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Abstract

In this study, the joining of alumina to nickel by transient liquid phase brazing 

using nickel-titanium interlayers was analyzed. This process has several advantages over 

the widely used copper-si 1 ver-titanium brazing method. The copper-titanium system 

exhibits several brittle intermetallic compounds that reduce the strength of the joint. The 

nickel-titanium system has only a small number of intermetallic compounds, one of 

which is NiTi, a phase known to be a ductile banded martensite and the basis for 

numerous shape memory alloys. The nickel-titanium system also has higher solidus and 

liquidas temperatures that, while they require higher bonding temperatures, allow for 

higher service temperatures. Transient liquid phase brazing allows brazing to occur at 

temperatures below the melting point o f pure titanium and nickel.

Samples were subjected to four-point bend testing to determine mechanical 

properties, as well as analysis with a scanning electron microscope. Joint strengths 

measured as high as 26 ksi (180 MPa), a value equivalent to approximately 45 percent of 

the bend strength of pure monolithic alumina. An analysis of the fracture surfaces 

showed that each sample fractured within the ceramic material, evidence of the presence 

of residual stresses within the joint.

A kinetic analysis of the bond formation was possible using the data generated by 

SEM analysis. The formation of NiTi was seen to happen very rapidly, during the



heating to the brazing temperature. As the brazing cycle progressed, the NiTi layer 

became richer in nickel, forming first a liquid then solidifying to form Ni3Ti. The 

formation of Ni3Ti was seen to be parabolic in nature. Further analysis of this growth 

resulted in the determination of an apparent activation energy of 130 kJ/mol.

iv
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I Introduction

Advanced ceramics are finding new applications in many areas including the 

aerospace, automotive, nuclear and electronics industries. However, cost considerations 

or additional mechanical, electrical or thermal property requirements frequently favor 

ceramic-metal or dissimilar ceramic component combinations. Joining these different 

materials by brazing with metal interlayers is a commercially viable technique.

Brazing alloys containing copper, silver and titanium are widely used in 

metal/ceramic brazing processes. However, Cu(Ag)-Ti/Al20 3  brazes often manifest 

numerous intermetallic compounds. These intermetallic compounds generally deteriorate 

the mechanical properties of the joint. The objective o f this study was to determine the 

feasibility of joining metals to ceramics using nickel-titanium interlayers in a transient 

liquid phase brazing process.

Nickel-titanium brazing alloys offer some distinct advantages over copper-titanium 

alloys. The nickel-titanium phase diagram [1] is shown in Figure 1.1. Nickel-titanium 

intermetallics do not necessarily deteriorate the properties o f the joint. For example, NiTi 

can exist as a banded martensite shape memory alloy and, as a consequence, provide 

excellent fracture toughness. Also, the nickel-titanium alloys typically have higher solidus 

and liquidus lines (at corresponding titanium contents). Although the higher melting
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Figure 1.1: Nickel-titanium phase diagram (Massalski [ 1 ])
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temperatures require higher bonding temperatures, they also allow for higher application 

temperatures [2].

A. Joining Applications 

Current and future applications for joining ceramics to metals and to other 

ceramics exist in many industries and for a wide range of material combinations. In the 

electronics industry, applications include multilayer electronic devices that consist of both 

insulators and electrodes [3], surge arrestors with metal caps brazed to alumina tubes [4], 

cap and pin type insulators [5], alumina cylinders joined to steel for vacuum tube 

envelopes [6], and brazed aluminum nitride components [7], Aerospace applications 

include silicon nitride turbocharger rotors joined to steel shafts [8], Other important 

applications are glass seals [3], high temperature heat exchangers [9], and the cooler 

brick/casing interface on ceramic high-temperature recuperators [5],

Since the early 1970’s, the use o f ceramic components in automotive engines has 

been under intensive development, and currently, trial quantities of ceramic components 

are being evaluated in a limited number of production automobiles [10]. This has led to 

new joining applications such as silicon nitride caps on metal push rods [8], partially 

stabilized zirconia pads joined to nodular iron for rocker arm assemblies [5], and partially 

stabilized zirconia, silicon carbide and silicon nitride wear pads joined to nodular iron [6],
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Furthermore, the same problems encountered in the aerospace industry when joining gas 

turbine components such as turbine rotors must be overcome in the automotive industry 

[5,8].

In addition to conventional joining, the ceramic-metal interface is also important in 

the processing of metal-matrix composites reinforced with ceramic fibers, whiskers, or 

particulates (e.g. the casting of aluminum/silicon carbide) [11]; the infiltration of liquid 

metal into porous ceramics for toughened ceramics [12]; metallizing of hybrid microcircuit 

substrates [3], and the containment of liquid metals in ceramic containers during 

investment casting, where metal-ceramic interactions are undesirable [13].

B. Joining Methods

The most widely used method for joining ceramics is mechanical attachment [4], 

Crimping, clamping, shrink fitting and bolting are inexpensive and simple to perform, but 

these joints lack continuity. Threads and threaded fasteners can be used, but fabricating 

threads in a ceramic component is difficult and expensive [7] In addition, it is difficult to 

fabricate joints which are leaktight or are able to withstand thermal cycling.

Other joining methods include fusion welding, diffusion bonding, brazing, glazing 

and adhesive bonding [4]. There are very few material combinations which can be fusion 

welded because of the need for similar melting temperatures and thermal expansion 

coefficients. Many systems can be adhesively bonded, but the joint performance is
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critically dependent on temperature. Diffusion bonding is attractive because lattice 

distortions can be avoided and no obvious reactions take place. However, this method 

requires the application of pressure during bonding, which limits the sample geometries 

that can be joined. Finally, brazing and glazing require a chemical reaction for bonding.

In brazing, a metallic coating or a filler metal with an active alloying addition is used to 

promote wetting of a liquid metal on a ceramic substrate, while in glazing the ceramic 

surface is oxidized to promote wetting by the molten metal brazes. Unlike diffusion 

bonding, adhesive bonding, and mechanical attachment, a high temperature thermal cycle 

is needed for good bonding. In addition, although the initial formation of a reaction layer 

is beneficial, the thickening of these compounds can cause detrimental stressing o f the 

interface resulting in fracture. The effect o f reaction layer thickening and other major 

factors in ceramic-metal brazing will be discussed in the next section.

C. Important Factors in Brazing 

The development o f a ceramic-metal brazing process requires the consideration of 

geometrical, mechanical, and chemical factors [6], Geometrical factors include the 

thickness, area, and shape of the interface as well as the relative position of the members. 

Important mechanical factors are the relative thermal expansions of the filler metal and 

substrate, the bulk strengths of the filler metal and substrate, and the surface roughness of 

the substrate. Finally, the important chemical factors are the chemical activities of the
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various filler metal components, the tendency to form stable oxides, and the rates of 

formation and products of any interfacial reaction.

The thermal expansion mismatch between the metal and ceramic is one of the 

greatest obstacles to successful brazing. There are very few metal/ceramic combinations 

with similar coefficients o f thermal expansion (CTE’s) [3], Upon cooling, the CTE 

mismatch can lead to large residual stresses. These stresses may cause interfacial cracking 

and failure [5,11]. The residual stresses can be reduced by using a composite material 

(e.g. copper-carbon or alumina-tungsten) to change the CTE of the interlayer. More 

commonly, a very soft, ductile material is used (e.g. silver, copper, aluminum) [12], 

although most ductile filler metals do not wet most ceramics. Therefore, a small amount 

o f a reactive metal (e.g. titanium or zirconium) is added to the braze filler metal, which 

promotes wetting by reducing a thin layer o f the ceramic [5], The control of this reaction 

is important because insufficient reaction leads to incomplete bonding which results is a 

degradation o f joint integrity [13-15], Excessive reaction and consequent reaction layer 

thickening can also lead to a degradation o f mechanical properties [16,17], Thus, 

complete ceramic-metal characterization [3], including the thermodynamics and kinetics of 

interfacial reactions, the microstructure and composition of the interface reaction, and the 

structure of the interface at the atomic level is needed to obtain optimal joint properties.
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II Literature Review

The literature review covers three major areas related to metal-ceramic bonding. 

