition and bonding conditions. Therefore, the

achievement of successful joints strongly depends on optimizatlon of both the alloy

composition and joining variables such as temperature, time, and environment. In

perhaps one of the best studies yet reported, McDermid 147. 148 employed solution

thermodynamics for designing Ni-Cr-Si alloys as brazing filler metals for jolnlng SiC

to SiC and to Nb.

2.3.6 Joint Strength Measurement

A key factor in any joining process, from the standpoint of both design and

reliability, is the mechanical strength of the resultant interface. A varlety of

methods for testing have been developed, including tensile, shear, three- and four­

point bend strength, and peel tests. Different methods have different features and

the best test method is that whlch simulates the intended application of the joint79.

The major requirements for any testing method to evaluate the mechanical

properties of the ceramic-ceramic or ceramic-metal joints arc:

• The method should lead to accurate and consistent results.

• The method should be able to evaluate effects of processing variables on the joint

propertles.

• The results of the tests should provide meaningful engineering parameters that can

be utilized for designing the ceramic-ceramic and ceramic-metal joints.



The strength of ceramic joints is not normally characterized by tensile

testing because of difficulties in fabrication of test specimens and the requirement

of extremely good alignment of the load train during testing. Any misalignment

introduces a bending moment, which results in uncertainty in the tensile strength
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measurement.

The peel test is a useful method for evaluating the adhesion of a thin metal

strip bonded to a ceramic substrate. However the result of the peel test cannot be

translated into meaningful engineering parameters for designing ceramic-metal

joints79.

Joints can be evaluated in terms of fracture toughness, as well as strength,

and such evaluation offers the possibility of determining whether the material

properties or processing defects act to limit the joint strength186,187,188.

ln the case of designing a joint to be employed under shear loading, the shear

test will provide information on shear strength of the joint. Figure 2.10 schemati­

cally illustra tes three types of shear tests on brazed joints. In type (a), a hold-down

load (FH) which applies a compressive force on the joint is required. The problem

with type (b) is that, the joint Is under compressive stresses due to the shrink-fit

nature of the metal ring. Type (c) which consists of a double-brazed specimen has

found to provide more accurate information than the two former types79. However,

this method is very sensitive to instrumental misalignment. Type (d), which was

utilized in the present study, is a fairly simple method for measuring the shear

strength of a single joint, but care should be taken to avoid excess holding force

which will affect the accuracy of the results.

Although shear testing has been used for evaluation of joints strength in many

investigations, the strength of ceramics and ceramic joints is normally characterized

by four-point and three-point bending or flexure test. This is also known as the

"moàulus of rupture" test, but this expression is passing out of usage. Although in

both three and four -point bending the bonded interface is under maximum tensile

stress, the four-point bending is preferred since a greater area of material is under
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Figure 2.10 Schematic representation of different types of shear testing on

ceramic/metal brazed joints.

•

maximum tensile stress. This provides more consistent and reliable results than the

three-point bending test. Since the joints areB is usually associated with different

types of defects, the strength of nominally identical samples have frequently a

considerable spread. The most commonly used method of characterizing the spread

of strength is to apply Weibull statistical theoryl89.

Although the flexure test appears to be the most promising technique for

measuring the strength of advanced ceramics as weil as bond strength in ceramlc

joints, unfortunately there is no a suitable universal btdndard method for this test.
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Specimen sizes including specimen length and cross-section vary. Fixture sizes and

configurations, load geometry, fixture bearings and loading speed vary as weil. The

size of test specimens can have a significant influence on the results because of the

statistical nature of the fracture in brittle materials190. Generally, as the size

of the test specimen increases, the probability of encountering a cri~ical-sized flaw

that will initia te failure will increase, resulting in a lower strength. Consequently,

the compatibility and reproducibility of data are poor. Direct comparison of test

data from different studies should only be done when each researcher has used the

same identical specimen size and geometry.

The most widespread accepted standard flexure test in the United States is

the MIL-STD-1942A "Fle::ure Strength of High-Performance Ceramics at Ambient

Temperature". The American Society for Testing and Materials (ASTM) has recently

created ASTM Standard C 1161 (1991), which is based on the MIL_STD 191 .
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Chapter 3

Theory of Wetting and Adhesion

Wetting at ceramic-metal interfaces is becoming increosingly important with

the progress in liquid phase ceramic joining science and tcchnologyl92,193.

Wetting determines the degree to which molten metals will react with ceramics,

since metals are known to wet ceramics essentially by chcmical bond

formation 194. The main factors which control wetting are: the properties of the

surfaces and internai boundaries of ceramic materials, the reactivity of metals with

ceramics, and the surrounding atmospheres.

This chapter will briefly discuss the solid surfaces with emphasis on ceramic

materials, the surface and interfacial energies in solid-Iiquid systems, and chemical

wetting and spreading. In addition, previous studies on the interaction of metals with

ceramics will be briefly reviewed. However, it is not intended here to coyer and

discuss the large Iiterature of surface science in any finite way, but rather to point

out sorne topies of practical importance for this study.

3.1 Surfaces and Interfaces

The term "surface" is usually applied to the area between a condensed phase

(solid or Iiquid) and a gas phase, whIle "interface" is normally applled to systems

involving two condensed phases. The type of interfaces possible can be summarized



in a formai way in terms of the three states of matter; solid, Iiquid, and gas as:

solid-gas, solid-Iiquid, solid-solid, Iiquid-gas, and Iiquid-Iiquid interfaces. The unique

characters of surfaces and surface-related phenomena arise. from the fact that

atoms and molecules at surfaces and interfaces possess energies and reactivities

significantly different from those of the same species in a bulk or solution situation,

due ta their special environment. As illustrated in Figure 3.l(a) a unit (an atom or

molecule) of a substance in a bulk phase possesses a uniform force field due to its

interaction with neighbouring units. If the bulk phase is detached by a distance H

along a plane close tO the unit of question, it can be seen that the forces acting on

the unit are no longer uniform (Figure 3.lb). Since the unit is now in a different

environment relative to those in the bulk, its total free energy must change. [n this
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Figure 3.1 Schematic representation of changes in interatomic or intermolecular
forces during formation of a new surface: (a) equilibrium position of bulk units; (b)
at separation distance H, when the surface units continue to interact, but to a
reducecl extent; (c) at separation distance of infinity when the surface units Ir'Lt.~act

only with adjacent bulk ullits, giving rise to the existence of an excess sur' -."
energy.195
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case, since the interactions in the bulk phase produce a net lowering of the free

energy of the unit, the removal of those interactions by the formation of a new

surface results in an increase in the free energy of the unit at or near thc

surface. 195 Therefore when talking about interfacial energy, what is meant and

measured by experiment is the "interfacial free energy", y.

The total free energy of a system containing an interface of area A and free

energy y per unit area is given by: 196

•
G=G +Ay (3. il

•where G is the free energy of the system assuming that ail material in the systcm

has the properties of the bulk, and y is therefore the excess free energy. lt is also

the work that must be done at constant T and P to create unit area of interest.

Consider a hypothetical system consisting of a liquid film that fUis a frame

having a sliding side (Figure 3.2). The material of the frame is such that the

interfacial tension between it and the liquid is zero. It is found that a force F pcr

unit length must be applied to maintain the moving side in position. If the moving

side slides for a small distance so that the total area of the film is increased by dA,

the work required to do so will be FdA. This work is used to increase the free energy

Liquid
film

A

dA

• Figure 3.2 A liquid film with surface energy y on a frame with a sllding slde l96.
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of the system by dG. From Equation 3.1;

dG=ydA +Ady

equating this with FdA gives:

dy
F=y+A­

dA

60

(3.2)

(3.3)

in the case of a liquid film the surface energy is independent of the area of the

interface and dy/dA = O. This leads to the well-known result

F=y (3.4)

•

i.e., a surface with a free energy y jm-2 exerts a ~urface tension of y Nm -1.

3.2 Solld Surfaces

A solid is by definition a phase of matter that is rigid and resists stress. A

solid surface represents the discontinuity of the bulk structure; the resulting

distortion and change in coordination number of the atoms at the surface causes a

higher free energy over a corresponding plane and number of atoms in the bulk.

Therefore, a solld surface must be characterized by sorne surface free energy terms.

However, such free energy for solids cannot be characterized using the capillary and

related methods so useful in the study of fluid surfaces. Compared to the liquid

surfaces, solids surfaces are in many ways much more difficult to treat from a

theoretical point of view and also more difficult to quantify in certain aspects. We

usually think of a solid form to be in stable thermodynamic equilibrium, which is not

normally the case. If solid geometries were the minimum energy configuration, then

such processes as annealing and sintering would not be possible. It can be seen,

within a normal time scale, that the newly formed surface of a liquid rapldly

undergoes plastic flow to take up an equilibrium configuration to maintain an

uniform surface density. The same is not trup. for a solid surface and the nature of



a solid surface with sorne exceptions which depends on the exact nature of the

surface and environmental conditions, will be determined as much by its history as

by equilibrium thermodynamics or surface tension forces, Therefore the solld

surfaces are likely to have a considerable range of values of surface free energy,

varying from region to region on surface, It also depends on atomic arrangement on

the solid surface, Thus in the case of interfaces involving solids, it is not

immediately obvious that y in Equation 3,2 is independent of area, then dy/dA ~ 0

and surface free energy and surface tension will not be identical.

•
ClIAPTER 3 TIlEORY OF WETrING AND ADHESION 61

3.2.1 The Surface Energy of a SaUd

Let us consider a solid surface in which the surface tension is resolved into

two directions at right angles denoted aS y 1 and y2 in Figure 3,3. For an anisotropic

solid, if the area is increased in two directions by dA 1 and dA2, then the total

increase in available energy is given by the work done against the stress y 1 and y2,

Thus, at constant temperature (n, volume (\Il, and the number of moles of the solid

(n): 197

where FS denotes the available energy per unit area, If yi =y2=y then

d(AF S
) AS

_ T,V,n =Fs+AI_d_J'
y dA dA r, V,n

(3,5)

(3,6)

•

in the case of a solid, however, dFs/dA ~ 0 as a general rule, in fact it woul,: be so

for an ideal crystal-like surface. Therefore, FS and y will be different from their

equilibrium values and different from each other l97 ,Thus nnly if the surface

achieved sorne uniform equilibrium state would FS=y or

(3.7)

where A is the area occupied by one mole of material on the surface. For numerlcal
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Figure 3.3 Resolution of the surface tensions of an anisotropie solid in two

directions. 197

evaluation of the molar surface quantities, an estimate is made of the molar surface

area (A) by assuming spreading of a mole of atoms into a monolayer for

which: 198.199

(3.81

where N is the Avogadro's number, V is the molar volume of the substrate, and m

is the fraction of nearest-neighbour atoms lying in an adjacent layer, and therefore,

m is a function of local surface structure. Assuming the volume occupied by surface

is zero, then, the Helmholtz surface energy and Gibbs surface energy would be

equal. Thus

(3.9)

•

3.2.2 Wetting of Solids by Molten Metals

Contact between a metal melt and the surface of a high melting solid

substance or material occurs in many physical phenomena and sorne important

technologieal processes. They include the processes of crystal nucleation and growth

from the metal melt, various metallurgical processes such as casting, moulding of

steel and alloys, soldering, brazing, welding, processes of powder metallurgy by
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liquid-phase sintering or liquid metal infiltration of a porous cenllnic.

The contact sy .ems under consideration are usually characterizcd by the

development of interphase surfaces, a highly dispersed state of the solid phase,

cavities, channels and space of small cross-section (capillaries) present in the solid

phase. In such systems as the process advances, the velocity and the direction, as

weil as the propertles of the product obtained, depend on the state and properties

of the interface, the degree of wettability of the solid phnse by the liquid rnelt and

the contact adhesion strength.

Measuring the degree of wettability of solid body surfaces by liquid metals

makes it possible ta determine the energetic parameter of interaction between the

pair of substances, i.e., the work of adhesion. For systems with a rather low dcgree

of interaction (solid bodies which are insoluble in the liquid metal and nonwettable

by it) it is practically impossible to obtain su<..h characteristlcs by any other method

(e.g calorimetry). The method of measuring wettability for such purposes becomes

the only one.

3.2.3 General Laws of the Wetting of Solids by Liquids

When a drop of liquid is brought into contact with a fiat solid surface, the

final or equilibrium shape taken up by the drop conforms to the minimum total

surface and interfacial energies that exist in the system. These energies can be

defined as ysv' the solid surface energy, Ylv the liquirl surface tension and ysi the

solid-liquid interfacial energy. If Ylv is high the liquid tends to form a bail having

minimum surface area and if ysv is high the liquid tends to wet or spread over the

solid surface to eliminate this high energy (Figure 3.4).

The main thermodynamic relationship of the wetting theory are the weil

known ,,'~uations for wetting angle (e) and the work of adhesion (Wa);

(3.10)

and
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(3.11)

l30th of the above equations were proposed in 1804 by T. Young without

rigorous proof200. These equations were then obtained theoretically by different

methods ranging from the mechanical equilibration of forces at the three-phase

uoundary (Figure 3.4) tu the use of thermodynamic concepts (A list of useful

references can be found in ReL 200). One of the proofs of Young's equation from

energy considerations has been that, if a small change in area takes place in a

system with liquid-vapour interface of area A1v ' solid-vapour area of Asv• and a

solid-liquid interface of area A s1 ' then the free energy of system will change

as: 201

dG=y IvdA Iv+ysvdA sv+y sidA si

if only the drop slides, then

la)

VAPOR

',- "-~, ., )
~ \.(1sv·"SI)\Sw S2,1

B LICUIO B
, \

,
SOLID ,,

~ , , ,,... -_:~
8 B, 8, 8

lb)

vAPOR

(3.12)

•
Sv SOLID

Figure 3.4 The contact angle e of a) wetting and b)non-wetting the solid surface

by the liquids.211
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assuming that

dA Iv=cosBdA si

combining equation (3.12), (3.13), and (3.14), we obtain

6".)

(3.13)

(3.14)

(3.15)

Since at equilibrium dG=O, this relation gives YOllng's equation. The Young's

equation has also been verified by comparing the experimental vailles of the work

of adhe:;ion200. These values can be obtained experiIIlentally by II1easuring critical

angles of the solid surface, i.e. the angle (a) at which a liquid drop with the mass III

and radius r begins to roll down from the solid surface such that Wa may he obtained

according to the formula:

W _mg sina
a 2r

(3.16)

These values have been compared with the experimental duta for the contact angle

and the liquid surface tension. Satisfactory correspondence of the value of the

adhesion work on wetting various solid bodies by different liquids confirms the

essential correctness of Eq. 3.11. Equation 3.10 can be readily obtained from

eqlJation 3.11 using the Dupré equation which is expressed as:

(3.17)

•
That is why the correction of Equation 3.11 confirms the validity of Equation 3.10.

The meaning of the term "wetting" of a solid by a liquid is only a matter of

definition. The most convenient procedure would be to describe the degree of
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wetting in terms of contact angle "8". One definition is to relate a contact angle of

value zero to complete wetting or spreading, and a finite value of contact angle to

an incomplete wetting system. Another definition is to describe initial wetting and
,

nonwetting in terms of 8. A value of 8<90 represents initial wetting and a wetting

angle of 8,90' is considered as initial nonwetting202.203.

Wetting can be classified into two broad categories a) physical wetting, and

IJ) chernical wetting. In physicül wetting, the attractive energy required for wetting

is provided by reversilJIe physical forces such as those of Van der Waals. In chemical

wetting, a reaction occurs at the solid-liquid interface and the resultant chemical

forces are responsible for wetting. The basic difference between the two types of

forces which are of significance here, is their magnitude. The bond energies of

physical (Van der Waals) forces are functions or units of a cal/mol. The energies of

chemical interaction equal tens and hundreds of cal/mol. For systems with physical

wetting the degree of wetting can be connected to physical properties of contacting

materials, while in the case of chemical wetting it is ne :essary to take into account

such chemical variables in the system as the chem;cal affinit;r of atoms from

different phases, the reaction equilibrium contact, the free energy of formation of

compounds, etc..

Under nonreactive conditions, wetting represented by a steady-state contact

angle, e, always occurs when Ysv'Ysl'Ylv' This configuration is typical of a liquid

glass drop on a metal substrate204. Aiso under nonreactive conditions, nonwetting

occurs when ysv<Ys)<Ylv' This configuration in many cases conforms to a liquid

metal drop on a ceramic surface. Therefore wetting can be defined as the reduction

of Ysv by the liquid and the driving force for wetting is thus (Ysv-YsI) which is acting

on the periphery of the liquid drop. It has been stated that in the absence of a

reaction, the driving force for wetting never exceeds Y)v and spreading or extension

of the liquid drop does not occur204. When a reaction occurs between a solid and a

liquid, the free energy of reaction per unit interfacial area and unit time enhances

the driving force fr- wetting. This condition can be expressed by the following
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inequality:204
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(3.18)

•

In this case whether Ysv is greater than Ylv or not, the enhanced driving force for

wetting by a reaction exceeds Ylv and spreading occurs.

3.3 Measurement of Wetting Angle and Surface Energy

The angle of contact between a solid and a Iiquid can be delerrnined wllh a

i1umber of methods. The sessile drop method is often used to evaluate the

experlmental contact angle (0). This method has sorne advantages which arc of great

importance when working with molten metals. These arc lhe simplicity of the

method, the simple shape of the solid body, anù the n(;ed for small quantlty of both

solid and liquid phase (the liquid quantity ma)' be less than 10 mg). This melhod also

does not require direct access to the sample during measurement, and therefore il

can be done in a closed apparatus. The main disadvantage of the method is its

sensitivity ln the local atmosphere around the drop leading to a non-stable shape of

the liquid surface as it accumulates contaminants and impurlties. This problem Is

severe for reactlve metals whose surfac;,,~ are more likely to oxidize. Nevertheless,

this disadvantage can be elimlnated by carrying out the test in a highly controlled

atmosphere and using high purity materials.

Surface energy, as mentioned earlier, is the work to expand surface area and

related to interatomic forces. Thus Platerial properties surh as heat of fusion or

evaporation, hardness, elastic modulus, and melting temperature can provide a rough

estimation of surface energies of solids196,205. Although there is no perfect

model, several theoretical methods have been introduced for the estimation of

surface energy of solid metals206,207. Data for surface energy of ceramics are

less readily available, sorne values have been tabuiated208 and/or being

experimentally or theoretlcally caiculdted209,210,
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3.4 Wctting in Eguilibrium and Noncguilibrium Systcms

As mentioned previously, the degree of wetting of a solid by a liquid in a

solid-liquid-vapour system is characterized by the condition of thermodynamic

c'luiiibrium. Thc system can be either under t hermodynamic equilibrium or not over

a large period of time. In wetting studies at elevated temperatures, the phases of

a system are not often at chemical equilibrium. Examples are sorne systems

containing molten metals as a Iiquid phase which can l'eact intensively with the solid

phase. lt has been sugge';ted that under chemical nonequilibrium conditions

interfacial reactions or diffusion of a component from one bulk phase to the other

results in the lowering of the corresponding interfacial tensions. Naidich200 has

c1assified varinus equilibrium and nonequilibrium systems ~nd has analyzed the

wetting phenomena in each type of system. Pask et a/.211 studied the correlation

between the degree of wetting and interfacial chemical reaction or corresponding

interfacial tension under both equilibriùlll and nonequilibrium conditions.

a) Wetting under equilibrium conditions

In equilibrium systems, where the contacting solid and Iiquid phases are in

thermodynamic equilibrium, the chemical potential of each component, and the

temperature and pressure of each phase are the same200. The total difference of the

free energy of a solid-Iiquid-vapour syr--em (Fig. 3.4) neglecting the effect of

grovitatlOnal field (at constant pressure and temperature and assuming that the

effect of curvature on the pressure is negligible and interfacial tensions are

independent of orientation) can be expressed as: 211

• where:

L L aGaBd a L aGaB
d

B L aG:xB
d

aB
+ n·+ n·+ n·

a 1 B 1 aB 1
aB i 2.'1; i an; i an;

(3.19)
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a and 13= designated phases

aB= interfacial phase

Ili= the chemical potential of component i in the designated phase

ni= the total number of moles of component i in the designated phase

(obtained by multil'lying the concentration of component i in the homogeneolls

region of the phase by its volume, i.e, Ciaya).

G= total free energy of designated phase (obtained by multiplying the free

energy of a unit volume in the homogeneous region of the phases by the

volume of the corresponding phase, i.e., gayal

A= interfacial area

If we split Equation 3.19 into two parts, at total thermodynamic eqllilibrium, when

dG=Oj then since the variation of mass is independent of variation of area, the first

part (Eq. 3.20) which outlines the condition of mechanical equilihrium becomes zero

and the second part (Eq. 3.21) which represents the chemical equilibrium in the

system becomes zero as well and y will have a static value:211

E s SE' 'EV vEdG= IJ·dn. + IJ·dn. + IJ·dn. +/ J 1 1 ,.-
i i i aB

~ aG
aB

dn?-+~ aG
aB

dn~+~ aG
aB

dn?-B =0
L,- aiL,- B 1 L,- aB 1

1 an . 1 an . J an .
1 1 1

(3.21)

•
Now, if it is assumed that tlle system is under chemical equllibrlum (j.e., Eq.

3.21 is equal to zero), and the liquid is a ~mall sphere (due to negllgible gravitatlonal

effects), then a solid-liquid interface will forn between the drop and the fiat rigid

solld surface if:211
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Â G:ÂJy sidA sl+Â Jy svdA sv+Â ry IvdA Iv~O
si sv Iv
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(3.22)

this condition provides a driving force for the solid-liquid interface to be increased

and Eq. 3.22 will be satisfied. Therefore in a nonreactive system the final

configuration of the liquid drop is only determined by mechanical equilibrium and

the free energy changes for the system are only associated with changes in the

interfacial areas2t 1. It should be mentioned that in the absence of chemlcal

reactions no spreading will be observed in sessile drop experiments212. Several

progressive configurations of the drop geometry and the change in the i:Jterfacial

area of the solid-liquid and liquid-vapour as a function of contact angle (A) are

shown in figure 3.5. This figure shows chat the liquid-vapour interfacial arl'a
o 0

decreases from 180 ta 90 and then increases as the contact angle decreases to O·,

whereas the solid-liquid inrprface increases continuously211 . Noting that dAsl=-dAsv'

Eq. 3.22 can he simplified into:

or

ÂG=Â J(ysrysv!dAsI+Â rYlvdAlv
si Iv

(3.23)

(3.24)

•

which represents the free energy change in terms of variation of the drop height.

The value of dG/dh in Eq 3.24 will determine the drop shape. If dg/dh <0 the solid­

liquid interface will continue to form and the contact angle will continue to

decrease. When a balance is achieved between the two terms of the Eq. 3.24, dG/dh

becomes zero which conforms to the minimum energy configuration in the

system211 . For instance, when Ysv>Ys!>Ylv the contact angle is always acutej and

when Ysv<Ysl<Ytv the contact angle is always obtuse. When Ysv - Ysi > Ylv' an

cquilibrium contact angle is not obtained since the reduction of free energy on

wetting the rigid solld is greater than its increase due to the extension of the IIquid
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Figure 3.5 Variation of the solid-liquid and the liquid-vapour interfaciul ureus vs.

contact angle (El), or the height of the drop (hl. Va is the volume of the liquid

drop211.

•

surface; then a dynamic spreading continues as long as the bulk Iiquid is uvuilutJle

211. A reduction of the total surface energy of the solid by liquid (Ysv>Ysl) is defilled

as wetting and a condition of y 51 >ysv is defined as nonwetting of the solid. Thus, ysv

- y si can be considered as the driving force for wetting211 • Under chemlcal

equilibrium conditions, the formation of a true interface CUll be cnnsidered to be

analogous to the formation of a solution. It indicates formation of an interfacial

structure whose int.Jrfacial energy (Ysl) is between Ysv and Ylv' However, the d""rl,e

of chemical bonding or minimization of structural discontlnuity across the interface

will determine the magnitude of Ysi' Thus Ysi becomes smaller with increasing

chemical bonding at the interface. For Ylv>Ysv ' then Ysi approaches Ysv with the

development of chemical bonding, re:;ultir.g in a Iimiting contact angle of 90·. For
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Ysv'Y)v' then Ys) approaches Y)v' The maximum reduction of Ysv by the liquid is by

the amount equal ta Ylv resulting in a zero contact angle as long as y sv - Ylv ~ Ylv

as can be seen from Eq. 3.10. If Ys»Ysv and Y)v' a true interface has not formed and

if Ys)< Ysv and Y)v' a transient condition involving chemical reaction exists2ll

3.4.2 Wetling Under Nonequilibrium Conditions

When the condition of chemical equilibrium presented in Eq. 3.19 is not

saLisfied throughout the system, the phases of solid, liquid and vapour will react with

each other to achieve a state of equilibrium. Under nonequilibrium conditions, the

value of interfacial energies and thus the contact angle will be continuously

changing211 .. The driving force for the Irreversible phenomena is the decrease oi the

total free energy G=Ga + GB+ GaB.213

The simplest phenomena developing after format;on of the interface is

aasorption (no mass transfer across the interface when the bulk phase~ are at

equilibrium) by diffusion of components frorr. the bulk phases to the interface.

During this process, the interfacial energy ysi decreases with time towards its

equilibrium value (curve 1 in Fig. 3.6). In case of chemical reactions, mass transfer

or absorption occurs across the interface. Such transformations involve a much

larger decrease of the free energy of th(l system than simple adsorption211 ,213. The

initial decrease in the free energy of the system at the first instant of formation of

the interface is caused by decrease in the free energy of the interfacial region (GaB)

while Ga and GBremain unchangen. The decrease in GaB will then attribute to the

decrease of yaB (or in the case of solid-liquid interface, y51 according to the

following equation:211.213

G aB aB
Y=--~f'lI'

A 4"
1

(3.25)

•
where, fi is adsorpticn of com~onent 1. This decrease can be quite high if the

enthalpy change associated with the interface interaction is large (curve 2 in Fig.
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Figure 3.6 Variation of the interfacial energy y51 with time in none1luilibrium

condition: Curve l, pure adsorption; Curve 2, reaction between the two phases. 213

3.6). This interaction increases Iinearly with the difference beLween the chelllicai

potentia!s of the components in the two phases2i3. The dynamic value of Ysi can

even becon.:) negative211 .

When the transformation proceeds in the bulk phases, the difference between

the chemical potential in the two phases and the strength of the interaction at the

interface will decrease (GaG increases, meaning that Ga + GBdecreases more Lhan

G). Thus, ysi increases gradually towards its equilibrium value (fig. 3.6), whlch is

always p~sitive since the interface is always less stable than the bulk phases213. The

time required to reach the minimum of y51 will depend upon the kinetics of diffusion

of the components in the bulk phase. Therefore it depends very much on tempera-

ture.

In practice, quasi-equilibrium often occurs due to the presence of a thln

diffusion barrier (such as an oxide layer) at the interface limiting the contact

between the two blilk phases.
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If we consider a solid-Iiquid-vapour system (Fig. 3.4) assuming that the solid­

vapour and Iiquid-vapour are under chemical equilibrium conditions, but not the

solid-Iiquid, several types of reactions may occur betw'"en the solid and the liquid.

These reactions can be c1as~"ied into two categories::! 11

i) only the solid is not saturated with sorne or al! of the components of the

Iiquid

li) only the liquid is not saturated with sorne or al! of the components of the

solid

ili) both phases are not saturated with respect to the other

and

Iv} a compound forms at the interface.

