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Abstract: The influence of heat-treatment schedule including sealing temperature and holding time on glass-to-metal sealing 

behavior in terms of average pore diameter and porosity was examined by optical microscopy. Results show that with the increasing 

sealing temperature, the average value of pore diameter firstly increases, then decreases, and at last increases. However, the porosity 

increases at first and becomes constant above 980 

o

C. Moreover, as the holding time prolonging, the average pore diameter increases 

gradually at first, and then decreases rapidly. While the porosity increases greatly, then increases slowly and decreases rapidly with 

increasing holding time. Additionally, the increases of both sealing temperature and holding time result in the increase of the 

thickness of bubble-free layer. A spatially varying bubble structure was presented by relating profiling to processing conditions. 
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Recently the technology of glass-to-metal sealing

[1]

 has 

been extensively used in many applications, such as electrical 

feed-through connectors

[2]

, solar cells

[3]

 and filtration 

devices

[4]

. For these applications, the main motivation for 

developing a glass-metal joint is that it can lead to a higher 

level of hermeticity and reliability than a ceramic-metal joint

[5]

. 

In the case of nuclear reactor application, glass-metal joints 

are necessary for the fixation of the metal conductor to a metal 

structure to perform diagnostics. The gap between individual 

metal conductor pin and the external metal body has to be 

sealed properly and tightly in order to realize quality isolation, 

ideal electrical insulation and good mechanical characteristics.  

In order to achieve a mechanically strong adherent and 

hermetic seal between glass and metals, specific requirements 

need to be carefully considered. These requirements include 

forming chemical bindings at the interface between glass and 

metals

[6]

. Additionally, the thermal expansion properties of the 

components could be ideally matched in order to hold back 

the emergence of harmful stress in the seals when cooling 

down after sealing. However, another typical technique, com- 

pressive sealing, requires the coefficients of thermal expansion 

of the components orderly to decrease from the outside to the 

inside. 

There are a lot of factors which will influence the charac- 

teristics of glass-metal seals

[7]

. The emergence of voids or 

bubbles at the glass-metal interface is especially troublesome 

and can not only mechanically weaken the interface, but may 

damage the hermeticity of the seals

[8]

. Previous studies have 

shown that the bubbles resulting from many factors and 

different methods have been selected in order to reduce this 

effect. However, there have been few studies on the pro- 

cessing conditions dependence of bubbles evolution at 

interfaces of the glass and metals.  

In the present study, the formation and migration mecha- 

nism of bubbles during compressive sealing was investigated. 

To begin this investigation, a kind of silicate borate glass was 

selected and optical microscopic images for the glass-to-metal 

seals under different sealing temperatures and holding time 
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were observed. The sealing experiments were conducted at 

four different temperatures (960, 980, 1000, and 1020 ºC) and 

for four different isothermal holding periods (5, 10, 20, and 30 

min). The principal motivation of this study originated from 

the need of generating a more comprehensive understanding 

of the glass-to-metal sealing processes. A secondary objective 

was to deeply study the bubble migration process which will 

be used to reduce bubbles in the glass-metal seals. 

1  Experiment 

A kind of glass with special composition of 15BaO-3TiO

2

- 

10CaO-6K

2

O-6B

2

O

3

-60SiO

2

 was used as a sealing glass with 

CTE (coefficient of thermal expansion) larger than that of 

metal pin and less than that of bulk head metal surrounding it, 

as shown in Fig.1. The glass was made from corresponding 

constituent oxides, which were well mixed and melted at 1550 

ºC for 3 h, and then quenched in the de-ionic water. The 

resulted glass slurry was dried and then attrition-milled for 7 h 

with ethanol as media. After drying, the resulted glass powder 

and a suitable amount of organic binder were well mixed and 

pressed into greenware tubes with 10 MPa pressure. The 

burnout of binder was followed and carried out at a temperature 

of 600 ºC for 6 h. After that, sintering of the obtained glass 

tubes was performed at 650 ºC for 60 min. The preparation 

procedure of the glass tubes has been given before

[9]

. 