First, wetting and spreading are briefly discussed. General definitions and concepts are 

presented for both reactive and non-reactive systems. Second, the formation of reaction 

products within the brazed joint will be explored. Third, current metal-ceramic brazing 

technology will be reviewed. Reaction product formation, thermodynamics and diffusion 

theories are presented for metal-ceramic systems with an emphasis on titanium-containing 

braze alloys on alumina substrates.

A. Wetting and Spreading

The general theories for wetting and spreading are relatively well developed. 

However, the modeling o f experimentally observed spreading behavior for non-reactive as 

well as reactive systems is difficult and not as well developed.

When a liquid is placed on a solid substrate, several types of wetting and spreading 

behavior may occur. If the liquid tcballs up” or rolls off the surface, it is defined as non­

wetting; if the liquid flattens into spherical caps, it is defined as wetting or partially 

wetting, and if the liquid forms a flattened pancake shape, which continues to spread and 

cover more of the surface, it is defined as complete wetting or spreading wetting [18-20],



8

The study of wetting is concerned with the state of the system under a given set of 

conditions (usually at equilibrium or quasi-equilibrium) while spreading is the study o f the 

changes in wetting behavior with time. However, these definitions are not rigid and 

considerable overlap of these terms exists. For example, the wetting kinetics of a liquid 

drop are the same as the spreading kinetics. Therefore, the study of spreading also 

requires a consideration of the thermodynamics and kinetics of wetting.

1. General Theory

Most studies o f wetting are based on the contact angle. The contact angle was 

first defined empirically by Young in 1805 [18]. He observed that in most cases when a 

liquid is placed on a solid, the liquid remains as a drop with a definite angle of contact 

between the liquid and solid phases, shown in Figure 2.1. Setting the forces in the 

horizontal plane equal to zero at the solid-liquid-vapor triple point results in the Young 

Equation ( or the Young-Dupre Equation) [18,19]:

y -y
cosO = (1)

where 0  = the contact angle

Yl v  = the liquid-vapor interfacial energy
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Figure 2.1 : Sessile drop schematic diagram illustrating contact angle and relevant
interfacial energies
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ysv = the solid-vapor interfacial energy 

Y s l  = the solid-liquid interfacial energy 

In general, a wetting angle greater than 90 degrees is considered non-wetting, and 

angles between zero degrees and 90 degrees is partially wetting, and an angle of zero 

degrees is completely wetting. For ceramic-metal brazing, a wetting angle o f less than 90 

degrees is defined as wetting. A major assumption of this equation is that all of the phases 

are in thermodynamic equilibrium. While the Young Equation was initially derived based 

on a surface energy force balance, it can also be derived using a rigorous thermodynamic 

treatment [21].

2. Measurement of Contact Angle 

Several techniques are available for the measurement of contact angles for solid- 

liquid-vapor systems. These include sessile drop, capillary rise, pendant drop, Wilhelmy 

slide, the Langmuir-Schaeffer, and the tilting plate methods [20]. Descriptions of these 

methods are given by Hiemenz [21] and Adamson [22]. Only the sessile drop and 

capillary rise techniques can be readily adapted to the measurement o f non-equilibrium 

(time-dependent) contact angles and spreading rates.

The most common method for measuring contact angles is the sessile drop method 

[21,22], A liquid drop is placed on a flat surface and the contact angle is measured from 

the solid-liquid interface through the liquid to the liquid-vapor interface (Figure 2.1). The
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angle can be measured directly using a microscope or by calculation based on the entire 

drop profile [21-23], This method is relatively simple, precise, and reliable but data it 

yields for ceramic/metal systems is often dictated by additional experimental factors such 

as the presence and tenacity o f the oxide skin covering the drop, or by the time of metal- 

substrate contact elapsed at the moment of angle measurement [24]. The rate of 

spreading can also be measured for this geometry by measuring the change in the substrate 

coverage area, the substrate coverage radius or the contact angle with time.

While the wetting angle is theoretically easy to obtain, external experimental 

factors can make the actual measurements very difficult. The apparent contact angle has 

been shown to be strongly dependent upon the measuring device and sample geometry 

[25]. It is also different for a receding drop versus a spreading drop [21,22,26], The 

surface roughness and surface homogeneity also strongly affect the wetting angle. 

Wenzel’s relation is frequently used to correct for the change in contact angle with 

increases in surface roughness [27]:

cos 0  = r cos 0 °  (r > 1) (2)

Where r = the surface roughness factor

0  = the contact angle for the rough surface 

0° = the contact angle for a smooth surface

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL O f  MINES 
GOLDEN, CO 80401
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The result of this relation is that the contact angle moves away from 90 degrees or a 

wetting system becomes more wetting ( 0 —>0 degrees) while a non-wetting system 

becomes more non-wetting ( 0 —>180 degrees) with an increase in surface roughness. 

Usually the value o f r is experimentally determined, but attempts have been made to 

correlate r to the change in surface area for a roughened surface [28]:

r =  roughness area factor =  true area/nominal area (3)

Other workers [ 12,26] have correlated the change in contact angle to the average slope of 

the surface asperities ( ota ):

The surface heterogeneities are frequently accounted for using a “rule of mixtures” 

approach for contact angles [26]:

0  = 00 + Ota (4)

COS 0  = fi COS 01 + f2 c o s  02 (5)

where fi and f2 are the fractions of the surface having inherent contact angles 0 j and ©2 

In terms of the interfacial energies, this formula can also be written as:



13

Ylv cos 0  = fi (YsivYsil) + fi (Ys2v - Ys2l) (6)

This approximation generally agrees with experimental results to within ±15 percent.

3. Non-reactive Systems 

In many systems, no reaction takes place when a liquid comes in contact with a 

solid. Non-reactive spreading and wetting are important in a large number of applications 

including spreading of molten polymer adhesives, removal of dirt by detergent solutions, 

dropwise condensation of liquids, displacement of a fluid by another in soils, underground 

oil reservoirs, packed beds and other porous media, lubrication, soldering, lithographic 

printing, waterproofing of textiles, cleaning of surface, spray painting, foliage and animal 

spraying, and electrophotography. Even though a large amount of research has been done 

in these areas, these processes are not completely understood and many of the existing 

models are very empirical [20].

4. Reactive Systems 

The wetting and spreading behavior o f reactive systems is complicated by the 

interfacial reactions at the solid-liquid interface as well as the reactions at the liquid-vapor 

interface ( e.g. oxidation). Much of the work in ceramic-metal systems has concentrated 

on predicting the final equilibrium angle based on thermodynamic considerations and on



14

characterizing the effect of alloying additions and other parameters (i.e. temperature, 

oxygen partial pressure and surface treatment) on wettability. Very few wetting and 

spreading kinetics models exist and they are generally empirical in nature.

Aksay et al. [29] identified four different types of reactions which can occur at the 

solid-liquid interface in a solid-liquid-vapor system:

1.) Only the solid is not saturated with some or all

components of the liquid.

2.) Only the liquid is not saturated with some or all

components of the solid.

3.) Both phases are unsaturated with respect to the other.

4.) A compound forms at the interface.

