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Joining is an integral component of the construction industry. The joint is often the weakest part of any
manufactured product. Thus, researchers are trying to increase the strength of the joint. Joining of ceramics is
becoming an important manufacturing step slowly but steadily. The evolution of joining processes has allowed
ceramics to be used in combination with metals or other ceramics in a number of hybrid devices from traditional light

l;de,yw"rdm . bulbs and seals to improved cutting tools, modern monitoring and measuring electronic devices. New joining methods
Siggx;"c]ommg’ have been developed for improving the reliability and making the joint interfaces capable of withstanding high
Ceramics temperature with minimum residual stresses. Brazing is the most widely used joining technique on account of its low-

Brazing cost and possibility to join intricate geometries for large-scale production. Recently, microwave processing has
emerged as a novel processing technique for the processing of various materials such as ceramics, polymers,
composites and even metals. Microwave processing can afford savings in energy and provides a product with unique
properties that cannot be achieved through conventional methods and therefore, it has been adopted by several
industries. An overview on recent investigations in the area of microwave joining of ceramic materials is presented

herein.

© 2016 JIMSSE All rights reserved

Introduction

Joining is a process used to bring separate parts or components
together to produce an integrated structural entity. It is an
important step in the construction of engineering structures such as
formation of a building or assembly of an automobile. However,
joining is also a crucial process in the formation of many
components that are later joined to produce these buildings and
automobiles. The joining process also extends beyond mechanical
joints formed by the use of fasteners e.g. nails, bolts and clamps. A
significant number of products contain components that are joined
by chemical reactions. Joining is the preferred method for
manufacturing the complicated shaped products [1]. All types of
materials such as ceramics, metals, polymers and composites have
been joined to one another for a huge number of applications. The
applications that involve the joining of ceramics are extensive. The
joining challenges are growing faster than the knowledge of the
process. The need for joining has increased with respect to time.
Ceramic-ceramic joints are followed because they provide an
opportunity to improve the final properties of the product.
Ceramic-ceramic joints can provide an increased resistance to
operating temperature as compared to the metallic joints. They are
more resistant to oxidation than most of the metallic joints. The
enhanced resistance to degradation, oxidation and corrosion of
ceramics over metals at elevated temperatures can be used to
increase the efficiency of heat exchangers and turbine engines [2,
3].

Brazing [4] is widely used as a joining technique, which does
not involve any melting of the base metal. In this process,
coalescence is produced by heating to a temperature higher than
450 °C by using a filler metal [5] that must have a liquidus
temperature higher than 450 °C and below the solidus temperature

of the base metal. During brazing, assembled parts and filler metal
are heated to a temperature high enough to melt the filler metal but
not the parts [6]. The molten filler metal spreads into the joint and
must wet the base-metal surfaces. After cooling the filler metal is
held in the joint by capillary attraction and fastens the part
together [7]. Active metal brazing is most commonly used method,
which is based on the use of active metal like Ti, Zr, Nb, Cr, or Y
in the filler alloy particularly for Al,O;. The active metal is
incorporated into the braze alloy in order to aid wetting by
forming an oxide and another compound (e.g., carbide, boride)
through reaction of the active metal with the ceramic materials [8—
13].

Until recently, in case of the joining of materials most of the
works have been performed using conventional heating. The
specimens were heated in either a resistance or radio frequency
(RF) heated furnace for joining. Radio frequency heating is
restricted to materials that are electrically conductive and capable
of supporting an induced current. Some works have been done
using lasers to heat the work pieces during joining. Recently,
microwaves have been used to provide the energy necessary to
heat the specimens to temperatures suitable for joining.
Researchers have joined alumina using microwave energy and
established an understanding of the joining process [3].
Microwaves are electromagnetic radiations with wavelengths
ranging from about 1 mm to 1 m in free space and frequencies
between 300 GHz to 300 MHz. The most common microwave
frequency used for research is 2.45 GHz, which is same for the
domestic microwave ovens. The other allowable frequencies are
915 MHz, 30 GHz and 83 GHz for some specific applications.
Since microwaves can penetrate the material and supply energy,
heat can be generated throughout the volume of the material
resulting in volumetric heating. Hence, it is possible to achieve
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451 and uniform heating of the thick materials. Therefore, the
wenal gradient in the microwave-processed material is the
reverse of that in the material processed by conventional heating
methods. In case of microwave heating, molecular level energy
transfer has some advantages. Microwaves will selectively couple
with the higher loss tangent material when it is in contact with
materials having different dielectric properties leading to selective
heating of the materials [14, 15]. Beale et al. [16—18] developed a
control system for microwave joining of a variety of ceramics.
Various researchers worked on designing of microwave apparatus
[19-22].

Industry is becoming aware of the potential of microwave joining
in case of fabricating ceramic joints. However, microwave joining
of ceramics to ceramics/metals is relatively new. Due to rapid
heating by microwaves, the microwave joining method can be
many times faster than the conventional joining methods. The
current paper provides an overview of recent developments in the
area of microwave joining of ceramics.

Joining

Much of the earlier work until the mid-1950 was focused on
glass-metal joining. In the earlier years sealing technology
remained as an art based on hard earned experience rather than
scientific technique. Consequently, a review of earlier literature
shows an apparently infinite number of processes and techniques
[23]. Nascimento et al. [24] has summarized the progress of metal-
ceramic brazing. Kingery et al. [25], Armstrong et al. [26-28] and
Sutton [29] have examined the metal-ceramic reactions and the
effects of certain elements to aid the formation of the ceramic-
metal bonds. Naka et al. [30] indicated that the formation of a
titanium oxide on the AlLO; surface led to the strong joining
between alumina and the Cu-Ti filler metal. More investigations
concerning the bonding mechanisms and characteristics of Al,Os-
metal joints using the active Ag-Cu eutectic alloys (i.e. Cusil-
ABA, Incusil-ABA, and Ticusil) have been reported [31-33].

