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The brazing of SiC fibre reinforced borosilicate glass matrix composites with Mo plates has
been investigated. Molybdenum was chosen as the metallic partner under consideration of
system requirements, e.g. thermomechanical stability at temperatures of interest
(500-750°C), and physical properties, e.g. coefficient of thermal expansion close to that of
the glass matrix composite. Two brazing filler materials were investigated: a glass braze
(Schott G018-174) and an active filler metal (Incusil ABA, brazing temperature = 740°C).
When using the glass braze the surface of the metal had to be roughened to ensure a bond
of significant strength. Vacuum brazing with the active filler metal resulted in joints with
high strength, which allows to fully utilise the mechanical competence of the glass matrix
composite when the joint configuration is adapted to the relevant loading conditions. A
novel design of a tool for hot glassware handling, made of glass matrix composite/Mo
joints, is presented. © 2005 Springer Science + Business Media, Inc.

1. Introduction
Glass and glass-ceramic matrix composites are
lightweight structural materials exhibiting excellent
mechanical, thermal and chemical properties for ap-
plications in energy conversion systems, gas turbines
and other specialised areas requiring high oxidation and
corrosion resistance at elevated temperatures [1]. These
materials are also of interest for a wide range of appli-
cations in conventional technologies, i.e. at low to mod-
erate temperatures and under low to moderate stresses,
for example for components in vacuum pumps, automo-
tive parts and construction of special machinery [2, 3].
However, suitable manufacturing and joining technolo-
gies are required in order to assemble complex compo-
nents and to expand the application possibilities of glass
and glass-ceramic matrix composites [4]. Our previ-
ous review of the available technical literature on these
materials [5] revealed that the development of suitable
joining techniques is one of the main challenges for the
future development of these composite materials.
Only a few of the procedures developed for join-
ing traditional ceramics or glasses are directly trans-
ferable to composites. In addition to common prob-
lems which usually appear when joining ceramics with
metals, such as poor wetting behaviour of ceramics
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and differences in physical and thermal properties of
metals and ceramics, other issues arise with compos-
ites. For example, the different wetting behaviour of
the composite constituents (e.g., fibre and matrix), and
the compatibility of the joining process with the com-
posite fabrication technique have to be taken into ac-
count when joining ceramics or glass matrix compos-
ites with metals. Among different joining processes like
mechanical interlocking, diffusion bonding and join-
ing by preceramic polymers, the brazing technology
has been widely used in the joining of monolithic ce-
ramics to metals and to other monolithic ceramics [6—
12]. This technique has been proposed to be suitable
also for a wide range of ceramic-matrix composites
(CMCs) [13]. Joining of SiC based ceramic compos-
ites to similar SiC/SiC composites or to high tempera-
ture alloys has been reported extensively in the litera-
ture [14-17], however, there is very little information
concerning joining of ceramic composites with oxide
matrices, including silicate matrix composites, to metal
parts [18-22].

In one of the few studies published on silicate ma-
trix composites, Dixon [19] reported on brazed joints of
silicon nitride fibre reinforced cordierite glass-ceramic
with titanium and stainless steel parts. Different
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interlayer materials were used in order to minimise
residual stresses and to prevent the damage of fibre-
matrix interfaces in the composite.

In the present study, the brazing of a commercially
available SiC fibre reinforced glass matrix composite
with molybdenum counterparts was investigated as-
sessing different joining configurations. The perfor-
mance of the joints was qualitatively evaluated using
bending strength tests. The type of joints investigated
is relevant for the actual use of the composites in tools
for the handling of hot glassware and non-ferrous met-
als at working temperatures of ~500-750°C, which
is one of the current commercial applications of the
composites [23].