For reactive metal/ceramic systems, a compound almost always forms at the interface. In 

nearly all of these systems, an initially non-wetting contact angle ( © > 90 degrees) 

decreases with time to a constant wetting angle. A schematic representation of the effect 

of the formation of a compound at the ceramic metal interface is shown in Figure 2 .2. The 

final contact angle and the time to reach a steady-state angle depend upon the brazing 

alloy composition and temperature. Examples of wetting systems which exhibit this type 

of behavior include: eutectic silver-copper alloys with titanium additions on alumina and 

aluminum nitride [30], aluminum on oxidized silicon carbide and silica [31], aluminum and 

titanium alloys on silicon nitride [3], aluminum on CVD boron nitride [32], magnesium
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alloys on alumina [24], eutectic silver-copper alloys with titanium and zirconium additions 

on silicon nitride [7], aluminum on silicon carbide [33-36], and copper-titanium and 

copper aluminum on alumina [37-39], The time to reach an equilibrium angle can vary 

from a few seconds to 100 minutes (6000 seconds).

There are several mechanisms by which a reactive metal addition can improve 

wettability. The contact angle can be lowered by solute metal segregation at the interface 

or by an interfacial reaction [19]. For example, in the copper-titanium/alumina system, the 

titanium segregates to the liquid-solid interface while there is both interfacial segregation 

and the formation of TiO [37]. Solute additions can also increase wettability by lowering 

the liquid-metal/vapor surface energy. Therefore, the maximum wettability can be 

achieved by adding two solutes; one that is active at the metal-vapor surface, and one that 

is active at the metal-ceramic interface.
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Figure 2.2: Schematic illustration o f wetting in a reactive system.
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Wettability can be changed by many other techniques besides changing the reactive 

metal composition or temperature. For many non-oxide ceramics, the oxidation of the 

solid surface can improve wettability. Examples include aluminum on oxidized silicon 

nitride [3, 15], and oxidized silicon carbide [31]. Wetting has also been improved by 

applying a metallic coating before brazing. In the “moly-manganese” process, a 

molybdenum-manganese coating is sintered on an alumina surface and then brazed [8,40]. 

Other successful coating applications are titanium, hafnium, tantalum, or zirconium on 

silicon nitride [41-43],

B. Reaction Layer Formation 

Three aspects o f reaction layer formation are important in ceramic-metal brazing. 

The bonding of the metal to the ceramic at the atomic level, the type of products formed, 

and the rates o f reaction product formation all play important roles in determining the 

appropriate processing parameters for successful ceramic-metal brazing.

1. Ceramic-Metal Bonding 

At the interface between a liquid metal and an oxide ceramic, there is a 

reconstruction of the of the oxide surface with the displacement of the cations to the
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interior because of the larger size and higher polarizability of the oxygen anions as 

compared to the cations [44]. Thus, the adhesion of the metal with the oxides is governed 

by the interaction of the metal atoms with the oxygen atoms only. A typical oxide is 

alumina, which is a mixed ionic and electronic conductor at high temperatures [45]. At 

high temperatures, the metal atoms bond to the alumina. The alumina surface is 

represented by the cluster (AlOs)'9 The chemical bond is formed between d-orbital 

electrons and the non-bonding p-electrons of the oxygen atoms.

Ohuchi [45,46] found that the strong metal-oxygen interaction at the ceramic 

surface dominated the interfacial bonding for titanium, niobium, copper and nickel with 

alumina. In the niobium-alumina system, the metal bonded to the ceramic without forming 

an extended reaction layer while significant electron transfer occurred from titanium to 

oxygen, for the titanium-alumina system. As a result, aluminum oxygen bonds were 

reduced to form a lower valence species of aluminum at the interface [46].

Similar work by Nath [47] showed that the bond between (0 0 0 1 ) alumina and 

close-packed transition metal surfaces decreased in strength across the first transition 

metal series from scandium to copper. This trend as well as the observed decrease in 

shear strength for the series iron, nickel, copper, and silver on alumina can be explained 

qualitatively to be caused by the increase in the number of metal-alumina anti-bonding 

orbitals [48].
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Li [38,49] used another approach to explain a linear relationship which exists 

between the work of adhesion and the electron density. In this model, when a metal 

approaches an oxide surface and makes atomic contact with it, the thermally created holes 

in the oxide band can be filler by the free electrons of the metal atoms. The metal atoms 

which have given their valence electrons to the oxide crystal become cations, and can now 

interact chemically with the negatively charged oxygen anions present on the oxide 

surface. These cations then complete the crystalline structure of the material. The 

intensity of the electron transfer at the interface depends upon the electron density of the 

metal and the concentration of holes in the oxide valence band. The hole concentration is 

given by:

- E
c  =c„e*P(^) (T)

This concept leads to a general rule that the least wetted ceramics tend to be the most 

ionic and the most chemically stable. For a given oxide, the electron transfer is a function 

only o f the electron density of the metals and would increase with increasing electron 

density of the metals. For example, in contact with alumina, metals with low electron 

densities (i.e. copper and silver) have relatively low values for the work of adhesion, while 

metals with high electron densities (i.e. nickel, platinum and iron ) have much higher 

values for the work of adhesion. This correlation is shown in Figure 2 .3.
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In addition, oxygen in the melt can aid in Bond formation at a ceramic-metal 

interface [37]. The oxygen associates with metal atoms in the liquid and forms clusters 

having a partially ionic character. These clusters can develop coulombic interactions with 

any ionic or ionocovalent ceramics, and as a consequence, adsorb strongly at metal-oxide 

interfaces..

2. Possible Products 

The interfacial product formed is very important in ceramic-metal brazing for 

several reasons. For example, if zirconium oxide formation is favored over zirconium 

nitride formation, the oxide undergoes a transformation to its tetragonal form when the 

temperature during cooling reaches approximately 1000  C, and the resulting volume 

change can lead to fracture of the specimen [50]. From the standpoint of wetting and 

spreading, the reaction products may determine the liquid-solid interfacial energy (if they 

are at this interface) or they can act as diffusion barriers to the formation of other products 

(for multilayered products.)

Numerous possible reactions can lower the free energy of a ceramic/metal system, 

including oxidation, reduction, solution reactions and intermetallic formation [51]:
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M e,0 + H20  Mei + H20  + Gi (8 )

MeiO Me, + l/2 0 2 + G2 (9)

Me2 + 1/20 2 Me20  + G3 ( 10)

Me2 + Mei MeiMe2 + G4 (11)

MeiO + Me20  MeiOMe20 +  G5 (12)

Okamoto [52] ranked the relative stability o f oxides, nitrides and carbides at 1200K. The 

stability for oxides (in decreasing order) is:

Y, Ca, Be, Sr, Mg, Hf, Li, Zr, Al, Ti, Ce, Si, V, Nb, Mn, Cr, Na, Ga, Mo,

Fe, W, In, Ge, Sn, Co, Ni, Cd, Ta, Cu 

If one of the metals in the liquid melt forms an oxide more stable than the existing 

substrate oxide, then a reaction will take place. However the relative stabilities change 

with temperature (e.g. above 1350 K, titania (TiO) is more stable than alumina). These 

stability rankings must be used with caution, because the reaction may still occur even if
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the bulk thermodynamics predicts a positive free energy change. For example, the 

following reaction takes place at 1200 K [53]:

Kuranithy [53] attributed the occurrence of this reaction to the tendency of oxygen to 

dissolve in titanium rather than alumina and its reaction with grain boundary phases.

Other researchers modify the thermodynamic analysis based on surface excess energies.

In a real system, several reaction products can form and the analysis of the reaction 

layers can become very complicated. For example, in the silver-copper-titanium/silicon 

carbide system, the following reaction products have all been identified: Ti5Si3, TiC, 

TisSiCz, Ti5Si3(C), and TiC,.* [54].

