
Introduction

Glass-to-metal seal technology is ap-
plied to fabricate heat receivers, which  con-
vert solar energy into thermal energy. A
glass-to-metal seal requires a certain me-
chanical strength and excellent gas tightness
under a high-vacuum condition, which be-
come key factors in a parabolic trough solar
thermal power system (Ref. 1). 

The methods for glass-to-metal sealing
can be classified into fusion sealing and
diffusion welding. Oxidation treatment of
the metal is often done for the two meth-
ods to promote the glass-to-metal adhe-
sion, which can provide a transition layer
between the metal and the glass (Refs.
2–4). The two following conditions are
necessary for a glass-to-metal seal: 1) The
coefficients of thermal expansion (CTE)
of the metal and glass should be as close
as possible in order to reduce thermal
stress generated during the cooling from
the joining temperature to room tempera-
ture, and 2) the metal should have excel-
lent surface wettability with the glass to
provide good mechanical adhesion and
gas tightness. 

Anodic bonding, successfully realized
for the first time in 1969 by Wallis and

Pomerantz, is a typical diffusion sealing
method to seal an alkali-rich glass to any
metal. It has been used to join glass and
metal by applying a voltage between two
samples (Refs. 5, 6). However, the bond-
ing strength and gas tightness of the joints
formed using two sealing processes were 
not good enough to be used in the para-
bolic trough solar thermal power system
(Ref. 7). 

Therefore, it is very important to im-
prove the shear strength between the glass
and metal. In this research, a vacuum braz-
ing process was used to improve the joint
strength and simplify the sealing process.
The shear strength of the joints was meas-
ured. Scanning electron microscopy
(SEM) and X-ray diffraction (XRD) were
applied to analyze the microstructure of
the joint interface. 

Experimental

Material

The glass and metal were joined to-
gether using vacuum brazing technology.
The experimental materials used in this in-
vestigation were borosilicate glass 3.3 and
Kovar® (iron-nickel-cobalt alloy) because
of their similar CTE (Ref. 8). Meanwhile,
borosilicate glass has characteristics of
chemical stability and anticorrosion at
high temperature (Ref. 9). The amor-
phous Cu-7wt％Ni-9wt％Sn-6wt％P filler
metal with the solidus temperature 833 K
and the liquidus temperature 913 K was
used. Filler metal foils with 50-μm thick-
ness and 6-mm width were fabricated
using a rapid solidifying technique (Ref.
10). Tables 1 and 2 show the composition
of Kovar alloy and borosilicate glass, re-
spectively. Table 3 lists the mechanical
properties of the alloy and glass.

Process

Both borosilicate glass and Kovar®
alloy were cut into samples with dimen-
sions of 60 × 20 × 4 mm and 60 × 20 ×
1.5 mm, respectively. The joining surface
of the Kovar was ground flat by grit paper
and cleaned in ethanol and acetone solu-
tion (Ref. 11). The joining surface of the
borosilicate glass was electroless plated
with a thin copper layer. Before the elec-
troless plating, the glass surface was
roughened by sand blasting to improve the
adhesive ability between the glass sub-
strate and copper layer (Ref. 12). The soft-
ening point of borosilicate glass is about
1097 K.

The borosilicate glass, Cu-Ni-Sn-P
foils, and Kovar alloy were assembled as
shown in Fig. 1. The mating surfaces of
samples were kept in contact by a specially
designed clamp, and pressure was applied
along the longitudinal direction to en-
hance the interfacial reaction. The speci-
mens were placed into a vacuum brazing
furnace. The vacuum was maintained at 4
× 10–2 Pa during the brazing process.
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the interface of the brazed joint. The compounds Cu3P and Ni2P are harmful for the
strength of the brazed joint.
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Then, the specimens were heated to the
brazing temperatures of 933, 943, 953, 963,
and 973 K, respectively, and the heating
rate was 10 K/min. The brazing times were
5, 10, 15, 20, and 30 min, respectively. In
order to reduce the brazed residual
stresses, the samples were cooled at the
rate of 3 K/min from the joining tempera-
ture to 573 K and then cooled to room
temperature in the furnace. The tempera-
ture change during the vacuum brazing ex-
periment is shown in Fig. 2. 

