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The microstructure and strength of brazed joints for monolithic SiC and SiC¢/SiC
composites are presented and discussed; the brazing technique is based on the use of the
84Si-16Ti (at%) eutectic alloy. The rather low melting point of the used alloy allows to avoid
a degradation of the fibre/matrix-interfaces in the composite materials. All the joints did not
show any discontinuities and defects at the interface and revealed a fine eutectic structure.
Moreover, in the case of composites, the joint layer appeared well adherent both to the
matrix and the fibre interphase, and the brazing alloy infiltration looked sufficiently
controlled. High resolving electron microscopic investigations of the microstructure and of
the nanochemistry (HREM, EELS, esp. ELNES) revealed atomically sharp interfaces without
interdiffusion or phase formation at the interlayer leading to the conclusion that direct
chemical bonds are responsible for the adhesion. The joints of SiCy/SiC composites showed

71+ 10 MPa shear strength at RT and nearly the same values at 600°C.
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1. Introduction

SiC ceramics and SiC fibre reinforced ceramic matrix
composites (SiC¢/SiC CMCs) are considered one of
the most promising class of structural materials for
some aerospace and energy conversion applications,
because of their good mechanical properties and chem-
ical stability at high temperature [1, 2]. Nevertheless,
there are some technological issues connected to the
materials properties, such as the brittleness of mono-
lithic shapes and the relatively high porosity and per-
meability of CMCs, and to the production processes
such as the difficulty to manufacture large components
and complex geometries which still need to be solved.
Therefore, in order to assemble complex components,
a suitable method of joining SiC¢/SiC components is
required.

The basic requirements of a suitable joining tech-
nique are the chemical and physical compatibility with
the SiC substrate (wettability, thermal expansion), high
shear strength, applicability to the joining of large com-
ponents possibly with no contact pressure, joining tem-
perature that must be below 1400°C in order to avoid
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fibre and fibre-interphase degradation in the compos-
ites, and high operating temperature.

Several joining techniques are under consideration:
Mechanical interlocking is capable to give high strength
joints in a wide range of temperature but it doesn’t
guarantee hermetic sealing of the joined components
[3]. Diffusion bonding of bulk silicon carbide has been
attempted by using metals and SiC itself [4, 5] but
this technique has the disadvantage to require pressure
and joining temperatures which are too high for the
SiC¢/SiC composites. Joining by glass or glass ceramic
[6] is a quite simple technique able to provide joints
with tailorable properties but of poor strength. Joining
by preceramic polymers [7-9] is a promising technique
which consists in applying the polymer in form of lig-
uids or slurries to be converted into material similar
to SiC even at temperature as low as 1200°C, but so
far these joints exhibit low strength. Reaction bonding
provides joints starting from silicon-carbon mixtures
(sometime with addition of silicon carbide or sinter-
ing aids) which are forced to react at elevated temper-
atures to form silicon carbide: this technique shows
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high performances but needs high temperatures and
sometime it exhibits elevated porosity [10]. Finally, the
metallic brazing generally leads to high strength bonds
and gives well reproducible results [11, 12]. Neverthe-
less, special attention has to be paid to the choice of the
brazing filler, in order to avoid the formation of brittle
compounds or elevated residual stresses.

Brazing of ceramics involves the use of a material
which forms a liquid phase during the joining process;
the brazing alloy must be chemically compatible with
the ceramics to be joined and must have in principle
good wettability; if this is the case, the braze material
forms strong bonds. On the other hand, self diffusion
rate in non oxide ceramics is low and thus bonding due
to brazing is mainly due to chemical bonds formed by
braze and ceramic and eventually to the braze diffu-
sion into the ceramic. Two types of alloys are generally
used [13]: noble metal braze (Ag, Pt, Cu, Ni etc) and
reactive metal braze (Ti, Al, etc). Brazing with reac-
tive metals requires the process to be strictly controlled
to prevent undesirable reactions between the ceramic
and the alloy. The possibility to use silicon as braze
for silicon carbide has been investigate in previous
works [14] without active metal filler. In effect, pure
silicon has a good chemical compatibility and wetta-
bility with silicon carbide (at 1480°C the contact angle
between liquid Si and solid SiC is 38° [15]) and has
been also used to infiltrate SiC¢/SiC composites. More-
over, silicon has a thermal expansion coefficient « simi-
lar to that of silicon carbide: as;(RT)=3.0 x 107 ¢ K~!
and as;c(RT) =4.0 x 1079 K~!. Conversely, the lim-
ited resulting joint strength makes its use rather ques-
tionable. Moreover, the silicon high melting point
(T =1410°C) may degrade the fibres or fibre-matrix
interfaces.

