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摘要
對於陶瓷材料而言，與異質材料的接合是個具有挑戰性且具備開發潛力的研
究領域。本研究選用氮化鋁作為基板，以活性金屬銲片與石墨紙進行接合研究並比
較溫度、氣氛等接合參數對介面的影響，並鑑定了介面處產生之反應物。相對於過
往多在真空下進行接合，對於陶瓷-金屬-石墨系統在氣氛下之活性金屬硬銲有更深
入的研究且觀察了機械性質與傳導性質的改變。
氮化鋁本身具有高熱傳導值的特性，同時其反應性相當低而不易受到腐蝕影
響。而石墨紙雖然受限其結構而在縱向之機械性質以及熱傳導性質較差，但在平面
方向有相當優異的性質。因此藉由使用活性金屬銲片克服兩者表面活性差的缺點
將之接合，以氮化鋁基板提供整體強度，而石墨紙在表面可作為熱的導體形成散熱
的複合系統。
本研究成功以金屬銲片 Ticusil 在流動氣氛環境下成功接合氮化鋁以及石墨紙，
結果顯示銲片中的鈦會在升溫後移動到界面處，與氮化鋁形成氮化鈦層以及具有
接近立方堆積結構之鈦銅鋁的氮化物，其成分及結構與 (Ti, Cu, Al)6N 之結構近似，
以及與石墨紙形成以 TiC 為主之鈦的碳化物。而改變接合溫度、持溫時間以及接
合氣氛等參數對於介面反應物的影響也在本研究中進行研究與討論，另外對於在
氮氣、氬氣等氣氛中接合時產生反應物的機制的推測則是在高溫時氣氛中的氮、氧
溶入產生的富鈦共晶液體，在降溫過程時在剩餘的共晶液體中達到飽和而析出成
顆粒狀的散布區域。
同時對於成功接合的試片也進行了機械性質、熱與電傳導性質的測量與探討。
其中機械性質以四點彎曲試驗觀察破壞行為，結果顯示此接合系統改善了原本單
層陶瓷的脆性破壞行為，使其破壞趨緩，同時此系統也具有方向性，以氮化鋁基板
承受壓應力之機械性質表現較佳。此外，此接合系統之界面也相當穩固，整體系統
的破壞取決於受力超過基材的強度而使基材先行破裂，而後才是界面的分離，因此
界面的強度較基材來的穩定。而傳導性質的量測結果則顯示在接合後，複合基板其
熱傳導性相對於氮化鋁基材有些許提升。

關鍵字：接合、氮化鋁、石墨紙、界面、硬銲
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ABSTRACT
Heterogeneous joining is a challenging and promising issue for ceramic materials.
In the present study, aluminum nitride was chosen as ceramic substrate to join with
graphite paper by active brazing alloys. The influence of joining parameters such as
temperature, atmosphere was also studied. Instead of most studies focus on joining in
vacuum, the joining of ceramic-filler-graphite system was conducted in flowing
atmosphere. The corresponding properties were analyzed.
Aluminum nitride is a ceramic material with high strength, high thermal conductivity,
its low reactivity makes it stable against chemical corrosion. Meanwhile, graphite paper
exhibits poor mechanical properties and thermal conductivity along the vertical direction,
but excellent properties in planar direction due to its structure. At the same time, active
brazing alloy was chosen to join both substrates to conquer the poor reactivity of both
substrates. The aluminum nitride substrate can be used to enhance the integrity. After
bonding, the graphite paper should exhibit great thermal conductivity.
The result showed that the aluminum nitride and graphite paper can be successfully
joined with Ticusil while in a flowing atmosphere. The titanium within Ticusil moves to
interface to form reaction phases during the brazing process. The reaction phase at the
AlN-Ticusil interface is mainly composed of titanium-copper-aluminum nitrides. The
nitride exhibits nearly cubic structure, similar to (Ti, Cu, Al)6N. For the graphite-Ticusil
interface, the reaction phase is mainly composed of TiC. A simple mechanism of this filler
joining in atmosphere was also proposed. The reactive elements in flowing atmosphere
would dissolve into Ti-rich eutectic liquid at the elevated temperature. The particle-shape
products would then precipitate during cooling process when the remained eutectic liquid
saturated after forming TiN layer.
iii
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The fracture behavior, thermal conductivity and electrical conductivity of the joined
specimen was also observed. The bending result showed that the fracture behavior
changed from catastrophic to graceful after joining. Besides, the four-point bending
strength for the graphite-Ticusil-AlN is anisotropic, similar to graphite paper. The
performance would be better if the aluminum nitride side is under a compressive stress.
Meanwhile, the failure of the specimen started from the rupture of the substrates instead
of the separation at the interface. Also, the conductivity was increased after joining.

Keyword: joining, aluminum nitride, graphite paper, interface, brazing

iv

doi:10.6342/NTU201901526

CONTENTS
摘要 .................................................................................................................................. ii
ABSTRACT .................................................................................................................... iii
CONTENTS ......................................................................................................................v
Chapter 1

Introduction ..............................................................................................1

Chapter 2

Literature survey .....................................................................................4

2.1

Characteristic of AlN ……………. ................................................................4

2.2

Joining metals to ceramics …….. ...................................................................7

2.3

Brazing............................................................................................................9

2.4

Brazing of alumina with Ag-Cu-Ti braze foil ............................................... 11

2.5

Brazing of AlN with Ag-Cu-Ti braze foil .....................................................15

2.6

The reaction phases in Ti-Cu system containing carbon ..............................20

2.7

Observation of Interface ...............................................................................23

2.8

Mechanical properties characterization ........................................................26

2.9

The influence of brazing parameters on interface ........................................30

2.10

Heat transfer .................................................................................................32

2.11

Measurement of thermal conductivity by laser flash method .......................34

Chapter 3
3.1

Experimental Procedures ......................................................................37
Starting Materials .........................................................................................37

3.1.1

Aluminum nitride substrate .................................................................37

3.1.2

Graphite paper .....................................................................................37

3.1.3

Brazing materials ................................................................................38

3.2

Joining process .............................................................................................38

3.3

Characterization of specimen .......................................................................40
v

doi:10.6342/NTU201901526

3.3.1

Morphology observation .....................................................................40

3.3.2

Composition analysis ..........................................................................40

3.3.3

TEM analysis ......................................................................................40

3.3.4

Four-point bending test .......................................................................41

3.3.5

Thermal properties measurement ........................................................42

3.3.6

Electrical properties measurement ......................................................43

Chapter 4
4.1

Results .....................................................................................................44
Joining of ceramics to ceramics....................................................................44

4.1.1

Joining parameters ..............................................................................44

4.1.2

Microscopic observation .....................................................................45

4.1.3

Composition analysis ..........................................................................48

4.2

Graphite-Ticusil-AlN ....................................................................................51
4.2.1

Parameters ...........................................................................................51

4.2.2

Specimen observation .........................................................................52

4.2.3

Composition analysis ..........................................................................57

4.3

Graphite-Ticusil-AlN prepared in vacuum ...................................................61
4.3.1

Parameters ...........................................................................................61

4.3.2

Specimen observation .........................................................................61

4.3.3

Composition analysis ..........................................................................66

4.4

The effect of brazing environment ...............................................................71

4.5

Characterization of reaction products ...........................................................76

4.6

Four-point bending test .................................................................................81

4.7

Thermal conductivity ....................................................................................85

Chapter 5
5.1

Discussion................................................................................................91
Brazing conditions ........................................................................................91
vi

doi:10.6342/NTU201901526

5.2

Interface observation ....................................................................................93
5.2.1

The influence of gravity ......................................................................93

5.2.2

The joining mechanism of Ticusil .......................................................93

5.2.3

TiN layer at AlN-Ticusil interface .......................................................95

5.2.4

Ti-Cu layer at AlN-Ticusil interface....................................................98

5.2.5

TiC layer at graphite-Ticusil interface ..............................................104

5.2.6

Layer between graphite paper at graphite-Ticusil interface ..............105

5.2.7

The effect of joining parameters .......................................................106

5.3

Fracture behavior ........................................................................................ 110

5.4

Thermal and electrical conductivity ........................................................... 114
5.4.1

The influence on joining system ....................................................... 114

5.4.2

The influence of joining atmosphere................................................. 115

5.4.3

The influence of holding time and post heat cycles .......................... 115

5.4.4

The thermal conductivity of graphite paper ...................................... 116

5.4.5

Electrical conductivity ...................................................................... 117

Chapter 6

Conclusions ........................................................................................... 119

REFERENCE ................................................................................................................121

vii

doi:10.6342/NTU201901526

List of Figures
Chapter 2
Figure 2-1 The dependence of the coefficient of thermal expansion and temperature for
some common used ceramic substrates ..........................................................6
Figure 2-2 Schematics for sessile drop tests for the case of (a) large contact angle θ and
(b) small contact angle θ ...............................................................................10
Figure 2-3 Ternary phase diagram for Ag-Cu-Ti .............................................................13
Figure 2-4 Two possible mechanisms using Ag-Cu-Ti braze to join alumina substrates, (a)
Ti moved to the interface of alumina and form TiO and Cu4Ti, then further
react to form Ti2O and Cu3Ti3O. (b) Ti moved to the interface of alumina and
form Ti2O, then Cu diffused to Ti2O layer and form Cu3Ti3O .....................14
Figure 2-5 The contact angle for liquid Ag and liquid Cu to AlN ...................................18
Figure 2-6 The image of the wetting behavior for liquid Ag and liquid Cu to AlN ........19
Figure 2-7 The dependence of joining temperature and time to contact angle for (a) braze
filler ( Ag 70.5 wt%, Cu 26.5 wt%, Ti 3 wt%) (b) braze filler ( Ag 64 wt%,
Cu 34.2 wt%, Ti 1.8 wt%) to AlN. The close points denotes for dense ceramic
substrate and open points for porous ceramic substrate ...............................19
Figure 2-8 The Ti-Cu phase diagram ...............................................................................21
Figure 2-9 The Ti-C phase diagram .................................................................................21
Figure 2-10 The Cu-C phase diagram .............................................................................22
Figure 2-11 Typical crack tip propagated at bi-material layer.........................................25
Figure 2-12 Typical interface fracture energy as a function of phase angle. ...................25
Figure 2-13 Several methods to determine the interface strength: (a) indentation test (b)
superlayer test (c) blister test (d) peel test and (e) flexture test ....................28
viii

doi:10.6342/NTU201901526

Figure 2-14 Modified model for four-point bending test ................................................28
Figure 2-15 Schematics of four-point bending to evaluate the interface energy release rate:
(a) bilayer specimen (b) multilayer specimen (c) steady-state interface
cracking of n-layer system with crack at m interface ...................................29
Figure 2-16 (a) Heat transfer through a one-dimensional composite layer wall (b) the
equivalent electric circuit of multilayer system ............................................33
Chapter 3
Figure 3-1 Joining process and parameters used in this study ........................................39
Figure 3-2 The specification of the four-point bending test ............................................41
Chapter 4
Figure 4-1 Backscattering electron image of the cross section of AlN-Ticusil-AlN
specimen joined at 1050 oC in flowing N2 for 15 min. Reaction phases are
found at both interface. The darker sites within Ticusil braze were Cu-rich
region while the lighter sites were Ag-rich region........................................46
Figure 4-2 The magnified image at the interface between AlN and Ticusil in AlN-TicusilAlN specimen joined at 1050 oC in flowing N2 for 15 min. The reaction phase
could be divided into two parts, the part just beside AlN formed a dense TiN
layer while the other part composed of dispersed TiN particles...................47
Figure 4-3 The BSE image of the cross section(left) for AlN-Ticusil-AlN joined at 1050
o

C in flowing N2 for 15 min and its corresponding composition mapping of

titanium (right) ..............................................................................................49
Figure 4-4 Composition mapping of (left) silver and (right) copper at the cross section for
AlN-Ticusil-AlN joined at 1050 oC in flowing N2 for 15 min .....................49
Figure 4-5 Composition mapping of the interface reaction product at the cross section for
AlN-Ticusil-AlN joined at 1050 oC in flowing N2 for 15 min .....................50
ix

doi:10.6342/NTU201901526

Figure 4-6 Cross section of graphite-Ticusil-AlN specimen joined at 1050 oC in flowing
N2 for 15 min. ...............................................................................................54
Figure 4-7 The AlN-Ticusil interface with graphite-Ticusil-AlN system joined at 1050 oC
in flowing N2 for 15 min...............................................................................55
Figure 4-8 The magnified image on AlN-Ticusil interface within graphite-Ticusil-AlN55
Figure 4-9 The graphite-Ticusil interface within graphite-Ticusil-AlN system ..............56
Figure 4-10 The magnified image graphite-Ticusil interface within graphite-TicusilAlN ...............................................................................................................56
Figure 4-11 Composition mapping of the interface reaction product at the cross section
for graphite-Ticusil-AlN joined at 1050 oC in flowing N2 for 15 min .........58
Figure 4-12 Composition mapping of the interface reaction product at the cross section at
AlN-Ticusil interface for graphite-Ticusil-AlN. joined at 1050 oC in flowing
N2 for 15 min ................................................................................................59
Figure 4-13 Composition mapping of the interface reaction product at the cross section at
graphite-Ticusil interface for graphite-Ticusil-AlN joined at 1050 oC in
flowing N2 for 15 min ...................................................................................60
Figure 4-14 The observation of the cross section for graphite-Ticusil-AlN system bonding
under vacuum at 900 oC for 15 min ..............................................................63
Figure 4-15 The AlN-Ticusil interface for graphite-Ticusil-AlN system bonding under
vacuum at 900 oC for 15 min, in which subscript P and L denote for particles
and layer, respectively...................................................................................64
Figure 4-16 The column structure at the AlN-Ticusil interface for graphite-Ticusil-AlN
system bonding under vacuum at 900 oC for 15 min ...................................64
Figure 4-17 The graphite-Ticusil interface for graphite-Ticusil-AlN system bonding under
vacuum at 900 oC for 15 min, in which subscript P and L denote for particles
x

doi:10.6342/NTU201901526

and layer, respectively...................................................................................65
Figure 4-18 The reaction products at graphite-Ticusil interface for graphite-Ticusil-AlN
system bonding under vacuum at 900 oC for 15 min, in which subscript P and
L denote for particles and layer, respectively. ..............................................65
Figure 4-19 The line scan at AlN-Ticusil interface for graphite-Ticusil-AlN system under
vacuum at 900 oC for 15 min ........................................................................68
Figure 4-20 The reaction products at AlN-Ticusil interface after etching by ion beam for
graphite-Ticusil-AlN system under vacuum at 900 oC for 15 min ...............68
Figure 4-21 The line scan at graphite-Ticusil interface for graphite-Ticusil-AlN system
under vacuum at 900 oC for 15 min ..............................................................69
Figure 4-22 The reaction products at graphite-Ticusil interface after etching by ion beam
for graphite-Ticusil-AlN system under vacuum at 900 oC for 15 min, in which
subscript P and L denote for particles and layer, respectively. .....................69
Figure 4-23 The XPS signal of C-bonding at graphite-Ticusil interface for graphiteTicusil-AlN system bonding under vacuum at 900 oC for 15 min ...............70
Figure 4-24 The fitted curves of the XPS signal at graphite-Ticusil interface for graphiteTicusil-AlN system bonding under vacuum at 900 oC for 15 min ...............70
Figure 4-25 AlN-Ticusil interface for graphite-Ticusil-AlN system prepared in nitrogen
at 900 oC for 15 min, subscript P and L denote for particles and layer,
respectively. ..................................................................................................73
Figure 4-26 AlN-Ticusil interface for graphite-Ticusil-AlN system prepared in nitrogen
at 1050 oC for 15 min, subscript P and L denote for particles and layer,
respectively. ..................................................................................................73
Figure 4-27 AlN-Ticusil interface for graphite-Ticusil-AlN system prepared in 5% H2 –
N2 at 1050 oC for 15 min, subscript P and L denote for particles and layer,
xi

doi:10.6342/NTU201901526

respectively. ..................................................................................................74
Figure 4-28 AlN-Ticusil interface for graphite-Ticusil-AlN system after etching by ion
beam prepared in 5% H2 – N2 at 1050 oC for 15 min ...................................74
Figure 4-29 The AlN-Ticusil interface for graphite-Ticusil-AlN system prepared in argon
at 1050 oC for 15 min, in which subscript P and L denote for particles and
layer, respectively. ........................................................................................75
Figure 4-30 The (a) TEM image of AlN-Ticusil interface for graphite-Ticusil-AlN system
prepared under vacuum at 900 oC for 15 min. (b) The diffraction pattern and
corresponding simulated pattern and (c) EDS composition analysis of TiN
layer structure. (d) The diffraction pattern and corresponding simulated
pattern and (e) EDS composition analysis of (Ti, Cu, Al)6N column
structure ........................................................................................................78
Figure 4-31 The (a) TEM image of Graphite-Ticusil interface for graphite-Ticusil-AlN
system prepared under vacuum at 900 oC for 15 min. (b) The diffraction
pattern and corresponding simulated pattern and (c) EDS composition
analysis of TiC layer structure. .....................................................................79
Figure 4-32 The (a) TEM image of AlN-Ticusil interface for graphite-Ticusil-AlN system
prepared in 5% H2 - N2 gas at 1050 oC for 15 min. (b) The diffraction pattern
and corresponding simulated pattern and (c) EDS composition analysis of TiN
layer structure. ..............................................................................................80
Figure 4-33 Loading curve for AlN substrate. The AlN substrate was broken
catastrophically after reaching the maximum load. ......................................83
Figure 4-34 Loading curve for the AlN-Ticusil-AlN specimen. The joined system was
broken catastrophically after reaching the maximum load. ..........................83
Figure 4-35 Loading curve for the graphite-Ticusil-AlN specimen. The graphite was
xii

