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Abstract

The aim of this work is to study joining materials and innovative bonding technologies for ultra stable joints of carbon/carbon composite (C/C)
sandwich panels for the manufacturing of next generation space instruments. The proposed solutions have low coefficient of thermal expansion
(CTE) and coefficient of moisture expansion (CME), and a good mechanical strength, in order to guarantee the dimensional stability and mechanical

reliability of the joined C/C panels.
© 2009 Elsevier Ltd. All rights reserved.

Keywords: A.Joining; B. Composites; C. Mechanical properties; E. Space instruments

1. Introduction

Future large optical instruments will be based on interfer-
ometric and optical aperture synthesis (according to the ESA
science program for 2015-2025 named “Cosmic Vision™!).
Such instruments will require ultra high stability large struc-
tures (some square meters) and a near to zero CTE is necessary
for both in-orbit and ground-and-orbit operations.

Carbon/carbon composites (C/C) have been selected as key
materials for the future instruments as their properties can be
tailored to the application requirements detailed below?:

- very high thermo-elastic stability: C/C CTE is close to zero
(in a quasi isotropic lay-up configuration);

- low density with good mechanical properties: they are not
brittle materials and allow simple and reliable design;

- moisture insensitivity (null coefficient of moisture expansion,
CME);

- various architectural possibilities: thin and large size cylin-
ders, skins and honeycomb sandwiches, which can be adapted
to several efficient structural concepts;

- industrial maturity: large industrial facilities up to 2.5 m?.
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To fully benefit from the potential given by C/C, it is impor-
tant to select a joining material having the same properties of
C/C, in particular a quasi-zero CTE and CME, in addition to a
good mechanical strength.

With this purpose, several joining materials and technologies
have been selected. The requirements for the joining materials
are mainly given by the strict dimensional stability requirements
of the future high performance space instruments.

The requirements of the joints established by the end-user are
reported in Table 1.

Several types of bonding materials and technologies between
honeycomb C/C cores and C/C skins (sandwich panels) have
been tested at Thales Alenia Space (TAS). Although pyrolitic
bonding, obtained through co-densification of C/C skins and
honeycomb C/C core, gave promising results at small sample
level, the mechanical strength of such bonding was low on large
samples.’

Consequently, for large size panels, the assembly of C/C
skins and honeycomb C/C cores relies today on organic bond-
ing. Organic bonding is applicable to whatever size of sandwich
and skins thickness, but the resulting assembly is sensitive
to moisture absorption, leading to distortion of the struc-
ture.

The aim of this work is to study joining materials and innova-
tive bonding technologies for ultra stable joints of C/C sandwich
panels for the manufacturing of next generation space instru-
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Table 1
Requirements set by end-user for the joints.

Preferred joining process temperature (°C) <300°C*?

Operating T range (°C) from —50 to 50

CTE (x107¢°C~1) in [-50°C, 50°C] <5
Shear strength at RT (MPa) >12
Young modulus, E (GPa) 1-30
Coefficient of moisture expansion (CME) 0

Joint thickness (pm) 100-200
CTE x E x thickness (x 107% °C~! GPa mm) <120°

2 Compatible with end-user standard processing equipments.
® From Ref. 11.

ments. The results obtained by using different joining materials
(metals and adhesives) are described and discussed.

2. Experimental
2.1. Sandwich sample description

The C/C to be joined are sandwich panels composed of two
C/C skins joined to a honeycomb C/C core (Fig. 1).

2.1.1. C/C skins and honeycomb C/C cores

C/C skins are produced by Chemical Vapour Infiltration
(CVI) of a quasi-isotropic lay-up (0°/45°/—45°/90°) of ex-PAN
fibres; an adequate high temperature treatment confers to the
material a quasi-null CTE.

The typical properties of C/C skins, measured at room tem-
perature, are about 60 GPa (tensile modulus) and about 160 MPa
(tensile strength).

During the CVI process a 10-15 wm pyrocarbon “seal coat”
grows at the surface of the C/C skin, with a smooth laminar ori-
entated structure. The coating is usually removed by polishing
C/C skins before joining them to honeycomb C/C cores, nev-
ertheless, its influence on the joining material wettability and
shear strength of joined samples was investigated for compar-
ison purposes. Some C/C skins were polished to remove the
coating before wettability and joining tests and the results were
compared with those obtained on as-received samples.

