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Abstract 

 

    Metals-to-ceramics bonding are increasingly important in so many advanced 

technological applications such as military, aerospace industries, electronic 

devise and other important fields. 

    This study probably represents a real challenge since, many difficulties and 

set back obstructed are associated metal-to-ceramic bonding processes, due to 

the sharp difference in characteristics of these materials. 

The aim of this study was to join ceramic(88.99Al2O3) to copper 

(88.93%) by active brazing process, the shapes of both materials are 

cubic(44х44х41)mm, The active filler metal well selected in two alloying 

systems: Cu-Ti and Cu-Ti-Co and it was prepared as a past form. 

      Bonding processes were carried out under inert gas (argon). The effects of 

active element(Ti), temperature and holding time on microstructure, reaction 

products and bonding strength were studied. 

      Bonding processes were conducted at temperatures of (851, 875, 4111, 

4125, 4151) ºC ,Titanium contents were(41, 21, 31, 41, 51, 61) % and for 

periods of time (41, 45, 31, 45, 61)min. 

     Results obtained showed that the bonding strength depends mainly on 

titanium percentage, temperature at which bonding process was carried out 

and holding time. 

    The highest bonding strength(29MPa) was obtained in Cu-41wt%Ti system. 

Fracture occurred partly at the layer  in contact with alumina. 



     However, when 5wt%Co was added at 4125 ºC for 31min,the strength 

reached a maximum value of 44.5 MPa, i.e. an improvement of 579 occurred. 

The fracture then, happened totally in the alumina part. 

     The addition of cobalt however, introduces further changes including: 

thickness, nature of layer bonding and diffusion zone. This addition creates an 

arrangement of composition in the bonding region similar to the graded 

coating which results in minimizing of induced stresses due to the sharp 

difference in thermal expansion between copper and alumina and eventually 

results in chemical of bonding stability and mechanical keying. 

     X-Ray analysis of the copper-alumina  joints revealed the formation of TiO 

(monoclinic),Cu2Ti4O(cubic)and Co2Ti4O(cubic) compounds at the interface.  

    The behavior of graded coating-like-observed may be attributed to these 

compounds and the diffusion zone region.  

    High thermal shock resistance was observed in the 

examined(optimum)samples during water quenching and air cooling from(411, 

511, 611, 711) ºC .This result indicated high bonding strength, good adhesion 

and plasticity of the reaction layers. 

    A theoretical model (FEM) was built and implemented by using ANSYS 5.4 

software package  to predict the magnitude of residual stresses during cooling  

the braze joints.. 

      

 

  



 الخلاصة

 

 متقدمةتكنولوجية  استخداماتد المعدنية بالسيراميك أهمية متزايدة في لموات ربط ااتكتسب عملي         

 الدقيقة ومجالات شتى عديدة.  الالكترونيةكالصناعات العسكرية وصناعات الفضاء والأجهزة 

ليذذذات الذذربط بذذذي  المعذذذد  اً  قيقيذذذاً لصذذعوبات بالتذذذة تكتنذذ  عميهذذ ا الدراسذذذة ربمذذا تم ذذذ  ت ذذد        

فذي العذرال لذربط  لع  ه ا الدراسة هذي الأولذى و والسيراميك نظراً للتباي  ال اد في الخواص بشك  عام

قذذة الل ذذام بالمونذذة الفعالذذة ظروفذذاً ي( بطر88.9الومينذذا   %  بالسذذيراميكل (388.9% المعذذد  لالن ذذا 

(وتم اختيار مادة المونة الفعالة  41ملم  х مملх 44 ملم44كلا المادتي  على شك  مكعب ل    وم ددات.

 .و ضرت مادة ال شو على شك  عجينة (كوبلت –تيتانيوم  -ن ا  ل،  (تيتانيوم -ن ا ل :  بنظامي

ل الآركو ( ، كما تمت دراسة تأ ير م توى  أجريت عمليات الربط في ظرو   ماية بالتاز الخام        

 البنية المجهرية ونواتج التفاع  ومقاومة الربط. علىرارة والزم  (، درجة ال التيتانيومالعنصر الفعا ل

وعنذد  ºC  (4151، 4125 ،4111 ،  875 ،851 ل : درجذات  ذرارة الذربط كالتذالي اختيذارتم       

 61،45،31،45،41ولفتذذرات زمنيذذةل %wt( 61،51،41،31،21،41نسذذب مختلفذذة مذذ  التيتذذانيوم ل 

ومذذذذذذة الذذذذذذربط تعمذذذذذذد بشذذذذذذك  ر يسذذذذذذي علذذذذذذى نسذذذذذذبة العنصذذذذذذر أظهذذذذذذرت النتذذذذذذا ج أ  مقا   (دقيقذذذذذذة.

 .وزم  المكوث الربط الفعا لالتيتانيوم(ودرجة ال رارة التي أجريت فيها عملية

إ   ذدث الكسذر  ( MPa 29( كانت أعلى قيمة لمقاومة الربط فذي  ذدودلCu-41wt%Tiلفي نظام      

وعنذد درجذة  Cu-41wt%Tiللسذبيكة  wt% Co  5جز ياً في الطبقة الملامسة لللألومينا.أما عند أصذافة 

 يذث  ذدث ( ، MPa )44.5   دقيقذة كانذت مقاومذة الذربط هذي  31ولفتذرة مكذوث  Cº 4125  ذرارة

 .االكسر كلياً في منطقة الألو مينإ  كا   ,% 57 ت سنا بنسبة 

ومذة سمك أو طبيعذة طبقذة الذربط وكانذت أقصذى مقاال الكوبلت أ د ت تتيرات أخرى شملت إضافة      

 Diffusion)  ل الانتشارية.التتير في شك  وطبيعة وسمك طبقة الربط والمنطقة m μ 2للربط عند سمك

Zone  أ د ت مايشبه تدرجاً في الطبقات بخذواص مختلفذة سذببت انخفاضذا فذي التبذاي  لمعذاملات التمذدد

 Mechanicalيالطذذولي ممذذا قلذذ  مذذ  الأجهذذادات ال راريذذة وأسذذتقرارية الذذربط الكيمذذا ي والميكذذانيك

Keying) ). 



لأ ذاد   TiOوهي كالآتي: أوكسيد التيتانيومأجريت اختبارات الأشعة السينية لت ديد نواتج التفاع        

،وربما إليها والى منطقذة الانتشذار يعذزى لمكعب(Co2Ti4Oلمكعب( ،Cu2Ti4Oومركبات الربط  المي (

 التدرج في معاملات التمدد الطولي وآلية الربط.

 (711،611،511،411لال رارية م  درجات  رارة عاليذة ةأبدت النما ج مقاومة عالية للصدم       

Cº .بما يؤشر وجود قابلية ربط قوية وغياباً لتأ ير التباي  في معاملات التمدد 

 للتنبذؤ ANSYS 5.4وتذم تنفيذ ا باسذتخدام نظذام الت ليذ   العناصذر الم ذددةنظر  بطريقة  نمو ج تم بناء

 . وصلة الل ام خلا  تبريد متخلفةادات اللأجهبا

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Appendix A 

 

 

Diffraction data cards for the following components are: 

 

4-  -Al2O3 , Alpha aluminum oxide (Corundum). 

2- Cu , Copper. 

3- Ti , Titanium. 

4- TiO , Titanium oxide. 

5- TiO2 , Titanium oxide (Anatase). 

6- Cu2Ti4O , Copper titanium oxide. 

2- Cu3Ti , Copper titanium  

9- Co2Ti4O , Cobalt titanium oxide 

8- Co2Ti     Cobalt titanium 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

CoTi2     Cobalt titanium 

The main three peaks are          2.12x          2.475         4.895                         File No. 5-

748 

 

 

Appendix B 

 

        High Temperature Properties of Copper Base 

Metals used in Finite element models 
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Symbol and Abbreviations 

 

ABA Active brazing alloy 

AISI America Society for Testing Materials 

AWS American Welding Society 

A Area 

A Defect size; Chemical activity  

B Bulk density, g/cm3 

BAg Silver-base brazing filler metals 

BAu Gold-base brazing filler metals 

BCu Copper- base brazing filler metals 

c Number of components  

CTE Coefficient of thermal expansion  ,ppm /ºC 

D Dray weight , g 

2D Two dimensions 

3D Three dimensions 

DBS Double-brazed shear 

D Average length of diagonal ,mm 



E Internal energy;Young,s modulus 

Ec Young, s modulus of ceramic component 

Em Young, s modulus of metal component 

EDS Energy dispersive spectroscopy 

EPMA Electron prop micro- analyzer 

F Helmoltz free energy 

FEM Finite element method 

G Gibbs free energy 

h Thickness of the metal interlayer 

KI Intensity factor for mode I, MPa  m4/2 

KII Intensity factor for mode II,  MPa  m4/2 

KIc Fracture toughness,  MPa  m4/2 

k Thermal conductivity, W/m.K,material constant 

M Saturated weight , gm 

MISES    Von Mises stress .(Pa). 

 

Ni The amount of component i 

OM Optical Microscopy 

P Pressure; Applied load 

PSZ Partially stabilized zirconia 



Q Activation energy, J/mol  

q Heat flow, Watt 

R Universal gas constant, R=9.344 J/mol K 

Ra Roughness average, µm 

S Suspension weight(gm),Entropy 

SEM Scanning electron microscopy 

Sx        Normal stress in x-direction, (MPa) 

Sy              Normal stress in y-direction ,(MPa) 

Sz      Normal stress in z-direction, (MPa) 

Sxy      Shear stress in x-y plane ,(MPa) 

Syz      Shear stress in y-z plane ,(MPa)  

Sxz      Shear stress in x-z plane ,(MPa) 

S4       4st principle stress ,(MPa) 

S2      2nd principle stress ,(MPa) 

S3      3rd  principle stress ,(MPa) 

T Temperature  

t                      Time 

SIALON Si-Al-O-N 

U Strain energy, J 

Ve Exterior volume .cm3 



Wad Work of adhesion ,J/ m2 

Wsep Work of separation ,J/ m2 

X Thickness of reaction layer,µm 

XRD X-ray diffraction 

α           Linear  coefficient of thermal expansion C-4 

σ  Thermal residual stress  

σA Surface energy of solid / vapor interface.J/m2 

σB Surface energy of liquid/ vapor interface.J/m2 

A/B Surface energy of liquid/ solid interface.J/m2
 

1σ  Uniaxial yields stress 

ε1 Yields strain   

ΔT/ΔX Temperature gradient 

μi Chemical potential of element i     

Ω  Grand potential  

ө Contact angle, degree 

ψ Phase angle, degree 

Γi Fracture energy of interface, J/m2
 

ΓF Fracture energy of ductile member(metal), J/m2
 

ΓS Fracture energy of brittle member(ceramic), J/m2 

                        free energy per unit area 



ρw                     Density of water (4 gm/cm2 ) 
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Chapter 1 

Introduction and Objective 

 

1.1 Introduction 

 

In the past, metals and metals alloy systems were the traditional raw 

materials for mass production, engineering, and high technology 

manufacturing. Although ceramics were the second most widely used 

structural material group after metals, the manufacturing and processing 

technologies of ceramics have progressed relatively slowly. However, as novel 

techniques have been developed, ceramics have emerged as engineering 

materials that are stronger than steels, almost as hard as diamond, and able to 

withstand high temperatures. Structural applications of ceramics cover air 

crafts, automobiles,batteries,integrated circuits, cutting tools, and 

biomaterials.[4-4]. 

Although ceramics may posses a unique and desirable set of properties, 

there will be applications in which these properties are needed and desirable 

not for entire structure, but only for one portion of the structure. In addition, 

Co system. 

Table ,.4 Mechanical properties of filler alloy . 860 

Table ,.3 Physical properties of filler alloy. 860 



the inherently brittle nature of ceramics limit their machanabilty.Therefore, in 

most structural applications, ceramics are integrated as a critical components 

in a system that is largely metallic. Hence, ceramics have to be joined 

frequently to other ceramic parts of metals.Fig.4-4 shows ceramic components 

integrated in an automotive gas turbine engine and electronic devices[5]. As 

shown in Fig.4-4, joining can facilitate the use of structural by limiting them to 

the most critical portion of the structure. Therefore, reliable joining 

technologies are essential not only for full exploitation of the properties of the 

ceramic but also for success of the overall structure. 

 

Achieving high integrity joints between ceramic and metal, however, is a 

challenge. A major challenge in the commercial utilization of ceramics is 

reliably joining them to other components in the engineering system. Common 

technologies used to join metallic components, such as mechanical fastening, 

welding, or brazing, are not easily adapted to ceramic materials. Brazing, 

defined by the AWS as "a group of welding processes which produces a 

coalescence of materials by heating them to a suitable temperature and by 

using a filler metal having a liquidus above 451ºC and below the solidus of the 

base metals." has been identified as one of the most promising techniques for 

joining ceramics to themselves and metallic components on production 

scale[6-7] . 