Apart from alumina ceramics that is the most commonly used
structural ceramic, zirconia ceramics is gaining importance [34].
Zirconia ceramics exhibits high strength and fracture toughness
due to their transformation toughening abilities, particularly at
temperatures below 300 °C and it is also a good ionic conductor at
high temperatures. Zirconia has potential applications for wire
drawing dies, cutting and machining tools to oxygen sensors and
fuel cells. Zirconia was joined to stainless steel [35] and to itself.
Rathner and Green [36] studied the brazing of yttria-tetragonal
zirconia polycrystal (y-TZP) to itself with pure Al and Al-5.8 wt%
Zr alloy. The joint brazed with Al-Zr alloy exhibited higher
strength because of the formation of needle like Al;Zr precipitates
that helped in strengthening of the joint. Moorhead [37] developed
various filler metals for brazing MgO and Y,0O; stabilized PSZ.
Ag-30Cu-21Ti and Cu-20Au-18Ti filler alloys produced ceramic-
ceramic joints with room temperature flexural strengths greater
than 100 MPa.

Microwave Processing

In 1946, Percy Spencer found a candy bar was melting in his
pocket during his experiments on the MW generation tube and
discovered the MW heating. Since then, MW heating has been
applied to various fields. Microwaves are a part of the
electromagnetic spectrum like visible light, radio waves and X-
rays. Microwaves frequency extends between 300 MHz and 300
GHz corresponding to wavelengths ranging from about one meter
to less than one millimetre. In the past, microwaves were used
extensively in the field of telecommunication such as radar,
sensing and so on before and during the World War II. Recently,
microwave processing has been emerging as an innovative
sintering method for ceramics, ceramic composites as well as

polymer and polymer composites. [38—41]. Joining, melting, fibre
drawing, development of functionally gradient materials, reaction
synthesis of ceramics, synthesis of ceramic powder, phosphor
materials, whiskers, microtubes and nanotubes, sintering of zinc
oxide varistors, glazing of coating and coating development have
been done using microwave heating. In addition, microwave
energy is being utilized for the sintering of metal powders also
[42].

Microwave furnace consists of the source, the transmission lines
and the applicator. The source generates electromagnetic radiation
and the transmission lines deliver the electromagnetic energy from
the source to the applicator. The energy is either absorbed or
reflected by the material in the applicator. The type of applicator
used depends on the materials to be processed. The single mode
applicator and the traveling wave applicator are successful in
processing materials of simple geometries. However, the
multimode applicator has the capability to produce large and
complex components. Any electromagnetic losses in the materials
used were considered detrimental. Recent introduction of
microwave ovens occurred due to the realization that
electromagnetic losses could be used for cooking. In 1985, Meek
and Blake [43] used the electromagnetic loss induced heat in
materials not containing water. They were able to heat a ceramic
material for melting purpose. Clark et al. [44] wrote an excellent
review based on the theory behind the interactions of microwaves
with materials in which he discussed about different types of
polarization.

Microwave hybrid heating incorporates a strong microwave
absorbing material into the surrounding insulation. This absorbing
material absorbs more microwaves than the material that is being
processed. It is beneficial to use microwave hybrid heating (MHH)
[45] to heat most ceramic materials in a multimode microwave
oven. Hybrid or microwave-assisted heating continues to be an
important processing method and its application in the commercial
sector and new research areas are reported as well. Silicon carbide
is the most common microwave absorbing material. It is an
excellent and inexpensive microwave absorber used in air at
elevated temperatures. Above 900 °C, the silicon carbide will
oxidize to form a protective silica layer and the oxidative weight
gain increases with increasing the temperature. The combination
of the absorbing material and the insulation is usually called the
microwave susceptor. The susceptor assists the heating of the
material to the processing temperature. Microwave processing of
low loss materials such as high-purity alumina using multimode
microwave ovens has become possible by using microwave
susceptors [44, 46]. Although many of the potential advantages of
microwave processing of ceramics have been recognized for over
30 years, yet during the past 10-15 years potential of this
processing technique have been attracting widespread attention.
The increasing benefits associated with microwave processing are
noted from enormous numbers of research papers presented at
technical meetings and symposia.

Application of MW heating to the energy and environmental
fields has also been attempted e.g. incineration of medical wastes,
devulcanization of rubber tire, treatment of sewage sludges,
regeneration of spent activated carbon and chemical residues of
petrol industries. MW de-nitration for producing MOX (Mixed
Oxide) nuclear fuels has been investigated by re-disposal of the
used Plutonium [47]. Vitrification of the nuclear wastes by MW
heating had been proposed by Morita et al. [48]. MW application
to polymer has started earlier such as curing of thermosets [49]. It
was recognized during MW drying of Al,O; castable that apart
from drying they can be heated as well by MW. MW heating of
the ceramic powders above 1400 °C made it possible to sinter
ceramics in a microwave field [50, 51]. Later, it was investigated
that MW sintering enhances the diffusion rate. Bykov et al. [52]
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discussed microwave processing of materials from the physical
aspects. He included the fundamental concepts regarding the
absorption of electromagnetic waves, heat transfer, and the
electrodynamics of single and multimode microwave cavities in
his paper. Some formulas, estimates and illustrations were given in
the paper. Further, he mentioned the advantages of using
millimeter-waves over microwaves.

Microwave Joining

In the past several years extensive use of microwave energy was
noted for the processing of materials. Microwave energy provides
rapid heating resulting in an overall reduction of the processing
time [15, 53-55]. Microwave joining of ceramics is a relatively
new field. Commercial applications for microwave brazing include
machine tools, twist drills, drill bit cutters, abrasives, ceramic
substrates for electronic devices, turbocharger rotors, turbine
blades, automotive engine components, nuclear fuel rods, heating
elements, heat exchangers, and fuel cells [56].

