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Abstract: An experimental investigation of the glass-to-metal material processing for a hollow
glass ampule is presented in this work. This investigation concentrates on the effects of the acting -
duration of the heat source, and the surface roughness of the metallic rod residing at the center of
the glass tube. Several phenomenological features of the process are displayed and discussed. The
present work does not follow the conventional research approach in the area of glass-to-metal seals
rather it uses a non-conventional point of view to look at the phenomenological information on fur-
ther understanding of the free surface movement and the occurrence of bubbles in glass-to-metal
sealing processes. Detailed images of the actual sealing process provide valuable information on
identifying and isolating the key regimes in the process and mapping out process‘defects, leading
to a better understanding of the physical mechanisms involved in the sealing process. In addition,
the flow field and free surface movement of the glass with respect to various power. supplies and
surface roughness of the metallic rod are also investigated in this work.

INTRODUCTION

THE manufacture of glass-to-metal seals is characterized by a high degree of empiricism. Fur-
thermore, seal rejection and post manufacturing failures related to the process of forming the
seal are quite common. Therefore, a practical need exists to reduce the empiricism in manufac-
turing the seal by a better understanding of the physics involved in the sealing process so that
seal rejection and post manufacture problems can be minimized. This investigation is aimed at
a basic understanding of some aspects of defects in the formation of seals through a systematic
and carefully executed set of experiments. The present work does not follow the conventional
research approach in the area of glass-to-metal seals rather it uses a non-conventional point of
view to look at the phenomenological information on further understanding of the flow field and
free surface movement of the glass with respect to various power supplies and surface roughness
of the metallic rod and the occurrence of bubbles in glass-to-metal sealing processes.

Adhesion of glass to metal surfaces is a phenomenon of much importance in seal technol-
ogy. Haim et al. [1] conclude that adhesion, which involves solidified glass, must begin with the
wetting of the metal surfaces by the glass melt. They present an experimental method for com-
paring the tendency of glass melts to wet metal surfaces. Hrma {2] suggests a phenomenological
theory for the formation of the interfacial bond between a glass and a solid, the analysis being
based on the kinetics of adhesion. Wang et al. [3] conclude that, in addition to the surface energy
between the solid and liquid phases, the cumulative effect of viscosity, interface condition and
reaction on the surface is important for the wetting of glass on metal and that wetting and
adherence can be improved by certain specific additives to the glass. Bhat et al. [4], Hoge et al.
[51 and Brennan et al. [6] discuss several glass-metal systems and the effect of composition on
the glass-metal interface reaction, wetting and adherence.
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NOMENCLATURE

. inner diameter of the glass tube (cm) H height of the glass tube (cm)
outer diameter of the glass tube (cm)

SES

As was pointed out in the work done by Chen & Vafai [7], glass and ceramic materials have
become extremely useful in a variety of applications over the past few decades, especially in the
electronic industry. Glasses are best suited for forming mechanically reliable and vacuum-tight
fusion seals with metals, ceramics and micas, due to their properties, durability and formability.
Vafai and Chen [8], had illustrated that the whole sealing process can be divided into three
regimes. For the first regime, a glass tube is heated. This heating process is done by a laser beam
in the present study. After reaching the softening, it enters the second regime. Because of the
pressure difference induced over the outer surface [9] and the surface tension variation due to
the temperature difference of the inner and outer free surfaces [10], the inner and outer surfaces
start moving inwards, up to the point that the inner surface touches the conductor. After the inner
surface touches the conductor, it enters the third regime of the sealing process.