Figure 3.7 illustrates schematically se :eral dynamic stages of the first type

of the reaction. At time tothere exists a quasi-chemical equilibrium in the system

involving no solid-liquid interfacial reaction (Fig. 3.7a). Young's equation can then

be expressed only in terms of the initial dynamic surface tension. As the reaction

proceeds at the interfdce, Ysi changes with time to YSI=YsIO + ~gsl (~gsl is the

interfacial free energy change due to the free energy of the reaction)211 .

Figure 3.7(b,c,d) shows the situation where the growth rate of the reaction

product (or the diffusion rate of the reacting compounds) is slower than the

spreading rate of the liquid. The case when the diffusion rate of the reacting solid

are greater than the flow rate of the Iiquid is illustraLed in Figure 3.7 (b',c',d). It

should be noted that in stage (b) the periphery of the drop is in contact with

unreacted solid. Whereas, in stage b', because of relatively faster growth rate of the

reacted solid, the Iiquid at the periphery of the drop is in contact with reacted

solid.211

Several dynamic stages are associated with a reaction of type (ii), where the

Iiquid is not saturated with respect to til" solid, are shown in Figure 3.8. At time to,
Young's equation can be used to express the condition of mechanical equilibrium in

terms of the dynamic interfacial energies. After the initial reaetlon, the composition
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Figure 3.7 Schematic representation of the various dynamic stages of sessile drop
when the initial solid is not saturated with sorne or ail of the components of the
liquid. The path abcd r.orresponds to the case where the growth rate of the reaction
is slower than the flow rate of the liquid drop; and path ab'c'd corresponds to the
case where the f,"owth rate of the reaction products is faster than the flow rate of
the liquid drop. Il

of the liquid at the drop periphery will rapidly approach its equilibrlum value,

r~ülling in a decrease of yslO and Yl v
0 because of the free energy contribution of

the reaction. Then, these parameters will rapidly approach their static value. Thus,

during the initial stages of the reaction an Immediate lowering of contact augle may

be observed which is rapidly followed by the drop pulling back to an equllibrlum

contact angle. In the case of fast diffusion rate and high-viscosity of the Ilquid, the

initial spreading will not be observed 211. A type (HI) reaction may have simllar
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figure 3.8 Schematic representation of the dynamic stages of a sessile drop when

the initialliquid is not saturated with some or ail of the components of the solid.211

behaviour of either type (i) or type (il) configuration, depending on which material

is saturated with respect to the other. The type (iv) which is associated with

formation as a compound at the interface is expected to have the same behaviour

as the type (il reaction. However the analysis in this case could be more

complicated, especially if the compound isolates the liquid from direct contact with

the reacting solid211 . With a reaction at the interface the magnitude of y51 will be

sma11er due to the existence of strong chemical bonds instead of weak Van der Waals

bonds. In this case, the discontinuity will be less severe due to the presence of

electronic continuity across the interface. With a reaction at interface, wetting and

adhesion may be enhanced. In this case the work of adhesion Eq. 3.11 becomes:72

(3.26)

where ySS is the interfacial energy between the solid and the reaction layer, ÂGR
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is the free energy of interfacial compound, and C is a constant related to the moles

of product formed by unit increase in the Iiquid-solid contact area.

3.5 Wetting of Ceramics by Liguid Metals

CGramics can be characterized by ionicity or covalency of their lattices with

c10sed stable electronic configurations or atoms, and strong saturated interatomic

bonding. Interaction of Iiquid metals with this type of solid bodies is possible only

with partial or complete dissociation of interatomic bonding in the solid bodies. This

can usually explain poor wettability of ceramics by molten metals. In ionic bodies

such as oxide ceramics, the surface is formed by anions, and their interaction with

liquid metais is mainly determined by the interaction with the solid body anions200.

On the basis of intensive studies, it has been stated that, wettability of an oxide by

a metal and adhesion in such a system depends on the affinity of the Iiquid metal for

oxygen200. This is indicated by the variation in the thermodynamic potential of

metal oxide formation. Chemically reactive lOetals which arc prone to oxldatlon

such as titanium, zirconium, aluminum, silicon, manganese and lithium (either pure

or in the form of alloys) spread completely over certain oxide surfaces such as

AI Z0 3• BeO, 5iOZ' and MgO.

Covalent solids such as diamond, graphite, silicon nitride and carbide, boron

nitride, and boron carbide are characterized by c10sed stable electron configurations

of atoms with high strength interatomic bonds. Wettability in liquid metal-covalent

soHds systems is possible only by chemical reaction at the interface at the expense

of bond dissociation in the solid phase. Therefore the metal in order to wet a

covaient solid, should possess high chemical affinity for the solid phase atoms. For

instance, transition metals such as Ti, Ta, W, Fe, etc., either in a pure form or ln

the form of additives, show considerable adhesion activity on contact wlth graphite

or diamond. Wettability in such systems Is determined by chemlcal interaction,

carbide formation, or dissolution of the solld in the lIquid at the interface. ZOO

Sevecal attempts have been made to calculate wettabillty in terms of bondlng



interactions in various mO:Lal-ceramic systems. Kingel'Y and lIumenik21 .1

suggested a correlation of wetting behaviour for oxide ceramics with ceramic- melt

reactivity. lt was then employed by McDonald & Eberhart215. They performed

wetting experiments between alumina and several kinds of pure metals and reported

a linear relationship between the work of adhesion and the free energy change of the

formation of the metal oxides as illustrated in Figure 3.9.

Metallizing the ceramics surfaces has been widely used ta promote wetting

at metal-solid oxide interfaces216. ln many processes, Mo is employed for

metallizing alumina, where the grains are held together by a glassy binder phase216.

The Mo is applied ta the surface of the ceramic in the form of powder often mixed

with, Mn, Ti, or Mn02 and fired in a reducing atmosphere. The glassy phase from

alumina then migrates into the powder under capillary forces and bonds the particles

ta each other and ta the alumina surface ta produce a wettable surface layer. ln the

case of pure alumina and oxides without a glassy bonding phase, it is necessary to

add glasses ta the metallizing mixture.216
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Figure 3.9 Work of adhesion on AIZ0 3 vs standard free energy of oxide formation

for various liquld metals under vacuum.ZI5



Other methods of metallizing oxide and non-oxide ceramic surfaces are

electroplating and various vapour deposition processes. Probably the most common

deposition process is TiH2 activation In this process the hydride, in the form of

powder, is applied ta the surface and dissociates at 350-550·C to form a wettable

Ti coating216. Although the metallized layer ensures wettability of the ceramic by

the filler metal and brazing of metals to such surfaces is a relatively

straightforward process, it is a costly and time consuming process.

Another method of enhancing wettability at a ceramic-metal interface is

changing the chemistry of the ceramic surface by the addition of active metals to

the braze. Simple brazing alloys are binary Ti alloys such as Cu-Ti, Ni-Ti, Co-Ti, and

AI_Ti217.218, with optimized concentration of Ti ta prevent further increase

in brittleness of the fi 11er metals. However, the influence of a third alloying element

on the concentration of the active element should be considered. Furthermore the

optimum alloying composition range must be determined from the mechanical

properties of the braze in addition to its wettability. Nicholas and co-workers

showed the effect of the addition of a third element on wetting of alumina by Cu­

Sn-Ti alloys at Il50·C219. They showed that alumina can be wetted by Cu-S at%

Ti in vacuum but if is alloyed with II at% Sn, the Ti concentration is reduced to 3.5

at%. Therefore, as shown in Figure 3.10, there is a trade-off between the Ti and the

Sn level. Similar effects are achieved by alloying Cu-Ti with ln and to a lesser

extent with Al, Au, or Ag, but not with Ga or Ni. It has been suggested that the

most effective additives are those with low Ti solubility and low surface energy.

Since the activity of Ti is high in a saturated Iiquid, alloying additions that decrease

the Ti solubility will increase the activity of a given concentration. Furthermo.e, if

the ternary addition decreases the surface energy of the liquid, the actual wetting

will be improved.

Complex reactions can occur at a ceramic-active metal braze interface.

However, for sorne systems these reactions can be analyzed using sorne simplifylng

assumptions. Generally, Ti can dissolve considerable quantities of 0 and form a family

•
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Figure 3.10 Influence of composition on wetting of alumina by Cu-Sn-Ti alloys at

1150°C219.

of oxides. The stoichiometry and stability of these products is determined by

temperature and activity level (a). Thus several oxide products might be formed by

reaction between alloys containing Ti and less or similarly stable ceramics such as

alumina216. If these products are assumed to be stoichiometric titanium oxide,

respecting free energy data, it has, for example, been concluded that alloys with

aTi>4xI0-4 at 1127°C (1400 K) can form Ti02, or Ti02-AI20 3 mixed oxide, by

reaction with alumina:216

(3.27)

•

where the square brackets indicate solutes. The direction of reaction is determined

by arA!) and alTi]' Depending on the temperature and the alloy composition, the

reaction product could be either TiO or Ti203.216

Although many active alloying elements have been considered in many brazlng

alloys, Ti is the most commonly used active metal added to Ag-Cu eutectic ln

concentration of 5 to 10 wt% Ti.
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3.6 Wcttlng of Silicon Nitridc

It has bccn reported that most pure metals do not wet silicon nitride and

cxhibit poor bonding220(AI being an exception). An addition of 3% Ti in Cu

improves the bonding. Ti additions are more effective in providing low contact angle

in A ·28% Cu alloys. With the addition of 2% Ti a thin double layer of TiN and a

titanium silicide form at the interface which promotes wetting without formation

of coarse Cu-Ti intermetallics in the bulk of the alloi20. The wetting angle is also

influenced by the partial pressure of surrounding gaseous species. The work of Naka

et a/221 indicates that Al definitely wets Si3N4. They found that the work of

adhesion of Al on Si3N4 increases significantly with increasing temperature. The

cuntact angle between silicon nitride and molten Si decreases with decreasing

oxygen partial pressure. due to the increase in surface energy of the solidZIO. The

observation of Li et aP2Z indicates that at very low oxygen partial pressure in

the region of about 10- 19 Pa complete wetting can be achieved at 1450°C. There are

data cited by Allen and Kingery 192 for the wettability of silicon nitride by Sn and

Sn-Ti alloy over a wide range of temperature (800-1470°C). In the case of using pure

° °Sn. wetting angles are 154 to 140 under HZ atmosphere or 168 to 29 under vacuum.

Addition of Ti markedly reduces the contact angle. From surface tension and contact

angle measurements. thev made estimates of the solid-liquid interfacial energy and

the surface energy of silicon nitride. The sessile drop technique was used to

investigate the wetting of silicon nitride in vacuum by a series of Intermetalllc

compounds (TiAI3• TiSiZ' TiNi, TiNi3• TiCrZ' Cr3SiZ' Fe2AIS' FeSl, FeZSiS' CoSi,

CoSI3• NiAI. Ni2Sil, by Si, and by a Ni super alloy (713LC)*, within the range 1200

to 1600°C223. Very low contact angles «40°) were given by CoSi3• TiSi2 and Si

while the remaining silicides wet silicon nitride to lesser extent (60-80°) and NiSiz
°did not wet at ail (Ek108 at 1450°C). Aluminides gave moderate wetting (=75°)

* Nominal analysis: N,12.5Cr-6.1Al-0.8Ti-4.2Mo-2.2Nb-0.1C-o.1Zr-2.5 max Fe
wt%.



while Ti containing compounds gave moderate to gond wetting (66 to <40">. 1\

o "3contact angle of <40 was reported for the Ni alloy (713LC) at 1400°C-- 0 There

exists a patented work on the wetting of Si3N4 with an alloy comprising Ni-70S Ti­

205 Si wt%, which has shown good wetting characteristics with the ceramic2240

•

•

CHAPTER 3 THEORY OF WETf/NG AND ADHESION 82



•

•

Chapter 4

Objectives

The main objective of this study was to braze Si3N4 to Si3N4 and to Mo for

high temperature applications (above sooec), using Ni-Cr-Si brazing alloys based on

a commercially available filler metal AWS BNi-S. Since wetting is a basic

requirement in the brazing technique, another objective of this work involves a

fundamental study of the wetting behaviour of the ceramic by the filler metals,

tllrough a thermodynamic and experimental modelling of wetting at the

ceramic/filler metal interface. The results of this part of the study will then be

applied to designing suitable Ni-Cr-Si brazing alloys for forming Si3N4/Si3N4 and

Si3N4/Mo joints.

The following are other objectives of this work:

• Study the interfacial reactions in both Si3NiNi-Cr-Si/Si3N4 and Si3N4/Ni­

Cr-Si/Mo joints.

• Study the influence of such process variables as the filler metal

composition and brazing time and temperature on joint quality and

microstructure and define the optimum parameters for obtaining strong

joints.

• Evaluate the joint strength using both shear and four-point bend tests and
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a comparison between the tests results .

• Carry out high temperature four-point bend tests, up to gOODC, to evaluate

the effect of temperature on the CTE mismatch stress relaxation and also to

assess the mechanical and chemical stability of the joints at elevated

temperatures.
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Chapter 5
Experimental

5.1 Exnerlmental Materials

The experimental materials for ail of the joining experiments consisted of

pure Mo (99.95%), pressureless sintered silicon nitride, and a commerciaUy available

nickel-based brazing alloy, AWS* BNi-5 as the base fiUer metal. The BNi-5 fiUer

metal will be referred hereafter, according to its Si content as "519" (Table 5.1l.

The Mo was supplied by AESAR** ln the form of a 50x50xl2 mm3 plate.The

silicon nltride was manufactured in house in the form of 9x6x80 mm3 bars, further

manufacturing procedures will he discussed later in this chapter. The S19 (BNi-5)

brazing alloy used was supplied by Wall Colmonoy Corporation in the form of

atomized powder (-200 mesh). Other forms such as plastic bonded sheets or transfer

tapes wcre made of the same alloy powder processed with a binder ln the form of

th in sheets of certain thicknesses. Extensive effort was directed to produce 519

ribbons using melt spinning techniques, but the products were so brittle that they

were not suitable for joining experiments. The chemical compositions and sorne

* American Welding Society

** AESAR Catalog No. 10048
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Table 5.1 Physical Characteristics of SI9 (BNi-5l Brazing Alloy.

1 Nominal Composition Il Ni-I8.87Cr-18.76 Si atom'*' (o.œc mRXî\

Specific Gravity 7.65 g cm- 3

Solidus-Liquidus 1080°C-1135°C

Suggested Brazing Temp. 1150°C to 1200°C

86
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Adopted from Wall Colmonoy Corporation techmcal data sheets No. 2.1 1 & 2. I.7.

physical properties of SI9 (BNi-5) are given in Table 5. I. This brazing alloy ls loeal

for joining components used in high temperature and high stress applications. Its

oxidation resistance is among the best, high service temperature flller metais and

it exhibits good flow characteristics during brazing for 0.025 to 0.1 mm clearance

joints. In fact the main reasons for selecting SI9 as the experimental flller metal

were its high melting temperature and chemical compatibllity in terms of the

concentration of Ni and Cr and the reactivity of these elements with Si3N4.

5.1.1 Chemical Analysis of Experimental Brazing Alloy

ln order to confirm the chemical composition of the brazing alloy provided

by the supplier, the compositional analysis of SI9 filler metal was performed using

atomic absorption and energy dispersive spectroscopy (EDS). The sample for EDS

analysis was prepared by melting SI9 powder in a BN crucible under inert

atmosphere, f<:>l1owed by slow cooling and polishing the resultant solid sample. The

results of EDS analysis as weil as atomlc absorption are given in Table 5.2.

Table 5.2 Chemlcal Analysis of SI9 (BNi-5) Brazlng Alloy.

Method of
1

composition atom'*'
1Analvsis NI Cr SI

EDS 62.50±0.35 18.43±0.29 19.02±O.31

Atomie 62.65 18.4 18.95
Absorption



•
CIIAPTER 5 EXPERIMENTAL 87

•

Several other brazing alloys based on 519, with sorne compositional

modification, were used during the course of this study. They were composed of Ni­

Cr-Si with the sarne Ni/Cr ratio, but different Si contents. The alloys were made

through the addition of either Si powder (in the case of fabricllting alloys having >19

at%Si) or a Ni-20 wt%Cr alloy to the commercial 519 in the required quantity

followed by intimate mixing to obtain a uniform powder dispersion. In order to

conform to the alloy compositions, a sample of each alloy was melted, solidified,

and analyzed with an accuracy of ± 0.3 atom%, using the energy dispersive

spectroscopy (EDS) technique. Table 5.3 shows the chemical compositions of these

alloys. The designations presented in this Table will be used throughout the rest of

the text.

5.1.2 Fabrication of Ceramic Samples

The silicon nitride samples used for both the wetting and joining experiments

were fabricated in house using slip casting, followed by pressureless sinterlng. Due

to its simplicity, slip casting is weil suited for the fabrication of test samples and

the production of a small number of Individual shapes since the cost of plaster

moulds is low. The basic steps of fabricating silicon nitride samples are iIIustrated

in Figure 5.1. The additive composition for the silicon nitride was Si3N4-1.72 AlN­

4.56 Y20r4.97 Al20 3 wt%225. The properties of the starting silicon nitride

powder as weil as of the other sintering aid powders are given in Table 5.4. The

Table 5.3 Chemlcal Analysis of Modified Brazing Alloys.

Designation
1

Composition (atom%)

1
Ni Cr SI

510 69.61 20.35 10.04

515 65.54 19.5 14.96

S25 58.34 16.66 25.0

S30 54.45 15.55 30.0
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1
Raw materials

1

1

1
Batch weighing

1 Deflocculant

1 1

+ water
Attrition milling

1

1 Casting 1

1

Drying and bum out

1

1
Sintering

1
1

Grinding and cutting

Figure 5.1 Basic steps in fabrication of Si3N4 samples.

Table 5.4 Characteristics of Starting Powders.
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Commercial 1 Company 1 Particle Oz Content Crystal Phase
Brand Size (/lm)

Si~N4 SN-E-IO UBE 0.1-0.3 1.39 a-hex

AIN Grade C H.C.Starck 0.5 2.64 Hexagonal

AlzO~ HPA-0.5 Ceralox 0.3 47.06 a-AIZ0~

YZ03 Y5603 Molycorp 0.1-0.2 21.26 Cubic



powders were carefully weighed and mixed with liquid (which consisted of distilled

water + 1 vol% deflocculant) with a ratio of 2: 1 solid to liquid.

The deflocculating agent. used was a commercially available polymer

dispersant, Darvan C*, which is an aqueous solution of ammonium salt of a

•
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polyelectrolyte. The mixture was then attrition milled for 30 min. at 250 RPM uslng

SiJN4 media to minimize contamina~ionduring milling. After milling, the slurry was

sieved and poured into a porous plaster of Paris mould. As the mouId adsorbed water

from the contact areas, solid silicon nitride bars were built up. The solid pieces were

then removed from the mould, dried at 500°C for 3 hours to remove the organic

deflocculant and remaining water, and sintered at 1750°C for 2 hours. Sintering took

place ln a graphite element, vacuum fumace under a slight nitrogen overpressure

(0.1 MPa). The density of sintered bars was measured according to ASTM C373­

82226, and was 3.17±0.02 g cm- J whlch is almost 97% of theoretical density. The

surfaces of the sintered bars were then ground using a 240 grit diamond grinding

wheel on a surface grinding machine.

5.1.3 Strength Testing and Microstructure of Experimental Ceramic

Since the strength of ceramic is crucial for further joint strength evaluation,

flexure strength tests were performed on sintered silicon nitride samples. According

to MIL-STD-1942A 191 specimens having approximate dimensions of 3x4x45 mm3

were prepared and both t!\e tensile and comprehensive faces were longitudinally

ground using a 240 grit diamond surface grinding wheeI. The edges of the samples

to be exposed to tensile stresses were bevelled. Specimens were then placed in a

four-point modulus of rupture (MOR) jig (Fig. 5.2) with outer and inner spans of

40mm and 20mm respectively, and tested at room temperature on an universal

testing machine ** with a cross head speed of 0.5 mm min. -1.

* .f' .T. Vanderbilt Co, Norwalk, CT, USA

*0;
.ilstron Model 1362
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Figure 5.2 Modulus of rupture jig (a) and sarnple (b).

The MOR value for a rectangular sample can be calculated by:

F= fracture force (N)

a= distance between inner and outer span

b= the width of specimen

(1.1)
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d= thickness of specimen

The mean MOR value for a total of twelve tested samples was 600,30 MPa.

ln arder to provide a measure of the degree of reliability, the Weibull modulus "m"

was calculated from the slope of the plot of ln ln (l/l-Pr) against ln MOR, where:

nPr­
I+N

(4.2)

n=ranking of the samples

N=total number of samples

The Weibull modulus is an indication of the reliability of ceramic products (a

value of m > lOis considered good). As illustrated in Figure 5.3, the Weibull modulus
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Figure 5.3 Weibull plot of the experimental Si3N4 MOR data.



was calculated to be 15.8 and the characteristic strength (00) to be 620 MPa.

Although the mean strength value obtained for sintered silicon nitride samples is

lower compared to commercially available HIPped products227, it is still

expected to be much higher than the joint strengths.

The XRD pattern taken from the silicon nitride samples confirmed that the

a -> JJ transformation was completed.

•
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5.2 Experimental Eguipment

The main experimental apparatus used in this study consisted of a high­

temperature furnace suitable for sintering the Si3N4 samples, a brazing furnace and

a sessile-drop furnace.

5-2-1 Sintering Fumace

The sintering furnace was essentially a horizontal controlled atmosphere

graphite element resistance furnace. Its 30x30x40 cm3 chamber was insulated from

the water-cooled body by graphite fibre insulation. The elements were connected to

a 50 kVA power supply. A type C thermocouple (W5%Re vs W26%Re) monitored the

temperature. The furnace temperature was regulated by a controller connected to

a silicon control rectifier (SCR). A rotary pump evacuated the furnace to a vacuum

of 15 Pa O.5xI0-4 atm). ln order to be assured of the experimental temperature, the

furnace was calibrated frequently by melting pure metals such as copper and nickel.

This was done by heating up the furnace until the metal melted and then comparlng

the reading temperature wlth the meltlng point of the metal. The calibration

accuracy was estlmated to be ±5°C. This furnace was malnly used for slnterlng

Si3N4 samples under a NZ atmosphere.

5.2.2 Brazing Fumace

A graphite element vacuum furnace was used for ail the brazing experlments.

As shown in Fig. 5.4, the furnace conslsted of a cylindrlcal graphite heatlng element
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Figure 5.4 Experimental brazing furnace.•
.'.....

,

" ~
/ .~

having approximate dimensions of 110 mm inner diameter, 127 mm height, and 4 mm

lhickness, connected to a 15 kVA power supply. The hot zone was insulated From the

w<lter-cooletl body by fibre graphite insulations. The temperature cycle was

controlletl lIy an Omega Model CN-2041 microprocessor based programmable

ClJntroller cllnnected to a SCR power control unit. A rotary pump evacuated the

fumace lu a vacuulIl of 5 Pa (5xIO- 5 atm). The temperature was monitored using a

type C thermucouple. The fumace was frequently calibrated in the same manner as

uutlined in the previous section. The calibration accuracy was estimated to be ±5°C.

5.2.3 Sessile-drop Furnace

The sessile-drop furnace \Vas essentially a horizontal tube furnace, consisting

of a 60 cm long alumina tube having 26 mm inner diameter (Fig. 5.5). The hot zone
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Figure 5.5 Experimental sessile-drop furnace.

inside the tube was almost 10 cm long. The fUrnace could be heated up to l250·C

and a vacuum of 2 Pa could be obtained using a rotary pump. The temperature was

monitored using a type K thermocouple with ±5·C accuracy. The temperature cycle

was controlled using an Omega CN8600 process controller. A water-cooled quartz

window was fitted on one end of the alumina tube for direct viewing of the

substrate. An optical system was arranged in front of the window to take

photographs of the drops at temperature. The furnace configuration allowed for

rapid (if desiredl or slow heating and cooling. In the case of rapid heating, the

sample holder along with the Si3N4 substrate was pushed by a vacuum tlght push rod

from the cold zone inside the tube to the hot zone, and vice versa for fast cooling.

The furnace could be run under Inert gas if desired.

•

5.3 Wettlng Experlments

ln order to assess the wetting of the experimental brazing alloy on S13N4.

wettlng experiments were performed using the sessile-drop technique. Wettlng

specimens were blocks of 9x9x6 mm3 Si3N4. The 9x9 mm2 surfaces to be examined

were ground and polished to a Ipm surface finish (uslng the same procedure as §

5.6. il and degreased ultrasonlcally wlth acetone prlor to the experlments. A small

amount of brazing powder (:::0.05 gr.) was mlxed with distllled water to form a paste
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and placed on the Si3N4 surface. The substrate was then positioned in the cold zone

of the tube furnace and after evacuation the sample was slowly pushed to the hot

zone of the furnace. The heating rate was estimated to be aoout 100·C min-1 to

500·C and about 200·C min. -1 to the experimental temperature (I220·C). After the

ailoy started to melt, photographs were taken of the drop every minute for wetting

angle measurement.

5.4 Brazing Exooriments

The experimèntal brazing specimens consisted of blocks of Si3N4 and/or Mo

having approximate dimensions of 9x9x6 mm3. The Si3N4 blocks were cut from the

sintered bars and the 9x9 mm2 faces to be joined weré polished te a 1 pm finish. The

brazing alloys in quantities sufficient to form a layer of 100 pm thick upon

solidification were mixed wlth a water-based gel suspendinE: agent (Nicrobraz

Cement-S supplied by Wall Colmonoy Corporation) to provide a means of applying

the filler metal in an easy-to-use thixotropic paste. The paste was applied on the

polished 9x9mm2 Sl3N4 surfaces and another polished block of Si3N4 or Mo was

placed on top of it. The samples were then placed in a BN brazing jig to ensure

alignment during the brazing procedure. The assembly was then placed in the

vacuum furnace for brazing. Depending on the brazing temperature and cooling rate,

different brazlng cycles were used. A typical brazing cycle is illustrated in Figure

5.6, and essentially consisted of heating up the furnace at the rate of 20·C min- I

to the brazing temperature, holding for the desired time, and coollng to room

temperature. The cooling rate varied from 10·C min. -1 to as low as 3·C mln.- l

dependlng on the brazing cycle. The purpose of allowing the joints to be cooled very

slowly was to let the flller metal deform plastically to allevlate the thermal stresses

developed within the joint area and to avoid thermal shock to the ceramic. In sorne

cases joint anneallng was performed by holding the brazed samples at 900 ·C for 30

to 60 min. followed by slow cooling to room temperature. After coollng, the samples

were removed from the furnace and prepared for further examinations.
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Figure 5.6 Typical brazing cycle used for joining Si3N4 to Si3N4.

•

5.5 lolnt Strength Measurement

The Interfacial strength of both Si3N4-Si3N4 and Mo-Si3N4 joints was

determlned by both four-point bending and fracture shear loading using two types

of double-brazed and single brazed shearing jigs. Initially a double-brazed shearing

jig, by which the mechanical properties of two joints could be tested in a single test

was developed. The loadlng principles were similar to those which had already been

used by Mizuhara et aj228, with sorne modifications in order to Improve the

assembly alignment and Joad distribution, which allowed viewing the test speclmen.