doi:10.6342/NTU201901526

under the tensile stress. The drops of load indicated one rupture during
loading ..........................................................................................................84
Figure 4-36 Loading curve for the graphite-Ticusil-AlN specimen.The AlN was under the
tensile stress. The joined system was broken catastrophically after reaching
the maximum load. .......................................................................................84
Figure 4-37 Thermal conductivity of graphite paper along xy-plane ..............................90
Figure 4-38 Thermal conductivity of graphite paper along z-axis ..................................90
Chapter 5
Figure 5-1 Phase diagram of silver-copper-titanium .......................................................92
Figure 5-2 Phase diagram of titanium-copper ...............................................................103
Figure 5-3 Phase diagram of nitrogen-titanium.............................................................108
Figure 5-4 Phase diagram of oxygen-titanium ..............................................................108
Figure 5-5 Phase diagram of hydrogen-titanium ...........................................................109

xiii

doi:10.6342/NTU201901526

List of Tables
Chapter 2
Table 2-1 Properties of some common used ceramic substrates .......................................5
Table 2-2 Comparison of various methods for joining of ceramics to metals ...................8
Table 2-3 Brazing conditions and resulting reaction products from previous studies.....12
Table 2-4 The contact angle of the Ag-Cu-Ti braze foil on carbon/carbon composites with
corresponding test conditions .......................................................................18
Chapter 4
Table 4-1 The thermal conductivity at 25 oC and 300 oC for AlN substrate, AlN-TicusilAlN system and graphite-Ticusil-AlN system ..............................................88
Table 4-2 The thermal conductivity at 25 oC and 300 oC for graphite-Ticusil-AlN system
joined in flowing N2, 5% H2 – N2 and argon atmosphere ............................88
Table 4-3 The thermal conductivity at 25 oC and 300 oC of graphite-Ticusil-AlN system
joined for 15 minutes and 60 minutes holding time .....................................89
Table 4-4 The thermal conductivity at 25 oC and 300 oC for graphite-Ticusil-AlN system
after different thermal cycles ........................................................................89
Chapter 5
Table 5-1 The measured electrical resistivity of specimens .......................................... 118

xiv

doi:10.6342/NTU201901526

Chapter 1

Introduction

For the rapid development of mobile equipment, size of devices became smaller and
stacked with each other. Waste of heat is then accumulated so that the efficiency and
lifetime of devices are deteriorated. As the result, heat dissipation is an unavoidable
challenge needed to be overcome. In order to overcome the accumulation of heat,
increasing surface area and choosing materials with high thermal conductivity are both
good approaches to achieve this target. As the result, graphite paper is one of the materials
that possessed great potential in heat dissipation. Due to the bonding structure of graphite,
the electron could rapidly pass through the planar direction by the resonance bonding
structure. Thus, the graphite paper exhibits enormous value of thermal conductivity along
planar direction, which means that heat would quickly spread over graphite paper thus
increased the dissipation area. Though graphite paper has advantage in conductivity, it is
easily ruptured when loaded. As the result, a backing plate was needed to maintain the
integrity. Joining with ceramic substrate is one way to improve the applicability of
graphite paper. Ceramic material can afford large loading when the system was under
compressive strength. For this reason, graphite-ceramic joining is an important issue in
this subject.
Heterogeneous joining is a challenging and promising issue for ceramic materials.
In the present study, aluminum nitride is chosen as backing plate because of its high
thermal conductivity among ceramic materials. However, since graphite paper and
aluminum nitride both have low reactivity, direct-bonding is hard to be achieved. Since
brazing with active brazing alloy can achieve good bonding with low reactivity substrates,
this is an optimal choice for this system. Many studies also focused on the joining to
ceramics [1-4]. For example, Carim et al. focused on the interface between Ag-Cu-Ti
1
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filler Ticusil and aluminum nitride [1]. Some of the interface reaction products were
proposed. Meanwhile, Jasim et al. observed the influence of composition of filler on the
joining interface [3]. However, since this kind of brazing filler is highly active, the joining
process were usually conducted in vacuum. The process then became batch process and
the yield was limited. As the result, this study focused on the influence of joining
environment on the joining interface in flowing atmosphere. The mechanical properties
and the conductivity were also measured.
The brazing process was conducted at elevated temperature up to 1050 oC, in a
flowing atmosphere such as nitrogen, argon and 5% H2 in N2. The vacuum brazing was
also conducted in order to have an intensive analysis on this joining system. The process
showed that using Ticusil can successfully join graphite and aluminum nitride together.
Titanium in Ticusil would move to the interfaces, forming titanium-rich compounds at
AlN-Ticusil interface and titanium carbide at graphite-Ticusil interface. Different joining
parameters such as temperature, holding time and joining atmosphere were also tested on
their influence on the reaction products. The influence was mainly on the morphology
and the composition of interface products.
Since the accurate characterization of interface was difficult, composition mapping
and selected area diffraction pattern (SADP) could help to identify the unknown
interfacial products. Though many studies focused on the AlN-Ticusil interface and
showed that a TiN layer and a thin layer of intermetallic compound (Ti,Cu,Al)6N were
found [1]. However, the (Ti,Cu,Al)6N phase was too thin to have a fully characterization
on this layer. In this study, graphite paper in this joining system at the back side could
provide a relatively inert interface, the AlN-Ticusil side could form more interfacial
compounds since the graphite paper react with less Ticusil. The reaction phase could then
be detected. The morphology and the composition of reaction products were also changed,
2

doi:10.6342/NTU201901526

a simple reaction mechanism of this ceramic-filler-graphite system was then evaluated.
The four-point bending was also applied on the specimen to observe the mechanical
properties and the fracture behavior. The result showed that the flexural strength of the
specimen was direction-dependent after brazing. That is to say, when the compressive
stress applied on the aluminum nitride side, the specimen could afford greater stress.
Besides, the fracture behavior became graceful when force applied on the aluminum
nitride side. Meanwhile, the thermal conductivity of the specimen was also measured by
laser flash method. The thermal conductivity of the joined specimen was slightly
increased after the brazing process. The thermal conductivity would also show different
trend when the joining parameters were changed.

3
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Chapter 2
2.1

Literature survey

Characteristic of AlN
Aluminum nitride (AlN) is a ceramic material that has high melting point, high

mechanical strength and high thermal conductivity [5]. Some of its properties was
collected in Table 2-1. Aluminum nitride was often used in semiconductor applications
since its coefficient of thermal expansion is similar to that of silicon, as shown in Fig. 21. The high electrical resistance and high temperature stability also make aluminum
nitride can be used in electronic components. The excellent corrosion resistance and
non-toxicity also prolonged its lifetime in application. These outstanding properties
make aluminum nitride a good substrate for heat conduction and electronic device
compared to some other materials that often used such as BeO, Al2O3 and SiC [6, 7].

4
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Table 2-1 Properties of some common used ceramic substrates [7]
Properties

AlN

Al2O3

BeO

SiC

3.26

3.9

2.9

3.2

280-350

240-250

170-230

500

70-210

17-31

250-300

270

4.5

7.3

8

3.7

8.8

8.5

6.5

40

Density
(g / cm3)
Flexural strength
( MPa )
Thermal conductivity
( W / mK )
Coefficient of thermal
expansion
( x 10-6 )
Dielectric constant

5
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Figure 2-1 The dependence of the coefficient of thermal expansion and temperature for
some common used ceramic substrates [7]
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2.2

Joining metals to ceramics
Nowadays, metals and ceramics are widely used in our daily life products, such as

structural components, electrical mobile devices and sanitary wares. Besides, in advanced
industry, the combination of metals and ceramics plays an important role. As a result, the
joining between metal and ceramic becomes a key factor in the performance for these
products. However, there are difficulties in joining of metal to ceramics. For instance, the
properties of metal and ceramic, such as thermal expansion coefficient, Young’s modulus
and surface reactivity, have great difference. The difference between these properties
would lead to catastrophic damage after joining. The joining method was needed to be
concerned though. There are several ways to join metal and ceramics: mechanical joining,
adhesive bonding, diffusion bonding and brazing [8, 9]. Some comparisons of these
joining processes are shown in Table 2.2. Among these joining methods, brazing is a
potential process to join ceramics and metals due to high reactivity of filler, time-saving,
and simple process [10, 11].

7
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Table 2-2 Comparison of various methods for joining of ceramics to metals [8]
Mechanical

Adhesive

Diffusion

joining

joining

Bonding

10-50

20-80

100-500

100-300

Poor-medium

Poor

Good

Medium-good

700

450

1300

800

Vacuum tight

No

Poor

Good

Good

Cost

Low-medium

Low

Medium-high

Medium

Requirement

Brazing

Bending
Strength
(MPa)
Heat
resistance
(K)

8
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2.3

Brazing
Brazing is a method using molten metallic filler to wet the surface, forming bonds

between the filler and substrates. Besides, by definition, filler in brazing process melts
above 450 oC. If filler melts below 450 oC, the process is termed soldering [8, 11, 12]. No
matter brazing or soldering, the bonding is achieved by reaction with the substrates, so
the wettability is important to the joining process [13-16].
As mentioned above, before conducting brazing between ceramics and metals, the
wetting behavior of the filler has to be concerned. There are several methods to determine
the characteristic of wettability. The most common way is the sessile drop method. A
liquid drop on solid is shown in Fig. 2-3. The contact angle can be observed from
microscope so the contact angle-temperature dependence can be revealed. The interfacial
energies follow the Young’s equation [8, 10, 11, 17, 18]:
cos 𝜃𝜃 =

𝛾𝛾𝑆𝑆𝑆𝑆 −𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝐿𝐿𝐿𝐿

(2.1)

in which θ is contact angle, 𝛾𝛾𝑆𝑆𝑆𝑆 , 𝛾𝛾𝑆𝑆𝑆𝑆 and 𝛾𝛾𝐿𝐿𝐿𝐿 represent the interfacial energies of

solid-vapor, solid-liquid and liquid vapor interfaces respectively. Once the contact angle
θ is above 90o, the wetting is not in favor [19, 20]. Only if the contact angle θ is lower

than 90o, the wetting can happen. Moreover, the contact angle should be as small as
possible for a better wetting of braze filler on substrates. The adhesion of the interface
can be roughly estimated by the Dupre equation:
W = 𝛾𝛾𝑆𝑆𝑆𝑆 + 𝛾𝛾𝐿𝐿𝐿𝐿 − 𝛾𝛾𝑆𝑆𝑆𝑆

(2.2)

in which W is the work needed to separate the interface, which means the energy needed
to create a free surface between solid and liquid. Combining the two equations, the
adhesion of the interface can be expressed in Young-Dupre equation, which is
W = 𝛾𝛾𝐿𝐿𝐿𝐿 (1 + cos 𝜃𝜃)

(2.3)

9
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But in practical, there are many factors that can affect the performance of interfaces.
During the test of detaching the interface, many factors would consume some of energy,
such as geometry, stress concentration, layer separation, friction or residual stress. As a
result, these factors would all have contribution to the measured mechanical properties of
materials and thus should be taken into account [21, 22].
Besides, there is one thing needed to discuss: the reactivity of surface. Ceramic is
usually inert to most metallic melt. Direct wetting to ceramic needs surface modification
prior to joining. As a result, the conventional brazing foils do not wet the surface of
ceramic well. In order to improve wettability, active brazing alloy, known as ABA, is used.
Some elements are added into the braze foil to improve the reactivity and wetting with
ceramics [4, 11, 17, 23]. The matrix of braze is silver, copper, nickel or titanium, and that
titanium, zinc and indium are common used in this kind of addition [24]. Surface of
ceramic is wetted by ABA to form an intermetallic interfacial reaction phase, a bond to
join them together. For the most brazing conditions, vacuum is suggested and the working
temperature is 50-100oC above the liquidus temperature of the braze filler.

Figure 2-2 Schematics for sessile drop tests for the case of (a) large contact angle θ and
(b) small contact angle θ

10
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2.4

Brazing of ceramic with Ag-Cu-Ti braze foil
Many people had studied on the brazing of ceramics using Ag-Cu-Ti brazing alloys

[3, 25, 26]. In order to realize the behavior of Ag-Cu-Ti brazing filler during the bonding
process, the studies using this kind of brazing filler to join other ceramics, such as alumina
and aluminum nitride, were of concerned. In this study, the active brazing filler Ticusil
(68.8 wt.% Ag, 26.7 wt. % Cu, 4.5 wt. % Ti) is composed of silver-copper alloy and a
small amount of titanium. The Ag-Cu-Ti tertiary phase diagram is shown in Fig. 2-4 [27,
28]. From the phase diagram can find the melting temperature of the braze filler. Based
on the previous studies, the bonding mechanism for Ag-Cu-Ti braze foil have been
proposed [3, 4, 9, 25-27, 29-39]. Many studies also conducted the active brazing of
ceramics using this braze filler [40-43]. As the result, in order to study on the wetting
behavior of the Ticusil braze filler, some studies on using Ticusil to join ceramics are then
surveyed. Nicholas et al. proposed that the wettability on alumina surface would be
improved when Ag concentration in Ag-Cu-Ti braze alloy is increased [44]. This was
resulted from the low solubility of Ti in Ag[45]. Besides, the main product between AgCu-Ti ABA and alumina, proposed by Majed Ali et al, was Ti3Cu3O [33]. The other
reaction phases would also form, such as Ti2O, γ-TiO, CuO, Ti2Cu. Several studies of
joining alumina by Ag-Cu-Ti ABA are shown in Table 2.3 [33, 46]. Lin et al. proposed
that there were two reaction layers, Ti2O and Cu3Ti3O, at the interface [43]. Two possible
reaction mechanisms are also summarized in Fig. 2-5. The first mechanism was proposed
by Suenaga et al [47]. The titanium first moved to the interface and reduced alumina to
form TiO [48, 49], then reacted with Cu to form Cu4Ti formed during bonding process.
The final products were Cu3Ti3O and Ti2O. The mechanism could be described in
equations (2.4) and (2.5)
11
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1
3

2

𝐴𝐴𝐴𝐴2 𝑂𝑂3 + 𝑇𝑇𝑇𝑇 → 𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐴𝐴𝐴𝐴

(2.4)

3

3𝐶𝐶𝐶𝐶4 𝑇𝑇𝑇𝑇 + 2𝑇𝑇𝑇𝑇𝑇𝑇 → 𝐶𝐶𝐶𝐶3 𝑇𝑇𝑇𝑇3 𝑂𝑂 + 𝑇𝑇𝑇𝑇2 𝑂𝑂 + 9𝐶𝐶𝐶𝐶

(2.5)

However, the intermediate products Cu4Ti and TiO were missing from the study of
Suenaga et al. The second mechanism suggested that titanium moved to the interface and
formed Ti2O layer first. Then Cu in the braze foil could diffuse to Ti2O layer and react to
form Cu3Ti3O layer. The reactions for the mechanism are shown as below.
𝐴𝐴𝐴𝐴2 𝑂𝑂3 + 6𝑇𝑇𝑇𝑇 → 𝑇𝑇𝑇𝑇2 𝑂𝑂 + 2𝐴𝐴𝐴𝐴

(2.6)

6Cu + 3Ti2 O → 2Cu3 Ti3 O + O

(2.7)

Table 2-3 Brazing conditions and resulting reaction products from previous studies [33]
Braze foil

Brazing conditions

Reaction products

1223-1373K,

α-TiO, δ-TiO,

Ag–28.1Cu–1.5Ti

References

[37]
1-10 min

Cu3Ti3O

1223K,
Ag–44.8Cu–1.8Ti

γ-TiO, Cu2O, Ti2O3

[34]

γ-TiO, Cu3Ti3O

[36]

γ-TiO

[30]

15 min
1073-1473K,
Ag–26.8Cu–2.9Ti
15 min
1073-1473K,
Ag–27.2Cu–3.0Ti
15 min
1173K,

Cu3Ti3O,

30 min

Cu2Ti4O

Ag–17.9Cu–4.2Ti

[35]

1253K,
Ag–27.0Cu–5.0Ti

(Ti+Al)4Cu2O

[3]

Ti3(Cu + Al)3O

[31]

5-90 min
1173K,
Ag–36.1Cu–1.8Ti
15 min
12
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Figure 2-3 Ternary phase diagram for Ag-Cu-Ti [27]
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Figure 2-4 Two possible mechanisms using Ag-Cu-Ti braze to join alumina substrates,
(a) Ti moved to the interface of alumina and form TiO and Cu4Ti, then further react to
form Ti2O and Cu3Ti3O. (b) Ti moved to the interface of alumina and form Ti2O, then
Cu diffused to Ti2O layer and form Cu3Ti3O [43].