Several aspects of the glass-to-metal seal have been under investigation for a long time.
Buckley [11] and Miska [12] have presented a general glass-to-metal seals application guide.
Some preliminary aspects of glass-to-metal sealing were discussed by Vafai [13]. It is quite im-
portant to note that very little work has been done in the systematic phenomenological
understanding of the sealing process. The work done by Vafai and Chen [8] constitutes a detailed
investigation of the free surface transport phenomenon inside the glass ampule employing the
Marker and Cell (MAC) method. Later, an experimental investigation of free surface transport
and subsequent bifurcation and adhesion for a hollow glass ampule was done by Chen and Vafai
[7]. This work provided valuable information in identifying and mapping out process defects as
well as providing some fundamental information in the area of free surface transport. In the
present study, we are aiming at obtaining a further understanding of the formation of seals
through a carefully designed systematic experimental investigation with different types of input
power densities and different types of metallic conductors. In this work, images of five different
sealing processes are presented, and valuable information is provided to understand the effects
of the power density and the surface roughness of the metallic rod on the formation of the seal.
In addition, the flow field and free surface movement of the glass with respect to various power
supplies and surface roughness of the metallic rod are also investigated in this work.

EXPERIMENTAL APPARATUS AND PROCEDURE

The apparatus used in our experimental investigation is the set-up which is similar to the
one used in the work of Chen and Vafai [7]. The hollow glass ampules used in the present study
were manufactured by the Schott Technical Glass Company [14]. Thermal radiative absorption
is desirable for these types of sealing processes and, for this reason, all of the glasses have a spe-
cial coating (doped with FeO) which enables them to absorb most of the thermal radiation‘in the
infrared range. The type of glass tube used in the present experimental investigation is 8530
from the Schott Technical Glass Company [I4], with the inner diameter D; = 0.2642 cm, outer
diameter, D, = 0.3353 cm and H = 1.8136 cm. The wavelength of the YAG laser is 1.064 pm,
which is in the infrared range. The chosen glass tube absorbs 85% of the radiation striking its
surface at this wavelength. :

The experimental set-up consists of the laser system, transmitting system, testing section,
image processing system and control system. The laser used in the present experiment has an
output power adjustable from 0 to 128 watts and changing the output power can be done by ad-
justing the laser lamp current. The lamp current is controlled and adjusted by the central pro-
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Figure la. Schematic diagram of the experimental set-up.

cessing unit with control signals sent out by the D/A converter within the data acquisition
system. On receiving the command from the computer, the output power from the laser changes
taking less than 100 ms to achieve steady -output from the laser. In the present experiment, con-
stant power supply is used in investigating the effect of the power density while ramping type of
heat supply is employed in exploring the effect of the surface roughness. The laser beam is
transmitted through a fiber optics system.

The test section is composed of two major parts: the holding mechamsm and the rotating
mechanism. A schematic diagram of the test set-up is shown in Figure la and schematic diagram
of the sealing process is displayed in Figure 1b. The mechanism used to hold the glass ampule
is a bracket with a clamp to adjust the inside diameter. The glass ampule is placed inside the
bracket and is then tightened by the clamp. The position of the metal rod placed inside the glass
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Figure 1b. Schematic diagrom of the sealing process.
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tube is an important parameter in the third regime of the sealing process. For this reason, three
separate micropositioners are used to control the position of the metal rod more accurately. The
output coupler of the fiber optics system is also an important mechanism, and is controlled by
another micropositioner. This micropositioner controls the striking location of the laser beam
on the glass tube and the subsequent amount of glass material fed into the core regime during
the third regime of the sealing process. The other important purpose of this mechanism is to
ascertain whether the laser beams are aligned with respect to each other. The output coupler
micropositioner is adjustable in the z direction, allowing the range of striking locations to be
from the center to the very top of the glass ampule. The effects of the striking location on the
glass ampule, the location and angle of the metallic conductor, the ramping up or down of the
power level and the magnitude of that power itself can be fully investigated by our present ex-
perimental set-up.

The CCD camera is used to track the movement of the glass ampule. We are interested in
investigating the flow field and free surface movement of the glass with respect to various power
supplies and surface roughness of the metallic rod. Based on some extensive preliminary tests,
various initial settigns for heating up the glass ampule to the melting point are explored. The
CCD camera takes 30 frames per second and those images are monitored in real time during the
sealing process. A frame-grabber is used for transferring the images from the CCD camera to
the computer. Images from the CCD camera are first digitized and stored in the frame-grabber’s
memory, and then transferred to the computer using an RS-170 port.

