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Introduction

In recent years, there has been a grow-
ing interest in the joining processes for ce-
ramics due to their excellent mechanical
properties and unique applications, espe-
cially in the electronics industry. Typically,
ceramics are characterized by low density,
high strength, corrosion resistance, and
ability to withstand high operating temper-
atures. However, ceramics are brittle and
difficult to form or machine, which limits
their direct use in product fabrications. To
overcome this limitation, various the tech-
niques for joining ceramics to metal have
been proposed since the metal component
is easily fabricated and both the properties
of the material could be utilized in a single
product (Refs. 1, 2). Furthermore, for most
commercial applications, a metallic part is
required to be joined to the ceramic com-
ponent (Refs. 3, 4).

There are two main factors influencing
the reliability of ceramic-to-metal mechan-
ical joints: 1) coefficient of thermal expan-
sion (CTE) mismatch between metal and
ceramic (Refs. 5–8), and 2) the difference
in the nature of interatomic bond (Refs. 3,
9–11). During the cooling process in a braz-
ing cycle, residual stress can build up at the
joint interface due to the mismatch of CTE
and the difference in the mechanical re-
sponse of ceramic and metal. For example,
Valette (Ref. 12) brazed a system of alu-
mina to CuNi using active filler metal made
of Cusil-ABA® with 3.1 %Ti content.
However, due to the discrepancy of ther-
mal expansion between the materials, ad-
hesion failure ensued during alumina/CuNi
alloy assemble. Past studies have explored
numerous techniques in order to reduce
the CTE disparity during ceramic-metal
brazing.

The use of interlayer for brazing has
been proposed recently to reduce the CTE
mismatch (Ref. 13). It was reported that
the inclusion of a soft, low expansivity in-
terlayer in the brazing could minimize the
magnitude of residual stresses between ce-
ramic and metal (Refs. 14–16). In reducing
the residual stresses in the joint, Kim and
Park (2000) (Ref. 17) reported an optimum
copper interlayer thickness of 200 μm for
use in the brazing of silicon nitride to stain-
less steel. In general, thin interlayers would
have less plastic deformation, which results
in high residual stresses in the ceramic and
overall reduction in joint strength. Thicker
interlayers showed a slight reduction in me-
chanical strength, but the joint is stronger
than those of thinner interlayers. Finite el-
ement method (FEM) analysis of interlayer
usage by Zhang et al. (Ref. 18) proves that
a compliant metal layer between ceramic
and metal can reduce residual stress and
enhance bond integrity. A metallic inter-
layer in brazing is also thermally stable and
may prevent the formation of brittle inter-
metallics that could result in joint failure
during joining or servicing (Ref. 19). 

This present work investigates the influ-
ence of a Cu/Ni porous composite inter-
layer in the brazing of sapphire to Inconel®
600. The evaluation focuses on the effect of
diffusion by titanium (Ti) and nickel (Ni)
into the Cu/Ni porous composite during
joining, and the influences these elements
have on the braze area/sapphire interface.

Experimental Procedure

A Cu/Ni porous composite was used as
an interlayer in brazing sapphire to In-
conel® 600. The sapphire (single-crystal,
99.999% purity) and Inconel® 600 were ob-
tained from Yamatake Corp., Japan. The
sapphire was prepared in a disc form meas-
uring 0.7 mm thick with a diameter of 20
mm, while the Inconel® 600 sample size
was 23 × 23 mm2 with a thickness of 1 mm
for the SEM analysis and 4 mm thickness
for EPMA. The Cu/Ni porous composite
interlayer is prepared from pure porous
copper (Cu) and pure porous nickel (Ni)
sheets. The porous Cu and Ni sheets were
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ABSTRACT