First of all, a glass interlayer was utilized for microwave joining
purpose using a home microwave oven. Meek and Blake [43] had
used a home microwave oven to join alumina to itself and to metal
using a borosilicate glass interlayer. In 1988, it was first reported
by two groups that closed joints fabrication was possible with no
interlayer in a Materials Research Society Symposium on
microwave processing of materials. One of these groups was led
by Drs. R. Silberglitt and D. Palaith of Technology Assessment
and Transfer, Inc., and the other group led by Dr. H. Fukushima at
Toyota Central R & D Laboratory in Japan. ~ Published results
of these groups displayed that alumina, mullite (3A1,05.2Si0,),
and silicon nitride can be joined directly by microwave heating
[57]. Fukushima et al. [58] joined several different purities of
alumina (92 - 99 wt. %) and silicon nitride. Joining was carried out
at a temperature ranging from 1400 °C to 1850 °C and pressures
up to 2.4 MPa. Microwave joining of SiC to SiC was
accomplished by Silberglitt et al. [59] with interlayer materials
composed of Si, C and Ti. A new joining method for
superconductors by microwave heating was developed by Cai et
al. [60]. Bars of microwave-joined Bi-Pb-Sr-Ca-Cu-O ceramic
superconductors showed good mechanical integrity. Di Fiore et al.
[61] used a thin interlayer to join ZnS bars using microwave
hybrid heating. Arunajatesan et al. [62] used electron probe
microanalysis (EPMA) and transmission electron microscopy
(TEM) to examine the SiC/Al interfaces in the microwave joined
parts.

Cozzi et al. [63, 64] joined 99.5 wt. % pure alumina ceramics
using 94 % pure alumina as the interlayer material. The interlayer
material was cut from a rod into discs approximately 2 mm thick.
Ahmad et al. [65-68] joined reaction bonded silicon carbide
without any interlayer or applied pressure. Sato et al. [69] joined
Al,05; and MgO within a single mode cavity microwave furnace.
MgAl,O, layer was formed at the interfacial region between Al,O3
and MgO. The hardness of the joined region was higher than other
regions. Binner et al. [70, 71] used microwave heating technique
to directly join Reaction Bonded Silicon Carbide (RBSC) to itself
and zirconia to zirconia with total processing times of about 30
min wherein the bonding time was 10 min or less. Su et al. [72]
carried out simultaneous sintering and joining of ceramics using
microwave energy. Al-Assafi et al. [73, 74] joined alumina
ceramics of different purities using alumina gel as an interlayer
and microwave energy as the heating source. Direct joining and
joining with gel were carried out and comparative studies were
made between two types of joints.

Suryanarayana et al. [75] brazed diamond and tungsten carbide
using NiTi as the filler. Lee et al. [76, 77] joined silicon carbide
and magnesium fluoride using conventional and microwave
heating. A spin-on interfacial layer was utilized in case of both

conventional and microwave joining of the SiC and MgF,, which
allowed joining with low external applied pressures. Bykov et al.
[78] joined ZrO, and Al,O; ceramics via nanostructured interlayer.
Case and crimp [79] joined Al,O; / PSZ specimen using spin-on
interlayers. The specimens were joined at 1500 °C for 20 min
using a silica interlayer. The spin-on interlayer technique is the
application of ceramic precursor liquids by spinning on the
adherent surface. This technique provided thin and strong joints
between similar and dissimilar ceramic materials. Liu et al. [80]
joined alumina ceramics using microwave heating. SiC was added
in the interlayer as a microwave-absorbing material. Joining of
alumina was conducted by raising temperature of SiC itself that
aided microwave-absorption of the oxides.

Bruce et al. [81] joined silicon carbide fiber-reinforced silicon
carbide matrix composites for fusion applications. The composites
were joined in a microwave heating environment using preceramic
polymer slurry as the filler. Kondo et al. [82] joined silicon nitride
by inserting glass joint between two silicon nitride pipes and
silicon carbide susceptor was placed around that joint. The
susceptor was locally heated through absorption of the microwave
radiation. Uniform heating is important during processing of
materials. In case of ceramic sintering, non-uniform temperature
distributions can lead to undesired results [83].Two methods have
been used to solve this type of non-uniformity. In one method the
heated material is surrounded with an insulator while the other
method involves hybrid heating. Two hybrid heating methods
have been proposed. One hybrid heating method is called
microwave hybrid heating (MHH) [84] where some susceptors,
good absorbers of microwave energy at a specific temperature
range, are used to provide extra heat flux to the heated sample by
heat conduction and radiation. Alumina is a poor absorber of
microwaves at room temperature. With increasing temperature,
alumina can absorb microwave energy significantly. By
surrounding the alumina with SiC susceptors that absorb
microwave energy even at room temperature, the initial
temperature increase of alumina is occurred due to heat
conduction and radiation from susceptors. When the temperature
of the alumina ceramics increases up to 800 °C, it absorbs the
microwaves directly. Generally, the researchers use a multimode
cavity and microwave hybrid heating. Silicon carbide is an
excellent microwave absorber and has attracted attention for
microwave joining. Reaction bonded silicon carbide and hot
pressed silicon carbide ceramics have different degree of
microwave absorption capability. Reaction bonded silicon carbide
contains residual silicon metal throughout the microstructure.
MMH method is a good idea to heat some transparent and opaque
materials. Uniform temperature distribution can be generated with
the inclusion of an insulator. Two problems with the MMH
method must be highlighted. First, the characteristic of rapid
heating is compromised due to the use of heat conduction.
Secondly, microwave energy does not transmit directly into heated
materials during some stages of processing [85].

