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Al2O3 ceramic/stainless steel joints were fabricated by activated molybdenum-manganese (Mo-Mn) sin-
tering metallization plus vacuum brazing using Ag-28 wt.% Cu alloy. The bonding mechanisms including
metallization and interfacial bonding were analyzed and discussed by means of scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), and x-ray diffraction (XRD). Tests were also
carried out to examine the influence of brazing on joint shear strength. The metallization mechanisms of
glassy phase migration and chemical reaction were confirmed experimentally, while Ni coating was found to
play a key role in the joining of metallized ceramic to metal via the Ag-Cu filler layer. As a result of the
joining, the average shear strength of the joints exceeds 95 MPa, with the maximum reaching 110 MPa.
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1. Introduction

Ceramic/metal joining has been envisioned as a feasible way
to overcome the brittleness and poor machinability of ceramic
materials, as well as the difficulty in the fabrication of complex-
shaped and large-sized ceramic components. The joining of
high-purity Al2O3 ceramics has now become a well-established
practice, including the sintering metal powder process (Mo-Mn
process) (Ref 1-4), active metal brazing (Ref 4, 5), and the
partial transient liquid phase (PTLP) technique (Ref 6, 7).
Compared with the conventional Mo-Mn process, activated
Mo-Mn process is more commonly used in industry for high-
purity Al2O3 ceramic-metal seals, with metallizing formula
added with active agent, such as Al2O3 and SiO2.

A typical Mo-Mn process includes three key steps: ceramic
sintering metallization, secondary metallization (nickel plating
and subsequent annealing), and vacuum brazing. The fracture
strength and reliability of the resulting joint in ceramic-metal
seals are of particular concern, affected mainly by the
metallizing formula, the sintering process of the metallization,
the brazing conditions, and the characteristics of ceramic matrix
and metal component. These factors correlate closely with the
bonding mechanisms and interlayer residual thermal stresses,
and hence influence the joint mechanical properties. It has been
established that the mechanisms of the conventional Mo-Mn
metallization mainly include chemical reaction (Ref 8) and
glassy phase migration (Ref 9, 10). However, differences in the

metallization mechanisms exist between the conventional and
activated Mo-Mn metallization (Ref 11), especially in the
direction of glassy phase migration, and hence the mechanisms
of metallization and interfacial bonding and their influence on
bonding strength need to be further explored. This work aims to
investigate the activated Mo-Mn metallization mechanisms of
high-purity Al2O3 ceramic, to examine the interfacial micro-
structure of Al2O3 ceramic/stainless steel joints, and to quantify
the influence of brazing cooling rate on joint shear strength.

2. Experimental

2.1 Materials and Sample Preparation

The powder selected contains 98% Al2O3, 1% SiO2, and 1%
MgO (wt.%, same below) after mixing and milling. The Al2O3

powder used (Zibo Hengjitianli Industry and Business Co., Ltd,
China) is high purity and super-fine, 99.95% purity and average
particle size �0.5 lm. The green bodies were sintered in air at
1600 �C for 2.5 h after mold forming, with linear pressing up
to 200 MPa for 30 s. Cylindrical 98% Al2O3 ceramic pieces
having sizes of [ 189 6 mm were obtained, with apparent
porosity, bulk density (measured by the Archimedes method),
and bending strength about 1.5%, 3.74 g/cm3, and 330 MPa,
respectively. Figure 1 shows the microstructure of a polished
sample after thermal etching (slowly heating to 1500 �C for
30 min in air), which indicates average grain size of about
10 lm. Commercially available stainless steel (AISI 304, S-S)
with dimensions of [ 109 5 mm was used as the metal
component for joining, with chemical composition: 0.050% C,
0.433% Si, 1.152% Mn, 0.022% P, 0.002% S, 17.32% Cr,
8.16% Ni, 0.201% Cu, and Fe (balance). Ag-28% Cu (Ag-Cu)
alloy preform, diameter 0.8 mm and melting point 780 �C, was
used as the filler metal. The average linear coefficient of
thermal expansion (CTE, 20-600�C) is about 7.49 10�6/�C for
Al2O3 and 18.59 10�6/�C for S-S (Ref 12). The metallizing
formula was composed of 70% Mo and 30% active agent,
consisting of 40% MnO, 35% Al2O3, and 25% SiO2. After
milling with roller for 80 h, the particle size distribution in the
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metallizing formula powder displayed a meso-diameters D50 of
1.642 lm, as shown in Fig. 2.

