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Microwave-assisted brazing of alumina ceramics for electron tube
applications
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Abstract. Alumina was joined with alumina using microwave-assisted and conventional brazing methods at 960◦C
for 15 min using TiCuSil (68.8Ag–26.7Cu–4.5Ti in wt.%) as the brazing alloy. The brazed joints were character-
ized by X-ray diffraction, scanning electron microscopy, energy dispersive X-ray analysis, Vickers microhardness
evaluation, brazing strength measurement and helium leak test. X-ray diffraction analysis confirmed the formation
of Ti-based compounds at the substrate-filler alloy interfaces of the microwave and conventionally brazed joints.
The elemental compositions at the joint cross-section were determined by energy dispersive X-ray analysis. Vickers
microhardness measurement indicated reliable joint performance for the microwave-assisted brazed joints during
actual application in an electron tube. Brazing strength measurement and helium leak test provided the evidence for
good alumina-alumina joint formation.
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1. Introduction

Alumina ceramics are used in wide range of applications due
to their high-temperature strength, exceptional resistance to
wear and corrosion, low thermal conductivity and low coef-
ficients of thermal expansion. Large and complex ceramic
components are difficult to fabricate and therefore joining is
the preferred method. Among several ceramic joining pro-
cesses, active metal brazing is one of the most extensively
used joining techniques for ceramic–ceramic joining [1].
Since the wettability of ceramic materials is very low, bond-
ing is promoted with the use of an active filler alloy in active
metal brazing method. The active filler alloy contains small
amount of an active element that can improve the wettability
of the ceramics. Active metal brazing with Ti as the active
element is the most popular method [2].

Microwave heating [3,4] is a novel technique for process-
ing of materials and it is fundamentally different from con-
ventional heating, where thermal energy is delivered to the
surface of the material by radiation and/or convection that
reaches the bulk of the material via conduction. On contrary,
in microwave processing the heat is generated within the
material through molecular interaction with the electromag-
netic field. Microwaves can penetrate the material and supply
energy generating heat throughout the volume of the material
resulting in volumetric heating [5]. The microwave process-
ing of materials offers several advantages over conventional
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heating methods, such as unique microstructure and proper-
ties, improved product performance, reduced processing time
and temperature, time and energy savings, manufacturing
cost reduction and new material synthesis [5]. Additionally,
microwaves can couple with the higher loss tangent material
selectively when it is in contact with materials of different
dielectric properties due to energy transfer at a molecular
level. Hence, microwaves can be used for selective heating of
the materials [6]. Selective heating phenomenon can be used
for various applications. During conventional joining of ce-
ramics considerable time and energy is wasted to heat up the
interface by conduction through the substrates, whereas the
joint interface can be heated in situ by incorporating a higher
loss material at the interface during microwave joining [5–7].

Several excellent reviews [8–12] have summarized the sta-
tus of microwave processing research. The microwave tech-
nology has been successfully employed for a number of
industrial applications [7]. Oxide materials such as Al2O3

and SiO2 are transparent to microwaves at room tempera-
ture. These transparent materials can absorb microwaves by
adding conductive phases or by using hybrid heating. The
technique of using the heat radiated by the absorbers to raise
the temperature of transparent materials has been termed
microwave hybrid heating (MHH) [7]. Meek and Blake [13]
first reported the joining of two alumina plates with a glassy
interlayer in a microwave oven. Fukushima et al [14] uti-
lized microwave heating for ceramic joining. They developed
a new butt joining method for ceramics using microwave
heating. Ceramic matrix composites have increasing demand
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for various applications due to their enhanced toughness and
wear resistance. Aravindan and Krishnamurthy [15] joined
sintered alumina–30% zirconia ceramic composites by MHH
with sodium silicate glass powder as an interlayer. Ahmed
and Siores [16] joined 48% alumina–32% zirconia–20%
silica ceramics by microwave heating.

Few researchers have performed ceramic to ceramic join-
ing by microwave heating technique. There is a lack of infor-
mation regarding the microwave brazing of ceramics and
the present work is an attempt to fill this gap. Further, the
alumina–alumina brazed joint should cope with the thermal
shock in an electron tube application. Therefore, investiga-
tion on interfacial stiffness of the alumina–alumina brazed
joint is crucial. We have already studied alumina–alumina,
alumina–graphite and alumina–monel superalloy conven-
tionally brazed joints for electron tube applications [17,18].
Especially, the fabrication of traveling wave tube (TWT)
needs the alumina–alumina joining [19]. In the present study,
the interfacial stiffness of the alumina–alumina microwave
brazed joint was evaluated to find its suitability during actual
service application in an electron tube.