   The challenge of brazing metals to ceramics has both chemical and 

mechanical components. Ceramic surfaces, especially oxides, carbides and 

nitrides. are very stable chemically.Cosequently, molten metals do not wet 

them well because the energy of the molten metal-ceramic interface is grater 

than the surface energy of the bare ceramic surface, most molten metal bead 



up on ceramic surfaces as a water does on wax. One way to overcome the 

chemical challenge is to use active brazing alloy, i.e. one containing a very 

reactive metal, such as Ti or Zr ,have been added. It is believed that the 

reactive element causes the formation semi-metallic oxides and other 

intermetallic compounds by decomposing a thin surface layer of the ceramic at 

the ceramic-filler metal interface, which can then be wet by the molten filler 

metal [4,7-9]  

The mechanical challenge of brazing metals to ceramics is overcoming 

residual stresses caused by the physical property mismatch between the 

materials. Residual stresses develop when two ceramic component is brazed to 

a metal component using a filler metal or when a ceramic component is brazed 

to a metal component using a filler metal. The most pronounced mismatch is in 

the coefficient of thermal expansion(CTE):most ceramic have CTES (3-41) х41-6 

⁄ ºC where as typical engineering alloy have CTES (42-49 )х41-6  ⁄ ºC. Since 

brazing processes are executed at high temperatures,CTE mismatch causes the 

components of the joint to contact at different rates during cooling while being 

fixed at the interface, resulting in residual strains.   The ductile filler metal or 

base metals with low yield stress deforms to accommodate the dimensional 

mismatch at the interface, however residual stresses in the substrates remain 

high and the mechanical integrity of the joint is compromised.. The stress state 

of a brazed joint is difficult to characterize analytically. So finite element 

methods are frequently employed to calculate the theoretical residual stresses 

in the ceramic ⁄ metal joint. The simulated stress fields are often used to 

predict where cracks will initiate and grow[8-41].  

A popular ceramic ⁄ metal  brazing alloy system is the titanium-copper 

binary. The titanium reacts very aggressively with oxygen, nitrogen, and carbon 



in the ceramic as well as being a nearly universal solvent for metals. The 

copper is a relatively inexpensive with good flowability and a strong depression 

of the melting point of titanium. Unfortunately, these alloys contain a 

relatively large amount of titanium with a high chemical activity. In long term 

high temperature exposure, the titanium may oxidize at the edge of the joint 

which is exposed to the atmosphere. Often , it also continues to react with the 

base ceramic causing decomposition of the bonding interface. Most research 

to date , has focused on using  copper or silver as a base metal of brazing alloy. 
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Figure 1-1: Critical ceramic parts in (a,b) electronic device (c)automobile  

engine components, the turbocharger roter,the rocker arm and 

the sparking plug[2,5,11-12] 

   

The work presented in this thesis focuses on develop the suitable an 

active metal brazing alloy   Cu-Ti and Cu-Ti-Co to join the copper with alumina. 

The organization of this work is as follows: 

In Chapter 2, establishes an overview of ceramic-metal joining 

techniques and suitable brazing alloy developed for ceramic-to-metal. Joining 

within the last few decades. In Chapter 3,  presents a mechanism of bond 

formation at the interface , theoretical studies of the effect of residual stresses  

and factors affecting the strength and fracture  of ceramic-to-metal joints. In 

Chapter 4, present the experimental procedures and a finite element model as 

a tool for predicting joint strength. In Chapter 5, the results of  experimental 

and numerical modeling are presented. The conclusions are presented in 

Chapter 6.  

 

1.2 Objective  

 Studying the optimal time, temperatures and percent active metal 

additives, which produce a thin and continuous reaction layer for 

copper-alumina system.    

 Understanding the interface chemical reactions between stable 

ceramics and reactive liquid metals, and developing microstructures. 



 Studying how the reaction layers products affect on the shear 

strength of copper –to-alumina brazed joints. 

 Detecting the phases that play a main role to obtain reliable joint of 

copper-to-alumina system. 

 Studying the effect of additional cobalt element in Cu-Ti based filler 

metal on alumina-copper system. 

 braze alloy  

 Predicting the maximum residual stresses  location in alumina-copper 

system.   

There are many recent advances leading to the usage of copper –

alumina composite. The major applications for Al2O3 ⁄ Cu systems include: 

electronic devices such as IC packages, chip carriers, power transistor modules, 

high frequency devices and mobile communications. 

 

Chapter  2 

Ceramic – Metal Joining 

Processes and Joining Evaluation 

 

2.1   Introduction 

Joining facilitates the use of structure ceramic – as well as other types of ceramic materials- 

by providing a means to manufacture structure which cannot be made in one piece or which can be 

made less expensively by joining. Because of their intrinsic brittleness, most ceramics are fabricated 

by using diverse techniques, thus, avoiding large mechanical loads involved in bulk processing. 



Furthermore, ceramic-metal joining is particularly useful when trying to combine the 

mechanical and/or chemical properties of both ceramics and metals in the same device i.e. ceramic-

metal composites, protective coating, etc. Of all the current ceramic-metal joining applications, one 

of the most important is the attachment of ceramic components operating at high temperatures to 

structures or moving parts which must withstand stresses or temperature gradients too great for 

ceramics, and which are usually made of metals.[43-44]. 

 

2.2 Joining Techniques 

There are a number of techniques for joining materials , of which, bonding temperature is an 

effective distinguishing feature-Table 2.4 [4-5]. Adhesive, cementicious, and mechanical joining are 

room temperature techniques, while joining occurs at an elevated temperatures for the other 

methods. The entire assembly may be heated in the case of brazing, eutectic, and diffusion bonding , 

or the heating may be localized, as in the case of fusion, induction and friction welding. 

 

Table 2.1: Comparison of several joining method[5] 

Low temperature processes 

Property Adhesive Cement Mechanical 

Strength (MPa) 40-10 <80 80-,0 

Maximum Temperature (C) 82,  ,4, 

Cost Low Low Low-medium 
 

High temperature processes 

Property Brazing Eutectic Diffusion Fusion Friction 

Strength (MPa) 800-,00 400-200 800-8000 ,0-400 ,0-400 

Maximum 

Temperature (C) 
,4, 94, 804, 804, 44, 

Cost 
Low-

medium 
Medium 

Medium-

high 
Low-high 

Low-

medium 

 



As a way of summarizing the broad spectrum of possible ceramic-metal joining techniques, 

one can classify them into one of the allow major groups: Fig.2-4 [4-5,45] 

 

 

 

 

 

 

 

 

Figure 2-1: Ceramic-metal joining processes [5]. 

2.2.1   Mechanical Joining 

Mechanical joining are used in both traditional and new application such as securing of 

furnace roof refectories with metal hooks, fastening, clamping and press-and-shrink fitting is another 

type of mechanical technique that is widely employed in mass production processes. Typical 

mechanical strength of the joints vary from 41-51 MPa. Stress concentration area (especially in the 

ceramic counterpart) and design limitation are among the major restrictions of the methods [5,45] 

 

2.2.2  Direct Joining 

This technique achieved by pressing together very flat surfaces to achieve bonding. In this 

type of processes, no intermediate materials(such as a filler alloy) are needed to create a joint 

between dissimilar materials[5,45]. 

 

2.2.2.1  Diffusion Bonding 



Solid-state diffusion is a well-known example of direct ceramic-to-metal joining process. In 

diffusion bonding, base materials with carefully prepared surfaces are held in close contact as high 

pressure is applied and bonding occurs at temperature below the melting point of the base metal. 

The process is often performed in a vacuum or a protective atmosphere.Sucessful bonding relies on 

the achievement of adequate contact, subsequent diffusion, and plastic flow of the metal to 

eliminate un-bonded areas or interfacial porosity[2]. Close tolerances and high mechanical strength 

(411-4111 MPa) are usually attained. In addition to that, admissible working temperatures are 

imposed by the base materials instead of the interface. Temperatures in excess of 4111C are often 

possible for SiC-Si3N-and Al2O3- metal joints[49].Inserts of ductile metal foils are often used to 

accelerate the  bonding process by enhancing deformation and reducing the joining temperature 

Hot –pressing or hot-isostatic pressing are normally used to produce planar joint [5,7,43,45]. 

 

2.2.2.2  Friction Welding 

Friction welding is another example of solid state joining Fig.2-2 [5,47]. Application in 

ceramic-metal joining is still in its early stages of development. Successful  Al2O3 ⁄ aluminum alloys 

joints have been reported [49]. Firstly, one of joining surfaces is rotated, the joining surfaces are 

slightly pressured together and frictioned against each other, resulting in enough heating and joining 

of the couple. The relative movement is the interrupted and the normal force is increased. This 

process can be carried out using conventional friction welding apparatus but under a protective 

atmosphere to avoid metal oxidation. The components to be joined (especially the ceramic) must be 

planar and parallel to avoid crack formation and propagation as well as joining imperfections. These 

defects can be originated from uneven heating of non-parallel surfaces. 

 

 

 

 

 

 

 



 

 

 

    Figure 2-2: Schematics of friction welding [ 12 ] 

 

2.2.2.3  Fusion Welding 

Fusion Welding is a direct joining method based on the localized melting of the metallic 

component. Techniques that employ localized heating, such as electron – beam or arc-welding are 

often not suitable for joining dissimilar materials. The high heat generated creates a localized molten 

region which fuses the surrounding materials together on colddown. This requires an acceptable 

fracture toughness and thermal shock resistance which brittle material, such as ceramics and 

intermetallics do not generally posses. A laser beam is commonly used as heating source. The 

resulting joints normally reach a mechanical strength between 51 and 211 MPa at the temperature 

in excess of 4111C (depending on the base materials). On the downside, grain growth and residual 

stress development may also occur [5,44] 

 

2.2.3   Indirect Joining 

Joining processes which require the use of filler materials, such as adhesive joining and 

brazing ,are commonly referred to as indirect joining processes[5]. In these types of processes, an 

intermediate material (such as filler alloy) is used  to promote a physical or a chemical bonding 

between counterparts. There are two main types of indirect joining to joint ceramic – to- metal: 

 

2.2.3.1  Adhesive Joining 

The adhesion used for joining ceramic to metal, are either cold cured or hot cured. Adhesive 

joining using organic interlayers offers suitable mechanical strength below 251C Table 2.2. Glassy 

interlayers can also be used to improve high temperature resistance. Examples of adhesive joining 



include magnetic ceramics in electric motors as well as ceramic lining to oil ducts. In the latter case, 

ceramics are used as protective barrier against corrosion or wear. Glassy interlayers have been long 

to join Al2O3 to Nb in sodium vapor light bulbs (5,45.49] .  

 

Table 2.2: Organic adhesives used in ceramic / metal joining[5]. 

Adhesive Setting Maximum Working Temperature (C) 

Epoxy Hot 820-440 

Polyurethane Hot + cold 840-810 

Silicon Cold 810-440 

Cyanocrilate Cold 8,0-4,0 

Elastomer Hot 90-880 

 

2.2.3.2  Brazing 

In the case of brazing ceramic-ceramic and ceramic- metal joints may be obtained in two 

different ways: (i) indirect brazing where the ceramic surfaces are metallized prior to brazing. (ii) 

direct brazing where the filler alloys contain active elements such as titanium. 

 

A- Metallizing 

Ceramic surfaces are relatively not wetted by conventional liquid alloys. To solve this 

problem, several methods have been developed one of which is metallization of the ceramic surface 

prior to conventional brazing, since metallized ceramics can be brazed to metals without active 

alloys. In metallizing a thin layer of metalizing material with few microns link is bonded to the mating 

face of the ceramic work-piece. The metallized ceramic pieces can then be joined together or to a 

metal part by brazing, soldering , or in some cases adhesive bonding.  

 

 



The choice of suitable metallization technique should take into account the base materials 

involved and microstructual characteristic  of the ceramic as well as availability of equipment and 

intended purpose of the joint [48-24] 

Several techniques of metallizing are available , such as thermal spraying , electrolytic 

coating, electron-beam and laser coating, vapor phase deposition (chemical or physical) and hot 

isostatic pressing. The techniques most commonly used are, however, the moly-manganese [48.22-

23]  

Finally, the mechanical metallization is new, simple, and fast method to metallize ceramic. It 

is developed and patented by the Julich Research center, in German. The process has been initially 

studied for the metallization of alumina and Zirconia with Ti [4,24-25] 

Joining of metallized ceramic can subsequently be performed with convential brazing alloy 

(typically BCu, BAg and BAu alloys according to the American welding society specification AWS 

A5.9.98 4898)[26]. 

The brazing through pre-metallization is a multi-step process and is quite cumbersome. The 

strength of the joint is very sensitive to the quality of surface pre-treatment and to the effectiveness 

of the fluxing agents used in the process[26]. 

 

B-  Active Filler Alloys 

In brazing of ceramics, an important alternative to brazing through pre-metallization is active 

metal brazing. The technique developed at General Electric. Active metal brazing uses special braze 

alloys that contain an “active metal” particular Ti and sometimes Hf or Zr. Fig. 2-3 shows the 

metallizing method which is called a multi stage method in comparison with actively brazing method 

which is called a single stage method. 

 

 

 

 



 

Figure 2-3: Comparison of active metal brazing with Mo-Mn 

process[14]. 

 

The role of the active metal such as titanium is to react with the ceramic, creating a layer of 

a reaction product that is more wettable by the metal braze than the original ceramic surface. No 

pre- metallization is necessary, and the joint can be made in one step. 

Active filler alloys for direct ceramic- metal brazing should depict some essential features in 

order to improve interfacial microstructure, such as: [46,27-29] 

4. Melting point or melting range compatible with those of base materials; 

2. Moderated fluidity at the brazing temperature, promoting capillarity and uniform 

distribution over the joint but preventing infiltration into sintered base materials (both 

metals and ceramics). 

3. Homogeneous composition and stability to minimize constituent separation or segregation 

upon melting and solidification (brazing cycle); 

4. Thermodynamic compatibility with the base metal surfaces promoting wetting;  

5. Limited trend to brittle phase formation (usually intermetallics)  

6. compatibility with the working temperature, mechanical loading, environment, and 

intended life span for the joint. 