The titanium-aluminum-oxygen system is also very complicated. Li et al. [55] 

compiled data for titanium-alumina diffusion couples from 800 to 1100°C and found the 

following reported sequences of reaction layers:

Ti + 1/3 AI2O3 = TiO + 2/3 Al (AG12ook = +6.6 kJ) (13)

Ti / a-TiO(O) / Ti3Al / A120 3 (14)

Ti / Ti3Al / TiO / A120 3 (15)
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a-Ti(0,Al) / TiAl(O) / A120 3 ( 16)

Ti / Ti3Al(O) / TiAl(O) / A120 3 ( 17)

a-Ti(O) / Ti3Al(0) / A120 3 ( 18)

and experimentally obtained the following layer sequence:

Ti20  / Ti3Al(0) / A120 3 (19)

where Ti20  is a saturated solution of oxygen in a-Ti. Other researchers have identified 

only Ti-Al intermetallics [48, 56], TiO/Ti3Al [52], Ti0/Ti20 3 [52], and Ti-Al-O spinels: 

(Ti,Al)20 3 [52,57], Similar reaction product sequences have been proposed for copper- 

titanium/alumina systems [18] while other researchers have observed copper-titanium 

intermetallics in the reaction product sequence including:

Cu-Ti / TiOx / (Al,Ti)20 3 / A120 3 [58] (20)

Cu4Ti / Cu3Ti21 TiOx / A120 3 (0.35 < X < 0.50) [29] (21)
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Bang and Liu [59] analyzed the products formed in Cu-20w/o Ti/ALOs brazed joints and 

found the following reaction product sequence:

Cu-Ti / TiaCugO / TiO / AI2O3 (22)

The identification of the compounds is frequently complicated by gradients in composition 

across the interface [57].

Thermodynamic calculations to predict which product will form in the copper- 

titanium/alumina system have been performed but they are only approximate because they 

require several estimates of interaction parameters to calculate oxygen activities in the 

liquid melt [38]. At 1373 K, TiO, TizOs, or TigOs could all be the thermodynamically 

stable compound for the copper-titanium/alumina system, depending on the oxygen 

activity.

3. Thickening Kinetics 

The thickening of the reaction layer is important because it results in a decrease in 

the concentration o f the active metal in the liquid melt and an increase in the substrate 

cation from the dissolution of the substrate. The rate o f thickening of the reaction product 

layer is generally diffusion controlled and exhibits parabolic thickening [52,57,60,61]:



This relationship was observed for copper-titanium on silicon nitride [60], titanium on 

alumina [52]; and titanium, molybdenum, and niobium containing alloys on alumina [57] 

as well as metal matrix/ceramic fiber systems including titanium/silicon carbide, 

aluminum/silicon carbide and titanium/borsic [61]. The thickening rates are frequently 

very rapid [62]. To retard the kinetics of reaction layer growth, a thin film diffusion 

barrier can be applied or the metal can be alloyed to minimize the thermodynamic driving 

force [63] For example, niobium additions have been used to slow down the reaction 

layer growth of silver-copper-titanium alloys on silicon nitride [62].

Other researchers have found that the thickening of the reaction layer is 

independent of the contact angle [60]. For copper-titanium on silicon nitride, the reaction 

layer is discontinuous for very low titanium concentrations and with increasing titanium 

concentration, the reaction product grows into a thick layer. However, when the 

concentration is higher than fifteen percent, the thickness decreases considerably, despite a 

major improvement in wettability. In addition, if a low titanium concentration alloy was 

heated for long times, the contact angle was reduced very slightly, while the reaction layer 

grew considerably.

As mentioned above, growth of a reaction layer in metal/ceramic brazing generally 

shows parabolic behavior. Copper- titanium and copper-zirconium/alumina [64], copper
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niobium, copper-titanium and copper zirconium/silicon nitride [65,66], titanium and 

aluminum/alumina [67-69]; and copper titanium/silicon carbide [64] systems all show this 

type of diffusion controlled reaction layer growth.

An analog to layer growth in ceramic-metal bonds is the growth of an oxide scale 

on a metal surface. Wagner’s theory o f oxidation and oxide growth [ZZ] allows an 

analysis o f the growth of an oxide layer and will presented.

Assuming that ionic transport across the growing oxide layer controls the rate of 

scaling and that thermodynamic equilibrium is established at each interface, the process 

can be analyzed as follows. The outward cation flux, is equal and opposite to the 

inward flux of cation defects (here taken to be vacancies). This model is shown in Figure 

2.4.

Thus

j m 2* = ~ J v  UC V \ C V " [24]

where x is the oxide thickness, Dvm is the diffusion coefficient for the cation vacancies, 

and C’Vm and C’Vm are the vacancy concentrations at the scale-gas and scale-metal 

interfaces respectively.
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M =

M + O 2 '

Métal

= M2* + 2 e"—  
or

= MO + 2 e "—

Scale

Cations

Cation vacancies

Electrons

Anions

Gas

— M2+ + 2e" + t Q 2 = MO 
or

_ ï 0 2 + 2e" = O 2 "

Figure 2.4: Simplified model for diffusion controlled oxidation [66].
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Since there is thermodynamic equilibrium at each interface, the value (C”vm - CVm) 

is constant and we have

j u  ** =  - j y  =  D v  . C V -“  y —  [ 2 5 ]

i.e. S  = ^  where k'= Dvu(Cv CV)  [26]

Integrating and noting that x=0 at t=0

x2= 2k’t [27]

which is the common parabolic rate law.

Furthermore, since it has been shown that the cation vacancy concentration is 

related to the oxygen partial pressure by

VnCVu = const. p o

the variation of the parabolic rate constant with oxygen partial pressure can be predicted
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[28]

Since P ’0 2  is usually negligible compared to P”0 2  we have

ka (P0 )'n [29]

Figure 2.5 gives a summary of the conditions, later stated, for which Wagner’s theory is 

valid [ZX], The following assumptions are made in the development o f the theory:

( 1 ) The oxide layer is a compact, perfectly adherent scale.

(2) Migration of ions or electrons across the scale is the rate controlling 

process.

(3) Thermodynamic equilibrium is established at both the metal-scale and 

scale-gas interfaces.

(4) The oxide scale shows only small deviations from stoichiometry.

(5) Thermodynamic equilibrium is established locally throughout the scale.

(6) The scale is thick compared with the distances over which space \charge 

effects (electrical double layer) occur.

(7) Oxygen solubility in the metal may be neglected.
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F i g u r e  2 . 5 : D i a g r a m  o f  s c a l e  f o r m a t i o n  a c c o r d i n g  t o  W a g n e r ’ s  m o d e l  [ 6 6 ] .



32

Since the thermodynamic equilibrium is assumed to be established at the metal-seal 

and scale-gas interfaces, it follows that the activity gradients o f both metal and non-metal 

(oxygen, sulfur, etc ) are established cross the scale. Consequently, metal ions and oxygen 

ions will tend to migrate across the scale in opposite directions. Because the ions are 

charged, this migration will cause an electric field to be set up across the scale resulting in 

consequent transport o f electrons across the scale from metal to atmosphere. The relative 

migration rates of cations, anions, and electrons are therefore balanced such that no net 

charge transfer occurs across the oxide layer as a result of ionic migration.

Being charged particles, ions will respond to both chemical and electrical potential 

gradients which together provide the net driving force for ionic migration.

A particle. I, carrying a charge, Z;, in a position where the chemical potential 

gradient is Dui/Dx and the electrical potential gradient is is acted on by a force given by 

joules mol'1 cm'1.

Or VNA + Zi F  ~ ^) joules particle'1 cm'1 [30]

where Na is Avogadro’s number and F is the Faraday constant in coulomb mol'1

Moving through an ionic lattice under a constant force, an ion rapidly assumes a 

constant velocity known as the terminal drift velocity. The value of the terminal drift



velocity when the ion is acted on by unit force is known as the mobility, B; 

Therefore, the flux of I, acted on by the force given in equation 30, is

ji = CiBi \/Na ( ^ -  + Zi F  particles cm 'V

where Ci is the concentration of i in particles cm'3. 