Before the sintering metallization was applied, the Al2O3

ceramic samples, annular Ag-Cu alloy performs and S-S
columns were carefully cleaned. This procedure includes three
steps: boiling in alkalescent scouring agent (NaOH 30 g/L +
Na2CO3 20 g/L + Na2SiO3 10 g/L + OP-10(emulsifier) 3 g/L +
Na3PO4 Æ 12H2O 50 g/L) for 20 min, rinsing with distilled
water and finally ultrasonic cleaning in acetone. The metalliz-
ing paste was prepared from the metallizing formula powder,
diethyl oxalate, and collodion by ultrasonic vibrating and
stirring. One side of the Al2O3 sample surfaces was painted
with the metallizing paste and then air-dried. The metallization
was then sintered to the ceramic in a high-temperature H2

furnace (atmosphere: 0.01 MPa H2) at a heating rate less than
10 �C/min to 1500 �C which was maintained for 60 min, and
then cooling slowly to the room temperature. In order to help
the Ag-Cu alloy wet the metallizing surface, a thin Ni layer was
coated on the brazing surface of the metallized Al2O3 ceramic
by electro-plating in Watts� solution (NiSO4 280 g/L + NiCl2
45 g/L + HBO3 35 g/L + C12H25SO4Na 0.1 g/L) at a current
density about 1 A/dm2 for 40 min. The plating was subse-
quently annealed at 1000 �C for 60 min in vacuum

(�89 10�3 Pa). The metallized ceramic pieces with two
metallizing coatings (Mo-Mn and Ni), annular Ag-Cu alloy
preforms and S-S columns were assembled as shown in Fig. 3,
then brazed at 820 �C for 20 min in a vacuum furnace at about
89 10�3 Pa.

2.2 Sample Characterization

The shear strength of the brazed joint was measured using
an Instron-1195 universal test system at a loading speed of
0.5 mm/min (Ref 13). The mean value of the joint shear
strength for each brazing condition was the arithmetical average
of five joint strength measurements.

Selected metallized ceramic and Al2O3/S-S joint were cut
off along the direction perpendicular to the sintered coating or
joint line, and then polished. The microstructures of the
metallized ceramic and joint cross section were examined using
scanning electron microscopy (SEM, Model JSM-7000F,
JEOL, Japan). Energy dispersive spectroscopy (EDS, Model
Oxford INCA, UK) was employed to determine the elemental
compositions and their distribution. The phase compositions of
the metallizing formula and the Mo-Mn metallizing layer were
identified by x-ray diffraction (XRD, Model X�Pert PRO,
PANalytical, Ltd., Holland) analysis at 40 kVand 40 mA using
Cu Ka radiation.

3. Results and Discussion

3.1 Metallization Mechanisms

Figure 4 displays the SEM micrographs of a Mo-Mn
metallized Al2O3 ceramic cross section. A porous sintered
coating, �50 lm thick, acted as the metallizing layer (i.e., Mo-
Mn layer) that attached tightly to the ceramic matrix. A
degenerative ceramic layer was seen to exist between the Al2O3

ceramic matrix and the sintered coating, i.e., between the
vertical black lines marked in Fig. 4(a). The degenerative
ceramic layer with a thickness of �15 lm was mainly
composed of big Al2O3 grains and glassy phases (the reaction
products between MnO, Al2O3, and SiO2) that migrated from
the sintered coating (Fig. 4b), and is referenced as the transition
layer. Moreover, according to the elemental EDS profiles across
the metallized ceramic cross section, both Al and oxygen
profiles exhibited a descending trend from the ceramic matrix
across the transition layer (Ref 3). This indicates that certain
matters with lower contents of Al and oxygen than that of
Al2O3, such as MnO, SiO2 or the reaction products between
MnO, Al2O3, and SiO2, had entered into the ceramic matrix to
form the transition layer, i.e., glassy phases migrated from the
metallizing layer to the ceramic matrix (Ref 3). By comparison,
in the conventional Mo-Mn metallization process, glassy

Fig. 1 Microstructure of 98% Al2O3 ceramic sample

Fig. 2 Particle size distribution curves of metallizing formula pow-
der after milling

Fig. 3 Schematic of brazing assembly
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phases originate in the Al2O3 ceramic matrix or reaction
products between the ceramic matrix and MnO, and migrate
inversely from the ceramic matrix to the metallizing layer
(Ref 9, 10). Therefore, the glassy phase migration observed in
the present study was one of the activated Mo-Mn metallization
mechanisms, with its direction running from the metallizing
layer to the ceramic matrix.