2. Experimental

2.1. Materials

The composite investigated was a borosilicate (Duran®)
glass matrix composite unidirectionally reinforced with
Nicalon®NL 202 SiC fibres. The composite was manu-
factured by the sol-gel slurry and hot-pressing method
[24] (Schott Glaswerke, Mainz, Germany). The fibre
content in this material is 40 vol%:; the fibres have an
average diameter of 0.015 mm. The material was re-
ceived in the form of rectangular test bars of 50 mm
length and 4 x 3.85 mm? in cross section. Relevant
properties of the composite material are summarised in
Table I. This composite system has been fully inves-
tigated in terms of thermomechanical behaviour [25,
26] and it has reached commercial exploitation for ex-
ample in the area of hot glass and non-ferrous metal
handling [23]. There is however very little knowledge
about the joining of this composite to refractory metal
parts. Thus the evaluation of adequate, cost-effective
and reproducible joining methods will increase the ap-
plication possibilities for this composite.

Molybdenum was chosen as metallic joining part-
ner not only due to its good mechanical stability at the
temperatures of interest (500-750°C) but also due to
the relatively low difference of its thermal expansion
coefficient with that of the glass matrix composite, as
shown in Table L.

The main criteria for the choice of the brazing
filler materials were the brazing temperature and the
wettability of the glass matrix composite constituents
(borosilicate glass, SiC fibre).

The maximal brazing temperature was in principle
limited by the transformation temperature of the glass
matrix, which is 550°C [26]. For this temperature range
(RT-550°) there are no metallic alloy fillers wetting
borosilicate glass. The only brazing filler materials en-

TABLE I Mechanical and physical properties of the joining partners

E «(RT-600°C)  Tensile/Bending
Material (GPa)  (107%/K) Strength (MPa)
SiC fibre reinforced 117 3.2 700
Duran® matrix (in the fibre direction)
composite
Mo 324 53 585

TABLE II Composition of the glass solder

Glass B,03 CaO CaF, TiO, Zn0O PbO
solder (Wt%) (Wt%) Wt%)  (wt%)  (Wt%)  (Wt%)

GO018-74  1-10 1-10 0.1-1 10-50  1-10 >50

suring wetting of the glass matrix composite at such
relatively low temperatures are glass brazes. As it is
well-known, technical glasses are successfully used
to join glasses by silicate brazing, for example bulk
silicate-glass components such as cathodic ray tubes. A
commercially available composite glass braze (Schott
GO018-174), which has a working temperature of 430°C,
was chosen under consideration of the processing tem-
perature and properties of the materials to be joined.
This glass braze is recommended for joining of materi-
als with thermal expansion coefficients of ~5 x 1076
1/K. The chemical composition of the glass braze used
is given in Table II and the thermal expansion coef-
ficient of this glass in the relevant temperature range
is 4.3 x 107° 1/K, measured according to norm DIN
52328.

Furthermore an active filler metal (Incusil ABA) with
a moderate brazing temperature (740°C) was also con-
sidered. The chemical composition of the metallic alloy
filler, available as a foil, is summarised in Table IIT and
its thermal expansion coefficient is 19.7 x 107° 1/K.
The working temperature of this filler is significantly
higher than the glass matrix transformation tempera-
ture. This would give the possibility to increase the
application temperature of the composite/metal joint
component if degradation of the properties of the glass
matrix composite during the brazing process can be
avoided. It is known from previous investigations [25,
26], that SiC fibre/borosilicate glass matrix compos-
ites may be exposed to oxidising environments for
short times (up to ~20 h) even at temperatures of
700°C without major degradation of their mechanical
properties.

2.2. Methods

Two joint configurations were investigated, as shown
in Fig. 1, which are labeled configurations (a) and (b).
Configuration (a) corresponds to joints brazed on sec-
tions parallel to the fibres’ direction, while in configu-
ration (b) joints are brazed on sections normal to the fi-
bres’ direction. Configuration (a) has a higher practical
relevance, whilst configuration (b) allows the applica-
tion of standardized mechanical tests to assess the joint
strength. Both configurations are of scientific interest
when investigating the suitability of the brazing tech-
nique to join glass matrix composites to metals. The
morphology of the interfaces between the composite