The outer diameter, inner diameter and length of the glass 

tubes used in the sealing experiment are 6.25, 2.6 and 9.5 mm, 

respectively. 

Chemical composition of the alloy used as the metal pin is 

87%Fe-12%Cr-0.028%Co. The diameter and length of the 

metal pin are 2.5 and 20 mm, respectively. Chemical 

composition of the stainless steel used as the metal bulkhead 

is 4%Mn-8%Ni-18%Cr-60%Fe. The outer diameter, inner 

diameter and length of metal body are 19.96, 6.3 and 9.5 mm, 

respectively.  

Before being sealed, the sintered glass tubes, metal pin and 
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Fig.1  Schematic of compressive sealing 

body were ultrasonically cleaned in alcohol for 10 min. Then, 

the components were rinsed with deionized water, dried and 

moved into an oven with a fixture for the sealing process. 

The samples were heated to the sealing temperatures of 960, 

980, 1000, and 1020 ºC with a rate of 5 ºC/min. For each 

sealing temperature, four different isothermal holding periods 

of 5, 10, 20, and 30 min were carried out. After the sealing 

experiment, the samples were cooled with a rate of 25 ºC/min 

to 550 ºC and kept for 70 min, and then cooled down to room 

temperature with a rate of 20 ºC/min. Thermal treatments 

above were all conducted in a flowing nitrogen atmosphere. 

The thermal expansion behaviors of the materials in the 

shape of a rod with 8 mm in diameter were measured with a 

heating rate of 5 ºC/min by a dilatometer (Linseis L76/1250, 

Germany). α-Al

2

O

3 

was selected as reference material. The 

measured CTEs of the components in the temperature range of 

25~375 ºC are 12×10

-6

, 8×10

-6

 and 4.5×10

-6

 K

-1

 for metal bulk 

head, sealing glass and metal pin, respectively. 

The glass-metal sealing samples were trimmed and polished. 

Then the glass-to-metal interface was observed using an 

optical microscope (JVC TK-C9201EC). Image J was used to 

analyze the porosity and the pore diameter

[10]

. Through 

making binary, the morphology was identified by grey value 

in the Image J program. Dark pores can be differentiated from 

the light condensed background. Each data of porosity and 

average value of pore diameter was achieved from six photos 

by calculating the average value. 

2  Results and Discussion 

Optical microscopy analyses of the glass-metal seals were 

carried out to better depict the sealing behavior. Fig.2 

illustrates the sealing temperature influence on the glass parts. 

A typical image of the samples sealed at low sealing 

temperature is shown in Fig.2a, which shows that a lot of 

small pores appear. While Fig.2b shows the number of big 

pores increases with increasing sealing temperature. At the 

sealing temperature of 1000 ºC, however, the number of big 

pore decreases and the number of small ones increases 

compared with Fig.2b. When the temperature increases to 

1020 ºC, more big pores emerge due to merging of small ones. 

The dependence of average value of pore diameter as well 

as porosity on sealing temperature is shown in Fig.3. With the 

increase of sealing temperature, the average pore diameter 

firstly increases, then decreases and finally increases again. 

However, the porosity increases at first and becomes constant 

above 980 ºC if the errors are taken into account. Considering 

that the porosity is related to both pore number and pore 

diameter, the pore number contribution to the porosity should 

be resolved. As shown in Fig.2, when the sealing temperature 

increases from 960 ºC to 980 ºC, both the pore number and 

pore diameter increase. Therefore, the porosity increases with 

the sealing temperature. But when the sealing temperature 

increases up to 1020 ºC, the pore number seems to change in 

1 

2 3 
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Fig.2  Optical microscopic images of the glass-metal sealing samples after heat treatment at different sealing temperatures for 10 min: (a) 960 

o

C, 

(b) 980 

o

C, (c)1000 

o

C, and (d) 1020 

o

C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Variations of average pore diameter and porosity with 

increasing sealing temperature 

 

the opposite direction, compared to pore diameter. This 

coupling makes the porosity keep constant. 