14
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2.5

Brazing of AlN with Ag-Cu-Ti braze foil
Since the active brazing process was very useful in joining ceramics to another

ceramics or to metals, many studies were reported using this technique [50-56].
However, selecting a proper braze filler to join nitride is a critical issue. The addition of
titanium within the braze foil plays an important role in the brazing process. Rhee
studied on the wetting angle of Cu and Ag on AlN [57]. The result of the contact angle
showed that the wettability of either Cu or Ag was very poor, as shown in Fig. 2-6.
Sugihara also conducted the wetting of pure Ag and Cu on AlN, as shown in Fig. 2-7
[58]. The image clearly showed that the wetting angles of Cu and Ag to nitride were
larger than 90o even at very high temperature so that it was impossible to directly join
these metals to AlN. As the result, the addition of active brazing element into the braze
filler was needed.
One of the common used braze fillers is Ag-Cu-Ti alloys, this kind of braze foil
exhibits very high wettability and can be used to join many ceramic substrates [59]. By
the addition of titanium into the Ag-Cu based matrix, the wettability to the aluminum
nitride could be significantly increased [60-62]. The contact angle could be decreased to
around 15o at 900 oC with 3 wt% of the Ti into silver-copper based brazing alloy.
Moreover, the contact angle could still be decreased as the joining temperature
increased. The dependence of the joining time and temperature to the contact angle is
shown in Fig. 2-8. As the result, the content of the titanium in braze foil played a critical
role in joining system.
For the joining of AlN using Ag-Cu-Ti braze alloys, Carim studied on the interface
between AlN and Ag-Cu-Ti [1]. An intermetallic compound ŋ-phase (Ti, Cu, Al)6N was
reported to be found beside the TiN interface products. A sequence of AlN / TiN / ŋ15
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phase was then proposed. The ŋ-phase possessed a near cubic structure with M6X
structure in which M denotes metal elements and X denotes anions. The composition
difference of the braze foil would affect the formation of the reaction compounds. When
Cusil-ABA (63.06 wt. % Ag, 35.26 wt. % Cu, and 1.68 wt. % Ti) was used, a layer of
0.5 um to 1 um ŋ-phase formed beside the TiN layer. However, when a braze foil with
higher titanium content, which was Ticusil (68.8 wt.% Ag, 26.7 wt. % Cu, 4.5 wt. %
Ti), a series of Ti-Cu compounds were formed due to the excess of the titanium active
element. As the result, a rugged and irregular interface with complex reaction
compounds was then formed.
However, the present of carbon would significantly affect the behavior of the joining
system. The study of active brazing using Ag-Cu-Ti braze foil on carbon/carbon
composite was proposed by Singh [63]. Though the reactivity on the surface of the carbon
composites was low, the interdiffusion of solutes and the substrate occurred so that the
interface was microstructurally sound. The formation of the secondary phases also help
the interface well-bounded. However, the porous structure within the carbon composites
would lead to the impregnation of the braze foil. During the joining process, the Ag-CuTi filler not only wetted the surface of the carbon composites but infiltrated through the
porous structure. The formation of the reaction products TiC was discontinuous and
inhomogeneous so that the braze filler could penetrate through the substrate. The
wettability of Ag-Cu-Ti braze filler Cusil-ABA and Ticusil to carbon/carbon composite
was also conducted. The result was collected in Table 2-4. The contact angles of these
two Ag-Cu-Ti braze foil to carbon/carbon composites were higher than that to AlN
ceramic substrates. This result indicated that the affinity of Ag-Cu-Ti braze foil to AlN
ceramic substrate was higher than carbon. As the result, the titanium would react with
AlN easier than carbon/carbon composites.
16
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The formation of other reaction compounds would be possible during the brazing
process using Ag-Cu-Ti braze alloy, such as nitrides and oxides. For example, titaniumoxides were also a stable phase under ultra-low oxygen pressure around 10-28 atm since
titanium exhibits high affinity to oxygen [55]. As the result, a series of TiO reaction phases
might be found around the interface between the Ag-Cu-Ti filler and the substrates.
The large difference of the coefficient of thermal expansion (CTE) would also lead
to serious problems during brazing. The CTE of Ag-Cu-Ti braze foils is relatively large
(19.5 x 10-6 for Cusil-ABA and 18.5 x 10-6 for Ticusil) compared to the ceramic substrate
and carbon composites (4.5 x 10-6 for AlN and 0 – 4.0 x 10-6 for carbon composites). Since
the brazing temperature was high, the resulted thermal strain (ΔαΔT) then became a
significant number. The thermal induced stress and cracks would then be easily formed.
However, the large ductility of Ag-Cu-Ti braze foil compared to ceramics or carbon
composites would help to prevent the crack formation [64]. The resulting stress would be
accommodated by the braze foil and thus the formation of thermal induced cracks was
significantly lower than that obtained by calculation. The failure of brazing assembly was
also prevented.

17

doi:10.6342/NTU201901526

Table 2-4 The contact angle of the Ag-Cu-Ti braze foil on carbon/carbon composites
with corresponding test conditions [63]
Composition

Composite

Test

Braze foil

Contact
Vacuum level

( wt % )

Substrate

condition

63Ag-35.3Cu-

Carbon-

1088K

1.75Ti

Carbon

5 mins

68.8Ag-26.7Cu-

Carbon-

1073K

Cusil-ABA

Ticusil
4.5Ti

Carbon

angle
1.83 x 10-6 mbar

35o

7.42 x 10-6 mbar

27o

5 mins

Figure 2-5 The contact angle for liquid Ag and liquid Cu to AlN [57]
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Figure 2-6 The image of the wetting behavior for liquid Ag and liquid Cu to AlN [58]

Figure 2-7 The dependence of joining temperature and time to contact angle for (a)
braze filler ( Ag 70.5 wt%, Cu 26.5 wt%, Ti 3 wt%) (b) braze filler ( Ag 64 wt%, Cu
34.2 wt%, Ti 1.8 wt%) to AlN. The close points denotes for dense ceramic substrate and
open points for porous ceramic substrate [60]

19
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2.6

The reaction phases in Ti-Cu system containing carbon
Since the braze foils with active braze alloys are highly reactive during joining

process, the reaction phases would be very complex at the interface [65-68]. A.Jarfors
had studied on Ti-Cu-C system [69], a series of reaction products in the Ti-Cu-C system
were proposed according to the Ti-Cu phase diagram, Ti-C phase diagram and Cu-C
phase diagram, as shown in Fig. 2-9 ,Fig. 2-10 and Fig. 2-11, respectively. The reaction
phases such as Cu, TiCu4, TiCu2, Ti3Cu4, TiCu, and Ti2Cu were found in the Ti-Cu
system. These phases were stable in such system. However, since the braze foil Ticusil
was in the miscibility composition, the composition of the liquids were easily separated
to Cu-rich region and Ti-rich region when heated up. As the result, the composition is
complicated; several reaction phases are formed, the phases are thus hard to analyzed.
A. Jarfors also mentioned that the carbon source would affect the formation of reaction
phases. The addition of TiC or graphite would lead to different composition of reaction
phases. For example, TiCu2 could only be found in TiC-added specimen at 1373K with
low titanium concentration. This was mainly affected by the activity of carbon in
different kind of carbon source and thus the solubility of carbon would be affected [70].

20
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Figure 2-8 The Ti-Cu phase diagram [69]

Figure 2-9 The Ti-C phase diagram [69]
21
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Figure 2-10 The Cu-C phase diagram [69]
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2.7

Observation of Interface
From nowadays, single-component device cannot meet our demand. Multi-

component devices attract a lot of attention. Therefore, the problem with joining of
different components cannot be avoided. The difference of each component layer may
result in the failure of joining, especially for coefficient of expansion, surface energy and
elastic modulus. Evans et al. proposed a conceptual framework for studying the interfacial
fracture energy [71]. Because the interfacial strength significantly affects the fracture
behavior, the decisive factors for the strength should be determined. Fig. 2-12 shows a
crack tip at a bi-material interface. In this figure, E denotes the elastic modulus of each
component, νdenotes the poisson’s ratio of each components and Φ the phase angle.
The phase angle is a parameter that represents the ratio of shear and slit experienced
by the interface crack surface. Dundurs parameter β is shown below:
β=

𝜇𝜇

�𝜇𝜇1 �(1−2𝑣𝑣2 )−(1−2𝑣𝑣1 )
2

(2.8)

𝜇𝜇
2� 1 �(1−𝑣𝑣2 )+(1−𝑣𝑣1 )
𝜇𝜇
2

in which µ is shear modulus of each component.
When β equals to zero, the phase angle Φ can be described in:
𝑣𝑣

φ = tan−1 ( )

(2.9)

𝜇𝜇

The phase angle at crack tip affects the shear displacement, and the interface fracture
behavior is affected by the shear displacement. As the result, whether the crack propagates
along the interface or deviates from the interface is determined by the phase angle. When
the phase angle approaches zero, the contribution from shear is minimum. The typical
dependence of phase angle and interface fracture energy Γ is shown in Fig. 2-13.
Roughness is also an important factor that influences the interface properties. The
interface cracks may be subjected to shielding effect if there was asperity contact between
23
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two elastic materials. The amplitude of roughness strongly affects the shielding effect,
which also affects the ratio of shear to opening at crack tip. Besides, if the interface was
not smooth, the route of crack propagation is hard to be determined. Also, the rough
interface would produce spare friction and lead to extra energy loss.
Other factors such as impurities, defects and inclusions may also cause stress
concentration which affect the joining stability. The morphology of these defect sites
would also affect the fracture behavior [72-77].
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Figure 2-11 Typical crack tip propagated at bi-material layer [71]

Figure 2-12 Typical interface fracture energy as a function of phase angle [71].
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2.8

Mechanical properties characterization
There are several methods to measure the interface adhesion. After plenty of tests,

some tests are widely used nowadays. The tests are (a) indentation test (b) superlayer
delamination test (c) blister test (d) peel test and (e) flexure test, as shown in Fig. 2-14
[21, 22, 78]. Each of them has its specific constraint and disadvantages. For instance,
indentation test and blister test both require crack length measurement, which is hard to
conduct precisely. Also, due to the plasticity and friction, the result of peel test is usually
non-linear and the evaluation becomes difficult. The specimen of superlayer test requires
specific condition which is difficult to produce. As the result, flexure test is a better choice
for the characteristic of ceramic interface.
A simple method of flexure test is four-point bending test. The specimen does not
involve complex preparation [22, 79-81]. The planar sample is optimal for this test. In
addition, many modified models for four-point bending test have been proposed with
mathematic calculation, theoretical analysis and simulation [77]. One of the modified
models for four-point bending test is shown in Fig. 2-15.
In the four-point bending test, the cracked region is under constant moment condition
as the crack occurs at the center of the specimen. The strain energy release rate is in
steady-state when the interface crack length is greatly larger than the thickness of upper
layer. A theoretical solution has been proposed under these boundary conditions [77, 82]:
𝑔𝑔𝑠𝑠𝑠𝑠 =

3(1−𝑣𝑣2 2 )𝑃𝑃2 𝑙𝑙 2
2𝐸𝐸2 𝑏𝑏2 ℎ3

�

1

𝑛𝑛2 3

−

λ
η

3

3

η η
1 2
+λη2 +12
1
η +λη
1

2

�

(2.10)

Where E and 𝑣𝑣 denote Young’s modulus and Poisson ratio of the substrate, respectively.
l is the distance between the inner and outer dowel bars, P is the load in steady-state
propagation. b and h are width and half thickness of the specimen, λ and η are the non26
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dimensional parameters expressed below:
λ=
and
η𝑖𝑖 =

ℎ𝑖𝑖
ℎ

𝐸𝐸2
�(1−𝑣𝑣 2 )
2
𝐸𝐸1
�(1−𝑣𝑣 2 )
1

(2.11)

for i =1, 2

(2.12)

The equation can be reduced to a simple form if both substrates are the same in material
and dimension:
𝑔𝑔𝑠𝑠𝑠𝑠 =

21(1−𝑣𝑣 2 )𝑃𝑃2 𝑙𝑙 2

(2.13)

16𝐸𝐸𝑏𝑏2 ℎ3

The model of multilayer system is proposed by Hsueh et al.[83]. The general solution is
expressed below,

3𝑀𝑀2
1
𝑔𝑔𝑠𝑠𝑠𝑠 = 2 � 𝑚𝑚
𝑏𝑏
∑𝑖𝑖=1 𝐸𝐸𝑖𝑖 𝑡𝑡𝑖𝑖 �6ℎ𝑖𝑖−1 2 + 6ℎ𝑖𝑖−1 𝑡𝑡𝑖𝑖 + 2𝑡𝑡𝑖𝑖 2 − 3𝑧𝑧𝑚𝑚 (2ℎ𝑖𝑖−1 + 𝑡𝑡𝑖𝑖 )�
−

1

�
∑𝑛𝑛𝑖𝑖=1 𝐸𝐸𝑖𝑖 𝑡𝑡𝑖𝑖 �6ℎ𝑖𝑖−1 2 + 6ℎ𝑖𝑖−1 𝑡𝑡𝑖𝑖 + 2𝑡𝑡𝑖𝑖 2 − 3𝑧𝑧𝑛𝑛 (2ℎ𝑖𝑖−1 + 𝑡𝑡𝑖𝑖 )�

(2.14)

Fig. 2-16 briefly shows the notation in the equation and coordination of this system.
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Figure 2-13 Several methods to determine the interface strength: (a) indentation test (b)
superlayer test (c) blister test (d) peel test and (e) flexture test [21, 22, 78]

Figure 2-14 Modified model for four-point bending test [77]
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Figure 2-15 Schematics of four-point bending to evaluate the interface energy release
rate: (a) bilayer specimen (b) multilayer specimen (c) steady-state interface cracking of
n-layer system with crack at m interface [83]
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2.9

The influence of brazing parameters on interface
The strength of a joined system was significantly affected by the properties of the

joining interface. Since the weakest part of the joined system was usually at the joint, the
strength of the joint would play an important role in the mechanical properties of a joining
system. According to the study of Hao et al., the strength of a joint with reaction phase
layer was mainly influenced by the strength of the interfacial bonding and the strength of
the reaction phase layer [84]. The strength of the interfacial bonding was composed of the
chemical bonding strength and the mechanical interlocking strength. However, when a
proper brazing filler that could completely wet the substrate was chosen, the chemical
bonding strength between brazing filler and substrate would be much stronger than the
mechanical interlocking strength.
The chemical bonding strength between brazing filler and substrate was mainly
influenced by the chemical reaction products. As the result, the parameters of the brazing
process, such as joining temperature, holding time and atmosphere, would then play a key
role on the bonding strength of the joining system. The continuous and sound layer of
reaction phase could increase the strength of the interface. However, since the interface
reaction phases were usually composed of the brittle intermetallic phases, too much
reaction phase or too thick interface reaction phase layer would have detrimental effect
to the strength of the joint. As the result, a suitable range of the joining parameters would
have significant influence on the properties of the joint. If the reaction between braze foil
and substrate was insufficient, in which the joining temperature was too low or the
holding time was too short, both the chemical bonding and the mechanical bonding would
be low so that the strength of the interface was weak. When the joining temperature and
the holding time were increased to a proper working range, the substrate could be
30
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completely wetted by the braze foil and that the amount of the reaction phase layer was
sufficient, the strength of the interface could be increased. However, when the joining
temperature and the holding time were then further increased, the intermetallic reaction
phase layer would then form and have detrimental influence on the strength of the joint.
As the result, with the increasing joining temperature and holding time, the strength of
the interface would first increase and reach the maximum strength, and would then
decrease as further increase of the joining temperature and holding time.
On the other hand, the mechanical interlocking strength was also affected by the
joining parameters and the properties of the brazing foil and substrate. The interlocking
depended mainly on the contact area of the reaction products and substrate. However,
since the large mismatch of the coefficient of thermal expansion and the large temperature
change during the brazing process, the resulted thermal induced stress would then produce
lots of cracks. As the result, the contact area between the reaction phases and the substrate
would then decrease so that the mechanical interlocking was decreased.