Honeycomb C/C cores are made of ex-PAN T300 fibres,
fabric plain weave and lay-up 45°/—45°.

Table 2

2.2. Joining materials

The joining materials selected, taking into account the
requirements in Table 1, are listed below:

e Metal brazing
(i) TiCuNi brazing alloy (70 wt.% Ti, 15 wt.% Cu, 15 wt.%
Ni) supplied by Wesgo Metals;
(i1) Si (silicon powder <150 uwm supplied by MERCK); Si
was applied on C/C substrates as a slurry (Si pow-
der/ethanol).

e Adhesives (polymeric precursors of ceramic)
(i) Carbon fibre reinforced commercial adhesive (CFA);
(i) CFA+65vol.% (5wt.%) of fumed silica (99.8% sup-
plied by Aldrich);
(iii) CFA +25 vol.% (40 wt.%) negative CTE glass—ceramic
powder (GC).

The composition of GC is BaO 33.3 mol.%, B,O3 33.3 mol.%
and Al,03 33.3 mol.%.*>

The GC was produced as a glass material by melt/quenching
at 1500°C for 1h then heat treated (720°C, dwelling
time 24h+780°C, dwelling time 8h) to obtain a glass—
ceramic.

GC has been added to CFA as follows: CFA +25 vol.%
glass—ceramic powder (<105 or <44 jm).

2.3. Wetting tests

The wetting tests were performed by heating microscopy
(hot stage microscope Leitz GmbH AIl) equipped with a
Leica DBP (Ernst Leitz GmbH, Wetzlar, Germany) camera;
the wetting behaviour on C/C skins was studied by contact
angle measurements from pictures acquired by the camera.
The authors characterized the wettability parameters basi-
cally to meet the practical demands of brazing rather than
for a study of the wetting mechanisms or ceramic—metal
interactions.

Joining materials, their CTE and Young modulus, the thermal treatment used to obtain the joined structures and the average shear strength of joints (C/C skin without

seal coat).

Coefficient of thermal
expansion (x1076°C~1)

Joining material

Young modulus (GPa)

Thermal treatment for the joining process Average shear strength (MPa)

TiCuNi brazing alloy 20.3%9 14489
Pure Si 3.6'° 11217
CFA (carbon fiber <gb 18+3
reinforced adhesive)

CFA + 65 vol.% silica 2.9¢ -
CFA + G4 5.3¢ 17

1000°C, 10 min, 10 °C/min, Ar flow 24 +£2
1450 °C, 10 min, Ar flow 15+4
130°C, 4h+260°C, 2h; in air 14+£3
130°C, 4h+260°C, 2h; in air 9+3
130°C, 4h+260°C 2 h; in air 17+3

2 Properties of TiCuNi before brazing process, from Ref. 9.
b Supplier data sheet.

¢ Calculated by using the rule of mixture.

d Negative CTE glass—ceramic powders.
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Fig. 1. C/C sandwich panel (on the left) and side view (on the right).

2.4. Joining process

Table 2 shows the chosen joining materials, their CTE and
Young modulus, the thermal treatment used to obtain the joined
structures and the measured average apparent shear strength of
joints.

2.5. Joined sample characterisation

Polished cross-sections of the joined samples C/C skins were
characterised by optical microscopy (REICHERT-JUNG MEF-3
metallographic optical microscope, with a Sony High Resolution
camera and Leica QWinPro image analysis program) and scan-
ning electron microscopy, SEM (scanning electron microscopy
Philips 525M) equipped with EDS analyzer (Philips SW9100
EDAX). The crystalline phases in the joined areas were identi-
fied by X-ray diffraction analysis (X’ Pert Philips diffractometer)
using the Bragg Brentano camera geometry and the Cu Ka
incident radiation.

2.6. Mechanical and thermo-mechanical testing

The apparent shear strength of joined C/C skins was mea-
sured at room temperature with compression tests performed
on an universal mechanical testing machine (SINTEC D/10),
according to the method described in Ref. 6 as single lap test,
adapted from ASTM D1002-05.

The single lap tests were carried out on at least five samples
for each kind of joint.

The joined C/C skins were glued to the fixtures by an epoxy
adhesive (Araldite AV 119). Dimensions of the tested samples
were about 6 mm x 10 mm x 1.5 mm.