Alternatively

The mobility and partial conductivity of species i are related by

CiBi = z v

o f the species.

[31]

[32]

[33]

where Oi is the partial electrical conductivity of I and e is the electronic charge, thus



Equation 34 can be used to describe the flux of cations, anions, or electrons 

through the oxide layer. Due to their different mobilities, different species would tend to 

move at different rates, however, this would set up electric fields tending to oppose this 

independence. In fact, the three species migrate at rates that are defined by the necessity 

on maintaining electroneutrality throughout the scale, i.e. such that there is no net charge 

across the oxide scale. This condition is usually achieved due to the very high mobility of 

electrons or electronic defects.

The original treatment by Wagner involved cations, anions, and electrons. 

However, the majority of oxides and sulfides show high electronic mobility and the 

mobilities of the cation and anion species usually differ by several orders of magnitude. It 

is, therefore, possible to ignore the migration f  the slower moving ionic species and thus 

simplify the treatment somewhat.

The most frequently met case involves oxides and sulfides in which cations and 

electrons are the mobile species. Writing Zc and Ze for the charges on the cations and 

electrons respectively, and using equation 34, we have for the respective fluxes
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and

[36]

The condition for electrical neutrality is

Zcjc + Zeje = 0 [37]

and, using equations 35, 36, and 37, it is now possible to eliminate d<j)/dx as

d )P  _  1 (T , <7, # 4
6k F(£7C + C7JLZC 6k Zc A c 1 1 J

Substituting 38 in equation 35 we have for the flux of cations

; dfic Z, dne
Jc ZlF2(c + 0 .)  dx Z, a r ] [ ]

Since the electronic charge Ze = -1, equation 39 becomes



The ionization of a metal M is represented by

M - Mze = Zce

and it follows that, at equilibrium

VM=HC+ZcHe [41]

Therefore, from equations 40 and 41

[42 ]

Equation 42 is the expression for the cationic flux at any place in the scale, where o c, <3e 

and diiM / dx are the instantaneous values at that place. Since all of these values may 

change with the position in the scale, it is necessary to integrate equation 42 in order to 

define jc in terms of the scale thickness, x, and the measurable metal chemical potentials at 

the metal-scale, u 'm ,  and scale-gas, u”M, interfaces, i.e.
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 i  ac<jeJc ZlF2 xL(jc+oedflM

or

à mo1 [43]

If the concentration of metal in the oxide scale is Cm mol cm'3 then the flux may also be 

expressed by

where x is the oxide scale thickness.

The parabolic rate law is usually expressed as

dx k'
[45]
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where k’ is the parabolic rate constant is cm2 s'1.

Comparing equations 43, 44, and 45, the parabolic rate constant is expressed by

k ' - Z ) F ' x c J Z e ' + o . d l l ‘‘  [46]

A similar treatment for the case where anions are more mobile than cations, i.e. the 

migration of cations may be neglected, yields

where oa is the partial electrical conductivity o f the anions and X is the non-metal, oxygen 

or sulfur.

In general, it is found that the transport number of electrons, or electronic defects, 

is close to unity, compared with which the transport numbers of cations or anions are 

negligibly small. In these cases, equations 46 and 47 reduce to

cm2s"1 [48]

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINE* 
GOLDEN, CO 8 0 4 0 1
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and

k '  = cm2 s'1 [49]

respectively.

The mobility, Bi, and diffusion coefficient, Dj, of a species are related by the 

Nemst-Einstein equation

Di = Bi k T [50]

where k is Boltzmann’s constant and T is absolute temperature. Introducing equation 33

CiBi = [33]

we have

D ,=
kToi

Z 2g2c, [51]
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where c; is the concentration in particles cm'3. Thus

RTo,

where Cj is the concentration in mois cm"3.

Consequently, using equations 48, 50, and 51, we have

cm2s"1 [53]

and

[54]K1 vMa-

for the parabolic rate constant, where Dm and Dx are the diffusion coefficients for metal, 

M, and non-metal, X, through the scale respectively.

Equations 53 and 54 are written in terms of variables that can be measured 

relatively easily, although it is assumed that the diffusion coefficient is a function of the 

chemical potential o f the species involved.
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Thus, in order to be able to calculate values of the parabolic rate constant, the 

relevant diffusion coefficient must be known as a function of the chemical potential of the 

mobile species. Such data are frequently not available or are incomplete. Furthermore, it 

is usually easier to measure the parabolic rate constant directly than to carry out 

experiments to measure the diffusion data. Thus, the real value of Wagner’s analysis lies 

in providing a complete mechanistic understanding of the process o f high temperature 

oxidation under the conditions set out.

In the above treatment the parabolic rate constant is derived for the units relating 

to measurements of the oxide thickness as the reaction parameter. As mentioned before, 

there are several methods of following the reaction, depending on choice o f reaction 

parameter, each of which produces its own particular parabolic rate constant, as shown 

below using Wagner’s notation for the various parabolic rate constants [ZY],

(a) Measurement of scale thickness (x)

z/v h'
—  = — i.e. x2 = 2k’ t [55]dt x

k ’ is the “practical tarnishing constant” or “scaling constant” and has units of cm2s"1

(b) Measurement of the mass increase of the specimen (m)
The parabolic rate constant k” is defined by
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[56]

where A is the area over which the reaction occurs

k” is also referred to as the “practical tarnishing” or “scaling constant” and has 

units of g2cm’4s'1.

(c) Measurement of metal surface displacement (I)
Measuring the thickness of metal consumed leads to the relationship defining kc

kc is called the “corrosion constant” and has units of cm2s'1.

(d) Rate of growth of scale of unit thickness
The relevant rate constant is defined as the rate of growth over unit area in 

equivalents per second of a scale of unit thickness i.e.

x dn

where n is the number of equivalents in the oxide layer o f thickness x.

I2 = 2 kc t [57]
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k is called the “theoretical tarnishing constant” and has units of equivalents cm-1 s'1. 

This is sometimes called the rational rate constant and denoted kr.

It is easy to see that having so many different ways of expressing parabolic rate 

constants, and so many different symbols, produces a situation ripe for confusion. 

Consequently, it is necessary to check the definition of a rate constant very carefully when 

evaluating quantitative date.

It is easy to calculate the value of any rate constant from any other since they all 

represent the same process.

This type of analysis has been used to determine the activation energies for 

reaction layer growth in several metal/ceramic systems. In S13N4 brazed with copper 

titanium, the reaction layer consisted o f TiN. An activation energy of 237 kJmol"1 was 

measured for this process [68], In brazed joints of alumina with titanium, an activation 

energy o f 142 kJmol"1 was reported [71]. Baldwin et al. [69] reported an activation 

energy o f 309 kJ mol"1 for the growth o f a CuAlOi reaction layer on alumina.

C. Current Technology in Metal/Ceramic Brazing

1. General Metal/Ceramic Brazing 

Recent research into metal/ceramic brazing has been aimed at developing brazing 

processes and interlayer materials that give improved properties. Properties such as bond
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strength, especially at high temperatures, and corrosion resistance are particularly 

important. [12].
There are still several problems to be solved for the perfect bonding. The thermal 

expansion mismatch between ceramics and metals is one of them. When the joints are 

bonded at elevated temperatures, thermal expansion mismatch produces a large stress 

concentration in the joints. This stress sometimes brings about fatal damage in the joints 

without any applied forces. Hence compensation for this mismatch is needed to get high 

strength joints.

Several methods, some using interlayers, have been developed for this purpose. 