As illustrated in Figure 5.7b the doubJe-brazed shearing sarnples consisted of

three blocks of Si3N4 and/or Mo having dimensions of 20x9x6 mm3 (side blocks) and
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Figure 5.7 al BN jig used for brazlng MOR and double-brazed shearing samples, b)

arrangement for double and cl slngle-shearlng test.
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9x9x6 mm3 (centre blocks). The side blocks were Si3N4 in ail the cases and the

centre blocks were either Mo, in case of evaluation of ceramic-metal joint strength,

or Si3N4 for ceramic-ceramic joint strength measurement. These blocks were butt­

joined together from the 9x6 mm2 faces which had been polished and degreased prlor

to jolning. A specially designed BN fixture (Fig. 5.7a) was used to ensure proper

alignment of the blocks during the brazing procedure. The brazing cycle, the form

of the filler metal applied, and the brazing equipment were ail the same as used for

fabrication of the experimental joints. Brazed samples were then surface ground to

produce parallel sides of the samples in the same way mentioned previously for the

experimental MOR specimens. They were then placed in the bottom part of the jlg

in such a way that the centre block was located on the top of the groove, whlch

provided for free movement of the fractured sample. After carefully placing the

specimen, the top part was attached to the bottom part using four screws. These

screws applied a slight pressure to prevent any bending moment and specimen

movement during testing. A loading plunger was then introduced into the cavity of

the upper part of the jig. The contact area between the bottom of the plunger and

specimen could be viewed and controlled accurately to guarantee that the applled

load was over the entire area of centre block. The assembly was then placed ln the

Instron testlng machine. A steel bail was located between the top of the plunger and

the loading bar to avoid bending moments. The plunger pushed the centre block

under a crosshead speed of 0.5 mm min-1 against the two end blocks. The specimens

were loaded until fracture occurred in both joints with the load-dlsplacement curves

being obtained on a chart recorder. The shear strength was calculated as:

•
where:

Pma"5=__
2A

S= the shear strength (MPa)

Pmax= the fracture load ln the test (N)

(4.3)
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A= the specimen cross section area (mm2)
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ln order to evaluate the applicability of the double-brazed shearing test, a

series of Si 3N4-Si 3N4 and Mo-Si3N4 brazed joints using Cusil-ABA brazing alloy

were made and tested; the results of these tests are presented in Appendix IV.

Because of sorne probIems observed with the use of the double-brazed

shearing test (discussed in Chapter 7), a single-brazed shearing jig was designed and

used for the remainder of the shear strength evaluations. As shown schematically

in Figure 5.7c, the test assembly consisted of two blocks with threaded heads that

could be screwed onto the load frames which were attached to the load cell and

actuator of the testing machine. A gap of 0.7 mm was left between the two blocks.

The shear specimens were essentially the same size as the experimental brazing

samples. They were surface ground using a 240 grit surface grinding wheel to ensure

that the sides to be exposed to shear loading were parallel. Samples were then fitted

into block A (referred to as the holding block) by two screws in such a way that the

joint interface was situated right at the gap (in the case of ceramic-metal joints,

the metal side was placed in block A and the load was applied on the ceramic side).

The specimens were loaded at the same cross-head speed (0.5 mm min. -1) until

fracture occurred. The shear strength of the interfaces could then be obtained from

the load-displacement curve recorder.

The four-point bend strength of ceramic-ceramic and ceramic- metaI joints

was measured according to MIL-STD-I942A I91 . In order to evaIuate the high­

temperature strength of ceramlc-ceramic joints, the four-point bending test was

carried out at 500, 700, and 900·C using the same testing machilie which was

equipped with a vertical type I600-VTF (Split)* tube furnace. The temperature

cycle was controlled by a Eurotherm Mode18IO controller in conjunction with a type

B (Pt 6% Rh vs Pt 30% Rh) thermocouple. After placing the sampIe in a silicon

* CM furnace, Inc., Bloomfield, NJ.
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Figure 5.8 Schematic illustration of the SiC MÛR jig.

carbide bending jig (Figure 5.8), the furnace was heated up slowly at a rate of 15DC

min. -1 to prevent thermal shock to both the jig and sample. In order to be assured

of the experlmental temperature, another type B thermocouple was placed near the

specimen. The specimen was held at the desired temperature for more than 5 min.

before fracture test.

5.6 Analysis

5.6.1 Scannlng Electron Mlcroscopy

Ail of the microstructural examlnatlon was performed uslng a jEûL jSM­

840A, a high-resolution scanning electron microscope (SEM). The jSM-840 was

equlpped wlth an energy dispersive spectroscopy unit, permittlng micro-chemlcal
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elemental analysis (see below). The microscope was operated at 20 kV acceleratlng

voltage durlng ail the investigation.

Samples examlned on the SEM were either the fracture' surfaces of samples

or pollshed experlmental joints. In :he case of chemlcal analysls, the brazed

specimens were mounted using a cold-settlng epoxy resin and sectioned

perpendicular to the joint area using a diamond eut-off wheel (LECO CM-15 eut-off

machine). The resultant surfaces were pollshed using a Leco VP-150 VARI!POL

automatic polisher equlpped with an AP-50 load controller. The polishing procedure

consisted of grindlng the samples using 240 and 600 grlt diamond grinding dises

followed by polishing using 15, 6, and finally l)lm diamond pastes on nylon pollshing

c1oths. In order to prevent a negative charge bulld up on the specimen surfaces, ail

SEM samples were either Au-Pd* or C** coated prior to examinatlon. Carbon

coating was performed when characterlstic X-ray analysls was requlred.

5.6.2 Microchemical Analysis

Ali the composltlonal analysis within the braze layer was performed with

wavelength dispersive X-ray spectroscopy (WDS) using an electron probe

mlcroanalyzer (EPMA) unit (CAMEBAX, Cameca, Courbevoie, France). The

examinations were carrled out at an accelerating voltage of 15 kV uslng a beam

current of 20 nA and a beam size of 2 )lm. The standards conslsted of pure Ni (Ni­

Ka)' Cr (Cr-Ka)' Mo (Mo-La)' and SI02(SI-Ka ), AI20 3 (Al-Ka) and Drake & Welll

No.2 ***(Y-La)' N was analyzed by difference. The program resident in t.he WDS

system employed the PAp229 correction method for converting the sample

Intensltles to quantitative concentrations.

The overall composition of the braze layer or any other structure of interest

* ANATECH Hummer IY sputterlng system

** EDWARDS E306A coatlng system

*** 3.21 Y-3.66La-16.25AI-12.68S1-18.11Ca-3.41 Ce-3.79Pr-38.890 wt%
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was determined by the area analysis method. Using this type of analysis, the area

shown on the microscope screen was analyzed. Spot analysis was pcrformed to

analyze individual phases within the braze layer or at the Interfaces, which were too

small for area analysis. In any case, whether for spot or area analysls, ten different

locations of the same phase or structure were analyzed to enhance the degree of

accuracy. Elemental line profiles across the joint were taken in steps of 1 !lm. The

X-ray elemental dot mapping within the joints area using the EPMA spectrometers

was performed when appropriate.

Besldes the EPMA, the JEÛL-840A in conjunction with a microcomputer­

based energy dispersive X-ray spectroscopy (EDS) analysis unit was used for

microchemical analysis of the light elements (I.e. N) free phases. The X-ray detector

(Tracor Northern TN-96-606E31513) was mounted with an incline of 60· to the

column axis, providing a higher take-off angle to increase the collection efflciency

and to minimize the magnitude of the absorption factor230. Among the programs

resident in the EDS system, a quantitative analysis program called "SQ" was used

for this study. This program employs the ZAF230 (atomic number, absorption,

fluorescence) correction method to determine the composition of an unknown

material and compares it with the known composition of internai standards resldent

in the data-base of the unit. Ali examinations were carried out under a working

distance of 39 mm and a detector slide position of 75 mm. An operating voltage of

20 kV was selected as a compromise between minimum beam penetration and

maximum signal intensity.

5.6.3 X-ray Diffraction

X-ray diffraction was used for the qualltatlve phase analysis. Ali XRD

patterns were obtained using a Phlllips X-ray automatic powder diffraction
• •

diffractometer with a goniometer and a scan range from 15 to 80 . The monochro-

matie CuKa radiation was generated by passing the X-ray beam through a Ni fIIter,

uslng an Amerlcan Instrument X-ray generator wlth an acceleratlng voltage of 40
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kV and a beam current of 20 mA with both voltage and emission stability of better

than 0.1% for ±\O% line voltage variation. The system was linked to a Phillips APD

1700 computer (Digital-Micro POP-11) for acquiring and storing the data. The

samples were step-scanned at the rate of 1·min. -1. The phases presented in the

pattern were identifled by comparing with the JCPDS-XRD reference patterns

avallable on the computer.

Because of the small concentration of interfacial phases and joint

thicknesses, XRD of the joint cross-sections was difficult to perform. Instead, the

method was employed for qualitative phase analysis of the sample fracture surfaces.

5.7 Thennodynamic Analysis

The Facillty for the Analysis of Chemical Thermodynamics (F*A*C*T) system

was employed for the thermodynamic calculations when necessary. F*A*C*T is a

mainframe computer program and consists of several program modules. The system

has its own databases consisting of the thermodynamic properties of over 3800

stoichiometric compounds and a number of binary solutions.231
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Chapter 6

Wetting at the Si3N4/Ni-Cr-Si

Brazing Alloy Interface

This chapter discusses the results of the thermodynamic calculations for

predicting wetting at the Si3N4/Ni-Cr-Si filler metal interface and Its application

to designing a Ni-Cr-Si alloying system which will adequately wet S13N4"

6.1 Therrnodynamic Calculation of Wettlng at Si3N4/NI-Cr-SI Alloy Interface.

ln this section, thermodynamlc cajculations to predlct wetting at SI3N4/NI­

Cr-Si system will be presented. The composition of the brazing alloy used for the

calculations was based on SI9 (BNi-5), with approxlmate composition of 63NI-18Cr­

19S1 atom%. For ail other alloy compositions the ratio of Ni/Cr was assumed ta be

fixed at 3.5 (the same as S19) and only the Si content of the alloys was varied. This

assumption allows the Ni and Cr content of each alloy composition to be calculated

knowing the Si level. The reasons for this assumption will be outlined iater. Ali the

alloys ln contact with SI3N4 were supposed to be in the liquid state.

6.1.1 Wettlng Model

As mentioned previously in Chapter 3, wetting occurs at the ceramlc/metal

interface as a result of chemlcal bond formation between the ceramlc surface and
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Liquid Ni-Cr-Si alloy

"---~

Figure 6.1 Schematlc illustration of SI3N4/liquid
metal wettlng system.

between the ceramic and liquid

alloy occulTed under Isobaric

and Isothermal conditions. This

system proposed by Lugscheider

et al.232, the investigations

of Ansara et al.233 and

Guard and Smith234. It was

also assumed that the reaction

assumptlon was made because

the liquid metal. When a reaction occurs, the free energy of reaction per unit

interfacial area and unit time enhances the driving force for wetting. The simplest

reaction is the solution of one phase by the other to form an immediate equilibrium

saturation at the interface and then its continuation into the bulk in order to reach

the lowest free energy state. In a solution reactlon when the liquld phase is

unsaturated with respect to the ceramic, its composition will change while the

ceramic composition will remain unchanged. The free energy change for this solution

reaction can then be used to predict wetting affinity.

ln order to achieve realistic results from the wetting model aIl the process

conditions must be properly taken into account. These parameters are temperature,

amount and composition of reacting materials, as weIl as the reaction environment.

Accordingly, several constraints and assumptions must be incorporated in order to

slmplify the calculatlons.

For the purpose of Gibbs energy evaluation in the system, including Si3N4 in

contact with the liquid alloy consisting of Ni, Cr, and Si, it was assumed that a

glven quantlty of alloy reacts with Si3N4 at 1220°C (I493K). This condition Is shown

schematically in Figure 6.1. The selection of this temperature allows for the Ni-Cr­

Si alloy compositions used to be in the liquid state. The assumption was made

after examlnation of the

liquidus surface of the Ni-Cr-SI

•
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the heat evolved during the reaction does not significantly affect the temperature

of the system. The N2 partial pressure in the system Is extremely important slnce

thls parameter will determine the free energy change during the decompositlon of

Si3N4 and consequently the Gibbs energy change of the wetting system belng

modeled. It was assumed that the wetting reactions occurred under a N2 partial

pressure of 15 Pa. Another important factor is the quantity of both liquid alloy ar.d

silicon nitride available to react with each other. In the present calculations, lt h"s

been assumed that 0.001 mol of alloy will react with a layer of 2 /.lm of S13N4.

Considering the molar weight of 519 ("51.6 g mor 1) this is almost equal to 0.05 g,

which is nearly equivalent to the amount of alloy requlred to form a llquld metal

droplet on the solid substrate in the sessile-drop experiments. The 2 /.lm thlckness

of Si3N4 reacting with the alloy was chosen because previous studies of wetting in

ceramic/metal systems had shown the presence of reaction layers with 1 to 5 /.lm

thickness at the interface 219.235.With respect to the assumed depth of the

reaction in Si3N4 and the area over which the alloy will spread, a value of 10-6 mol

of SI3N4 was calculated to react with the alloys. The effect of the variation of this

value on Gibbs energy calculations will be discussed later.

Another assumption to simplify the computation was that all of the starting

Ni-Cr-Si alloys reacting with Si3N4 lie within the ternary Ni-Cr-Si composition

triangle along the line shown in Figure 6.2. This line represents all the compositions

having fixed Ni/Cr ratio of 3.5. This greatly reduces the number of calculations

involved for the further determination of the Gibbs energy change in the ternary Ni­

Cr-Si system.

The above assumptions can be summarized as follows:

1- The reaction between 10-6 mol SI3N4 and 10-3 mol liquid Ni-Cr-Si alloy takes

place under Isobaric and isothermal conditions at 1493 K and 15 Pa N2 pressure.

2- The Si liberated as a result of the decomposltion of the Si3N4 dissolves in the

liquid alloy and the N2 escapes into the envlronment.
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Figure 6.2 The path of the alloy compositions withln the Ni-Cr-SI ternary system

used in the thermodynamic calculations.

3- Since there are no sources or 3inks for Ni and Cr in the system, the ratio of

Ni/Cr in product alloy will remain flxed al 3.5.

The appropriate chemical equation, for which the Gibbs energy must be

found, is as follows:

(6.1)

•

This unbalanced equation indicates that the lIquid alloy with composition LI reacts

with solld SI3N4 to produce a new lIquid of composition LZ and NZ gas. The reasons

for assuming that the lIberated Nz will escape into the envlronment wlthout any

reactlon with the NI and Cr are:

1. NZ Is Insoluble ln and does not react with NI at temperatures up to 1400·C to

form a stable nitrideZ36 {the free energy of formation of NI3N Is about 10 kJ/mol
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2. In the Cr-N system in the absence of external NZpressure (even if it is as low as

1 Pa) no chromium nitride will form above 10000C. 178

ln order to obtain the corresponding Gibbs energy equation. the chemical

equation (Eq. 6.1) should be broken up as follows:

3y <Si> .., 3y (s11 d GZ

z {I-X Nil I-x CriXSi} + 3y{Si) .., z+3y
1.28 4.5 L,

{
z( I-x) Nil z( I-x) Cri zx+3ySi}

1.28(z+3y) 4.5(z+3y) z+3y L2

(6.2)

(6.3)

(6.4)

Equation 6.2 indicates the decomposition of Si)N4 into solid Si and NZ gas and

Eq. 6.3 represents the fusion of solid Si. Eq. 6.4 illustrates the dissolution of SI Into

the initial Ni-Cr-Si alloy with composition LI to form the new composition L2.

The correspondlng Gibbs energy equations for the system will be the sum of

dG I• dG2• and dG):

(6.5)

•

The free energy change d Gr. represents the energy released or requlred when

Si3N4 reacts with the liquld alloy. A negatlve dGr Indicates a spontaneous reactlon

and, hence. wetting. The reactlon wlll continue until thermodynamic equllibrium Is

reached. i.e.• dGr=O. In order to predlct the sign and magnitude of dGr• numerlcal

values of dG I• dG2 and dG3 need to be calculated.

The Gibbs free-energy change dG I for the reactlon presented ln Eq. 6.2 can

be calculated uslng the relation shown in Eq. 6.6:
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(6.6)

where ~Go is the standard Gibbs free energy change for the decomposition of Si3N4

in the bulk. The activity of the liberated Si (aSi) in Eq. 6.6 should be unity. Since the

Si3N4 used in the wetting experiments contained about 10% additives, a value of 0.9

was used for the activity of Si3N4 in the calculations.

The explanation presented in Eq. 6.6 does not account for the fact that the

liquid alloy is in contact with the surface of the Si3N4, the free energy change of

formation 0" the decomposition of which Is different from the bulk. The value of the

free energy change for the decomposition of Si3N4 on the surface would be less

positive than ~Go because the atoms on the surface are missing half theIr nearest

neighbours and, thus, are loosely bound to each other compared to the atoms in the

bulk. Consequently, less energy is required to liberate atoms at the surface. It ls

therefore expected that sorne metals will react with the ceramic surface even when

a bulk reaction is not thermodynamically achievable. The concept of free energy of

surface formation defined as ~Gsurf was first used by Chidambaram et a/.237 for

predicting the wetting tendencles of various metals on Ct- Al20 3 surfaces.

As mentloned previously in § 3.2.1, the Gibbs excess surface energy ls defined

as:

where y ls the surface energy and:

G xs = Ay (6.7)

(6.8)

•
where Vrn Is the molar volume, N is Avogadro's number, and mis the fraction of

nearest-neighbour atoms lylng in an adjacent layer. The Si3N4 structure conslsts of
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SiN4 tetrahedra joined by sharing N corners so that each N is common to three

tetrahedra (Figure 2.2). Therefore, each N atom is shared between three tetrahedra

so that each SI atom has four N atom nearest neighbours and each nitrogen has three

Si atoms nearest neighbours. If we assume that the Si3N4 crystal deaves along the

plane where the Si atoms are located*, one out of four Si-N bonds will break.

Therefore, a value of 1/4 was used for ID in the calculations. The surface energy of

Si3N4 was taken from the investigation of Barsoum and OwnbyZ38 . They reported

a value of 1150 mJ m"Z at 1200°C.

The GXs quantifies ln Gibbsian terms for excess energy associated with the

surface phase with respect to the bulk phase. Therefore in terms of the dissociation

energy:

fiG surf = fiGo _ G xs (6.9)

where fiGois the energy required for decomposition of Si3N4 in the bulk phase. Eq.

6.9 suggests that the surface phase requires less energy than the bulk phase by GXs

to dissoclateZ37.

Taking Into account Gsurf, fiG) will he written as:

(6.10)

•

fiGZ represents the free energy change for the fusion of Si and is readily

available from tabulated data. Now, the last term to be calculated ls fiG3 whlch Is

the correspondlng free energy change of Eq. 6.4. Physically, this equation represents

the free energy change in a system containlng ternary Ni-Cr-SI alloy as a result of

the addition of SI. Thus, the free energy change for the reaction shown ln Eq. 6.4

(fiG3) Is:

* This assumptlon compares weil wlth alumina ceramlc wlth an hcp structure ln
whlch cleavage occurs along the basal plane where the oxygen atoms are sltuated.
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(6.11 )

it is therefore necessary to calculate the free energy change due to the formation

of ternary Ni-Cr-Si solutions with two different compositions of LI and LZ'

For any A-B-C ternary solution, the molar free energy of formation is given

as:239

The components in an ideal Raoultian solution, obey the relationship:

ai = Xi

thus for an ideal A-B-C ternary solution:

(6.12)

(6.13)

(6.14)

For a nonideal solution which does not obey Raoult's law, the relationship

ai=Xi does not hold. In this case:

a· = y-X.
1 1 1

where Yi is the activity coefficient*. Thus for a nonideal solution:

(6.15)

(6.16)

•

The properties of a nonideal solution (i.e., a regular solution) are best

* A knowIedge of the variation of Yi with composition and temperature Is of
central importance in solution thermodynamics, since the value of Yi is requlred for
the determlnation of ai' which ln turn Is required for the determination of âGM•



• CHAPTER 6 WETfING AT Si:l"/Ni-Cr-5i ALLOY INTERFACE 112

examined through the concept of excess functions. The excess value of an extensive

thermodynamic solution property is simply the difference between its actual value

and the value it would have when the solution is ideal239. Thus Eq. 6.16 can be

written as:

(6.17)

where crs is the excess molar free energy of the solution.

It is thus seen that the excess free energy of the solution is required for

determining the free energy of formation of a nonideal solution. Relatively llttle

data concerning the thermodynamic properties of ternary solutions are avallable.

This is due mainly to the fact that obtaining ternary properties requires excessive

numbers of experiments. However, the thermodynamic properties of most of the

binary solutions are avallable, and sorne methods have been deveioped to obtain the

thermodynamic properties of ternary solutions from the data of binary systems.

These methods generally attempt to obtain ternary activlty coefficients or excess

free energy data by means of the application of the ternary Gibbs-Duhem equation

(Appendix 1)

The two most notable equations for determining the excess free energy of

ternary systems from the data of binary solutions are Toop's and Kohler's

equations240(the details of derivatlon of these equations from the Gibbs-Duhem

equation are given in Appendix 1). Toop's equation is expressed as:

•

xs [XA XS Xc XS]GAaC = --GAa + --GacI-Xa I-Xa
Xa

2 [ xsl
+ (I -Xa) GACj XA

Xc

amI Kohler's equatlon is written as:

(6.18)
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(6.19)

The definition and location of the terms in Equations 6.18 and 6.19 are given

in Figure 6.3. Although these equations have been written for GXS, they may also

be applied in the calculation of âH and SXS in 'an obvious manner.

The Toop and Kohler equations have been successfully used for the

calculation of ternary thermodynamic properties from binary data. A list of the

relevant literature can be found in the extensive review of Ansara241 .

Substituting Ni, Si, and Cr for A, B, and C respectively in Equations 6.14,

6.18 and 6.19, the Equation 6.17 for ternary Ni-Cr-Si using Toop's equation (Eq.6.18)

for calculating d S yields:

(6.20)

•

and using Kohler's equatlon GXS can be written as:

Uslng Equations 6.5, 6.10, and 6.11 wlth respect to Equations 6.20 and 6.21
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•
Figure 6.3 Illustration of the blnary terms used ln application of the (a) Toop, and

(b) Kohler equatlons.240
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the corresponding Gibbs energy change for Equation 6.4 was computed for 0.05 ~

XSi~ 0.95 at interval~ of XSi =0.05. The thermodynamic data used through the

computation together with the relevant literature references are presented in Table

6.1. From the Table, it can be seen that no ternary thermodynamic data were used

in the calculations of the ternary Ni-Cr-Si system. In the case of the binary Ni-Cr

system, GXS was directly taken from the data in the literature, whereas, GXS of the

Ni-Si and Cr-Si systems for both the Toop and Kohler equations was calculated from

the data of HM and SXS of those systems. It should be mentioned that the data for

a11 the binary systems concerned are for the liquid a110ys only and the standard state

Is the pure elemental liquid.

The standard Gibbs free energy change of decomposition of Si3N4 is glven

by:242

•!1GT = 740,568 + 24.09 T 10gT - 402.9 T J morl (6.22)

and the free energy change associated with the fusion of Si is:243

!1GSi~1 = 50,530-29.99T (6.23)

•

The corresponding Gibbs free energy change for Equation 6.4 as a functlon

of XSi in the starting a110y Is presented in Figure 6.4. The program used to generate

Table 6.1 Thermoéynamlc data used in the modelling of the SI3N4/Ni-Cr-SI wettlng
system.

1
System Il HM Omol- I) Il SXS Omol-IK-Il

1
GXS Omol-Il

Cr_Ni244.245 ---- ---- -XNiX("r8368

Cr_Si246.247 XCrXSi(l77842X2
Si XCrXSi(28.73- ----

-223000XSi-36400) 26.56XSi)

N' S·248 -XNiXSi(XNi259994 -XNiXSi(XNi62.011- 1 ----
+XSi 133888) +XSi22.OIl
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this figure along with a sample of the calculations is given in Appendlx II.

An examination of Figure 6.4 will show that âGr=O for XSi=O.255 in the curve

generated using Toop's equation and a value of XSi=O.24 results ln âGr=O when uslng

Kohler's equation. Thus, the Toop equation predicted that the NI-er-SI

280

..•.
,­..

,-
..'fA

'fA,

'fA

Toop
-+-'

Kohler....
240

80

.200

.160

100

,,
.240 li 1 1

o M ~ ~ ~ ~ M M U M 1

Mole fraction of Si in starting alloy (XSi)

,......
.., 160

5...
c:ï 120

<l

• Figure 6.4 Variation of âGr vs XSi in the startlng alloy.



• CIIAPTER 6 WEITING AT Si:l".lNi-Cr-5i ALLOY INTERFACE 117

alloy with a composition of 57.95 Ni-16.55Cr-25.58i will be in thermodynamic

equilibrium with Si3N4 and the Kohler equation predicted that the equilibrium

composition would be 59.INi-16.9Cr-24Si.

6.2 Rcsults of Wetting Experiments

To verify the predictions of the wetting model, wettablllty experiments were

performed using the sessile-drop method. Figure 6.5 shows the Iiquid Ni-Cr-Si ailoy

(a)

(c)

" .
;,G;,~");~j-~;(:"

(h)

(d)

•
Figure 6.5 Photographs of Iiquid Ni-Cr-Si ailoys after 10 min. contact with Si3N4

substrates at 1220·C, a) 510, b) SI9, c) S25, and d) S30 ailoy.
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droplets with different compositions, in terms of Si contents (See Table 5.3), on the

Si3N4 substrate. These photographs were taken after 10 min. contact between the

liquid alloys and Si3N4 at 1220·C under a N2 partial pressure of 15 Pa. which is the

same condition as used in the thermodynamic calculations. lt is quite obvlous from

Figure 6.5 that the alloys containing XSi<O.3 will wet S13N4' whlch conforms to the

wetting model prediction particularly when using the Toop equation. This also

confirms the assumption made concerning the influence of the Gibbs excess surface

energy. This effect can be more clearly seen in Figure 6.6. Curve 1 ln the Figure

..-.........•..'.•....•..'

.....""
..... .Curve 2

....
,"

Curve 1""

••
- _. -- -- - ,;

1 :1ri
" '

~i 1

, ', ', ', '
, ', ', ', ', ,, ,
, '

320

280

;::;' 240

S 200...
Co' 160<1

cu 120
Ol)
c 80..s..c
U 40

~
0cuc

~
cu ·40
cu
~ ·80-..s
ë ·120
E-o

·160

·200

•
o u ~ ~ M ~ ~ u ~ ~ 1

Mole fraction of Si in starting alloy (X s0

Figure 6.6 Variation of AGr vs XSi' showing the effect of surface excess energy on

equillbrium Si content.
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•

shows âGr vs XSi without taking into account the excess surface energy effect and

curve 2 is the same as that illustrated in Figure 6.4 (when using Toop equation).

Curve 1 in Figure 6.6 indicates that the Ni-Cr-Si alloy of XSi=0.22 will be ln

thermodynamic equillbrium wlth Si3N4• In other words, alloys of XSi >0.22 will not

react with and wet Si3N4' which Is not in agreement with the results of the wetting

experiments.