After vacuum brazing, shear strengths
of five samples were measured at a con-
stant speed of 0.5 mm/min in the MTS
testing machine. The average value of five
samples was taken as the shear strength.
The microstructure of the brazed joint was
examined using SEM and XRD to investi-
gate the phase composition in the area of
the brazed joint. Meanwhile, the element
distribution on the interface was measured

using energy-dispersive spectroscopy
(EDS). 

Results and Discussion

Shear Strength of the Brazed Joint

To obtain the mechanical property of
the brazed joint, the shear strength was
measured by means of a digital press test-
ing machine. The relationship between the
brazing temperature and shear strength is
shown in Fig. 3. It can be seen that the
brazing temperature has a marked effect
on shear strength of the joint. The shear
strength gradually increases from 6 to 11.6
MPa when the heating temperature in-
creases from 933 to 953 K. The main rea-
son is that the atom diffusion near the
interface can be sufficient to form an ex-
cellent metallurgical combination at ele-
vated temperatures. However, shear

strength decreases due to coarseness of
the microstructure when the brazing tem-
perature continually increases. 

The relationship between the brazing
time and shear strength is shown in Fig. 4.
As shown in Fig. 4, the shear strength of
the joint brazed at 953 K rapidly increases
with an increase in brazing time, and a
brazed joint with a shear strength of 11.6
MPa can be obtained at 953 K for 10 min.
However, the shear strength of the brazed
joint reduces when the brazing time is
longer than 10 min. The brazing time has
an important effect on the shear strength
of the joint. If the brazing time is shorter
than 10 min, the brazing filler metal just
melts, and the diffusion of the brazing
filler metal and base metal isn’t uniform,
which leads to the low shear strength of
the joint. If the brazing time is longer than
10 min, the brazing filler metal is easily
lost and forms brittle compounds, which
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Fig. 1 — Map of the glass-to-metal brazing setting. Fig. 2 — Technical requirement graph of the vacuum brazing ex-
periment.

Fig. 3 — Relationship between the brazing temperature and shear strength. Fig. 4 — Relationship between the brazing time and shear
strength.

Table 1 — Chemical Composition of Kovar Alloy (wt-%)

C P S Mn Si Cu Cr Mo Ni Co Fe
≤0.03 ≤0.02 ≤0.02 ≤0.5 ≤0.3 ≤0.3 ≤0.2 ≤0.2 28.5~29.5 16.8~17.8 base

Table 2 — Chemical Composition of Borosili-
cate Glass (wt-%)

SiO2 B2O3 Na2O Al2O3 CaO

80.9 12.7 4 2.3 0.1
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make the shear strength of the joint de-
crease. Therefore, it is necessary to con-
trol the brazing time to ensure the
diffusion of the brazing filler metal and
base metal is complete while avoiding the
formation of brittle compounds during the
vacuum brazing of the borosilicate glass
and Kovar alloy.

Figure 5 shows the typical fracture pat-
tern of a sample measured using the ten-
sile test. Figure 6 shows the rupture path
of the brazed joint. The results indicate
that the fracture occurs near the glass, and
the shear rupture is cleavage fracture with
little brittle fracture. Most microcracks
propagate along the interface near the
side of the glass, and sometimes micro
cracks are close to the center of the inter-
face. A similar situation occurs in samples
using other sealing processes (Ref. 13).
Large shear stress induced at the interface
suppresses the crack propagation along
the interface (Ref. 14). Residual thermal
stresses within the joint are induced due to
the CTE mismatch and different re-
sponses of the glass and the metal, which
could weaken the brazed joint strength.
Generally, the lower the thermal residual
stresses are, the higher the allowable stress
to the fracture of the joint (Ref. 15).