Aravindan and Krishnamurthy [42] had reported successful
joining of sintered alumina and 30% zirconia ceramic composite
using MHH at 2.54 GHz frequency and 700 W power. Samandi
and Doroudian [86] used microwave plasma to rapidly heat the
ceramic to a temperatures at which it started absorbing the
microwaves. The microwave radiation was directly coupled to the
ceramic. The plasma was turned off since energy was no longer
available to ionize the gas and sustain plasma. This hybrid
approach avoids the limitations of conventional microwave
heating for sintering and joining of advanced materials. Similarly,
Barmatz et al. [87] conceived microwave plasma assisted method
and system for heating and joining materials. The invention uses
microwave induced plasma to controllably preheat poor
microwave absorbing specimens. The plasma preheats the
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specimens to a temperature that improves the ability of the
materials to absorb microwave energy. The plasma is put out and
microwave energy is able to volumetrically heat the specimen.
Localized heating of good microwave absorbing materials is done
by shielding certain parts of the specimen and igniting the plasma
in the areas that are not shielded. Zhao et al. [88] joined alumina
composites in air by microwave heating using Al-Si alloy powder
as the interlayer. Microwave brazing process was patented by
Budinger [89] in 2008. Sallom et al. [90] joined gamma titanium
aluminide using microwave heating using Ag-Ti and Ag-Cu-Ti
filler metals and reducing atmosphere of Ar-H,. The results
showed that it is possible to join this alloy to itself and to other
alloys such as H13 tool steel and superalloys without formation of
any crack. In addition, the diffusion layers are well identified in
the brazed area and thereby, indicating different phase formation
with different chemical composition. Hoyt et al. [91] melted the
interface filled with tin powder in glycerol suspension for metal-
ceramic soldering. Joining of alumina ceramics using microwave-
assisted reactive brazing technique has been reported elsewhere
[92, [93] using TICUSIL (68.8Ag-26.7Cu-4.5Ti in wt. %) paste as
the braze alloy. Table 1 shows the microwave joining of ceramics
using different kinds of fillers.

Table 1: Microwave joining of ceramics by using different fillers

Microwave joining of ceramics

Filler Reference

Alumina gel [73], [74]

Direct joining [57], [58], [66], [70,71], [74]
Glass [43], [82]

alumina/zirconia [62], [63]

Si powders [88]

Interlayers [61], [76,77], 78], [79], [81]
TICUSIL paste [90], [92,93]

Polymer slurry [80]

NiTi [75]

Conclusions

A review of recent progress in the field of joining of ceramic
materials by using microwave heating technique has been
presented in the current paper. During the past twenty years, there
has been considerable growth and activity in research and
developmental efforts resulting in significant improvements in the
processing of materials in terms of techniques, equipment, control
etc. as well as applying better understanding towards the
processing technique, process modelling and exploring new areas
of applications. It is distinct to the researchers that there is a huge
scope for innovative research works using microwave technology
in future.

Acknowledgement

This work was financially supported by CSIR, India, under 12FYP
network project titled ‘Very High Power Microwave Tubes:
Design and Development Capabilities (MTDDC)’,Grant no.
PSCO0101.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

J. A. Davidson. Joining ceramics, glass, and metal; Mater. Manuf.
Process.; 8(2), 1993, 267-268.
http://dx.doi.org/10.1080/10426919308934830

B. Alm, R. Knitter, and J. HauBelt, Development of a Ceramic
Micro Heat Exchanger Design, Construction, and Testing;
Chem. Eng. Technol., 28(12), 2005, 1554-1560.
http://dx.doi.org/10.1002/ceat.200500253

I. Ahmad, R. Dalton, and D. Clark, Unique Application of
Microwave Energy to the Processing of Ceramic Materials; J.
Microw. Power Electromagn. Energy, 26(3), 1991, 128-138.
http://dx.doi.org/10.1080/08327823.1991.11688149

H. Mizuhara, Method of brazing ceramics using active brazing
alloys; 1986. US Patent 4,591,535.

K. Iyogi, M. Nakahashi, H. Takeda, and M. Shirokane, Brazing
paste for bonding metal and ceramic; 1990. US Patent 5019187 A.
R. R. Kapoor, E. S. Podszus, and T. W. Eagar, Wettability of
silver based reactive metal brazing alloys on alumina; Scr. Metall.,
22(8), 1988, 1277-1279. http://dx.doi.org/10.1016/S0036-9748
(88)80146-7

K. Lin, M. Singh, and R. Asthana, Interfacial characterization of
alumina-to-alumina joints fabricated using silver copper titanium
interlayers;  Mater.  Charact., 90, 2014, 40 - 51.
http://dx.doi.org/10.1016/j.matchar.2014.01.009

H. Hao, Y. Wang, Z. Jin and X. Wang, Interfacial morphologies
between alumina and silver-copper-titanium alloy; J. Mater. Sci.
32(18), 1997, 5011-5015.
http://dx.doi.org/10.1023/A:1018696812523

M. G. Nicholas, T. M. Valentine, and M. J. Waite, The wetting of
alumina by copper alloyed with titanium and other elements; J.
Mater. Sci., 1509), 1980, 2197-2206.
http://dx.doi.org/10.1007/BF00552307

P. R. Chidambaram, G. R. Edwards, and D. L. Olson, A
thermodynamic criterion to predict wettability at metal- alumina
interfaces;  Metall.  Trans. B, 23(2), 1992, 215-222.
http://dx.doi.org/10.1007/BF02651856

J. M. Fernandez, R. Asthana, M. Singh, and F.M. Valera, Active
metal brazing of silicon nitride ceramics using a Cu-based alloy
and refractory metal interlayers; Ceram. Int., 42(4), 2016, 5447—
5454. http://dx.doi.org/10.1016/j.ceramint.2015.12.087