To investigate the phase compositions and reaction products
in the Mo-Mn layer, the metallized ceramic sample, the
metallizing formula powder, and its sintered body (after mold
forming and sintering under the same condition as the ceramic
metallization process) were analyzed by means of XRD. From
the XRD patterns shown in Fig. 5, it can be seen from curve (a)
that the metallizing formula powder was composed of Mo,
MnO, Al2O3, and SiO2, while the MnAl2O4 phase appeared in
both the curves (b) and (c). This indicates that, during the
sintering of the metallization, MnO mainly reacted with Al2O3

in the metallizing formula to form MnAl2O4. By comparison, in
the conventional Mo-Mn metallization process, MnAl2O4 is
formed by chemical reaction between MnO and Al2O3

originated from the ceramic matrix. Furthermore, Al2O3 and
MnO were not found in the sintered body, and the content of
SiO2 was very low as shown in curve (b), which suggests full
reactions had occurred between Al2O3, MnO, and SiO2 due to
good contact on the mold forming. However, in the Mo-Mn
metallizing layer, Al2O3 was found clearly, and traces of MnO
and MnAl2O4 were also detected, but no SiO2 existed, as

shown in cure (c). A reasonable explanation is that the reactions
may not have carried out fully between the active agent (MnO,
Al2O3, and SiO2) and the partial Al2O3 derived from the
ceramic matrix.

Therefore, both glassy phase migration and chemical
reaction were experimentally confirmed in the activated Mo-
Mn metallization of high-Al2O3 ceramic.

3.2 Interfacial Bonding

The backscattered electron (BSE) images of the Al2O3/S-S
joint cross section are presented in Fig. 6, focusing on six
different regions of the section: the Al2O3 ceramic matrix,
transition layer, Mo-Mn layer, Ni coating, Ag-Cu filler layer,
and stainless steel (S-S) matrix. The Mo-Mn layer was mainly
composed of black, dark, gray, and white phases (Fig. 6a).
While the black and white phases were identified as the hole
and the Mo-rich phase, respectively, the dark and gray phases
mainly contained elements (Mn, Al, Si, and oxygen) in the
active agent. The transition layer was formed by inter-reactions
(chemical reaction and migration) between the ceramic matrix
and the active agent during the sintering. Ni coating, about
4-9 lm thick, was present between the Mo-Mn layer and the
Ag-Cu layer. The Ag-Cu layer joined the metallized ceramic to
stainless steel via the two metallizing coatings: Mo-Mn layer
and Ni coating. Besides the white Ag-rich phase (elemental Ag
or Ag-Cu eutectic), a few black dots existed in the Ag-Cu layer,
which, by EDS analysis, contained Cu and Ni near the Ni
coating side or Cu, Ni, and Fe near the S-S side. In addition, a
‘‘sawtooth’’ appeared on the Ag-Cu/S-S interface due to the
rough ground surface of S-S, which can contribute to the
mutual bonding, and the Ag-Cu filler entered fully into
the cavities of the ‘‘sawtooth,’’ as shown Fig. 6(d).

To determine the elemental distribution at the Ni/Ag-Cu and
Ag-Cu/S-S interfaces, EDS analysis by the line-scanning mode
was adopted. Figure 7 shows the EDS profiles of the main
elements across the Ag-Cu filler layer. Both sides of the Ag-Cu
layer had a Cu-rich layer, 5-10 lm thick, but it proved difficult
for the Ag element to enter the Ni coating. One possible reason
for the formation of the two Cu-rich layers was that Ag

Fig. 4 SEM micrographs of (a) metallized Al2O3 ceramic cross
section and (b) Al2O3/Mo-Mn interface

Fig. 5 XRD patterns of (a) metallizing formula powder, (b) sintered
body of metallizing formula powder, and (c) Mo-Mn layer
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volatilized faster than Cu during vacuum brazing (a thin Ag
deposition layer was found on the inner surface of the viewing
window glass). This is because the saturated vapor pressure of
Ag is smaller than that of Cu, as demonstrated by subsequent
heat-treatment experiments. In these experiments, the joints
were placed in the vacuum furnace (�89 10�3 Pa) at 600 �C
for 1-10 h. It was found that the longer the holding time was,
the more visible the copper color on the exposed filler surface
was. Another possible reason was the mutual attraction of Ni
and Cu during vacuum brazing due to their similar atomic
radius, resulting in the formation of Cu-Ni substitutional solid
solution, which could explain the appearance of Ni segregation
at the Ag-Cu/S-S interface (Fig. 7). Consequently, the thin Ni
coating can prevent the Ag-Cu filler from entering the Mo-Mn
layer, and even stop the Ag entering into itself to avoid eroding
the Mo-Mn layer according to the EDS results. Furthermore,
the Ni coating helped the alloy wet the rough surface of the
metallized ceramic during brazing. Therefore, the thin Ni
coating played a pivotal role in the bonding of the metallized
Al2O3 ceramic to stainless steel via the Ag-Cu filler layer.