2. Materials and methods

Pure alumina powder (Alcoa, USA; 99.99% purity) was
cold isostatically pressed (EPSI NV, SO 10036, Belgium) to
cylindrical shapes at 150 MPa pressure. The green powder
compacts were dried and calcined in an electrical furnace
at 800◦C for 1 h (ELECTROHEAT, Model No. EN170QT,
Naskar & Co., Howrah, India), then cut and finally sintered
at 1600◦C for 2 h. The sintered alumina specimens had a
dimension of 12 mm diameter and 3 mm thickness. The
surfaces of sintered alumina specimens were ground using
a grinding machine (BAINLINE Belt Linishing machine,
Chennai Metco. Limited, Chennai, India) and polished using
a polishing machine (Leco Corporation, USA) with 6, 3
and 0.25 μm diamond pastes (Buehler USA). Samples were
ultrasonically cleaned with acetone before the microwave
joining. TiCuSil paste (68.8Ag−26.7Cu−4.5Ti in wt.%,
WESGO Inc., Hayward, CA 94544, USA) was used as filler
metal (thickness ∼100 μm).

A multimode microwave furnace with a magnetron hav-
ing frequency of 2.45 GHz and maximum output power of
3 kW (Enerzi Microwave Systems Pvt. Limited, Bangalore,
India) was used for joining. The samples were placed in an
alumina disc insulated by microwave transparent casket insu-
lating box. The top cover of the insulating box was facili-
tated with a hole of 20 mm diameter to monitor temperature
through a non-contact IR pyrometer (260–1800◦C). Accu-
racy of temperature measurement was ±0.3% of the mea-
sured value +1◦C with adjustable emissivity (ε: 0.1–1.0).
The specimens were brazed by microwave heating at 960◦C
for 15 min using TiCuSil metallic paste with a heating and
cooling rate of 25◦C min−1 in an argon atmosphere. Total
processing time was ∼2 h for microwave brazing of alu-
mina ceramics. Microwave output power (MW power) and

temperature were recorded by DAQSOFT software in a sep-
arate computer. A separate kWh meter was also connected
to the furnace to monitor mainly the consumption of instant
electrical power and total power consumption for overall
heating operation including utilities. The metallic materials
in powder form absorb the microwaves. Fine metal pow-
der can absorb the microwave radiation very rapidly. In this
case, microwaves heated the fine powdered metallic alloy
braze material in paste form selectively at room temper-
ature resulting in microwave brazing of alumina ceramics
[20,21]. SiC powder was used as a susceptor to initiate cou-
pling of microwave with the alumina substrate. Therefore,
fine powdered metallic paste was heated by the microwaves
as well as by the conduction method through the alumina
substrate leading to hybrid heating. Second set of samples
were brazed inside a high vacuum furnace (Hindhivac Pri-
vate Limited, Bangalore, India) with a vacuum of 5 × 10−6

mbar under identical brazing temperature and time. Heat-
ing and cooling rate was maintained similar to that fol-
lowed in our earlier paper [18]. Conventional brazing oper-
ation took total processing time of ∼9 h. Phase identifica-
tion of the interfacial reaction products was carried out by
X-ray diffraction (XRD; PW 1710, Philips Research Labo-
ratory, Eindhoven, The Netherlands) using CuKα radiation
(45 kV, 35 mA). Microstructural observations were per-
formed by scanning electron microscopy (SEM; Phenom
Pro-X, The Netherlands) and elemental composition was
determined by energy dispersive X-ray (EDX) analysis (Phe-
nom Pro-X). Microhardness was evaluated across the joint
cross-section by a Vickers hardness tester (ESEWAY, 410
series, Bowers Group, UK) at a load of 100 g with 30 s load-
ing/unloading time. For a particular type of specimen, five
specimens were examined. In the case of each specimen 25
numbers of individual data were taken. Large numbers of
data were taken to avoid the deviations at the scale of local
microstructure of the specimen and large scatter in the data.
The brazing strength measurement was conducted by using a
universal tester (Romulus, QUAD Group Inc., USA). Helium
leak test was performed by using a helium leak detector
(Adixen, ASM 142, France).

3. Results and discussion

Temperature-MW power and time (T-P-t) profile for
microwave brazing was recorded as presented in figure 1.
The maximum MW power needed to heat up alumina–
metal paste–alumina assembly was around 2 kW until 800◦C
and further heating could be made with less MW power
indicating good microwave absorption above this tempera-
ture. Further, the requirement of MW power was reduced to
0.5 kW at 960◦C. Total power during the microwave braz-
ing operation was recorded as 4.8 kWh including chiller
power load. The electrical power could be further reduced
by using air-cooled magnetron. The power requirement
during conventional brazing cycle was significantly higher
(110 kWh) than that noted during microwave brazing. In
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Figure 1. Temperature-microwave power and time (T-P-t) profile
during microwave brazing operation.

Figure 2. XRD analysis of brazed joints: (a) conventional and (b)
microwave.

addition, alumina–alumina brazing by microwave heating
could be performed within ∼2 h whereas it was achieved
within ∼9 h by conventional heating method. Thus, shorter
processing time along with less energy consumption enabled
microwave processing as a potential economical material
processing method in view of alumina–alumina brazing over
conventional heating method.