 

C-  Filler Metal Alloy Forms 

 Active braze alloys are available commercially in several differing forms. To apply the filler 

metal between the ceramic surfaces, there are four recognized active element joining processes; 

4. Mixed Powders: Titanium or titanium hydride powder can be mixed with conventional braze 

alloy powders to form a slurry with a binder. Titanium hydride decomposes at around 511ºC  

into metallic titanium to form the active element. The mixture is applied to the surface of 

alumina and dried. A metal or ceramic member is placed over the coated area and the 

assembly is heated to brazing temperature in either vacuum or inert gas [28-34]. 



2. Coated Ceramics: A simple method is to deposit a titanium layer onto the ceramic, and 

braze using a conventional braze alloy system. Deposition methods can be sputter coating 

,thin foils titanium brush or screen paints.  and then the assembly is heated to the flow 

temperature. [32]. 

3. Clad Filler Metals The third commercially available material is a cladded product, which 

consists of an active element such as titanium cored wires or a titanium "sandwich" foil are 

also made commercially. These products have the additional advantage over the previous 

two types because the titanium is protected from the outgassing products during furnace 

heating by the conventional braze alloy cladding. The disadvantage is that the active metal is 

not exposed to the ceramic surface until melting has taken place, which gives a poor initial 

wetting contact angle, and can sometimes lead to a complete failure in the technique 

4. True ABA alloys: Modern manufacturing techniques have enabled a whole series of true 

alloy to be produced with a wide range of melting temperatures .These alloys are partially 

protected by the other alloy constituents, but do require a very clean (low PO2) furnace 

atmosphere. The fourth product is having a controlled quantity of titanium available for 

joining to the ceramic at the onset of meeting. The loss of the active element is limited to 

the element found on the outer layer of the brazing metal [48]. 

           In this research the first case was used  in this investigation because other methods is not easy 

manufacturing and need a progressive equipment like electron beam melting and casting machine 

for homogeneity of final product . 

 

D-  Development of Active Filler Metals 

 In the last two decades, the major impetus in brazing of ceramics has been the development 

of filler metals with improved wettability, eliminating the need for premetallization. These mainly 

consist of two groups of alloys, i.e. Cu-X [33-37] Or Ag-Cu-X brazes [39-41],where X is typically a 

group IVB element (Ti, Zr, Hf), and Ti-Zr alloys[44-43] ,  in many cases, active brazing also contain 

additions of Ni, Be, Cr, V, In and Co [7,44-47]. 

 

(i)   Silver – Copper Filler Metal Alloys 

 In Ag- based alloys, the solubility of a metal such as Ti is relatively low at relevant brazing 

temperatures (851-4151)C. In contrast, the solubility of Ti in Cu is much higher, which makes the 



combination of Ag and Cu attractive for many ceramics contain active elements which promote 

wetting by decomposing a thin layer at the ceramic surface. The improved wetting of silicon nitride, 

silicon carbide and alumina as a result of titanium additions to fillers is shown in Fig. (2.4). 

Apparently , about 41 at%Ti is sufficient to wet silicon nitride (4411C) and silicon carbide (4111C), 

while 31 at % is required to obtain a similarly low contact angle on alumina (4411C). It is reasonable 

to suggest that this observation is closely linked to the higher thermodynamical stability of 

aluminum oxide. As a consequence of the low solubility of Ti in Ag, the use of Ag-Cu based alloys 

should be recommended when brazing alumina[7]. 

     The Ag-Cu-Ti alloys are based on titanium additions to the eutectic composition of Ag-Cu (79 at % 

Ag-22 at %Cu), which provides sufficient fluidity of the alloy, since the melting range is relatively 

narrow. The addition of Ti to Ag-Cu alloys results in minor changes of the melting temperature only 

(TM between 751 and 951C), which is essential to avoid high temperature brazing[7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 2-4: Effect of filler-titanium content on contact angle  for () Si3N4 (1100C),(▲) Sic, 

(1000C) and (■ ) Al2O3 (1100C), (data from[2], [40] and [41] respectively). 

 

Several investigations used Ag-Cu brazes to produce ceramic/ metal joints: 

H. Mizuhara et al., [49+ used an active braze alloy manufactured commercially (GTE’s ABA 

alloy) to produce ceramic/ metal Joints. A brazing matrix study was carried out on several alloys 

produced using the Ag-Cu eutectic as a base material and adding to it differing amount of titanium. 

These alloys were produced by melting, casting and then rolling them into foil. Brazing was carried 

out at 921C for 41 minutes under 4.3341-6KPa vacuum. Peel tests were conducted on two 

different grades of alumina joints to kovar. The results indicate that 29 Ti in Ag-Cu eutectic ally leads 

to high peel strength, with a higher titanium content the hardness of the alloy increases and hence it 

exhibits poor peel strength. The peel test results also emphasize the importance of ceramic surface 

finish. Grinding the ceramic resulted in surface and subsurface damage. Refining at 4651C prior to 

brazing reduced the machine induced damage. Hence the refried specimens exhibited a higher 

strength. Removal of the damaged layer by lapping also lead to higher strength. Similar results were 

found when Si3N4 was joined to copper wherein the peel strength of lapped Si3N4-Cu joints was twice 

that of the ground Si3N4-Cu surface. 

The tensile tests conducted on these joints resulted in failure within the main body of 

ceramic, indicating that the joint was stronger than the base material. 

Thus the study has shown that direct brazing using Ag-Cu eutectic + 29 alloy as a brazing 

alloy can yield  joints equal in strength to the joints made by the moly-manganese process. The Ag-

Cu eutectic + 29 Ti alloy developed in this study is currently one of the most popular commercially 

available brazing alloys. 

Mizuhara and Hubel [48] emphasized that the brazing alloy should flow in a controlled 

fashion on the ceramic and not “blush”. In certain cases it has been found that the small amount of 

brazing alloy in a wetting test flow all over the ceramic , slop over this edges and creep underneath 

too. They termed this phenomenon as “blushing” it is indicative of high degree of capillary action by 

the alloy. 



Mizuhara, Huebel and Oyama [49]]used a double – brazed shear (DBS) test to evaluate a 

joint between alumina and alloy 42 [Fe-44Ni] by using a cusil ABA(63wt.%Ag-35wt%Cu-2wt%Ti) as a 

filler metal alloy. They studied the effect of ceramic finishing and thickness of filler metal on DBS 

test. They have found that the ground ceramic has a lowest shear strength (6.2 MPa), However in 

the ground ceramic and sintered the DBS become (26.5 MPa). They also showed that the shear 

strength increased with increasing the thickness of filler metal up to 411m and then fall when the 

thickness is 451m. The   explanation for these results, first, the thicker filler metal contains more 

titanium atoms available to bond with the ceramic. Second, the thicker filler metal provides more 

plastic deformation during the cooling cycle to result in lower thermal stress at the joint. 

 

(ii)   Aluminum- Matrix Filler Metal Alloys 

In addition to titanium and zirconium, attempts have been made to develop aluminum-

based alloys [7,48] The results indicate that the contact angle on alumina is relatively high compared 

with that of titanium-containing alloys. Considering the low surface free energy of liquid pure 

aluminum at the melting temperature, a relatively low work of adhesion may occur. This observation 

implies that brazing with aluminum fillers may required a high temperature (minimum 4151C), For 

practical purposes, a contact angle between 71 and 81 may be insufficient to provide satisfactory 

spreading, and hence a low bond strength level may appear. As a consequence, the use of such 

fillers may be critical. On the other hand, wetting of alumina can be enhanced by additions of copper 

to the aluminum filler. In this situation, the contact angle approaches 51 for copper amounts 

between 4 and 31 wt% [7] 

Within this range of Cu content the solidification range is between 1 and 211C, and no 

intermetallic phases are formed (these are connected with the Cu-rich side of the Al-Cu binary 

system)[7]. A similar contact angle has been observed in the wetting of zrconia at 4411C (>4111s), 

using Al-Cu alloy with 1-7 wt% Cu [7]. 

 

 

 



(iii)    Copper – Matrix Filler Metal Alloys 

Naka and Arata[51] fabricated non oxide (Silicon nitride, silicon carbide) ceramic joints using 

Cu51 Ti51 amorphous filler metal. Brazing of these ceramic to themselves was carried out in a vacuum 

of 541-5 torr and  in the temperature range 891-4311C. For a constant brazing time of 31 minutes 

the silicon nitride/silicon nitride joint made by using Cu51 Ti51 showed a maximum strength of 49 

Kg/mm2 (476.5MPa) at 4411C. The strength rapidly fell off to 4.4 Kg/mm2 (43.73 MPa) if the 

temperature was raised to 4211C. In the case of silicon carbide joints made using Cu51Ti51, the joint 

exhibited a maximum strength of 3.4 Kg/mm2 (31.4 MPa) at 4125C. 

X-Ray diffraction studies along with microprobe analysis of the fracture surface were used to 

determine the phases present at the joint interface. 

  Nicholas [54] patented several ternary alloy compositions. These alloys were evaluated for flow 

behavior as well as joint strength. They noted that the good flow in itself does not guarantee a 

strong joint, and he claimed strength up to 41 MPa for joints fabricated using their alloys. The 

ternary systems investigated included Cu-Ti-Ag. For each of these systems isocontours of the contact 

angle for =41 and =81 have been drawn in the ternary diagram representation. These are the 

results of extensive wetting tests, carried out on several oxide ceramics, at a temperature of 4151C. 

This is perhaps best demonstrated by comparing the result of Naka and Arata [51] with those of 

Mizuhara et al. [49].Both have used titanium as a reactive metal. In one case as much as 31 at% of 

titanium (alloyed with pure copper)was necessary at a temperature as high as 4411 °C to obtain a 

contact angle of 5º,whereas in other case only 2 at.% of titanium(alloyed with Ag-Cu eutectic)was 

sufficient to cause complete wetting at a temperature less than 951°C.In addition to other factors 

the wetting behavior is governed by alloy fluidity and superheat. Since the Ag-Cu eutectic melts at a 

much lower temperature(791°C) than pure copper (4193°C) it was possible to obtain a good flow 

at lower temperatures. It is also likely that the high fluidity of the eutectic based alloys coupled with 

a solidification pattern hence their wettability.This hypothesis is substantiated by the fact that the 

Ti-Cu eutectic around 34 at.%Ti very close to the composition at which Naka and Arata found their 

binary alloys to flow well. 

Moorhead and Keating [52] have investigated the direct brazing of ceramics intended for 

adiabatic diesel engines. Their study was aimed at developing a suitable braze alloy to join heat 

engine ceramic to nodular cast iron for piston caps. The alloy Cu-26Ag-28Ti showed contact angles 



(< 45) on alumina and Zirconia ceramics. The mechanical strength of Al2O3 joints was comparable 

to that of alumina. The zirconia brazment showed a flexure strength of 311MPa, while the flexural 

strength of the zirconia (PSZ) itself was 611MPa. 

 Another braze alloy (Cu-Au-Ni) systems with titanium additions showed high contact angles 

(up to 81) on alumina even at temperatures up to 4511C and were hence considered un suitable 

some of the Cu-Au-Ti alloys showed fairly high angles and did not adhere even at 4511C. 

 Efforts were also directed to understand the microstructual changes that occurred in the 

cast iron due to exposure to 4111C. A comparison of the microstructures in the cast iron revealed 

that the hardness of this alloy was unchanged after the brazing cycle. The pearlite nodules were 

finer and some trace of bainite were also seen. In general the pearlites plus the graphite 

microstructure desired for high cycle fatigue was pre served despite exposure to 4111C for 44-46 

minutes. This is a significant result since it permits exposing the cast iron to high temperatures if 

necessary. 

Standing and Nicholas [53] conducted a meticulous and extensive wetting study on the Cu-

Sn-Ti system, in the temperature regime of 4151C-4451C on alumina and vitreous carbon. They 

used three different test temperatures of 4151C, 4411C and 4451C. They found that small 

amounts of titanium (6-419) added to copper are sufficient to wet the ceramic (<81) but high 

amounts of titanium, up to 37.59 are needed in binary alloys to cause the contact angle to reduce 

below 41. Binary alloys of Cu-Sn exhibit very high contact angles up to 451 at 4151C. The ternary 

alloys of Sn, Ti. and Cu however wet very well on alumina. The Sn and Ti show a strong synergistic 

effect in reducing the contact angle. In fact the Cu-78.59, Sn-8.8% and Ti-41.69 alloy shows an angle 

less than 41. data on the carbon too. Some of their results are depicted in Fig. 2-5. 

Metallographic examination of the interfaces of such samples revealed intermetallics at the 

interface of all alloys containing titanium but no intermetallics were seen for the alloys without 

titanium. Titanium confining alloys with contact angles of 442 showed a similar interfacial structure 

as that exhibited by alloys with angles less than 41. The effect of tin additions on the wettability of 

the alloy was also not well understood. 

The addition of tin to pure copper increases the contact angle, However, when tin is added 

to a binary Cu-Ti alloy it enhances the wettability considerably. The authors feel that in the ternary 

alloys segregation effects complicate the analysis. For example, it is known that the surface energy 

of pure tin is 1.49 J/m2, while that for copper is 4.29 J/m2 at 4411C. Hence, energetically it is 



expected that in Sn-Cu alloys, Sn will segregate to the surfaces. On this basis they suggest the 

addition of other elements with surface energies lower than copper as possible agents for improving 

wetting.  

