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Abstract

Applications for smart medical implants require hermetic and mechanically strong seals between functional and bio-
compatible materials. Hermetic seals between titanium Ti6Al4V and silica-based glass can be produced using a novel
bonding method based on glass pressing at temperatures around the softening point. This paper presents investigation
results for the tensile bond strength and the gas leak rate depending on the manufacturing process parameters. Notably,
when using blasted surfaces, the tensile bond strengths reached 12 MPa and good adherence with very low leakage due
to the removed oxide layer and surface structure. The interface is analyzed and characterized by applying SEM methods

related to the different adhesion mechanisms.
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1 Introduction

Glass-to-metal seals are required in numerous techno-
logical fields such as aerospace engineering [1], battery
technology [2], and medical engineering [3]. Mechanical
strength and sealing quality are the significant properties
that determine the performance of glass-to-metal bond-
ings. The glass material and the metal alloy must be bio-
compatible for applications in medical engineering.
Implantable electronic devices such as pacemakers are
encapsulated in order to protect the human body from
potentially harmful substances. Titanium alloys combine
mechanical strength with biocompatibility, making them
the material of choice for most medical implants contain-
ing electronic systems. Figure 1 illustrates an implantable
electronic system with a titanium housing. This implant
contains an optical window for optical data communica-
tion with a control system located outside the body, as
described in [4]. Other potential applications for opti-
cal windows are optical diagnosis systems. Silica-based
glasses match the requirements for mechanical strength,
biocompatibility, and optical transmission. Moreover, the

hermetic sealing between the titanium housing and the
glass window is a crucial part of the encapsulation system
(Fig. 1).

Bonding of glass and metal is an old technology that
can even be traced back to ancient Egypt, where decora-
tive glass coatings were manufactured on metal surfaces.
The technology applied for these coatings is based on
glass melting and wetting of the metal surface, which was
later referred to as enameling. Most industrial applications
such as light bulbs or enameled cookware are produced
by this common type of manufacturing process using
high temperatures to melt the glass, allowing it to wet the
metal surface [5]. Bonding of glass and titanium for medi-
cal and other applications is challenging and has been
studied extensively [6-8].

Compared to the conventional glass melting approach,
other bonding methods with low process temperatures
have been introduced [9]. In the anodic bonding process
[10], the glass remains in its solid state, and static electric
fields create the glass-to-metal interface. This technology
is used for microfluidic applications [11].
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Fig. 1 Implantable medical implant with functional glass windows

This paper investigates an alternative glass-to-metal
bonding technology, first introduced in [12], with process
temperatures between conventional melting technologies
and low-temperature bonding technologies. The interface
created at medium temperatures allows glass to be formed
by compressive forces. The investigations’ objective com-
prises determining the influence of the relevant process
parameters on the quality of the glass-to-metal seal.

2 Setup and procedure to test bonding
properties

2.1 Sample design

The investigation of the alternative bonding method uses
a combination of a titanium alloy and a silica-based glass.
Titanium grade 5 (Ti6AI4V) is the most common material
used for medical implants and combines high mechani-
cal strength with biocompatibility. The glass type B270 by
Schott is an optical crown glass and was selected as its
thermal expansion coefficient (10.3 x 1076 K™') is similar
to that of Ti6AI4V (9.5 x 1078 K™'). The major glass compo-
nents comprise SiO, (69%), B,O; (11%), Na,O (10%), K,O
(6%), and BaO (3%).

Fig.2 Experimental setups (a)
and sample design for a Ti-

glass bonding process (press-

ing) and b testing of the bond

tensile strength (drawings not

to scale)
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Two different sample geometries were designed in
order to fulfill the requirements for measuring both the
mechanical strength of the glass-to-metal interface and its
hermetic sealing quality (leak tightness). Figure 2a shows
the cross-section of the axially symmetric bonding device
used for the determination of the bond'’s tensile strength
and consists of two titanium punches enveloping a cylin-
drical glass element of 3 mm thickness and a diameter of
15 mm. This design allows the direct measurement of the
tensile strength (Fig. 2b) without requiring any glue. The
second sample design in Fig. 3a consists of a titanium ring
surrounding a glass cylinder of the same geometry, allow-
ing the leak rate measurement through the glass-to-metal
peripheral interface.

All titanium samples were produced by precision mill-
ing. The blasted surfaces in contact with the glass were
roughened by blasting with glass powder (type 09-0010,
Baltrusch & Mitsch) in a microblasting tool. A tactile
roughness instrument was applied for measuring the
surface roughness, which resulted in Ra=0.3 um for the
milled surface, and Ra=1.7 um for the blasted one.

2.2 Bonding process: glass pressing

The glass samples are placed in a pressing die with a Ti
sample on both the bottom and the upper punch in a
vacuum chamber mounted in a universal testing machine.
The samples are heated to the process temperature T, in
an argon atmosphere at a pressure of 5 mbar. Compared
to a vacuum, the low-pressure atmosphere of inert gas
allows for better heat conductivity from the heated die
into the glass sample. In addition, the partial pressure of
oxygen is further reduced, which prevents the growth of
an oxide layer.