31

doi:10.6342/NTU201901526

2.10 Heat transfer
Another important factor of metal-ceramic joining is thermal conductivity [85-87].
By definition, thermal conductivity is energy transfer in a body by the temperature
gradient. The heat flow can be expressed in the following equation:
q = −kA

𝜕𝜕𝜕𝜕

(2.15)

𝜕𝜕𝜕𝜕

where q denotes the heat flow per unit time through area A,

is the temperature gradient

in the heat flow direction, k is the thermal conductivity of the specimen. Besides, the
thermal conductivity can be expressed as [88]:
k = α x ρ x 𝐶𝐶𝑝𝑝

(2.16)

where α denotes the thermal diffusivity, ρis density of the specimen and CP is the heat
capacity of the specimen.
As a multilayer planar specimen, heat flow through the perpendicular direction as
shown in Fig.2-17 (a). The heat flow can be expressed in the equation:
q = −𝑘𝑘𝐴𝐴 𝐴𝐴

𝑇𝑇2 −𝑇𝑇1
∆𝑥𝑥𝐴𝐴

= −𝑘𝑘𝐵𝐵 𝐴𝐴

𝑇𝑇3 −𝑇𝑇2
∆𝑥𝑥𝐵𝐵

= −𝑘𝑘𝐶𝐶 𝐴𝐴

by solving the equation can get a general form of heat flow:
𝑇𝑇1 −𝑇𝑇2
∆𝑥𝑥
∆𝑥𝑥𝐵𝐵
�𝑘𝑘 𝐴𝐴+
�𝑘𝑘 𝐴𝐴+ 𝐶𝐶�𝑘𝑘 𝐴𝐴
𝐴𝐴
𝐵𝐵
𝐶𝐶

q = ∆𝑥𝑥𝐴𝐴

𝑇𝑇4 −𝑇𝑇3
∆𝑥𝑥𝐶𝐶

(2.17)

(2.18)

From the result of the equation, the heat flow is related to temperature gradient, thickness
of specimen, thermal conductivity and area of specimen. The heat flow in this expression
is similar to Ohm’s law in electric-circuit theory [88, 89]. If the system was analogous to
electric circuit, the equivalent circuit was shown in Fig. 2-17 (b). Heat flow in this
direction is similar to circuits in series. On the other way, heat flow in planar direction,
parallel to planar direction of the specimen, the system could be treated as circuit in
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parallel.

Figure 2-16 (a) Heat transfer through a one-dimensional composite layer wall (b) the
equivalent electric circuit of multilayer system [88]
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2.11 Measurement of thermal conductivity by laser flash
method
The thermal conductivity of a material is the heat conducting capability of the
material. It is defined with the flow of heat passed through the thickness or length, with
the surface area perpendicular to the length direction and the difference of temperature.
As the result, the thermal conductivity of a material is directional-dependent and
temperature-dependent. The thermal conductivity could be measured by many methods,
including steady-state methods like absolute technique or radial heat flow technique and
transient methods like pulsed power technique, hot-wired technique or laser flash
technique [90]. Though the use of steady-state methods could directly obtain the thermal
conductivity of a certain material, the long waiting time to the steady state and the contact
resistance of sensors are the disadvantages of this kind of method. As the result, to
minimize the contact resistance of sensors and to obtain thermal conductivity results faster,
the transient methods laser flash technique is used in this study.
The apparatus for laser flash methods were equipped with flash lamp as an optical
heating source [91]. By the laser heating, the measurement could be conducted in noncontacted without destruction of sample. The heating pulse was instantaneous and
uniform on the surface. After the heat was generated on the one side and flew through the
sample, a thermal sensor at the other side could quickly obtain the temperature difference
of the sample. The thermal diffusivity of the sample was then obtained. Laser flash
methods could be conducted on the relatively small sample. The both sides of sample
need to be covered by a sprayed layer of graphite. The graphite layer could absorb the
laser energy to be a single laser pulse thermal input and quickly spread the signal of
temperature difference on the other side to be sensed.
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The rise of temperature on the back side would be written as a function of time[92]:

T(t) =

𝑞𝑞

𝜌𝜌𝐶𝐶𝑝𝑝 𝑑𝑑

−𝑛𝑛2 𝜋𝜋2

𝑛𝑛
[1 + 2 ∑∞
𝑛𝑛=1(−1) exp(

𝑑𝑑 2

)𝛼𝛼𝛼𝛼]

(2.19)

d denotes the thickness of sample and α as thermal diffusivity. Two dimensionless
parameters W and η were defined as:
W(t) =

𝑇𝑇(𝑡𝑡)
�𝑇𝑇
𝑚𝑚𝑚𝑚𝑚𝑚

2
η = 𝜋𝜋 𝛼𝛼𝑡𝑡�𝑑𝑑2

(2.20)
(2.21)

Tmax denotes the maximum temperature on the back side. The equation (2.19) could
then be described as:
𝑛𝑛
2
W = 1 + 2 ∑∞
𝑛𝑛=1(−1) exp(−𝑛𝑛 η)

(2.22)

when the temperature on the back side reached the half of the maximum temperature,
which was W = 0.5, ηwould be equal to 1.38. As the result, the thermal diffusivity α
could be calculated by:
α=

1.38𝑑𝑑 2
𝜋𝜋2 𝑡𝑡1�

(2.23)

2

t1/2 was the time for the temperature on the back side reached the half of the maximum
temperature of the sample.
The advantages of laser flash methods are the methods could be conducted over a
relative large temperature range from (-120 °C to 2800 °C ) with very small uncertainty.
The fast speed obtaining data and capability to measure small sample are also useful.
However, the other two parameters that needed to calculate the thermal conductivity of
sample, density and heat capacity, should be obtained by other measurement. As the result,
the uncertainty of the measured data would be large if the uncertainty from the other
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measurement were not small, the uncertainty would be accumulated. Density and heat
capacity of a sample are commonly measured by differential scanning calorimetry (DSC)
or by dilatometry.
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Chapter 3

Experimental Procedures

3.1

Starting Materials

3.1.1

Aluminum nitride substrate

Aluminum nitride (AlN) is used as backing plate in this joining system, with good
high thermal conductivity and could be regarded as an electrical insulator. The thermal
expansion coefficient of AlN (3.6 ppm / K) is close to that of silicon (4.8 ppm / K) [7].
Thus, AlN has been frequently employed as the substrate for electronic components.
In the present study, the polycrystalline aluminum nitride (AlN) substrate was
chosen as ceramic substrate, which had the thickness of 0.38 mm. A small amount of
yttria (Y2O3) was added to improve the sintering behavior. AlN substrates were cut into
two size: 10 mm x 10 mm and 15 mm x 30 mm for measuring thermal conductivity and
four-point bending strength, respectively. After cutting, AlN substrates were cleaned by
ultrasonic machine with solvents of ethanol and acetone consecutively.

3.1.2

Graphite paper

The graphite has its unique anisotropoic characteristics. The thermal conductivity
along its planar direction could reach 2000 - 3000 W/mK [93, 94], while along vertical
direction could be less than only 10 W/mK. Thus, the graphite paper could be used as a
thermal insulator or a thermal conductor, depending on the direction of heat conduction.
The graphite paper was manufactured using stacked polyimide membrane,
graphitized by hot-pressing above 2300 oC for an hour. The thickness could be decided
by the numbers of the layer of polyimide membrane. In this experiment, the thickness of
graphite paper was selected to be 0.025 mm.
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3.1.3

Brazing materials

The active braze foil used in this study was Ticusil (0.050 mm, Morgan Advanced
Materials, Ag 68.8 wt.%-Cu 26.7 wt.%-Ti 4.5 wt.%, England). Titanium strand was
planted into silver-copper alloy matrix to manufacture this braze foil. This braze foil was
frequently used in joining ceramic substrates with metals. In this study, the braze foil was
cut into the same size of AlN substrate, and the surface cleaning was done by ultrasonic
cleaning in ethanol then in acetone.

3.2

Joining process
During joining, in order to fix the position, a sandwich structure of joining system

with the sequence of graphite paper, Ticusil and AlN substrate was set. For comparison
and to check the influence of properties after joining, specimen of both ceramic sides,
which is AlN-Ticusil-AlN specimen, was also prepared. Specimen was then placed in
between rows of alumina rods to fix the position. This assembly was then put into alumina
crucible and delivered to tube furnace. The sample was first heated to 350 oC with a rate
of 3 oC / min to burnout organic impurities, and then heated up to 900-1050 oC with a rate
of 3 oC / min, holding for 15 or 60 min to achieve bonding, then cooled down to room
temperature with the cooling rate of 3 oC / min. During the joining process, the flowing
rate of joining atmosphere was set to be 50 c.c. / min. The joining atmosphere included
nitrogen, argon and 5% H2 in nitrogen gas. The specimen joined under vacuum was also
prepared. The experimental procedures are shown in Fig. 3.1.
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Figure 3-1 Joining process and parameters used in this study
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3.3

Characterization of specimen

3.3.1

Morphology observation
The fractured surface and polished surface of specimen were observed by optical

microscope (OM, MX50-BF, M&T Optics Co., Taiwan) and scanning electron
microscope (SEM, NOVA NANO SEM 450, FEI Co., USA). The surface was
fractured by using pre-notched specimen during bending test. The specimen was first
grinded and then polished by diamond particles down to 1 um. The final polish was
made by using silicon oxide particles down to 0.25 um.

3.3.2

Composition analysis
The composition measurement on specimen used electron dispersive spectrum

(SEM-EDS,

EDAX

Model: 51-XMX0105,

Oxford,

UK ),

electron

probe

microanalysis (EPMA, Model JAX-8200, JOEL, Japan) and X-ray photoelectron
spectroscopy (XPS, Phi 5000 versaprobe, ULVAC-PHI INC., USA ) [95]. The
quantitative analysis was also done by EPMA.

3.3.3

TEM analysis
The characterization of interface compounds was conducted by the TEM

observation. The preparation of the specimen was done first by grinding and
polishing to the observation place. After the surface was cleaned and polished, the
specimen was cut by focused ion-beam (FIB, Helios NanoLab 600i, FEI, USA). The
observation of the morphology and structure was done by TEM (Model JEM 2010Fx,
JEOL Ltd., Tokyo, Japan). The composition and structure of the interface products
were then examined by the observation of TEM-EDS (Model ISIS300, Oxford
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Instrument Inc., London, U.K.) and compared with the simulation of diffraction
patterns.

3.3.4

Four-point bending test
The specimen of four-point bending was used according to the procedures

suggested by Charalambides et al. [77]. The specimen was in the size of 30 mm x 15
mm, and tested by hydraulic mechanical machine (MTS Landmark 370.02 Test
System, MTS systems, Eden Prairie, MN, USA). Loading was applied from the
upper side, with the upper span 14 mm and the lower span 28 mm. Loading rate was
slow enough to avoid sudden impact on samples which produced artificial fracture.
The crosshead speed was controlled at 0.5 µm/s. During the bending test, a camera
(Optem Zoom 125 telemicroscope), was set up to monitor the real-time of fracturing
behavior. All the data were recorded by a computer. The test was terminated after
both substrates were fractured. The schematic diagram for the bending test is shown
in Fig. 3-2.

Figure 3-2 The specification of the four-point bending test
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3.3.5

Thermal properties measurement
The thermal conductivity of the specimen could be calculated by the following

formula:
k = λ x ρ x 𝐶𝐶𝑝𝑝

(3.1)

in the above formula, k is thermal conductivity (W / mK), ρ is bulk density of sample
(g / cm3), λ is heat diffusivity of sample (m2 / s) and Cp is heat capacity of sample
(W / gK) [96]

In this study, heat diffusivity is measured by laser flash method device (LFA447
Nano-Flash, NETZSCH, Germany). The size of specimen was 10 mm x 10 mm.
During the test, a pulse was focused on the upper side of the specimen, meanwhile
the infrared detector probed the temperature change from the back side. The
specimen was tested from room temperature to 300 oC with a span of 50 oC, ten
measurements were done for each temperature point. After all data were collected,
heat diffusivity was calculated by the model proposed by Cowan Model following
ASTM E1461 standard [91].
Heat capacity of the specimen was measured by differential scanning
calorimetry (DSC Q200, TA instrument, USA). The specimen was cut into small
pieces, each was lighter than 30 mg. This test was carried out from room temperature
to 500 oC with a rate of 10 oC / min.

In this study, the approximate thermal induced internal stress is calculated by
the model proposed by Selsing [97]:
∆𝛼𝛼 × ∆𝑇𝑇

𝜎𝜎ℎ = 1+𝑣𝑣1
2𝐸𝐸1

1−2𝑣𝑣

+ 𝐸𝐸 2
2

(3.2)

where σ is thermal induced thermal stress, α is thermal expansion coefficient, ν is
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poisson ratio of each layer and E is Young’s modulus of substrate.
For those parameter in the formula, thermal expansion coefficient was obtained
by thermal mechanical analyzer (TMA, Setaram S60, France), poisson’s ratio and
young’s modulus were obtained from Marlowe. et al.[98].

3.3.6

Electrical properties measurement
The electrical properties of the specimens were mainly focused on the electrical

resistivity. In order to have a sound contact, the 10 mm x 10 mm square of platinum
paste were screen printed onto the both sides of the materials. After the printing of
platinum paste, the specimen was then baking at 700 oC for 1 hr.
The electrical resistivity of specimen was measured by Precision LCR Meter
(E4980A, 20 Hz – 2 MHz, Agilent, USA). The probes were attached to the both side
of the platinum paste. The specimen was then regarded as assembly and the total
resistivity was then recorded.
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Chapter 4

Results

4.1

Joining of ceramics to ceramics

4.1.1

Joining parameters

Before the study on the graphite induced system, the AlN-Ticusil-AlN system was
prepared first to observe the joining behavior of Ticusil braze foil and to set up the
experimental parameter. By the step-wise increasing the joining temperature, it was found
that the AlN-Ticusil-AlN could be partially wetted and joined in flowing nitrogen above
780 oC. However, when the graphite paper was introduced into the joining system, the
increase of joining temperature was needed to achieve bonding between graphite paper
and Ticusil braze foil. Around 900 oC the graphite paper could be partially wetted. To
achieve a sound interface between both interfaces, joining temperature of 1050 oC was
set to join the specimen within flowing nitrogen.
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4.1.2

Microscopic observation
The first part of this study on the joining system focused on the AlN-Ticusil-AlN

specimen, which was joined at 1050 oC holding 15 minutes in flowing nitrogen. The
morphology observation was conducted on the cross section of the specimen. As the SEM
images shown in Fig. 4-1, the morphology of the interface products was the same on the
both side. However, the interface seemed to not just one simple layer and also composed
of some particles. The magnified imaged was shown in Fig. 4-2. The reaction products at
the interface could be divided into two layers: a dense layer product just beside the AlN
ceramic substrate and followed by a region of dispersed particles. By the analysis of EDS
and WDS, the sound layer beside the ceramic substrate was composed of TiN, while the
dispersed particles contained the titanium nitride with some copper content. The thickness
of TiN layer was 2.3 um, and the containing range of those titanium nitride particles was
around within 2.5 um away from the TiN layer. Since the morphology and composition
showed that the both sides were the same, the phenomenon indicated that there was no
obvious influence from the gravity force as the result.
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Figure 4-1 Backscattering electron image of the cross section of AlN-Ticusil-AlN
specimen joined at 1050 oC in flowing N2 for 15 min. Reaction phases are found at both
interface. The darker sites within Ticusil braze were Cu-rich region while the lighter
sites were Ag-rich region
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Figure 4-2 The magnified image at the interface between AlN and Ticusil in AlNTicusil-AlN specimen joined at 1050 oC in flowing N2 for 15 min. The reaction phase
could be divided into two parts, the part just beside AlN formed a dense TiN layer while
the other part composed of dispersed TiN particles
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4.1.3

Composition analysis

The reaction products on the interface could be separated into two layer: a dense
layer of TiN and titanium nitride particles by the difference of morphology. The EDS and
WDS point analyses also give some overviews on the composition. However, the size of
the dispersed particles was too small to be directly analyzed by EDS. In order to
characterize the joining behavior of the system, the EPMA mapping for each element was
thus conducted. As the result shown in Fig. 4-3, the titanium would move to the interface
and formed the reaction products on the interface. The distribution of titanium was
corresponded to the distribution of the reaction products, indicating the reaction was
mainly the titanium compounds. Titanium was concentrated as a layer structure, which is
corresponded to TiN layer, and then followed by some of dispersed particles beside the
TiN layer. The corresponding BSE image was also shown in Fig. 4-3, there was the
remained matrix of the Ticusil braze foil between the two interface. The darker region
within the matrix was copper-rich region, while the lighter region was silver-rich region.
The distribution of copper and silver was shown in Fig. 4-4. The copper-rich region and
the silver-rich region were separated from the other one since the composition of Ag, Cu
and Ti was at the miscibility gap [99]. The copper-rich region was distributed silver-based
matrix. Besides, there was no titanium distribution within the matrix. Almost all the
titanium moved to the interface and form the interface products since titanium was highly
active element and easily to react.
In order to analyze the reaction products on the interface, a mapping in higher
magnification focused on the interface was conducted, as shown in Fig. 4-5. The dense
layer products beside the AlN substrate could be easily characterized by high
concentration of N and Ti. Besides, the dispersed particles were corresponded to the
distribution of Ti, Cu. The alignment of these particles was column-like shape with their
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growth direction was nearly vertical to the interface. Also, the distribution of Al was found
that matched for the distribution of the Cu-rich region within the remained filler around
the interface. The phenomenon indicated that some of the aluminum element dissolved
into the remained filler after the brazing process.