6.2.2 Effect of N2 Partial pressure

Another important factor in determining the degree to which a Iiquid NI-Cr­

Si alloy wets Si3N4, and reacts chemically with it, is the N2 partial pressure (PN2)

in the environment. According to Equation 6.6, the higher the PNZ' the higher Is the

free energy change of dissociation of Si3N4• Therefore, at high PN2 the reaction

between Si3N4 and the Iiquid alloy will be less viable and, for a given alloy

composition the wetting of Si3N4 will be less Iikely to occur at higher NZ partial

pressure. The PN2 dependence of âGr is lIlustrated in Figure 6.7. From the Figure

it can be seen that a wetting-to-nonwetting transition occurs when the PN2 Is

increased. For instance, at P NZ=105 Pa for an alloy of XSi=0.19, the value of âGr

will be +160 m], thus, this alloy is not expected to react with and wet Si3N4• The

change of wettability with local atmospheric conditions around the drop was verlfied

experimentally. The results demonstrate that SI9 alloy which is able to adequately

wet Si3N4 at a PNZ of 15 Pa (Figure 6.5), could not wet the ceramic when the PN2
raised to atmospheric pressure (Figure 6.8).

6.2.3 Effect of Alloy Composition

One of the major assumptions made in the wetting model was the dissolution

of Si from Si3N4 into the Iiquid alloy to achleve a state of thermodynamic

equillbrium. In fact thls assumptlon explains the situation where the IIquid is the

active participant ln the system as it changes to equilibrlum composition. Based on

this assumption, it is expected that the alloy compositions wlth low Si concentration
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Figure 6.7 Variation of AGr vs XSi ' showing the effect of NZ partial pressure on

equilibrium Si content.

will react to a higher degree with Si3N4 compared to an alloy whose Si content is

close to the equilibrium value. To support this assumption. a NI-20%Cr alloy wlth

no Si was placed ln contact with Si3N4. Figure 6.9 shows a SEM micrograph of the

cross section through the middle of the solid drop. From the figure it 15 obvlous that

the alloy has extenslvely decomposed Si3N4 (XSi (in the final alloy)=0.24). Hence, the

depth of decomposition of Si3N4 is controlled by the Si content of the alloy.
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•

l'igUrll 6.!! Photograph or SI9 aHoy on Si3N4 substrate at 1220°C and PN2=105 Pa.

l'igurc 6.9 SEI\I image or a solidiried Ni-20%Cr aHoy on Si3N4 substrate.
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6.2.4 Effect of Temperature

Variations of dGr vs XSi at two different temperatures, 1220 and 1300·C, are

shown in Figure 6.10. From the figure, it can be seen that the a composition of

XSi=0.3 will be in thermodynamic equilibrium with Si3N4 at 1300·C. This indicates

that, increasing the temperature, causes dGr=O to be shifted towards higher values

of XSi '

280
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Figure 6.10 Variation of dGr vs XSi ' showing the effect of temperature on

equilibrium Si content•
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A partial explanation of the variation of equillbrium composition with

temperature is provided by Eq. 6.6. This equation indicates that the free energy

change for the decomposition of Si3N4 decreases as the temperature is increased.

Therefore, at higher temperatures, Si3N4 requlres less energy to dissociate. This

energy can then be supplied by a variation of Si content in the alloys with higher Si

concentrations.

The experimental results showed that Si3N4 was wetted by an alloy of XSi=0.3

at 1300°C (Figure 6.11), whereas, no wetting was observed at 1220°C (Figure 6.5).

6.2.5 Effect of Tlme

As mentioned previously, when a reaction occurs at the solid-liquid interface

the free energy change per unit area per unit time will enhance wettlng; in thls case

wettlng is a time dependent phenomenon. The change of wettability wlth tlme Is

common in ceramic-liquid metal systems because several kinetlc processes are often

involved249. Although the present thermodynamic analysis does not Include any

discussion on the klnetics of wetting, experimental examinations showed that the

wettlng angle decreases wlth Increaslng tlme. The variation of contact angle (6)

with time from the sessile drop experiments for dlfferent alloy compositions is

presented in Figure 6.12. The points on the graph result from measurements made

FIgw'C 6.11 Photograph of S30 alloy on SI3N4 substrate at 1300°C and P N2=15 Pa.
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Figure 6.12 Time dependence of the wettlng of silicon nitrlde by NI-Cr-SI alloys at

1220·C.

at 5 min. tlme intervals. As was extensively dlscussed ln Chapter 3, a variation of

one of the three interfacial energies (Ylv' Ysv ' and Ysl) could, in principle cause a

change of wettlng angle. According to Young's equation (Eq. 3.10), under

nonreactlve conditions, wetting always occurs when Ysv>Ysl>Ylv and the drlving

force for wetting Is thus Ysv-Ysi' When a reactlon occurs between a solld and a

llquid (Eq. 3.18), whether Ysv is greater than Ylv or not, the enhanced drivlng force

for wetting by a reactlon exceeds Ylv and spreading occurs. This Indicates that, ln
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reactive systems, the variation of Ylv with composition will not significantly affect

the wetting angle. Furthermore, in the present study, ysv' the surface energy of

Si3N4, would remain practically constant. It is due to the fa<..t that the surrounding

atmosphere, particularly the oxygen partial pressure that may affect the ysv 238is

essentially fixed during the process. From the above, it can be concluded that the

variation of 6 in Figure 6.12 is due to the reduction of YsI' being directly linked to

the solid/liquid interfacial reactions.

The change of wetting angle with time may be explained in terms of reaction

kinetics in ceramic/metal system. For highly reactive systems the interfacial

reactions proceed quickly after physical contact between the ceramic and the

molten metal. In such instances, the contact angle drops rapidly in a short time.

Further reductions of wetting angle will proceed at a slower rate until equilibrium

wetting is achieved250. Figure 6.11 shows a strong reduction of wetting angle in

the Si3NiSI0 system from "'160· to 40· after 5 minutes and represents a state of

a high interfacial reactivity due to the low concentration of SI in the alloy. For less

reactive ceramic/metal systems, wettability is usually poor and the wetting process

will advance at a slower rate and takes longer to reach equilibrium

wetting250,251.

6.3 Summary of Wetting at Si3N4/Ni-er-Si Alloys

A thermodynamic calculation has been performed to predict wetting at the

Si3N4/Ni-Cr-Si alloy interfaces. The model was based on the assumption that

wetting occurs when the change in total free energy of the reactions at the

ceramic/metal interface is negative. It is due to the fact that metals are known to

wet ceramics according to chemical wetting 194.

1. By using sorne simplifying assumptions and suitable scaling of the reaction,

the model predicted that NI-Cr-Si alloys wlth Ni/Cr=3.5 and XSi <0.25 would react

chemically with and wet Si3N4 ceramic. The equilibrium Si content, calculated using

the Toop equation was found to be sllghtly different from the value using the Kohler
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•

equation.

2. The predictions of the thermodynamic calculations were verified

experimentally at 1220°C using different Ni-Cr-Si alloy compositions with Si

contents ranging from XSi=O.l to XSi=0.30. Good agreement was found between the

theoretical calculations and experimental data.

3. The calculations showed that raising the temperature to 1300°C results ln

the equilibrium XSi belng increased to about 0.3. It was a1so found that the N2

partial pressure under which the reactlons take place wouId affect the wetting

behaviour of Si3N4.

4. The results of the wetting experiments also confirmed the valldlty of the

concept of treatlng wetting as a reaction between the Iiquid metal and the surface

phase (ïnstead of bulk phase).

From the above, it can be concluded that the theoretical approach based on

chemical and solution thermodynamlc principles, demonstrated here, ls a useful

analytical tool for predlcting wetting at Sl3N4/liquld metal interface.
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Chapter 7

Si3N4/ Si3N4 Joining

Experiments

In this chapter, the effect of brazing alloy composition on joint

microstructure and microchemistry will be discussed for Si3N4-Si3N4 joining

experiments. Strength testing and fractographic examinatlon of experimental joints

will also be presented.

7.1 Microstructural and Chemical Anaiysis of Experimental Si3N4-Si3N4 Joints.

This section includes the results of microstructural and microchemical

examinatlons of Si3NiSi3N4 joints formed with different Ni-er-Si alloy

compositions in terms of the Si content ranging from ID to 25 atom%. However, the

emphasis will be on the joints made with XSi=O.lO alloy, since they exhiblted the

highcst strength relative to the joints made with other alloy compositions (See §

7.1.4).

7.1.1 Selection of the fl11er metals

Based on the prediction of the wetting model and wettabillty experiments,
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Si3N4-Si3N4 brazing experiments were performed using different Ni-Cr-Si brazing

aUoys. Sorne of the aUoys listed in Table 5.2, namely, 525, 5:9, and 510 were

selected as fiUer metals for joining experiments (the numbers given in the aUoy

designations refer to their Si contents). The foUowing criteria were consldered ln

selectlng these alloys:

a) Ni-Cr-Si alloys with XSi >0.25 are not suitable for direct brazing, since

these alloys do not wet Si3N4 under the experimental brazing conditions.

b) Based on wetting theory, angles of less than 90·are taken to represent a

state of wetting. However, in practice, an angle of 6< 15· to 20· is essential

to ensure complete penetration of the brazing aUoy into the joint. Better

penetration of the filler metal into the joint is expected to reduce interfacial

voids and thereby lead to stronger joints2S2. On the basis of the

wettability studies, the above mentioned alloys, especiaUy 510 exhibited

lower contact angles.

Prior to any discussion on Si3N4/Si3N4 joint microstructure, it is preferable

to examine the microstructure of the aUoys located in the Ni-rich part of the Ni-Cr­

Si ternary system. This examination will promote better understanding of

experimental joint microstructure.

Figure 7.1 shows an isothermal section of the Ni-Cr-rich part of the NI-Cr-Si

system at 850·C232.2S3. Selection of this part of the system was due to the fact

that ail the experimental alloy compositions are located in this region along the Une

presented in Fig. 7.1. According to the phase diagram, the 519 composition consists

of three phases, II'-NisSi2, Ir, and y whlch is a Ni-Cr-Si soUd solution.

An optical micrograph of a sample with 519 composition is given in Figure

7.2. The sample was melted at 1200·C (which is about 6S·C above the llquidus

temperature of 519), and cooled at a rate of I·C min- I to SOO·C, and then furnace

cooled to room temperature. From Figure 7.2, three distinct phases can be

identified. These phases are II' (darker phase), y (Iighter phase), and the needle-
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Figure 7.1 Subsolidus phase equilibrium for the Ni-rich region of the Ni-Cr-Si

ternary system at 850·C. 234

shaped 1l'. Using EDS, the chemical analysis of the phases presented in Fig. 7.2 were

found to be 69Ni-3Cr-28Si atom% (a) and 63Ni-24Cr-13SI atom% (y). It should be

mentioned that phase 1l' was too fine to allow for quantitative analysis.

•
7.1.2 Mlerostructural and mlcrochemlcal analysls of SI3N4/S19/SI3N4 joints.

Before any further discussion, it should be mentioned that the main reason
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Figure 7.2 Optical micrograph of 5\9 alloy.

\30

•

for starting with Si3N4/S19/Si3N4 joints l'las to first ex~mine the joinability of

commercial 519 brazing alloy and then to compare it with other modified alloys

developed from the thermodynamic analysis.

Figure 7.3 depicts cross-sectional secondary electron image (SEI) micrographs

of experimental joints brazed for 5, 10, and 15 min. using 519 brazing alloys. These

joints l'lere brazed at 122DoC and cooled at a rate of 1DOC min - 1 to room

temperature. Figure 7.3 shows that all the silicon nitride couples have joined wlth

no severe interfacial cracking and porosity. However, sorne transverse cracks due

to the shrinkage of the fi 11er metal are observed within the braze layer. From Figure

7.3, it can be seen that the joints formed using 519 exhibit almost identlcal

microstructures consisting of a dark phase labelled "A" and a light phase labelled "B"

irrespective of the brazing time. The concentration of phase A in all the joints 15
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Figure 7.3 SEM micrographs of Si3N4/S19/Si3N4 joints, brazed for (a) 5 min, (b) 10

min., and (c) 15 min. at 1220·C.

higher in the area adjacent to the Si3N4/braze layer interface. The only detectable

difference between them is the dispersion and concentration of the phase A and

sorne variation in their microchemistries that will be discussed later.

It is obvious that the SEM micrographs of the braze layers presented in

Figure 7.3 do not agree with the SI9 microstructure given in Figure 7.2.

Furthermore, optical examination of these joints revealed that the braze layer

microstructure consists of four phases, three of which have already been identifled

in SI9 microstructure (Figure 7.2) and the fourth one is phase A (Figure 7.4). In fact,

the light phase labelled B in Figure 7.3, has a similar microstructure to 519 ln whlch

y, a, and 1r ( labelled as C, D, and E respectively) can clearly be identifled (Fig. 7.4).

However, because of the poor atomlc contrast between a and y (FIg. 7.3), these two
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Figure 7.4 Optical micrograph of Fig. 7.3a
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phases may not be clearly distinguished using scanning electron microscopy.

Table 7.1 summarizes the results of chemical analysis of the phases present

in the joint microstructures given in Figures 7.3a and 7.4. The data presented in the

table are the mean values of at least ten spot analysis on each phase in different

locations within the braze layer (except for zone B, where area analysis was

performed). It should be mentioned that phase E, which has the microstructure of

1C in 519, was too fine to analyze.

The overall composition of the braze layers in Figure 7.3 showed an increase

in the Si from 20 to 23 atom% in going from 5 min. to 15 min. brazing time,

whereas, the Ni/Cr ratio remained constant. These results, wouId tend to confirm

the validity of the assumption made in the thermodynamic calculations in that there

is a driving force for the reactant alloy to achieve the equilibrium composition of

XSi =0.25. However, the maximum brazing time of 15 min. appears to be insufficient
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Table 7.1 WDS analysis of phases in Fig. 7.3a and 7.4 ( ail data are presented in
atom%).

1
Phase Il Ni Il Cr Il Si Il N I~I Remarks

1

A 27.8±O.4 42.5±1 13.2±O.6 16.7±O.7 O.3AI

B 70.3±\.2 6.3±O.7 23.2±O.9 - -
C 64.0±O.5 23.4±O.3 12.6±O.3 - - y

D 68.2±O.5 3.5±O.2 28.2±O.4 - - u-NiSSI2
+(Cr)

for the alloy to attain a state of complete thermodynamic equilibrium. An

examination of Fig. 6.12 shows that an equilibrium contact angle, which is also an

indication of chemical equilibrium in the system, is not achieved within 15 min.

From the overall chemical analysis of Si3N4/S19/Si3N4 joints and examlnation

of the Ni-Cr-Si phase diagram, it was found that the product alloy compositions lie

within the shaded triangle shown in Figure 7.\. This indicates that ail the product

alloys must exhibit the same phase assemblage, which is in good agreement with the

joint microstructure shown in Figure 7.3.

7.1.3 Microstructural and microchemlcal analysis of SI3N<j/S.i:5/S13N4 joints.

Figure 7.5 illustrates that the SEI and optical micrographs of a Si3N4/Si 3N4

joint brazed with the S25 alloy show a somewhat different joining behavlour. Unllke

the former joints, the ceramic is debonded at the Si3N4/braze layer interface. The

SEM micrograph (Fig. 7.5a) Indicates that the braze layer microstructure is almost

identical to that of the Si3N4/S19 joints brazed for the same time. However, sorne

porosity was observed close to the ceramic/filler metal interface whlch Is believed

to be due to poor solidification. One possible explanatlon for this problem is that the

brazing temperature of 1220·C mlght have been in the semi solld state particularly
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(a)

10 p,m
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(b)

Figure 7.5 SEM (a) and optical (b) micrograph of Si3N4/S25/Si3N4 joint, brazed for

10 min. at 1220·C.
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in the area close to the ceramic/filler metal interface, which has a different

chemical composition from the centre of the braze layer. Another potential cause

for the formation of this porous layer might be the evolution of NZ gas which had

not been dissolved into the brazing alloy. The optical image taken from the sar:Je

sample (Fig. 7.5b) shows a different microstructure compared to Si3N4/S19 joints.

As can be seen from Table 7.2, in this case, the braze layer consisted of a Ni-Cr-Si­

N phase Oabelled 1) with the same composition as phase A in the SI3N4/S19/S13N4

joints, a-NiSSiZ Oabelled 2), a Cr3Si phase Oabelled 3), and phase Ir Oabelled 4). From

the overall composition of the braze layer and recalling the Ni-Cr-Si phase dlagram,

it is apparent that the phase assemblage in the braze layer conforms to the phase

diagram.

The overall composition of the braze layer indicates that the product alloy

composition is almost the same as the starting S25 alloy. However, a slight increase

in the Si content of the product alloy from 25 to 26 atom% can be detected.

Recalling the results of thermodynamic calculations, the Ni-Cr-Si alloy with XSi"'25

is in near equilibrium with Si3N4 at the brazing temperature. Therefore, it Is not

surprising that the alloy has not reacted extensively with the ceramlc.

Although the mechanical properties of the joints will be discussed later in §

7.2, the primary source of the weak bonding at the interface of Si3N4/S25 alloy is

the near-zero total Gibbs free energy of the reaction between the ceramic and the

Table 7.2 WDS analysis of phases presented in Fig. 7.5.

1
Phase Il * 1/ Remarks lComposition (atom'lb)

1 Ni-42Cr-13S1-17N

2 Ni-4Cr-27S1 a-Ni~SI2

3 NI-71Cr-24Si Cr1S1

Overal braze layer Ni-16Cr-26S1

Experimentai error ± 0.4 atom%
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metal, which can be translated ioto a low driving force for the 525 alloy to react

and bond with 5i3N4.

7.1.4 Microstructural and mlcrochemlcal analysls of SI3N4/S10/SI3N4 joints.

Figure 7.6 illustrates the SEI images of Si3N4/Si3N4 joints brazed for 5, ID,

and 15 min. at 1220·C using SIO composition. The overall appearance of the joints

is somewhat similar to the joints produced using SI9 brazing alloy (Fig. 7.3). The

figure shows tbat the braze layers in ail three cases consist of the dark phase

denoted as "A" and the matrix phase denoted "B". However, sorne differences are

observed. First, the concentration of the phase A is low in the centre of the braze

and is high close to the Si3N4/braze interface especially for the joint brazed for 5

min. (Fig. 7.6a). Second, a reactlon layer close to the Si3Nibraze interface is

observed. This layer which is denoted as "RL" becomes thinner in golng from 5 to

ID min. brazing time and disappears after the longer brazlng tlme of 15 min.

(a)
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(e)

Figure 7.6 SEM micrographs of Si3N4/S10/Si3N4 joints, brazed for (a) 5 min, (b) 10

min., and (c) 15 min. at 1220·C.



Figures 7.Ga and b also show that the centre of the braze layer was not

notably affected by the brazing process. However, a significant amount of phase A,

such as that identified in Si3NiS19 joint (Fig. 7.3), had formed within the braze

layer of the joints obtained after 15 min. brazing time (Fig. 7.Gc). As given in Table

7.3, and will be discussed later, the composition of this phase was found to be Ni­

42Cr-13SI-17N-O.7AI atom%. This indicated that almost ail of the nitrogen from

decomposition of Si3N4 t. ,d concentrated in the area close to the Interface in the

5 min. brazed joints, whereas, in the 15 min. joints, there was sufficient time for the

N to migrate into the braze to form phase A throughout the microstructure.

Figure 7.7 illustrates a SEI and an optical micrograph from the joint brazed

for 5 min. (Fig. 7.6 a), showing the Si3N4/braze interface at higher magnification.

Figure 7.7a clearly shows the presence of a reaction layer which had formed on the

Si3N4 side of the original Si3N4/filler metal interface.

Table 7.3 presents the results of wavelength dispersive spectrometry (WDS)

microchemical analysis of the phases shown in Figures 7.6a and 7.7. The table shows

that the reactlon layer (RL) is rich in N and Cr with a trace of Al and Y, resulting

from the decomposition of Si3N4' In addition, the reaction layer contains about 3

atom% Ni and 4 atom% Si which may be due to the overiapping of the spot with the

braze layer and Si3N4 during the analysis. The composition of the reaction layer can

be written as (CrO.42NiO.03SiO.04)NO.47 which may be considered as a quasi­

stoichiometric CrN.

The electron probe micro analyzer (EPMA) scan across the Si3Nibraze joint

(presented in Figure 7.7) is given in Figure 7.8. The lines were generated using a

scanning step of 1 pm. Figure 7.8 suggests a high concentration of Cr and N in the

reaction layer. It also contains sorne Ni and Si. The concentration of Al and Y in the

reaction layer is almost the same as the base Si3N4 ceramic, and decreases to zero

upon reaching the braze. As can be seen in Figure 7.8, the Cr level in the reactlon

layer is simllar to that in the adjacent phase (A), and then decreases sharply to

about 15% whlch ls the mean concentration of Cr in zone B. The low concentration

•

•

CIIAPTER 7 Sifi/Sifi4 JOINING EXPERIMENTS 139



•

•

CHAPTER 7 SijV./SijV4 JOINING EXPERIMENTS

(a)
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(b)

Figure 7.7 Higher magnification SEM (a) and optical (b) micrographs of FIgure 7.6a.
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Table 7.3 Chemical analysis of the phases in Si3N4/S10/Si3N4 joints brazed for 5
min.

1 Phase Il Composition (atom'll!)
1

A Ni-42Cr-13Si-17N-O.7Al

B Ni-15Cr-19S1

C NI-23Cr-13SI

D NI-4Cr-27Si

E NIA

RL Ni-42Cr-4S1-47N-2.5AI-O.7Y

Overall braze Layer NI-17Cr-17SI-7N-O.2Al

su

1
1
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• Figure 7.8 EPMA microanalysls IIne profiles across the joint area glven ln Fig. 7.7a.



• CHAPTER 7 Sifi,yS/:I"4 JOINING EXPERIMENTS 142

of Si, and particularly Ni in phase A indicates that these elements have been

rejected away from this zone. As per Si3N4/S19/Si3N4 joints, formation of phase A

is due to the diffusion of N from ceramic side into the braze. From Figure 7.8, no

detectable diffusion of Ni and Cr into Si3N4 was observed.

The WDS dot mapping of the region shown in Figure 7.7a (Fig. 7.9), provides

an overview of the elemental distribution within the joint area. Again, it

demonstrates the high concentration of Cr and N in the reaction layer adjacent to

the Si3N4, as weil as in phase A. Figure 7.9 also presents additional evidence of the

low concentration of Ni and Si in the reaction layer and phase A. The formation of

CrN was also supported by microhardness measurement on the reaction layer as weil

as other phases present in Figure 7.7. As shown in Table 7.4 the hardness of the

reaction layer was found to be HV:::1200 which conforms to the published value for

CrN.254

ln summary, the main observations are: (a) the formation of a CrN reaction

layer at the ceramic/braze interface for short brazing times, and (b) the dissociation

of the reaction layer after longer brazing time of 15 min. In order to achleve a

better understanding of this behaviour, one must consider the reactivity of Si3N4

with both Ni and Cr. The following reactions are considered between the Si3N4 and

Cr: 18l

Table 7.4 Microhardness values of the phases in Fig. 7.7.

1

Phase

1

Load (g) HV Standard•devlatlon

Reaction layer 10 1200 100

A 25 860 40

C 25 490 25

D 25 960 25

* For at hst flve measurement on each phase.
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(N)

Figure 7.9 WDS compositional dot maps within the area in Fig. 7.7a.

2Si3N4 + II Cr = 8CrN + 3CrSiZ

2Si3N4 + 19Cr = 8CrZN + 3CrSiZ

145

(a)

(b)

(c)

(d)

(e)

•
The free energy changes for the reactions (a) through (e) with temperature

are given in Figure 7.10. The figure was generated lIsing the (F*A*C*T) system.

From Figure 7.10, it can be seen that under atmospheric pressure, and when the

activity of a11 the species has been taken to be unity. only the reaction "d" can



1220°C. However, the stability of Cr2N and CrN depends on both N2 pressure and

the activity of Cr; when the Cr activity is high, the more stable phase at

atmospheric pressure or lower is Cr2N. On the oth<::. hand, when the Cr activity is

low, at high P N2, the more stable phase would be CrN and therefore reaction (e)

wouId be more favourable. 182

•
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As mentioned previously, ail the brazing experiments have been performed

under a N2 pressure of 15 Pa. Thus, from the above discussion and respecting the

low PN2 pressure in the experimental environment, even at uCr= 1 the formation of

CrN is theoretica11y unlikely to occur. However, the experimental observations

confirmed the formation of CrN at the interface.
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Figure 7.10 Free energy change for reactions (a) through (e) as a functlon of

temperature.
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ln understanding why CrN forms when vacuum brazing, one must conslder

both the Cr actlvity and the environmental change that occurs during the

dissociation of Si3N4. It is therefore i1ecessary that the Cr activity be estimated in

the brazing filler metal. Using solution thermodynamics theory, the Cr activity in

the ternary SI 0 alloy was calculated to be 8Cr=0.26 (Appendix 111). For better

understanding of the effect of 8Cr and PN2 on the formation of CrN at the brazing

temperature Figuru 7.11 was generated using the F*A*C*T system. From Figure

7.11, when 8Cr=0.26, formation of CrN requires a N2 pressure of about 0.8 MPa,

which is orders of magnitude hlgher than the N2 pressure in the joining atmosphere.

However, the reaction between the llquld alloy and the ceramic th.lt results in

dissociation of Si3N4 into Si and N, could increase the local N2 pressure at the

Si3N4/braze interface. Although the pressure of llberated nitrogen at the interface

1,000 f
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.......
os 10Q.,

ln
0-~
cf
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•
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Œ
Cr

Figure 7.11 Effect of Cr activity and PN2 on stability of CrN at 1220·C•
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cannot be measured, the local N~ that became trapped in the interface must have

been so high that there was sufficient pressure to stabilize CrN. It should be

mentioned that in generation of Figure 7.1 l, the activity of CrN was taken to be

unity. However, according ta Equation 7.2, the presence of any impurities in CrN

would lower its activity, hence, lowering the required PNZ to stabilize CrN.

1
Cr + -NZ = CrN

2
(7.1)

(7.2)

•

Once CrN forms, in other words, when the reaction between the ceramic and filler

metal proceeds towards the equilibrium composition in terms of the Si content, the

local NZ pressure will drop to lower a value. Under this condition, the preformed

CrN reaction layer is no longer thermodynamically stable. The investigation of

Schuster l78 showed that in Cr-N system in the absence of external NZ pressure

(even if it is as low as 1 Pa) chromium nitride is not stable above 1000°C. Thus, as

the brazing process continues, the reaction layer starts ta decompose to NZ +(Cr).

This phenomena is clearly evident in Figure 7.6 where ,;,e reaction layer becomes

thinner after 10 min. and began to disappear after a longer brazing time of 15 min.

Although the kinetics of the interfacial reaction has not been studled, the

time dependency of the wetting angle (Fig. 6.12) may provide further information

in order to gain a better understanding of the interfacial reactlons. From Fig. 6.12,

the sharp decrease of the wetting angle ln SI~N4/SIO system Indicates that severe

reactions take place at the ceramic/metal interface ln a short contact tlme of 5

min. It may also be explained by examinat.on of the chemical composition of the

product alloy in terms of SI content for the different brazing tlmes shown ln Figure
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7.12. The figure indicates the severity of the reaction between the ceramic and the

filler metal during the first minutes of the brazing process, leading to the

enrichment of Si in the product alloy. FigUI~ 7.12 also presents additional evidence

that the brazing alloy is driving towards the equilibrium Si content of 25 atom%,

predicted by the wetting model.