Nichols and Crispin [73] developed a soft metal method using aluminum as an interlayer 

for the bonding of alumina to an austenitic stainless steel. They achieved joints with a 

tensile strength of 70 MPa. Suganuma et al. used an aluminum/invar alloy interlayer for 

the bonding of silicon nitride to a ferritic steel [72,75], The strength of the joint reached a 

bending strength of 170 MPa. However, there are limits to the serviceable temperature 

and to the strength o f the joints because of using a ductile, low melting point metal such as 

aluminum.

H. Lee and J. Lee [77] studied the bond strength in brazing of silicon carbide by 

several copper-based interlayer materials. Copper-titanium is a commonly used brazing 

alloy for this application, but it has several disadvantages which have led to development 

o f several other alloys. Titanium is easily oxidized in the atmosphere owing to its high
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reactivity with oxygen. The high reactivity of titanium makes control of the alloy 

composition difficult in the production of brazing alloys. Brazing alloys in the form of 

paste can deteriorate in long term storage because of the high reactivity of fine powders 

composing the paste. This has led to the development o f less reactive brazing alloys that 

easily wet ceramics and have good bond strength.

In these less reactive brazing alloys vanadium, niobium and chromium were 

chosen as substitutes for titanium. Other possible transition elements, such as zirconium 

and hafnium are too reactive, while tantalum, molybdenum and tungsten have little 

reactivity with silicon carbide.

Four point bend strengths for the resulting joints were measured for each brazing 

alloy composition. Figure 2.6 shows the bend strength for each composition tested. 

Samples brazed with copper-chromium interlayers broke during cooling from the brazing 

temperature. Good results were obtained from the copper-2 at % niobium samples, with a 

strength of 154 MPa, while specimens brazed with 5 at % titanium, 5 at % vanadium, and 

5 at % niobium all had similar bend strengths of about 90 MPa [77].

2. Transient Liquid Phase Brazing 

Transient liquid phase (TLP) bonding has been employed in a range of 

applications, since it produces joints that have microstructural and hence mechanical
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Figure 2.6: Four-point bend test results o f the brazed joints by Cu-X alloys [77].
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properties similar to those of the base material. Transient liquid phase bonding has the 

following advantages [82]:

1. Joint formation depends on an isothermal, relatively low temperature bonding 

mechanism.

2. No interface remains after the TLP bonding operation.

3. Since the joining technique depends on capillary filling, the joint preparation 

before TLP bonding is relatively simple.

4. In contrast to diffusion bonding, the joining process is highly tolerant to the 

presence of a faying surface oxide layer. For this reason, and because of the 

absence of thermal stresses, TLP bonding is ideal when joining intermetallic 

base materials which have stable oxide surface films, are highly sensitive to 

microstructural changes, and have poor low temperature ductility.

5. The bonding process is ideal when joining base materials which are inherently 

susceptible to hot cracking or post-weld heat treatment cracking problems.

6. The bonding process is ideally suited for the fabrication of large and complex 

shaped components [82].

Transient liquid phase bonding has been used when joining nickel based and iron 

based superalloy materials [81,82], titanium alloys [83], stainless steel [84], silicon nitride 

to supera!loys[73], and silicon nitride to titanium alloys [85].
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TLP bonding can be characterized by separating the process into four discrete 

stages. Figure 2.7 shows a schematic o f the different stages during the TLP brazing cycle. 

These stages are further explained below.

Stage 1 : This is the heating stage, where the component is heated from room 

temperature to the filler metal melting temperature (from point 0 to point a in 

Figure 2.8). During heating, interdiffusion occurs between the filler metal and. 

base material, changing the composition at the base material/filler metal 

interface.

Stage 2: This is the dissolution stage (from point a to point b and then to point c 

in Figure 2.8), when the base metal dissolves into the liquid and hence the 

width of the liquid zone increases. This stage can be subdivided as follows.

Stage 2-1 : In this stage, the temperature increases from the melting point to the 

bonding temperature (point a to point b).

Stage 2-2: This is when isothermal dissolution occurs at the bonding temperature 

( point b to point c). At the end of stage 2, the liquid zone has reached its 

maximum width.

Stage 3 : This is the isothermal solidification stage, where the liquid zone solidifies as a 

result o f solute diffusion into the base metal at the bonding temperature 

(from point c to point d). The width of the liquid zone decreases 

continuously until the joint completely solidifies. The solute
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Figure 2.7: Schematic showing different stages during TLP bonding, where TB is the
bonding temperature and TM is the melting point o f the filler metal [82]
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distribution in the liquid is uniform during almost all of the isothermal 

solidification stage. The isothermal solidification stage is generally considered 

the most important since the completion time required for the TLP brazing 

process is largely determined by the time required for the completion of 

solidification.

Stage 4: This is the homogenization stage where solid state solute redistribution 

occurs (from point d to point e) [82].

Analytical modeling o f TLP brazing depends on classical solutions for Pick’s 

diffusion equations. Two cases will be presented for the following discussion.

The first case occurs when the surface of a semi-infinite specimen with an initial 

solute concentration C m  is maintained at composition Co for all t > 0 values, i.e.:

C(y,0) — Cm (59)

C(0,t) — Co (60)

where t is time and y is the distance from the surface, and the solute concentration in the 

specimen is:
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C  O v )  = Co + (C M -  Co)erf  ( (4p ty!2) (61)

where D is the solute diffusion coefficient. The rate at which the diffusing species enters 

the specimen is given by the relation

<“ >

The total amount Mt of diffusing substance which has entered the medium at time t 

is found by integrating the above equation with respect to t

The second case is when the initial thickness (2h) o f the source of the diffusing species (c0) 

is o f the order of the diffusion distance (Dt)1/2, i.e.

C(y,0) = Co h > y > 0 (64)

C(y,0) = CM y > h (65)

ARTW R LAKES UGRARY
COLORADO SCHOOL OF MINES
GOLDEN, CO 80401
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where Cm is the initial concentration of the diffusing species in the specimen, 

concentration is given by the relation [82]

C  (>',') = C,u + l/ 2(Co - Cm) * ]}

The solute

(66)
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HI Experimental Procedure

Two types of experimental testing incorporating nickel-alumina bonding were 

undertaken. First, a procedure for the manufacture of the testing samples was developed. 

The samples were then subjected to two types of experimentation. The first testing was 

mechanical testing, performed through a four-point bending setup. The second testing 

was an electron microscope analysis to obtain compositional profiles across the nickel- 

alumina interface. This information can be used in a kinetic analysis of the bonding 

process.

A. Materials Used

Alumina was chosen as the ceramic material in this study because relatively high 

purity polycrystalline material is easy to obtain and relatively inexpensive. For this 

investigation 0.5-in-dia AD-998 a-alumina rod was obtained from Coors Ceramics 

Company. Alumina tubes (0.75-in-OD, 0.56-in-ID)were also obtained from Coors. 99.5 

percent pure nickel rods 0.5-in-dia. 99.7 percent pure nickel powder (-50+100 mesh) and 

99.5 percent pure titanium powder (-100 mesh) was obtained from Alpha Aesar Company 

Alumina boats from Coors Ceramics Company were used as vessels to contain any spills
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while in the vacuum furnace, as well as to hold titanium sponge used as an oxygen getter 

during the brazing.

B. Creation of Samples

The samples were created by creating a sandwich configuration of titanium-nickel 

powder / pure nickel / titanium-nickel powder between two alumina rods. A schematic 

diagram of this configuration is shown in Fig 3.1. Both the composition of the powder 

layers and the thickness o f the pure nickel disk in the center were controlled. The 

powders were mixed in two compositions: 30 weight percent nickel, 70 weight percent 

titanium; and 40% weight percent nickel, 60 weight percent titanium. These 

compositions were chosen as optimal for transient liquid phase brazing. The pure nickel 

disk was formed by slicing the nickel rod with a low-speed diamond saw The resulting 

disks were then ground to a 1mm thickness.