M. Singh, T.P. Shpargel, G.N. Morscher and R. Asthana, Active
metal brazing and characterization of brazed joints in titanium to
carbon carbon composites. Mater. Sci. and Eng. 4, 412(1), 2005,
123-128. http://dx.doi.org/10.1016/j.msea.2005.08.179

O. M. Akselsen, Advances in brazing of ceramics, J. Mat. Sci.,
27(8), 1992, 1989-2000. http://dx.doi.org/10.1007/BF01117909

T. T. Meek and R. D. Blake, Ceramic-glass-ceramic seal by
microwave heating, 1985, US Patent US4529857 A.

E. Siores and D. D. Rego, Microwave applications in materials
joining; J. Mater. Process. Technol., 48 (1-4), 1995, 619-625.
http://dx.doi.org/10.1016/0924-0136(94)01701-2

G .0. Beale, F. J. Arteaga, and W. M. Black, Design and
evaluation of a controller for the process of microwave joining of
ceramics;, [EEE T. Ind. Electron., 39(4), 1992, 301-312.
http://dx.doi.org/10.1109/41.149748

G. O. Beale and F. J. Arteaga, Automatic Control to Prevent
Thermal Runaway during Microwave Joining of Ceramics; MRS
Proceedings, 269, 1992, 265-270.
http://dx.doi.org/10.1557/PROC-269-265

M. Li, G. O. Beale, and W. M. Black, Feedback Control of
Temperature Profiles During Microwave Joining of Ceramics;
MRS Proceedings, 347, 1994, 643-648.
http://dx.doi.org/10.1557/PROC-347-643

F. Okada, Y. Nikawa, T. Takahashi, and T. Yamaguchi. Sintering
and Joining of Ceramics by Microwave Power; Microwave
Conference, 1992. APMC 92. 1992 Asia-Pacific, Adelaide, South
Australia, 1992, 161-164.
http://dx.doi.org/10.1109/APMC.1992.671982

A. D. Cozzi, M. K. Ferber, and V. J. Tennery. Apparatus for the
joining of ceramics using microwave hybrid heating; In
Microwaves: Theory and Application in Materials Processing 111,
Ceramic Transactions, 59,Cincinnati, OH, May 1-3,1995, 389-
396.

JMSSE Vol. 4 (6), 2016, pp 452-457

© 2016 JIMSSE All rights reserved



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mayur Shukla et al./ Microwave Joining of Ceramics: An Overview 456

M. Matsui, H. Fukushima, T. Yamanaka, H. Azuma, and M.
Esaki, Apparatus for joining ceramics by microwave; 1988. EP
Patent 0,251,256 Bl

K. D. V. P. Yarlagadda and R. C. T. Soon, Characterisation of
materials behaviour in microwave joining of ceramics; J. Mater.
Process. Tech., 84(1-3), 1988, 162-174.
http://dx.doi.org/10.1016/S0924-0136(98)00093-4

J. Intrater, Review of some processes for ceramic to metal joining;
Mater. Manuf- Process., 8(3), 1993, 353-373.
http://dx.doi.org/10.1080/10426919308934839

R. M. do Nascimento, A. E. Martinelli, and A. J. A. Buschinelli,
Review Article: recent advances in metal-ceramic brazing;
Ceramica, 49, 2003, 178-198. http://dx.doi.org/10.1590/S0366-
69132003000400002

W. D. Kingery, Metal-Ceramic Interactions: IV, Absolute
Measurement of Metal-Ceramic Interfacial Energy and the
Interfacial Adsorption of Silicon from Iron-Silicon Alloys; J. Am.
Ceram. Soc., 37(2), 1954 42—-45. http://dx.doi.org/10.1111/j.1151-
2916.1954.tb14002.x

W. M. Armstrong, A. C. D. Chaklader, and M. L. A. Cleene,
Interface Reactions between Metals and Ceramics: I Sapphire-
Nickel Alloys; J. Am. Ceram. Soc., 45(3), 1962, 115-118.
http://dx.doi.org/10.1111/.1151-2916.1962.tb11096.x

W. M. Armstrong, A. C. D. Chaklader, and M. L. A. De Cleene,
Interface Reactions between Metals and Ceramics: II Refractory
Metals Fused SiO, System, J. Am. Ceram. Soc., 45(9), 1962, 407—
412. http://dx.doi.org/10.1111/j.1151-2916.1962.tb11183.x

W. M. Armstrong, A. C. D. Chaklader, and D. J. Rose, Interface
Reactions between Metals and Ceramics, Part III: MgO-Fe Alloy
System; T. Metall. Soc. Aime., 227, 1963, 1109-1115.
http://dx.doi.org/10.1111/.1151-2916.1962.tb11183.x

W. H. Sutton, Apparatus for Measuring Thermal Conductivity of
Ceramic and Metallic Materials to 1200 °C; J. Am. Ceram. Soc.,
43(2), 1960, 81-85. http://dx.doi.org/10.1111/j.1151-
2916.1960.tb13645.x

M. Naka, K. Sampath, 1. Okamoto and Y. Arata, Influence of
Brazing Condition on Shear Strength of Alumina-Kovar Joint
Made with Amorphous CusoTisy Filler Metal.; Trans. JWRIL,
12(2), 1983, 341-343.

[31] R. A. Marks, D. R. Chapman, D. T. Danielson, and A. M.
Glaeser, Joining of alumina via copper/niobium/copper
interlayers; Acta Materialia, 48(1819), 2000, 4425-4438.
http://dx.doi.org/10.1016/S1359-6454(00)00229-9

E. O. Ballard, G. M. Brennan, and E. A. Meyer. Brazing of large-
diameter ceramic rings to Niobium using an active metal ticusil
process. Weld. J., 64(10), 1985, 37-42.