The formation of CrN in the Si3N4/Ni-Cr alloy joints has been observed in

otl.le~ studies. The investigation of Peteves et aJ. 182in soUd-state bonding of Si3N4­

to-Si3N4 using a Ni-20%Cr alloy showed that a reaction layer of CrN had formed

between the Cr-precoated or uncoated ceramic and the alloy at 1150°C when

applying 100 MPa for 1 hour. In another investigation by Nakamura and Peteves, 181

Cr nitrides were identified as the interfacial rcaction products.

The microchemical and phase analysis of ail the Si3NiNi-Cr-Si/Si3N4 joints

revealed that no Ni nitride had formed within the joint area. An examination of Ni­

N system shows that N2 is insoluble in and does not react with Ni at temperatures

up to 1400°C. However, there is sorne evidence for a sUght soUd solubility of N in

Ni of up to 0.3 at%236.

•

The solubility of N in Uquid

Cr is about 4 wt% (I2-13 at%),236

whereas, soUd chromium at 900°C

absorbs 13.7 wt% ("'37 atom%)

nitrogen.255 It is therefore not

surprising that a value of about 16

atom% nitrogen was found in

phase A.

From ail the above, it can

be stated that Cr was found to be

the most reactive element in the

Ni-Cr-Si brazing alloys used for

the brazing experiments.

30r---.-------.,

­"::
":l
2 10
Co.
c

°0!:---~10:-----:::2~0-...J

Brazing lime (min.)

Figure 7.12 Variation of XSi in product
alloy vs brazing time in Si3N4/S10/Si3N4
joints.
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7.2.1 Room-tei1lperature MOR bars.

The room-temperature four-point bend values of the Si3N4-Si3N4 joints

brazed at 1220 oC for 5 and ID min. using SIO, S19, and S25 alloys arl' presented ln

Table 7.5. The values given in the table are the average of at least six

meJ.3urements.

As depicted in Table 7.5, the brazing alloy composition has a significant

influence on joint stréngth. The table shows that as tht: Si content of the brazlng

alloy increases, the joint strength decreases. It can be seen that the average

strength of Si3N4 brazements made with the SIO alloy for 10 min. brazing time 15

almost ten times that of the joints made with S25 alloy. The data also points to the

brazing time dependency, since the SI9 joints brazed for ID min. exhibited a

marginally higher strength in comparison to those joints brazed for shorter times.

However, the strength of SIO joints brazed for 5 min. were found to be signlficantly

Table 7.5 Room-temperature four-point bend strength of Si3N4/NI-Cr-Sl/SI3N4
joints.

1
Brazlng alloy composition Il Brazlng time (min.) Il Joint strength (MPa) 1

5 118±31

SIO 10 95±22

15 55±l8

5 18±7
SI9

10 25±10

5 No bondlng
S25

10 1O±6
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higher than those joints brazed for longer times. These observations give rise ta the

following questions:

a) Why do the joint strengths decrease as the Si content of the brazing alloys

increase?

b) What is the source of increase in joint strength as a result of shorter

brazing time for Si3N4\SI0\Si3N4 joints?

Although discussed in the next section, the most plausible explanation for (a)

is the higher driving force for the alloys of low Si content ta react with Si3N4, and

for (b) is the formation of a CrN reaction layer at the ceramic/filler metal interface

for the 5 min. brazed 510 joints. This layer, which is believed ta be responsible for

the high strength between Si3N4 and the alloy disappeared in going from 5 to 15

min. brazing time.

7.2.1.1 Effect of brazing alloy composition on joint strength.

From the prediction of the thermodynamic model (Figure 6.5) it is evident

that as the Si content of experimental Ni-Cr-Si alloys decrease the âGr increases.

Therefore, in going from 525 alloy to 510 alloy the driving force for the alloy ta

react with Si3N4 increases. The more severe reaction between the alloy and the

ceramic is the most probable justification for the increase in joint strength.

However, in most ceramic joining processes, severe reactions between ceramics and

metals are not recommendedl39.148. This is mainly due to the potential formation

of low melting intermetallics or undesirable phases at the ceramic/metal interface.

Thus, ln such systems, the joining processes should be controlled in terms of joining

temperature, lime, and chemical composition of metallic medium in order ta

minimize the degree of reaction between the joining members.

ln the case of the Si3N4/Ni-Cr-Si/Si3N4 system, as discussed ln § 7.1, no low

melting intermetallics were identified at the ceramic/filler metal interface. Joint

microstructural examination also re\'ealed that no porous reaction layer, which can
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be found in many highly reactive ceramic/metal systems, formed at Si3N4ifiller

metal interfaces. From the above, we may conclude that in the present system being

investigated, the severity of the reaction between Si3N4 and the Ni-Cr-Si alloys is

not a detrimental phenomena. Indeed it is beneficial due to the formation of CrN

reaction layer at the ceramic/filler metal interface and its influence on enhancing

the joint strength, as will be discussed a bit later.

Another possible explanation for the effect of low Si content ~·'i-Cr-SI filler

metals on enhancing the joint strength, is their contribution to eliminating the

microcracks on ceramic surface through severe reaction between the alloy and

Si3N4. The microcracks that are introduced on ceramic surfaces as a result of

machining and grinding processes, will significantly reduce the joint strength2S6.

The weakening effect is due to the fact that the deep scratches and surface cracks

might act as failure origins because of large stress concentrations. In many cases,

even the polishing process may not thoroughly eliminate the surface flaws. However,

when excess reactions occur between the joining materials, a relatively thick Si3N4

layer will be eaten away, resulting in the removal of the machine damaged layer at

the bond interface.

There is however, a basic limitation in reducing the silicon level of the filler

metal which is due to the increase in the amount of nitrogen gas evolved as a result

of the reaction between Si3N4 and the alloy. The excessive liberated N2 gas may

become trapped in the joint gap, leaving sorne unjoined areas, and as its pressure

increases, it will tend to force the liquid flller metal away from the joinlng surface.

An evidence of this condition is presented in Figure 7.13.

As shown in Table 7.5, the Si3N4/Si3N4 joints brazed with S25 alloy exhlbited

the lowest strength. There are two explanations for the low strength values of such

joints. As mentioned previously, the near-equilibrium composition of the S25 alloy

in contact with Si3N4 does not allow for the alloy to react with the ceramic as much

as other compositions. Another factor affecting the joint strength Is the presence

of binary and ternary Intermetallic phases such as a-NiSSi2, Cr3Si, and 1C. Because



• CIJAPrEll 7 Si:J'l,ySi:J'l4 lOININO EXPERIMENTS 153

•

Fib'IJre 7.13 Outer surface of a Si3N4/S10/Si3N4 joints showing the effect of NZ

pressure on forcing the alloy out of the interface.

of the lack of y solid solution phase in the braze layer, the alloy has lost much of

its capability to accommodate and deform under the residual stresses, resulting in

debonding at the ceramic/metal interface.

The most probable explanation for the high strength of Si3NiS10/Si3N4 joints

brazcd for 5 min. Is the existence of the CrN reactlon layer at the ceramic/metal

interface. This layer has a two fold efr'ect on enhancing the joint 's mechanical

propcrties. First, although the study of crystallographic relationship between the

reaction layer and Sï3N4 is not incIuded in the present investigation, certain

crystallographic planes of hexagonal B-Si3N4 and CrN (NaCI structureZ57) must

have becn oriented such that the Interface has little or no lattice spaclng mismatch.

This will pl ovide strong bonding through the minlmized lattlce straln at their mutual

Interface. For instance, (611) plane (0.9492 Â) of Si3N4 colncides weil with (331)

plane (0.9496 Âl of CrN. Good lattice matching can also form between (111) (2.310
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A) and (501) (1.1998 A) planes of Si3N4 with (Ill) (2.394 A) and (222) (1.197 Al planes

of CrN respectively.

Second, the coefficient of thermal expansion of CrN is almost the same as

that of the Si3N4 (2.3xI0- 6K-[ )258, therefore this would minimize the residual

thermal stresses at the Si3N4freaction layer interface on cooling from the braze

solidification temperature. Moreover, the CrN reaction layer will act as an

intermediate layer between the ceramic and the braze, thus alleviating the

mismatch stresses between the braze (a"'12xI0- 6K- 1) and Si3N4 (a"'2.3xI0- 6K- 1).

It is interesting to note that the solidification shrinkage stresses within the

braze layer (Fig. 7.7b) were accommodated by the y phase (solid solution of Ni-Cr­

Sil, while several shrinkage cracks are observed in the a-Ni5Si2 phase which have

been arrested by both the y and A phases.

ln understanding the effect of brazing time on joint strength with S19, note

must be taken of reactions at Si3N4fSI9 interface. For longer brazing times, more

Cr will have diffused from the bulk of the braze layer to the interface resulting in

enrichment of phase A at the interface and this is believed to be responsible for the

strong bonding between Si3N4 and the alloy.

7.2.1.2 Effect of joint thickness and flaws on joint strength

In general, the scatter of results given in Table 7.5 is relatively large. There

seem to be several reasons for this. One, is the influence of surface f1aws

particularly those near and at the braze layer. It is also due to the variation of fi 11er

metal thickness and its influence on mechanical properties of the joints. Usually,

thin filler metal joints « 100 /.lm thickl exhibited lower bond strength. In contrast,

the strength with a joint thickness between 100 and 200 /.lm is optimal, wlth a

decrease being oboerved in excess of 200 /lm. This result is in good agreement wlth

the investigation of Mizuhara et al,79 in brazing Si3N4 ceramic using active f1ller

metals. They found that when the filler metal thickness was increased from 50 /lm

to 100 /lm, an increase in the joint strength was observed. One possible explanatlon
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for thcse results is that thicker filler metals undergo more plastic deformation

during cooling cycle to result in lower thermal stress at the joint, hence, higher joint

strength.

It is to be mentioned that, although the amount of brazing alloy used in al!

the joining experiments was kept constant and sufflcient to produce a 100 p. thick

layer upon solidification, small inconsistencies in the braze layer thicknesses were

observed. This was mainly due to tile loss of the filler metals to the outer surface

of joints during brazing, commonly known as blushing. Therefore, often times the

thickness of the braze layer after solidification was not uniform and varied slightly

from one sample to another. The effect of joint thickness on the strength of

Si3N4/S10/Si3N4 5 min. joints is given in Table 7.6. There is another possible

explanation for the relatively scattered strength values. In sorne of the brazements,

particularly those brazed with low Si content filler metals, sorne partially bonded

areas were observed at the joining surfaces. Considering equation 4.1 for the bend

strength calculation, the effect of reduced cross-sectional area on lowering the

Table 7.6 Four-point bend strength of Si3N4/SlO/Si3N4 5 min. joints.

1

Sample No.

1

joint Thickness strength (MPa)
(p.m)

1 75 98

2 90 90

3 100 117

4 120 125

5 120 145

6 150 140

7 230 108
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strength is quite obvious.

As stated in § 2.3.3 and listed in Table 1.1, ceramics are generally more

brittle, stiffer, and have lower thermal expansion coefficients than metals. Thus, the

interface between the ceramic and the braze will be stressed when cooled from the

joining temperature.

If the braze undergoes plastic deformation during the cooling cycle, sorne of

the interfacial stresses will be relieved, resulting in an increased joint strength. The

amount of the plastic deformation depends on the yield strength of the filier metal.

The lower the yield strength, the more plastic deformation will occur and

consequently this will lower the residual stresses. One possible approach to

increasing the joint strength, is post-fabrication heat treatment such as annealing

and slow cooling. It will allow the braze to undergo more plastic deformation which,

in turn, will alleviate the residual stresses.

ln general, attempts to reduce thermal stresses by lowering the cooling rate

failed to increase the joints strength. A slow cooling rate of 3De min -\ was

employed after solidification of the filier metal, but no distinct difference in the

bend strength between the two cooling rates (3De and IODe min -1) was observed. A

mean strength of 125 MPa for four Si3N4/SIO/Si3N4 5 min. joints was obtained when

applying a cooling rate of 3De min -1. This value was not too different. from the

strength value of the similar joints when cooled at a rate of IODe min - 1 (Table 7.5).

Similar observations were reported by Mizuhara et al.79 and Nicholas.259

To obtain information about the stresses present in joints of various braze

layer thickness and different compositions, one can use previously mentloned

techniques outlined in §2.3.3. A meaningful calculation requires sufficient

information about the elastic-plastic behaviour of joining materials, i.e., the

ceramic and the fi 11er metal for a specified composition. For instance, the followlng

equation has been used for the calculation of the residual stresses ln bonded strlps

of thickness, t, to ceramics:



•
CHAPTER 7 SijV4/SijV4 jOINING EXPERIMENTS

and:

where:

157

(7.3)

(7.4)

•

oCm and oCe= coollng stress in metal and ceramic respectively

am and ae= coefficient of thermal expansion of metal and ceramic

Uy= the yield strength of the metal

Em and Ee= the Young's moduli of metal and ceramic

H= linear work hardening coefficiclIt of the metal

.1 T= temperature range

Application of Equations 7.3 and 7.4 to evaluate the stresses that develop in

Si3N4 and the filler metal near the interface, requires the values of mechanical and

thermo-mechanical properties of the ceramic and the metal. For the ceramic, ail

the data are readily available, but not for the filler metal. Calculation of oCm and

consequently, oCe' requires such properties of the filler metal as a, E, UY' and Hthat

are not available in the literature. It would be of interest to experimentally measure

these properties to study the effect of cool-down stresses on joint quality. Since

such measurements were beyond the scope of this thesis, the stress analysis was not

conducted. Instead, high-temperature four-point bend tests were performed and this

was able to provide sorne insight with respect to the residual stresses within the

joint (see the following section).
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7.2.2 High-temperature strength of Si3NlSi3N4 joints.

The successful production of a joint with high room-temperature strength,

however, does not in itself guarantee the stability of the component at elevated

temperatures. It is therefore important that the joint maintains its high-temperature

strength in such applications as heat engines.

The main objectives of high-temperature joint strength evaluation were:

a) Ta study the mechanical stability of the joints at elevated temperatures, and

b) Ta study the effect of reheating temperature on residual stress relaxation.

The Si3N4/SIO/Si3N4 joints, which exhibited the highest room-temperature

strength, were selected for testing at 500°C, 700°C, and 900°C in air. The hlgh

temperature strength of Si 3NiSIO/Si3N4 joints brazed for 5 min. at 1220°C is given

in Table 7.7 and its variation with temperature is shawn graphically in Figure 7.14.

350

300

-=i200
g

(1)

.3 150

..!;

30

I,oun200 400 600 l'lOO

Test Tcmpcraturc'C

ol-_-l..__......_-l.__..l-_---J~

o

•
Figure 7.14 High-temperature four-point bend strength of Si3N4/SIO/Si3N4 joint.~

brazed at 1220°C for 5 min.
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Table 7.7 High temperature four-point bend strength of Si3NiSIO/Si3N4 joints.

1Test temperature (·e) Il Strength (MPa)
1

200

195

500 190

160

145

220

212

700 210

198

180

250

230*

225
900

205

195

180*

* These joints fractured within the ceramic.

At least five joints were tested to evaluate the average strength at each

temperature. As will be discussed in § 7.3 sorne joints fractured within the ceramic;

the strength of such joints was not taken into account for the calculation of the

mean strength values. As can be seen from Figure 7.14 the strength gradually

increases from ';'185 MPa at 500·e to =200 MPa at 700·e and to =220 MPa at 900·e.

The results of this set of experiments were surprising because of the
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achievement of a 220 MPa strength at 900°C, under optimized brazing conditions.

They demonstrate that the thermal stresses, which are believed to be rcsponsible for

lowe . joint strength at room-temperature, can be alleviated through reheating the

joints, thereby resulting in high strength at elevated temperaturcs.

ln order to study the effect of reheating temperature on the stability of the

braze microstructure, one of the bend samples which fractured through the ceramic

was examined by SEM. Figure 7.15 represents the microstructure of a Si 3N4/SI0/

Si3N4 joint after testing at 900°C. From the comparison of figures 7.15 and 7.7a it

is evident that the braze microstructure had not been significantly influenced by the

reheating temperature. However, sorne cracking due te the bcnd stresses can he

observed within the braze layer. It is interesting to note that in Figure 7.15, under

Figure 7.15 SEM micrograph of Si3N4/SIO/Si3N4 joint after reheating at 900°C.
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such stresses, sorne debonding of phase A from the reaction layer (RL) had occurred

in sorne areas (see arrow). However, the Si3N4/RL interface remained intact. This

would tend ta confirm the strong bond between Si3N4 and the CrN reaction layer.

This also indicates that the presence of CrN phase at the Si3N4/fjller metal

interface is attributable to the maintenance of the joint's strength at elevated

tempera tu ;es.

From the strength values at room and high-temperature, the amount of

residual stresses at the ceramic/metal interfaces can be estimated. for instance,

Si3N4/SIO/Si3N4 joints brazed for 5 min. exhibited strength values of 115 and 220

MPa at room-temperature and 900·C respectively. Thus, the amount of residual

stresses can be simply calculated as:

uresidual ~ UT - URT ~ 220-115=105 MPamax

with Tmax < Tsolidus-

When the Tmax is at the temperature where ai1 the residual stresses are relieved,

then:

7.2.3 Comparison of strength values

From the comparison of room-temperature strength values obtained in the

present study with those presented in literature it was revealed that:

a) There are very few reports available on joining Si3N4/Si3N4 using Ni-based alloys

and little or no studies have been made of joint strength. Nearly ail the avallable

data centre arOUlld the application of solid-state bonding techniques rather than

brazing for joint fabrication. Nakamura and Peteves260 reported four-point bend

strength of "'300 MPa for Si3N4/Si3N4 joints made with Ni-20Cr wt% alloy. Peteves

et al. 261 also used the same alloy for diffusion bonding of silicon nitride. They

found that depending on the joining environment, the joint strengths were between
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100-384 MPa. As stated in § 2.3.2.1, although this mcthod provides relativcly high

joints strength, it Is a costly method and is restricted to joining very simple

geometries. So far, there is no joint strength data available on Si3N'1 ceramics

brazed using Ni-based filler metals.

ln general, the four-point bend strength of Si3N4/Ni-Cr-Si/Si3N4 joints, wcrc

found to be lower than that of the Si3N4 ceramic ("600 MPa). Even the strongest

joints exhibited a strength of "1/6 that of the ceramics. One of the main reusons for

the 10"1 bond strength values relative to that of the Si3N'l' is the presence of

thermal stresses at the ceramic/filler metal interface.

bl Most of the Si3N4 brazements with high room-temperature strength have been

fabricated using Ag-based fi lier metals. The most widely used being Cusil, l'cusil and

Cusil ABA. As mentioned in § 2.3.5.2, strength vulues ranging from 300 tu 770 MP..

for Si3N4/Si3N4 joints have been reported152. In spite of relatively good mechanical

properties, the application of such joints is limited to temperatures below 600·C,

due to the 10"1 melting point of the brazing alloys. Furthermore, because of the Ti

addition, such alloys exhibit 10"1 oxidation resistance.

cl Perhaps the highest melting point alloys yet reported for brazing Si3N4 ceramics,

are those based on binary Cu-Ti with different Ti additions. Application of CU66Tl34

and CU50Ti50 for brazing Si3N4 at brazing temperature of 1!OO·C have been

investigated by a number of researchers 100.105.160. Depending on brazlng

conditions, they reported room-temperature strength values ranging from 19 to 313

MPa.

From the above, it can be stated that no data on the mechanical properties

of Si3NiSi3N4 joints using high melting point filler metals (Le. all"ys with meiting

point of > 1000·Cl have yet been reported.

Although there are many reports available on room-temperature joint

strength measurement, the study of testing temperature dependency of joInt
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slrength, particularly at temperatures exceeding sooDe, has been very limited. Sorne

investigators who attempted to quantify the high-temperature joint strengths have

reported similar results ta those obtained in the present investigation. Most notable,

is the study of Gyarmati et al. 132 who measured the strength of hot-pressed

Sie/Ti/Sie joints at room-temperature and 1000De. They found the bond strength

to be relatively low at room-temperature (76± 13 MPa), but nearly tripled at elevated

temperalures (::: 200 MPa). They concluded that the difference between the strength

values obtained at room-temperature and 1000De was attributable to the relaxation

of the eTE mismatch stresses. The study of Naka et al.160.173 on the variation of

joint strength showed a different behaviour. The strength of Si3N4/ AI/Si3N4 joints

showed a maximum of 210 MPa at 100De and then decreased to about 30 MPa at

sooDe due to the weakening of the bonding phase. The authors found the same

behaviour in studying the high-temperature strength of Si3NiSi3N4 joints brazed

with euSOTiSO filler metal. The strength of the joints increased to 200 MPa at 100De

and gradually decreased to lOS MP;. at 700De.

Other investigations have shown a decrease in bond strength at higher

temperatures. Morozumi and co-workers 101 observed that the strength of hot­

pressed A1203/Nb joints decreased from 120 MPa at room-temperature to about 30

MPa at 1000De, at which temperature Nb becomes soft and very ductile. In the

study of [seki et al. 102, the four-point bend strength of pressureless sintered and

reaction sintered Sie joints which were about 240 and 110 MPa, respectively at

room-temperature, decreased to about 20 MPa at sooDe. The authors observed the

same behaviour in another investigation142. The reduction of strength at higher

temperatures was also observed by Santella et al. 129 and Nagano and Kato262.

ln ail the above investigations, the authors concluded that the lower high­

temperature joint strength was either due to the changes in joint chemistry or the

[oss of mechanical properties of metalllc constituents at elevated temperatures.

A comparison of the present high-temperature strength results with those

that have been reported in literature will show that the mean strength of 220 MPa



at 9000 e is the highest elevated temperature strength value su far reported for

5i3N4/5i3N4 brazed joints.
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7.3 Fractography Examination of 5i3N4/5i3N4 MOR Bars.

5canning electron microscopy examination of the fracture surfaces of the

experimental samples showed that fracture occurred via different fracture modes,

influenced by:

il brazing alloy composition

ii) brazing time, and

Iv} testing temperature

a} Room-temperature Four-point bend samples

Figure 7.16 shows typicaHracture surfaces of the sôIT'olcs brazcd with 510

and 519 alloys at 12200 e for 10 min. The fracture surface in Figure 7.16a illustrates

the brittle nature of the failure for the joint. The figure also gives clear evidence

of weak bonding between the ceramic and the filler metal, since the filler metal has

been easily separated from the ceramic. This would explain the fairly low strength

of 519 joints given in Table 7.5. The fracture surfaces of 525 joints were also similar

to that shown in Figure 7.16a.

Fractographic examination of the 510 joints showed a different fracture

mode. In this case, as d"lpicted in Figure 7.16b, crack initiated near the interface

and propagated inwards until COlT';,'Q·' rupture occurred. The figure also shows that

in sorne areas the crack propagated within the 5i3N4, indicating a) a stronger bond

between the ceramic and the bra;>:") than the bulk strength of the ceramic, and bl the

effect of resldual stresses in weakening the ceramic. The fracture mode observed

in experimental 5i3N4 jcints brazed with 510 alloy is directly related to their higher'

bend strength comp' -"d ta that of other joints (Table 7.5).
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(a)

(b)

Figure 7.16 Fracture surfaces of (a) Slfl and (hl SIO orazing alloy MOR bars.
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b) High-temperature four-point bend samplcs

The high-temperature hcnd samples exhihile,1 Liilll'I"l'Ill l'raClure Illlll!t'S,

Figure 7.17 shows three Si:;N4/S 1O/SiJN'l sumples ufler lf'st ill~ al ~)OO"C, For SOIlIl'

specimens as "A", fraclure occurred in lhe cerami" illslcad of lhe jllillt. This lype

of fracture mode first inùicutes a slrong hllnding belweL'1l lh,' "erlllllÎc and hraZl',

and second, the effect of surface f1aws on Illwering lhe slrell~th lIf the ("'l'Ullli",

since further examinations rcvealed tIlHl l'raClure hud occulTl.'d 111"11' Uslll'fa"l.' f1aw

(Fig. 7.18), The fracture slrenglh of 230 MPu for lhis specimen is llluch Illwl'r 1hall

the strength of the parenl Si:;N'i which is abllut BOO '-!Pa al 1'I11'1l1-teI1l1",rallll'l', Il

should be rnentioned that, althllugh, lhe high-lemperalun' SU'l.'lIglh Ill' "XI""'ÎlIll'lIlal
'h, '(,·1Si:;N4 sarllples was not meusured, lhe lileralUl'e values'" ", lIf hi~h-

temperature strenglh of SÎ:;N'I sl\llll'ed 110 signilïcanl l'I'dll"l i011 ill II", st n'lIgll, lIf

various types of Si3N4 cel'nmics al tCllIl"'raUlrl'S up III Illllll"C, whid. l'x"l.'l.'ds 1111,

upper limit of the presellt Illl'aSUrellll.'llls.

l'igure 7.17 Fllllr-point beod sampies after lest/ng al. 900"C.
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Figure 7.18 Effect of surface flaw on crack initiation in high temperature MûR

bars.

Specimen B showed a different fr .icture mode, in this case the fracture path

was through the joint area. The crack initiated and propagated at the joint

interface.

For specimen C, the crack which had initiated at the tensile side of the

sample, propagated along the joint interface then changed direction into the ceramic

unti! complete rupture. Unfortunately for the samples which fractured along the

interface, the precise location where crack had initiated could not be determined

from the fractographic observation. ln this case all the fracture surfaces contained

a brittle fracture plane within the CrN reaction layer formed between the SID alloy

and Si3N4. Figure 7.19 illustrates the j'racture surface of specimen C on the Si3N4

side. The figure also shows the region where the crack has changed directÏL' ri into

the cermnic. From the Figure 7.19, it is evident that, even at a temperature as high

as 90a·C, the alloy had not shown any detectable plastic deformation, emphasizing
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the high-temperature mechanicaJ stability of the filler meLal. 'fhe XRD l'atlcrn

taken l'rom the fracture surface on the ceramic side showed the presence of CrN in

that area.

The relatively large deviation presented in Figure 7.14 is mainly duc 10 the

distinct fracture mod€J exhibited by the bend specimens. In summury. the main

parameters which induced different fracture behaviour were found to he as follows:

a) presence of some unjoined area observed within the brazc layer of those samples

that exhibited lower strength.

hl variation of joint thickness. Samples with ;00 Ilm>t>200 lun (wherc 1 is the hraze

layer thickness), fractured along the interface and exhibitcd low strength values.

c) presence of flaws on the ceramic surface caused fracture away l'rom the joint

area. Af. was already mentioned, the strength of such joints was nol t,'I;.(~n inlo

account for the calculatian of the mean strength.

Figure 7.19 Fracture surface of specimen "c" in Fig. 7.17.
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Althoug~ the above discussion concerns the sampIes which were tested at

900"C, almost the same fracture modes were observed for the samples tested at SOO

and 700Q C, except that in most cases fracture occurred along the interface. These

r\'sults, along with thé data presented in Figure 7.14, again emphasise the effect of

reheating temperature on residual stress rela.:atiun at the ceramic/filler metal

interface.