One interesting point is that a bubble-free layer is observed 

at the interface of the glass and metal pin. Fig.4 shows a 

schematic illustration of two types of layer at the glass-metal 

interfaces, that is, bubble-free layer and bubble-rich layer. The 

sealing temperature dependence of the glass-metal interfaces 

is shown in Fig.5. It is obvious that the thickness of the 

bubble-free layer gradually increases with increasing the 

sealing temperature. 

Fig.6 are optical images of the glass parts sealing at the 

temperature of 980 

o

C with various holding time. Fig.6a is a 

typical image of sample sealed with the holding time of 5 min. 

This image reveals big pores that coexist with small pores. The 

pore diameter becomes larger with prolonging holding time 

 

 

 

 

 

 

 

 

 

 

�- bubble-free layer; �- bubble-rich layer 

 

Fig.4  Schematic of the interface between glass and 

metal pin 

 

to 10 min. At 20 min, the number of pores increases, as shown 

in Fig.6c. But further prolonging results in a decrease in the 

number of pores.  

Fig.7 precisely shows the change of average value of pore 

diameter as well as porosity as functions of holding time. It 

reveals that the average value of pore diameter increases first 

when the holding time increases from 5 min to 10 min and 

then decreases with longer holding time, whereas the average 

value of pore diameter is maximum at the holding time of 10 

min. Different trends are shown for porosity with holding time. 

The porosity increases greatly between 5 min and 10 min, then 

increases slowly between 10 min and 20 min, and finally 

decreases rapidly between 20 min and 30 min. 

The change of the thickness of bubble-free layer with the 

variation of holding time was observed again. Fig.8 are optical 

images which show the holding time dependence of W

b

 at the 
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Fig.5  Optical microscopic images of the bubble-free layer with different sealing temperatures: (a) 960 

o

C, (b) 980 

o

C, (c) 1000 

o

C, and (d) 1020 

o

C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Optical microscopic images of the glass-metal sealing samples after heat treatment at 980 ºC for different time: 

(a) 5 min, (b) 10 min, (c) 20 min, and (d) 30 min  

 

glass-metal interfaces. It was observed that the value of W

b

 at 

the glass-metal interface systematically increases as the 

holding time increases.  

An important feature in Fig.7 is the irregular trend of the 

average pore diameter and the porosity between 10 min and 20 

min. When the decreasing trend of the average pore diameter 

was compared with the increasing one of the porosity, it is 

evident that the number of pores increases, as shown in Fig.6. 

When the holding time increases (up to 30 min), both the average 

pore diameter and the porosity are reduced further, demon- 

strating that more bubbles escape from the melt. Prolonging 

holding time at 980 ºC results in an increase of W

b

, in agreement 

with the above-mentioned sealing temperature studies. 

The mechanism implies those results above can be illu- 

strated in terms of pore evolution which occurs by bubble 

nucleation, growth, and escape during the sealing process

[11]

, 

where the liquid phase flow promotes the collision, coale- 

scence and movement of bubbles, resulting in corresponding 

variation of porosity distribution. On the one hand, the 

viscosity which decreases with increasing temperature

[12]
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Fig.7  Variations of average pore diameter and porosity with 

increasing holding time 

 

plays an important role in pore evolution. V is the rising 

velocity of bubbles in the molten glass and can be 

approximated via the following equation

[13]

: 

V=ρgD

2

/kη                                     (1) 

where, g is the gravitational constant, ρ is the density of the 

melt, D is bubble diameter, the factor k indicates a departure 

from the formula above and η represents the glass viscosity. 

With increasing temperature to some degree, much bigger 

pores under the influence of buoyancy are easier to escape 

from the melt. On the other hand, the pressure also plays a 

role in the pore evolution. When the internal gas pressure, P

gas

, 

is large enough to exceed the outer forces, the pore will escape 

from the melt. The outer forces are from the ambient pressure, 

P

A

, and the pressure in the bubble, P

C

, which originates from 

the interfacial energy of the bubble-melt. The expression for 

pore growth in the melt is given by 

P

gas

≥P

A

+P

C

                                    (2) 

where, P

C

=2σ/r, σ is the surface tension of the melt; r is the 

radius of the bubble

 [14]

. 