In this paper, a novel silicon carbide brazing tech-
nique is illustrated and discussed. The alloy used
is based on an eutectic composition of silicon and
titanium.

2. Experimental

The basic idea for the development of a new brazing
alloy technique was the use of the Si-Ti eutectic alloy
(melting temperature 1330°C) in order to take advan-
tage of the rather low melting point, and the presence of
titanium which behaves as an active element. The Si—Ti
phase diagram [16] shows the presence of two eutec-
tics of interest (84Si-16Ti at% and 13.5Si-86.5Ti at%)
both with a melting point of 1330°C. The 84Si-16Ti eu-
tectic is composed of free silicon and TiSi,, while the
13.5Si-86.5Ti is composed of free Ti and TisSis. The
second eutectic was discarded because of the reactivity
of free Ti with SiC (AGric < AGsic at all tempera-
tures). The effects of this potential displacement reac-
tion were verified by melting in vacuum (10~ mbar) a
small quantity of this eutectic on a SiC tile which was
converted for a depth of about 500 xm with complete
detachment of the reaction product.

Concerning 84Si-16Ti, preliminary joining experi-
ments were carried out by melting Si—Ti powder mix-
tures applied on SiC and SiC¢/SiC samples and trying to
obtain directly the eutectic structure during the brazing
cycle performed at a temperature slightly higher than
the Si melting point. However, these trials were not able
to produce the eutectic structure, and thus the brazing
layer showed an incomplete melting of the mixtures
and, consequently, inhomogenities and defects (Fig. 1)
as well as a lack of infiltration control both in vacuum
and inert atmosphere.

For these reasons, the eutectic alloy was previously
prepared, by means of a melting procedure, able to pro-
duce a fine eutectic structure (Fig. 2) [17]. Small ingots
were obtained by plasma melting of Si—Ti mixtures
which were then re-melted several times by electron
beam melting. Powders to be used for the brazing ex-
periments were then prepared by crushing and milling
the small ingots.

The experimental work was carried out by us-
ing monolithic polycrystalline B-SiC (Hexoloy-SA

Figure 1 Morphology of joints performed by direct melting of Si—Ti powders.
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Figure 2 84Si-16Ti alloy micrography before joining process: grey zones = Si; white zones = TiSi,.

TABLE 1 Main properties of Hexoloy-SA ®Carborundum

Property Temperature (°C)

Density 20 3.07 g/em?
Apparent porosity 20 0%

Young’s modulus 20 350 GPa
Thermal expansion coefficient ~ 20-1000 402 x 107° /K
Modulus of rupture (MOR) 20-1600 380-410 MPa

TABLE II Main properties of SNECMA-CERASEP® N3-1
composite

Temperature
Property 20°C 1000°C
Density 2.4-2.5 g/lem? —
Thermal expansion coefficient 4.0x 107 /K —
Tensile strength (in plane) 300 MPa —
Tensile strain (in plane) >0.6% 0.3-0.4%
Trans laminar shear strength (200_20) MPa —
Inter-laminar shear strength 40 MPa 30 MPa
4 points bending strength 600 MPa —

®Carborundum) and a SiC¢/SiC composite produced by
SNECMA (CERASEP® N3-1), consisting of a pseudo
tri-dimensional weave of Nicalon™ CG fibres, densi-
fied by chemical vapour infiltration (CVI) and finally
SiC coated by chemical vapour deposition (CVD). The
typical properties of the monolithic and composite sub-
strates used are reported in Tables I and I [18, 19].
The samples used were 12 x 10 x 3 mm? plates both
of monolithic SiC and SiC¢/SiC composite. The R,
roughness of Hexoloy was in the order of 1 um. The sur-
face morphology of the composites was rather complex
(roughness R, ~ 15-25 pum, average peak-to-valley
height R, ~ 100-150 pm). In order to improve the sur-
face quality, the composite specimens were ground to
reach a surface roughness in the order of a few microns.
The mentioned CVD coating (>100 pm) was partially
removed by surface preparation, thus some fibres re-
mained uncoated and were in contact with the brazing

alloy. For the composite specimens, the real area of
contact could be estimated to be about 80%.

