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Joining of SiC, alumina and mullite by the Refractory Metal (RM) — Wrap pressure-less process

Pardeep Kumar Gianchandani(1), Valentina Casalegno (2), Stefano De la Pierre des Ambrois (2), Milena
Salvo (2), Giulia De Aloysio (3), Luca Laghi(3), Monica Ferraris (2)

(1) Mehran University of Engineering and Technology Jamshoro, Sindh, Pakistan.
(2) Department of Applied Science and Technology, Politecnico di Torino, Italy.

(3) CERTIMAC, Faenza (RA), Italy

Abstract

The aim of this work is to discuss the suitability of the joining process called “RM-Wrap” (RM= Refractory
Metals, i.e. Mo, Nb, Ta, Zr) as a pressure-less and tailorable technique to join several different ceramics such
as SiC, alumina and mullite (3Al,05:2Si0,). In the RM-Wrap joining technique the refractory metal foil is used
as a wrap containing one or more silicon foils. It is performed at 1450 °C, under flowing argon, and the
resulting joining materials are in-situ formed composites made of refractory metal disilicides (MoSi,, NbSi,,
TaSi, or ZrSi,) embedded in a silicon rich matrix; their coefficient of thermal expansion has been calculated
and the Laser Flash Method was used to measure the thermal diffusivity of one of them (MoSi,/Si) in 25-1000
°Crange, then to calculate its thermal conductivity. All the obtained joints are uniform, continuous and crack
free. Some preliminary oxidation tests were carried out on all joints at 1100 °C, 6 hours in air, giving
unchanged morphology of the interface and the joining materials itself; the joint strength of RM-Wrap joined
SiC was measured at room temperature using three different mechanical tests: (i) single lap (SL), (ii) single

lap off-set (SLO) and (iii) torsion on hourglass shaped samples (THG) (on Mo-wrap joined SiC).

Keywords

RM-wrap, Pressure-less joining, SiC, alumina, mullite, shear tests, thermal properties

Introduction

SiC, alumina and mullite are stable materials for high temperature applications, with a unique combination
of properties such as lightweight, high temperature stability and chemical inertness. More and more they are

used in components for energy production, defense, space and many other high-performance applications
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and have great potential to replace conventional materials such as metals and superalloys in many

applications. 12

However, the joining of ceramics to themselves or to other materials remains a critical issue. The
manufacturing of net-shape and ready to use ceramic components for advanced design solutions require
large and complex parts, which can be built by joining and integrating discrete units of similar or dissimilar

ceramics. 35

Many joining techniques have been developed so far to join similar and dissimilar ceramics, among them:
Liquid Silicon Infiltration (LSI)¢, Affordable Robust Ceramic Joining (ARCloint TM) 7, Nano-Infiltration and
Transient Eutectic Phase (NITE)®?, Spark Plasma Sintering (SPS) %11, Laser 12 or Microwave- Assisted Joining?3,
Solid State Displacement Reactions (SSDR)* , Transient-Liquid-Phase Bonding (TLPB)®, brazing and glass-

ceramic based joints ¢ 3 are prominent.

The “RM-Wrap” (RM= Refractory Metals, i.e. Mo, Nb, Ta, Zr) is a novel brazing technique where the refractory
metal, shaped as a wrap, is used to contain one or more silicon foils. It is a pressure-less joining process
performed at 1450 °C, in an inert environment (argon flow). 1719 The wrap is necessary to prevent the too
fast spreading of molten silicon and its leaking outside the joined region during the joining process. The
joining materials are in-situ formed composites made of refractory metals disilicides (MoSi,, NbSi,, TaSi, or
ZrSi,) embedded in a silicon-rich matrix. Disilicides have high melting temperature and good oxidation

resistance at elevated temperature, making them a suitable choice to join ceramics.

The conventional manufacturing routes for disilicides are time consuming and prone to contamination and
oxidation . 2021 On the contrary, the RM-Wrap process is quick, free from undesired phases and has excellent
reproducibility and versatility '8 the quantity of each metal can be modified and more than one refractory

metal can be used in the same wrap.