After mechanical test, the fracture surface morphology was
qualitatively examined to observe the fracture propagation
mechanisms.

Young modulus of the CFA joint area was measured by a
Nanoindenter XP (depth limit 2000 nm).

CTE measurements have been performed on a test facility
equipped with a Michelson interferometer (Doppler effect laser)
to measure the length change of the samples. Thermocouples are
attached to the specimen surface at multiple points. The mea-
surement is made under secondary vacuum. The length change
and the mean temperature are measured every 30's.

Thermal-gravimetric analysis (TGA Mettler-Toledo) was
used for investigating the thermal stability of cured CFA joining
material up to 150 °C (in air) with a heating rate of 10 °C/min.

Ageing in climate chamber (VOTSCH VC 4010) at 45°C,
95% relative humidity (RH) for 7 days was performed on CFA
joined C/C.

3. Results and discussion
3.1. Metal brazing

3.1.1. TiCuNi brazing alloy

The active metal brazing process is a “one-step” brazing pro-
cess used to join ceramics to metals. During brazing the “active”
elements (for example Ti) form a reaction layer on the ceramic
which is readily wetted by the active metal braze. The active
metal braze process provides a strong joint and is ideally suitable
for joining large ceramics and composites parts.’

TiCuNi foil comprises three material layers: the external lay-
ers are made of Ti while the core layer is made of a CuNi alloy.
TiCuNi was successfully used by the authors to braze C/C to
copper in a previous work.3

The dimensional stability of a TiCuNi based assembly may
be adversely impacted due to the high CTE and high Young
modulus (E) (CTE=20.3 x 107%°C~! and E =144 GPa from
Ref. 9). These properties were given by the supplier and refer to
the as prepared TiCuNi: they can thus be different after brazing.

Wetting tests (heat treatment: 1000 °C, 10 min, 10 °C/min, Ar
atmosphere) were performed on seal coated C/C; the wettability
of TiCuNi on C/C is very high, as can be observed in Fig. 2.

After wetting test, some joined samples were manufactured
using one TiCuNi foil. The brazing process was carried out as
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Fig. 2. Macrographs of as-received C/C skins before (on the left) and after (on
the right) the wettability tests by TiCuNi.

described in Table 2; joined C/C samples were manufactured by
using as-received C/C skins or C/C skins after seal coat removal
by polishing.

SEM characterization was performed on the cross-section of
C/C joined skins. The joint thickness is about 30-35 pwm; the
interface between the C/C (both with and without seal coat) and
the brazing alloy is continuous, free of micro-defects, indepen-
dently from carbon fibre orientation (parallel or perpendicular to
the surface) (Fig. 3). A thin titanium carbide layer of about 2 pum
was detected close to C/C interface resulting from the reaction
between C and Ti (Fig. 4). Such carbide forming reaction causes
beneficial near-interfacial changes which promote wetting and
bonding.”

SEM and EDS analysis (Fig. 5) on the joint area showed
that TiCuNi after brazing process results in a multiphase mate-
rial. The two-phase microstructure of TiCuNi shows two Ti-rich
phases: a light-gray Ti-rich phase containing also Cu and Ni,
and a dark-gray Ti-rich phase containing a very small amount
of Cu. Details on Ti—Cu—Ni system can be found in Ref. 10.

Shear tests were performed on C/C skins (without seal
coat) brazed by one TiCuNi foil; the average shear strength
was 24 +2MPa, but the joint thickness ranges between

Fig. 3. C/C skin (without seal coat) brazed by TiCuNi.
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Fig. 4. SEM magnification and corresponding EDS analysis of the interface
between the joining material (TiCuNi) and the C/C skin; a thin carbide layer can
be observed on the C/C skin surface (Ag from sample metallization).

30 and 35um, lower than 100-200 um as requested in
Table 1.

Other C/C skins (without seal coat) were joined by using three
foils of TiCuNi as brazing material in order to satisfy the thick-
ness requirements in Table 1 (thickness of 100-200 pm) and to
test the effect of the higher thickness on the joint mechanical
strength. Three brazing alloy foils can also improve the homo-
geneous distribution of the joining material and avoid lack of
braze in the joint area.

The joint thickness in samples brazed by three TiCuNi foils
was about 90-100 wm and the average apparent shear strength
was 17 £ 3 MPa: it is 30% lower than the shear strength mea-
sured on the thinner joints (30-35 um), but still within the
requirements of Table 1.