Figure 4-3 The BSE image of the cross section(left) for AlN-Ticusil-AlN joined at 1050
o

C in flowing N2 for 15 min and its corresponding composition mapping of titanium
(right)

Figure 4-4 Composition mapping of (left) silver and (right) copper at the cross section
for AlN-Ticusil-AlN joined at 1050 oC in flowing N2 for 15 min
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Figure 4-5 Composition mapping of the interface reaction product at the cross section
for AlN-Ticusil-AlN joined at 1050 oC in flowing N2 for 15 min
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4.2

Graphite-Ticusil-AlN

4.2.1

Parameters

After the observation of AlN-Ticusil-AlN system, the joining behavior could be used
to compare with the joining system with the graphite paper. With the introduction of
graphite into the joining system, the system became graphite-Ticusil-AlN. One side of
the braze foil was the ceramic substrate while the other side was graphite paper. As the
result, the joining behavior became complicated since the properties of two side of the
specimen were different.
When the graphite paper was introduced, the joining temperature to achieve fully
wetted interface was increased. AlN substrate could be fully wetted by Ticusil braze foil
within flowing nitrogen at around 800 oC. However, the graphite-Ticusil interface could
be just partially wetted at 900 oC. In order to achieve a fully wetted interface, the joining
temperature of 1050 oC was used in this joining system.
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4.2.2

Specimen observation

The graphite-Ticusil-AlN specimen prepared at 1050 oC in flowing nitrogen could
achieve fully wetted interfaces. As the image of the cross section shown in Fig. 4-6, The
distribution of reaction phases was significantly changed. At the interface between AlN
and Ticusil, the containing range of dispersed particles was much larger compared with
that in AlN-Ticusil-AlN system. Also, the size of the dispersed particles was also
increased. Besides, there were some small crystals between the TiN layer and the
dispersed particles. When we focused on the AlN-Ticusil interface, as the image shown
in Fig. 4-7, the small column-like crystals were found formed beside the TiN layer. The
growth direction was vertical to the interface. Nonetheless, the thickness of the TiN layer
was around 2.4 um, which was similar to the TiN layer in AlN-Ticusil-AlN system. As
the image Fig.4-8 focused on those column-like crystal. The behavior of the growth of
these crystals was similar to the distribution of titanium in the AlN-Ticusil-AlN system.
On the other hand, the containing range of the particles at the AlN-Ticusil interface was
much wider than those in AlN-Ticusil-AlN system. The alignment of these particles was
also more loose in graphite-Ticusil-AlN system.
For the other side, the interface was between the graphite paper and Ticusil braze
foil. At first, some cracks were found near the interface. However, when focused on the
interface, as the image shown in Fig. 4-9, the cracks were found only within the graphite
paper. The interface products still connected to a layer of graphite paper. This result
showed that the bonding between graphite paper and Ticusil filler was strong. The
formation of the cracks was resulted from the difference of the coefficient of thermal
expansion of each component (graphite: 2.335, Ticusil: 18.5 ppm, AlN: 4.5 ppm)[100,
101]. However, the strength between the graphite paper layers was the weakest among
the joining system. As the result, when the system was cooled down from the elevated
52

doi:10.6342/NTU201901526

temperature, the thermal induced stress would cause the crack to form within the graphite
paper and elongated between the layer of graphite paper.
The observation was also conducted on the interface products at the graphite-Ticusil
interface. The interface products were composed of a continuous layer, which connected
the graphite layer and Ticusil, and some small reaction particles, as shown in Fig. 4-10.
The thickness of the layer product was thinner than that of TiN layer at the other interface.
By the analysis of EDS and WDS, the layer products were found to be TiC, which was
stable at room temperature. Though the thickness of TiC layer was small, around 0.6 um,
this layer still connected the graphite layers and Ticusil. No obvious cracks were found
between TiC layer and graphite layer. For those reaction particles, it was found that the
composition was rich of titanium, copper and carbon. However, the reaction products at
the graphite-Ticusil side was much fewer than that at the AlN-Ticusil side according to
the thickness of reaction products layers.
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Figure 4-6 Cross section of graphite-Ticusil-AlN specimen joined at 1050 oC in flowing
N2 for 15 min.
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Figure 4-7 The AlN-Ticusil interface with graphite-Ticusil-AlN system joined at 1050
o

C in flowing N2 for 15 min

Figure 4-8 The magnified image on AlN-Ticusil interface within graphite-Ticusil-AlN
55

doi:10.6342/NTU201901526

Figure 4-9 The graphite-Ticusil interface within graphite-Ticusil-AlN system

Figure 4-10 The magnified image graphite-Ticusil interface within graphite-Ticusil-AlN
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4.2.3

Composition analysis

The composition mapping for the graphite-Ticusil-AlN system was also conducted,
as shown in Fig. 4-11. The distribution of copper indicated the remained region of Ticusil
matrix. The region of ceramic substrate AlN and the reaction products TiN layer at the
AlN-Ticusil interface could be indicated by the distribution of nitrogen. However, within
the distribution of titanium, there were some difference from the previous EPMA mapping
on the AlN-Ticusil-AlN system. First, though the titanium would still move to both
interfaces to form the reaction products, the amount of titanium on the both side of
interfaces were different. There was much more titanium on the AlN-Ticusil side, while
there was only few titanium on the graphite-Ticusil side. This phenomenon indicated that
the titanium would tend to move to the AlN side, which means that the affinity of AlN to
Ti was higher than the affinity of graphite to Ti. The other difference from AlN-TicusilAlN system was that the distribution of titanium was not only concentrated at the
interfaces. Some of the titanium dispersed within the matrix of Ticusil, and the
distribution of those in Ticusil was matched to the distribution of nitrogen within the
Ticusil, though the intensity was small. This indicated that some TiN particles would form
within the remained filler.
When the mapping focused on the AlN-Ticusil interface, the result was shown in Fig.
4-12. There was little silver content found at the TiN layer, while there was no copper
content within this layer. The copper content matched the position of those dispersed
reaction particles. This indicated that the copper only formed those reaction particles with
titanium but not formed the layer-structure products. Besides, the distribution of nitrogen
was also corresponded to the position of dispersed particles. The sites of those dispersed
particles were composed of titanium, copper and nitrogen mixed with each other.
For the graphite-Ticusil interface, the composition mapping was also conducted as
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shown in Fig. 4-13. By the comparison of those elements, it could be found that there was
no obvious composition change at the cracks within the graphite layers. This result
indicated that these cracks were not resulted from the chemical reaction. The layer
structure at the graphite-Ticusil interface were corresponded to the distributions of the
carbon and titanium. It indicated the layer was composed of titanium carbide. However,
those particles near the graphite-Ticusil interface were not only composed of carbides. By
the mapping of those elements, some of the particles were composed of titanium, copper
and nitrogen while some of the particles were titanium carbides.

Figure 4-11 Composition mapping of the interface reaction product at the cross section
for graphite-Ticusil-AlN joined at 1050 oC in flowing N2 for 15 min
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Figure 4-12 Composition mapping of the interface reaction product at the cross section
at AlN-Ticusil interface for graphite-Ticusil-AlN. joined at 1050 oC in flowing N2 for 15
min
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Figure 4-13 Composition mapping of the interface reaction product at the cross section
at graphite-Ticusil interface for graphite-Ticusil-AlN joined at 1050 oC in flowing N2
for 15 min
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4.3

Graphite-Ticusil-AlN prepared in vacuum

4.3.1

Parameters

Apart from the joining systems conducted within atmosphere, the joined graphiteTicusil-AlN system was also manufactured under vacuum. Since the joining environment
would severely affect the joining behavior, and that the joining system included both
heterogeneous joining on both sides and atmosphere influence was too complicated. A
simple way to start the study on the joining behavior of this system was to conduct the
joining of graphite-Ticusil-AlN under vacuum. As the result, joining under high vacuum
(below 5 x 10-5 torr) in quartz tube furnace was then conducted. However, the joining
temperature was set to be 900 oC to prevent the boiling of the components with low
boiling temperature, silver in Ticusil in this study.

4.3.2

Specimen observation

The joining of graphite-Ticusil-AlN at 900 oC could be successfully achieved under
vacuum. The backscattering electron image was shown in Fig. 4-14. It could be found
that the morphology of reaction phases at the AlN-Ticusil interface was changed. The
reaction phases became a layer structure and a column structure part formed on the
interface. On the other hand, the reaction products at the graphite-Ticusil interface was
still composed of a thin layer and some dispersed particles reaction products near the
interface.
On the AlN-Ticusil interface, as shown in Fig. 4-15, the reaction phases were
composed of two parts. By the composition analysis, the thinner dense layer, which was
just beside the AlN substrate, was still composed of TiN. This TiN layer was the same as
61

doi:10.6342/NTU201901526

those specimens joined in atmosphere. The thickness of this layer was decreased to 1.4
um since the joining temperature was decreased. However, the other part was different
from those particles in those specimens joined in atmosphere. This layer was composed
of column-like structure with growing direction vertical to the TiN layer. The composition
of this layer was mainly composed of titanium, copper, aluminum and some nitrogen.
Besides, as shown in Fig.4-16, the lines with lighter color that separated the TiN layer
and the column structure were mainly the silver matrix. These characteristics indicated
that this column like structure was formed by the cooling and there exists a gradient within
this layer. Also, silver did not participate the reaction so that the spaces between the
columns and the TiN layer were mainly silver. The thickness of the layers was also
measured. For the TiN layer was around 1.4 um, shorter than that of the column structure
layer, which was around 4.5 um.
For the morphology on the graphite-Ticusil interface, there was no significant
difference of the reaction phases from those joined in flowing nitrogen as shown in Fig.
4-17. The interface was composed of a layer of TiC with the thickness around 0.26 um
and some dispersed particles. The size of those particles was slightly larger than those
joined in flowing nitrogen, as shown in Fig. 4-18. However, there was no large cracks
within the graphite layers in graphite-Ticusil-AlN system joined under vacuum. There
were only some small cracks formed between the graphite layers. The direction of those
cracks were mainly parallel to the TiC layer and few cracks perpendicular to the TiC layer
were found.
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Figure 4-14 The observation of the cross section for graphite-Ticusil-AlN system
bonding under vacuum at 900 oC for 15 min
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Figure 4-15 The AlN-Ticusil interface for graphite-Ticusil-AlN system bonding under
vacuum at 900 oC for 15 min, in which subscript P and L denote for particles and layer,
respectively.

Figure 4-16 The column structure at the AlN-Ticusil interface for graphite-Ticusil-AlN
system bonding under vacuum at 900 oC for 15 min
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Figure 4-17 The graphite-Ticusil interface for graphite-Ticusil-AlN system bonding
under vacuum at 900 oC for 15 min, in which subscript P and L denote for particles and
layer, respectively.

Figure 4-18 The reaction products at graphite-Ticusil interface for graphite-Ticusil-AlN
system bonding under vacuum at 900 oC for 15 min, in which subscript P and L denote
for particles and layer, respectively.
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4.3.3

Composition analysis

The composition analysis for the graphite-Ticusil-AlN system joined under vacuum
was started from the AlN-Ticusil interface. The line scan result was shown in Fig. 4-19.
The scanning line was shown in the corresponding back-scattering image. The
components from the left side of the image to the right side were characterized as AlN
substrate, TiN reaction product layer, silver matrix, titanium-copper reaction product,
copper-rich matrix, titanium-copper dispersed particle and silver-rich matrix layer in
sequence. Those titanium-copper particles mostly formed between the copper-rich region
and silver-rich region. Precisely speaking, the titanium-copper particles formed at the
boundary copper-rich matrix region. These particles could hard to be found in the core of
those copper-rich region or silver-rich region.
After etching by ion beam, the column structure at the AlN-Ticusil interface became
more apparent, as shown in Fig. 4-20. The column grains overlapped on each other to
form the reaction product layer near the TiN layer. The grains were separated by silver
matrix. This could help to characterize the grains within this layer since each grain could
be separated.
For the graphite-Ticusil interface, the line scan of the composition was also
conducted, as shown in Fig. 4-21. The particles that dispersed near this interface were
more than the AlN-Ticusil interface. For those particles in the middle of remained Ticusil,
the composition was mainly composed of titanium and copper, a small amount of oxygen
or carbon could be found. However, the particles that close to the graphite-Ticusil
interface were found to have some oxygen signal, as the peak of oxygen near the interface
shown in line scan result. Though the brazing environment was in high vacuum (5 x 10-5
torr), there was a little oxygen could react with titanium to form oxides.
A little overlap of the titanium and carbon signal was found just beside the graphite
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layer. However, this could be hard to directly observed by the EPMA back-scattering
image. As the result, the etching by ion beam was then conducted, as shown in Fig. 4-22.
A layer of reaction product could be found at the interface. In order to identify this layer,
XPS analysis was then conducted. The ion sputtering speed was set to be 62.4 nm/min to
penetrate through the layer and collect the signal of the bonding. The XPS data were
shown in Fig. 4-23 and 4-24. A small peak at 281.6 eV was detected, which was
corresponded to the peak of Ti-C bond in TiC. The peak at 284.5 eV was also
corresponded to the peak of C-1S bond as the reference of the XPS signal peak. As the
result, the reaction layer at this layer was found to composed of TiC. After TiC was proved
to exist within this layer, the identification on the titanium signal could then be conducted.
The fitting result was then shown in Fig. 4-24. The best fitted result was that the reaction
layer composed of TiC and TiO. The phase content ratio of each component, which was
calculated by the area under the curves, was 4:1 for TiC : TiO.
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Figure 4-19 The line scan at AlN-Ticusil interface for graphite-Ticusil-AlN system
under vacuum at 900 oC for 15 min

Figure 4-20 The reaction products at AlN-Ticusil interface after etching by ion beam for
graphite-Ticusil-AlN system under vacuum at 900 oC for 15 min
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Figure 4-21 The line scan at graphite-Ticusil interface for graphite-Ticusil-AlN system
under vacuum at 900 oC for 15 min

Figure 4-22 The reaction products at graphite-Ticusil interface after etching by ion beam
for graphite-Ticusil-AlN system under vacuum at 900 oC for 15 min, in which subscript
P and L denote for particles and layer, respectively.
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Figure 4-23 The XPS signal of C-bonding at graphite-Ticusil interface for graphiteTicusil-AlN system bonding under vacuum at 900 oC for 15 min

Figure 4-24 The fitted curves of the XPS signal at graphite-Ticusil interface for
graphite-Ticusil-AlN system bonding under vacuum at 900 oC for 15 min
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4.4

The effect of brazing environment
After comparing the AlN-Ticusil-AlN system, graphite-Ticusil-AlN system

prepared in flowing nitrogen at 1050 oC and prepared under vacuum at 900 oC, an
overview of the joining system was observed. However, there were still hard to directly
compare the graphite-Ticusil-AlN system in the two different environment. The joining
temperature and atmosphere were different in the two joining system. As the result, a
series of step changes of environment from vacuum at 900 oC, then within nitrogen at 900
o

C, to within nitrogen at 1050 oC was conducted to observe the influence of atmosphere

and temperature.
The observation of the influence of atmosphere was started from the specimen
prepared in flowing nitrogen at 900 oC. Since the fact that reaction phases mainly
concentrated at AlN-Ticusil interface so that the change at this interface was more obvious,
the observation was focused on the AlN-Ticusil interface. As the image shown in Fig. 425, the morphology of column layer was changed after the flowing nitrogen was induced.
The column structure significantly decreased and lots of particles dispersed near the TiN
layer. The containing range of these dispersed particles was around 6-7 um from the TiN
layer, while the thickness of the TiN layer was only 1.5 um. The composition of those
dispersed particles contained not only titanium and copper but some aluminum. Some of
the darker particles within the back-scattering image contained of some oxygen or high
nitrogen content. Besides, there was still some column structure grains formed near those
particles.
When the joining temperature raised up to 1050 oC, the amount of column structure
grains further decreased, and could only be found near the TiN layer. The titanium-copper
reaction product layer became mainly composed of the particles. These particles
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contained some of nitrogen. However, there was no obvious dependence between the
composition of these particles and their position. After the joining temperature was raised,
the containing range of the particles increased to around 8-9 um, while the thickness of
the TiN layer was around 2.5 um.
The factor of the change of the joining atmosphere was also investigated. The
atmosphere of 5% H2 – N2 and argon were chosen to observe the influence of different
atmosphere. The specimen joined in 5% H2 – N2 at 1050 oC was shown in Fig. 4-27. The
thickness of TiN layer was still around 2.4 um, while the containing range of those
particles was increased to 11-12 um. The titanium-copper particles and nitrides were
mixed together and could only be distinguished by the color of the particles under backscattering images. The oxides and nitrides would be in darker color since their average
atomic mass were low. Besides, there was almost no column grains could be detected.
Only little column grains could be found after etching the specimen with ion beam to
eliminate most of the particles, as shown in Fig. 4-28. The size of those column grains
was also smaller comparing to those prepared in vacuum.
The specimen prepared in argon was shown in Fig. 4-29. The thickness of the TiN
layer was around 2.3 um. A thin layer composed of small column grains was attached to
the TiN layer. The thickness was around 2.5 um, with the composition of those small
grains was also titanium nitrides. Some of the particles formed with a small gap after the
column grain layer. These particles were mainly composed of the titanium-copper oxides,
such as TiO or TiO2 and some nitrides, such as TiN and Ti-Cu-Al-N as the composition
analysis detected by EDS and WDS.
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Figure 4-25 AlN-Ticusil interface for graphite-Ticusil-AlN system prepared in nitrogen
at 900 oC for 15 min, subscript P and L denote for particles and layer, respectively.