Ag–Cu–Ti system wets almost all the ceramics, as Ti
increases the melting point and fluidity of the braze alloy
[22]. Moreover, brittle reaction products are found at the
interface since the active element induces excessive interfa-
cial reaction [2]. In our samples also Ti was found to react
with alumina and formed several reaction products at the
interfaces. XRD identified Ti-based compounds such as TiO,
Ti2O3 and Ti3O5 as reaction products at all the interfaces
of the conventionally brazed joint as well as the microwave
brazed joint (figure 2).

Figure 3. SEM micrographs of (a) conventional and (b)
microwave brazed joints.

SEM images of microwave and conventionally brazed
joints (figure 3) showed that the interfacial regions were
devoid of any crack or defect. The reaction layer thickness
of conventionally brazed joint was ∼6 μm, while it was
∼5 μm in case of the microwave brazed joint under similar
processing conditions (960◦C, 15 min). The reaction layer
thickness of conventionally brazed joint was increased due
to enhanced diffusion of Ti, O and Cu elements towards
the interfacial regions of braze and substrate on account of
prolonged duration of total brazing cycle.

EDX analysis identified the presence of Ag, Cu, Ti, Al
and O elements at the interfacial regions (figure 4). The EDX
analysis determined the elemental compositions at the selec-
tive points of the joint cross-section. EDX data supported the
X-ray diffraction results. It was observed that braze region
had two types of distinct zones, i.e., grey and white zones.
In the case of conventionally brazed joint the grey zone of
the braze consisted of mainly Ag element, whereas Cu was
detected as a major element in the white zone. On the con-
trary, Ag was major element in both the grey and white zones
in the microwave brazed joint. Presence of aluminium and
oxygen elements in the braze region can be ascribed to the
diffusion of these elements towards the joint area.

Vickers microhardness measurement (figure 5) showed
excellent transition between the substrate materials of the
microwave and conventionally brazed joints, indicating reli-
able joint performance during service. In both the cases, the
microhardness of the braze region was quite lower than that
of alumina substrate, leading to stress relaxation of the joints
through plastic deformation of the soft braze region [23,24].
It was assumed that the formation of Ti–based compounds
caused intermediate microhardness values of the alumina–
braze interfacial regions relating to those values of alumina
and braze regions. However, the lower interfacial hardness
was observed in the case of alumina–alumina joint brazed
using microwave heating. The interfacial Vickers microhard-
ness values were 612 ± 65 and 984 ± 85 HV for microwave
and conventionally brazed joints, respectively. This can be
ascribed to the formation of thinner reaction layer contain-
ing relatively less amount of brittle reaction products dur-
ing microwave brazing compared to that obtained by conven-
tional brazing method. Vickers microhardness values of the
braze region were 147 ± 15 and 166 ± 18 HV for the
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Figure 4. SEM images showing magnified interfacial regions of (a) conventional
and (b) microwave brazed joints and their corresponding point-EDX analysis at five
different points.

Figure 5. Vickers microhardness measurements across the cross-
sections of the microwave and conventionally brazed joints.

microwave and conventionally brazed joints, respectively.
Thus, it is obvious that the stiffness of the microwave brazed
joint was lower indicating less possibility for brittle failure
of the joint.

Figure 6 shows applied force and brazing strength values
for the conventional and microwave brazed joints. The braz-
ing strength was measured using the following equation [25].

Q = 4F/πd2, (1)

where F is the breaking force and d is the diameter of the
loading fixture. The brazing strength was measured to be 33
and 34 MPa for conventional and microwave brazed joints,
respectively. During brazing strength measurement, the spec-
imen did not rupture at the interfacial regions between braze
and substrate. However, failure occurred at the gripping por-
tion of the alumina substrate. Therefore, it can be said that the
brazing strength of both the microwave and conventionally

Figure 6. Maximum applied force and brazing strength for (a)
conventional and (b) microwave brazed joints.

brazed joints was quite good. Substantial difference in the
brazing strength values of microwave and conventionally
brazed joints was not observed in the present case, as failure
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of the alumina substrate took place before separation of the
braze and substrate. The helium leak test showed that the mi-
crowave and conventionally brazed joints can withstand up
to 1 × 10−9 Torr pressure without any leakage and thereby,
indicating hermetic characteristic of both the microwave and
conventionally processed alumina–alumina joints.

4. Conclusion

In the present study, alumina discs were successfully joined
by microwave-assisted brazing method and conventional
brazing method under identical processing conditions. How-
ever, microwave-assisted brazing decreased total processing
time leading to energy saving and reduction of manufac-
turing cost. Intensive chemical reactions had taken place
at the interfaces of both the microwave and conventionally
brazed joints. The reaction layer was found to be slightly
thinner in the case of microwave brazed joint than that of
the conventionally brazed joint. The interfacial Vickers hard-
ness was observed to be lower for the microwave brazed
joint and thereby, indicating lower stiffness of the microwave
brazed joint. The brazing strength was also comparable for
microwave and conventionally brazed joints. Helium leak
test indicated good hermicity for the microwave and con-
ventionally brazed joints. The experimental results demon-
strated that microwave heating is a promising cost-effective
technique for joining alumina ceramics to fabricate very high
power electron tube components.
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