Some sandwiches made by one honeycomb C/C core joined
by one TiCuN:i foil to two C/C skins were prepared, as shown
in Fig. 6.

TiCuNi alloy was effective to join C/C samples, the compat-
ibility with different C/C substrates (honeycomb C/C cores and
C/C skins) was demonstrated and the bonding strength of the
joints was higher than the interlaminar shear strength of C/C
(12 MPa).2 The main drawback is the high value of CTE and E.
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Fig. 5. SEM picture and corresponding EDS analysis in the joining material (TiCuNi) (Ag from sample metallization).

The product CTE x E x thickness of the bonding layer has to
be matched to the C/C skin one, in order to limit the strains in
the sandwich panel and to guarantee its stability. A low value
of the parameter (CTE x E x thickness) is necessary in order to
obtain a low averaged coefficient of thermal expansion of the
whole structure (skins, adhesive and honeycomb).11

For the selection of a bonding technology it has been
calculated'? that the maximum allowable value for the prod-
uct CTE x E x thickness should be 120 x 10~ °C~! GPamm.
For TiCuNi brazing layer both CTE and E are high, lead-
ing to a CTE x E x thickness product between 292 and
584 x 107°°C~! GPamm (depending on the joint thickness),
so the impact of thermo-elastic mismatch between the joint and
the C/C would be quite important; according to these results
and considering the temperature of the joining process (much
higher than 300 °C), the TiCuNi brazing process has not been
considered as the most suitable solution for ultra stable struc-
tures.

3.1.2. Silicon

Silicon as joining material for SiC/SiC and C/C composites
is a well known solution, as reported in Refs. 13—15. Silicon
was expected to be suitable as joining material for C/C as its
CTE (a(20-250°C) = 3.6 x 10~%°C~1) fulfils the requirement in
Table 1, it can be easily applied as a slurry on the surfaces to
be joined and molten silicon reacts with the C/C to form sil-

icon carbide at the interface, thus improving wettability and
Fig. 6. Sandwich panel brazed by one foil of TiCuNi. adhesion.!®
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Fig. 7. Silicon joined C/C skins: crack induced by internal stress is arrowed.

Wettability tests were performed on as-received C/C skins
with a heat treatment at 1450°C, a dwelling time of 10 min,
under Ar flow. The wettability test results confirmed that the
contact angle on seal coated C/C skins is consistent with the equi-
librium contact angles reported in the literature (6 =30-35°),
measured for liquid Si on C substrates when reactive wetting
occurs with SiC formation at interface. The low contact angle
value at the equilibrium characterizes the chemical interactions
across the liquid-silicon/SiC interface'® and the molten silicon
spreading on C/C substrates.

The formation of silicon carbide on the C/C surface during
the wetting experiment was also confirmed by X-ray diffraction
analysis, not reported here.

Some silicon joined C/C were manufactured with as-received
C/C skins and C/C skins without seal coat. The joining process
parameters are reported in Table 2. SEM analysis on silicon
joined sample cross-sections showed defect free and continuous
interfaces between the molten Si and the C/C substrates (Fig. 7);
a layer of SiC of approximately 10 wm can be seen at C/C-joint
interface (Fig. 8). The thickness of the joint is about 190 wm as
shown in Fig. 7; the vertical crack arrowed in Fig. 7 was caused
by the tensile residual stresses developed during the cooling to
room temperature, resulting from the CTE mismatch between
C/C and Si.

The average apparent shear strength of the silicon joined sam-
ples obtained with as-received C/C skins and C/C skins without
seal coat was 16 £5 and 15 44 MPa, respectively. The frac-
ture always occurred in the C/C composites, thus indicating a
joint strength higher than the interlaminar shear strength of the
composite itself. The presence of cracks perpendicular to the
Si/composite interface was therefore not detrimental for the joint
mechanical strength.

The possibility to join honeycomb C/C core to C/C skin has
been tested with silicon. The joined sample appeared without
macroscopic defects.

HY
20.00 kV

SpH
x|12.4 mm| 2

Fig. 8. Silicon joined C/C skins: a layer of SiC of approximately 10 wm can be
seen at C/C-joint interface.

In conclusion, despite its Young modulus of 112 GPa,!’
higher than the requirement established in Table 1, silicon was
effective to join C/C samples; the low CTE of silicon com-
pensates its high stiffness and leads to an acceptable value of
CTE x E x thickness of 76 x 1070 °C~! GPamm.