TABLE III Composition of the brazing filler materials

Brazing Ag Cu In Ti
filler (Wt%) (Wt%) (Wt%) (Wt%)
Incusil ABA 59 27.25 12.5 1.25
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Figure 1 Configurations of investigated joints of SiC fibre/glass matrix composite to Mo plates: configuration (a) in sections parallel to SiC fibre
direction, and configuration (b) in sections perpendicular to SiC fibre direction.
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Figure 2 Macrograph showing the rig used for bending tests on joints
in configuration (a).

material and the metallic counterpart are different in
both configurations, which will influence the wetting
as well as the surface reaction behavior (e.g., possible
degradation of the glass composite). Configuration (a)
corresponds to a typical load configuration in which
the favorable thermomechanical properties of the glass
matrix composite can be exploited, for example in com-
ponents for handling of hot glassware [23].

Both filler materials (glass braze and filler metal al-
loy) were used to manufacture joints of configuration
(a). Three specimens were produced with each braz-
ing material. The performance of the joints was then
evaluated using a bending test, as shown in Fig. 2. The
more suitable filler material was selected considering
the results of this test and the accompanying failure
analysis.

The joints with glass brazes were performed in an
electric furnace in air atmosphere. The parameters used
were T = 430°C, time = 30 min. A pressure of 1.1
x 1072 MPa was mechanically applied on the joints.
When using the active brazing filler metal, the joints
were produced in a TORVAC vacuum furnace, whereby
the process pressure was always lower than 10~ mbar.
The processing parameters were T = 740°C, t =
10 min. Samples for active brazing were chemically
cleaned and then out-gassed in a vacuum oven prior
to the brazing operation. Out gassing took place at the
following conditions: for SiC fibre/glass matrix com-

posite: T = 740°C, t = 10 min and for Mo plates: T =
800°C, time = 45 min.

Because the preliminary results from wetting tests
showed a significant influence of the substrate rough-
ness on the bonding behavior when using the glass
braze, the surface roughness of the Mo plate was al-
tered: for two specimens the Mo surface was sand
blasted (grit 80), while for one specimen the smooth
surface of the as-delivered material was kept.

For the joints of configuration (b) only the filler metal
alloy (Incusil ABA) was applied, which had been eval-
uated for joints of configuration (a) as being a more

Samples

Mol/composite joint
10 mm
H

Figure 4 Four-point bending test rig to test joints in configuration (b).
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20 mm

Figure 5 Fracture behaviour of glass braze joints for different surface preparation state of the Mo substrate during early stage of the bending test: (a)
Mo plate in as-delivered state (smooth surface); failure at low loads. (b) Mo plate with sand blasted surface; high load capacity.

-
20 mm

Figure 6 Fracture behaviour of glass braze joints for different surface
preparation state of the metallic substrate at the end of the bending test.
Right: Mo plate in as-delivered state (smooth surface), left: Mo plate
with sand blasted surface.

suitable filler material than the glass braze (see Section
3.2).

For brazing joints of configuration (b), a special jig
which assured the proper alignment of the specimens
and a constant joint clearance was used, as shown in
Fig. 3. Four specimens were simultaneously produced
in vacuum. The brazing temperature was 740°C, the

100pm

Mag= 150X
File Name = SEM_8 uf

brazing time 10 min. Two brazing foils of 0.05 mm in
thickness were applied.

The joints in configuration (b) were characterised in
a four-point bending test, as shown in Fig. 4.

3. Results

3.1. Joints in configuration (a)

3.1.1. Joints using glass braze

The joints in which molybdenum plates of smooth sur-
face finish were used failed at very low loads during
bending tests. On the contrary, brazed specimens where
sand blasted molybdenum plates were used showed sig-
nificantly higher fracture strength, as qualitatively con-
firmed by the bending tests carried out, documented in
Figs 5 and 6.