Figure 4-26 AlN-Ticusil interface for graphite-Ticusil-AlN system prepared in nitrogen
at 1050 oC for 15 min, subscript P and L denote for particles and layer, respectively.
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Figure 4-27 AlN-Ticusil interface for graphite-Ticusil-AlN system prepared in 5% H2 –
N2 at 1050 oC for 15 min, subscript P and L denote for particles and layer, respectively.

Figure 4-28 AlN-Ticusil interface for graphite-Ticusil-AlN system after etching by ion
beam prepared in 5% H2 – N2 at 1050 oC for 15 min
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Figure 4-29 The AlN-Ticusil interface for graphite-Ticusil-AlN system prepared in
argon at 1050 oC for 15 min, in which subscript P and L denote for particles and layer,
respectively.
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4.5

Characterization of reaction products
In order to have a fully characterization of the reaction products formed on the

interface, the specimens were grinded to the interfaces, following polished and cut by FIB
to prepare TEM sample. The interfaces were then observed by TEM. The composition
and the structure of the reaction products were identified by TEM-EDS and selected area
diffraction pattern (SADP).
The characterization of reaction products started from the vacuum specimen, since
the morphology of the reaction product was relatively regular and the joining environment
was stable. Fig. 4-30 showed the observation on the AlN-Ticusil interface of the vacuum
specimen. The layer structure beside the AlN substrate was first identified, as shown in
Fig. 4-30 (b) and (c). The crystal structure was found to be cubic structure and the dspacing was near 0.220 nm for its [010] zone axis, which corresponded to the structure of
TiN. The EDS composition analysis also showed a matched result. This reaction product
layer was identified as TiN.
The TEM observation result of the column structure at AlN-Ticusil interface of the
vacuum specimen was shown in Fig. 4-30 (d) and (e). The crystal structure was found to
be a near-cubic structure, with the low index plane showed in Fig. 4-30 (d). However, the
characterization of the column structure was relatively difficult. The column structure was
indexed to be an intermetallic compound with near cubic crystal structure. The lattice
parameter was around 1.16 – 1.20 nm The composition was also measured as shown in
Fig. 4-30 (e). However, there was no accurate database for the structure of this compound.
The most matched result for this compound was proposed by Carim. et al [1]. The
structure was a ŋ-phase structure, with composition of (Ti, Cu, Al)6N. The structure also
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matched for the composition-location dependence that Ti decrease and Cu increase with
the distance to the TiN layer.
The observation of Graphite-Ticusil interface of the vacuum specimen was also
conducted, as shown in Fig. 4-31. A clear image of a thin layer of reaction product formed
between graphite paper and Ticusil filler was collected. Thickness of this layer was about
200 nm and still bonded to the substrate after joining and etching by FIB. Moreover, some
distortion within graphite paper beside the product layer was also found. The distortion
was concentrated near the interface and sorted parallel to the planar direction. The
distortion was speculated to be formed by the thermal induced stress. The characterization
of the reaction product was also conducted, as shown in Fig. 4-31 (b) and (c). The crystal
structure was a cubic structure. By comparing the SADP and composition result with
database, this reaction product was identified as TiC.
The further observation of the specimen joined in atmosphere was also conducted.
Fig. 4-32 showed the observation on the AlN-Ticusil interface of specimen joined in 5%
H2 – N2 atmosphere. The layer beside the AlN substrate was also identified as TiN layer.
However, the other part of reaction product no longer column structure but became
dispersed particles. The particles dispersed near the interface and showed a non-regular
position. The crystal structure and composition of these particles were analyzed, as shown
in Fig. 4-32 (b) and (c). These particles were identified as TiN particles. However, some
of the TiN particles dispersed far from the TiN layer contained relatively higher copper
content than other TiN particles, which was mainly due to the diffusion of copper.
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Figure 4-30 The (a) TEM image of AlN-Ticusil interface for graphite-Ticusil-AlN
system prepared under vacuum at 900 oC for 15 min. (b) The diffraction pattern and
corresponding simulated pattern and (c) EDS composition analysis of TiN layer
structure. (d) The diffraction pattern and corresponding simulated pattern and (e) EDS
composition analysis of (Ti, Cu, Al)6N column structure
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Figure 4-31 The (a) TEM image of Graphite-Ticusil interface for graphite-Ticusil-AlN
system prepared under vacuum at 900 oC for 15 min. (b) The diffraction pattern and
corresponding simulated pattern and (c) EDS composition analysis of TiC layer
structure.
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Figure 4-32 The (a) TEM image of AlN-Ticusil interface for graphite-Ticusil-AlN
system prepared in 5% H2 - N2 gas at 1050 oC for 15 min. (b) The diffraction pattern and
corresponding simulated pattern and (c) EDS composition analysis of TiN layer
structure.

80

doi:10.6342/NTU201901526

4.6

Four-point bending test
The four-point bending test was applied to the specimen to discover the fracture

behavior of the joined system. The test started from the ceramic substrate AlN first. The
load was applied directly on the AlN substrate. After the applied load reached the flexural
strength of AlN plate, the fracture behavior was catastrophic and the sample broke down
suddenly into several pieces, as the result shown in Fig. 4-33. The recorded maximum
flexural strength of the AlN substrate was 455 MPa. The flexural strength of the joined
AlN-Ticusil-AlN specimen was also measured, as shown in Fig. 4-34. The fracture
behavior was similar to the AlN substrate. The specimen suddenly broke down after
reached the maximum strength. However, the flexural strength of the AlN-Ticusil-AlN
was slightly decreased to 425 MPa.
The fracture behavior of the graphite-Ticusil-AlN specimen was also observed.
However, since the two side of the joined specimen was different, the direction of the
applied load would affect the fracture behavior. When the AlN side was on the top side,
the load was directly applied on the AlN substrate, the result was shown in Fig. 4-35. The
first component that fractured during the bending test was the graphite paper. However,
since the flexural strength between the graphite paper layers too low to be detected, the
loading curve was smooth when the graphite paper ruptured. The maximum recorded
flexural strength was 237 MPa, which was significant lower than the AlN substrate.
Nonetheless, the fracture behavior was changed in this system. After the loading reached
the maximum strength, the specimen did not break into pieces. The ruptured component
was still attached to the Ticusil layer. The further load onto the specimen made the
specimen, or precisely to say, the Ticusil layer bend. The attached AlN and graphite paper
ruptured continuously when the load still applied. As the result, the loading curve would
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decrease smoothly after a drop when the load reached the flexural strength limit. Further
extension of the specimen was attributed to the bending of the Ticusil layer. The fracture
behavior was then become smooth. However, when the specimen was put in the opposite
direction, in which the graphite paper was on the top side. The fracture behavior became
catastrophic again, as shown in Fig. 4-36. The specimen broke into pieces when the
flexural strength reached the peak. The maximum flexural strength was recorded as 199
MPa.
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Figure 4-33 Loading curve for AlN substrate. The AlN substrate was broken
catastrophically after reaching the maximum load.

Figure 4-34 Loading curve for the AlN-Ticusil-AlN specimen. The joined system was
broken catastrophically after reaching the maximum load.
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Figure 4-35 Loading curve for the graphite-Ticusil-AlN specimen. The graphite was
under the tensile stress. The drops of load indicated one rupture during loading

Figure 4-36 Loading curve for the graphite-Ticusil-AlN specimen.The AlN was under
the tensile stress. The joined system was broken catastrophically after reaching the
maximum load.
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4.7

Thermal conductivity
Besides the mechanical properties, the thermal conductivity was also an important

factor of the performance of specimen. The thermal diffusivity was measured by the laser
flash method conducted in the vertical direction to the plane of the specimen. The
measured range was from 25 oC to 300 oC. The heat capacity was also obtained by DSC.
Thus, the thermal conductivity could be calculated by equation (3.1). The calculated
thermal conductivity values were shown as below.
Table 4.1 showed the thermal conductivity of AlN substrate, AlN-Ticusil-AlN
system and graphite-Ticusil-AlN system. The joined systems were conducted in flowing
nitrogen joined at 1050 oC for 15 minutes. The thermal conductivity at 25 oC of AlN
substrate was around 233 W/mK. Though the thermal conductivity of AlN-Ticusil-AlN
system at 25 oC to 136 W/mK, joining with graphite paper lead to a higher thermal
conductivity at 25 oC to 177 W/mK. On the other hand, the thermal conductivity at higher
temperature showed another trend. Though the thermal conductivity at 25 oC of AlN
substrates was the highest among the three systems, the thermal conductivity at 300 oC
was the lowest one. Joining with another AlN substrate would increase the thermal
conductivity to 84 W/mK and joining with graphite paper would be even higher to 102
W/mK.
The thermal conductivity of the specimens prepared in different joining atmosphere
was shown in Table. 4-2. The specimen joined in 5% H2 – N2 showed a slightly decreased
thermal conductivity at 25 oC while the value at 300 oC was similar to that of in pure
nitrogen. However, the specimen prepared in flowing argon showed a significantly lower
value at both 25 oC and 300 oC. The thermal conductivity of specimen joined under argon
was 81 W/mK at 25 oC and 53 W/mK at 300 oC. The value of the specimen joined under
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argon was almost just half of the value prepared in flowing nitrogen. The thermal
conductivity of vacuum specimen was lower than that of joined in nitrogen-rich
atmosphere. However, the value was slightly higher than in argon atmosphere. The
composition and morphology of the reaction products would influence the path of the
thermal flow and thus influence the thermal conductivity.
The specimen joined in prolonged holding time at 1050 oC in flowing nitrogen was
also prepared. The holding time was increased to 60 minutes to observe the influence of
the holding time to the thermal conductivity. The thermal conductivity result was shown
in Fig. 4-3. The thermal conductivity was significantly decreased after joining in the
prolonged holding time. The values were decreased to 84 W/mK and 60 W/mK for 25 oC
and 300 oC, respectively.
A simple test on the stability of the specimen in the thermal cycling was also
conducted. The specimens were taken to repeat the process of joining, which was to heat
to 1050 oC to hold 15 minutes and then cooled down to room temperature with the heating
rate and cooling rate both 3 oC/min, for 5 times, 10 times and 15 times. The thermal
conductivity of the specimens showed a gradually decreased value at both 25 oC and 300
o

C as the cycles increased. After 15 cycles of the process, the thermal conductivity of the

specimen was only 71 W/mK and 48 W/mK for 25 oC and 300 oC, respectively. The value
of the thermal conductivity was less than the half of the value of the specimen with no
repeated process.
Beside the joined specimens, the thermal conductivity of the graphite paper in
different directions was also measured. The graphite paper layers were stacked in
different directions and joined with a small amount of resin. Fig 4-34 and Fig 4-35
presented the thermal conductivity in the xy-plane direction and z-axis, respectively. The
thermal conductivity of graphite paper along different direction showed a totally different
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characteristic. The behavior of graphite paper along planar direction was a great thermal
conductor while along the vertical direction was a thermal insulator.

87

doi:10.6342/NTU201901526

Table 4-1 The thermal conductivity at 25 oC and 300 oC for AlN substrate, AlN-TicusilAlN system and graphite-Ticusil-AlN system

Table 4-2 The thermal conductivity at 25 oC and 300 oC for graphite-Ticusil-AlN system
joined in flowing N2, 5% H2 – N2 and argon atmosphere
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Table 4-3 The thermal conductivity at 25 oC and 300 oC of graphite-Ticusil-AlN system
joined for 15 minutes and 60 minutes holding time

Table 4-4 The thermal conductivity at 25 oC and 300 oC for graphite-Ticusil-AlN system
after different thermal cycles
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Figure 4-37 Thermal conductivity of graphite paper along xy-plane

Figure 4-38 Thermal conductivity of graphite paper along z-axis

90

doi:10.6342/NTU201901526

Chapter 5
5.1

Discussion

Brazing conditions
In this study, the aim was to achieve good joining of graphite-Ticusil-AlN joining

system within flowing atmosphere. Most of the joining process in the previous studies
was conducted in vacuum instead of in flowing atmosphere [25, 63, 67]. Joining in
atmosphere or under vacuum would affect not only the phases formed on the interfaces,
but also the joining parameters that needed to achieve a good bonding between the
components. The parameters such as joining temperature, holding time, the condition of
braze foil and the atmosphere used to join would all have influence on the performance
of the specimen. Especially for the joining temperature, the wettability of the braze foil
would be significantly affected by the joining temperature. As the braze foil Ticusil used
in this study, the composition of Ticusil is Ag 68.8 wt.% - Cu 26.7 wt.% - Ti 4.5 wt.%,
the corresponding phase diagram was shown in Fig. 5-1 [27]. The solidus point was
around 780 oC for this composition. However, joining at 780 oC could not achieve a good
bonding at both interfaces since the wettability to AlN or graphite at this temperature was
not enough, especially for the graphite side. The joining temperature had to be increased
as the result. As the temperature increased to 900 oC in flowing nitrogen, it was found
that the AlN side was wetted by Ticusil, while the graphite side remained partially wetted.
As the result, to achieve fully wetted interfaces at both sides, the increased temperature
to 1050 oC was then used for the flowing atmosphere cases. However, the temperature
needed to achieve fully wetted interfaces under vacuum (5 x 10-5 torr) was much lower.
Around 850 oC – 900 oC could achieve the fully wetted interfaces when joined under
vacuum. Meanwhile, higher joining temperature would lead to the boiling of the low
boiling point component under high vacuum, silver in Ticusil braze foil, then be extracted
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by the vacuum pump. The joining temperature above the boiling point under vacuum of
silver should be avoided. In order to compare with the specimen joined in atmosphere,
the joining temperature under vacuum was then set to be 900 oC.

Figure 5-1 Phase diagram of silver-copper-titanium [27]
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5.2

Interface observation

5.2.1

The influence of gravity

Joining in tube furnace with a flowing atmosphere would lead to a possibility that
the side that directly contacted to the atmosphere would have a different consequence
after joining. As the result, the specimen was covered by several alumina rods, not only
to fix the position during joining, but to decrease the direct contact of specimen and
atmosphere. Besides, by the observation of the interfaces in AlN-Ticusil-AlN system, as
Fig. 4-1 shown, the interfaces were symmetric. The composition and the morphology of
the interface reaction product at the both sides were also similar. Within the graphiteTicusil-AlN system, the two cases of which surfaces on the top side were also concerned.
There was no obvious difference in the morphology and the composition distribution of
interface products in the two cases. As the result, the influences of gravity could be
ignored in the case of this study.