The samples were then brazed at temperatures of 1100, 1150, 1200, and 1250°C 

in a vacuum furnace. Figure 3.2 shows a graphic representation of the thermal cycle that 

was followed. The samples were held isothermally at 200°C to evaporate any moisture 

that was present, followed by a heating to 900°C and an isothermal period to burn off any 

binder used in the ceramic manufacturing. Following this practice, the sample were 

heated to the brazing temperature and held for a specified time. For each brazing 

temperature, the samples were held at temperature for 0, 10, and 30 minutes. Samples
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Figure 3 .1: Sample configuration used in TLP brazing experiments with nickel-titanium
interlayers.
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Figure 3 2: Thermal cycle used in TLP brazing of alumina to nickel.
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were also held for 150 and 300 minutes at 1150 and 1200°C. Titanium sponge was used 

as an oxygen getter in the furnace while the brazing occurred and a slight (approx. 1 psi) 

overpressure of pure argon gas was maintained to insure against oxygen contamination of 

the furnace atmosphere Once the brazed samples were complete, they were divided into 

mechanical testing samples and electron microscopy samples. Samples that were created 

by brazing at 1150 and 1200°C for 150 and 300 minutes were used only for mechanical 

testing. Samples that were created at 1250°C for all hold times were used only for 

electron microscope analysis.

C. Mechanical Testing 

The samples that were created for mechanical testing were machined to form 

rectangular bars from the round samples. This practice was done by first cutting the 

sample in half lengthwise with a high speed diamond saw. The two halves were then 

ground into bars with a 64 micron alumina grinding wheel in the Geology department. 

Figure 3.3 shows a representative bar with relevant dimensions. These bars were then 

tested on an Instron mechanical testing frame with a four point bending fixture. Once the 

samples had failed, the fracture surfaces were analyzed in the SEM to determine where in 

the interface the failure occurred.
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20 mm

10 mm

Figure 3.3: Four-point bend sample showing relevant dimensions.
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D. Scanning Electron Microscope Analysis

As mentioned above, half of the samples prepared were used for analysis in a 

scanning electron microscope (SEM). These samples were cut in half to create a flat 

surface across the metal-ceramic interface. This surface was then ground with the 64 

micron alumina grinding wheel in the Geology Department. The surface was then 

polished with six micron and one micron diamond polishing wheels. The surface was 

further prepared by coating the polished surface with carbon, to give a conductive surface. 

The samples were placed in a Jeol JXA840 SEM for analysis. Using electron dispersive 

spectroscopy (EDS), the chemical composition of any point on the surface can be 

determined. This technique was applied to these samples by scanning points on the sample 

ten microns apart on a line perpendicular to the metal ceramic interface. Figure 3 .4 shows 

a micrograph of one of the interfaces, along with the line of the compositional point scans.

Using the data generated by the SEM, compositional profiles for each sample were 

created. These profiles were then used to determine thicknesses of the various layers that 

were formed during the brazing process.
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Figure 3 .4: Micrograph of nickel-alumina interface and interlayer region, showing trace
of SEM scan.
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IV Results

A. Mechanical Testing

As mentioned above, the samples were tested in four point bending. All samples 

prepared at 1100C showed zero bond strength for all times at temperature. Processing at 

1150C shows increasing bond strength with time up to a maximum at approximately thirty 

minutes, then decreasing strength for times greater than thirty minutes. Figure 4.1 shows 

the strength of the 40 weight percent Ni-60 weight percent Ti samples at 1150C and 

Figure 4.2 shows the strength of the 30 weight percent Ni-70 weight percent Ti samples at 

1150C as a function o f time at temperature. At 1200C the maximum bond strength was 

reached quite rapidly, within ten minutes. After about ten minutes, the strength decreases 

as the time at temperature increases. Figure 4 .3 shows the strength of the 40 weight 

percent Ni-60 weight percent Ti samples at 1200C and Figure 4.4 shows the strength of 

the 30 weight percent Ni-70 weight percent Ti samples at 1200C as a function of time at 

temperature.

Using the volume fraction of each phase, a meaningful correlation between 

microstructure and strength can be shown. Figure 4.5 shows the strength measured for 

each sample with a 30 weight percent Ni-70 weight percent Ti interlayer plotted against 

the ratio of volume fraction of NigTi divided by the volume fraction of NiTi. Figure 4 .6
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Figure 4.1 : Four-point bend strength versus isothermal holding time for nickel/alumina
joints with titanium-40 weight percent nickel interlayers at 1150°C.
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Figure 4.2: Four-point bend strength versus isothermal holding time for nickel/alumina
joints with titanium-30 weight percent nickel interlayers at 1150°C
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Figure 4.3: Four-point bend strength versus isothermal holding time for nickel/alumina
joints with titanium-40 weight percent nickel interlayers at 1200°C.
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Figure 4.4: Four-point bend strength versus isothermal holding time for nickel/alumina
joints with titanium-30 weight percent nickel interlayers at 1200°C.
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shows the same plot for the sample with a 40 weight percent Ni-60 weight percent Ti 

interlayer composition.

It can be seen clearly that the highest bond strengths were obtained when the bond 

was predominantly NiTi. A maximum strength of 185 MPa was obtained in a bond that 

has only NiTi present. As more Ni3Ti formed within the bond, the strength was seen to 

decrease. In samples with 30 weight percent Ni-70 weight percent Ti interlayers, the bond 

strength fell to fifty percent of the maximum when the fraction of Ni3Ti was approximately 

four times that o f NiTi. In samples with 40 weight percent Ni-60 weight percent Ti 

interlayers, the strength fell to fifty percent of the maximum when the fraction of Ni3Ti 

was approximately equal to that of NiTi.

B. Compositional Profiles Microscopy

In the SEM, samples were analyzed using the EDS system to create compositional 

profiles across the nickel-ceramic interface for each sample. Figure 4.7 shows a 

representative profile of one the samples As shown in Figure 4.7, each layer in the 

interface, such as NiTi or Ni3Ti, can be easily identified. The thickness of each layer can 

also be measured on the profile. These thicknesses were correlated with the processing 

characteristics by plotting the thickness of each layer against the time at temperature for 

each condition.
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C. Fracture Surface Analysis 

The fracture surfaces of the broken four-point bending samples were analyzed to 

determine the fracture behavior o f the interface. It was determined that in every case, the 

fracture occurred in the ceramic material close to the interface. This information points to 

the presence of residual stresses within the joint, as a result o f the joint formation. This 

fracture behavior and the presence of residual stresses will be further explained in the 

Discussion section, below.
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Y Discussion

In this section, the results obtained from the experiments are discussed in four 

sections. The first important result was the correlation found between the microstructure 

of the bond and the resulting bond strength. Next, the fracture behavior of the bonds was 

analyzed and interpreted. Third, the bond development during the brazing cycle was 

analyzed. Lastly, the kinetic analysis of the formation ofNigTi in the bond was analyzed.

A. Micro structure-Strength Correlation

As shown in the previous section, compositional profiles were developed for each 

sample with data obtained from SEM analysis. From these profiles, the thickness of NiTi 

and Ni?Ti in each sample were measured. Because the interfaces within the bond were 

planar, the thickness of a given layer within a given sample remained constant. This 

situation allowed the determination of the relative fractions of NiTi and NigTi present in 

each sample to be determined.