3.3 Joint Shear Properties

Under the present experimental conditions, while the
maximum cooling rate was set at �20 �C/min, the actual
cooling rate was less than 10, 5, and 2.5 �C/min at the furnace
temperature of 600, 300, and 200�C, respectively, as the
furnace (High-multi 5000, Japan) used was thermally well
insulated. Thus, the furnace cooling mode was adopted when
the actual cooling rate was less than that prescribed.

Figure 8 plots the measured joint shear strength as a
function of brazing cooling rate. It can be seen from Fig. 8 that,
under the present conditions, the brazing cooling rate did not
significantly influence the joint shear strength, which varied
between 80 and 110 MPa. It is possible that the interlayer

Fig. 6 BSE images of typical joint cross section (a) Al2O3/S-S section, (b) Al2O3/Mo-Mn interface, (c) Mo-Mn/Ni/Ag-Cu interface, and (d)
Ag-Cu/S-S interface

Fig. 7 Elemental EDS profiles across brazing filler layer, showing
enrichment of Cu and separation of Ni

Fig. 8 Joint shear strength at different brazing cooling rates
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residual thermal stresses did not vary significantly with varying
cooling rate, leading to similar joint strength. In fact, the
actual cooling rates measured at relatively low temperatures
(£300 �C) were only slightly different, and it is known that the
cooling rate at low temperatures can significantly affect the
thermal residual stresses. Both the maximum strength of about
110 MPa and the relatively high-average strength (>95 MPa)
were achieved at 2.5 �C/min.

The ceramic/metal joint strength can be mainly determined
by the joining process and the characteristics of two compo-
nents. As the two joining materials differ markedly in CTE,
7.49 10�6/�C for Al2O3 and 18.59 10�6/�C for S-S, the joint
strength achieved thus far was rather limited (maximum
110 MPa).

It was found during the shear strength measurement that
most of the joint fractures occurred in the ceramic matrix, only
a few in the Mo-Mn layer, and none in the brazing filler layer
(Fig. 9). This may be attributed to the fact that, in a typical
ceramic-metal brazed joint, the metal and ceramic components
experience compressive and tensile residual stresses, respec-
tively, and the maximum thermal residual stress appeared in the
ceramic matrix adjacent to the ceramic/Mo-Mn interface
(Ref 14-17).

The influence of vacuum heat treatment at 600 �C for 1-10 h
after brazing on joint shear strength was also investigated. The
results (not shown here for brevity) demonstrated that the
process had negative effect on the joint shear strength (only
�50 MPa). This can be attributed to the excessive volatilization
of Ag that resulted in the more serious enrichment of Cu, which
served to increase the interlayer residual thermal stresses.

4. Conclusions

High-purity Al2O3 ceramic/stainless steel joints were fabri-
cated by activated Mo-Mn process with Ag-Cu filler metal.
While a transition layer was formed between the ceramic matrix
and the Mo-Mn metallizing layer, the glassy phases migrated
mainly from the Mo-Mn layer to the ceramic matrix. The
MnAl2O4 phase was produced in both the Mo-Mn layer and the
sintered body of metallizing formula powder due to the
existence of active agent (MnO and Al2O3). Glassy phase
migration and chemical reaction in the activated Mo-Mn

metallization of high-purity Al2O3 ceramic were experimentally
confirmed as the two main bonding mechanisms. The Cu
element was rich on both sides of the Ag-Cu filler layer, and the
Ni element separated at the Ag-Cu/S-S interface. The thin Ni
coating played a key role in the bonding of the metallized
ceramic to stainless steel via the Ag-Cu filler layer. The
maximum joint shear strength of about 110 MPa and average
strength of over 95 MPa were attained. While the brazing
cooling rate had small effect on the joint strength, the influence
of vacuum heat treatment was significant.
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