Metal disilicides are characterized by a wide range of interesting properties, a few of them are highlighted
here. Mo-disilicides (MoSi,, MosSi; and MosSi) 22 are characterized by melting points above 2000 °C and
excellent oxidation and corrosion resistance at elevated temperature due to development of a thin protective
coating of SiO,. 22 The Nb-Si phase diagram is similar to the Si-Mo one, where three (NbsSi;, NbsSi and NbSi,)

compounds can be formed 2* : NbSi, exhibits higher shear strength, hardness and oxidation resistance.? The
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Ta-Si phase diagram shows the formation of four intermetallics: TaSi,, TasSis;, Ta,Si, and TasSi. Among them,
TaSi, has the best oxidation resistance due to the formation of a protective SiO, layer on its surface. 2° The
Zr-Si phase diagram shows the formation of several phases and intermetallics (ZrSi, ZrsSia, Zr5Si,, Zr,Si, Zr3Si)

and an eutectic at 1370°C. ¥

An original joining technique called “RM-Wrap” was developed in our previous studies 17-1° as an alternative
to obtain refractory-metals disilicide-based joints. The RM-Wrap technology has been effectively used to join
C/SiC, SiC/SiC and SiC foam sandwich structures; in the present work this joining technique was successfully
used to join different materials, namely SiC, alumina and mullite. To assess the reliability of the RM-Wrap
process, joined SiC samples have been mechanically tested at room temperature using three different
mechanical tests (single lap, SL, single lap off-set, SLO, and torsion on hourglass shaped samples, THG);
moreover, oxidation tests on SiC joints were carried out at 1100 °C, 6 hours in air, as a preliminary test to
investigate the suitability of these joints in working conditions. Furthermore, one of the RM-wrap joining
material (MoSi2/Si) has been characterised by means of the laser flash method: the thermal diffusivity has
been measured to calculate the thermal conductivity and specific heat of the joining material in 25-1000 °C

range.

Experimental

Materials to be joined, i.e. SiC (density 3.1 g/cm3, supplied by Bettini S.p.A, ltaly; 98,5% purity), Al,O5 (density
3.8 g/cm?3, 99,5% purity, supplied by Accuratus, USA) and mullite (density 2.8 g/cm3, supplied by Accuratus,
USA) were cut to 10 mm x 10 mm x (3 to 5) mm, polished to 800 micron by grit paper, sonicated in ethanol,

dried in air, then joined with the RM-Wrap technique.

The “RM-Wrap” technique consists in wrapping one Si foil (525+25 um thick Virginia Semiconductor Electron-
MECs.r.l. Italy, 99.95% Si) in a refractory metal (Mo, Nb, Ta or Zr) (25.4 um thick, Alfa Aesar Germany, 99.95%)

foil folded as a wrap.

The optimized heating conditions were found to be 1450 °C, heating rate of 1000 °C/h, dwell of 5 minutes,

natural cooling to room temperature under flowing argon (Carbolite, Gero, Germany), as reported in 2 for

International Journal of Applied Ceramic Technology



Page 13 of 36 International Journal of Applied Ceramic Technology

oNOYTULT D WN =

Mo-Wrap. The joint thickness ranges withing 200-250 um, measured ex-post joining. Compositions ranging
between about 30-70 wt % Mo, Nb, Ta or Zr (balance to 100% with Si) have been tested to optimize each

joining process.

Preliminary oxidation tests on joints obtained using Mo, Nb and Ta wrap were performed at 1100°C, 6 hours

in air (with 10 °C/min heating rate and cooling in air), then their polished cross-sections were analysed.

Each joint morphology was analysed by FESEM, (QUANTA INSPECT 200, Zeiss SUPRATM 40™) equipped with

Energy Dispersive Spectroscopy (EDS, EDAX PV 9900™).