From the fractographic examinations and the strength measurement at high

temperature, it can be concluded that the strength of the ceramic at high

temperatures was poorer than the joints themselves, since it was shown that sorne

joints fractured within the ceramic. It is therefore important that ail the processing

parameters are carefu11y controlled in order ta minimize the presence of any defects

in the ceramic parts to be joined. It i5 believed that a higher joint strength would

have been achieved if no flaws had been present in the experimental Si3N4

specimens.

7.4 Shear Strength Measurement

The room-temperature shear strength values of single brazed Si3N4fSi3N4

joints br'lzed with 510 and 519 fi11er metals are presented in Table 7.8. From the

table, it cun be seen that the effect of compositional variation on the shear strength

of the interface is similar ta that obtained for the four-point bend tests. Decreasing

the Si content of the filler metal produces joints with higher shear strength. It is

also demonstrat.ed in Table 7.8 that a11 the joints exhlbited lower shear than bend

strengths, the main reasons of which will be discussed in § 7.S.

th f S' NIN' C S'IS' N .. tsthttT bI 78 Ra e . 0011l- empera ure s ear s reng 0 13 4 1- r- 1 11' 4 JOIO .
Brazing alloy composition BrazIng Ume Joint shear strength

(min.) (MPa)

1
SIO

1

5

-J
SS±IS

1Il S19 10 IS±5•
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7.4.1 Fractography examination of shear samplcs

The fracture modes of shear samples were distinct frolll thut of the henl1

samples. One of the features common to ail of the experimcntal Si)N,,/SI0/SiJN.1

shear samples was a mixed fracture mode that was observed in the joint area. ln this

system, as shown in Figure 7.20, cracks, which initiated at the ceramie/filler Illetal

interface, propagated along the interface to H distance of about hulf the specimen

thickness. The cracks then changed direction and propagated into the Si)N., where

the final fracture occurred.

As mentioned above, generally, the shear strength nI' e.xperimental jnints,

regardless of the l'iller metal composition, was found to be lowcr than their bend

strength. However, it should be noted that, although the results of shear testing

showed lower strength values, the test will l'l'ovide important data on the

mechanical performance of the joints in shear. In a practieal sense, this information

can be utilized by proper engioeering design when the joint is subjected to sheu!'

loading.

Fi/,,'ure 7.20 Typical frac~ure surface of shear samples for Si3~14/SIO/Si3N4 joints.
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7.5 Comparison of Rcsults of Shear and Four-point Bending Tests.

As discussed in previous sections, the values of the joints strength obtained

using shear or four-point bend tests were quite different. The fractographic

examinations also s:;ùwed different fracture paths the for shear and bend samples.

These re~lJlts emphasize the fact t:lat the joint strength is strongly dependant on the

method of evaluation. Therefore, it is of interest to study the joint behaviour under

diffcrent loading conditions for a better understanding of the potential joint

performance and design.

This section will focus on the residual stress distribution in the joint area to

explain how these stresses will influence joint failure under different loading

conditions.

There have been many usefui theoretical investigations on the concentration

and location of residual stresses around the bond between dissimilar materials.

Although these in'Iestigations have been carried out for joints of various dimensions

and prepared from various combinat ions of materials, they have presented many

common results. This may aid in the interpretation of the different mechanical

properties of joints and behaviour under different loading conditions.

It has been demonstrated that when a ceramic is bonded to a metal, large

stresseS appear near the free edges. An fEM study on residual stresses in the

Si3N4/Mo joint system showed the presence of high stresses at the interface and

free surfaces. This investigation, presented in Appendix V was primarily aimed at

understanding the effect of joint geometry and joining materials on the peak

stresses.

figure 7.21 graphically represents the distribution of the residual stresses at

the ceramic-metal interface near the free edges whe:, the thermal expansion of

metal is larger than that of the ceramic. It should be noted that because of the

symmetry only one half of the joint has been shown. The figure is based on the

investigations of J<::rchner and Zdaniewski et a/. 265• figure 7.21 indicates the

presence of a large stress normal to the interface (Oy)' This stress is believed to be



due LO the lateral shrinkage of the metal. The stress parallel to the interface (<1,)

is always maximum in the interior of the joint and decreases sharply to zero at the

free surface. These stresses are compressive in the ceramic and tensile in the Illetal

near the interface for a negative coefficient of thermal expansionlllismatch (aCaM

<0) and become tensile in the ceramic when aC > aM' The shear stresses (Y,y) arc

greatest at the edges and decrease sharply in the x direction. As presented in Figure

7.21, a negative thermal expansion mismatch will result in a negative residual shear

stress at the free surface. In contrast, when ae > aM, a positive shear Slress will

•
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Figure 7.21 Schematic illustration of stress distribution at the ceramlc/metal

interface near the free surfaces when aM > aC'
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appear at the edge of the joint.

The information given in Figure 7.21 together with the loading condition can

be used to explain the fracture behaviour observed in experimenta1 shear samples.

As showed in § 7.4.1, fractography examination of the shear samples revealed

that the samples exhibited almost consistent fracture path. Under shear loading, the

crack, which initiated at point A (Fig. 5.7), grew along the interface then changed

direction depthwise into the ceramic until final fracture occurred (Fig. 7.20).

ln understanding why the crack starts at point A in shear samples (see Fig.

5.7) both the residual stresses and loading condition must be considered. A1though,

in designing and application of the shear jig it was intended to avoid a bending

moment at the joint inte!"face, the sample geometry contributed to the presence of

a small bending moment within the joint area. This is due to the fact that the shear

loading was applied on either side of the braze layer, therefore, a gap of about 0.7

mm ",)s left between the upper and lower part of the jig causing a small bending

moment at the interface.

The bending moment applied on the sample produces a tensile stress at the

edge of the sample. This stress will be intensified by the tensile residual stresses

perpendicular to the interface (al On the other hand, the bending moment will

introduce a compressive stress on point B (Fig. 5.7) that will suppress ay• Thus, an

asymmetric condition for the stresses perpendicular to the interface will be

presented at points A and B. It is therefore expected that the crack will initiate at

point A, which was the case in almost ail the shear samples.

Explanation of the fracture path in terms of iuitial crack propagation along

the interface and then into the ceramic that was observed in fractured shear

samples is somewhat more complex. It is influenced by several factors related to the

residual stresses at the interface, interfacial bond strength, and loading c(\nditions

which translate into different stress intensity factors at the tip of the crack.

Situations like this where a crack, lying at the interface between two brittle elastic

solids, grows at the interface and then changes direction into one of the adjacent
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'66 ,.~ '68materials have been treated as "kinking" in fracturc Illcchanics- ,_01,_ ,

According to the investigations of Hutchison and co-workcrs268 the tendency of a

r;rack in an interface ta either remain at the interface or kink out into one of the

materials depends on the ratio of:

and

where:

Figure 7.22 Schematic illustration uf
a kinked crack, and reJated stress
intensity factors.266

interface crack has grown into the

substrate, the axial residual stress crx (or

applied load in the x direction) beco;nes a

driving force for the crack propagation

into the substrate266.267, 268.

both loading conditions are present, kinking

is expected to occur. On the 0 ther hand

the positive Kil will facilitate the crack ta

grow into the Si3N4 ceramic.

It has been remarked that once the

Gj= energy release rate for crack advanced in the intcrface

Gs= energy release rate for the crack kinking into the substrate

r j and r s= interface and substrate toughness, respectively.

'Nhether the ratio of energy release rate is greater or less than the toughness ratio

will determine the condition of interface cracking or kinking, respectivcly.

Figure 7.22 shows schematically an interface crack leaving the Interface

under a mixed Mode 1 and Mode II loading condition. The figure indicatcs that for

the substrate crack to propagate

continuously, Kil must be positive266.

Sincein the experimental shear samples

•
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The kinking angle (the angle by which the crack prolJugates into one of the

adjacent materials) depends on whether C1x is positive or negative. A positive C1x will

increase the kinking angle and vice versa. Therefore, the· kinking angle may

determine to a certain extent the magnitude of axial residual stresses. ln the

experimental Si3N4/Si3N4 brazed joints, because of the lower coefficient of thermal

expansion of Si3N4 compared to that of the braze, the ceramic should be under a

negative residual stress in the x direction. Hence, a low kinking angle is expectcd

to be seen in fractured samples. The moderate kinking angle of "450 obscrved in

experimental shear samples indicates that a high compressive axial residual stress

did not exist within the joint area.

ln the case of the bend test, the high tensile stress on one side of the sample

together with the residual stress in y direction will contribute to crack initiation at

the edge of the bend samples. When the crack has propagated weil along the

interface (where the residual r xy is zero) a criterion based on KII=O is expccted to

ho Id and the crack will continue to grow at the interface. As mentioned previously,

an interfacial fracture path was observed in most of the bend samples.

From the above discussion, it can be stated that different fracture modes of

the shear and bend specimens are not only related to the different loading

conditions, but also on the complex stress conditions around the joint before and

during loading which will determine the condition of interfacial or kinking fra'~ure

mode.

It should be mentioned that the purpose of the above discussion was mainly

to point out sorne of the major factors involved in the competition between kinklng

and interfacial cracking. Investigation of conditions which have led to kinking in

shear samples and determination of kinking angle requires data concernlng the

values of G, r, and K that must be discussed elsewhere.

7.6 Summary of SI3N4/Ni-Cr-SI/Si3N4 Joining

Brazing experiments were carried out to study the joinability of Si3N4 with
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various Ni-Cr-Si filler metals which had "Iready shown good wetting characteristics

on Si3N4. The brazing filler metals consisted of Ni-Cr-Si alloys with the same Ni/Cr

ratio of 3.5 and diffel'ent Si contents, namely 10, 19, and 25 atom%, designated as

510, 519, and 525 respectively. The results of joining experiments showed that

Si3N4/Si3N4 joints can form using ail of these alloys. However, each alloy resulted

in diffcrent joint strengths and microstructures. In summary:

1. The joints made with 519,525 and the 510 alloys for 5, 10, and 15 min. at 1220·C

exhibited quite different microstructures. The microchemical analysis of the braze

layer showed an increase in the Si content of 510 and 519 alloys, while the 525 alloy

composition was not significantly affected by the brazing process. This indicates the

validit.y of thermodynamic calculations on predicting a srate of thermodynamic

equilibrium between Si3N4 and 525 alloy under the experimental condition.

2. The microstructural examinations revealed the presence of a CrN rcaction layer

at the ceramic/filler metal interfaces of the joints brazed with 510 alloy for 5 min.

This layer disappeared after a longer brazing time of 15 min. It is believed that the

local high nitrogen pressure from the decomposition of Si3N4 contributed to the

formation of CrN reaction layer.

3. The study showed that Si and N, produced by the decomposition of Si3N4' were

taken up totally (Si) or partially (N) by the brazing alloy. The results of

microchemical analysis of Si3N4/Ni-Cr-Si/5i3N4 joints suggest the formation of

either CrN or N/Ni-Cr-5i solid solution rather than Cr silicide at the 5i3Nibraze

interface.

4. Joints formed with the alloy of XSi=0.25 were found to exhlbit the lowest

strength. This was mainly due to the different joint microstructures and the lack of

reactivity between the ceramic and the 525 alloy.
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5. The Si3N4/SI0/Si3N4 joints were found to present the highest strength among ail

the Si]N4/Ni-Cr-Si/Si3N4 joints. The strength of such joints decreased as the brazing

time increased. The high strength of the joints, especially those which were brazed

for 5 min., was mainly due to the presence of a CrN layer at the interface which

provided a strong interface between the ceramic and the braze.

6. The room-temperature shear strengths of the joints were found to be signiflcantly

lower than the four-point bend strength of the same joints. The difference between

the shear and four-point bend values is basically due to the fact that these tests

present different features in strength evaluation. In general, regardless of the

strength measurement method, it was found that the strength of Si3N4/Ni-Cr­

Si/Si3N4 joints was strongly dependant on the Si content of the alloy and the brazlng

time, particularly for the joints brazed with SIO alloy.

7. The high-temperature four-point bend strength of the joints brazed wlth SIO alloy

for 5 min. was significantly higher than their corresponding room-temperature

strength values. It was demonstrated that a test temperature of 900°C was effective

in improving the joints performance through the elastic stress relaxation between

the mating surfaces.

8. Fractographic examination of the experimental Si3N4/Ni-Cr-Si/Si3N4 four-point

bend bars, tested at room-temperature revealed that in most of tbe cases the crack

propagated along the ceramic/filler metal interface. The high-temperature four­

point bend bars showed that, in many cases, the fracture path was through the

ceramic, indicating a high bond strength at the interface.

9. The results of the present investigations showed that the joint strength values

correlate well with the sessile drop wetting angles between the ceramic and the

filler metal. The SIO alloy, which exhibited the lowest wetting angle on Si3N4
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ceramic, produced the strongest Joints, and vice versa for the 525 alloy.

l3ased on ail the above observations, it was concluded that the 510 alloy was

the most promising in the series of alloys studied.
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Chapter 8

Si3N4 / Mo Joining
Experiments

ln this chapter the effect of brazing alloy composition and brazing time and

temperature on the microstructure and microchemistry of Si3N4/Mo joints will be

discussed. The discussion is divided into two sections: al the effect of joining

variables on Si3N4/Mo joints using commercially available SI9 (BNi-5) brazing alloy

and bl on Si3N4/Mo joints using the modified SIO composition, for which the high

strength Si3N4/Si3N4 joints were obtained. This also includes the results of strength

testing and fractographic examination of Si3N4/Mo joints.

8.1 Microstructural and Chemical Analysis of Experimental Si3NiSI9/Mo Joints.

Secon:lary electron image (SEI) mlcrograph of a typical SI3NiSI9/Mo joint

brazed for 10 min. at 1220·C is shown in Figure 8.1. From the figure, It can be seen

that the braze layer microstructure has been signlficantly affected by the presence

of Mo on the other slde of the joint, since no simllarity between the braze layer

microstructure in this case and that of the Si3N4/Si3N4 joints was observed. Figure

8.1 shows that no significant porosity exists wlthin the braze layer. However, due

to CTE mismatch cracking, the braze layer lias been debonded at the ceramlc/fll1er

metal interface.
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Figure 8.1 SEI micrograph of a Si3NiSI9/Mo joint brazed for ID min. at 1220·C.

Figure 8.1 can be divided into four distinct zones labelled, A, BI' B2 and C.

The composition of each zone is given in Table 8.1. The values given in the table are

the mean of ten measurements. Zone A is molybdenum with almost 5 atom% Si, Ni,

and Cr to a distance of about 30 )lm from the Mo/filler metal interface. From the

Table 8.1 Chemical composition of different zones of Fig. 8.1.

1 Zone

"

Composition (atom%)
1

A Mo + <5% Ni, Cr, and Si

BJ Ni-IICr-19Si-20Mo

B2 Ni-20Cr-IISi-IOMo-15N

C Si3N4
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Mo-Ni, Cr, and Si phase diagrams, no eutectic occurs at this composition level,

therefore, the refractoriness of the Mo would not have been significantly affected

by the joining process. Zone BI extends from the Mo/fiUer metal interface to a

distance which is approximately half the thickness of the braze layer. Zone B,

exteClds the remaining distance between the zone BI and the Si3N4/filler metal

interface. These two zones are distinguished from each other by their microstructur­

es and chemical compositions (Table 8.1).

The overall composition of zone BI is Ni-llCr-19Si-20Mo (atom%). The

micrograph shown in Figure 8.2(a) indicates that zone BI consists of two phases

denoted as cr and /3. The cr phase was found to be Ni-B.5Cr-20Si-26Mo(atom%), whlle

/3 was determined as Ni-19Cr-IISi (Table 8.2). The microscopic appearance of zone

BI indicates a normal solidification with cr as the primary solid phase. Although it

(a) (b)

Figure 8.2 BEI micrograph of zone BI and B2 (a) and (b) SEI mlcrograph of a

Mo/SI9/Mo joint.
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Table 8.2 Composition of different phases of Fig. 8.2a.

1
Phase Il Composition (atom%)

1

IX Ni-8.5Cr-20Si-26Mo

IX' Ni-8Cr-19Si-26Mo-IN

Ll Ni-19Cr-IISi

Ll' Ni-15Cr-9Si-8N

y Ni-22Cr-13Si-12Mo-15N

Figure 8.3 SEI micrograph of phases IX and Ll ln zone BI'

182
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is not distlnguished in Figure 8.2 (a), further examinations revealed that Ll had a

eutectic type structure. Figure 8.3 shows a high magnification SEI Image of zone BI

after etchlng the sample*. Unfortunately, the fine structure of the eutectic phases

did not aHow for chemical analysis of the Individual phases.

* Etchant: 90 ml HCI, 5 ml H2S04, 5 ml HN03' 1 ml HF.
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Zone B2 was found to have an overall composition of Ni-20Cr-IISi-IOMo­

15N(atom%). The overall compositions of zone BI and B2 indicate that zone BI is

rich in Mo, while the concentrations of Cr and N are higher in zone B2• The

chemict::1 analysis of the phases in this zone showed that zone B2 consisted of three

phase.o• The light phase (a') had almost the same composition as the a phase in zone

BI with a smail amount of nitrogen (::: 1 atom%). The dark phase was found to be Ni­

15Cr-9Si-8N (13'). A comparison between the composition of this phase and that of

13 in zone BI reveals that both phases have almost identical compositions in terms

of Ni, Cr, and Si. However, sorne nitrogen have been dissolved in 13' in zone B2• The

higher cJncentration of N in 13' than in a' is due to the presence of more Cr in this

phase which has a higher solubility for N than any other constituent in those

phases236• The study of zone B2 demonstrated the presence of a third phase, denoted

y, which contains more Cr and N than any other phases present in the braze layer.

This phase is observed as grey spots on Figure 8.2(a).

The two-zone microstructure observed in the braze layer has been formed as

a result of competition between the migration of Mo from the metal side and Si and

N from decomposition of Si3N4 on the ceramic side. As a comparison, a SEI

micrograph of a Mo/Mo joint brazed with SI9 is given in Figure 8.2(b).lt can be seen

from the figure that braze layer microstructure is very similar to that of the zone

BI which formed as a result of diffusion of Mo into the filler metal.

From Table 8.1, it can be concluded that the compositional changes observed ln

going from the Mo side to the Si3N4 side causes the alloy to cross a phase boundary

from a two phase (a+l3) region ln the quaternary Ni-Cr-Si-Mo system to a three

phase (a'+I3'+y) ;'egion, in the Ni-Cr-Si-Mo-N system.

The overall composition of the braze layer (B1+B2) was determined as Ni-14Cr­

16SI-15Mo-7N (atom%). By performing a mass balance on the filler metal, a sllght

increase in Si content was observed. This observation along with the presence of

nltrogen ln the braze indicated that the flller metal had reacted and decomposed the

Si3N4·
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The most interesting finding was that, as can be seen from the overall

composition of the braze layer, the Mo content of the filler metal had increased

from zero (starting alloy) ta 15 atom% (product alloy). Unfortunately there ls no

phase diagram available for the quaternary Mo-Ni-Cr-Si system; the presence of 15

atom% Mo with melting temperature of about 2GOO°C would have certalnly

lncreased the melting point of the braze alloy. In order to evalu3te the approximate

liquidus temperature of the braze, samples with the same composition of the product

alloy (without taking into account the N) were prepared and heated up in the brazing

furnace until melting occurred; the melting point was found to be 1270±10°C.

From the above, it can be stated that at a brazing temperature of 1220°C,

the alloy was no longer in the liquid state to react with S13N4' The diffusion path

of nltrogen in the braze layer also indicates that the migration of N into the braze

stopped after the alloy had solidified. To confirm that the solidification of the filler

metal (as a result of diffusion of Mo) takes place during the brazing process, the

concentration of Mo in the product alloy was measured as a function of brazing time

(Fig. 8.4). The figure shows that

the filler metal becomes

0..0--.....10,.....-~2~0--~3~0---J4(1

Brazing lime (min.)

Figure 8.4 Variation of the ~11

concentration with the brazing time.•

saturated with Mo at the very

beginning of the brazing

process. Although there is no

data available concerning the

diffusion coefficient of Mo in

the Ni-Cr-Si alloys, the study of

Jacobson and Martin269 in

induction brazing of Mo in

vacuum wlth [ncone[ GOO (80Ni­

14Cr-6Fe) showed considerable

diffusion of Mo into the braze

in a short brazing time of 5 sec.

'? 20 .
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~
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This resuit was surprising in the sense that the brazing temperature of

1220°C, although about 80°C higher than the liQuidus temperature of SI9 filler

metal, was not suitable for this system, mainly due to the higher liQuidus

temperature of the product alloy. Thus, further joining experiments were performed

at a higher brazing temperature of 1300°C.

Figure 8.5a ilIustrates SEI images of Si3N4/SI9/Si3N.1 joints brazed at 1300°C

for 10 min. A comparison of Figures 8.1 and 8.5a shows that the braze layer

microstructure has been altered by the higher brazing temperature. Figure 8.5a

shows a uniform two-phase microstructure consisting of a light phase with composi­

tion of a' (in Fig. 8.2) and a dark phase with composition of (l' withln the braze

layer. The micrograph shown in Figure 8.5 again indicates that no bondlng occurred

at the ceramiclfiller metal interface. Most of the joints brazed under this condition

were debonded after removal from the furnace.

A comparison of Si3NiSi3N4 and Si3N4/Mo joints so far discussed indicates

that the poor joining of Si3N4 to Mo is due mainly to the presence of Mo in the

product aUoy and the reaction of this element with the ceramic at the Si3N4/flllcr

metal interface.

The reaction between Si3N4 and Mo has been investigated by sorne

researchers I78,270.271. Figure 8.6 presents the phases which arc ln eQuilibrium

with Si3N4 in the Mo-Si-N system as a function of nitrogen partial pressure and

temperature. From the figure, it can be seen that in the absence of extcrnal

nitrogen pressure, at 1300°C(l573 K), Si3N4 can coexist with MoSSi/70 . At lower

nitrogen partial pressure, say 10-4 bar (:::10 Pa. which is almost equal to the

experimental N2 pressure), MoSi2 would be the stable phase. The figurE' also shows

that no ternary phase forms in the Mo-Si-N system.

The investigatIon of Heikinheimo et al. 270 in the study of Mo-Si3N4 diffusion

couples at 1300°C showed that independent of the nltrogen external pressure, only

one phase, M03SI, was formed at the interface. The reaction layer was very irregular

and contained many cracks. At a N2 partial pressure of 2 Pa they found layers of
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Figure 8.5 SEI mlcrographs of Si3N4/S19/Mo joints brazed for (a) 10 min. and (b) 1

min. at 1300°C.
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Figure 8.6 Solid phases in equilibrium with solid Si3N4 in the Mo-Si-N system. 270

MoSi2, MoSSi3 and M03Si in the Mo side of the joint.

The XRD pattern taken from the fracture surface of the joints brazcd al

1300°C for 10 min., on both the Si3N4 and the braze sides, showed no known speclra

of the phases expected in Mo-Si-N system. This is mainly due to the presence of Ni

and Cr which makes the system far more complex. Although, information exlsts

concerning the ternary Ni_Cr_M0272 and Ni_Si_M0273 systems, unfortunately

no phase relationships about the quaternary Ni-Cr-Si-Mo system (without taking inlo

account the N) can be found in the literature.

ln order to alleviate the reactions at the ceramic/metal interface another set

of experiments was conducted to join Si3N4 to Mo using the same brazing alloy, al

1300°C, but for shorter times (Figure 8.5b). A comparison of Figures 8.5a and b will

show that there are less voids at the interface. However, sorne cracks were observcd

close to the ceramic/braze interface due to the thermal expansion mlsmatch
. (,6 -) -6 -1

between the joint materials aMo =5.5x10 C ,aSi3N4 =3.2x10 C ,and aSI9
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'" IOx10- 6 C- 1). These cracks are very important because joint failure is likely to

occur at this location during stressing of the joint.

It must be pointed out that the interfacial microstructure of the Si3N4/Mo

joints presented in figure 8.5b is superior to that of the joint brazed for 10 min.

(fig. 8.5a), due to the fact that the degree of interfacial reaction was significantly

lower in the later, resulting in a bond formation at the ceramic/filler metal

interface.

The strengths of these joints were measured using the four-point bend test

and were found te be 25 MPa with a deviation of about 10 MPa. Most of the joints

fracture at the ceramic/filler metal interface, however, in case of the stronger

joints, fracture occurred within the ceramic body near the interface. This was

mainly due to the edge cracking in the ceramic. This effect, which is presented in

figure 8.7 emphasizes first the presence of high residual stresses in that region and

second, it sh'Jws a fairly considerable bond strength at the ceramic/braze layer

interface.

Figure 8.7 Edge cracking in the Si3N4/Mo joint presented in fig, 8,5b.



The magnitude of residual CTE mismatch stresses in this case must be more severe

relative to the Si3N4/Si3N4 joints, due to the presence of Mo with its higher

coefficient of thermal expansion and also due to the higher brazing temperature.
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8.2 Microstructural and Chemical Analysis of Experimental Si3N4/SIO/Mo Joints.

Based on the results of Si3N4/S19/Mo joining experiments, the joining of

Si3N4 to Mo using SIO filler metal was conducted at 1300'C. Selection of this

brazing temperature was mainly due to the fact that the previous set of experiments

showed that no bonding occurred at 1220'C, the temperature used in Si3N,,/Si3N.1
joining experiments. Figure 8.8a illustrates an SEI micrograph of a SI3N4/SIO/Mo

joint brazed for 10 min at 1300·C. As was the case for SI9 joints brazed for the

same time at the same temperature, no bonding occurred at the ceramic/braze layer

interface. The lack of cracking ln the braze layer indicates that debondlng had

occurred prior to the complete solidification of the filler metal.

The morphology of the braze layer in Figure 8.8a Is somewhat simllar to that

of zone B2 of Figure 8.2a. However, the y phase was dlfficult to identify ln this

case. The microchemical analysis of the phases in Figure 8.8a are presented in Table

8.3. From the table, it can be seen that these phases have almost identlcal

compositions as a' and B' in Table 8.2. However, in this case about 4% nitrogen and

3% Mo was found in a' and /3' respectively. Small amounts of Al (==0.3%) from

decomposition of Si3N4 were detected in the area close to the ceramic/rnetal

interface. As was the case for the SI9 joints, the XRD pattern taken from the

fracture samples at both the ceramic and braze layer sides showed no identifiable

peaks of any known compounds. With respect to the overall composition of the braze

layer given in Table 8.3 , by performing a mass balance on the product alloy

composition, it was found that the Si content of the filler metal had increased from

1°atom% to about 19 atom%. This aga in indlcates that the product alloy Is drivlng

towards the equlllbrium composition in terms of the Si concentration. However, due

to the presence of Mo in the system, the equilibrium Si content must be different
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(a)
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(b)

Figure 8.8 SEI micrographs of Si3N4/S10/Mo joints brazed for (a) 10 min. and (b)

1 min. at 1300·C.
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Table 8.3 Chemical analysis of Si3N4/SI0/Mo joints brazed for 10 min. at 1300·C.