The main drawback of this bonding solution is that silicon
melting point is at about 1410 °C and the brazing process must
be performed at 1450 °C under controlled atmosphere. This is
a major drawback in terms of manufacturing cost, as a large
furnace under vacuum is necessary to avoid C/C degradation.

3.2. Adhesives

3.2.1. Carbon fibre reinforced commercial adhesive (CFA)

The carbon fibre reinforced commercial adhesive (CFA) used
to join C/C was chosen because of its carbon based composi-
tion after curing process and its low CTE (<8 x 1076 oc—h,
The CTE is higher than the requirement established by end-user
(see Table 1), but the material has been tested due to its other
promising properties (i.e. Young modulus, density, joining pro-
cess temperature). Both as-received and without seal coat C/C
skins were joined by CFA.

Different modifications of the joining process were carried
out in order to decrease the porosity of the joint areas and to
improve shear strength, i.e. the heating rate was reduced to
allow an easier elimination of gases produced during the curing
process.

The best results in terms of lower porosity and higher shear
strength were obtained on C/C without seal coat and with the
following optimised joining parameters: 2—4 h at room tempera-
ture; 0.1-0.6 °C s~! heating up to 130 °C, followed by a dwelling
time, final curing at 260 °C (in air) and a low external pressure
(<1 kPa) applied during the joining process. The apparent shear
strength of joined samples produced as described above was
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Fig. 9. SEM of CFA joined C/C skins (without seal coat).

14 & 3 MPa for C/C without seal coat, while only 7 = 4 MPa was
obtained for joined samples produced with as-received C/C.

During the mechanical tests of the joined C/C without seal
coat, the failure always occurred in the composite materials,
thus indicating an apparent joint shear strength higher than the
C/C interlaminar shear strength. The lower adhesion between
the joining material and the as-received (coated) C/C resulted
in lower apparent shear strength and failure at CFA/composite
interface.

Morphological analysis was performed on CFA joined C/C
(Fig. 9), the interface is continuous and free of defects such as
microvoids and porosity, while residual porosity is still present in
the joint area; the dispersion of graphite fibres inside the joining
material can be observed.

Joining of honeycomb C/C core to C/C skins by CFA was
also successfully performed (picture not reported here).

The average modulus of the CFA, measured by nano-
indentation tests (4 nano-indentation tests and 15 values from
each test) in the joint area, is 18 & 3 GPa: this value fulfils the
requirement for E in Table 1.

X-ray diffraction analysis on CFA after joining process
showed that graphite is the only crystalline phase present in
the joint (Fig. 10).

In order to evaluate the joining material outgassing, thermo-
gravimetric analysis up to 150°C (Fig. 11) was performed on

20004

1000

Intensity [u.a.]

10 20 30 a0 50 50 70
2 Theta [°]

Fig. 10. XRD pattern of CFA after curing process.

CFA after joining process: the weight loss of the CFA up to
150 °C was found to be negligible.

Furthermore, the influence of thermal ageing on joined sam-
ples was studied. Ageing in climate chamber at 45°C, 95%
relative humidity (RH) for 7 days was performed on CFA joined
C/C: this thermal ageing treatment is currently used in space
qualification tests, to evaluate the behaviour of the material
during long terms storage. Apparent shear strength of joined
samples before and after 7 days at 45°C at 95% RH is 14 +3
and 15+2 MPa, respectively. Thus, it can be concluded that
CFA joined samples showed an excellent moisture resistance.

Coefficient of thermal expansion was measured on as-
received C/C skins and CFA joined C/C skins (length of
200 mm): CTE for as-received C/C and CFA joined C/C skins
was the same (—0.3 x 1079°C~1), thus indicating that CFA
joining material has no influence on the CTE of joined materials
of this size (the accuracy of the test is 0.1 x 10~0°C— 1.