 

 

 

 

 

 

 

 

Figure 2-5: Wetting behavior of Cu-Sn-Ti on alumina at 1150C.[53] 

Zhenfeng Zhou et al[54]., studied the interfacial reaction and strength in the joining 

Si3N4/Si3N4 with newly developed CuNiTiB brazing alloy at 4353K for 41min. The shear strength with 

powdered Cu69-Ni41-Ti24-B4 brazing alloy of joint reach 233 MPa.With rapidly solidified foils of the 

brazing alloy, the three-point bend strength of the joint is raised to 416MPa at room temperature, 

and this value remained steady at 723K. The interfacial reactions were studied of the joint and its 

effects on the joint strength. The lattice matching between Si3N4 and Ti5Si5 is better than that 

between Si3N4 and TiN. So the formation of Ti5Si3 than TiN at the interfaces is favorable to the joint 

strength. Ni element adding to Cu-Ti alloy can weaken the activity of Ti in the alloy[54], which is 

favorable to decrease the thickness of interfacial reaction layer and in the result the joint strength is 

increased. Adding a small amount of B in the new alloy can decrease its liquids temperature.  

Fadhel A.H. [3] investigated the joining alumina to alumina using a single stage brazing. A 

brazing matrix study was carried out on several alloys Cu-Ti, Cu-Zr and the eutectic Ag-Cu-Ti system. 

These alloys were prepared in two type: true-filler metal alloy, and past-filler metal alloy. 



Double shear tests were performed on the various interfaces. The maximum strength 42.25 

MPa was showed when used Ag-Cu-Ti as a past form. Cu-Ti past-filler also was showed a high joint 

strength, in comparison with eutectic Ag-Cu-Ti system. 

X-ray and SEM analysis of the joint interfaces reveled two phases of the brazing region: 

phase I (Cu2(Al, Ti)4O) or (ZrO2) responsible for interface bonding phase II (CuTi structure) or (Cu+Zr) 

works as a matrix for bonding phase. 

2.3  Ceramic-Copper Joining 

Bonding between ceramic and copper can be obtained by the “diffusion bonding” process 

“Cu-Cu2O eutectic bonding” process and “brazing” process: 

2.3.1  Ceramic-to Copper  Diffusion bonding  

M.Courbiere et al [55] studied the solid state bonding between copper and alumina using 

1.2mm thick (OFHC) of Cu disk and 9mm thick of 88.7wt % Al2O3 ceramic disks both of 5mm 

diameter. Optimum shear strength values of 51 MPa were obtained after bonding at 4111C/ 6MPa 

/ 2h in an argon atmosphere. The mean roughness Ra of the ceramic surfaces of these 

Al2O3/Cu/Al2O3 joints was 1.3m. A distinct influence of the roughness of the alumina surface on the 

bond strength and the fracture behavior of the joints was observed. High Ra values of 1.6 and 4 m 

produced by grinding with diamond of grain size 41 and 451m, respectively, lead to the low 

strength value of 21 and 45 MPa. The reduction in strength was caused by the introduction of flaws 

into the ceramic interface region and by pull-out of grains. Extensive void formation was found at 

the copper side of the interface fracture of joints manufactured from well –polished (Ra=1.15 m) 

ceramic pieces. The effect was thought to be caused by gas evaluation. TEM studies revealed that 

very small Cu2O particles were dispersed in copper only a 1.4m layer of microcrystalline alumina 

but no reaction layers was detected at the metal/ ceramic interface. In another set of experiments 

copper was preoxidized before bonding by annealing at 4111C in a low oxygen atmosphere to 

produce 1.7 and 2.2m Cu2O layers on Cu.Generally the bond strength of preoxidized Cu was lower 

than that of nonoxidized Cu and decreased after a maximum at 4 or 2h with increasing bonding 

time. Fractographic studies revealed the extence of 3 different bonding zones. The inner zone III 

contained CuAlO2 at the interface after 2h bonding time, after 6h it was disappeared and was 

substituted by microcrystalline Al2O3 layer of about the same thickness. Zone III was under the 

normal compression stress during bonding. The middle zone II is a zone of adhesion. It had an 



annular shape. The copper was plastically deformed during welding in this region of high shear 

stresses. The outer zone I not subjected to high stresses during bonding showed variable adhesion 

and was in contact with the furnace atmosphere. CuAlO2 

 which was formed at the beginning of the bonding treatment was destabilized in favor of 

Al2O3 and Cu2O by diffusion of Oxygen. This was correlated to the observed decrease in bond 

strength. 

Cu/Al2O3 joints were studied with respect to their fracture toughness and the influence of 

the bonded area and interfacial impurities on the bonding behavior Al2O3/Cu/Al2O3 joints were 

fabricated from an alumina ceramic of grain size 49m (mean intercept length) cut to dimensions 

44.6.4.5 mm3 containing 311 wt. ppm Mg, 25 ppm K, 21 ppm Na, and 6 ppm Ca and high purity 

31m thick polycrystalline Cu foils containing 21wt. Ppm Ag as the main impurity [56].Bonding was 

carried out in the temperature range 951 to 4151C for 41min under a mechanical pressure of 21 

MPa. The bonding atmosphere was a purified gas mixture of 25/75 Vol% H2/N2 which contained less 

than 4 vol. Ppm H2O. The fracture toughness of the joints was determined by double cantilever 

beam (DCB) tests. The obtained fracture toughness data K4c were 4.8, 3.7, 4.3, 4.2 and 4.5 MPa. m4/2 

for Joints bonded at 951,811, 851, 4111 and 4151C, respectively. The fracture toughness of the 

alumina ceramic was 3.2 MPa.m4/2.  

    Arata et al [57] studied the diffusion bonding between alumina and Cu-49 Ti alloy using 5mm thick 

ceramic disks of 45mm diameter and 1.6 mm thick metal disks of 6 mm diameters. Optimum 

bonding was obtained after welding of sandwich-like configurations ceramic /metal/ ceramic at 

911C/ 21min/ 51MPa in a vacuum of 741-5m bar. The tensile bond strength was 45 MPa from a 

joint fabricated from 88.6wt% alumina and Cu-4 wt% Ti  however, the bond strength of Al2O3 / 

Cu/Al2O3 joint was only 21MPa. 

C.Scheu et al., [59] have studied the effect of annealing at 4111C at oxygen partial 

pressures of 1.12 or 32Pa of diffusion bonding between Cu-Al2O3. The advantages of the solid-state 

bonding technique are the production of an interface free of reaction phases and the presence of a 

well-defined interface state before further annealing. At the low oxygen partial pressure, only the 

CuAlO2 is a thermodynamically stable reaction phase as determined from the phase stability diagram 

calculated by Rogers et al  [59] for the ternary Cu-Al-O system. Annealing in the higher oxygen  

partial pressure can additionally lead to the formation of Cu2O. the expected changes of adhesion 

was investigated by contact angle measurements in solid state. XRD and SEM investigations of the 

fractured samples revealed that annealing under both oxygen partial pressures resulted in the 



formation of CuAlO2 layer at the interface between Cu and Al2O3. the reaction layer is not 

continuous and separated by many pores. The interfacial pores formed in the as- bonded and the 

annealed specimen, which were used to measure the contact angle. For the as-bonded sample, a 

contact angle of 4317 was determined. A detailed study of more than 21 pores revealed that the 

contact angle varied between 417 and 444. For the samples annealed in P(O2)=1.12 or 32Pa, the 

contact angle between Cu and the CuAlO2 layer varied between 88 and 441. 

The authors observed a needles of CuAlO2 for the higher oxygen partial pressure, CuAlO2 

needles, which were several millimeters long and up to 4m high. 

C.Beraud et al.[58[studied copper to alumina bonding by solid state .The temperature of 

bonding is varied from 711 to 4111 ºC ,the pressure applied in the range 4 to 9 MPa  and the holding 

time is varied from 31min to 6h.Fig 2-6(a) shows the effect of temperature on the strength of 

bonding and Fig.2-6(b) shows the effect of temperature on the percentage of adherent zones. 

 

 

 

 

 

 

 

Figure 2-6: (a) Percentage of adherent zones as a function of temperature(2h,6MPa).(b) Contact 

area for different temperatures (adherent zones are white)[55]. 

2.3.2   Cu-Cu2O Eutectic Bonding 

C. Beraud et al., [58] studied the bonding between copper and alumina by the liquid phase 

bonding process. They used a copper-oxygen eutectic system for a composition of 1.38 wt % of 

oxygen. The maximum wettability seems to be reached at the eutectic composition[61]. This is in 

accordance with the fact that the wettability of alumina by liquid copper is strongly increased by the 

presence of oxygen [64]. The melting temperature of the eutectic (4165C) lies slightly below the 

a)) 



melting temperature of copper (4193C). In the temperature range of 4165 to 4193C a liquid phase 

appears at the Cu2O-Cu interface. This thin molten film produces an intimate contact between 

copper and alumina and generates, after cooling, a strong bond between the two materials as 

shown in Fig.2-7 

Figure 2-2:   Evaluation angle ө for liquid copper upon alumina as a function of oxygen content in 

the copper drop after cooling[60] 

The thickness of Cu2O films produced by oxidized under low oxygen pressure (41-4 torr) at 

4111C is varied from 1.3 to 71m. The bonding temperature is 4171C and the time of bonding is 2 

min. The optimal strength (441 MPa) is obtained for Cu2O thickness laying between 3 and 41m. 

Fracture strength, i.e. adhesion, depends on the amount of liquid eutectic and consequently on the 

Cu2O layer thickness. Between 3 and 41m thickness, the eutectic phase comes into intimate 

contact with alumina and rupture occurs at the alumina- eutectic interface or in the eutectic phase. 

Beyond a Cu2O thickness of 41m decrease in tensile strength is observed as a consequence of the 

numerous large pores located at the interface. The authors also studied the fracture toughness of 

Cu-Al2O3 bonds, and the maximum fracture toughness (K4c) were obtained similar to that one of bulk 

alumina (3.7  MPa m4/2). The measured K4c values decrease if the Cu2O layer is thinner than 3m or 

thicker than 41m. The authors offered an explanation for the pores fracture toughness of a thin 

Cu2O layer that the fracture energy of the interface low because insufficient eutectic is formed to 

wet all the ceramic surface and with thicker Cu2O layer, the brittleness of the bond is increased and 

the crack resistance behavior of the interface is considerably reduced compared to that of the bulk 

alumina. 

In a similar study [59,63-64,67] perform on eutectic – bonded samples where a liquid Cu2O 

layer on a pre-oxidized Cu surface was in contact with Al2O3 during the bonding procedure. It was 

found that, because of the high oxygen content in the molten layer, reaction phases could easily 

form possible phases in the Cu-Al-O system were the ternary aluminates CuAlO2 and CuAl2O4 or the 

binary oxides Cu2O and CuO [59, 65-66 ]. 

2.3.3  Ceramic-to Copper   Brazing  

M. Naka et al., [69] studied the brazing of alumina to copper using a 51 at% Cu- 51 at% Ti 

filler alloy. The reaction layer consists of a copper-rich phase with some titanium, together with the 

oxides TiOx and (Al, Ti)2O3. several oxide compositions are possible such as the formation of TiO(-



TiO, -TiO and -Ti4-xO), Ti2O3, Ti3O5 and TiO2.The latter form is the most stable one. The possible 

chemical reactions together with their free energy of formation are summarized in Table 2.3. 

In a similar study Naka et al., used Cu51 Ti51 amorphous filler metal to optimize the joining 

conditions between alumina to copper and alumina to kovar [68-71] The results from mechanical 

testing of elevated temperatures have been plotted in Fig. 2-9. 

Table 2.3: Possible reactions between titanium-containing fillers and oxide ceramics (standard 

Gibbs energies calculated from data given in [2,21- 22]. 

Reaction Free energy (kJ mol
-8

) 

4 Ti(s) +O4(g) = 4TiO (s) G=-804300.821T 

2/3 Ti(s) +O4(g) = 4/3Ti4O3 (s) G= - 8008 + 0.824T 

6/, Ti(s) +O4(g) = 4/,Ti3O, (s) G= - 92, + 0.828T 

Ti(s) +O4(g) = TiO4 (s) G= - 982 + 0.82,T 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Effect of testing temperature on fracture shear stress of Al2O3-metal joints brazed with 

50 at % Cu – 50 at % Ti filler alloy in vacuum for 30 min; brazing temperature   (■ ) 



1025C for copper (after Naka et al. [65]) and () 1150C for Kovar (after Naka et 

al., [68]). 

In the former case, the room – temperature strength level is maintained at temperatures 

below 511 and 611C for copper and kovar (Fe-28 wt% Ni- 47 wt% Co alloy), respectively. Beyond 

these temperatures, the fracture shear stress has been significantly reduced. It should be noted that 

the maximum room-temperature bond strength of alumina-copper joints occurs for a brazing alloy 

titanium content of 31-41Wt% [73], which is in agreement with the level required to obtain a 

minimum wetting angle. It is therefore implied that the elevated-temperature strength of alumina-

copper joints is mainly controlled by metal properties, since alumina normally tolerate exposure to 

high temperature before strength redaction occurs. 

Kuzumaki et al., [73] studied the effect of cobalt and niobium to Ag-Cu-Ti alloy filler metal to 

joint copper to aluminum nitride. They found that small amount of cobalt(5wt%) and niobium(5wt%)  

added to filler metal are sufficient to improve the joint strength by  31 MPa.They claimed that cobalt 

exhibited same behavior as titanium on brazing of ceramic to copper. 

Cobalt is usually add as a binder to carbides powder of tungsten ,tantalum and titanium 

when manufacture cutting tool by powder metallurgy and improve the wetting of powder by 

reducing the surface energy and forms a eutectic with the carbides at elevated temperature and this 

eutectic becomes the cemented material[74].Wetting in WC-Co system is controlled by the cobalt at 

the intergrainular spaces in the WC. Cobalt is soluble in copper ,thus, molten copper on WC-Co 

materials will have in a manner similar to a "reactive metal" in that it will dissolve cobalt and flow 

over the carbide. The data in literature indicates that better wetting of carbide is obtained at about 

5-6wt%Co(see Fig.2-8) level and if the cobalt exceed this limit may be  attributed to depletion of 

titanium from the matrix and forms intermetallic Ti2Co and TiCo phases.[75-79]. 
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Figure 2.5:  Effect of cobalt on the compressive strength of WC-Co compositions [ 76 ]. 