The control system for the experimental set-up consists of the CPU unit, D/A board, frame-
grabber and HP-3458A. The IEEE-488 interface and HP-3497A are not used in the present study
because temperature field is not investigated. The control signals are sent from the master con-
trol unit through the D/A board to control the power density of the laser beam. Simultaneously,
the HP-3458A is used to monitor the voltage output from the D/A board, where voltage is sent
out ot the control unit inside the laser control box to control the lamp current. The signal is sent
to the CPU by the GPIB bus as a reference value.

The experimental procedure was done in the following sequence. First, the heating charac-
teristics were specified. For a specified incidence location of the laser beam, the CCD would
then be adjusted. Next, the image processing program would be initialized. Finally, the master
control program would be initialized, leading to the full execution of the experiment,

RESULTS AND DISCUSSION

Figures 2 to 6 are images taken by the CCD camera and then processed by our imaging
system for five different cases. In the present work emphasis is placed on exploring the lower
power density of heat source and the effects.of surface roughness of the metallic rod. For the first
part of the present study, a metallic rod without any surface roughness is used. In this work an
extensive comparison between using metal rod with significant surface roughness and a rod
without surface roughness is made to investigate these effects on the free surface movement dur-
ing the sealing process. Figures 2 to 4 are based on cases which were chosen after many experi-
ments such that they would reveal pertinent information with respect to the effects of the power
level and the incidence location on free surface transport, and bifurcation of the glass material
when it touches the metal rod and adhesion phenomena for the glass ampule and the glass-to-
metal seal formation. Figures 5 and 6 reveal important information on the effect of the surface
roughness on the occurrence of bubbles inside the seal. The heating input characteristics, the in-
cidence locations, and the specific observations are displayed in Table 1.

For case 1, as shown in Figure 2, the laser beam strikes the outer surface of the glass am-
pule, causing the temperature increase within the glass ampule. Due to the variation of the sur-
face tension difference caused by the temperature difference across the film as shown in Vafai
and Chen [8], the temperature of the glass reaches the softening point, and the inner and outer
free surfaces are no longer in an equilibrium state. As a result, the inner and outer surfaces will
move until they reach an appropriate equilibrium state. In the absence of an external force to
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TABLE 1. Input Information for Cases 1 1o 5.

Incidence
Related Input Heating Location (mm)
Case Figures | Power {watt) | Characteristics | {lrom top and) Observations
1 11, 11 7.5 Constant VO Loose Seal
Power Supply
2 21,21 12 Constant 10 Single Bubble Formation
211 Power Supply
3 31, 31 15 Constant 3.0 No Bubble Formation

Power Supply

4 41, 410 28 6 1.5 6 6.0 Bubble Formation

SII je—ettlta—p]

51, 50 28 4 1.3 5 6.0 No Bubble Formation

SHI, 51V H‘H

w

drive the motion, the film will arrive at a new steady state position such that a new balance be-
tween the surface tension force, the gravitational force and the applied pressure difference will
be re-established. However, the inner surface will keep on moving if there is an external force,
such as the feed-in mechanism through the upper boundary. For case 1, due to the low input
power from the laser and low thermal radiation pressure induced by the low input power from
the laser, a premature equilibrium state‘is achieved and consequently, the inner surface stops
moving inwards. The premature equilibrium here is refering to the fact that due to the low input
power the sealing process is not completed. This can be seen clearly in Figure 2(II).

There are two ways to re-establish a new equilibrium state for case 1: more laser power input
to induce more pressure difference, and/or larger inflow from the upper part of the glass ampule.
Referring to Figure 2, it is seen that there is not much inflow coming from the upper boundary
since all the heat from the laser is taken up by natural convection and high thermal radiation
from the free surfaces caused by the large temperature difference between the environment and
the glass ampule, and only a very small portion of radiation energy can reach the upper bound-
ary by way of heat conduction. Low heat flux on the outer surface translates into a low thermal
radiation pressure resulting in a lower quantity of the glass material above the core region to
reach the melting temperature. This causes a low inflow velocity from the upper boundary. For
case 1, due to this low inflow velocity from the upper boundary, it will take more than 10 minutes
for the inner free surface to touch the metal. But, since the experiment was terminated before
10 minutes had elapsed, the inner surface of the glass ampule will not touch the metal rod.
Therefore, the sealing process can still be accomplished for longer times, however, for mass pro-
duction, the cost of the product will increase significantly. It should be also noted that the inner
free surface has not touched the metal rod so the surface condition of the rod had no effect on
the flow field for case 1.