5.2.2

The joining mechanism of Ticusil

By the EDS and WDS composition analysis, the reaction products on the interface
were mainly composed of titanium and copper within these joining system. The
composition mapping also indicated that the interfaces were formed by the titanium
composed reaction products. This phenomenon was resulted from the joining mechanism
of the braze foil Ticusil. Ticusil was a braze foil that used as an active brazing alloys.
Titanium was the active element within Ticusil. Since the composition of Ticusil was in
the miscibility gap according to the phase diagram of Ag-Cu-Ti, as shown in Fig. 5-1, the
components would be separated to a titanium-rich eutectic liquid and remained copper93
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silver alloy matrix after the temperature reached the solidus temperature of Ticusil [25,
66]. The bonding of Ticusil to other material was then achieved by the reaction of the
titanium-rich eutectic liquid, mainly TiCu and Ti2Cu [43]. According to the titaniumcopper phase diagram shown in Fig. 5-2, the most probable phases of these titanium-rich
eutectic liquids were TiCu and Ti2Cu. Liang et al. proposed that TiCu and Ti2Cu were the
more stable reaction phases than the other products [102]. The free energies of the
titanium-copper reaction phases were shown below.
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The chemical reactivity of these titanium-rich eutectic liquid was very high so that
Ticusil could be used to join many materials hard to be joined by other braze foils,
graphite for example. However, since these titanium-rich eutectic liquid easily reacted
with other materials, the reaction phases at the interface would be complicated as the
consequence. For example, Wei. et al. proposed that when Ticusil was used to joined with
Ti, a series of reaction products Ti2Cu / TiCu / TiCu2 / Ti3Cu4 would form at the interface
[43]. Nonetheless, this case showed that the composition of the reaction products would
have a dependence to the distance to interface. With the increasing of the distance to the
interface, the Ti content would decrease while the Cu content would increase instead. This
phenomenon was related to the affinity of titanium and the diffusion of the elements
within Ticusil braze filler. When the molten titanium-rich eutectic liquid attached the AlN
substrate, the reaction would take place and form a layer of reaction products because of
the high chemical affinity of titanium. The diffusion of copper toward interfaces was then
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taken place further. The composition-distance to interface dependences of Ti and Cu
formed as the result. Moreover, since titanium has very high chemical affinity to other
elements, titanium easily reacted and thus hard to form a smooth interface. The interface
layer or reaction products particles usually characterized by non-uniform structure or
have size-location dependence [67]. Also, when Ticusil was used to join the material with
oxygen element, for example: ZrO2, reaction products such as TiO, Ti2O and Cu3Ti3O
might form at the interface [43, 46]. According to these studies, we realized that Ticusil
was an active braze foil that was easy to react with other elements such as Cu, O, N and
C.

5.2.3

TiN layer at AlN-Ticusil interface

Among all the joining system in this study, no matter how the joining parameters
changed, a continuous layer of TiN would always form at the AlN-Ticusil interface. This
layer of TiN was formed by the reaction between the titanium-rich eutectic liquid and
AlN substrates at elevated temperature. However, the thickness of TiN layer was affected
by the joining temperature. The thickness of this layer was around 1.5 um at 900 oC and
increased to 2.5 um as the temperature increased to 1050 oC. Nonetheless, this TiN layer
seemed to be not affected by some other parameters within this study, such as the
introduction of graphite paper, joining in atmosphere or vacuum and what atmosphere
used during joining. The holding time at elevated temperature and the post joining process
cycles would also have no influence on this TiN layer.
About the composition and the phases of this layer, some studies proposed that this
layer was composed of TiN and some (Ti,Al,Cu)6N structure [46]. Carim et al. proposed
that at the side close to Ticusil within TiN layer, η- phase of (Ti,Al,Cu)6N structure
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would be formed as a separated phase with an abrupt transition [1]. However, there was
no (Ti,Al,Cu)6N phase attached to TiN layer was found under TEM analysis. Even under
vacuum environment, the (Ti,Al,Cu)6N phase and the TiN layer was separated by a small
gap of silver-rich region. This gap indicated that the formations of the TiN layer and the
(Ti,Al,Cu)6N phase were in different time during joining process. The TiN layer first
formed when the titanium-rich eutectic liquid reacted with AlN substrate and the further
diffusion then took place so that the column (Ti,Al,Cu)6N phase formed.
For the stability of the reaction products in TiN layer, the free energy of TiN at 1200
K calculated by Loehman et al. was -53.72 kcal [103]. The value of the free energy of
TiN at elevated temperature was largely negative. Also, they calculated the thermal
dynamic free energy of the reaction between Ti and AlN:
Ti + AlN → TiN + Al

∆G (1200K) = −8.8 kCal/mol

(5.5)

As the result, the formation of TiN would account for the largest proportion and
was thermal-dynamically favored. Therefore, as the titanium-rich eutectic liquid of
Ticusil wetted the AlN substrate, the large free energy of TiN would make the eutectic
liquid to form the TiN layer at the interface. Besides, the stability of TiN layer would also
make the formation of TiN hard to be influenced by the other joining parameters such as
atmosphere or holding time. The reaction of this layer was completed as soon as the
eutectic liquid wetted the surface. The most important factor was that the joining
temperature to affect the reaction. The extent of reaction was influenced by temperature
so that the thickness of TiN increased as the temperature increased. As the result, this
layer of TiN layer could be regarded as a reaction dominant interface layer since the
interface was formed by the reaction of TiN [65]. Moreover, the Al formed in the equation
(5.5) was also needed to concern. As the equation (5.5) showed, there would be some Al
formed while TiN formed. However, there was no pure Al region found neither in AlN
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substrate or in remained filler. By the composition analysis and mapping, which was
showed in Fig. 4-5, there were some aluminum found within the Cu-rich region near the
interface. This result was speculated as that while the titanium-rich eutectic liquid wetted
the AlN substrate, the TiN layer formed and the formed Al dissolved into the eutectic
liquid. As the result, since Al has great solid solubility in Cu [104], the formed Al could
dissolve into Cu-rich region during the following process.
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5.2.4

Ti-Cu layer at AlN-Ticusil interface

The titanium-copper layer was the part where the joining parameters affected the
most within the joining system. Based on the observation and analysis results on this layer,
the morphology and the composition within this layer would be influenced by the joining
parameters. The joining parameters included the introduction of graphite paper, joining
temperature, holding time, joining atmosphere or vacuum and what atmosphere to use
would all affect this layer. Overall, this part was mainly affected by the joining
atmosphere.
The analysis of the titanium-copper layer started from the relatively simple
parameter: graphite-Ticusil-AlN system joined at 900 oC under vacuum ( 5 x 10-5 torr ).
The column-structure grains could form in a complete shape which was easier to be
analysis. Since the joining was conducted in vacuum, the composition within this region
was mainly composed of titanium, copper, aluminum and nitrogen within the grains. As
the result, the column grains could be regarded as titanium-copper-aluminum products.
The point analysis by EDS and WDS analysis also showed the composition within these
grains were close to (Ti,Al,Cu)6N. Since the grains were staggered with each other, the
distribution of Ti-Cu-Al was hard to be separated. However, with the observation by TEM,
the diffraction patterns showed that the column structure were matched for the structure
of (Ti,Al,Cu)6N phase. The present of this phase was also an explanation about the
absence of pure aluminum phase as reaction product of equation 5.5. After the TiN layer
formed when the eutectic liquid wetted the AlN substrate, aluminum could thus diffuse
to the filler matrix and formed the column phase.
Besides the composition within the column grains, the morphology and the
thickness of the layer could also help to analyze the formation of the interface. The
column structure with growth direction vertical to the interface indicated that the interface
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was formed by the gradient of either temperature or composition. After the AlN surface
formed a layer of TiN as the eutectic liquid wetted the surface, the remained titanium
would thus form the column structure along the gradient of composition during cooling.
Also, the column grains in this layer arranged closely and the area of this layer was the
smallest comparing to graphite-Ticusil-AlN system joined in flowing atmosphere. These
indicated that the formation of this reaction product layer was relatively dense. As the
result, the specimen joined under vacuum could be used as a reference to analyze the
specimen joined in flowing atmosphere.
The influence between joining under vacuum or flowing nitrogen in the same
temperature could be compared using Fig. 4-15 and Fig. 4-25. Both specimen was joined
at 900 oC. The Ti-Cu layer of nitrogen sample was changed to the combination of
dispersed particles and some of column-shape grains. The dispersed particles were
positioned closer to TiN layer comparing to the column grains. The EDS and WDS
analysis showed that the composition within those dispersed particles contained large
amount of nitrogen. Besides, some of the particles were found near the column grains or
even within the column grains. The color around those particles was slightly different
from the sides in the BSE image. This phenomenon indicated that the composition near
the particles was different from the column grains. According to these results, a
speculation of the forming mechanism of these particles was that the eutectic liquid
reacted with atmosphere. Since the temperature was high, the free energy of TiN was
large enough so that it was possible to form. Once these particles of TiN formed, they
could be regarded as some new islands. These islands could then be served as new
interfaces, thus, further reaction products could form around these particles. The remained
eutectic liquid could then form the column grains around these particles. As the result,
dispersed particles and column grains were then formed in this distribution.
99

doi:10.6342/NTU201901526

The influence of joining temperature could thus be compared by the Fig. 4-25 and
Fig. 4-26. Both specimens were joined in flowing nitrogen. The column grains
disappeared and the containing range of the particles was wider to become 8-9 um when
joined at higher temperature 1050 oC. The reason of the disappear of the column structure
titanium copper grains might be that the free energy of TiN was negatively larger than
TiCu and Ti2Cu. Since the joining temperature 1050 oC was high enough for titanium
within eutectic liquid to react with nitrogen completely, the most of titanium content in
the eutectic liquid form TiN particles and the remained titanium was not enough to form
the column structure (Ti,Al,Cu)6N. As the result, the particles at the AlN-Ticusil interface
of graphite-Ticusil-AlN system joined at 1050 oC in flowing nitrogen were mainly
composed of TiN particles. The containing range of the particles was also increased since
the atmosphere could diffuse deeper into the filler while joining.
Besides the joining temperature and the introduction of flowing atmosphere, the
influence of which atmosphere to use during joining was also compared. The Fig. 4-26,
4-27 and 4-29 were used to compared the influence among flowing nitrogen, 5% H2 in
N2 and argon. Though the high purity gas was used, there was still some oxygen content
in the gas. Some of the oxides were also detected in the specimen. The possible reaction
products were TiO, TiO2 and Cu3Ti3O, Lin et al. used Ticusil to join alumina and the
forming of a stable titanium-copper-oxide Cu3Ti3O was found in their joining system [43].
The free energy of TiO and TiO2 were also largely negative [100, 103]. As the result, 5%
H2 in N2 gas was the used as joining atmosphere in order to lower the oxidation reaction
caused by the little oxygen content within the gas. As shown in Fig. 4-27, the AlN-Ticusil
interface in 5% H2 in N2 gas showed a similar distribution of the specimen joined in
nitrogen. The titanium-copper region was almost composing of dispersed particles and
the containing range was larger than that of joined in nitrogen. Moreover, a little of
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column grains were found after ion beam etching to the interface, as shown in Fig. 4-28.
The composition of the dispersed particles was mainly the titanium nitride as the same as
joined in nitrogen since the addition of hydrogen was not high. A little of column grains
were found near the titanium nitride layer, this indicated that the formation of particles
was slightly decreased so that there could be some remained Ti-Cu-Al compounds to form
column structure. The formation of titanium oxides was also limited. On the other hand,
the specimen joined in argon atmosphere was shown in Fig. 4-29. The reaction
compounds were separated to two parts. A layer of column grains was formed near the
TiN layer, the size of these column grains was smaller than those formed in the specimen
joined in vacuum. The other layer was some dispersed particles with high titanium, copper
and oxygen content. The possible reaction products were TiO, Ti2O and Cu3Ti3O
according to the studies conducted in oxygen involved systems [3, 29, 31]. However, the
phases and compositions were also mixed with others since the formation of particles
could be regarded as a new interface and the further reaction or precipitation could occur
at the new interfaces. Since lots of titanium were consumed to form the titanium oxides,
the remained titanium was insufficient, the size of the column grains was thus decreased.
The comparison of AlN-Ticusil-AlN and graphite-Ticusil-AlN system was also
made. The images were shown in Fig. 4-2 and 4-26. The two joined system were both
conducted at 1050 oC in flowing nitrogen so that the influence of joining temperature and
atmosphere could thus be eliminated. However, the morphology between the titaniumcopper layer in AlN-Ticusil-AlN and graphite-Ticusil-AlN system were different. The
particle dispersed layer in AlN-Ticusil-AlN system was very thin, the containing range of
those dispersed particles was only around 2.5 um and the particle size was very small
compared to those in graphite-Ticusil-AlN system. The main difference between the two
systems was the introduction of the graphite paper as joining substrate. As the attempts
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on the graphite-Ticusil-AlN system, the graphite paper could be partially wetted at 900
o

C. The higher joining temperature was needed to achieve the fully wetted surface of the

graphite paper. However, the fully wetted surface of the AlN substrate could be achieved
around only 800 oC. That is to say, the wettability of Ticusil to AlN was much higher than
the wettability of Ticusil to graphite paper. By comparing the Fig. 4-1 and Fig. 4-6, the
distribution of the active element titanium was not the same in the two systems. Since the
wettability of Ticusil to AlN was much higher than that of Ticusil to graphite paper, more
titanium would move to AlN-Ticusil interface to form the reaction products instead of the
graphite-Ticusil interface. As the result, the content of active element titanium at the AlNTicusil interface in graphite-Ticusil-AlN system was much higher than in AlN-TicusilAlN system. The result was that the reaction products at the AlN-Ticusil interface in
graphite-Ticusil-AlN system was much more than that in AlN-Ticusil-AlN system.
Moreover, as the eutectic liquid would move to the both side in AlN-Ticusil-AlN system,
the remained eutectic liquid after wetted the AlN substrate and formed TiN layer was less
on each side. The dispersed titanium nitride particles around TiN layer in AlN-TicusilAlN then became less than graphite-Ticusil-AlN system. As the result, the containing
range of the titanium nitride particles in AlN-Ticusil-AlN system was much smaller than
that in graphite-Ticusil-AlN system.
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Figure 5-2 Phase diagram of titanium-copper [24]
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5.2.5

TiC layer at graphite-Ticusil interface

The titanium carbide layer formed at the graphite-Ticusil interface in the joined
system was a thin but sound layer reaction products. The identification of its composition
was done by the XPS analysis through the sputtering from graphite paper side until passed
through the interface reaction products. The peak in carbon bonding showed a shifted
peak to higher bonding energy corresponding to Ti-C bonding. The equation of the free
energy of the formation of TiC proposed by Liang et al. was shown below [102]:
1
2

Ti +

1
2

C →

1
2

TiC

∆G0 = −92400 + 6.275T J/mol

(5.6)

The free energy of TiC was around -84 kJ/mol calculated by equation 5.5. This amount
was a largely negative free energy. However, the thickness of the formed TiC reaction
product layer was only around 0.2 um at the graphite-Ticusil interface. The reason why
the formation of TiC was few was speculated as the poor wettability of Ticusil to graphite
paper. Though the free energy of TiC was negatively large, the poor wettability of Ticusil
to graphite paper made the reaction between the titanium-rich eutectic liquid could not
react with the carbon in graphite paper. During the joining process, the eutectic liquid thus
reacted at AlN-Ticusil side and formed more reaction products so that few of eutectic
liquid remained. As the result, the formation of reaction products at graphite-Ticusil
interface was few. Moreover, a little titanium oxide was found near this interface
according to the detected oxygen signal as shown in EPMA line scan in Fig. 4-21. The
position of the small particle was corresponded to the peak of both titanium and oxygen.
The small particle was then speculated to be a titanium oxide. The possible reason was
that the eutectic liquid reacted with the oxygen in atmosphere. Since the titanium near the
graphite-Ticusil interface hard to react with graphite paper, a little oxygen content in the
atmosphere then reacted with the titanium and formed the titanium oxide. As the result,
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more titanium oxide was detected at the graphite-Ticusil interface than at AlN-Ticusil
interface. Once the temperature was high enough to make the graphite paper could be
fully wetted by Ticusil, the other joining factors would have no obvious influence on the
reaction products of graphite-Ticusil interface.

5.2.6

Layer between graphite paper at graphite-Ticusil interface

The graphite paper used in this study was manufactured using the stacked polyimide
membrane by hot pressing above 2300 oC. The thickness could then be controlled by the
number of the layer of polyimide membrane. However, the bonding between the layers
of graphite was relatively weak. The bonding of graphite was that one carbon atom
formed the covalent bonds with three other carbon atom on the planar direction. The
bonding strength of its covalent bonds was very high so that the strength on its planar
direction was high. Besides, since the carbon atom of graphite bonded only with three
other carbon atoms, the remained electron of the carbon atom would be delocalized so
that the conductivity of graphite on planar direction was very good. However, at the
vertical direction to the planar direction, the bonding between the graphite layers was
only van der waals bonding. The strength and the conductivity of graphite were thus very
low on this direction.
The properties of the graphite-Ticusil-AlN joined system also constrained by the
poor properties in vertical direction of graphite paper. As shown in Fig. 4-6, the large
cracks were found between the layers of graphite paper. The formation of these cracks
was mainly resulted from the difference of the coefficient of thermal expansion between
graphite, TiC and Ticusil, which were 2.335 ppm, 7.7 ppm and 18.5 ppm at 25 oC,
respectively[48, 100, 101]. Since the difference of the coefficient of thermal expansion
and the large temperature difference between room temperature and the joining
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temperature, large thermal induced stress was then occurred. As the result, the cracks
would form and propagate between the layers of graphite paper because the bonding
strength there was the weakest part within the joined system. The evidence was shown in
Fig. 4-31, the distortion was concentrated at the layer near the TiC layer. Once cracks
were formed, the contact area of the graphite paper and TiC layer was then decreased,
causing the vulnerability of the separation between the graphite paper and TiC. Moreover,
when the holding time at elevated temperature increased or the specimen was taken to do
more cycles of joining process, the cracks between graphite papers would propagate and
lead to the separation of graphite paper at last. The properties of the joined graphiteTicusil-AlN system was then decreased.