1
Phase Il Composition (atom'lb) 1

a' Ni-8Cr-18SI-26Mo-4N

13' Ni-15Cr-9Si-3Mo-9N

Braze layer Ni-13Cr-15Si-16Mo-8N

from that of Ni-Cr-Si alloys in contact with Si3N4'

Since debonding at the ceramic/braze layer interface was belleved to be a

result of extensive reactions between the ceramic and the filler metal, the brazlng

time was reduced to shorter times to alleviate these reactions. The joints brazed for

5 min. showed almost the same microstructure as the 10 mln.-brazed joints, wlth no

bonding at the ceramic/filler metal interface. Figure 8.8b shows a SEI mlcrograph

of a Si3N4/SI0/Mo joint brazed for 1 min. at 1300·C. The figure provldes evidence

of bond formation at the ceramic/metal interface wlth no cracking ln the braze

layer. However, sorne minor porosity exists within the braze layer in the area close

to Si3Nibraze interf'ace. This may indicate that at the brazlng temperature, the

alloy near the interface was not completely liquld. Another posslblilty for the

formation of the porosity is N2 gas evolution at the interface. Figure 8.8b also

shows that the brazing time has a strong influence on reducing the interfaclal

reactions and consequently the joint qual1ty.

Further examination of Figure 8.8b reveals that the braze layer

microstructure Is simllar to that of the joint brazed for 10 min. at the same

temperature. The microchemical analysls (Table 8.4) showed that the product alloy

consisted of two phases, a' and 13', with almost identical composition as the phases

in Figure 8.8a. However, from the overall composition of the braze layer, It was

found that the product alloy contained less Si, Mo and N, due to the shorter brazlng

time.
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Table 8.4 Chemical analysis of Si3N4/SI0/Mo joints brazed for 1 min. at 1300·C.

1
Phase Il Composition (atom%)

1

a' NI-8Cr-18SI-26Mo-4N

n' NI-15Cr-9Si-2.5Mo-8N

Braze layer Ni-14Cr-13Si-14Mo-7N

Figure 8.9 illustra tes the X-ray elemental dot mapping withln the braze layer.

As can be seen from the figure, unlike the Si3N4/SI0/Si3N4 joints, the distribution

of Ni, Cr, Si, and N is fairly uniform within the braze layer. However, Mo is more

concentrated in a' and the area close to the ceramic/braze layer interface. The

EPMA results across the joint area, presented ln Figure 8.10, provlde additional

information on the elemental distribution within the braze layer. The figure

repeatedly indicates that there is no concentration gradient for Ni, Si, and

particularly Cr and N in the braze layer and in the area close to the ceramic/filler

metal interface.

From Figures 8.9 and 8.10, it is apparent that no CrN or a Cr-rich phase (Iike

A in Fig. 7.3) formed at the Interface, as was the case for the SI3N4/NI-Cr-Si/Si3N4

joints. This can be better explained by reference to Table 8.5. The table, generated

using the F*A*C*T system, represents the free energy change of the possible

reactions between Si3N4 and Mo or Cr under the experimental brazing condition

(T=1300·C and P=15 Pa). It can be seen from Table 8.5 that the formation of Mo

silicldes, particularly MoSiZ is more likely to occur than Cr nitride or Cr silicldes

at the Interface.

8.3 Strength Measurement and Fractographlc Examlnatlons

The strength of the Si3N4/SI0/Mo joints brazed for 1 min. at 1300·C were

measured using both four-point bend and shear tests. For each set of experiments
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Table 8.5 Free energy change for the reactions between Si3N4 and Mo or Cr at
T=1573 K and P=15 Pa.

Il Reaction Il âGKJ 1

2Si,N4 + 3Mo = 3MoSiZ + 4NZ -393.3

Si,N4 + 9Mo = 3Mo~Si + 2NZ -349.6

Si3N4 + 5Mo = MoSSi3 + 2NZ -322.8

2Si3N4 + 3Cr = 3CrSiZ + 4NZ -239.3

Si3N4 + 9Cr = 3Cr3Si + 2NZ -307.6

Si3N4 + 17Cr = 4CrZN + 3Cr3Si -152.6
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Figure 8.10 EPMA microanalysis line profiles across the joint area in Fig. 8.8b.
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at list six sampies were tested. The shear strength of the joints was found to be

28±8 MPa, whereas, the joints exhiblted a higher four-point bend strength of 55±10

MPa. These results conform to the results of strength measurements on Si3N4/Si3N4
joints where a higher strength was achieved by using the four-point bend test.

The fractography examination of the Si3N4/Mo MOR bars revealed that most
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of the bars fractured through the braze layer at the ceramic/braze layer interface

that is apparently the weakest plane in the joints. In sorne cases the cracks, which

had initiated at the edge of the sample due to the residual eTE mismatch stresses,

propagated under the bending load and fracture occurred in Si3N4 near the

interface. In fact the influence of edge cracks in determining the joint quality is

stronger than the interfacial bond strength by itself. The )o'EM study (Appendix V)

which was primarily aimed towards the effect of joint geollletry on the residual

stresses in Si3N4/Mo joints showed that high tensile eTE mismatch stresses exist in

the ceramic near the free edges (Fig. 2, Appendix V) whlch may explain the edge

cracking observed in the experimental joints (Fig. 8.7)

Shear samples exhibited a different fracture mode. As was the case for the

Si3N4/Si3N4 shear samples, the crack which had initiated at the interface changed

direction into the SI3N4 (Figure 8.11). Since the interfacial strength in this case was

<, Mo

•
---

~ -,.: : ~ -'. ~ ., - -; :.
- '. '. ... .. '. .. 1 III .. _ _ _

Figure 8.11 Typlcal fracture surface of SI3NiSIO/Mo shear samples.



not as high as the Si3N4/Si3N4 joints and because of the presence of cracks at the

edge of the samples, it is believed that this type of fracture path was due to the

edge cracking rather than kinking.

It is worth mentioning that one of the problems observed in ail the joining

experlments was blushing of Mo by the filler metals, mainly due to the hlgh

reactivlty between them. This problem, in many cases, resulted in the depletlon of

the joint gap from the filler metal. An attempt to paint the Mo sides with a so­

called "stop-off" agent* (a suspension of fine Zr02 powder in a lacquer) failed to

prevent the Mo from blushing and the filler metal crept beneath the coated layer.

•
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8.4 Sununary of the Si3NiNi-er-Si/Mo Joints.

Brazing experiments were carrieâ out to investigate the brazeability of Si3N4
to Mo using a commercially available brazing alloy SI9 (AWS BNi-5) and a modified

Ni-Cr-Si, SIO alloy, having the same Ni/Cr ratio as that of S19. The selection of the

SIO alloy was based on the results of Si3N4/Si3N4 joining experiments in which

strong joints were fabricated using this alloy. In summary:

1. A brazing temperature of 1220·C used in Si3N4/Si3N4 joining experiments

was not suitable for fabrication of Si3N4/Mo joints. This was mainly due to the rapid

diffusion of Mo into the filler metal, resulting in an increased alloy Iiquidus

temperature; therefore, the brazing temperature was raised to 1300·C.

2. Because of the severe reaction at the ceramic/filler metal interface no

bondlng occurred at the Si3Nibraze layer Interfaces of the joints brazed for 10 min.

at 1300·C. However, when the brazing time was reduced to 1 min. the interfacial

strength increased in the case of both SI9 and Slù brazing alloys.

3. The microchemical analysls revealed that the joint microstructures were

strongly influenced by the competition between the diffusion of Mo, Si and N from

the parent materials. Unlike the Si3NiSi3N4 joints ln which Cr was the most

* Wall Colmonoy Co., Ml, USA.



reactive element in the system and contributed te the interfacial bond formation,

Mo was found to be more effective in determining the interfacial strength and

chemistry.

4. From these results it was found that the joint quality was strongly

influenced by the composition of the filler metal and such brazing variables us

brazing time and temperature. In addition, the effect of eTE mismatch cracking in

reducing the joint strength needs to be further addressed.

5. The four-point bend strength of the joint was found to be higher than their

shear strength. A strength value of "'55 MPu was achieved for the Si3N4/Mo joints

brazed for 1 min. at 1300°C using SIO alloy, whereas, the shear strength of the same

joints were found to be about 28 MPa. The lower strength of the Si3N4/Mo joints

compared to that of the Si3N4/Si3N4 joints was due to (a) different interfacial

chemistry which can be translated into different bond strengths, and (b) the presence

of Mo, with different mechanical and thermo-mechanical properties compared ta

Si3N4. In addition, the higher brazing temperature magnifies the residual eTE

mismatch stresses.

•
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Chapter 9

Conclusions and Recommendations

This chapter includes conclusions that have been drawn from the above

thermodynamic approach in predicting wetting of Si3N4 by a series of Ni-Cr-Si

alloys to oe used as brazing filler metais for joining of Si3N4 to Si3N4 and to Mo,

and also the conclusions on the thermodynamic calculations and jolning studles on

Si3NiSi3N4 and Si3N4/Mo.

9.1 Thennodynamlc Calculations

1. A thermodynamic method was developed to predict wetting at the ceramic/liquid

brazing alloy Interface. The technique was based on the free energy change of the

system as a result of decomposltion of the Si3N4 and variation of composition of the

candidate alloys. The alloys studied were based on the AWS BNi-5 with the same

Ni/Cr ratio, but different Si contents. The solution thermodynamlc properties of the

ternary alloys were calculated from the data of the binary systems using the Toop

and Kohler equations.

2. The method showed that under the experimental condition of T=1493 K (I220°C)

and PN2=15 Pa, an Ni-Cr-S. alloy with Ni/Cr ratio of 3.5 and XSi=O.25 wouId be in



thermodynamic equilibrium with Si3N4 using the Toop equation. The equilibrium Si

content using the Kohler equation were found tô be 0.24, slightly different from thnt

using the Toop equation.
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3. Experimental verifications confirmed the validity of the calculations, as it showed

that the alloys with Si content of less than the equilibrium concentration reactcd

with and wetô:ed Si3N4 ceramic. The degree of wetting increased as the Si content

decreased. The results of wetting experiments showed Lhat no wetting occurred

between Si3N4 and the alloy with XSi =0.3.

4- Both the thermodynamic calculations and experimental verifications showed that

the degree to which Si3N4 will react with the alloys is strongly influenced by the

environmental Nzpartial pressure and temperature. An increase of temperature to

1300°C resulted in an increase of the equilibrium Si content to about 0.3. Under u

NZpartial pressure of 105 Pa, no wetting was observed between the ceramic and the

experimental Ni-Cr-Si alloys.

5- The study showed the validity of the concept of treating wetting as a reactlon

between the liquici metal and the surface of the ceramic.

9.2 Effect of the Filler Metal Composition and Brazing Time on the Quality and

Microstructure of Si3NiNi-Cr-Si/Si3N4 Joints.

1- Based on the results of the wetting model three different Ni-Cr-Si alloys in terms

of their Si content were selected as the brazing filler metals. The alloys consisted

of Ni-16.7Cr-25Si, Ni-18Cr-19Si and Ni-20Cr-IOSi designated as S25, S19, and SIO

respectively. The Si3NiSi3N4 brazing experiments were performed at 1220°C under

a NZpartial pressure of 15 Pa for different brazing times ranging from 5 to 15 min..
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2- The use of 525 brazing alloy resulted in a weak bonding at the ceramic/filler

metal interface. This was due to a) a near-equilibrium composition of 525 alloy in

contact with 5i3N4 under the experimental brazing conditions, and bl the

microstructure of the braze layer, consisting mainly of intermetallic phases, which

could not accommodate the CTE mismatch stresses during cooling of the joints from

the brazing temperature.

3- Joints formed with 519 brazing alloy exhibited a somewhat different braze

microstructure and higher strength than that of the 525 joints. The joint microstruc­

tures, regardless of the brazing time, were similar to those of the base filler metal,

consisting of a y solid solution, a-NiS5i2 and an intermetallic hr). However, a new

phase with a composition of Ni-42Cr-135i-17N was identified within the braze layer

close ta the 5i3N4/braze layer interface. The overall microchemical analysis

revealed that the composition of the product alloys was driven towards the

equilibrium 51 content of 25 atom% predicted by the thermodynamic calculations.

4- The Si3N4/5i3N4 joints formed with 510 brazing alloy exhibited the highest

strength compared to the joints formed with 525 and S19 alloys. The strength of the

SIO joints decreased as the brazing time increased from 5 to 15 min.; a high four­

point bend strength of "'120 MPa was achieved for the 5 min.-brazed joints. The

formation of a CrN reaction layer at the ceramic/filler metal interface contributed

to the high strength of such joints. This layer disappeared after longer brazing

tlmes, due to the decrease in the local N2 partial pressure.

5- The four-point bend strengths of the S10 joints increased as the testing

temperature was raised in the range of 500-900·C. A mean strength value of "'220

MPa was achieved when the joints were tested at 900·C. These results demonstrate

the effect of reheating temperature on improvlng the joints mechanlcal strength

through residual stress relaxation within the joint area.
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6- The shear strengths of the Si3N4/Si3N4 joints were found ta be lower than the

four-point bend strength of the same joints. The shear samples also presented

different fracture mode compared to the MÛR measurements. rractographic

examinations of the shear samples revealed that the crack, which initiated at the

edge of the samples propagated along the interface and then changed direction into

the ceramic until final fracture occurred. Thus, it can be co.lcluded that in spite of

the simplicity of the shear test, this method is not recommended for strength

evaluation.

7- In general, the strength of the Si3N4/Si3N4 joints was found to be s1.rongly

dependent on the brazing time and to a greater degree on the composition of the

brazing fiUer metal in terms of the Si content. The deviation in the strength values

was mainly due to the variation of braze layer thickness and ta the unjoined areas

at the interface.

9.3 Effect of the Brazing Variables on the Si3NlNi-Cr-Si/Mo Joints.

Brazing experiments were carried out to study the use of Ni-Cr-Sl brazing

aUoys for joining Si3N4 to Mo. Two different compositions, mainly SI9 and SIO werc

selected as the joining vehicles. The S25 composition was not studied since

Si3N4/Si3N4 joining experiments showed that this aUoy did not produce strong joints.

1- For the Si3N4/Mo joints formed with SI9 at 1220·C, no bonding occurred at the

ceramic/filler metal interface. The braze layer showed a two zone microstructure

as a result of the competition between the diffusion of Mo from the metal slde and

Si and N from the ceramlc side. The microchemical analysis of the product aUoy

revealed that diffusion of Mo into the liquid brazing aUoy altered its chemlstry.

Thus, at the brazing temperature, the aUoy was no longer entirely Uquid and

therefore Inadequately reacted and wet the ceramic.
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2- Brazing at a higher temperature (l300°C) resulted in a more uniform

microstructure. However, after brazing for ID min., again no bonding occurred at

the ceramic/filler metal interface which was due to the severe reaction between the

mating materials. Reducing the brazing time to 1 min. resulted in adequate bond

formation at the interface.

3- The Si3N4/SIO/Mo joints exhibited the same behaviour as the joints formed with

the SI9 alloy. For the joints formed with SIO alloy at 1300°C for 1 min. brazing

time, strong bonding was observed at the ceramic/filler metal interface, whereas

the 10 min.-brazed joints showed no bonding or mechanical strength.

4- Unlike the Si3N4/Si3N4 joints in which Cr was the most reactive element in the

system, in this case Mo was found to be the most effective element in determining

the joint quality and microstructures. Although no known reaction products were

identified at the interface, it is believed that the formation of complex Mo

compounds was responsible for debonding at the ceramic/filler metal interface for

the 10 min.-'xazed joints.

5- As was the case for Si3N4/Si3N4 joints, reduction of the Si content of the filler

metal resulted in higher joint strength. The highest four-point bend strengths

achleved for Si3N4/Mo joints was '" 55 MPa, when these materials were brazed at

1300°C for 1 min. using the SIO alloy. One of the main parameters that contributed

in the lower strength of these joints relative to those of the Si3N4/Si3N4 joints, was

the edge cracking observed ln nearly ail of the joints.

OVERALL CONCLUSIONS

From the overall results of this study, the following conclusions may be

drawn:

- The principles of solution thermodynamics provide a strong analytical technique



that can be used for successfully modelling the wetting of Iiquid brazing alloys at

the ceramic/metal interfaces.
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- The brazing technique can be used for joining Si3N4 to Si3N4 and to Mo using Ni­

based brazing alloys with well-defined compositions and under controlled brazing

condi tions.

- Joining of ceramics to metals is a more difficult task than joining of ceramics to

ceramics. Firstly. because of the greater chemical complexity of the systems and

secondly. because of the presence of higher residual stresses within the joint nren

due to the differences between the mechanical and thermo-mechanlcal behavlour

of the mating materials.

9.4 Recommendations for Further Investigations

1- Verification of the assumptions made in the thermodynamic calculntlons by taking

into account the dissolution of NZ from decomposition of Si3N4 into the liquid alloy.

2- Extending the solution thermodynamic modelling of wetting to other oxide and

non-oxide ceramics such as AIZ0 3• Zr02' and AIN for a better evaluation of the

calculations methods.

3-Study the influence of variation of Cr and Ni content of the filler metals on both

wetting behaviour of the ceramic and the quallty and microstructure of Si3NiSi3N4

and Si3N4/Mo joints.

4- Preparation of TEM samples from the interfacial area of Si3N4/SIO/Si3N4 joints

to study the crystallographic relationships between the CrN reaction layer and the

Si3N4 ceramic.



5- 5tudy the effect of the ceramic surface roughness and the additive contents of

5i3N4 (e.g. Al and YJ on the joints strength.
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6- Further study of the interfacial reaction products in 5i3N4/Ni-Cr-5i/Mo joints for

better understanding of the bonding mechanisms in such joints.

7- 5ince the migration of Mo into the liquid filler metal and its reaction wlth 5i3N4

were found to be detrimental in the joints quality, a diffusion barrier might be found

that restricts the Mo migration. The barrier must be stable at the brazing

temperature and not react with either the ceramic or the filler metal.
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Contributions to Original

Knowledge

This thesis has been the first work to investigate the critical process

parameters Involved in the application of NI-based alloys for the jolnlng of Si3N4 to

Si3N4 and to Mo uslng a brazing technique.

This work has demonstrated the following contributions to original knowledge:

1. The development of a method based on a combinatlon of the princlples of

solution thermodynamics and surface science to predict the wettabllity of

SI3N4 ceramic by the candidate brazing alloys.

2. The application of commercially available BNi-5 brazlng alloy and two other

modified alloys based on BNi-5 to form Si3N4/S13N4 and Si3NiMo brazed

joints.

3. Evaluation of joint quality through microstructural and microchemlcal

analysis and strength testing; establishment of a link between the SI content

of the filler metals and the joint mechanical properties. This can be

translated into a link between the free energy of wetting and joint quality.

4. Assessing the optimum brazing conditions in terms of brazing time,

temperature. and atmosphere under which strong Si3N4/Si3N4 and SI3NiMo

joints could form .
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50 Modification of the BNi-5 alloy, through the results of the thermodynamics

calculations into an alloy by which Si3N4/Si3N4 brazed joints of high strength

can be formedo

60 Achievement of the highest strength yet reported for Si3N4/Si3N4 brazed

joints at 900·Co

This work has also confirmed:

-The link between the presence of a CrN reaction layer and joint strength for

Si3N4/Ni-Cr-Si/Si3N4 brazed joints.

- The effect of reheating temperatures on the residual stress relaxation at

the interfaces of ceramic/metal joints.

- The validity of the Ni and Cr-rich part of the Ni-Cr-Si system.

and finally:

- Diffusion of parent materials into the brazlng alloy can strongly alter the

braze chemistry resulting in an increase of the recommended brazing

temperature.
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• Appendix l

Thermodynamic properties of

Ternary Solutions

In this appendix, the derivation of the Toop and Kohler equations will be

briefly reviewed. Ali the subsequence discussion refers to the discussions of

Darken274 , Toop275, Gaske1l239, and Kubaschewski240 on the subject. As a

preliminary step, the partial molar aspect of the extensive thermodynamic

properties will be briefly reviewed.

The value of any extensive thermodynamic properties of a species i in a

mixture of i, j, k, .. , per molP. of that species is called the partial molar value of

chac properCy and is formally defined as:• - (aQ')Q': -
1 an.

1 T.P.ni'nk....

(AI.l)

where Q' is the value of the extensive property of the arbitrary quantity of the

mixture. Q is thus defined as the change in the value of Q' of the mixture for an

small addition of the component i, at cop,tant temperature and pressure, and mole

numbers of all other components, per mole of i added. Thus if Qi Is the value of Q

per mole of i as it occurs in the solution, then the value of Q' for the solutIon itself

is:

, - - 7>
Q : n·Q· + nQ· + nk~k"

J 1 J J + .•.. (AI.2)

API.I The Gibbs-Duhem equation

It is frequently found that the extensive thermodynamic properties of only
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one component (e.g. the activities) in a binary (or multicomponent) solution are

amenable to experimental measurement. In such cases the corresponding properties

of the other components can be obtained by means of a general relationship between

the values of the property for the two components. This relationship, which is known

as the Gibbs-Duhem relationship, was found independently in 1875 by J.W. Gibbs and

in 1886 by Duhem.

An extensive thermodynamic property of a solution Q', can be written as:

(AI.3)

•
Eq. (AJ.3) express that Q' is a function of the temperature, the pressure, and the

number of the various solution components. Thus, at constant T and P the variation

of Q' with composition is given as:

(AIA)

with respect to th"! Eq. (AI.l), Eq. (AJ.4) can be written as:

(AloS)

differentiation from Eq. (AI.2) will give:

dQ 1 = n idQ i + nJi1Qj + nkdQk +•• JQjdn i + Qin j + Qkdn k +... (AI.6)

Comparison of Eq. (AI.5) and (AI.6) Indicates that, at constant T and P:
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or, genera11y:

233

(Al.7)

(AI.8)

Dividing by the total number of moles of a11 solution components (n), gives:

(AI.9)

•
Equations (AI.8) and (AI.9) are equivalent expressions of the Gibbs-Duhem equation.

AI.2 Darken's equation

Application of the Gibbs-Duhem equation to a binary system, in terms of the

free energy will yield the relation:

G· = G + 0 -X .)[ dG)
1 1 dX.

1

(AI. 10)

For a ternary A-B-C system, at constant XA/XC' and when only the component 13

is a110wed to vary, we may then write:

(AI.I Il

By rearranging terms and dividing by O-Xa )2, and Integration from Xa=1 to Xa

gives:
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(AI.l2)

This relation can be applied to the excess molar free energy of mixing C XS

which is defined as:

G xs = G - G id (AI.13)

where Cid is the ideal contribution to the free energy. In terms of the partial molar

excess free energy:

where YB is the activity coefficient of component B. Equation (AI.12) now becomes:•
7'oXS 7'0 7'0 id
v B = v B - v B =RTInyB (AI.l4)

(AI. 15)

Integration of Eq. AI.l5 (details of the analysis can be found in the Darken's

article274) will give the Darken's equations:

dXB

XC=o
(AI. 16)

This is the final equation expressing the excess molar free energy of a ternary
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solution in terms of the partial molar excess free energy of only onc componcnt.

Substituting Eq. (AI.l4) into Eq. (AI.l6) gives:

G xs , [I X slnyEf.in ternaryABC) , 1-- = (I-XB) dX B
RT 1 O-XB)2 XA

Xc

J
olny Ef.in binaryAB) , JO Iny Ef.in binaryBC)

- X A dXB - Xc ----::;--- dXB
1 (I-X

B
)2 1 0-Xn)2

(AI.l7)

•
Equations (AI.l6) express that if the activity coefficient of B in the ternary ABC

system is known, then the right hand side of the equation would contain only binary

terms which are more readily available than the ternary terms.

AI.3 The Toop and Kohler equations

The object of the Toop equation is to demonstrate the reverse of the

Darken's equation, that is, if the thermodynamic properties of ail three binaries of

a ternary system are known, the thermodynamic properties of the ternary system

can be predicted. The method is considered to be accurate only if ail threc binary

systems are regular solutions, i.e., ln Yi = a(J-Xif , where a is a constant.

Toop showed that a possible solution to Eq. (ALI7) can be given by:

InyB(ABC) [
XA xc]= --InyB(AB) + --InyBWC)

I-XB I-XB Xs

[
G XS]

-(l-X )2~
B RT XA

Xc

(Al. lB)

The final form of the Toop equation Is given as (the detalls of the analysls

can be f1nd in the Toop article275):
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xs [XA XS Xc XS] 2 [ XS]GABC = --GAB + --GBC + (l-XB) G AC XA
l-XB l-XB _

Xs Xc
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(A1.l9)

the definition and location of the terms in Eq. (A1.l9) is given in Figure 6.3a.

Kohler obtained another solution which can be obtained from the Darken

equation by choosing different integration paths (Fig. 6.3b) but again assuming

regular behaviour along these. The path of integration are now along constant ratios

XA/XB• XB/Xc. and XC/XA to yield the equ3tion:

•
(AI.20)

Although the Toop and Kohler equations have been derived for the excess

Gibbs energy. these equations are also applicable to the enthalpy and excess entropy

of mixing.
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Appendix II

Thermodynamic Calculations

This appendix presents the programs written in "FORTRAN 77" for the

calculation of the total free energy change of reaction between Si3N'1 and Ni-Cr-Si

alloys (àGrl along with the samples of calculations. These calculations resulted in

generation of the plots presented in § 6.1.1 of this thesis.

AI!.I Sample of the calculations

al Using the TooDequation

The following calculations will determine the total free energy change of the

reaction between Si3N4 and a Ni-20Cr-IOSi atom% (i.e. SIO) alloy at 1493K and

pN2=IS Pa (:::1.5-4 atm), defined as E in '.he program. The following assumptions was

made for the calculations and scaling up the reaction between the ceramic and the

liquid alloy:

- 0.001 mol of the alloy ( defined as X in the program) will react with 10- 6 mol of

the ceramic. This value which is defined as Y in the program was calculated based

on the assumption that the reaction will occur between the alloy and a thickness of

2p of the ceramic over a area of 0.2 cm2. With respect to molar weight and

theoretical density of Si3N4 (140 g mol- l and 3.27 g cm-3 respectively) this value

(y) was calculated to be 9.37xI0-7 mol (:::10- 6 mol).

- The standard state was taken to be the pure elemental liquid in the computation

of Gibbs energy of Ni-Cr-Si ternary alloys.