A. H. Carim and C. H. Mohr, Brazing of alumina with TisCu,O
and Ti;CusO interlayers; Mater. Lett., 33(3-4), 1997,195-199.
http://dx.doi.org/10.1016/S0167-577X(97)00098-0

H. Q. Hao, Y. L. Wang, Z. H. Jin, and X. T. Wang, Joining of
zirconia to zirconia using AgCuTi filler metal; J. Mater. Process.
Technol., 52(24), 1995, 238-247. http://dx.doi.org/10.1016/0924-
0136(94)01611-4

H. Hao, Y. Wang, Z. Jin, and X. Wang, Joining of Zirconia
Ceramic to Stainless Steel and to Itself Using Ags;CussTis Filler
Metal; J. Am. Ceram. Soc., 78(8), 1995, 2157-2160.
http://dx.doi.org/10.1111/.1151-2916.1995.tb08629.x

R. C. Rathner and D. J. Green, Joining of Yttria-Tetragonal
Zirconia Polycrystal with an Aluminum-Zirconium Alloy; J. Am.
Ceram. Soc., 73(4), 1990, 1103-1105.
http://dx.doi.org/10.1111/.1151-2916.1990.tb05165.x

A. J. Moorhead, Copper-silver-titanium filler metal for direct
brazing of structural ceramics; US patent US4735866 A, 1987.

D. Agrawal, Latest global developments in microwave materials
processing;  Mater.  Res. Innov., 14(1), 2010, 3-8.
http://dx.doi.org/10.1179/143307510X12599329342926

V. M. Kenkre, L. Skala, M. W. Weiser, and J. D. Katz, Theory of
microwave interactions in ceramic materials: the phenomenon of
thermal runaway; J. Mater. Sci., 26(9), 1991, 2483-2489.
http://dx.doi.org/10.1007/BF01130199

P. K. Bajpai, 1. Singh, and J. Madaan, Joining of natural fiber
reinforced composites using microwave energy: Experimental and
finite element study; Mater. Design, 35, 2012, 596-602.
http://dx.doi.org/10.1016/j.matdes.2011.10.007

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

V. K. Varadan and V. V. Varadan. Microwave joining and repair
of composite materials; Polym. Eng. Sci., 31(7), 1991, 470-486.
http://dx.doi.org/10.1002/pen.760310703

S. Aravindan and R. Krishnamurthy, Joining of ceramic
composites by microwave heating; Mater. Lett., 38(4), 1999, 245—
249. http://dx.doi.org/10.1016/S0167-577X(98)00166-9

T. T. Meek and R. D. Blake, Ceramic—ceramic  seals by
microwave heating, J. Mater. Sci. Lett., 5(3), 1986, 270-274.
http://dx.doi.org/10.1007/BF01748074

D. E. Clark, D. C. Folz, R. L. Schuiz, Z. Fathi, and A. D. Cozzi,
Recent Developments in the Microwave Processing of Ceramics;
MRS Bull., 18(11), 1993, 41-46.

M. Bhattacharya and T. Basak, A review on the susceptor assisted
microwave processing of materials; Energy, 97, 2016, 306-338.
http://dx.doi.org/10.1016/j.energy.2015.11.034

R. Schulz, G. Wicks, D. Folz, and D. Clark, Overview of Hybrid
Microwave Technology. J. S. C. Acad. Sci., 9(1), 2011, 25-29.

S. J. Oda, Dielectric Processing of Hazardous Materials - Present
and Future Opportunities; MRS Proceedings, 269, 1992, 453-465.
http://dx.doi.org/10.1557/PROC-269-453

K. Morita, V. Q. Nguyen, R. Nakaoka, and J. D. Mackenzie,
Immobilization of ASH by Microwave Melting; MRS
Proceedings, 269, 1992, 471-476.
http://dx.doi.org/10.1557/PROC-269-471

F. Boey, I. Gosling, and S.W. Lye, High-pressure microwave
curing process for an epoxy-matrix/glass-fibre composite; J.
Mater.  Process.  Technol., 29(1-3), 1992, 311-319.
http://dx.doi.org/10.1016/0924-0136(92)90445-X

M. A. Janney, C. L. Calhoun, and H. D. Kimrey, Microwave
Sintering of Solid Oxide Fuel Cell Materials: I, Zirconia-8 mol%
Yttria; J  Am. Ceram. Soc., 75(2), 1992, 341-346.
http://dx.doi.org/10.1111/.1151-2916.1992.tb08184.x

D. D. Upadhyaya, A. Ghosh, G. K. Dey, R. Prasad, and A. K.
Suri. Microwave sintering of zirconia ceramics; J. Mater. Sci.,
36(19), 2001, 4707-4710.
http://dx.doi.org/10.1023/A:1017966703650

Y. V. Bykov, K. I Rybakov, and V. E. Semenov, High-
temperature microwave processing of materials; J. Phys. D: Appl.
Phys., 34(13), 2001, R55-R75. http://dx.doi.org/10.1088/0022-
3727/34/13/201

S. Das, A. K. Mukhopadhyay, S. Datta, and D. Basu, Prospects of
microwave processing: An overview; Bull. Mater. Sci., 32(1),
2009, 1-13. http://dx.doi.org/10.1007/s12034-009-0001-4

S. Singh, D. Gupta, and V. Jain, Recent applications of
microwaves in materials joining and surface coatings; Proceedings
of the Institution of Mechanical Engineers, Part B: J. Eng.
Manufacture, 230(4), 2016, 603-617.
http://dx.doi.org/10.1177/0954405414560778

J. A. Fernie, R. A. L. Drew, and K. M. Knowles, Joining of
engineering ceramics; Int. Mater. Rev., 54(5), 2009, 283-331.
http://dx.doi.org/10.1179/174328009X461078