W. C. Lee and O. Y. Kwon [78] investigated the effect of adherent metals on the 

microstructure and microchemistry of reaction product formed at the Al2O3/ filler metal interface for 

the joint brazed Al2O3/Cu with three types of brazing alloys: Cu – 34.9 Ag – 6.2 Ti, Cu-31.6Ag-5.5Ti-

44.8Al and Cu-33.7Ag-6.4Ti-3.1Sn in atomic percentage. 

They observed that the reaction products of Al2O3/Cu joint showed a layered structure 

consisting of TiO and Cu2Ti4O. The TiO compound was formed by redox reaction between Al2O3 and 

titanium, whereas Cu2Ti4O compounds formed by solid-state reaction between TiO and brazing alloy. 

Naka et al[91] studied the effect of titanium precoating on wetting and joining of copper to 

silicon carbide ,they showed that maximum strength of the joint at 41µm of titanium thickness. and 

the excess amounts of carbide and silicide cause the degradation of copper near the interface of Cu ⁄ 

SiC, though the formation of compounds accelerates the wetting of copper on Sic. This is 

attributable to the maximum of joining strength of copper against SiC. 

Graphite is an important material in nuclear industry .In the fusion reactors graphite used as 

a first wall material to minimize impurities in the reactor. The graphite tiles used there face 

enormous heat load. Unless there is an efficient heat removal mechanism in place, temperatures 

rise beyond tolerable levels. The practice is to attach water cooled sheets of copper or copper alloy 

to graphite tiles. It is imperative that thermal contact between graphite and copper be very good in 

order to reduce thermal resistance. This can be achieved only by brazing the two[94].   

Naka and Hafez [92] studied the effect of ultrasonic wave and brazing temperature on the 

properties of the braze joint between alumina and copper using Zn-Al alloys as a filler metal. The 

alumina was metallized by applying an ultrasonic wave in a Zn-Al braze bath, then the metallized 

alumina was brazed with copper using the same filler alloy. The ultrasonic waves improved the 

wetting in the molten Zn-Al bath by accelerating the removal of bubbles from the interface between 

alumina and the filler, and this was reflected in improved joint strength. The brazing filler were Zn-Al 

alloys, containing Al content from 1 up to 41 mass %. The brazing temperature were 673, 723 and 

773 K. The applying  time of ultrasonic waves from 1 to 81 second promoted the wetting of filler 

alloy against alumina and raises the joint strength. The maximum strength (95 MPa was obtained at 

the temperature 773K for 41 sec.). 

 



Chapter 3 

The Difficulties for 

 Joining Ceramic to Metal 

3.1  Introduction 

The challenges associated with ceramic metal joining can be classified as either chemical or 

mechanical in nature. Significant advances have been made in the field of chemical control. The 

initial wettability limitation has been overcome through the use of active metals. While a qualitative 

understanding of the formation of reaction products and their influence on joint strength has begun. 

A through understanding of the energetics , interface thermodynamic , structure and properties of 

this interface is crucial to control of the joining process. Hence, a study of wetting behavior , residual 

stresses are essential to the braze alloy designer. 

 

3-2 Interface Thermodynamics 

The fundamental role in theoretical understanding of wetting and adhesion phenomena 

belongs to thermodynamic analysis. In particular, the difference between the wetting and non-

wetting behavior, or the value of the wetting angle, is essentially determined by the relative values 

of different thermodynamic quantities, like interface energies, work of adhesion , and surface 

energies. 

In general an interface in a material represents a location where the atoms are coordinated 

to a lesser extent than the bulk atoms due to a large number of unshared bonds. Consequently these 

atoms are in a higher energy state than the bulk atoms, this leads to the concept of a surface energy 

associated with any surface. 

The fundamental understanding of the structure and characteristics of a ceramic-metal 

interface is essential to introduce the main interface thermodynamic quantities.   

 



3.2.1  Definition of Interface Free Energy 

The most fundamental property in a thermodynamic description of an interface is its free 

energy per unit area,  [93-94]. This quantity is best defined by considering a system that consists of 

two bulk phases, A and B which are in contact along a planar internal interface. The system is 

growing in a container under some given equilibrium conditions by the accretion of atoms from 

suitable reservoirs. The growing interface system and the reservoirs are maintained at constant 

temperature, T, Pressure, P, and chemical potential , i of each of the components. It is also 

assumed that the size of the system in all dimensions is much larger than the width of the interface 

regions. Then, in accordance with the first and second laws of thermodynamics, the change in the 

internal energy of the system, E, due to the accretion can be expressed as [93] 
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where S is the entropy, V the volume, Ni the amount of component i, c the number of 

components, and A the area of the planar surface. Compared to the corresponding expression for a 

bulk system, Eq.(3-4) contains an extra term, dA which describes the increase in the internal energy 

of the system associated with the increase in the area of the interface. Equation (3-44) implies 
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Thus, the interface free energy  can be defined as the increase in the internal energy of the 

entire system per unit increase in interface area at constant S and V at the system under closed 

conditions, i.e. at constant Ni. 

The state of a thermodynamic system under different thermodynamic constraints can be 

found by minimizing an appropriate thermodynamic variable. The most important examples of such 

thermodynamic variables are the Helmholtz free energy[93], 

F = E – TS,                                                                               (3-3) 

for a closed system at constant T and V, the Gibbs free energy, 

 G = E + PV –TS,                                                                      (3-4) 

For a closed system at constant T and P, and the grand potential, 



 



c

i

iiS
1

                                                                   (3-5) 

which is used to describe an open system under conditions of constant T, V, and i. 

 With those definitions and Eq.(3-4) the interface free energy can also be defined as 

 

iNVTA

F

,,










                                                                          (3-6) 

 

iNPTA

G

,,










                                                                           (3-2) 

 

iVTA 


,,













                                                                             (3-8) 

 There is one more interesting form of an interface free energy definition. By integration 

Eq.(3-4). 
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and using Eq.(3-4) , one can express  as  
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here, the quantity 


c

i
ii N

1

  can be identified as the total Gibbs free energy which the homogenous 

A and B bulk phases would have together if they were made up of the same amounts of the 

components at the same chemical potentials. Thus, the interface free energy  is the excess Gibbs 

free energy of the entire system per unit interface area due to the presence of the interface. 

 If no thermal motion of atoms is included, T=1. Moreover, in view of the relatively low 

compressibility of the solids and liquids in the context of the present work it is also reasonable to 

neglect the contribution of the PV term in Eq.(3-4). Thus, Eq.(3-4) gives. 

 G  E                                                                                    (3-11) 



Under these assumptions , the interface free energy, or simply interface, can be viewed as the work 

per unit area required to form the two interfaces A/B and B/A from the two bulk crystals A and B 

[94], as illustrated in Fig. 3-4. 
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Here EA/B is the total energy of the A/B interface system, and 
 bulk

A ,  bulk

BE  are the bulk total 

energies per each of the A and B half crystal, i.e. the total energy per structural unit of the 

corresponding bulk crystal multiplied by the number of the structural units in the corresponding 

half-crystal. The interface energy shows how much weaker the bonding at the interface is than in the 

A and B bulk materials. 
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Figure 3-1: A schematic diagram illustrating the definition of the interface energy[83]. 

 

3.2.2  Thermodynamics of Wetting Contact Angle and Work 

of Adhesion 

The thermodynamic description of interface systems introduced in the previous section can 

be applied to the situation of wetting experiments. A typical situation of sessile drop wetting 

experiments, with a metal drop on a ceramic surface, is schematically shown in Fig. 3-2. The contact 

angle  characterizes the degree of wettability of a given ceramic by a given metal:  =81 is 

considered as a boundary between the wetting ( <81) and non-wetting ( >81) behaviors. The 

smaller the angle  the better is the wetting. In addition to characterizing wettability itself, wetting 

experiments are practically the only feasible way to study interface thermodynamics (energetics) in 

metal-ceramic systems[7-93]. 
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Figure 3-2: Principles of wetting(a)definition of wetting angle ө by surface-tension 

balance for a liquid drop(B)on a solid surface(A)(schematic),(b)no wetting and(c)complete 

wetting[2]. 

Under thermodynamic equilibrium and steady state conditions, the contact angle  is 

determined by the Young equation: 
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Here A/B , A, and B are the interface free energy values for the solid-liquid A/B, solid-vapor, 

and liquid – vapor interfaces, respectively. The quantities A and B are at the same time the surface 

energies of solid A and liquid B, respectively. A decrease in the contact angle, on the one hand, 

lowers the free energy of the system. This is due to the fact that part of the substrate free surface is 

replaced by liquid-solid interface area, which normally has a lower energy. On the other hand, this 

lowering of free energy is partially compensated for by the energy of the increasing area of the free 

liquid surface (liquid-vapor interface). The young equation simply states the condition of a balance 

between those two opposite contribution, i.e. the condition of a free energy minimum[93]. 

An interesting and important form of the contact angle expression (Eq.3-43) can be obtained 

by introducing one more important quantity, the work of adhesion, Wad, this quantity is defined as 

the reversible free energy changes for making free surfaces from interfaces[95], whereby the 

surfaces are in equilibrium with the solid and gaseous components. The work of adhesion Wad is 

connected to the corresponding interface and surface energies via the Dupré equation[7-93]: 

Wad = A + B - A/B                                                              (3-14) 

combination of Eqs. (3-43) and (3-44) leads to the young-Dupré equation 



 Wad = B (4+cos)                                                                    (3-15) 

 With this equation, the measured wetting angle directly gives the ratio of the interface 

adhesion work Wad and the liquid metal surface energy B. 

The Young-Dupré equation (3-45) plays an important role in the analysis of wetting 

experiments. The contact angle  is what is actually measured in the sessile drop wetting 

experiments. The liquid surface energy at a given temperature is typically known from a separate 

experiment the same study, or from the available data from other experimental work. The work of 

adhesion Wad is practically the only interface thermodynamics (energetics)  quantity that can be 

directly extracted from the wetting experiments. A reliable measurement of the solid surface energy 

A is a very problematic task, making it almost impossible to get any good estimates of a solid- liquid 

or solid-solid interface energies A/B with Eq.(3-44)[93]. 

 

3.2.3 Ideal Work of Separation as Measure of Interface 

Adhesion Strength 

An other fundamental quantity in the interface thermodynamics is the ideal work of 

separation  Wsep, which is defined as the reversible work needed to separate the interface into two 

free surfaces in a though experiment, whereby plastic and diffusional degrees of freedom are 

suppressed. The ideal work of separation can be expressed by a modified Dupré equation[93-95]: 

BABAsepW                                                               (3-16) 

The difference from the Dupré equation (3-44) is that the surface energies A and B are 

now replaced by the instantaneous values of surface energies before any plastic processes, like 

dislocation motion, or diffusional processes of chemical equilibration, like surface segregation or 

surface contamination, take place. Due to such dissipative processes, the energy needed in a real 

cleavage experiment will always exceed Wsep. Yet, it is still a very useful quantity to characterize 

interface mechanical strength. 

As discussed by Finnis [95] while it is very problematic to directly calculated the contact 

angle or the work of adhesion Eq. (44), it is a much more manageable task to calculate the ideal 

work of separation Wsep, by comparing the total energy of interface system with the total energy of 



the corresponding system in which the interface is cleaved, leaving two free surface Fig. 3-3. Due to 

such calculational difficulties, the theoretical analysis of wetting in the appended papers assumes 

.sepad WW                                                                                 (3-12) 

where Wsep. Is calculated without any explicit inclusion of thermal motion, i.e. at T=1, as  

  AEEEWW BABABAsep .
                                                 (3-18) 

Here 
A

E  and 
B

E  are the total energies of the separated half-crystals. 
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Figure 3-3: Illustration for the definition of the work of separation[83]. 

3.3   Chemical Nature of Ceramic-Metal Joining 

 Reactivity is the primary chemical consideration when joining ceramic-to-metal. The lack of 

reactivity manifests itself in the from of non-wettability, i.e., when one material fails to adequately 

cover the surface of another. Generally joint strength is proportional to coverage, making adequate 

wettability essential. On the other hand, excessive reactivity can lead to the formation of porosity of 

brittle intermetallics. For systems with widely disparate material properties, this find balance can be 

difficult to achieve. 

The structures at metal-ceramic interfaces are classified into the following four types[96'97] 

as illustrated in Fig. 3-4  

a-Non-reactive and non-penetrative, 

b-Penetrative 

c-Reactive, and 

d-Diffusive 

The interfaces which belong to type (a) are microscopically planar and are coherent 

(epitaxial) or incoherent, A coherent interface has been observed in some joints, such as niobium/ 
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alumina, platinum ⁄          alumina and platinum ⁄ cubic zirconia systems. The interfaces which belong 

to type (b) are mainly made by penetration of metal into ceramic during joining under a high 

pressure at high temperatures, in particular, when the composite of mixture of both powders of the 

metals and ceramic is used as interlayer to decreases thermal stress coming from the thermal 

expansion mismatch between the metal and the ceramic. 

 

 

 

 

 

 

 

 

Fig. 3-4: Four types showing metal-ceramic interfacial structures and distribution profiles of 

species between metal and ceramic(a)Non-reactive and non-penetrative, 

(b)Penetrative (c)- Reactive, and (d)- Diffusive[86]. 