5.2.7

The effect of joining parameters

The joining temperature was one of the most important factors within this joining
system. The wetting of the eutectic liquid to the substrate was significantly affected by
the joining temperature. Besides the wetting to the substrates, the formation of the
reaction products at each interface was also influenced by the joining temperature. The
thickness of TiN layer, the appearance of the column grains, the containing range of the
dispersed titanium nitride particles and the cracks formed during joining would all be
affected by the joining temperature.
The joining atmosphere was another important factor within this joining system. The
morphology and composition of those Ti-Cu-Al-N compounds would be significantly
affected by joining atmoshpere. When the joining process was conducted under vacuum,
the formation of the column-like (Ti,Al,Cu)6N phase became in regularly oriented in the
vertical direction to the interface. The composition was also relatively simple compared
to those specimens joined in atmosphere. The main composition of the reaction products
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could then be detected in the joining system under vacuum. Joining in flowing atmosphere
would make the titanium-copper compounds become dispersed particles shape, the
compounds would also react with atmosphere and thus the titanium-copper-nitride and
titanium-copper-oxide would form. The morphology and the composition of the reaction
products would then overlap with each other and making it difficult to analyze or identify
the exact content of the phases. The composition of those dispersed particles would also
depend on which atmosphere used during joining process, more nitride would form when
using nitrogen while more oxides would form when using argon.
Base on the observation of the reaction products in different joining atmosphere, the
distribution of elements reacted with titanium indicated the forming mechanism of these
reaction products. Also, titanium has very high solid solubility with the elements in
atmosphere, which are N, O and H, as the phase diagrams showed in Fig. 5-3 to Fig. 5-5
[105-107]. A forming mechanism of reaction products with atmosphere was proposed. At
the elevated temperature above the solidus temperature of Ticusil, the filler would melt
and form the titanium-rich eutectic liquid. The elements in atmosphere was then dissolved
into the titanium-rich eutectic liquid. As the result, after the TiN layer on the AlN-Ticusil
interface formed and the cooling started, since some of the titanium was consumed to
form the TiN layer and the temperature was lowered, the further precipitation of the
compound such as TiN, Ti2N, TiO, Ti2O, TiO2 and Ti3Cu3O might take place during the
cooling process. The morphology of the dispersed fine particles was then resulted. This
mechanism may also explain how the TiN particles dispersed at the end of column
structure in the vacuum specimen formed, which is shown in Fig. 4-15. Since the eutectic
liquid attached to the AlN substrate, some of Al and N dissolved into the eutectic liquid,
after the TiN layer and the (Ti, Cu, Al)6N column structure formed, the remained Ti and
N were then precipitated as TiN particles dispersed at the end of the column.
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Figure 5-3 Phase diagram of nitrogen-titanium [105]

Figure 5-4 Phase diagram of oxygen-titanium [106]
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Figure 5-5 Phase diagram of hydrogen-titanium [107]
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5.3

Fracture behavior
After the analysis on each interface within the specimen, the measurement of the

properties of the whole specimen was then conducted. For the studies of joining, the
bonding strength was an important factor to evaluate the joining properties of the joining
system. When two components were bonded, an interface would form between the
contacted surfaces. The interface could be characterized by either mechanical or reaction
bonding, depending on the activity of the components and the roughness on the substrates.
The strength of an interface in this study was defined as how difficult was the
interface separated or the assembly of those components broken by the application of the
external force. The interface strength was then measured when the interface was separated
under an external load. The strength of an interface compared with the substrates would
affect the fracture behavior when the applied load reached the strength of the weakest part
within the specimen. The cracks would propagate through the weakest part of the
specimen. As the result, if the weakest part were on the interface, the fracture would occur
between the two components, the specimen would then be separated into two parts with
the both surfaces not containing the component of the other side. On the other hand, if the
weakest part were within the component substrate, the cracks would then propagate
through the whole component. The fracture surfaces would then be some of the
component remained on one surface while some could be found on the other surface. As
the result, the interface strength and the fracture behavior could then be recorded during
the loading test. For most ceramics, the fracture behavior could be regarded as a brittle
material, once a crack occurred in the bulk, the crack would quickly propagate and act as
a stress concentration site, causing the material failure catastrophically. On the other hand,
for a ductile material, the cracks propagate relatively slower and the failure would be
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gradually occurred and be regarded as a graceful fracture.
In the case of the bending test on AlN substrate only, the fracture of AlN substrates
was similar to brittle materials. Once the maximum strength was reached, the cracks
propagate swiftly and the material broke suddenly. This was the same as typical ceramic
materials as the structure of ceramics was dominant by covalent bonding. The bonding
was difficult to move to release the stress and the defect. The material would then fracture
suddenly as the strength was reached. When the joining of AlN was conducted, the
fracture behavior would be influenced since the interfaces between different materials
was introduced to the system. In the case of AlN-Ticusil-AlN system, the both side of the
specimen were the AlN plates. The specimen could then be regarded as AlN / AlN-Ticusil
interface / Ticusil / AlN-Ticusil interface / AlN system in the sequence. The fracture
behavior of the AlN-Ticusil-AlN system was similar to the AlN substrate. Besides, by the
observation on the fracture origin of the fractured specimen, the fracture started from the
substrates and no cracks were found on the interface between AlN and Ticusil. As the
result, the interfacial strength between AlN and Ticusil was higher than the strength of
the AlN substrate. However, the flexural strength was slightly lower in the AlN-TicusilAlN system than AlN substrates only. The might be resulted from the reason that once the
joining process was applied, the difference of the coefficient of thermal expansion and
the high temperature difference from room temperature to the joining temperature would
lead to a large thermal induced stress [108-111]. Some micro cracks would then form by
these thermal induced stress occurred within the joining process. These micro cracks
propagated and caused the AlN substrate broken when the external load was applied. As
the result, the flexural strength of the joined AlN-Ticusil-AlN system was then decreased.
In the case of the bending test on graphite-Ticusil-AlN system, the substrates on both
sides were different. When the load was applied from the top, the substrate on the top side
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would afford the direct compressive stress. On the other hand, the substrate bottom side
would afford the tensile stress. Thus, a directional-dependence on the stress was then
occurred. When the AlN side was put on the top side, as shown in Fig. 4-32, the stressstrain curve gradually raised up and a drop would occur as the peak strength was reached.
However, the drop was relatively small and the specimen was still connected together.
When the following stress still applied to the specimen, the stress-strain curve showed a
gradually fall and a large deflection could be achieved as the loading continuously applied.
This phenomenon was resulted from that though the AlN substrate was ruptured as the
first drop on the curve occurred, the Ticusil layer still connected both AlN substrate and
graphite paper to remain assembly. Since Ticusil was mainly composed of copper-silver
alloy, the ductility of Ticusil was very good. When the further loading was applied, the
specimen was bended to a curve shape as the Ticusil layer was elongated. Thus, the
gradually drop of the stress-strain curve was corresponded to the elongation of the Ticusil
layer. This phenomenon also indicated that the bonding between AlN-Ticusil and between
graphite-Ticusil were strong since the fracture of AlN substrate and graphite paper
occurred before the interfaces ruptured.
On the other hand, when the graphite paper side was put to the top side, the fracture
behavior of the specimen was similar to brittle material. When the external load exceeded
the strength, the specimen was then fractured with cracks propagated through the
specimen. This was resulted from the low tensile strength of the ceramic substrate AlN.
Since the bonding between the graphite layers was only van der waals bonding, the
strength of graphite paper was very poor compared to the ceramic substrate AlN. That is
to say, the strength of the specimen was mainly contributed to the strength of AlN
substrate. However, AlN was at the bottom side and thus subjected to tensile stress. Since
the tensile stress of the ceramic was poorer than its compressive stress due to the covalent
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bonds of the structure, the flexural strength was then much lower when the graphite side
was on the top. Moreover, when the specimen was ruptured, it was broken into two pieces
with the cracks in the middle. This also indicated that the bonding between AlN-Ticusil
and between graphite-Ticusil were strong. If the interface were not strong enough, the
crack should propagate on the weak interface so that the fracture should occur on the
weak interface. Nonetheless, the peak strength of graphite-Ticusil-AlN joined system was
much lower than that of AlN or AlN-Ticusil-AlN joined system. This was resulted from
the larger difference of the coefficient of thermal expansion between each component.
Larger difference of the coefficient of thermal expansion was then resulted in a large
thermal induced stress and made the cracks easier to propagate.
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5.4

Thermal and electrical conductivity

5.4.1

The influence on joining system

Table 4.1 collected the thermal conductivity of AlN substrate, AlN-Ticusil-AlN
joined system and graphite-Ticusil-AlN system. The thermal conductivity of AlN
substrate was around 233 W/mK. However, the thermal conductivity was significantly
decreased to 136 W/mK after joined with another AlN to form the AlN-Ticusil-AlN
system. The possible reasons were first that the thickness of the specimen was doubled,
the corresponding resistivity of the specimen was then increased. Another reason was that
after joining, the specimen became the assembly of AlN / TiN / Ticusil / TiN / AlN layers.
Two interface product TiN layers were formed within the joined system. Because of the
low thermal conductivity of TiN, TiN interface layer was regarded as thermal barrier
within the specimen. The thermal conductivity at 25 oC of TiN and TiC were 11-14 W/mK
and 17-30 W/mK, respectively [112]. The thermal conductivity of the integrity was then
decreased as the result.
The thermal conductivity was slightly increased in the graphite-Ticusil-AlN system
compared to AlN-Ticusil-AlN system. The interface layer on the graphite side was TiC.
The thermal conductivity of TiC was slightly higher than that of TiN. Besides, the
thickness of TiC interface layer was smaller than the thickness of TiN layer. As the result,
the contribution of interface layer as a thermal barrier from TiC was smaller than TiN
layer in AlN-Ticusil-AlN system. Another reason might be the significantly high thermal
conductivity on the planar direction of the graphite paper. As the heat reached the surface
of graphite paper, the high thermal conductivity on the plane could make the heat quickly
dissipate through the whole surface. The effective heat dissipation area was then increased
at the moment. As the result, the measured thermal conductivity of graphite-Ticusil-AlN
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was then higher than AlN-Ticusil-AlN system.

5.4.2

The influence of joining atmosphere

The thermal conductivities of the graphite-Ticusil-AlN specimen joined in different
atmosphere were collected in Table 4.2. A slightly decrease of thermal conductivity was
found from joining in nitrogen to 5% H2 in H2 gas. The possible reason was that by
comparing the AlN-Ticusil interface, the interface reaction products of the specimen
joined in nitrogen were almost all in dispersed particles while that of in the specimen
joined in 5% H2 in H2 gas composed some of column grains. Since the particles were
dispersed, the effect of thermal barrier of these reaction products was then lower. The
flow of heat conduction could be thought to be similar as the flow of electricity. The flow
could pass through the path with lower resistivity, filler matrix in this system, so that the
system with dispersed reaction particles would lead to higher thermal conductivity. On
the other hand, the thermal conductivity of the specimen joined in argon atmosphere was
significantly lower than the specimens joined under nitrogen or 5% H2 in H2 gas. The
speculation of this phenomenon was also attributed to the “denser” structure of the
reaction product layer on the interface. The thicker the reaction product layer was, the
higher the effect of as a thermal barrier contributed to the reaction product layer.

5.4.3

The influence of holding time and post heat cycles

The influence of holding time at elevated temperature and the post thermal cycles
was presented in the thermal conductivity results in Table 4.3 and 4.4. The result of
increase holding time at elevated temperature from 15 minutes to 60 minutes caused the
thermal conductivity at 25 oC and 300 oC decrease to half of that in hold 15 minutes at
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elevated temperature. The possible reason was that when holding time at elevated
temperature increased, the thickness of the reaction products would increase. The content
of the oxidation of the reaction products and the excessive reaction products would then
occur [113]. As the result, since the thermal conductivity of the reaction products were
low, the increased content of reaction products would lower the thermal conductivity of
the whole specimen.
In order to compare the effect of the content of the reaction product layer, some of
the specimens were then tested by doing the same joining process for more cycles, as the
result shown in Table 4.4. The decrease in the thermal conductivity was found after
several repeated cycles. Since the titanium was an active element and the joining process
was conducted in flowing atmosphere, the repeat of joining process lead to more titanium
to react with the atmosphere to form more reaction products such as titanium nitride or
titanium oxide. The thermal conductivities of these reaction product were low. As the
result, as the cycles of the joining process increased, the contribution of thermal
conductivity of the reaction products would increase. Besides, more joining process
cycles would lead to the cracks formed by the thermal induced stress increased. The
separation of the graphite paper layer would occur and the propagation of cracks caused
the thermal conductivity of the whole specimen decrease as the result.

5.4.4

The thermal conductivity of graphite paper

The thermal conductivity of graphite paper also showed a highly directional
dependence. Fig. 4-34 and 4-35 were used to compare the thermal conductivity of
graphite paper on planar direction and vertical direction, respectively. The thermal
conductivity could reach more than 950 W/mK on the planar direction. As the result,
when the heat reached the graphite paper layer it could rapidly spread over the whole
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surface. Thus, the effective heat dissipation surface area was increased as the graphite
paper attached to the surface. However, the transportation of the heat via the vertical
direction to reach the surface was difficult within graphite paper layer. Since the bonding
of graphite between its layers was only the van der waals force, the conductivity in this
direction was very poor. The thermal conductivity in vertical direction was only about 3
W/mK. The graphite paper in this direction could be regarded as a thermal barrier as the
result. The improvement to conquer the conductive properties in this direction was still a
challenge. Nonetheless, though the thermal conductivity in vertical direction was poor,
the attachment of the graphite paper to AlN-Ticusil system could still increase the thermal
conductivity by comparing the result in Table 4.1. As the result, the attachment of the
graphite paper would have a positive improvement to the thermal conductivity of the AlNTicusil joining system.

5.4.5

Electrical conductivity

In order to observe the conductive properties of the specimen and to make a
comparison to the thermal conductivity, the electrical resistivity of the specimens was
then measured. The result was collected in Table 5.1. The size in Table 5.1 was referred
to the size of the specimen. Before the measurement of the electrical resistivity, a square
of platinum with the size 10 mm x 10 mm was printed on the both surfaces of the specimen.
Since the specimens were mainly the ceramic-based materials, the electrical resistivity
was very large. Since the current value was very small during the test, the measured values
of the electrical resistivity then fluctuate in a relative large range in order. According to
the measured values, it was found that the resistivity was increased when the AlN
substrate was joined to another AlN to form AlN-Ticusil-AlN system. This was resulted
from the formation of the interfacial products TiN. The intermetallic compounds formed
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during the reaction would have negative influence to the conductive properties of the
whole specimen. On the other hand, the resistivity was lowered when the graphite paper
was joined to form graphite-Ticusil-AlN system. Since the conductivity on the planar
direction of graphite paper was very high, the effect of being a barrier was then lower.
However, the measurement of the graphite paper would have little problem. The printing
of platinum on the specimen was conducted using platinum paste. Since the strength of
the graphite paper was weak, the cracks or some defects usually occurred during printing.
As the result, the platinum paste might infiltrate through the graphite layer and form a
connection between two surfaces. The measured result of the resistivity of the graphite
paper was then appeared in a significantly low value.

Table 5-1 The measured electrical resistivity of specimens
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Chapter 6
1.

Conclusions

The brazing of AlN and graphite with Ticusil can be conducted successfully in a
flowing atmosphere when the joining temperature is 1050 oC and holding time 15 min.

2.

The interface between AlN and Ticusil can be roughly divided into two layers,
one is a dense TiN layer next to AlN layer, while the other is titanium nitrides
composing of TiN, (Ti,Cu,Al)6N and titanium oxide. The composition and
morphology depending on the joining atmosphere.

3.

The interface between graphite paper and Ticusil is much thinner than the
reaction phase at AlN-Ticusil interface and mainly composing of titanium carbide.

4.

A joining mechanism for the forming of reaction products in atmosphere is
proposed. The elements in atmosphere were dissolved into the titanium-rich eutectic
liquid at the elevated temperature and then precipitated to become dispersed particles
during cooling process.

5.

The failure of AlN substrate or graphite paper takes place before the separation
of the interfaces. The flexural strength of this system depends on the mechanical
properties of the ceramic substrates and the graphite paper.

6.

The fracture behavior for brazed specimen is highly anisotropic, which can
change from catastrophic to graceful manner. The specimen can afford higher loading
when the external force is applied on the AlN side of the composite substrate.
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7.

The joining with graphite paper could slightly increase the thermal conductivity.
The factors such as joining system, joining atmosphere, holding time at elevated
temperature and post thermal cycles all affect the thermal conductivity.

8.

The thermal conductivity of AlN slightly increases after brazing with Ticusil and
graphite paper, but the value was low comparing to graphite. This might be resulted
from the low value in vertical direction of graphite paper.
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