As mentioned in the previous section, the highest bond strengths were obtained 

when the bond was predominantly NiTi. The presence of only NiTi in the bond gave a 

maximum strength of 185 MPa. This value is approximately 45 percent of the bend 

strength of pure monolithic alumina. As the amount ofNigTi in the bond increased, the
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bend strength of the bond decreased. In sample with 30 weight percent Ni-70 weight 

percent Ti interlayers, the bond strength fell to fifty percent of the maximum when the 

fraction of Ni3Ti was approximately four times that of NiTi. In sample with 40 weight 

percent Ni-60 weight percent Ti interlayers, the strength fell to fifty percent o f the 

maximum when the fraction of Ni3Ti was approximately equal to that of NiTi.

The reason for this behavior can be explained by the differences in the behavior of 

NiTi and Ni3Ti. NiTi is known to be a ductile phase, which could absorb some of the 

deformation that occurs in the bond when mechanically loaded. Ni3Ti, which is a brittle 

intermetallic compound, cannot absorb the deformation, which will result in a lower 

strength bond.

B. Fracture Behavior 

As mentioned in the previous section, the fracture surfaces o f each sample were 

analyzed in the SEM to determine how each sample broke. Each sample fractured within 

the alumina, not within the nickel/alumina bond itself. This behavior can be explained by 

the presence of residual stresses within the ceramic after the brazing cycle is completed.

Figure 5 .1 shows a schematic diagram of what happens to the sample as it cools 

from the brazing temperature to room temperature. Due to the different thermal 

expansion characteristics of the alumina and the nickel and nickel-titanium, residual
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stresses build up at the interface. Because of its ductility, NiTi is better able to absorb 

these stresses than Ni3Ti.

The residual stresses are not completely removed by the presence of NiTi. In 

samples that have only NiTi present, a maximum bond strength of 185 MPa was achieved. 

This strength value would correspond to the smallest residual stresses possible under these 

conditions. Pure alumina bars were mechanically tested, giving a strength of 360 MPa. 

This result proves that the residual stresses were not totally eliminated by NiTi.

C. Bond Development 

An understanding of how the bond develops between the nickel and alumina 

during brazing is necessary to further analyze the transient liquid phase brazing process.

To determine how the bond develops, the starting composition of the interlayer must be 

known. Using the nickel-titanium phase diagram, the starting composition was plotted, as 

shown in Figure 5.2.

During the brazing cycle, the interlayer composition changed as diffusion of the 

constituents occurred. Tracking these changes will give an idea of how the bond between 

the nickel and alumina forms, as well as shown the steps that determine the strength of the 

resulting joint.
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Initially, the interlayer was a powder mixture of pure nickel and titanium, but as 

the temperature was increased to the brazing temperature, this layer became a liquid, 

shown on Figure 5.2 at point A. While liquid, diffusion o f nickel and titanium into and out 

of the pure nickel layer resulted in the beginning of NiTi solidification, shown in Figure 5.2 

at point B. Eventually, this layer became completely NiTi, leaving no liquid (Figure 5.2, 

point C). These steps occurred during the heating to the brazing temperature, as 

evidenced by the presence of the NiTi layer in samples with no holding time at the brazing 

temperature.

When the sample was held at the brazing temperature, more diffusion between the 

interlayer and the pure nickel occurred. This behavior resulted in the formation of another 

liquid phase, shown in Figure 5.2 at point D. This liquid continued to form until the 

interlayer was again totally liquid, as shown in Figure 5.2 at point E. The composition of 

the interlayer continued to change as a result o f the diffusion until NigTi began to form.

The brazing process was seen to proceed to this point within 600 seconds. When held for 

longer than 600 seconds, the interlayer continued to solidify as NigTi until the layer is 

totally Ni3Ti. The last two steps are shown in Figure 5.2 at points F and G. The diffusion 

of nickel through Ni3Ti is much slower than through the liquid layer and the brazing 

process is effectively completed at this point. Samples that were held for 1800 seconds 

showed 100 percent Ni3Ti interlayers, meaning that the completion of the Ni3Ti formation
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occurs between 600 and 1800 seconds. As shown by samples with longer hold times, 

once the NigTi layer forms, no other compositional changes take place.

As was discussed above, the presence of Ni3Ti had a large effect on the bond 

strength. A kinetic analysis o f the growth o f the Ni3Ti layer will be presented in the next 

section.

D. Kinetic Analysis of N bTi 

To gain a better understanding of the TLP process, an investigation of the 

thickening kinetics o f the Ni3Ti layer was undertaken. A separate analysis was made for 

both of the different initial interlayer compositions. Figures 5.3, 5.4, and 5.5 show the 

thickness of the Ni3Ti layer as a function of the square root of the isothermal holding time 

for the interlayer composition of 30 weight percent Ni-70 weight percent Ti at 1150C, 

1200C, and 1250°C, respectively. Figures 5.6, 5.7, and 5.8 show the same thing for the 

interlayer composition 40 weight percent Ni-60 weight percent Ti.

For an initial analysis, the growth of Ni3Ti was assumed to be parabolic in nature. 

For this reason, the thicknesses were plotted against the square root of the isothermal 

holding time. As can be seen in the plots, the data give linear results, confirming that the 

growth is indeed parabolic in nature. The error bars represent a 95 percent confidence 

interval, or two standard deviations of the thickness measurement. No error bars are
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Figure 5 .3: Thickness o f NisTi layer versus time 4 for nickel/alumina samples with
titanium-30 weight percent nickel interlayers brazed at 1150°C.
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Figure 5.6: Thickness o f Ni3Ti layer versus time 4 for nickel/alumina samples with
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shown for points where twice the standard deviation was a smaller dimension than the size

o f the plotting symbol.

An apparent reaction rate constant for the growth of Ni3Ti, k, was calculated from 

the thickening kinetics data. An intrinsic rate refers to the growth of a single layer without 

influence from neighboring layers. The intrinsic rate constant is representative of the 

atomistic processes contributing to the formation of a single layer. An apparent rate refers 

to the growth of a layer with influences from the neighboring layers.

An expression for the apparent reaction rate constant can be written as:

An Arrhenius-type activation energy analysis can be used to calculate the temperature 

dependence o f the apparent reaction rate constant, k.

The apparent rate constant can be expressed as:

k =
N U T i layer thickness

(67)
Isothermal holding time

(68)
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A plot of the logarithm of the reaction rate constant versus the inverse absolute 

temperature can be used to calculate the apparent activation energy of the Ni3Ti growth 

process. Figures 5 .9 and 5 .10 are plots of the logarithm of the reaction rate constants 

versus inverse absolute temperature for 30 weight percent Ni-70 weight percent Ti and 40 

weight percent Ni-60 weight percent Ti interlayers, respectively. The slope of the line on 

Figure 5 9 indicates an activation energy of 130 kJmole'1. The slope from Figure 5.10 

indicates an activation energy of 135 kJmole"1.

This activation energy was interpreted to be the activation energy for the difiusion 

of nickel through Ni3Ti.
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VI Conclusions

Nickel was successfully bonded to alumina using transient liquid phase brazing 

with nickel-titanium interlayers. The presence of ductile NiTi in the brazed joint proved 

beneficial to the joint strength, while the presence of Ni3Ti was shown to be detrimental to 

the strength. This was observed to be the result of the residual stresses in the joint which 

the NiTi phase was able to absorb. However, the Ni3Ti phase was not able to deal with 

this residual stress.

The growth of the Ni3Ti layer was shown to be controllable by modifying the 

experimental parameters o f brazing time and brazing temperature. The growth behavior 

of the Ni3Ti phase was determined to be parabolic in nature. The activation energy of this 

process was determined to be 130 kJmol"1 for an interlayer composition of titanium-30 

weight percent nickel, and 135 kJmof1 for an interlayer composition of titanium-40 weight 

percent nickel This result was interpreted to be the activation energy for the difiusion of 

nickel through Ni3Ti.
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