All the samples were ultrasonically cleaned in ace-
tone prior to joining, then the brazing alloy was applied
in form of powder or mixed with an organic colloidal
compound able to form a paste. After overlapping,
the samples were loaded with a moderate axial load
(0.1 Kg) with the only purpose of keeping them in place
during the thermal cycle. The joining was performed in
vacuum (1079 mbar) or inert atmosphere (Ar + 3% H,)
furnaces. The samples were heated up to the eutectic
temperature with a heating rate of 10°C/min; the hold
time at melting temperature was about 10 min in vac-
uum and 30 min in Ar; cooling down to 600°C was per-
formed at 20°C/min followed by natural cooling down
to room temperature.

3. Microstructure and nanochemistry

The joint quality was firstly determined by microstruc-
tural examination by using scanning electron mi-
croscopy (SEM). Fig. 2 shows a SEM picture of the
alloy prior to brazing; evidencing a fine and homoge-
neous microstructure composed of Si and TiSi,. By
X-ray diffraction no other phases than Si and TiSi, were
detected (Fig. 3).

Cross-sections of monolithic SiC and SiC¢/SiC com-
posite joints were examined by SEM equipped with En-
ergy Dispersive X-ray spectroscopy (EDX). The joint
thickness of composites was in the range 20-30 pm, but
aconsistent variation in the thickness could be observed
depending on the surface conditions; the joint thickness
of monolithic specimens was generally higher due to the
absence of infiltration in the impervious SiC; the values
ranged from few tenth of microns up to 100 um de-
pending on the amount of braze deposited between the
pieces to be jointed. In any case, the joint layer showed
absence of discontinuities and defects at the interface
as a result of a complete melting of the powders, and a
fine eutectic structure, with a morphology comparable
with that of the starting powder (Fig. 4a). In particular,
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Figure 3 XRD pattern of 84Si-16Ti alloy.

in the joints of composites the infiltration looked suffi-
ciently controlled and limited to no more than a couple
of fabric layers close to the joints (Fig. 4b).

EDX maps (Fig. 5) showed absence of Ti within SiC
(close to the join interface). No macroscopic reaction
layers were visible at the interface SiC-Si.

In order to study the interface structure and the na-
ture of the bonds between the eutectic and the SiC and
SiC¢/SiC composites, investigations were performed
by transmission electron microscopy (TEM) including
high resolution or atomic plane imaging (HREM), and
electron energy-loss spectroscopy (EELS) for chemi-
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cal analysis (cf., e.g., [20-22]). The specimens were
prepared in such a way that the interface between the
joining body and the brazing material could be observed
side by side on the same image (cross sectional prepa-
ration). These seen end-on interfaces are marked by
arrows on most of the related images.

The EELS method allowed to estimate the kind and
concentration of the chemical elements with a spatial
resolution limited by the diameter of the measuring
probe (1-2 nm). In particular, the analysis of the near-
edge fine structures (ELNES) of the relevant ionisation
edges, which are caused by excitations of core-shell

Figure 4 (a), (b) SEM images of a joint performed between SiC¢/SiC composites. (Continued.)
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Figure 4 (Continued).

Figure 5 Oxygen, silicon and titanium mapping at the interface between joint and bulk SiC (EDX).

electrons into unoccupied states above the Fermi level,
allows to characterise the chemical bonding state of in-
dividual elements with the same resolution. The char-
acteristic ELNES details are the edge onset as well as
the shape, the position and the intensity of individual
peaks in the fine structure. The ELNES features were
interpreted by comparing with related standard spectra.

Due to the limited spatial resolution, in the presence
of an atomically sharp interface, the probe may de-
tect the elements of both sides of the interface, i.e., a
slight, virtual overlapping can not be excluded. In such
a situation the EELS spectrum of the interface can be
simulated by simple adding the spectra of both sides
of it.
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Figure 6 (a), (b) TEM overviews of the interface area between SiC¢/SiC and 84Si-16Ti brazing.