Microstructure of the Brazed Joint

The cross-section microstructure of the
brazed joint is shown in Fig. 7. The cross
section is divided into three regions
marked by E, F, and G. The EDS analyses
of the three regions are shown in Figs. 8, 9,
and 10, respectively. As shown in Fig. 8,
region E is near the copper-coated glass,
which mainly consists of the elements Cu,
Ni, Sn, and P. There is a zone enriching Cu
and Sn near region F and region G — Fig.
9. However, P is not found. Therefore, Cu
and Ni are prevented from forming Cu3P

and Ni2P due to the decrease of P. As
shown in Fig. 10, Au is found in the EDS
analysis because of the gold spraying on
the surface of the sample before EDS
analysis, and region G is composed of Cu,
Sn, Fe, and Ni. As we know, P can reduce
the melting point of Cu filler metal and
have a self-cleaning effect on the surface
of metal. Phosphorus will react with the
oxidation layer of the Kovar alloy and
form P2O5 near the Kovar alloy side.
Meanwhile, P has a high-vapor pressure
and evaporates during brazing, which
leads to enriching Cu and Sn near Regions

239-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 5 — Macromorphology of shear crack on a brazed joint.

Fig. 7 — Microstructure of the joining interfaces for glass/braz-
ing alloy/Kovar alloy.

Fig. 6 — Map of rupture crack path of a brazed joint.

Fig. 8 — EDS analysis of a small area component of the
glass-to-brazing alloy interface (Region E).

Table 3 — Thermal and Mechanical Properties of Borosilicate Glass and Kovar Alloy

Material Temperature Young’s Modulus Poisson’s Ratio CTE Yield Stress
(K) (GPa) (10-6/K) (MPa)

Borosilicate 64 0.20 3.3 35~120
Glass

293 134 0.37 6.5 340
Kovar Alloy 473 141 0.37 5.9 200

(4J29) 673 155 0.37 5.1 110
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F and G. However, P also diffuses with Cu
near the copper-coated glass and forms
Cu3P and Ni2P, besides partly evaporating.
Cu3P and Ni2P are brittle compounds that
reduce the mechanical strength of the
brazed joints.

It can be seen that the metal element
does not react with the glass. A reaction
layer is necessary for adequate wettability
of the filler metal on the copper-coated
glass. However, the negative effect of the
excessive growth of the reaction layer
should also be considered. The formation
of a brittle intermetallic in the condensed
zone usually reduces the mechanical
strength of the joint. The reaction layer
should be thin and dense to inhibit further
interaction between the reactive metals of
the filler metal and the Kovar alloy as a
diffusion barrier, which limits the forma-
tion of brittle phases.

According to XRD results (Fig. 11), the
reaction products are mainly composed of
α-Cu, Ni2P, Cu2P (or Cu3P) and CuxSny.
The mechanism of interface formation in-
volving metallized glass differs from that of
active filler metals. In metallized glass, Cu
is already in contact with the glass surface,
whereas the use of active filler metal re-
quires the migration of Cu from the alloy to
the glass.

Conclusions

Glass to metal was
brazed at 943~973 K
using Cu-Ni-Sn-P filler
metal in vacuum, and
shear strength tests and
microstructure analyses
were performed. The
brazing process was opti-
mized successfully. The
main results are as fol-
lows:

1) The shear strength
of the brazed joint de-
pended on the brazing
temperature and the
brazing time. The shear
strength reached 11.6
MPa when the brazing
temperature and the
brazing time were 680 K

and 10 min, respectively.
2) The shear test results indicated that

the fracture location of the brazed joint
was near the side of the glass. Many mi-
crocracks occurred along the interface of
the glass, then extended to the center of
the interface.

3) It was determined that Cu3P and
Ni2P intermetallic compounds, α-Cu, and
CuxSny layer formed at the interface of the
brazed joint. The brittle compounds Cu3P
and Ni2P are mainly responsible for low-
ering the strength of the brazed joints.
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Fig. 9 — EDS analysis of a small area component of the braz-
ing alloy (Region F).

Fig. 11 — XRD patterns of the fracture interface.

Fig. 10 — EDS analysis of a small area component of the braz-
ing alloy-to-Kovar interface (Region G).

200 Cu

C
ou

nt
s

0.100
0

keV 10.340

Cu

Cu

Au
Sn

Ni

200

C
ou

nt
s

0
0.100

Cu

C
Au Sn

Ni

keV

Fe

Cu

Cu

10.340

Zhong 9-12_Layout 1  8/10/12  9:03 AM  Page 240