The coefficient of thermal expansion (CTE) for the RM-wrap joining materials was calculated by the rule of
mixture, according to their composition. The wrap joining material is composed by silicon and metal
disilicides; the used compositions range between 30-70wt% for refractory metals (balance to 100% with Si).
According to the joining material composition, the relative phase diagram and the density of the different

phases, we calculated the fraction volume of the 2 phases (metal disilicide and silicon).

One MoSi,/Si pellet of about 11.6 mm diameter and 2.6 mm thickness was prepared by grinding and sintering
the same Si and Mo used to obtain the Mo-wrap joints, in the same quantity and with the same thermal
treatment used to obtain the joints; the pellet density (3.24 g/cm3) was measured by Archimede’s method.
The Laser Flash Method (LFA 467 HT ® Hyper Flash NETZSCH9) was used in order to evaluate the thermal
properties of the MoSi,/Si pellet between 25-1000 °C with 200 °C temperature steps at a heating rate of 4
°C-min, under flowing Ar, mass flow 50 ml-min-. A specific SiC ring was designed, in order to minimize the
backlash between the sample and the sample holder (12.7 mm diameter). This technique allows the direct
determination of the thermal diffusivity and, through the Software Proteus®, the indirect determination of
the specific heat and of the thermal conductivity, when the sample’s density is known. The specific heat of
the sample was determined by comparing its temperature increase with the reference material one (Poco
Graphite Serial Nr. 21517) used to calculate the absorbed energy. 262° The thermal diffusivity is determined

by a mathematical analysis of the measured temperature increase/time function, as explained by Parker et
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al. 30 After measuring the thermal diffusivity (), it is possible to evaluate the thermal conductivity (A) as

shown in Eq. 1.

a(T)p(T)cp(T) = A(T) (1)

Where c, is the specific heat and p is the bulk density of the sample.

The joints were tested by single lap (SL) shear test in compression, according to 3! on five samples. The
commercial Scotch-Weld DP490 epoxy adhesive was used to attach the specimens to the aluminium fixtures
and cured for 45 min at 90 °C. The joined specimen size was 10 mm x 10 mm x (3 to 5) mm. Furthermore, the
single lap off-set (SLO) (adapted from ASTM-D905-08 32) was also used to measure the joint strength of RM-
Worap joined SiC with specimen size of 5 mm x 10 mm x 5 mm (3 mm offset); with this configuration, no
adhesive was necessary. The mechanical tests were performed at room temperature with a compression
machine (SINTEC D/10) with a cross-head speed of 0.5 mm/min. Mo-Wrap joined SiC samples were also
tested by torsion: SiC hourglass shaped samples with a circular joined area of 4 mm or 5 mm in diameter
(referred to as THG-4 and THG-5, respectively) were joined one by one or machined (by Morise Ltd. Japan)
to obtain THG-4 and THG-5 hourglasses from a joined 35 mm x 8 mm x 4 mm specimen. A custom-made

torsional testing machine developed at Politecnico di Torino (Italy) was used to test the SiC joints in torsion.

33

Results and discussion

Following the success of RM-Wrap in joining SiC-based composites and foams!”1?, its scope has been

extended to another refractory metal (Zr) and to other substrates (silicon carbide, alumina and mullite).
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The use of silicon has the dual function of providing the liquid phase necessary to wet the faying surfaces and
to form the disilicides by reacting with the refractory metal. In all the cases, the joining materials were in-situ
formed composites made of disilicides homogenously dispersed in a Si rich matrix. The presence of free (un-
reacted) Mo, Nb, Ta or Zr must be avoided because of their poor oxidation resistance. Likewise, the presence
of free silicon may be not desirable for some applications, but a certain amount of silicon was necessary to
achieve a good wettability and crack-free continuous joints. In this work, the amount of free, unreacted
silicon was minimized by gradually reducing its amount inside each wrap, but always trying to avoid the
presence of unreacted refractory metal. The best compromise was obtained with 65-68 wt.% Si + 32-35 wt.%
Mo, 67-69 wt.% Si + 31-33 wt.% Nb, 50-51 wt% Si + 49-50 wt% Ta and 71wt.% Si + 29 wt.% Zr (Si-Zr eutectic
composition), respectively. A higher amount of the refractory metal resulted in an insufficient amount of

silicon matrix, thus leading to discontinuous joints.