G. Cloud, E. Patterson, and D. Backman, Joining Technologies for
Composites and Dissimilar Materials; Proceedings of the 2016
Annual Conference & Exposition on Experimental and Applied
Mechanics, Volume 10, Springer International Publishing,
http://dx.doi.org/10.1007/978-3-319-42426-2

D. Palaith, R. Silberglitt, C. C. M. Wu, R. Kleiner, and E. L.
Libeld, Microwave Joining of Ceramics; MRS Proceedings, 124,
1988, 255-266. http://dx.doi.org/10.1557/PROC-124-255

H. Fukushima, T. Yamanaka, and M. Matsui, Microwave heating
of ceramics and its application to joining; J. Mater. Res., 5(02),
1990, 397-405. http://dx.doi.org/10.1557/JMR.1990.0397

R. Silberglitt, . Ahmad, W. M. Black, and J. D. Katz, Recent
Developments in Microwave Joining; MRS Bulletin, 18(11), 1993,
47-50. http://dx.doi.org/10.1017/S0883769400038537

J. Cai, X. M. Xie, L. Baoshun, X. X. Huang, T. G. Chen, and J. K.
Guo, Microwave joining of Bi; 6Pbg4Sr,CaCusOy
superconductors; Supercond. Sci. Technol. 5(10), 1992, 599-601.
http://dx.doi.org/10.1088/0953-2048/5/10/007/meta

R. R. Di Fiore and D. E. Clark, Microwave joining of zinc
sulphide in Microwaves: Theory and Application in Materials
Processing III; Ceramic Transactions 59, May 1-3, 1995, 381-
387, D.E. Clark, D.C. Folz, S.J. Oda and R. Silberglitt, eds.,
American Ceramic Society, Westerville, OH,.

JMSSE Vol. 4 (6), 2016, pp 452-457

© 2016 JIMSSE All rights reserved



457

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Mayur Shukla et al./ Microwave Joining of Ceramics: An Overview

S. Arunajatesan, A. H. Carim, T. Y. Yiin, and V. K. Varadan;
TEM Investigation of Microwave Joined Si-SiC/Al/Si-SiC and o-
SiC/AlVe-SiC; MRS Proceedings, 314, 1993, 131-136.
http://dx.doi.org/10.1557/PROC-314-131

A. D. Cozzi, D. E. Clark, and M. K. Ferber, Microwave Joining of
High-Purity Alumina; In Proceedings of the 20th Annual
Conference on Composites, Advanced Ceramics, Materials, and
Structures - A: Ceramic Engineering and Science Proceedings,
Volume 17, Issue 3 (ed J. B. Wachtman), John Wiley & Sons,
Inc., Hoboken, NJ, USA. http://dx.doi.org/
10.1002/9780470314821.ch18

A. D. Cozzi, D. E. Clark, W. D. Porter, and O. B. Cavin, Potential
Interlayer Materials for the Microwave Joining of Alumina; In
Proceedings of the 18th Annual Conference on Composites and
Advanced Ceramic Materials - B: Ceramic Engineering and
Science Proceedings, Volume 15, Issue 5 (ed J. B. Wachtman),
John Wiley & Sons, Inc., Hoboken, NIJ, USA.
http://dx.doi.org/10.1002/9780470314555.ch51

I. Ahmad, R. Silberglitt, Y. L. Tian, and J. D. Katz, Microwave
joining of SiC ceramics and composites; International World
congress on microwave processing, Walt Disney Village, FL
(United States), 5-9 Jan 1997. http://dx.doi.org/10.2172/463666
1997

I. Ahmad, R. Silberglitt, W. M. Black, H. S. Sa’Adaldin, and J. D.
Katz, Microwave joining of Silicon Carbide Using Several
Different Approaches; MRS Proceedings, 269, 1992, 271-276.
http://dx.doi.org/10.1557/PROC-269-271

I. Ahmad and R. Silberglitt. Joining Ceramics Using Microwave
Energy; MRS Proceedings, 314, 1993, 119-127.
http://dx.doi.org/10.1557/PROC-314-119

I. Ahmad, R. Silberglitt, and T. A. Shan, Microwave-assisted
pyrolysis of SiC and its application to joining; American Ceramic
Society (ACS) annual meeting and exposition, Cincinnati, OH
(United States), 1-4 May 1995.

T. Sato, N. Takahashi, and K. Shimakage, Microwave Joining of
Alumina to Magnesia; J. Ceram. Soc. Jpn., 104(1214), 1996, 905—
907. http://dx.doi.org/10.2109/jcersj.104.905

J. G. P. Binner, J. A. Fernie, and P. A. Whitaker, An investigation
into microwave bonding mechanisms via a study of silicon carbide
and zirconia; J. Mater. Sci., 33(12), 1998, 3009-3015.
http://dx.doi.org/10.1023/A:1004367016622

J. G. P. Binner, J. A. Fernie, P. A. Whitaker, and T. E. Cross, The
effect of composition on the microwave bonding of alumina
ceramics; J. Mater. Sci., 33(12), 1998, 3017-3029.
http://dx.doi.org/10.1023/A:1004319100692

B. Xiangyu, L Anli, W. Su, C. Zhipeng, Simultaneous sintering
and joining of ceramic materials by microwave; J. Aeronaut.
Mater., 18(4), 1998, 26-30.

S. Al-Assafi and D. E. Clark, Use of AIOOH Gel in Microwave
Joining of Alumina; In Proceedings of the 16th Annual
Conference on Composites and Advanced Ceramic Materials:
Ceramic Engineering and Science Proceedings, 13(9/10) , 2008,
1073-1080.(ed J. B. Wachtman), John Wiley & Sons, Inc.,
Hoboken, NJ, USA.