Based on the outcome of case 1, the input power from the laser was increased for case 2 us-
ing the same type of heating characteristics used in case 1. As seen in Figure 3, the inner free
surface of the glass ampule touches the metal rod at a time equal to 1 = 9.37 seconds after the
laser beam starts striking the outer surface of the glass ampule. Compared to the higher power
density and lower incidence locations, it takes more time in this case for the inner surface to
touch the metal rod due to a lower influx from the upper boundary and a lower pressure
difference which in turn is due to a lower power density incident on the outer surface. For this
case the inner surface of the glass piece moves in faster compared to the previously discussed
case 1, however, there is a large bubble formed at the center of the scal.
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Figure 2 (continued). Images displaying the formation of o loose seal for case 1.
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Figure 2 (continued). Images displaying the formation of @ loose seal for case 1.
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Figure 3. Images representing the single bubble formation in case 2.
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Figure 3 (continued). Images representing the single bubble formation in case 2.
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The mechanisms for formation of a bubble, can be explained from the heat supply point of
view. Referring to Figure 3, a cavity shows up at r = 11.01 sec, and shrinks gradually because
glass material from the upper part keeps feeding into the cavity and fills the space which was
previously filled with air. Due to the incidence location of the laser beam initially, no more glass
material (the amount is mainly determined by the incidence location of the laser beam) can be
fed into the core regime at time equal to 13 seconds, when there is still a bubble inside the core
regime. The required extra inflow of the glass material requires a greater energy supply, which
means more time is needed if the same power density is used. Another reason for the bubble for-
mation can be because of the natural convective currents which are due to the large temperature
difference between the surface of the glass ampule and the ambient air. The natural convection
effects are not significant for processes which require a shorter heating duration. This is because
for shorter duration applications there is not enough time for the natural convection to play a role
in the process.

However, for case 2, lower power density results in a longer duration for the sealing process
and so the natural convection effects become significant. Furthermore, as the glass material
feeds into the air cavity, it will experience a larger retardation force caused by higher degree of
disturbance of the air within the cavity. Referring to Figure 3, symmetric motions of the free sur-
faces are obtained at the beginning and, as time goes on, asymmetric motion of the free surfaces
commences. This phenomenon will increase the chance of bubble formation because incoming
material is no longer fed into the spot where the cavity formerly resided.

To shrink the required time for eliminating the bubble, a higher power supply from the laser
beam is implemented. Referring to Figure 4, the bubble has been eliminated and the quality of
the seal is now significantly better than the former two cases. The sealing characteristics for case
3 are listed in Table 1. As seen in Figure 4, glass material is gradually fed into the core region,
and there is no cavity formed during the whole sealing process. Therefore, it is plausible to ex-
pect no bubble, if enough glass material from the upper part is fed into the cavity. Cases 2 and
3 have made it amply clear that the lack of heat supply at the final stage is the major reason for
a loose seal and bubble formation.

The rods used in cases 1 to 3 are different from those used in the work of Chen and Vafai
[7]. In their work, the rods had some artificial surface roughness while the rods used for the
above cases were made without any surface roughness. For some applications, depending on the
level of stress the seal has to sustain, surface roughness is introduced intentionally to enhance
the strength of the glass-to-metal seals. For example, a proper size and distribution of the
roughness over the surface, serves as a strengthening mechanism for the seal.

On the other hand, an improper size and/or distribution could adversely affect the flow field
within the seal resulting in a product defect. Cases 4 and 5 are implemented to explore these sur-
face roughness effects on the flow field during the sealing process. Referring to Figure 5(I), a
bump on the surface of the metallic rod can be seen. This type of surface roughness could cause
a product defect instead of increasing the quality of the seal. The heating input characteristics,
the incidence locations, and the power level for cases 4 and 5 are listed in Table 1.