The RM-Wrap SiC-SiC joint microstructures are shown in Figure 1 (Mo-Wrap), Figure 2 (Nb-Wrap) and Figure
3 (Ta-Wrap): the round shaped disilicides particles are uniformly embedded in the Si rich matrix, which shows
an excellent wettability on Mo at temperature above its melting point 3* and can easily infiltrate and hinder
the formation of pores between MoSi, particles. Likewise, all the joining material/SiC interfaces are
continuous, and no cracks are visible within the joint area, thus indicating that the CTE mismatch between
RM silicides/Si and SiC did not affect the integrity of the joint. The joints showed an excellent wettability on

SiC surfaces and continuous and robust interfaces (Figure 1-3).

As expected, the Zr-wrap joining material (Figure 4) is characterized by a typical eutectic microstructure with
needle-shaped ZrSi, and Si phases, evidenced in the Si-Zr phase diagram in Figure 5. Recently, Naikade M. et
al.® has shown that Si0.927r0.08 eutectic alloy has good wettability on SiC and slower spreading in
comparison with the instantaneous spreading of the pure molten silicon. The same results were obtained

with the Zr-wrap, with all the joining material well confined in the joined region.

The interaction of silicon carbide with refractory metals results in the formation of carbide(s) and silicide
compounds, if they are more thermodynamically stable than SiC; reactions are extensive at temperature

above 1000°C, as reported in3¢ and the kinetics for solid state diffusion is normally fast enough at T above
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1200°C.%” In case of Nb/SiC interface, it has been reported that the typical reaction layer sequence is
SiC/Nb,Si,C/NbC,/NbO/Nb %; in fact, not only silicon and carbon can be detected on the SiC surface, but also
a thin layer of SiO2. These reaction layers (carbides and silicides) have been found also by other authors at
the Ta/SiC, Mo/SiC, Zr/SiC interfaces. 3°%° Nevertheless, the data reported in literature refer to temperature
comparable with that used in our joining process (1450°C), but the solid-state diffusive reaction at SiC/RM
interface involved dwelling time from few hours to hundreds of hours.*%4 Moreover, the absence of applied
pressure during the “refractory metal (RM) — wrap” joining process does not foster the diffusive process at
the interface. Furthermore, the presence of Si at the interface can hinder the formation of carbides; for
instance, in case of Mo, it has been reported #* that Si diffuses towards Mo faster than C, thus leading to

silicides formation.

In conclusion, the formation of a distinct layer of RM-carbide layer (i.e. MC, or MSi,C,) was not observed up
to now in our joined samples, but it cannot be ruled out that, immediately adjacent to SiC, a nano-layer of

carbide exists.

In order to evaluate their oxidation resistance and thermal stability, SiC joined by Mo-, Nb- and Ta-Wraps
were tested at 1100 °C for 6 hours in air; this thermal treatment simulates possible operating conditions for
SiC-based components in aerospace ** and the creep of the silicon matrix advices against their use at higher
temperatures. The FESEM analysis of the cross-sections of the joints after the oxidation tests is shown in

Figure 1(d) (Mo-Wrap), Figure 2(c) (Nb-Wrap) and Figure 3 (c) (Ta-Wrap).

All the joints were apparently not affected by this preliminary heat treatment, since no cracks, debonding or
formation of new phases (i.e. SiO2 **) were observed. Actually, it was reported that MoSi, forms gaseous
oxidation products and silica at 1100 °C, but none of them have been detected in this work. It is possible that
a negligible silica layer was polished away during sample preparation. It must be underlined that the oxidation
of MoSi, is a very complex process. In the temperature range of 375° to 600°C, MoO; whiskers and SiO,
clusters will form, causing the disintegration of bulk MoSi, (pesting). At higher temperatures, MoO; is

volatile.*>%¢ However, none of these reactions were observed during Mo-wrap joining.