S. Al-Assafi and D. E Clark, Microwave Joining of Ceramics: A
Study on Joining Alumina both Directly and with Alumina Gel;
MRS Proceedings, 269, 1992, 335-340.
http://dx.doi.org/10.1557/PROC-269-335

C. Suryanarayana, J. J. Moore and R. P. Radtke, Novel Methods
of Brazing Dissimilar Materials; Adv. Mater. Processes, 159(3),
2001, 29-31.

J. Lee and E. D. Case, Joining of Non-Oxide Ceramics Using
Conventional and Microwave Heating. In 24th Annual Conference
on Composites, Advanced Ceramics, Materials, and Structures: B:
Ceramic Engineering and Science Proceedings,2008, 589-597.
John Wiley & Sons, Inc.
http://dx.doi.org/10.1002/9780470294635.ch70

K. Y. Lee and E. D. Case, Microwave joining and repair of
ceramics and ceramic composites; In Proceedings of the 21st
Annual Conference on Composites, Advanced Ceramics,
Materials, and Structures - B: Ceramic Engineering and Science
Proceedings, Volume 18, Issue 4 (ed J. P. Singh), John Wiley &
Sons, Inc., Hoboken, NJ, USA.
http://dx.doi.org/10.1002/9780470294444.ch64

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Y. V. Bykov, S. V. Egorov, A. G. Eremeev, K. I. Rybakov, N. A.
Zharova, M. A. Lobaev, A. W. Fliflet, D. Lewis, M. A. Imam, and
A. 1. Rachkovskii, Microwave Joining of ZrO, and AlLO;
Ceramics Via Nanostructured Interlayers, In: T. Tsakalakos, I. A.
Ovid’ko, A. K. Vasudevan, eds. Nanostructures: Synthesis,
Functional Properties and Applications. Dordrecht: Springer
Netherlands, 2003,413-426. http://dx.doi.org/10.1007/978-94-007-
1019-1_23

E. D. Case and M. A. Crimp, Joining of Ceramic Materials Using
Spin-On Interlayers; Adv. Eng. Mater., 3(6), 2001, 395-399.
http://dx.doi.org/10.1002/1527-2648(200106)3:6<395::AID-
ADEM395>3.0.CO;2-A

W. Wang, J. C. Liu, Z. Q. Li, W. Fan, Microwave Joining of
95A1,0; Using Interlayer Containing SiC; Key Eng. Mater., 368,
2008, 1612-1613.
http://dx.doi.org/10.4028/www.scientific.net/KEM.368-372.1612
R. Bruce, D. Lewis, M. Kahn, A. Fliflet, and S. Gold. Microwave
assisted reactive brazing of ceramic materials; 2004, US Patent
US7022198 B2.

N. Kondo, M. Hotta, H. Hyuga, K. Hirao and H. Kita, Microwave
Joining of Alumina using a Liquid Phase Sintered Alumina Insert.
In S. Widjaja T. Ohji, M. Singh, S. Kirihara, editor, Advanced
Processing and Manufacturing Technologies for Structural and
Multifunctional Materials VII. John Wiley & Sons, Inc., Hoboken,
NJ, USA, 2013.

A. De’, I. Ahmad, E. D. Whitney, and D. E. Clark, Microstructural
Uniformity and Homogeneity in Alumina Sintered by Microwave
(Hybrid) Heating at 2.45 GHz; T. Indian Ceram. Soc., 54(4), 1995,
156—161. http://dx.doi.org/10.1080/0371750X.1995.10804710

B. Yahaya, S. Izman, M. Konneh, N. Redzuan, Microwave hybrid
heating of materials using susceptors- A brief review; Adv. Mater.
Res., 845, 2014, 426-430.
http://dx.doi.org/10.4028/www.scientific.net/ AMR.845.426

D. K Agrawal, Microwave processing of ceramics. Curr. Opin.
Solid St. Mater. Sci., 3(5), 1998, 480-485. http://dx.doi.org/
10.1016/S1359-0286(98)80011-9

M. Samandi and M. Doroudian, Plasma Assisted Microwave
Sintering and Joining of Ceramics; MRS Proceedings, 347. 1994,
605-615. http://dx.doi.org/10.1557/PROC-347-605

M. Barmatz, H. W. Jackson, and R. P. Radtke, Microwave
technique for brazing materials; 2000, US Patent US6054693 A.
Y. N. Zhao, S. J. Gao, X. F. Zeng, and W. L. Zhang, Microwave
Joining Alumina Ceramics Using Al-Si Alloy Powders at Low
Temperature; Adv. Mater. Res., 753-755, 2013, 383-387.
http://dx.doi.org/10.4028/www.scientific.net/ AMR.753-755.383.
D. E. Budinger, Microwave brazing process; US Patent
US7775416 B2 2008.

Z. K. Sallom, O. M. Akselsen, C. van der Eijk, C. Li and J. Zhang,
Brazing of Gamma TiAl with Ag-based Filler Metal; In
EUROMAT 2005 Prague, The Czech Republic, 2005.

D. Hoyt, Y. Adonyi and S. Kim, Microwave Joining  Part 1:
Closed-Loop Controlled Microwave Soldering of Lead Telluride
to Copper; Weld. J., 95:141-145, 2016.

M. Shukla, S. Ghosh, N. Dandapat, A. K. Mandal, and V. K.
Balla, Fabrication of Reliable Joints of Alumina Ceramics by
Microwave-Assisted Reactive Brazing Technique; Mater. T.,
57(3), 2016, 392-396.
http://dx.doi.org/10.2320/matertrans.M2015350

M. Shukla, S. Ghosh, N. Dandapat, A. K. Mandal, and V. K.
Balla, Microwave-assisted brazing of alumina ceramics for
electron tube applications; Bull. Mater. Sci., 39(2), 2016, 587-591.

http://dx.doi.org/10.1007/s12034-016-1167-1
E : E
]

[w] 7

JMSSE Vol. 4 (6), 2016, pp 452-457

© 2016 JIMSSE All rights reserved