The penetrative interface is produced with ease. Therefore, the interface is complicated and 

not planar. The majority of metal-ceramic joints reacts chemically at the interfaces, belonging to 

type (c). In some couples many kind of compounds are formed at the interface[96]. 

Structural ceramics are among the most stable compounds known and as a result are very 

difficult to wet. This thermodynamic limitation can be overcome through the kinetics of chemical 

reactivity. If the interface material contains an element which forms a more stable oxide than the 

solid oxide on which the liquid metal is held, wetting or spreading of the liquid occurs [97]. For 

example, when bonding alumina and steel, active metals such as titanium or zirconium are often 

used in the form of vapor-deposited coating or as a component within the braze alloy. Because 

titanium has a higher affinity for oxygen than aluminum, it effectively wets the ceramic while sharing 

enough metallic similarity with the steel to effectively join with it as well[97]. 

Chemical reactions between materials during joining have a significant influence on the 

strength of joints. Unfortunately, this is about the most definitive statement that can be made about 



the effect of reactivity. There are nearly as many sources in the literature stating reactivity improves 

strength as those which refute it [2,69,97].In general , reactivity on the atomic scale improves 

bonding, while the formation of bulk amounts of porous ceramics or brittle intermetallics almost 

always proves deleterious. 

These various issues can be more clearly understood by examining a molybdenum: silicon 

carbide braze joint using a copper interlayer with titanium as a metallization layer. As the amount of 

titanium increases by increasing the thickness of the sputtered metallization layer, the wettability of 

the ceramic increases. At a critical thickness, the wettability of the ceramic reaches a maximum. 

While the titanium reacts with the ceramic, it also diffuses into the copper, creating the brittle Ti2Cu 

intermetallic.These competing reactions create a strength maximum for the overall joining system. 

Fig. 3-5. the negative effects of reactivity are further illustrated by a diffusion bonded silicon nitride ⁄ 

silicon nitride joint using an aluminum interlayer. For a given temperature, a certain amount of time 

is required for adequate wettability between interlayer and the ceramic. After an extended period of 

time, the formation of deleterious reaction products being and joint strength is compromised- Fig. 

3.6 [9]. 

The challenge is to develop an interlayer system of prescribed reactivity which effectively 

wets both materials while keeping the production of reaction products to a minimum. This is a 

rather complicated exercise as a dissimilar joining systems with two separate components and an 

interlayer may form up to nine distinct phases. An example of this is shown in Table 3.4. where 

reaction products found in various metal: ceramic joints are listed [96].Given the complexity of this 

analysis, alloy systems have been designed by using computational thermodynamics, which produce 

strong joints with relatively little dependence on bonding time . 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 3-5: Joint strength as a function of titanium thickness [80]. 

 

 

 

 

 

 

 

Figure 3-6: Joint strength as a function of bonding time [8]. 

Table 3.1: Reaction products found in metal: ceramic joints[86]. 



 

Ceramic 
Metal Reaction Product 

Al4O3 Ti TiO, TiAl3 

Al4O3 Ti Ti4O3, Ti-Al-O*** 

Al4O3 Ti-Ni Ti-Al-O 

Al4O3* Ti-Ni TiO4, TiO, Ti4O3, Si, SiOy, Si-Ti-O 

Al4O3* Ti-Ni-Ag TiO4, TiO, Ti4O3, Si, SiOy, Si-Ti-O 

Al4O3* Mo MoO,MoOy 

Al4O3* Mo Al4O3, 3MoO3 

Al4O3* Mo-Mn MnO,MoO3,MoO3,MnO*Al4O3 

Al4O3* Mo-Mn MnO,aMnO*bAl4O3*cSiO4 

Al4O3 Nb NbOy 

Al4O3-CaO-MgO Nb NbOy 

Al4O3-CaO-MgO-SiO4 Nb NbOy 

Al4O3-CaO-MgO-SiO-Na4-K4O Nb NbOy, Na, K 

Al4O3-CaO-MgO Ta TaOy 

Al4O3-CaO-MgO-SiO4 Ta TaOy 

Al4O3-CaO-MgO-SiO-Na4-K4O Ta TaOy,Na, K 

AIN Ta TaN 

AIN Zr-Ni ZrN 

AIN Ti-Ni TiN 

AIN Hf-Ni HfN 

AIN Nb-Ni NbN 

AIN V-Ni AlNi, Al6V 

AIN Ta-Ni AlNi, Ta4Al, Ta,Al3 

AIN Cr-Ni AlNi 

AIN Mo-Ni AlNi 

AIN W-Ni AlNi 

SiC Al Al2C3 

SiC Mo Mo4C, Mo3Si4 

SiC Ti Ti,Si3, TiSi4 

SiC** Ge Si-Ge 

Si3N2 Ti Ti,Si3, TiSi4 

Si3N2 Mo Mo3Si, MoSi4 

Si3N2 W W,Si4, WSi4 

Si3N2 Ta TaN, Ta4Si 

TiC Ti Ti4C, TiCy 

TiC Mo Mo4C 

BN Mo Mo4B, MoB 

BN W W4B, WB, W4B,, WB2 

BN Ta TaN, Ta4B, TaB 

VC Ti V4C, TiC 

* contains SiO2. 

** contains free Si. 

***this output of reaction product is likely happened in our investigation 



 

3.3.1  The Role of Titanium in Brazing Oxides 

Titanium can dissolve 28 at % of oxygen at 4425C and forms a family of oxides ranging from TiO to 

TiO2  as shown in Fig. 3-7   [2]. Thus, in order to understand the role of titanium in the active metal 

brazing of oxides it is important to know which oxide will be formed as a product by reactions such 

as 

  3[Ti] + Al2O3               2[Al] + 3TiO                                (3-15) 

in which square brackets identify solutes. If the product is assumed to be stoichiometric, the energy 

change GR associated with the reaction, can  

 

 

 

 

 

 

 

 

Figure 3-2: Ti-O Phase diagram [2] 

 

be related to the free energies of formation of the oxides and the metal activities by the equations 
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if the final simplification, the activities of the solid oxides are taken as unity. The reaction cited 

above will progress to the right and TiO will be formed until the activity ratio of the aluminum and 

titanium reaches an equilibrium value of 4.14 at 4425C, or the titanium activity falls below the 

value (441-4 at 4425C) needed to inhibit the formation of Ti2O3 by the degradation 

reaction[2,97,99] 

    3TO   i  [Ti] + Ti2O3                                                (3-23) 

 At even lower activity levels (below 841-7) Ti3O5 will be formed, then Ti4O7 and ultimately 

TiO2 [2]. 

Which product is formed is important because, while they are all ceramics, TiO differs from 

the others in being metallic, as indicated by its low electrical resistivity (341-4
m compared with 

1.3m for TiO2 and about 4142m for Al2O3 [42]. Further, there is evidence that decreasing oxygen-

to-titanium ratios can enhance wettability: the contact angles of copper in a vacuum at 4451C 

decrease from 441 on TiO2 to 443 on Ti2O3 to 93 on TiO4.44 and to 72 on hypostoichiometric 

TiO1.96 [ 2 ]. 

Naidich and Zhuralev [2,98] who used X-ray diffraction techniques to observe the presence 

of TiO at the interface formed by alumina with a Cu-2at % Ti alloy at 4451C, while Ti2O3 was found 

at the interface formed by 2 at % Ti in gold and nickel at 4511C. In practice, significantly higher 

titanium concentrations, in copper, have to be employed to achieve rapid and reproducible wetting, 

possibly because of the desirability of forming hypostoichiometric TiO[2]. 

The ideal braze solvent would be one in which the activity coefficients of the reactive solutes 

are large. Since saturated solutions have high activities, this implies that alloying the solvent to 

decrease the solubility can be beneficial, as illustrated schematically in Fig 3-9. In this  

 

 

 

 



 

 

 

Figure 3-8: Schematic illustration of the effect of varying solubility on solute activity[2]. 

 

figure the variation in the activity of solute B with its concentration at temperature T4 is illustrated 

for a system in which B is very soluble in A (Full curves) and a system in which B is slightly soluble in 

A (broken curves). The point of interest is that the activity increases more rapidly with concentration 

for a low-solubility system, and hence the activity is greater for a given concentration of B. Practice 

shows that the addition of silver and gold to copper enhances the ability of titanium solutes to 

induce wetting, but the effect is even more marked for additions of indium and tin. The reason why 

indium and tin are more effective than silver or gold as an additive may be due to their efficiency in 

lowering the surface energy of the alloy. If the titanium solute is active enough to cause wettable TiO 

to be formed, from the Young equation  the extent of wetting will be greater for a liquid with low 

surface energy[2]. 

In a set of experiments using thin- film Ti/ Ag-Cu bilayers to braze sapphire, Santella et 

al.[81], noticed that if the bilayer was deficient in Ti, islands of Ti3O2 would form on the alumina 

surface, but no brazed joint was made [81]. 

The bilayers that resulted in successful brazes formed reaction layers containing Ti3Cu3O 

with dissolved aluminum. This observation led them to claim that “Ag-Cu does not spread over the 

titanium oxide layer, but over Cu-Ti-O system compounds”. Cu-Ti-O system compounds can be 

formed by the oxidation of Cu-Ti intermetallic compounds. Suenaga and coworkers proposed the 

following chemical reaction as are possible oxidation reaction, based on the reaction products found 

in their brazing experiments: 

 3Cu4Ti + 2TiO  Cu3Ti3O + Ti2O + 8Cu                    (3-24) 

Another common Cu-Ti-O phase is Cu2Ti4O , which could be formed by a similar reaction. 

This phase that appears is influenced by the activities of Ti and O in the joint. Ti3Cu3O will form if the 

activities of Ti and O are both low but higher Ti and O activities will cause Cu2Ti4O to form; these 

compounds are called M6X[31,78,84]. 



 

3.3.2 Titanium  Scavenging From the Active Filler Metal 

Poor hermeticity was observed for Al2O3 ⁄ Al2O3 braze joint using a Fe-28Ni-47Co alloy space 

and Ag-Cu-Ti active metal[82]. 

P.T Vianco and several other coworker have published a series of papers [82-83] studying 

the scavenging mechanism of active element. Titanium was scavenging from the filler metal by 

formation of a (Fe, Ni, Co)-Ti “lacework” phase. 

They have claimed that process parameter did not circumvents the loss of Ti to (Fe, Ni, Co)-Ti 

phase development when brazing to bare kovar (Fe-28Ni-47Co) alloy but titanium scavenged from 

the filler metal resulting from dissolution of the kovarTM interlayer in the braze joint. 

Vianco et al., [82] used three approach to minimize and eliminate of Ti scavenging from the 

filler metal to braze Al2O3 / kovar/ Al2O3. First approach: A molybdenum barriers layers sputtered on 

the kovar surface, did successful prevent Ti scavenging, resulting in continuos TixOy layer formation 

at the filler metal / Al2O3 interface an hermetic joint. The brazing temperature 951C for 5 min. 

Second approach: A 4119 Mo interlayer showed that the values of thickness TixOy were 

nearly twice those which resulted from use of the Mo-coated kovar. The third approach: Using Zr as 

the active element in Ag-Cu-Zr filler metal and they was found to be essentially immune to the 

scavenging phenomenon, resulting in strong hermetic joints at high processing temperatures. 

In a similar study Vianco et al., [83] used a Mo barrier coating on Fe-28Ni-47Co space by 

deposited with thicknesses of 411, 251, 4111, 2511, 5111 Å to prevent formation “lacework” phase, 

they should the thickness 251 Å. Mo coated spaces have excellent strength and produced hermetic 

joints at the temperature 951°C for 3 or 5 min. The fracture surface in all case was located at the 

interface between the alumina and the filler metal excepts specimens mad with the 511 Å Mo 

coated. 

The authors have successfully another technique to prevent Ti scavenging from filler metal. 

They used 4119 Fe, 4119 Ni, 4119 Co spacers between Al2O3 / Al2O3 joint and they found that:(4) Fe 

spacer caused the development of Fex Tiy phases at the interface with Ag-Cu-Ti filler metal and 

formation of a significant Ti x Oy layer occurred at the Ag-Cu-Ti / Al2O3 interface resulting in 4119 of 

the braze joint being hermetic. 



(2) Co spacer resulted in the development of a lace-work phase having Co3Ti and potentially 

metastable Cox Tiy compositions A thin intermittent TixOy reaction layer was observed at the 

AgCuTi/Al2O3 interface resulting in only 759 the button being hermetic. 

(3). Ni spacer caused an extensive Ni3Ti phase to form at the AgCuTi/Ni interface as well as 

discrete Ni3Ti phase particles to develop in the filler metal. Cu-Ni solid solution phase was also 

observed at the Ni- spacer interface complete scavenging of Ti resulted in the absence of a TixOy 

layer at the Ag-Cu-Ti / Al2O3 interface and zero percent of the braze joints were hermetic[83]. 

 

3.3.3 Influence of Substrate Materials on Reaction Products 

When alumina is instead brazed to a metallic substrate, the elements in the base metal 

diffuse to the filler metal / ceramic interface and influence the reaction product that form. When 

alumina is brazed to titanium-based alloys, titanium from the base metal supplements the titanium 

already present in the filler metal, increasing the activity of the titanium in solution. Increased Ti 

activity can change the reaction products that form, most notably Ti4Cu2O rather than Cu3Ti3O. Very 

high Ti activity can suppress the formation of Ti-Cu-O compounds to instead form Ti2Cu [85]. Also, 

since a large amount of Ti present will cause more Al2O3 to be reduced, the result is a thicker 

reaction layer, and the formation of titanium oxides rich in Ti, such as Ti2O rather than TiO [85-86]. 