International Journal of Applied Ceramic Technology



Page 17 of 36 International Journal of Applied Ceramic Technology

oNOYTULT D WN =

Mo-Wrap was successful and for the first time used to join oxide-based ceramics: alumina-to-alumina (Figure

6 a) and mullite to SiC joints (Figure 6 b).

The coefficient of thermal expansion (CTE) for the RM-wrap joining materials (MoSi,/Si, NbSi,/Si , TaSi,/Si,
and ZrSi,/Si), calculated by the rule of mixture according to their composition 4 and the RM-wrap
compositions ( as volume ratio between RM silicides and silicon) are summarized in Table 1, also showing
those of the joined materials for comparison purposes: except Ta-wrap, all the other wraps range at about
3.9 - 4.5 x 10¢°C1, making them suitable joining materials for SiC-carbide based materials. Ta-wrap, with a
CTE of about 6.3 x 10°¢°C! may offer interesting opportunities for alumina-to-mullite or alumina-to-SiC joints,

given its intermediate value: research is ongoing on this respect.

Despite of the CTE mismatch with alumina, no cracks in the joining material or debonding at the joining
material/alumina and joining material/mullite interfaces were observed (Figure 6) . There might be several
possible uses of this joining technology for alumina-based components and these mullite-to-SiC joints could

be used to obtain thermal barrier coatings in various high temperature applications.

In order to calculate the thermal diffusivity of the sample, the Cape-Lehman model was used*?, which
consider a two—dimensional heat flow and the heat loss to evaluate the radiation effect above 500 °C.
Moreover, the convection from the test sample to the ambient gas flow was taken into account. The thermal
diffusivity of the MoSi,/Si pellet ranges between 38 mm?/s at room temperature and 8 mm?/s at 1000°C, as
shown in Figure 7 (a). The decrease versus temperature increase is most likely due to phonon scattering
enhancement at higher temperatures. The standard deviation of the thermal diffusivity values for each

temperature point is in the order of magnitude of 0.1 mm?/s.

The specific heat of the MoSi,/Si pellet was measured by using a reference sample (i.e. Poco Graphite Serial
Nr. 21517): it ranges between 0.63 J/gK at room temperature and 0.89 J/gK at 1000°C as shown in Figure 7
(b). Finally, the thermal conductivity of the MoSi,/Si pellet was calculated and varies between 77 W/mK at

RT and 24W/(mK) at 1000 °C, Figure 7 (c). The thermal conductivity values of the MoSi,/Si pellet is higher
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than those available in the literature for the MoSi, %%, most likely due to the contribution of the silicon

matrix.

The mechanical strength of the RM-Wrap SiC joints was measured at room temperature using three different
tests: (i) single lap (SL), (ii) single lap off-set (SLO) and (iii) torsion on hourglass shaped samples (THG). It is
worth mentioning that all the SiC joints did not break during the single lap tests (SL, SLO): the specimen were
detached from the aluminium fixtures during the SL test, or SiC crushed during SLO tests. As a consequence,

it was not possible to measure their joint strength by means of these lap tests.

As previously reported °1, lap shear tests (SL and SLO) are useful for comparative purposes, i.e. when the
joining strength of a similar set of samples is to be compared. Moreover, the results in case of brittle materials
are strongly related to the size and the shape of joined samples and fixtures. Both SL and SLO has been found
inappropriate for measuring the RM-Wrap joint strength of SiC-based samples: even though the specimens
mostly failed in the fixtures rather than in the joining seam, this behaviour might be due to a high stress
concentration close to the joined region, rather than a high mechanical strength of the joint. Due to this

uncertainty, SL and SLO tests were replaced by torsion test.