The joining process performed by using CFA satisfies all
the conditions as stated in Table 1, with the exception of the
CTE value, which can be an issue for large joined structures. In
order to reduce the CTE of the bonding material, low CTE fillers
were added: fumed silica (CTE=0.55 x 10~°°C~!) and bar-
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Fig. 11. TGA curve for cured CFA from 50 °C to 150 °C in air (10 °C/min).
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Coated C/C

T —N ——

Fig. 12. SEM of C/C skins joined by CFA + 65 vol.% fumed silica.

ium, boron and aluminium oxide based glass—ceramic powder,
GC (CTE=—12x 107%°C™1),

3.2.2. CFA with fumed silica filler

Fumed fillers are usually added to reduce CTE in
polymeric resins for packaging technology!®: here a com-
promise between CTE reduction and suitable viscosity
was found by adding 65vol.% (5wt.%) fumed silica to
CFA.

The heat treatment used to obtain the joined sample is the
same as for pure CFA as joining material.

Micrographs of the cross-section of joined (coated and
uncoated) C/C skins are shown in Fig. 12. The joint thick-
ness is about 100-150 wm. The joined area is porous with a
discontinuous interface with C/C.

The average apparent shear strength of the joined C/C
skins by CFA +65vol.% SiO; is 9+ 3 MPa (C/C skin with-
out seal coat) and 2 £+ 0.5 MPa (C/C skin with seal coat). The
obtained apparent shear strength for C/C without seal coat is
lower than the requirement set in Table 1 and significantly
lower than the one obtained by using pure CFA without SiO,
addition.

The viscosity increases too much by adding more than
65 vol.% silica filler to CFA resulting in a poor feasibility of
the whole process.

3.2.3. CFA with glass—ceramic powder (GC) filler

This glass—ceramic was selected for its negative CTE
of —12x107%°C~1 (100-300°C)*; 25vol.% GC
glass—ceramic powder (<105 or <44 um) has been added
to CFA. The heat treatment used to obtain the joined sample is
the same as for pure CFA (see Section 3.2.1).

Figs. 13 and 14 show SEM cross-section of joined samples.
The morphological analysis of the joining material showed that
the GC particles are very sharp, which could induce cracks
propagation; some micrographs show also that most of all large
particles are located at the bottom of the joining area; it is prob-
ably due to sedimentation phenomena and can induce problems

of homogeneity of the bonding layer. The average E obtained
from the nano-indentation tests performed in the joint area is
17 GPa.

The joined C/C skins without seal coat resulted in higher
mechanical strengths: 17 £ 3 MPa by using the coarse GC filler
(<105 pm) and 5 &+ 1 MPa with the fine GC filler (<44 pm). The
addition of coarser powder seems to be more effective in reduc-
ing CFA porosity, thus obtaining a denser and stronger joining
material. CTE measurement was performed on C/C (without
seal coat) joined by CFA + 25 vol.% GC (<105 pwm). CTE of the
joined sample was —0.2 x 1070 °C~! thus indicating that the
joining material has no influence on the CTE of joined materials
of this size (the accuracy of the test is 0.1 x 1076 °C~1). Both
morphology and dispersion of GC filler need to be optimized to
fully exploit this joining material.

Fig. 13. SEM (back scattering) of as-received C/C skins joined by
CFA +25v0l.% GC (<105 pm).
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Fig. 14. SEM (back scattering) of as-received C/C skins joined by
CFA +25v0l.% GC (<44 pm).

4. Conclusions

Two brazing materials (TiCuNi, a commercial active
brazing alloy, and pure silicon) and carbon fibre adhe-
sive (CFA) have been tested as joining materials for
ultra stable joints of carbon/carbon composite (C/C) sand-
wich.

TiCuNi brazing alloy was effective to join C/C samples
and the bonding strength of the joints was higher than the
interlaminar shear strength of C/C. However, the product
CTE x E x thickness is too high to obtain an ultra stable assem-
bled structure and the joining temperature is much higher than
the desired value.

Pure silicon was successfully used to join C/C sam-
ples. Silicon has a low CTE and a high E, the product
CTE x E x thickness would be acceptable for the envisaged
application. However, the brazing process must be performed at
very high temperature (1450 °C) under controlled atmosphere,
thus leading to process issues.

The joining process performed by using CFA (carbon fibre
adhesive) satisfies all the conditions as in Table 1, with the excep-
tion of the CTE value. In order to reduce its CTE, low CTE fillers
were added: fumed silica (CTE=0.55 x 107¢°C~!) and a bar-
ium, boron and aluminium oxide based glass—ceramic powder,
GC (CTE=—12x 1076°C™1).

In conclusion, CFA and CFA + GC were found to be the most
promising materials to join C/C samples.
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