Using commercially pure copper as a substrate doesn’t significantly change the reaction 

products that formed because Cu is already presented in the filler metal, the morphology of the 

braze is different, most noticeably in the increase segregation between the Ag and Cu in the braze 

metal near the reaction layer, the reaction layer of this type of joint was reported to be about 1.4 

m thinner than that for an alumina-alumina braze [78]. 

When stainless steel was used as the substrate material, the reaction products changed due 

to the addition of iron, nickel, and chromium to the system. The nickel and chromium have been 

reported to diffuse evenly through the braze alloy into the reaction layers without forming 

detectable amounts of reaction products. Iron , on the other hand, will react with TiO to form 

Fe2Ti4O. Lee and coworker[78] believe that this compound and the Cu-Ti-O compound are found 

together as (Fe, Cu)2Ti4O. Evidence of a Ti-Fe intermetallic compound was also found, and the 

additional reaction products cause the reaction layer to be slightly thicker than that presented in an 

alumina-to-alumina braze [78]. 



Examination of phase diagrams can help to predict how the substrate material will influence 

the chemical reactions that occur during the brazing process. Fig.3-8 compares the Fe-Cu and Ni-Cu 

phase diagrams [87-89]. It is evident that Ni and Cu form a solid solution but Fe and Cu are 

immiscible, therefore Ni-and Fe based alloy will interact with Ag-Cu filler metals differently. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5: Binary phase diagrams : (L) Fe-Cu (R) Ni-Cu [ 52-58]. 

 

3.4   Residual Stresses from Cooling 



the ultimate goal of any joining process is to produce a reliable joint. Hence, any factors that 

control or effect the joint strength must be studied in detail and efforts directed to the manipulation 

of appropriate variables. The ability to accommodate stresses due to thermal expansion mismatch 

between components is the primary mechanical problem facining ceramic metal joint. 

Almost all processes for ceramic-metal joining require raising both the components to a 

temperature considerably high than room temperature. This is true for brazing and plasma spraying 

as well as for diffusion bonding. At the joining temperature, both components are in mechanical 

equilibrium. As the components cool from the joining temperature, the high thermal expansion 

material shrinks more than the low thermal expansion material. At a room temperature, the low 

expansion material experiences a predominantly compressive stress, while the high expansion 

material is in tension Fig. 3-41[4] . 

 

 

 

 

 

 

 

 

 

 

Figure 3-10: Schematics of residual stresses developed during 

joining process [4]. 

 

  From the standpoint of fracture mechanics, this is fortunate, as low thermal expansion materials 

tend to be brittle Table  3.2. 



 

Table 3.2: Thermal expansion and elastic modulus data for several material[2] 

Materials 
C.T.E. 

(x80
-6

 C
-8

) 

Young’s Modulus  

(GPa) 

Fe 84.8(80-400C) 480 

Cu 82.4(0-400C) 88, 

Invar 4.0(30-800C) 822 

Kovar 6(30-,00C  ) 822 

SUS 302 82.1(0-300C) 480 

Al4O3 1   (4,-          ) 360 

ZrO4 80.0(4,-        ) 838 

MgO 83.3(4,-        ) 1, 

Si3N2 3.2(20-100C ) 492 

Inconel 600 6.2(4,-          ) 482 

Ti  9.2(4,-  600C) 882 

W 2.6(4,-,00C ) 3,0 

Mo ,.2(4,-,00C ) 349 

 

The measured strength of any joint reflects the true bond strength minus the residual stress. 

Hence, strength data on ceramic/ metal joints is obscured by the effect of residual stress which is a 

very sensitive function of both component properties and joint geometry. It is intuitive that 

materials with a great disparity in thermal expansion will be more difficult to join than materials that 

are identical. As this mismatch increases, the likelihood of failure increases accordingly [88]. High 

strength materials exacerbate the effect of thermal expansion mismatch because the mismatch 

energy is stored elastically, concentrating the residual stress along the interface of the joint. 

Processing variables such as joining temperature and cooling rates are generally determined 

by the method used to join the components. Rapid cooling rates, associated with processes that use 

localized heat sources, can increase residual stress due to the presence of thermal gradients within 

components and the inherently greater deformation resistance of materials at high strain rates. 

Generally, residual stress scales with the deviation from bonding temperature, making processes 

using the lowest possible bonding desirable. 

Another important consideration is the geometry of the components that form the joint. For 

cylindrical butt joints measured with a strain gauge, the stresses were found to increase with 

increasing bonded area, making it difficult to form joints of large cross-sectional area [9]. In addition, 

rectangular components with stress-risers created by their sharp corners were found to have higher 

stresses than similar cylindrical joints Fig. 3-44.        

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-11: Residual stress as a function of bonded area and geometry [8]. 

 

 The use of a low flow stress material such as aluminum is often used to dissipate residual 

stress plastically [5]. As the joint begins to cool, the thermal strain energy that begins to develop is 

minimized by the deformation of the aluminum. This method is most effective when chemical 

reactions do not occur and the cooling rate is slow enough to allow for some degree of mechanical 

equilibration. This type of process can not be used for high temperature applications due to the 

effects of creep. 

Thermal expansion mismatch can also be controlled through the use of functionally gradient 

materials. By using interlayers with thermal expansions that gradually increment from the low 

expansion material to the high expansion material, each layer absorbs only a small portion of the 

total mismatch [9-8]. The residual stress can be minimized by increasing the number and thickness 

of the interlayers. 

For high strength materials with a large thermal expansion, cracking may occur as the joint 

cools down from the joining temperature. Residual stress, concentrated at the interface is a driving 



force for crack propagation in dissimilar material joints. In practice , porosity or flaws at the interface 

are frequently the site of failure initiation [7].  

 

3.4.1 Theoretical Stresses Present at the Jointed Interface 

The residual thermal stresses and strains presented in the joint shown in Fig. 3-8 can be 

solved by using Hook's law ( =/E) and the thermal strain relationship ( =  T). For the simple 

case of two purely elastic materials perfectly bonded over a unit area at high temperature, the 

magnitude of the residual stresses is presented at the interface in the base metal after cooling to 

room temperature T, in the plane stress condition, is derived to be[7]: 

   Cbond

C

C  



 



                                        (3-25) 

E is Young’s modulus and  is the linear coefficient of thermal expansion. Equilibrium requires that 

the forces (stresses) balance. The stress in the ceramic is equal but opposite (C - M). 

 Residual stresses can also be expressed in terms of strain energy, the energy that is stored in 

the strained material. The strain energy U, is expressed by integrating the stress over the displaced 

area[8]: 

  U =  d                                                                      (3-26) 

 For the planar butt joint in Fig. 3-41 the strain energy at the interface in the metal 

component at room temperature T is 

   22
21 Cbond

C

CU  



 



                                        (3-22) 

since the CTE term is squared, the same strain energy is presented in the ceramic as in the 

metal. 

 

3.4.2 Characterization of Residual Stresses in Complex 

Systems 



The stress state in the joint becomes significantly more complex when the ductile filler 

metals is included in the analysis and all the three dimensions of stress are considered. There are 

experimental ways to measure residual stress; these methods are very time consuming and not used 

as prevalently as computational methods, but they will be mentioned for completeteness. Self 

compensating type strain gauges can be pasted to the surface of brazed joint, and when the joint is 

cut (relieving residual stresses) the difference in strain recorded by the gauge can be translated into 

residual stress. X-ray diffraction of stressed material can measure changes in the crystal lattice 

parameter, which can be used to calculate residual strain and stress. These techniques were used in 

studies published by Suganuma and Okamoto , Iance et al., respectively [ 9,414]          , but they were 

unable to find a unique trend from their variables  

Modeling work has also been done on metal-to-ceramic brazed joints. Kweon and Xhoi[412] 

successfully predicted the location of residual stress induced cracking in an alumina-carbon steel 

cylindrical butt joint from the location and direction of the maximum principal stresses. Fig. 3-42 

shows a sketch of where the cracks were predicted to occur and all the three categories of cracks 

were observed in the actual brazed joint, and the stresses calculated through the XRD method were 

in qualitative agreement with those calculated by model. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 3-12: Predicted cracks in alumina-carbon steel brazed joint [102 ] 

 

3.4.3  Finite Element Analysis Applied to Ceramic-Metal 

Joining 

Numerical methods such as FEM are often used to solve for the stress state in dissimilar 

materials joints. A common goal of many of the finite element models is to predict where residual–

stress induced cracking will occur and how the joints will fail under external loading. 

Finite element methods have also been used to theoretically optimize interlayers bonding 

metallic and ceramic substrates optimized the properties of functionally graded interlayer to reduce 

the predicted maximum tensile stress in the ceramic .In a comprehensive study of cylindrical (metal 

around ceramic) lap joint, Selverian and coworkers examined how interlayers influenced the residual 

stresses of Incoloy 818-Si3N4 and Inconel 749-Si3N4 joint [413]. They found that a high expansion, 

low flow stress interlayer (nickel) was more effective in reducing the residual stress in the ceramic 

than a low expansion, high flow stress interlayer (molybdenum) or a low expansion, low flow stress 

interlayer (hypothetical material). Their model showed that when a low expansion interlayer was 

used, the expansion mismatch between the interlayer and structure metal resulted in additional 

stresses being transferred to the ceramic component. Their calculations also showed that the 

properties of the base metal contributed significantly to the radial stresses in the joint but only 

slightly to the axial stresses. 

Suganuma et al., [414]  used diffusion bonding to produce a series of joints, one of these 

series describes a model based on the finite element method which it is possible to determine the 

maximum residual stress in the joint both with and without the interlayer material. Simple mesh 

generation used of the joint configuration consists of two cylindrical specimens joined end to end 



with a variable interlayer thickness. The two base materials in this study were alumina and a ferritic 

steel. Some of the important assumption in this model included (i) all physical constants were 

assumed to be independent of temperature and assumed constant. (ii) All materials were assumed 

to behave elastically. 

Graphics are often used as a type of simulations. An example of this illustrated by the elastic 

finite element analysis of the maximum principle residual stress at room temperature for a silicon 

nitride / steel joint formed at 911C [415]. The stresses are dependent upon the location within the 

joint and tend to peak along the interface of the joint, near the free surface Fig.3-43. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3-13: Contour map of internal stress following cool down from 525C to room 

temperature.. Arrows represent maximum tensile stress in silicon – nitride [105].            

 

    Martinelli et al.[416], studies the distribution of residual stresses in SiC-Mo joints along a line 

perpendicular to the SiC-Mo interfaces. This behavior was studied by FEM analysis. Three – 

dimension thermal elasto-plastic model was generated to study those joints. A preliminary analysis 

was performed considering both materials as ideally linear-elastic components. Subsequently, a 

model where only the ceramic was considered to be linear-elastic throughout the thermal loading 

was constructed. In this case, the metallic component was modeled considering an elastic perfect- 

plastic behavior, the Von Mises yield criterion, and the associative Prandtl- Reuss flow rule. Because 

of the typically high joining temperatures, the variation of the mechanical properties of the material 

with temperature must by considered, especially young moduli, linear coefficients of thermal 

expansion, as well as yield strength and tangential modulus of the metal. Poisson’s ratio could be 

assumed to be constant. The symmetry of the joined couple with respect to geometry, mechanical 

properties, and loading may allow significant simplification of the model. Only one quadrant of 

rectangular joints, such as the illustrated in Fig.3-44a can be modeled. A sequence of finite mashes 

was then built. Firstly , a uniform mesh composed of trilinear hexagonal elements was considered. 

Subsequently, to improve the accuracy of the analysis near the interface (region of stress 

concentration), a triquadratic mesh was considered Fig. 3-44b. In addition , sample cooling was 

assumed to occur free from mechanical loads. The temperature distribution inside the diffusion 

couple was assumed to be uniform, to avoid the need to solve a heat-transfer equation during the 

iterative process[416]. 

 FEM analysis may also provide a complete map of all stress components, including shear 

stresses, which are particularly hard to obtain experimentally. An example of principal stresses and 

Von Mises stress maps obtained from Fe-Ni-Co/Al2O3 and Cu-Mo(elastic) brazed joint are shown in 

Fig3-45(a,b) respectively [417]. 

 

 

 

 

 

 



 

 

 

 

Figure 3-14: (a) Overall sample and modeled quadrant and (b) modeled mesh[102]. 

 

 

 

 

 

 

 

 

 

 

Figure 3-15: Distribution of residual stresses(a) principle stress S1  

for Fe-Ni-Co/Al2O3 joint[102](b) principle stress S1 and Von Mises stress for Cu-Mo joint[4]   

3.5   Shear Strength of Metal-to-Ceramic Brazed Joints 

 Strength  measurements of ceramic-to-metal are important to provide information on 

mechanical integrity of the joints. In covenvetional testing of metal-to-metal joints, the stress to 

fracture is used to characterize the bond strength of the interface. However, the failure stress of 

ceramic-to-metal joints is strongly influenced by residual stresses induced in the joint as well as the 

quality of the interface [2 ].  

a 

b 

a 



      The mechanical testing of ceramic-to-metal joints has not been standardized[2,4].Fig 3-46.   

illustrates the configurations of three-point bending, four point bending, and shear test that have 

been frequently used to measure ceramic-to-metal joint strength .Since different fracture strength 

and patterns can be observed even with the same material combinations depending on the joint 

geometry and testing methods, the testing should be done as closely as possible to the real joint 

design and service conditions [2]. 

 

 

 

 

 

 

 

Figure 3-16: Schematic illustrations of five common type of tests  

for ceramic-metal joints;(a)tensile (b) plain shear (c)4-point bending (d) 3-point 

bending (e)shear on ring/ cylinder[4]. 