The torsion test can properly measure the shear strength of brittle joined materials, but the shear strength
can only be calculated when the failure starts and propagates inside the joining material. If this is not the
case, then either the test method is not correctly done, or the substrate and joint strength are similar. A
custom-made torsional testing machine built at Politecnico di Torino in 2006 was used to test the different

joints in torsion: details and comparison with other tests can be found in33,

In this work, SiC hourglasses of two different sizes (4 and 5 mm in diameter) were joined by Mo-Wrap, and
named as THG-4 and THG-5 respectively. The fractured surfaces after torsion test are shown in Figure 8 (b,c):
the fracture initiates and propagates inside the SiC substrates, as evidenced in particular in Figure 8(c): the
hourglass is partially crushed after torsion and some SiC parts are missing, leaving an irregular shape (see
"SiC surface" with red arrows in Figure 8(c)) . This can be due to a certain misalignment of hourglasses joined

one by one by Mo-wrap, thus giving to mixed mode loads together with torsion one. To obtain a reliable
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shear value with torsion, the joints must be perfectly aligned: a few micrometres lateral shift in sample
position may result in mixed shear along with bending load, thus unreliable results ranging between 21-32
MPa.

In order to understand if this fracture behaviour under torsion was due to a sample misalignment during the
joining process or to the similar mechanical strength of both, some joined SiC tiles (Figure 9 a) were prepared,
machined to obtain hourglasses (Figure 9 b) and then tested in torsion. In this case the fracture propagated
inside the joined area only (Figure 9 c, d), probably initiated by a macroscopic defect induced in the joined
region by machining; the machining of a brittle joining material such as a RM-disilicide reinforced silicon
matrix composite, may induce significant defects (cracks, disilicides detachment from the silicon matrix, etc..)

on the external region of the joint, thus affecting the mechanical strength of the joints.

However, the obtained values of 14 + 5 MPa, with a partially cohesive/adhesive fracture (Figure 9 ¢, d) is at
the moment the only pure shear strength result available for these joints at room temperature. Further tests

are ongoing to completely characterize the mechanical strengths of them by other mechanical tests and at

higher temperature.

Conclusions

A pressure-less tailorable joining technique named “RM-Wrap” (Refractory metals = RM, i.e. Mo, Nb, Ta, Zr)
was successfully used to join SiC, alumina and mullite. Morphological analyses showed continuous, crack free
and well bonded interfaces with a joining microstructure consisting of in-situ formed composites made of a
silicon rich matrix with disilicides of molybdenum (MoSi, in case of Mo-Wrap), niobium (NbSi, in case of Nb-
Wrap), tantalum (TaSi, in case of Ta-Wrap) and zirconium (ZrSi, in case of Zr-wrap). Thermal and oxidation
stability of SiC joints were carried out at 1100 °C for 6 hours. FESEM analysis before and after this thermal

ageing showed unaffected joint interfaces and microstructure. CTE have been calculated for all RM-wraps
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and thermal diffusivity, thermal conductivity and specific heat have been measured or calculated for

MoSi,/Si.

SiC joints were mechanically tested in three different modes SL in compression, SLO in compression and
torsion on hourglass shaped samples: a shear strength of 14 + 5 MPa was measured at room temperature by

torsion on Mo-wrap joined SiC hourglass samples, only when obtained by machining from a joined tile.

For the first time, refractory metal disilicides based materials have been exploited in joining of SiC, alumina
and mullite. It can be concluded that RM-Wrap joining offers many attractive advantages and its scope can

be further extended: a summary of all RM-wrap joints obtained until now is shown in Figure 10.
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CTE [10°¢ °C]

% vol MSi,/Si

MoSi,/Si 3.9 33.8/66.2
NbSi,/Si 3.9 29.4/70.6
TaSi,/Si 6.3 61.2/38.8
ZrSiz/Si 4.5 34.2/65.8
SiC 3.8%
Al,03 5.5%
Mullite 5.0 %
Silicon 2.55°
MoSi, 6.8 >3
NbSi, 7.3%3
TaSi, 8.7
ZrSi, 8.3%

International Journal of Applied Ceramic Technology




oNOYTULT D WN =

International Journal of Applied Ceramic Technology Page 26 of 36

Table and Figure captions:

Table 1 Coefficient of thermal expansion for the RM-wrap joining materials, calculated according to their
composition, (those of the joined materials and silicides for comparison purposes); CTE values at room T,
except for SiC (comprised between RT and 400°C)

Figure 1 SEM Cross-section of SiC joined by Mo-Wrap (a, b), higher magnification of the interface between
MoSi,/Si and SiC (c); after oxidation test: 1100 °C, 6 hours, in air (d) arrows show the interface between SiC
and the in situ formed joining material.