A Cu/Ni porous composite interlayer was used to enhance the brazing perform-
ance of sapphire to Inconel® 600. The porous interlayer was placed in between thin
sheets of active brazing filler metal, BAg-8 with 2 wt-% titanium. It was expected that
the porous interlayer would reduce the thermal coefficient mismatch, which can cre-
ate unwanted residual stresses during cooling that may lead to weakened or failed
joints. In this research, the effect of titanium (Ti), nickel (Ni), and copper (Cu) diffu-
sion into the Cu/Ni porous interlayer was evaluated. The brazing process was con-
ducted at 830°C for 30 min in a high-vacuum environment at a pressure of 1 × 10–4 Pa.
The brazed interface was observed by SEM, and an elemental analysis was conducted
using SEM-EDS. Microscopic observation has indicated the formation of a thin, black
reaction layer on the sapphire side, which is believed a TiOx compound. Elemental
mapping was also conducted using EPMA to highlight the distribution of the elements.
It was found that the Ti distribution on the sapphire interface was discontinuous and
resulted in interdiffusion between Ti, Ni, and Cu, which subsequently reduced the
thermodynamic activity between metal-ceramic interfaces. In the present study, a
compound of Ni3Ti was revealed to influence the formation of the thin reaction layer.
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stacked together and rolled to form a single
composite layer of 0.4 mm thickness. Four
sheets of a eutectic alloy 70Ag-28Cu-2Ti,
each in the form of 0.1-mm-thick foil,  was
used as the filler metal. The brazing sample
was prepared in a sandwich configuration,
as shown in Fig. 1, and clamped using a suit-
able jig to hold them in place. The compos-
ite Cu/Ni interlayer was placed so that the
Cu side faced the sapphire while Ni side
faced the Inconel® 600. This configuration
is significant to ensure Cu intimation with
the sapphire during brazing. Two layers of
the alloy were stacked on each side of the
composite interlayer to ensure homogenous
infiltration of the brazing filler metal into
the Cu/Ni porous composite.

The brazing process was conducted
under vacuum at 1 × 10–4 Pa pressure using
a Tokyo vacuum furnace. Figure 2 shows
the brazing cycle temperature profile used.
The sample was directly heated to a braz-
ing temperature of 830°C with a heating
rate of 5°C/min. The brazing temperature
was then kept constant for 30 min  before
cooling at a controlled rate of 5°C/min until
it reached 300°C. Finally it was left to cool
down to room temperature. 

The cross section of the brazed speci-
men was analyzed using optical microscopy
and SEM/EDS (using a Philips SEM-EDS
XL40 for 500× magnification and JSM
5410LV for 2000× magnification). Evalua-
tion using an electron probe microanalyzer
(EPMA) was conducted using a Shimadzu
EPMA-1600 on gold-coated specimens.

Results and Discussion

The effect of Ti/Ni diffusion into the
Cu/Ni porous composites on the interface

of brazed sapphire with Inconel® 600 was
evaluated. Shirzadi (Ref. 20) recommends
that the porous interlayer should be be-
tween 0.2 to 0.4 mm thick in order to con-
trol the strength of metallic bonding.
Increasing porous interlayer thickness
would lead to a reduction in shear strength.
Thus, for this research, the 0.4 mm thick-
ness of the Cu/Ni porous composite was ob-
tained through a rolling process.  The
observation confirms that the porosity in
the material was maintained even after the
compressed rolling process. Figure 3 pres-
ents the optical micrograph of porous
Cu/Ni composite (nickel side) showing the
presence of open pores in the range of
100–200 μm. 

Previous research has recognized the
ability of a copper interlayer to absorb
residual stresses in the brazing of ceramics
to metal (Ref. 21). However, it was found
that the diffusion of Cu is high, which may
lead to the formation of microvoids in the
brazed joint. Microvoids may reduce joint
strength due to void propagation in the
joining interface (Ref. 22). In this research,
a Ni/Cu porous composite interlayer was
used to enhance the joining process due to
the presence of Ni and to generally improve
the ability of residual stress absorption. A
Ni interlayer is also preferable for high-
temperature applications such as in the
production of ceramic-to-metal seals for ul-
trahigh-vacuum equipment and pressure
gas sensors (Ref. 22). 

Physical examination of the brazed sam-
ple shows that an adequate strength joint
was successfully obtained. However, during
cross sectioning of the joint using a low-
speed diamond saw, some of the sapphire
tended to detach from the joint. This is

probably due to the large impact force of
the diamond on the cutting blade and the
material being machined. Examinations of
a detached portion of sapphire showed a
very thin, black layer, which was subse-
quently identified as a reaction layer under
microscopic observation. However, this
layer is not observable using SEM, which
agrees with past findings of the formation
of an extremely thin reaction layer, not vis-
ible under SEM magnification (Ref. 21).
This thin black layer is recognized in the lit-
erature as TiOx, a compound resulting from
possible reaction between Ti found in the
active brazing filler metal and the oxide of
the sapphire (Ref. 12).