Applying compressive forces on the die provides bond-
ing of the Ti and glass samples. The two parts of the die

(b)
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Fig.3 Experimental setups, (a )
sample design for measure-

ment of leak rate: glass press-

ing process (a), helium leak

test (b), pressure gain test (c)

(drawings not to scale)
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are equipped with a heater allowing for homogeneous
temperature distribution. In the first sample geometry,
the die touches the upper titanium sample, and the glass
is pressed between the two titanium samples (Fig. 2a). In
the second sample geometry, the upper punch directly
touches the glass, which bonds to the ring-shaped tita-
nium sample (Fig. 3a). These components are coated with
a boron nitride layer to prevent the glass from bonding
with the upper punch or the sample holder.

During pressing, the maximum process force F, is
maintained for 15 s. The applied bonding procedure
and process parameters are identical for the two sample
geometries. Therefore, the measurement results regarding
tensile strength and gas leak rates are comparable to sam-
ples produced with the same process parameters. Winkler
et al. [13] describe the layout of the glass-pressing tool and
the individual process steps in detail.

The tested process temperatures of T,=705 °C, 745 °C,
and 785 °C cover a range of 1.5 orders of magnitude in
viscosity around the softening point of the glass mate-
rial B270 at 724 °C. The selected process forces F,=200 N,
500 N, and 1200 N correspond to compressive stress values
between 1 and 7 MPa, which is typical in glass pressing.

2.3 Measurement of tensile strength and leak rate

The adherence of a glass coating on a metal surface can be
measured indirectly, e.g. by the Vickers indentation method
[14], or directly with a pull-off test [15], in which the sample
has to be glued to the testing machine. The tested device

vacuum pressure sensor

@ vacuum pump

and the mechanical interlocking of the two titanium ele-
ments (Fig. 2b) are connected to the universal testing
machine to avoid the difficulties of detecting the failure
point associated with using glue. The tensile force increases
in a linear rate of 20 N/s up to 1000 N and 200 N/s above
this threshold. The maximum force before the breakage is
registered, and the bond tensile strength Ry, is calculated
using the sample area of 177 mm? (@ 15 mm).

The leak rate Q, is a measured parameter for hermetic
sealing quality and is usually specified by the unit mbar-I/s.
The size of the bonded area amounts to 141 mm? in the
experimental setup. At first, all samples are measured with
a pressure gain test (Fig. 3c) as specified in DIN EN 1779.The
vacuum chamber on the bottom side of the sample is evacu-
ated, and then the vacuum pump is disconnected. The leak
rate Q, can be calculated based on recording the rising pres-
sure over time due to leakage through the glass-to-metal
interface. The helium leak test is applied as a second meas-
urement method [16] for samples with leak rates lower than
10~* mbar I/s. Figure 3b illustrates the experimental setup.
The Ti sample’s upper side is filled with helium under atmos-
pheric pressure of 1 bar, while the bottom side is evacuated
and connected to a mass spectrometer designed for the
helium leak test. The test procedure is capable of measur-
ing leak rates down to 1072 mbar I/s.
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3 Results and discussion
3.1 Tensile bond strength and leak rate

Figures 4 and 5 present the results of the tensile strength
Ry and the leak rate Q| for the indicated parameter combi-
nations. For most of the experiments, the tensile strength
ranges from 7 MPa to 12 MPa. Only three parameter combi-
nations resulted in very low values for R,;, which implies no
adhesion. The leak rate results (Fig. 5) are similar to those
of the tensile strength and are divided into two groups.
The first group comprises leak rates of 1-107 mbar-I/s and
below, which is considered technically hermetic, while
the second group of leak rates amounts to more than
0.01 mbar:l/s, which is considered non-hermetic.

In addition to measuring their tensile strength and
leak rates, the samples were analyzed by scanning elec-
tron microscopy (SEM). Four of the leak-rate-samples with
selected parameter combinations were cut perpendicu-
lar to the glass titanium interface, ground, polished, and
cleaned before being analyzed by SEM. Figure 6 shows
the SEM images together with the corresponding process
parameters.

3.2 Bonding mechanism

Bonding can be defined as adhesion, which describes
the connection between two dissimilar materials at their
contact surface. Even today, numerous aspects of adhe-
sion are still subject to research. Various adhesion models
with mechanical, electrostatic, chemical, or thermody-
namic approaches are available for describing the effects
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Fig.4 Tensile strength as a function of process temperature for dif-
ferent process parameters
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Fig.5 Leak rate as a function of process temperature for different
process parameters

of adhesion. Adhesion can roughly be subdivided into
mechanical adhesion and specific adhesion [17]. Mechani-
cal adhesion is based on interlocking, where the first mate-
rial fills voids, pores, or undercuts of the second material.
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Fig.6 Cross-sectional SEM image of glass-titanium bond interfaces
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Specific adhesion is based on electrostatic and molecular
forces such as chemical forces or van der Waals forces. It
describes adhesion between flat surfaces.