Based upon the analysis above, as shown in Fig.2 and 3, 

both average pore diameter and porosity do not decrease until 

a sealing temperature of 980 ºC. It is supposed that both the 

low viscosity and high internal gas pressure contribute to the 

bubble growth and escape. In the range of 1000 

o

C to 1020 

o

C, 

it is the lower viscosity and bigger internal gas pressure that 

result in bubble escaping from the melt. The variation of 

average pore diameter with sealing temperature seems to be a 

good indication of the pore evolution in the sealing process. 

By following the procedure described above for sealing at 

980 ºC, bubble evolution with various holding time can be 

extracted from observed pictures. As shown in Fig.6 and 7, 

prolonging holding time modifies the bubbles evolution 

characteristic of glass-metal interface. This implies that 

variations in average pore diameter and porosity occur due to 

the prolongation of holding time. It appears that average value 

of pore diameter is strongly reduced by prolonging holding time, 

and the value of porosity slightly decreases. The holding time 

dependence of the bubble evolution is due to the viscosity and 

internal gas pressure which have great effect on the bubbles 

movement, growth and escape according to Eqs. (1) and (2). 

Moreover, in Fig.5 and Fig.8, a consistent increasing trend 

has been presented to explain microscopic observations on the 

thickness of bubble-free layer with various sealing 

temperatures and holding time. Increases of both sealing 

temperature and holding time will change the viscosity and 

internal gas pressure and eventually result in the movement of 

bubbles and the increase of the thickness of bubble-free layer.  

Furthermore, a spatially varying bubble model can be 

constructed to obtain a complete understanding of pore 

evolution by stacking layers with different temperatures on top 

of one another, each with a different value of thickness. It is 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Optical microscopic images of the bubble-free layer with different holding time: (a) 5 min, (b) 10 min, (c) 20 min, and (d) 30 min 
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believed that differences in temperature, which have 

influences on surface tension, produce a displacive force upon 

the bubbles

[15]

 which could move in a temperature gradient. 

Even bigger ones will drag smaller bubbles to move

[16]

. 

During the cooling stage, due to the higher thermal 

conductivity, the temperature of the metal pin decreases more 

rapidly than that of the sealing glass; therefore temperature 

gradient forms from the pin to the glass tube. The bubbles are 

supposed to move away from the metal pin, around which the 

temperature is lower and the viscosity of the glass is higher. 

Once the moving bubbles coalesces with the small bubbles, a 

bubble-rich layer will form and the remaining layer is 

bubble-free. And the bigger the pore diameter is, the larger the 

thickness of the pore-free layer remains. Thus, it is concluded 

that the bubble distribution structure for the case of a spatially 

varying bubble model is a representative physical picture. 

3  Conclusions 

1) When the sealing temperature increases, the average 

value of pore diameter firstly increases, then decreases, and at 

last increases. However, the porosity increases at first and 

becomes constant above 980 

o

C. In addition, the average value 

of pore diameter increases gradually at first, and then 

decreases rapidly with increasing holding time. Different 

trends are shown for the porosity with holding time, the 

porosity increases greatly, then increases slowly and decreases 

rapidly.  

2) Increasing sealing temperature or prolonging holding 

time leads to an increase in the thickness of bubble-free layer. 

Pore evolution during the sealing process has been discussed. 

The variations of both viscosity and internal gas pressure are 

believed to be the main reason. A spatially varying bubble 

model was presented by relating profiling to processing 

conditions. The results of this work will provide some 

guidance on the manufacturing processes of glass-to-metal 

sealing, since the occurrence of voids or bubbles at the 

glass-metal interface is particularly troublesome and cannot 

only mechanically weaken the interface, but may also prevent 

a seal from being hermetic. 
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