The SEM micrographs of the joint cross
section is shown in Fig. 4, while the micro-
graphs of the braze area/sapphire interface
at various magnifications are shown in Fig.
5. The microstructure within the brazing
area is shown in Fig. 5A, indicating a sig-
nificant presence of copper (dark gray

Fig. 1 — Diagram of sample preparation.

Fig. 2 — Temperature setup program for the brazing process.

Table 1 — EDS Analysis of SEM Micrograph of Brazed Joint/Sapphire Interface at 500× (at.-%)

Region Ti O Al Ag Cr Fe Ni Cu

A 2.22 58.71 9.45 3.99 0.4 3.47 3.59 18.17
B 2.09 75.3 5.09 1.49 0 0.73 4.54 10.77
C 46.63 31.66 0.3 5.01 0.34 0.79 4.05 11.21
D 0 95.6 1.99 0 2.41 0 0 0
E 2.32 44.58 3.17 13.69 0 0 9.34 26.89
F 0 73.82 0 1.8 0.76 1.52 6.97 15.13

Fig. 4 — SEM micrograph showing a cross section
of a brazed joint of sapphire/Cu/Ni porous com-
posites/Inconel® 600.

Fig. 3 — Micrograph of Cu/Ni porous composites
(nickel side).
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the Ni/Cu porous composite interlayer and
the brazing filler metal. The EDS analysis
was conducted within the vicinity of the
braze area/sapphire interface, with the
measurement taken at the points marked A
to F as in Fig. 5A and G to K as in Fig. 5B.
The complete EDS analysis is summarized
in Tables 1 and 2.

It was observed that Ti tends to diffuse
into the copper area. Since the Cu side of
the porous interlayer faces the sapphire, the
porous structure of the interlayer may have
altered the adhesion behavior of active
brazing filler metal by “entrapping” the ti-
tanium element (as an active element)
within the Cu areas, as shown in Fig. 5A and

Table 1. Very high con-
centrations of Cu, Ni,
and Ti were detected in
the interface with the
sapphire, as shown in
Fig. 5B and Table 2.
Clustering of the copper
region in close vicinity
to the sapphire inter-
face would be indicative
of the adhesion process
taking place although
the regions of copper

near the sapphire interface is smaller as
compared to the middle of the brazed area.
However, the presence of Ni mostly in the
clustering of Cu may be attributed to the
strong Ti-Ni affinity at the interface of the
sapphire, which reduced the possibility for
Ti to form a wettable compound with sap-
phire (Ref. 23). This strong affinity of Ti
with Ni usually leads to the formation of a
brittle intermetallic compound of Ni3Ti as
observed in the EDS point analysis of H–K
(Table 2) (Ref. 24). This observation is in
agreement with recent literature (Ref. 12).
The strong Ti-Ni interaction subsequently
reduces Ti reaction layer thickness and
tends to alter layer of Ti compound type
composition (Ref. 12). This phenomenon

leads to the formation of a very thin reac-
tion layer that weakens the joining interface,
which may result in failure of the brazed
sapphire interface.

There is also a “reduction phenome-
non” of oxygen by Ti at the surface near the
sapphire resulting in the formation of an in-
termetallic TixOy compound (Ref. 25).
However, it appears that the oxygen con-
tent is very high compared to titanium in
this zone. This may also suggest that high
oxygen content could lead to the formation
of a brittle intermetallic that would not ac-
commodate the thermal expansion mis-
match between joining sapphire with
Inconel® 600 (Ref. 25).