Oxide layers, such as TiO,, can prevent glass-to-metal
bonding. The samples were cleaned as described by Don-
ald [1] and bonded directly after machining and blasting
to avoid the negative influence of titanium oxide layers. In
the SEM images in Fig. 6¢, d, the blasted titanium surface
appears rough compared to the milled surface in Fig. 6a,
b. However, undercuts can be excluded since tensile tests
checked the adhesion using a test force perpendicular to
the interface. Thus, mechanical adhesion can be neglected.
However, specific adhesion does not require a roughened
surface but can be increased by roughening the surface
as it increases the surface area of the interface between
the two materials.

In general, higher process temperatures, higher pro-
cess forces, and a rough titanium surface lead to better
results for both tensile strength and seal quality defined
by leak rate. All samples with blasted surfaces are hermetic
with leak rates lower than 1-107® mbar-l/s and show high
tensile strength values, with one exception (T, =705 °C,
Fp=200 N). The increased surface area can explain this
effect due to the roughened metal surface.

In the SEM images in Fig. 6a, ¢, d, the materials are
in close contact, and no visible gap can be detected.
The observed seal quality is verified by the high tensile
strength and low leak rate measured in samples produced
with the same process parameters. In contrast, Fig. 6b
shows a gap of approx. 5 um between glass and titanium.
Accordingly, the measured leak rate is high. However, the
parameter combination resulted in a relatively high tensile
strength of more than 10 MPa. As two different sample
designs were used, it is possible that in this case, the result-
ing glass-to-titanium interfaces significantly deviate in the
two designs, even though they were produced with the
same process parameters.

The SEM images in Fig. 6 show an accumulation of cir-
cular shapes in the glass material close to the interface.
The shapes only appear at high process temperatures of
Tp=785 °C and appear to have no influence on the seal
quality. Further analyses showed that the shapes are
spherical cavities in the glass sample that were exposed
during the preparation of the SEM samples. Since the cavi-
ties do not appear in all samples, they must originate from
the bonding process. These cavities may be explained by
gases, which are produced in chemical reactions during
the bonding process at higher temperatures. However, no
literature references were found indicating such effects.
Another explanation for the cavities is the inclusion of
argon gas, which fills the process chamber during the
bonding process at low pressure. Edelmann [18] reported
this effect for a similar hot embossing process.

3.3 Conclusion

The basic applicability of the novel bonding method has
already been demonstrated by Winkler et al. [13]. However,
other boundary conditions from relevant applications
restrict the parameter field of the process. For example,
optical functional surfaces such as lenses are typically
molded below the softening point due to tool adhesion.
Moreover, the design does not allow the application of
high process forces in narrow electrical feedthroughs.
Therefore, an optimum combination of process param-
eters has to be chosen depending on the application.

Results with low tensile strength and high leak rates
occur at low process temperatures and low process forces.
Due to the high viscosity of glass, more time is required
for the glass to form a uniform interface to the metal. As
all experiments were performed with the same process
time of 15 s, the glass could not cover the metal surface
entirely at low temperatures and low process forces, which
strongly reduced the seal quality. If it becomes necessary
to realize the connection at temperatures below the sof-
tening point, the surface must be roughened, and high
pressing loads have to be applied (see Figs. 4, 5). Longer
process times are rarely possible due to poor demold-
ing. Good mechanical adhesion was achieved at the high
process force applied for the parameter combination in
Fig. 6b. However, this good mechanical adhesion was not
evenly distributed over the entire bond surface, so that no
hermetic seal quality was achieved.

In all other applications, bonding should take place
above the softening point. In this case, the clean and
smooth surface shows no functional disadvantages
regarding strength and hermetic seal quality if the process
force is sufficient. However, too high process temperatures
lead to bubble formation at the interface. Ideally, the pro-
cess window’s central area is derived at a bonding temper-
ature just above the softening point and at pressing loads
above 2.5 MPa, independent of the surface roughness.

4 Summary and outlook

An alternative process was tested and verified for bond-
ing glass and titanium at medium temperatures by glass
pressing. The most relevant process parameters were
investigated, and the tensile strength and the leak rate
were measured. Leak rates below 1-107° mbar-I/s and ten-
sile strengths of more than 7 MPa were verified for most
parameter combinations. The material interface was ana-
lyzed using SEM for selected parameter combinations.
Tensile strength and leak rate can be improved by
higher process temperatures, and, to a smaller degree, by
higher process forces. The blasted surface provides better
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bonding quality. Applying low process temperatures in
combination with low process forces results in a mechani-
cally weak interface that is not hermetic. In the SEM analy-
sis, a large gap between the materials was observed for
these samples. Using high temperatures led to cavities in
the glass at the material interface, which did not nega-
tively affect the seal quality.

It would be necessary to understand the adhesion
mechanisms to obtain a deeper understanding of the pro-
cess parameters’influence. While mechanical adhesion can
be neglected, the type of forces affecting adhesion can-
not be determined using the methods described in these
investigations. Spectroscopic analysis such as auger elec-
tron spectroscopy [19] could be used to analyze the nature
of the adhesion mechanism.
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