To calculate the àGr, one must calculate àG I, àG2, and àG3 in Eq. 6.5. àG I

which is free energy change of decomposition of 10-6 mol of Si3N4 on the surface,



with respect to Eqs. 6.6 to 6.10 and the to the following values was calculated as:•
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t.G;i3N4 = 740,568+24.09TlogT-402.9T 1 mari (Ref. 242)

aSi = 1

140 1
(calculated from: Vms. N =--=42.8 and m=_

'3 4 3.27 4

thus:

t.GI = 6.24 ml

t.Gz, which represents the free energy change of fusion of 3x10- 6 mol Si

(from decomposition of 10-6 mol of Si3N4) was determined to be:

.1G2 = (50530-29.99T)x3xIO-6 =17.26 ml

The last term to be calculated in Eq. 6.5 for determining the total free

energy change of the reaction is t.G3 which is free energy change of 10-3 mol of the

liquid Ni-18Cr-20Si atom% alloy as a result of addition of 3xlO-6 mol of liquid Si,

which change the composition of the starting alloy. Thus, t.G3 will be the free

energy change of the following reaction:

The free energy change of the above reaction can be calculated by knowing

the Gibbs energy of the ternary Ni-Cr-Si solutions with the above compositions. As

mentioned previously, Toop and Kohler equations were used for determining the



Gibbs energy of the ternary Ni-Cr-Si system from the binary data; Ni-Cr, Ni-Si, and

Cr-Si systems. The following formula was used to compute the binary system

compositions from the ternary composition when using the "Toop" equation (see

Figure 6.4ai taking A=Ni, B=Si, and C=Cr):

in Ni-Si and Cr-Si systems,

•
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Xs· = XS'
1binary 'ternary

X N ' = (l-XS' l and Xc = (l-X ' l'binary 1binary rbinary SIbinary

in Ni-Cr system,

X N ,
'ternary

XNibinary = -X-
N
-'--"'-X-C~--

'ternary rternary

Xc = (l-XN' )rbinary ,binary

Using the Toop equation and with respect to the above formuiae and the data

given in Table 6.1, the free energy of the reaction AII.l, which represents the âG3

was calculated to be:

..1G3 = -182.1 ml

Finally, the total free energy of the reaction (âGrl between Si3N4 and the Ni­

20Cr-IOSi alloy (denoted as GR in the programl wlll be the sum of âG i , âG2, and

âG3:

..1Gr=..1GJ + ..1G2 + ..1G3 = 6.24 + 17.26 - 182.1 = -158.6 ml

This procedure was repeated by the program for 0.5<XSi <0.95 at intervals of

XSi=0.05. The output of the program consists of 6 columns. Columns 1 and 2 show

the XSi ln the reactant alloys and product alloys, respectlveiy, columns 3,4, and 5
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rcpresent the ~G l' ~G2' and ~G3 respectively, and column 6 shows the total free

energy change of the reaction (~Gr)'

Although it is not shown in the output of the program, by modifying just the

"WRITE" command, the program will provide such information as GXs of Ni-Si

system (denoted as XNS), Cr-Si system (denoted as XCS), and Ni-Cr system (denoted

as XNC), as a function of the alloy compositions. The GXs of the ternary Ni-Cr-Si

system with Nl/Cr=3.S, as a function of Si content (denoted as XNCS) can also be

included in the output of the program if desired.

The following will show the program to calculate the ~Gr as a function of Si

content in the reactant alloy using the Toop equation. The input of the program will

allow for the calculations under the conditions of T=1493K and pN2=IS Pa. The

output was then used to generate Figure 6.4.

c**********************************************************
c This program will calculate the free energy change of the

c reaction between silicon nitride and Ni-Cr-Si alloys with

c Ni/Cr=3.5 as a function of Si content of the reactant alloys.

c**********************************************************

IMPLICIT REAL*8{A-H,O-Z)

COMMON /B2/ B,XO,T

OPEN (3,FILE='TOOP.OAT',ACCESS='APPENO',FORM='FORMATTEO')

c*********************************************************
c The following part defines the input of the program

c ln which, BI=XSi of the reactant alloy, X=amount of the

c alloy, Y=amount of the ceramic to react with the alloy,

c T=temperature, and E= partial pressure of nltrogen.

c*********************************************************

BI=0.0500
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X=O.OOIOO

Y=1.0D-G

T=1493.0DO

E=1.5D-4

H=IODO

WRITE(3,*) 'T=',T, 'K', 'pN2=',E, 'atm'

WRITE(3,*)

WRITE(3,*) 'XSi in XSi in DGI DG2 DG3 DGr '

WRITE(3, *) 'reactant Product'

WRITE(3,*) 'alloy alloy'

WRITE(3,*)

c*********************************************************
c The following part will calculnte the Gibbs energy of the

c reactant alloys.

c*********************************************************
DO 1001=1,19

B=Bl

CALL CALCUL

U=XO

R=U*X

c*********************************************************

c ln this part, first, the Si content of the product alloy,

c and second the Gibbs energy of the product alloys will

c be calculated.

c*********************************************************

B=(X*B1+3.0DO*Y)/(X+3.0DO*Y)

CALL CALCUL

W=XO

P=W*(X+3.0DO*Y)

c*********************************************************

c ln the following part, the free energy of dissociation of

c silicon nitride on the surface (denoted as G Il and the free

2011
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c energy change of fusion of Si (denoted as G2), the free

c energy change as a result of addition of Si in the reactant

c alloy (G3), and the total free energy change of the system

c will be calculated.

c*********************************************************

G1=(( 177000.0 +5.76*T*(LOG(T)/LOG(H))- 96.3*T)*4.184
$ + 8.31400*T*LOG((E*E)/0.900)-29698.0)*Y

G2=((l2080.-7.17*T)*4.184)*3.000*Y

G3=P-(R-83085.0*3.000*Y)

GR=G 1+G2+G3
WRITE(3,15) BI,B,G I,G2,G3,GR

15 FORMAT(2(F5.4,6X),4(F7.5,4Xll

BI=BI+0.0500
100 CONTINUE

STOP

END

c*********************************************************
c The following subroutine will first calculate the excess free

c energy of the Ni-Si (XNS), Cr-Si (XCS). and Ni-Cr (XNC) systems

c and then based on those values by using the Toop equation will

c calculate the excess free energy of the ternary NI-Cr-Si alloys

c (XNCS). The last step, is the calculation of the Gibbs energy

c of the ternary alloys at the temperature of interest (XO).

c*********************************************************

SUBROUTINE CALCUL

IMPLICIT REAL*8(A-H,O-Z)

COMMON /B2/ B,XO,T

C=( I.OOO-B)/4.500

A=3.5*C

242
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XNS=-B*(A+C}*(259994. *(A+C)+ 133888.*B)+T*B*(A+C)

$ *(62.01 *(A+C}+22.01 *B)

XCS=-B*(A+C}*((36409.+l23060.*B-I77882*B* *2}

$ + T*(28.73-26.56*B}}

XNC=-8368.*A*C!(A+C}**2

XNCS=(A*XNS!( 1.-B)+C*XCS!( 1.-B}}+XNC*( 1-B)**2

XO=XNCS+ T*8.314*(A*LOG(A}+B*LOG(B)+C*LOG(C))

RETURN

END

2·13
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Output of the program ta generate Fig. 604

T=1493.0i( pN2= 1.50D-004 atm

XSi in XSi in DG1 DG2 DG3 DGr

reactant Product
alloy alloy

.0500 .0528 0.00624 0.01726 -.25218 -.22868

.1000 .1027 0.00624 0.01726 -.18213 -.15863

.1500 .1525 0.00624 0.01726 -.12432 -.10082

.2000 .2024 0.00624 0.01726 -.07306 -.04956

.2500 .2522 0.00624 0.01726 -.02671 -.00321

.3000 .3021 0.00624 \J.01726 0.01533 0.03883

.3500 .3519 0.00624 0.01726 0.05334 0.07684• .4000 04018 0.00624 0.01726 0.08746 0.11096

.4500 .1516 0.00624 0.01726 0.11778 0.14128

.fOOO .5015 0.00624 0.01726 0.14438 0.16788

.5500 .5513 Q.00624 0.01726 0.16739 0.19089

.6000 .6012 0.00624 0.01726 0.18692 0.21042

.6500 .6510 0.00624 0.01726 0.20317 0.22668

.7000 .7009 0.00624 0.01726 0.21636 0.23986

.7500 .7507 0.00624 0.01726 0.22674 0.25024

.8000 .8006 0.00624 0.01726 0.23462 0.25812

.8500 .8504 0.00624 0.01726 0.24038 0.26388

.9000 .9003 0.00624 0.01726 0.24442 0.26792

.9500 .9501 0.00624 0.01726 0.24721 0.27071

244
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Output of the program to generate Fig. 6.6

T=1493.0K pN2= 1.500-004 atm

XSi in XSi in OG1 OG2 OG3 OGr

reactant Product

alloy alloy

.0500 .0528 0.03594 0.01726 -.25218 -.19899

.1000 .1027 0.03594 0.01726 -.18213 -.12893

.1500 .1525 0.03594 0.01726 -.12432 -.07112

.2000 .2024 0.03594 0.01726 -.07306 -.01986

.2500 .2522 0.03594 0.01726 -.02671 0.02648

.3000 .3021 0.03594 0.01726 0.01533 0.06853

.3500 .3519 0.03594 0.01726 0.05334 0.10654

.4000 .4018 0.03594 0.01726 0.08746 0.14066

• .4500 .4516 0.03594 0.01726 0.11778 0.17097

.5000 .5015 0.03594 0.01726 0.14438 0.19758

.5500 .5513 0.03594 0.01726 0.16739 0.22058

.6000 .6012 0.03594 0.01726 0.18692 0.24012

.6500 .6510 0.03594 0.01726 0.20317 0.25637

.7000 .7009 0.03594 0.01726 0.21636 0.26956

.7500 .7507 0.03594 0.01726 0.22674 0.27993

.8000 .8006 0.03594 0.01726 0.23462 0.28782

.8500 .8504 0.03594 0.01726 0.24038 0.29358

.9000 .9003 0.03594 0.01726 0.24442 0.29762

.9500 .9501 0.03594 0.01726 0.24721 0.30041

•
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• Output of the program to generate Fig. 6.7

T=1493.0K pN2=1.0 atm

XSi ln XSI in DG1 DG2 DG3 DGr

reactant Product

alloy alloy

.0500 .0528 0.22483 0.01726 -.25218 -.01010

.1000 .1027 0.22483 0.01726 -.18213 0.05996

.1500 .1525 0.22483 0.01726 -.12432 0.11777

.2000 .2024 0.22483 0.01726 -.07306 0.16903

.2500 .2522 0.22483 0.01726 -.02671 0.21537

.3000 .3021 0.22483 0.01726 0.01533 0.25742

.3500 .3519 0.22483 0.017:26 0.05334 0.29543

.4000 .4018 0.22483 0.01726 0.08746 0.32955

.4500 .4516 0.22483 0.01726 0.11778 0.35986• .5000 .5015 0.22483 0.01726 0.14438 0.38647

.5500 .5513 0.22483 0.01726 0.16739 0.40947

.6000 .6012 0.22483 0.01726 0.18692 0.42901

.6500 .6510 0.22483 0.01726 0.20317 0.44526

.7000 .7009 0.22483 0.01726 0.21636 0.45844

.7500 .7507 0.22483 0.01726 0.22674 0.46882

.8000 .8006 0.22483 0.01726 0.23462 0.47671

.8500 .8504 0.22483 0.01726 0.24038 0.48247

.9000 .9003 0.22483 0.01726 0.24442 0.48651

.9500 .9501 0.22483 0.01726 0.24721 0.48930

•
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• Output of the program to generate Fig. 6.10

T=1573.0K pN2= 1.500-004 atm

XSi ln XSi in OGI OG2 OG3 OGr

reactant Product

alloy alloy

.0500 .0528 -.03066 0.01006 -.24966 -.27026

.1000 .1027 -.03066 0.01006 -.17960 -.20020

.1500 .1525 -.03066 0.01006 -.12220 -.14279

.2000 .2024 -.03066 0.01006 -.07142 -.09202

.2500 .2522 -.03066 0.01006 -.02556 -.04616

.3000 .3021 -.03066 0.01006 0.01605 -.00455

.3500 .3519 -.03066 0.01006 0.05368 0.03309

.4000 .4018 -.03066 0.01006 0.08749 0.06690

.4500 .4516 -.03066 0.01006 0.11757 0.09697

• .5000 .5015 -.0:1066 0.01006 0.14399 0.12340

.5500 .5513 -.03066 0.01006 0.16688 0.14628

.6000 .6012 -.03066 0.01006 0.18635 0.16575

.6500 .6510 -.03066 0.01006 0.20258 0.18199

.7000 .7009 -.03066 0.01006 0.21579 0.19519

.7500 .7507 -.03066 0.01006 0.22622 0.20563

.8000 .8006 -.03066 0.01006 0.23419 0.21360

.8500 .8504 -.03066 0.01006 0.24005 0.21946

.9000 .9003 -.03066 0.01006 0.24421 0.22361

.9500 .9501 -.03066 0.01006 0.24710 0.22651

•
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bl Uslng the Kohler eguatlon

248

The same procedure outlined in the previous section was used for the

calculatlon of âGr using the Kohler equation, except that, for the calculation of

Gibbs energy of ternary Ni-Cr-Si alloys the Kohler equation was used instead,

The following formula was used to compute the binary system compositions

from the ternary composition (see Figure 6.4bj taking A=Ni, B=Si, and C=Cr):

in Ni-Cr system:

•

X N ,
Jlernary

X Nibl'nary = -:-::----'-'c.:..::-,.;---
X N , + Xc

'Iernary r lernary

ln Ni-Si system:

X N ,
'Iernary

X Nib,'nary = -:-:: ---C;...:...:-:-'-__
X N' + Xs'

'Iernary 'Iernary

and in Cr-Si system:

XCrlernary
X = -:-:---.....:.:~:..---

Crbinary Xc + X s'
r lernary 'Iernary

and

and

and

X s ' = I-XN ,
,binary 1binary

X s' = I-XC1binary rbinary

Uslng the Kohler equation, the âG3 and âGr for the case when the Ni-20Cr-IOSi is

taken as the reactant alloy were calculated as:

.dG] = -190.3 ml

.dGr = .dG} + .dG2 + .dG] = 6,24 + 17.26 -190.3 = -166.8 ml

It should be noted that âG l and âG2 are the same as the previous calculations

and are independent of the equatlons used for the computation of the Gibbs energy

of the ternary alloys.

The program shown below, was then used to calculate the âGr as a function
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of Si content of the ternary alloys ranging from XSi=0.05 to 0.95 at the interval of

Xsi=0.05. Ali the arguments that was made for the Toop equation program are valid

here as weil.

c**********************************************************
c This program will calculate the free energy change of the
c reaction between silicon nitride and Ni-Cr-Si alloys with

c Ni/Cr=3.5 as a function of Si content of the reactant alloys.

c*********************************************************.

lMPLICIl' REAL*8(A-H,O-Z}

COMMON /B2/ B,XO,T

OPEN (3,FILE='KOHLER.OAT' ,Access='append' ,FORM='FORMATTEO')

c*********************************************************
c The following part defines the output of the program

c in which, Bl=XSi of the reactant alloy, X=amount of the

c alloy, Y=amount of the ceramic to react with the alloy,

c T=temperature, and E= partial pressure of nitrogen.

c*********************************************************

BI=0.0500
X=O.OOIOO

Y=\.OO-G

1'=1493.000

E=\.50-4

H=IOOO

•
WR1TE(3,*} '1'=',1', 'K', 'pN2=',E, 'atm'

WRITE(3,*)

WRITE(3,*) 'XSi in XSi in OGI OG2

WR1TE(3, *) 'reactant Product'

OG3 OGr'



alloy'

•
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WRITE(3, *) 'alloy

WRITE(3,*)

c*********************************************************
c The following part will calculate the Gibbs energy of the

c reactant alloys.

c*********************************************************
DO 100 1=1,19

B=BI
CALL CALCUL

U=XO

R=U*X

c*********************************************************
c ln this part, first, the Si content of the product alloy,

c and second the Gibbs energy of the product alloys will

c be calculated.

c*********************************************************
B=(X*B1+3.0DO*Y)/(X+3.ODO*Y)

CALL CALCUL

W=XO

P=W*(X+3.0DO*Y)

c*********************************************************
c ln the following part, the free energy of dissocia' 10n of

c silicon nitride on the surface (denoted as GIl and the free

c energy change of fusion of Si (denoted as G2), the free

c energy change as a result of addition of Si in the reactant

c alloy (G3), and the total free energy change of the system

c will be calculated.

c*********************************************************

G1=((1 77000.0 +5.76*T*(LOG(T)/LOG(H))- 96.3*T)*4.184

$ + 8.314DO*T*LOG((E*E)/0.9DO)-29698.0)*Y

G2=(( 12080.-7.17*T)*4.184)*3.0DO*Y

G3=P-(R-83085.0*3.0DO*Y)

GR=GI+G2+G3

250
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WRITE(3,15) 131 ,B,G I,G2,G3,GR

15 FORMAT(2(F5.4,6X),4(F7.5,4X))

131=131+0.0500

100 CONTINUE

STOP

END

c*********************************************************

c The following subroutine will first calculate the excess free

c energy of the Ni-Si (XNS), Cr-Si (XCS), and Ni-Cr (XNC) systems

c and then based on those values by using the Kahler equation will

c calculate the excess free energy of the ternary NI-Cr-Si alloys

c (XNCS). The last step, is the calculation of the Gibbs energ)

c of the ternary :Jlloys at the temperature of interest (XO).

c*********************************************************

SUBROUTlNE CALCUL

IMPLICIT REAL*8(A-H,O-Z)

COMMON /132/ B,XO,T

C=(1.0DO-B)/4.5DO

A=3.5*C

XNS=-(A*B/(A+B)**2)*(259994.*A/(A+B)+ 133888.*13/{A+I3))+(T*A*13/

$(A+B)**2)*(62.01 *A/(A+B)+22.01 *B/(A+13))

XCS=-(B*C/(B+C)**2)*(36409.+223060. *B/(B+C)- 177882*13**2/(13+C)* *2)

$ -(T*B*C/(B+C)**2)*{28.73-26.56*B/{B+C))

XNC=-8368. *A*C/(A+C)**2

Xr-:CS={{ '- -Cl **2)*XNS+(( 1-13)* *2)*XNC+{{ 1-A)* *2)*XCS

XO=XNCS+T*8.314*{A*LOG(A)+B*LOG(B)+C*LOG(C))

RETURN

END
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Output of the program to generate Fig. 6.4

T=1493.K pN2= 1.50D-004 atm

XSi in XSi in DG1 DG2 DG3 DGr

reactant Product

alloy alloy

.0500 .0528 0.00624 0.01726 -.26718 -.24368

.1000 .1027 0.00624 0.01726 -.19031 -.16681

.1500 .1525 0.00624 0.01726 -.12246 -.09896

.2000 .2024 0.00624 0.01726 -.06298 -.03948

.2500 .2522 0.00624 0.01726 -.01143 0.01207

.3000 .3021 0.00624 0.01726 0.03298 0.05648

.3500 .3519 0.00624 0.01726 0.07109 0.09459

.4000 .4018 0.00624 0.01726 0.10367 0.12717

• .4500 .4516 0.00624 0.01726 0.13144 0.15494

.5000 .5015 0.00624 0.01726 0.15500 0.17850

.5500 .5513 0.00624 0.01726 0.17488 0.19838

.6000 .6012 0.00624 0.01726 0.19155 0.21505

.6500 .6510 0.00624 0.01726 0.20540 0.22890

.7000 .7009 0.00624 0.01726 0.21681 0.24031

.7500 .7507 0.00624 0.01726 0.22607 0.24957

.8000 .8006 0.00624 0.01726 0.23347 0.25697

.8500 .8504 0.00624 0.01726 0.23928 0.26278

.9000 .9003 0.00624 0.01726 0.24370 0.26720

.9500 .9501 0.00624 0.01726 0.24697 0.27047

•
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Appendix III

Calculation of the Cr Activity in a
Ni-20Cr-lOSi (atom%) Alloy

The activity coefficient of Cr (YCr) in a Iiquid Ni-20Cr-IOSi (i.e. SIO) alloy

can be calculated using the Eq (AI.18). Taking A=Ni, B=Cr, and C=Si, the following

data are required for such a calculation:

- YB(AB) = YCr (Ni -20Cr)

-YB(BC) = yCr (Si -20Cr)

-GX\AC) (with the same XA/XC ratio as the ternary alloy) = GXS (Ni-14.3 Si)

From the investigation of Fruehan 276and Gilby and Pierre277 the yCr

in Ni-20Cr liquid alloy is taken to be:

y Cr(Ni-20Cr) = 0.74

and from the investigation of Riegert et al:278

y Cr(Si-20Cr) = 0.031

From the data given in Table 6.1 and with respect to:

(AIlI.l)

(AlII.2)

X Ni

X Si

= 0.7 = 7
0.1

(AIlI.3)

the GXS(Ni-14.3Si) having the same Ni/Si ratio as that of the ternary composition

was calculated as:

XS
G(Ni-14.3Si) = -19353 jmol -1 (AlII.4)
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Substituting the Eqs. (AIIU, 2, and 4) into the Eq. (AI.lB) will result in:

254

Iny Cr(Ni-20Cr-IOSi) = 0.3

and from the relation:

or YCr = 1.34 (AllI.5)

thus

(AllI.6)

•

•

8Cr(Ni-20Cr-lOSi) = 0.2 x 1.3 =0.26 (AllI.7)
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AppendixIV

A Comparison Between the Four-point Bend and Shear

Strength of Si3N4/Cusil-ABNSi3N4(or Mo) Joints.

The main objectives of this study were the following:

al Designing a shear jig to evaluate the shear strength of double-brazed

ceramic/ceramic and ceramic/metal joints and further compnrison of the results

with shear strength of single-brazed joints.

b) Evaluation of the four-point bend strength of the joints and establishing a possible

correlation between the results of MOR and shear tests.

Materials

The ceramic used in this study consisted of sintered silicon nitridc produced

in house with the same composition as already described in Chaptcr 5 of this thesis.

The metal used was Mo and a commercially available brazing alloy Cusil-ADA wns

selected as the filler metal. This filler metal was selccted bccausc the prevlous

study by other investigatorslSI.IS2 had shown that strong and relinblc Si3N4/Si3N4

and Si3N4/Mo joints which was needed for this study can form using Cusil-ABA

alloy.

Preparation of the experimental samples

ln order to make the experimental test bars three blocks of either ccramic

or ceramic and metal with dimensinns of the 20x9x6 mm3 (side blocks) and 9x9x6

mm3 (centre blocks) were brazed together. The side blocks were ceramics in ail the

cases. The brazing alloy used in form of foils of 0.2 mm thick. The alloy foils placed

between the blucks. A BN brazing jig was used to hold the blocks togethcr.

Specimens were brazed in a graphite element Var!!llm furnacc with the

previously mentioned specifications (Chapter 5). Brazlng took placcd at thrcc
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different temperatures, 890, 910, and 950'C for different brazing times of 10 and

20 min. under a vacuum of 15 Pa. After brazing, samples were prepared in the way

described in § 5.1.3 for strength measurements.

Results

A summary of the results of strength testing is given in Table IV.1. The

values given in the table are the mean of four measurements and the numbers ln

parentheses shows the standard deviations of the relevant values.

From the table, it can be seen that, generally, the shear test tends to glve

lower strengths than the MOR values. The table also shows higher deviations for

shear values than that of the MOR bars. Moreover, the deviations for single-brazed

Joints Is lower than for the double brazed joints. The latter was malnly due to

Table IV.1. Shear and four-point bend strength of Si3N4/Cusll-ABA/Si3N4 (or Mo)
joints.

** Smgle-brazed JOInts *** Standard deviatlonDouble-brazed jomts

Materials Brazing MOR (MPa) C1 r( * C1Shear(S.B.)**Shea D.B.)
Condition (MPa)

(MPa)

Si3N4/Si3N4 890°C-IO min.
156 (25)*** 93 (25) 90 (15)

SI 3Ni Mo 176 (30) 104 (3I) 110 (14)

Si3N4/Si3N4 890°C-20 min.
215 (35) N/A N/A

Si1Ni Mo 260 (38) 161 (38) 150 (20)

S13N4/Si3N4 910°C-1O min.
281 (32) 226 (45) 202 (34)

SI3N4/Mo 201 (30) 134 (39) 150 (28)

Si3N4/Si3N4 910°C-20 min.
121 (25) N/A 85 (25)

Si3Ni Mo 134 (20) N/A N/A

Si3N4/Si3N4 950'C-IO min.
129 (30) 28 (14) 40 (15)

Si3N4/Mo 122 (3I) 26 (6) N/A

Si3N4/Si3N4 950'C-20 min.
48 (18) N/A N/A

Si3N4/Mo 75 (20) 25 (12) N/A
*•
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•

problems associated with the sensitivity of the method to the specimen lllignment.

Another point to be noted is that. there is slight difference between the values

obtained using single and double-brazed shear tests. From the overall results of this

study. no obvious correlation was found betVlcen the strength values obtuined by

shear and four-point bend tests.
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AppendixV

Finite Element Analysis in Si3N4 /Mo System

The principle objective of the finite element analysis was to evaluate the

effects of variations in joint geometry on the magnitude and distribution of the

residual stresses in Si3N4/Mo joints. The analysis performed using the "Algor

Supersap" finite element program. A cylindrical butt joint model of 9 mm diameter

was used. To assess the effect of the thickness of the parent materials on the stress

distribution within the joint area, the thickness of one of the materials was assumed

to be constant at 6 mm while that of the other was varied from 0.5 to 6 mm. Figure

V.I shows a typical FEM mesh consisting of rectangular elements. Because of

symmetry, the finite element grid used in the calculations consisted of only half of

the butt joint. ln order to obtain a more realistic set of values from the FEM

calculations, the mechanical and physical properties of the materials were selected

at various temperatures between 25 and 1300°C. Table V.1 shows the values of the

materials properties at 298 K. Bonding temperatures were assumed to be at 11 00

and 1300°Ci the joints were assumed to be cooled from the joining temperature to

room temperature.

Sorne of the results of the FEM analysis are shown in Figures V.2, V.3, and

V.4. Figure V.2 shows a contour map of the stress distribution and maximum

principal stresses in a Si3N4/Mo joint. This joining model was assumed to be stress

free at 11 OO°C. The figure shows that the ceramic Is under compression while the

metal is

Table V.l. Material properties at 298 K.

Material Il E (GPa) ICG (GPa) Il a (x106K- l ) Il y

Si3N4

1

317

1

135

1

2.3

1

0.24

Mo 322 124 5.3 0.29
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under tension, particularly in the area close to ceramic/metal interface. Figure V.2

also indicates the presence of h!gh tensile stress at the free edge of the sample in

the ceramic part. These stresses are very significant because the crack initiation in

the ceramic is likely to occur at this location.

Figure 3 shows the effect of ceramic thickness on the maximum tensile stress

within the joint area, while the metal thickness was kept constant at 6 mm. Figure

VA illustra te the same effect while the ceramic thickness was kept constant and the

metal thicknesses varied from 0.5 to 6 mm. As a comparison the magnitude of the

stresses when using Nb as the metal member is also given in these figures.

From Figure V.3 it can be seen that for the ceramic thicknesses above 3 mm

the maximum stress is lower when using Mo and for the thicknesses below 3 mm It

is lower when Nb is used as the metal member. In both cases when the ceramic
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Figure V.3. Peak stress vs the ceramic thickness.
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·hickness is above 1 mm the level of residual stress is higher than the frar:ture stress

of Si3N4 (700 to 800 MPa), therefore, it is expected that the ceramic would fracture

under such stresses. It should be noted that when the ceramic thir.kness is below 1

mm, the maximum stress decreases to below the fracture stress of the cerarnic,

thus, such Joints should be useable in service. This configuration is suitable for

applicatio..b· .vhich a thin ceramic layer is Joined to a thick supporting metal.

Cutting lOols are an example of such applications.

Figure VA shows that for a constant ceramic thickness of 6 mm, the level of

stress is lower for a11 the metal thicknesses when using Mo as the metal member.

ln both cases the magnitude of str&'es is higher than the fracture stress of Si3N4

for a11 the metals thicknesses.

The fini te element study was performed under the assumption that the
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materials behave elastically and plastic deformation does not occur. However, the

plastic deformation of the metal rnember, particularly the flller metal which has not

been taken into account in the calculation will alleviate the residual stresses.

Therefore, it is expected that the real value of the stresses wouId be less than the

present calculations.