An EPMA was conducted to map the
constituent elements, especially the distri-
bution of Ti at the brazed joint. Figure 6
shows the distribution maps with colored
legends indicating the concentration of the
elements. High concentration of Ag, Cu,
and Ni were significantly observed in the
middle of the brazed area. The rich Ag was
isolated in the center of the braze layer, and
it is believed that the Ag from the filler
metal diffused into the porous layer (Cu
and Ni) and formed wavelike structures.
There was no trace of Ti element in the
middle of the brazed area. However, a rich
Ti element was significantly observed near
the brazing interface. The wavelike struture
of Ti (as indicated in the figure) formed on
both sides of the brazing interface. This
structure was almost identical with “lace-
work phase” revealed by Vianco et al.
(Refs. 8, 26). In addition to the Ti element,
the Cu and Ni elements were also traced in
the wavelike structures, distributed in sim-
ilar fashion to the rich Ti element. The
EPMA analyses confirmed that the Ti dif-

NOVEMBER 2013, VOL. 92

Fig 5 — SEM micrograph of brazed joint/sapphire interface at different
magnifications. A — 500× magnification; B — 2000× magnification.

Fig. 6 — EPMA micrograph showing a cross section of a braze area/
sapphire.

A

B

Table 2 — EDS Analysis of Brazed Joint/Sapphire Interface at 2000× (at.-%)

Region Al Ag Ti Ni Cu

G 2.42 89.52 8.06
H 0.53 11.9 12.5 38.71 25.86
I 1.06 2.28 21.5 60.2 14.97
J 1.05 1.99 12.83 38.31 46.08
K 1.16 23.04 69.67 6.15
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fused toward the brazing interface, and it
also had a strong affinity toward Cu and Ni
elements. This observation is in agreement
with the SEM-EDS analysis in the previous
section. Similar observations also were re-
ported by S. Mandal and Santella et al.
(Refs. 27–29). 

A high concentration of Ti was detected
near the sapphire interface although it was
inhomogeneously formed as that on the In-
conel® 600 interface. Nevertheless, it was
speculated that a very thin reaction layer
formed along the brazing interface. In this
work, the reaction layer was very thin (less
than 1 μm) as compared to the reaction
layer found by other researchers (Refs. 30,
31). The formation of a very thin reaction
layer may be the result of strong interdiffu-
sion between Cu, Ni, and Ti, which subse-
quently reduces the thermodynamic activity
between metal-ceramic interfaces. It is also
suggested that the reaction layer may con-
tain several phases such as Ti-O, Ti-Cu-O,
and Ti-Ni. According to the report by San-
tella et al. (Ref. 29), two main reaction layer
phases could exist when brazing Al2O3
using Ag-Cu-Ti brazing filler metal, namely
TiO and Ti3Cu3O. Both phases are very im-
portant to the bonding strength of the joint.
The TiO itself would not be exerting ther-
mal mismatch strains between the ceramic-
metal joint due to a low CTE (9.2 × 10–6

°C–1). The Ti3Cu3O may offer favorable
transition in CTE and subsequently re-
duced the local strains with brazing alloys.
The CTE of Ag, Cu, and Ti3Cu3O, Ni3Ti
are 19.2 × 10–6 °C–1, 22 × 10–6 °C–1, 15.1 ×
10–6 °C–1, and 9 × 10–6 °C–1, respectively.

Conclusions

The effects of Ti, Ni, and Cu diffusion
into a Cu/Ni porous composite as well as
the influences on metallic bonding at the
sapphire interface in sapphire brazed to In-
conel® 600 were investigated. From the re-
sults, it appears that titanium (Ti) is an
active element, well known for wetting the
ceramic surface even in very small percent-
ages. However, a strong Ti and Ni interac-
tion rather than Ti and Cu during brazing
have obstructed the thermodynamic activity
of Ti. In this research, a Ni3Ti compound
was thought to be altering the thermody-
namic activity in the brazing filler metal
near the sapphire side and limiting the dif-
fusion of Ti reacting with the oxide from
the sapphire to form a reaction layer. As a
result, only a very thin reaction layer was
formed on the sapphire. The high-oxygen
percentage at the sapphire interface con-
tributed to the formation of a brittle inter-
metallic TiOx layer. 

The research has shown that the ele-
ments of the porous interlayer may alter the
thermodynamic activity of the active filler
metal. It is proposed that the composition
of the porous interlayer should be carefully

chosen to enhance, rather than weaken the
brazed joint.
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