The comparison of results indicates that the quality
of bonding of the glass matrix composite to molybde-
num plates performed using the glass braze is deter-
mined by mechanical interlocking. For smooth surface
of the metallic partner, the composite peeled away from
the metallic substrate at very low load in the bending
configuration tested. The glass braze remains on the
glass composite surface, as seen in Fig. 6. On the

(b gen auf Bx12cm)  Signal A = QBSD
EHT = 20.00 kv

Figure 7 SEM images of the fracture surface of glass matrix composite-Mo joints obtained using glass braze. The glass braze remained adherent on

the glass matrix composite surface.
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20 mm

Figure 9 Image showing the deformation capacity of the joints produced
with Incusil ABA (qualitative bending test).

contrary, the joints with sand blasted surface of the
metallic partner showed a significant deformation ca-
pacity. The failure occurred partially at the metal-glass
braze interface, especially in the middle zone and par-
tially at the glass composite-glass braze interface (edge
zone), as shown in Fig. 7. According to these results, the
brazing zone represents the weakest link of the joints
and for this reason the mechanical competence of the
SiC fibre reinforced glass matrix composite cannot be
fully utilised.

3.1.2. Joints with incusil ABA

The wetting test indicated a high bonding strength of
joints performed with the metallic brazing filler. This
was confirmed by the manual test trying to remove the
molten brazing filler from the substrate, which resulted
in glass composite delamination, as shown in Fig. 8.
This indicates that the joint’s bond strength is higher
than the interlaminar strength of the glass matrix com-
posite. The subsequent qualitative tests on joints of
configuration (a) confirmed this behaviour. The joints
showed a high loading capacity, much higher than the
joints made with glass braze, as it is evident in Fig. 9
(compare with Fig. 5).

Mag= 400
File Name = SER

Figure 10 SEM image of the fracture surface of a glass matrix
composite—Mo joint in configuration (a), brazed using Incusil ABA,
indicating failure by delamination of the composite.

Failure always occurred through the glass matrix
composite by significant delamination, as the frac-
ture surface in Fig. 10 indicates. The brazing zone as
well as the Mo substrate remained intact. Moreover,
no degradation of the glass matrix composite material
due to thermal effects during the brazing process was
observed.

The SEM investigation showed the formation of a
thin (ca. 1-2 wm) reaction zone (composed of titanium
silicides and nitrides) between the Duran® borosilicate
glass matrix and the Incusil ABA brazing filler, which
provides a good bonding strength of the joint. The reac-
tion zone is shown in Fig. 11a and b. The Incusil ABA
contains as active filler metal 1.25 wt% titanium. It is
suggested that a melt with significant Ti content should
primarily react with SiO,, which is the most abundant
component of the borosilicate glass matrix material. On
the other hand there should be only negligible chemical
reaction between Ti and the SiC based fibres (Nicalon®)
at the relatively low temperature of the brazing process.

3.2. Joints in configuration (b)
The investigation on configuration (a) indicated that
the metallic filler is more suitable for the production
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Figure 11 SEM micrographs showing the microstructure of the glass matrix composite/Mo joints in configuration (a), at low (a) and high (b)
magnifications. A thin reaction zone at the interface between the brazing filler metal and the borosilicate glass matrix is observed, marked by arrows

in (b).

of glass matrix composite—Mo joints than the glass
braze. Therefore only the metallic filler was used for
producing joints of configuration (b).

An average bending strength of 85MPa was mea-
sured for the joints of configuration (b) brazed in sec-
tions normal to the fibre direction. However, the failure
behaviour was completely different to that observed in
case of configuration (a). The joints failed at the braz-
ing filler-glass matrix composite interface, as seen in
Fig 12. Glass matrix composite delamination was not
observed, fracture occurred by brittle failure at the in-
terface. SEM micrographs of a typical fracture surface
at different magnifications are shown in Fig. 13a and b.
The SEM investigation on the joint cross section con-
firmed that there was an intact bonding between the
borosilicate glass matrix and the Incusil ABA. This joint
was of even better quality than the bonding achieved
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Figure 12 Glass matrix composite—molybdenum specimens of config-
uration (b) brazed with Incusil ABA after the bending test. Brittle failure
occurred through the glass composite-brazing filler interface reaction
zone.
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Figure 13 SEM images of the fracture surface of the specimen of Fig. 12 at (a) low and (b) high magnifications, indicating brittle fracture at the

interface.

between Incusil ABA and the molybdenum plate, where
small defects were detected, as marked by arrows in
Fig. 14.