It should be noted that the incidence locations for cases 4 and 5 are lower than cases 1 to
3. The incidence location is 6 mm from the top for cases 1 to 3. The reason for lowering the inci-
dence location is to create more material feeding into the center regime to clearly observe the
effects of the big bump [referring to Figure 4(D)] on the flow field. A higher power is used to
reduce the sealing process duration in order to avoid the possible instability introduced with
Jonger process time as discussed in relation to case 2. Furthermore, higher powder density of
the heat source minimizes the natural convection effects.

For case 4, a loose seal was obtained with a single bubble formation. As seen in Figure
5(I), at 1 = 8.17 seconds, a relatively large cavity is formed in the vicinity of the bump. As the
process proceeds, glass material coming from the top is expected to feed into and fill the space.
However, due to the existence of the bump, the flow of the feed-in glass material is retarded and
diverted by the sheer size of the bump. The glass material moving in the direction perpendicular
to the bump is stagnated on top of the bump. As the process proceeds, more glass material is
stacked at the top of the bump resulting in a lower quantity of glass material above the core re-
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Figure 5. Effects of the surface roughness on the sealing process {case 4).
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Figure 5 (continued). Effects of the surface roughness on the sealing process {case 4.
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Figure 5 (continued). Effects of the surface roughness on the sealing process (case 4).
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gion to reach the melting temperature. This phenomenon leads to a situation where the glass
material can no longer move into the cavity. This leads to the bubble formation right next to
where the bump is located. Furthermore, a premature temperature drop resulted in the solidi-
fication of the glass material on the outer surface of the core region, preventing the upper part
of the glass from feeding into the core region. This premature temperature drop is also respon-
sible for the formation of the thermal crack within the seal as seen in Figure 5(¢).

For case 5, the metallic conductor was replaced by a metallic conductor with a smooth sur-
face and there is no bubble formation in the final seal. Referring to Figure 6, which includes
detailed images of the sealing process, it can be seen that as the laser beam strikes the outer sur-
face of the glass tube, the temperature of the tube increases. As the temperature reaches the
softening point, the inner and outer free surfaces start moving toward the metallic conductor.
Meanwhile, the glass material from the upper boundary starts feeding into the core regime due
to conduction. In direct contrast to case 4, the glass material moves towards core without any
interference. This is because there are no obstacles blocking the feeding flow field. All the void
space is filled with glass material entering through the upper boundary. Hence, t. re is no bub-
ble formation in this case.
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Figure 6. Effects of the surface roughness (case 5) on removal of bubble formation observed for case 4.
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Figure 6 (continued). Effects of the surface roughness (case 5) on removal of bubble formation observed
for case 4.

St

o




420 S. C. CHEN and K. VAFAI

= 1017 Sec.

Wt =1173%Sec mt=1249% Ser
(1

Figure 6 (continued). Effects of the surface roughness (case 5) on removal of bubble formation observed
for case 4.

CONCLUSION

The present work does not follow the conventional research approach in the area of glass-to-
metal seals rather it uses a non-conventional point of view to look at the phenomenological in-
formation on furthe understanding of the flow field and free surface movement of the glass with
respect to various power supplies and surface roughness of the metallic rod and the occurrence
of bubbles in glass-to-metal sealing processes. The outcomes of cases 1 to 5 provide us more in-
formation in understanding the mechanisms involved in the sealing process. In this work some
pertinent key parameters which had a crucial impact in the final formation of the seals, such as
power density of the laser and the surface roughness of the metallic conductors, are isolated and
explored in some detail.

By analyzing detailed images of the sealing process, the effect of the power distribution of
the heat source and surface roughness of the metallic rod on the quality of the seal were estab-
lished. The results of the present work will provide ways of identifying and isolating the key
regimes in the process, and contributes to a better understanding of the physical mechanisms in-
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volved in the sealing process and the related free surface tansport and bifurcation phenomena.
The results of this work along with the results obtained in the work of Chen and Vafai [7] form
a systematic experimental investigation resulting in a better understanding of various parameters
involved in the glass-to-metal sealing process.
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