3.5.1 Influence of Processing Conditions on Joint Strength 

There are many conditions which can affect the reaction products present in the brazed 

joint. The chemical activity of the elements, reactions that will occur at the interface, and thickness 

of the reaction layers are all dependent on both the brazing temperature and time. Additionally, the 

cooling rate affects the strain rate in the filler metal, which can influence the residual stresses 

present in the joint.  

A study on the strength of Al2O3 – titanium joints brazed with Ag-Cu-Ti filler metal 

determined the optimal brazing parameters for the system [86]. This system is unique because the 

base metal is the same as the reactive element in the filler metal. The parameters were optimized 

for both shear strength and corrosion resistance. Temperatures were between 951-851C for 

b) 

d) 



holding times between 5-41 minutes. For the higher brazing temperatures, though, joint strength 

was optimized for a holding time of 21 minutes. 

Micrographs of the fracture surface show how the fracture path varied with the processing 

parameters (microstructure). The strongest joints exhibited mode I crack initiation in the location of 

highest tensile stress in the ceramic, but mode II propagation in the ceramic near the interface. The 

majority of the joints had the cracks initiate in the ceramic near the interface, but the crack path 

moved into and propagated through the filler metal. The weakest joints had cracks propagate 

exclusively though the interface between the alumina and filler metal. 

Lee brazed Si3N4 to Inconel 749 using Ag-Cu-Ti filler metal, at temperatures ranged between 

781-811C for holding times between 7-51 minutes and tested the strength of the joint in shear, 

tension and bending [419]. He found that the optimal brazing temperatures for joint strength was 

781C for 21 minutes for his system; he also noted that brazing temperature was more important 

than brazing time for controlling the reaction products presented in the joint. At high temperatures, 

the titanium in the filler metal tended to diffuse into the base metal rather than toward the ceramic 

surface, which compromised the strength of the joint. He showed that the strongest joints, the crack 

initiated at the edge of the interface and propagated through the ceramic perpendicular to the 

interface. 

 

3.5.2   Influence of Joint materials on Joint Strength 

The strongest joints made by Lee between Si3N4 and Inconel 749 had a shear strength 

approximately half that of joints made between Si3N4 and Inconel 611 that they had previously made 

in their laboratory. Inconels 611 and 749 have nearly an identical thermal expansion behavior, but 

difference chemical composition and yield stresses [419]. Lee attributed the difference in strengths 

in the joints to the different morphologies and reaction products observed in the joints, but it is 

possible that the large difference in yield stress between the metals (551-691 MPa for cold-drawn 

Inconel 611 at room temperature compared to 4411 MPa for precipitation hardened Inconel 749) 

caused the stress state in the bonded ceramic to differ, resulting in different joint strengths. 

Lee et al. also studied the strength of joints made between alumina and Inconel 611 using 

Ag-Cu-Ti filler metal and ductile interlayers [418] . The interlayers influenced the type and severity of 

cracks observed in the alumina component of the brazed joint. Joints with no cracks were 

successfully made using Cu and Nb interlayers with optimized joining temperatures, durations, and 



cooling times. One interesting result, with respect to cooling time, was the presence of an optimal 

cooling time- rapid cooling increased residual stresses while extra slow cooling resulted in 

overreaction and degradation of the interface. 

Selerverian and Kang extended their finite element study concentric lap joints between Si3N4 

and Incoloy 818/ Inconel 749 to include a study on joint shear strength under torsional loading 

[441]. The joints tested at room temperature failed in the ceramic without exception. The shear 

strength of the joints made with Incoloy 818(with a Ni interlayer) were roughly twice as strong as 

the joints made with Inconel 749 (with a Mo interlayer). The difference in strength can be attributed 

both to the higher CTE of Inconel and lower CTE and flow stress of Mo. 

The joints tested at elevated temperature (651C) failed differently. In all cases, the joints 

made with Incoloy (with Ni interlayer) “slipped) without fracturing the ceramic. Auger analysis of the 

fracture surface showed a complex fracture path through the ceramic, reaction layer, and filler 

metal. The same failure mode was observed in the Inconel joint with Mo interlayer tested at 851C. 

Selvarian and Kang attributed the “slipping” at high temperatures to a decrease in the shrink–fit at 

the metal component around the ceramic component combined with a decrease in the yield stress 

of the filler metal at high temperature. 

 

3.5.3  Influence of Microstructure and Composition of the 

Interface on Joint Strength. 

The presence of intermetallics (usually brittle) along with the thickness and morphology of 

reaction layers can drastically enhance or dwindle the strength of the joint. The presence of organic 

material or impurity particles either on the surfaces to be joined or in the filler alloy is deleterious to 

the interfacial microstructure. Joining defects are created. These areas of joining discontinuities 

increase local stresses and promote crack nucleation and growth as shown in  Fig. 3-47 [5]. In 

particular ceramics are quite susceptible to the presence of microcracks and area of high local 

stresses. Upon cooling, the ceramic is often submitted to tensile stresses capable of growing existent 

cracks and nucleating new one. 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 3-12: Schematic representation of possible defects present in joint components [5] 

3.6  Fracture and Strength of Ceramic-to-Metal Joint 

3.6.1   Fracture at Ceramic-Metal Interfaces 

Interfacial Fracture Energy in Ceramic-Metal Joints 

      Fracture energy of the interface between two dissimilar materials exerts a critical influence on 

many technically important problems, particularly, the mechanical properties of composites[6]and 

decohesion of films[444]and coatings, as well as the strength of bonds. In most oxide-metal 

interfaces, the fracture energy of the interface, Γi, exhibits relatively large values as compared to the 

thermodynamic work of adhesion Wad[444],although the Wad is still expected to have major 

influence in fracture of the interface. 

       The major non-thermodynamic contributions to the increase of interface fracture energy in 

planar interfaces are[442]: 

4-Rough interface         



          2-Plasticity with resulting energy dissipation    

          3-Phase angle,ψ  

         

ψ=tan-4(KII/KI)                                                                             (3-28)    

KI where KII  are the mode І and he mode II crack intensity factors, respectively. 

       The contribution from the rough interface is based on toughening or shielding by segregated 

elements or roughness created intentionally or by reactive phase formation[6].Plastic energy 

due to crack tip blunting or ductile void growth at the interface due to plasticity of one of the 

base materials increases Γi.This can become a major influence particularly when there is not 

thick interphase or reaction product at the interface [444].The phase angle ψ represents the 

relative shear to opening at the crack tip and is strongly influenced by the choice of test method. 

Γi can vary appreciably depending on ψ as shown in Fig 3-49.     

     

 

 

 

 

  

Figure 3-18: Schematic diagram indicating the various fracture mechanisms that occur at metal-

ceramic interfaces[6] 

 

3.6.1.1    Effect of Interface Structures 



In measuring interfacial fracture energy, quantifying contributions to the fracture energy 

from different sources is nearly impossible. Instead, analyzing fracture mechanisms can assist in 

determining the dominant contributions to the interfacial fracture energy in ceramic- to- metal 

joints[6]. 

Evans and Daglerish investigated fracture mechanisms in term of the interfacial structure 

and microstructure [444].Their test specimen and method to measure Γi have been carefully 

designed to minimize the effect of residual stresses and to prevent the crack from deviating from the 

interface. A thin metal interlayer was sandwiched between two thick ceramics with ψ=π⁄ 4 which 

encourages interfacial cracking. Fig.3-48   shows the framework which they developed to discuss 

the effect of interfacial structure on the fracture mechanism[444].Although the model systems 

used in their work were limited to Al2O3-Metal systems, the general trends are applicable to non-

materials-specific systems. 

     

 

 

 

 

 

 

 

 

 

Figure 3-15:    Schematic diagram indicating the various fracture mechanisms that occur at metal-

ceramic interface[111]. 



  The ductile fracture mechanism can be described by        nucleation, growth, and 

coalescence of voids occurring by plastic flow in the metal adjacent to the interface[444]. These 

characteristics are found on the fracture surfaces as shown in Fig.3-21  which indicates a network 

of metal attached to the surface caused by void coalescence. With the thin metal interlayer Γi scales 

approximately as σo εo h  where h is the thickness of the metal layer, σo is a uniaxial yield stress and 

εo is yield strain of the metal. This provides a framework for interpreting results of ductile fractures 

in the interlayer adjacent to the ceramic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-20: Fracture surfaces formed when the interface fails by a ductile mechanism, obtained 

for the Al/Al2O3 system: (a)matching fracture surfaces at low magnification,(b) a 

high resolution view of the Al2O3 side of the fracture indicating a network of Al 

attached to this surface caused by void coalescence  [111]. 



 

 Fracture energy in the two brittle debonding examples indicated in Fig.3-48  scales 

differently .If the interface has no reaction products, Γi scales with σ1ε1h ,but it is considerably 

smaller than that obtained when the interface fails by ductile fracture as there is no reaction 

product. On the other hand, Γi is often closely related to the fracture energy of the interfacial 

material itself for reaction layer dominated interfaces; amorphous interfaces lead to Γi in range of 5-

41 J.m-2,crystalline oxide 41-21 J.m-2,and intermetallics 21-41  J.m-2.This ranking generally 

applies despite considerable complexity in the local details of the fracture. 

Microstructures of fractured interfaces are different for the two types of brittle fractures. 

With no reaction bonding at the interface, there is no metal attached to the ceramic, which indicates 

that the crack extended by brittle rapture on the interfacial plane. When there is reaction layer ,a 

periodic array of microcracks are found in the reaction layer, the formation and coalescence of 

which produce fracture[443-444].This mechanism is most effective when the reaction layer is 

thick and residual tensile stresses exist due to higher CTE of the reaction layer as compared with the 

ceramic. In this case, there appears to be no contribution of plastic energy to Γi. 

 

3.6.1.2   Effect of Residual Stresses 

Evans[442]schematically described an interfacial fracture mechanism between brittle and 

ductile materials in terms of relative fracture energy Γi / Γs and ψ as shown in Fig.3-24,where S is the 

brittle member (ceramic) and F is the ductile member (metal).When ψ is positive (in accordance 

with sign convention in Fig..3-24),depending on its magnitude, kinking of  a crack  out of the 

interface into the ceramic occurs, even when  Γi is smaller than Γs. However when ψ is negative, the 

large fracture energy of the metal compared to Γi prohibits propagation of the crack away from the 

interface. One of the two possibilities can occur, depending on the yield stress of metal. For a metal 

with low yield stress, the failure often occurs by ductile failure as noted previously.Alternativly, the 

stress field of the interfacial cracks interacts with preexisting flaws in the ceramic which causes 

cracks to grow towards the interface, resulting in the serrated fracture with "chips" of brittle 

material attached to the fracture surface.     

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-21: Crack path diagram in interface cracks: A metal/ ceramic interface indicating  the 

expected behavior  at negative phase angle[112] 

 

 Cao et al., investigated the effect of residual stresses on the interfacial fracture by 

calculating the stress intensity factor at the crack tip in the joint of two dissimilar ceramics joined 

with a thin ductile metal layer [445].As the CTE difference between the two ceramics increases, it is 

noted that the stress intensity factor is governed by the ceramic  mismatch and is principally mode 

II,with only a small mode I component. For small interfacial cracks, KII tends to increase 

monotonically as the CTE difference between the ceramics becomes large, which results in 

potentially extensive thermal cracking in the ceramic (based on Fig.3-23) ,especially when small 

axial loads are applied which produce a non-zero KI. 



Dreier et al.[446] showed a strong dependency of interface fracture behavior on residual 

thermal stresses under external loading. Notches or performed flaws were produced by grinding a 

wedge at the interface of a biomaterial specimen fabricated from optical glasses behave linear-

elastically, the effect of plasticity in crack propagation is not incorporated. According to their 

numerical and experimental studies, as ∆α (=αM-αC) increases, the increased thermal residual 

stresses provide a strong mode II contribution at the crack tip, which increases ψ(equation (3-29)) 

.The driving force for the crack and kinking angle from the interface were found to increase with ψ. 

Compared to the effect of residual stresses, the influence of elastic mismatch under external loading 

on the kinking angle has been shown to be small. 

        Although experimental results have been obtained with a limited of materials, the results 

indicate the important effect of residual stresses on interfacial fracture, which makes a crack at the 

interface tend to deviate away from the interface. 

 

3.6.2    Fracture in the Ceramic  

 Residual stresses may be obtained from rough estimates by using Equation 3-27 and the following 

relationship between defect size and stress level (considering the ceramic side only, and neglecting 

the contribution from KII: 

 KI=π/2 *σ(πa)
1.5

]                                                                        (3-25)            

 

Where KI is the fracture toughness of ceramics, π/2 represents the defect and specimen geometry, σ 

is the residual stress(no external load applied),and a is the defect size(crack,pore,lack of bonding)[7]. 

 Fig.3-22 shows the typical cracking that occurs in the ceramic after cooling from the 

bonding temperature. The center crack(Fig.3-22(a))  [443]occurs near the center of the specimen 

and reflects the principal tensile residual stress in the ceramic near the interface. The perimeter 

crack in Fig.3-22-(b) at some distance from the interface depending on the distribution and 

magnitude of residual stresses in each joint[443-444]. 

  When external stress is imposed on the joint, the fracture of the joint is influenced by the mismatch 

of elastic properties between the ceramic and the metal, by plastic flow of metal and by the residual 



strain caused by the CTE mismatch. In addition, cracking along the interface can occur by the 

mechanisms in previous section[445]. 

 

 

 

 

 

 

 

 

 

 

Figure 3-22:  Two most common fracture initiation sites in ceramic-metal joint: 

(a)center crack, (b) perimeter crack.[113]. 
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