The detailed SEM investigation led to identification
of a similar microstructure of the interface between
the glass matrix composite and the Incusil ABA filler,
as seen in Fig. 15. A thin reaction zone between the
borosilicate glass and the Incusil ABA was found.

4. Discussion

Glass brazes and metallic active fillers have been inves-
tigated in their suitability to join a SiC fibre reinforced
glass matrix composite to Mo plates. The most signif-
icant result of the present investigation is that metallic
brazing fillers needing a working temperature higher
than the glass transition temperature of the compos-
ite matrix can be used for joining the glass matrix

Figure 14 SEM micrograph of the joint profile in configuration (b).
Lower layer: Mo substrate, middle section: Incusil ABA, upper layer:
borosilicate glass matrix composite. The arrow indicates defects at the
Mo/Incusil ABA interface.
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Figure 15 SEM image of the brazing zone in configuration (b) showing the thin reaction zone at the interface region between the brazing filler and

the borosilicate glass matrix.

glass matrix composite

\

brazing filler

a)

Mo substrate |

Figure 16 Possible application of the SiC fibre reinforced glass matrix composite in combination with metal parts: schematic diagram of the design

of a tong for hot glassware handling.

composite to Mo. No degradation of the glass com-
posite material was observed. The use of these fillers
(e.g., Incusil ABA proposed in this study) results in
joints with higher strength than that achieved using the
glass braze.

In configuration (a) the properties of the glass com-
posite can be fully utilised, as the strength of the glass
composite/Mo joint is higher than the delamination
stress of the composite. These joints allow applica-
tion of the composite in components and parts for tools
(e.g., tongs for high temperature applications) in which
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the glass composite must be combined with refractory
metal parts [23]. A possible design of such a tool, where
SiC fibre reinforced glass matrix composite-Mo joints
are featured, is presented in Fig. 16. The maximum
bending stress which can be applied in this configura-
tion is limited by the interlaminar shear strength of the
glass matrix composite and not by the joint strength.
In configuration (b), the load capacity of the glass
matrix composite in parallel to the fibre direction could
not be fully exploited. The brazing zone is the weakest
link of the joint. A brittle reaction layer between the



borosilicate glass matrix and the Incusil ABA brazing
filler was found in the brazing zone. No reaction be-
tween the SiC fibre and the filler metal was observed,
what also indicates a weak bond between the fibre and
the filler. Moreover it can be assumed that the com-
posite/filler metal bond strength in this configuration
is determined primarily by the strength of the bond be-
tween the glass matrix and the filler (which accounts for
~60% of the cross section area) and to a lesser extent by
the bond between the SiC fibres and the metallic filler
(~40% of the cross section area). Accordingly, the glass
matrix will carry a load proportionally higher than that
carried by the fibres, which is unsatisfactory. It is also
questionable whether or not loads could be transferred
to the fibres, which in this case are not well bonded to
the brazing material. This result confirms what was ob-
served in case of configuration (a) in that Incusil ABA is
a suitable filler metal for joining borosilicate glass ma-
trix composites to Mo in an appropriate configuration,
in particular when the glass composite-brazing mate-
rial interface consists mainly of the glass matrix-filler
interface and not SiC fibres-filler interfaces.

5. Conclusions

Brazed joints of SiC fibre reinforced borosilicate glass
matrix composite with Mo plates were produced, in
which the favourable mechanical properties of the
glass-matrix composite can be fully utilised. The ac-
tive filler metal Incusil ABA was shown to be a suit-
able brazing material which performed better than a
commercially available glass braze. A novel design of
a tool for hot glassware handling, made of glass matrix
composite/Mo joints, has been presented.
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