Figure 2 SEM cross section of SiC joined by Nb-Wrap (a, b) and after oxidation test (c): 1100 °C, 6 hours, in
air, particular of the interface between in situ formed NbSi,/Si composite and SiC

Figure 3 SEM cross section of SiC joined by Ta-Wrap (a, b) and after oxidation test (c): 1100 °C, 6 hours, in
air, particular of the interface between in situ formed NbSi,/Si composite and SiC

Figure 4 SEM cross section of SiC joined by Zr-Wrap; the joining material shows a typical eutectic
microstructure with needle-shaped Si-Zr phase within the Si matrix

Figure 5 Silicon-zirconium phase diagram with indicated the composition used for the Zr-wrap joint.

Figure 6 SEM cross-section of alumina (a) and of SiC joined to mullite by Mo-Wrap (b)

Figure 7 Thermal diffusivity (a) measured by Laser Flash Method and calculated specific heat (b) and
thermal conductivity (c) versus temperature for a MoSi,/Si pellet of about 11.6 mm diameter, 2.6 mm
thickness

Figure 8 Torsion test on Mo-Wrap joined SiC hourglass (a), fracture surfaces after test at room temperature
(b, c)

Figure 9 Mo-Wrap joined SiC tiles (35 mm x 5 mm x 4 mm) (a), machined to obtain hourglasses (b), fracture
surfaces after test at room temperature (c, d)

Figure 10 Summary of Wrap technology options for joining of ceramics and CMCs; RM= Refractory Metals.
In the case of CMC, coated or uncoated means with or without the CVD (Chemical Vapour Deposition) SiC
coating usually deposited on these materials.
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MoSi,/Si

13 SEM Cross-section of SiC joined by Mo-Wrap (a,b), higher magnification of the interface between MoSiy/Si
14 and SiC (c); after oxidation test: 1100 °C, 6 hours, in air (d) arrows show the interface between SiC and the
in situ formed joining material.
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Nbsi,/Si

300 um
—

SEM cross section of SiC joined by Nb-Wrap (a, b) and after oxidation test (c): 1100 °C, 6 hours, in air,
particular of the interface between in situ formed NbSi>/Si composite and SiC
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1 2 " : = ] - 30 um
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SEM cross section of SiC joined by Ta-Wrap (a, b) and after oxidation test (c) : 1100 °C, 6 hours, in air,
particular of the interface between in situ formed TaSiy/Si composite and SiC
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(2rsiy/si]

SEM cross section of SiC joined by Zr-Wrap; the joining material shows a typical eutectic microstructure with
needle-shaped Si-Zr phase within the Si matrix
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30 Silicon-zirconium phase diagram with indicated the composition used for the Zr-wrap joint.
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SEM cross-section of alumina (a) and of SiC joined to mullite by Mo-Wrap (b)
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45 Thermal diffusivity (a) measured by Laser Flash Method and calculated specific heat (b) and thermal
46 conductivity (c¢) versus temperature for a MoSi,/Si pellet of about 11.6 mm diameter, 2.6 mm thickness
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Torsion test on Mo-Wrap joined SiC hourglass (a), fracture surfaces after test at room temperature (b,c)
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29 Mo-Wrap joined SiC tiles (35 mm x 5 mm x 4 mm) (a), machined to obtain hourglasses (b), fracture
surfaces after test at room temperature (c, d)
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RM-Wrap

Mo-Wrap Ta-Wrap

Uncoated
C/siC

Uncoated

Ceramic

Alumina

SiC- Mullite

Summary of Wrap technology options for joining of ceramics and CMCs; RM= Refractory Metals. In the case
of CMC, coated or uncoated means with or without the CVD (Chemical Vapour Deposition) SiC coating
usually deposited on these materials.
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