In case of SiC¢/SiC joints the separation of the eutec-
tic alloy into Si and Si, Ti is shown in the low magnifica-
tion TEM overviews on Fig. 6a and b. The contact with
the fibre reinforced SiC matrix is mostly performed by
Si even if some Ti Si; particles also strike the interface.
Substantial hooking together is clearly seen between
brazing and the rough SiC matrix surface (cf. Fig. 6b).
At medium magnification (Fig. 7a) and in the atomic
plane HREM image (Fig. 7b) as well, no hint at any
phase formation between SiC and Si is found, i.e., the
contact is atomically sharp. On the left and right of the
HREM image some overlapping between Si and SiC
atomic planes occurred because of a slight tilting of
the boundary. The chemical analysis of a SiC/TiSi (cf.
Fig. 8) and a SiC/Si (cf. Fig. 9) interface are shown in a
nanometer scale as performed by a set of EELS spectra
(a) across the individual interfaces (b). In Figs 8c and 9¢
the chemical bond specific ELNES of the Si-L,3 edge
of selected spectra are magnified with the background
subtracted: It can be seen that the interface spectrum is
almost the sum of SiC and TiSi, standard spectra and
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the sum of SiC and Si standard spectra, respectively.
From these findings it must be concluded that in both
cases a sharp interface with no Ti diffusion into SiC
and no other phases has formed.

Also in the case of B-SiC joints (cf. Fig. 10), at
medium magnification (a) and in the atomic plane
HREM image (b) (here for the TiSi,/SiC boundary),
even at the atomic level a sharp interface and no phase
formation could be observed. Similarly, in the B-SiC
joints the EELS analysis results in the same interface
situation as in the case of SiC¢/SiC joints. In particular,
no Ti diffusion into SiC and no new phases were found
in the related interfaces. In the TEM image on Fig. 10a
along the interface some strain-contrast contours have
formed. This mechanical strain could result from the
thermal expansion mismatch between the SiC bodies
and the brazing alloy and hints at strong bonding in the
interface.

As a result of the above observations either from
EELS measurements and HREM images, all the anal-
ysed interfaces between the substrate bodies and the
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Figure 7 Microstructure of the interface area between SiCy/SiCy and 84Si-16Ti brazing, (a) TEM image, (b) High resolution TEM image.

brazing alloy could be proved to be nearly atomically
sharp, i.e., there is no detectable interdiffusion or for-
mation of new phases. Thus, the high strength macro-
scopically measured in these joining systems must be
assumed to be caused by direct chemical Si—Si and
Si—C bonds in case of a Si/SiC interface with addi-
tional Si—Ti or Ti—C bonds at TiSi,/SiC interfaces.
These considerations hold for SiC¢/SiC and SiC joints
as well.

4. Shear strength

Among all the features of the joints obtained, the shear
strength is the most important mechanical one. In fact,
if the components to be joined are correctly designed,
the joint will fail under shear strength instead of ten-
sile or bending load. On the other hand, it is difficult
to compare strength values from one study to another
due to the different test methodologies generally used.
There are several methods to test the shear strength of

joints [23] which are mainly based on the different sam-
ple typology (for example single and double lap joint,
asymmetric four point bending bar, Iosipescu specimen
etc); each of these methods exhibiting some advantages
and disadvantages. In this work the joint performances
were determined by means of shear tests, performed
following “an ad hoc” modification of the ASTM D905-
89 test procedure [24]. Even if the presence of a pure
shear stress field was not assured by this procedure,
it was however a simple method suitable to obtain a
rather good estimation of shear strength and a good
mean for a comparative evaluation of the performances
of specimens obtained with different process parame-
ters. Two different sample-holder have been used for
RT (Fig. 11a) and 600°C testing (Fig. 11b).

The strength values were computed by estimating the
joint area for each sample. The crosshead speed was
0.6 mm/min, the tests were performed at room temper-
ature and 600°C (the second temperature was obliged
by testing equipment limitations). Remarkable results
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Figure 8 Nanochemistry of the interface between Si>Ti and SiC, (a) series of EEL spectra (separation 2.5 nm), (b) TEM image, (c) Si-Lp3 ELNES
of selected spectra.
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Figure 9 Nanochemistry of the interface between Si and SiC, (a) Series of EEL spectra (separation 2.5 nm), (b) TEM image, (c) Si-Lo3 ELNES of
selected spectra.
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Figure 10 Microstructure of the interface area between 8-SiC and 84Si-16Ti brazing, (a) TEM image, (b) High resolution TEM image.
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Figure 11 Scheme of the shear test arrangement at (a) RT and (b) 600°C
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were obtained: The samples manufactured with mono-
lithic SiC cracked at 50 MPa at RT, while the composite
samples exhibited 71 & 10 MPa shear strength at RT
and up to 70 MPa at 600°C.

A typical shear load-displacement curve is shown in
Fig. 12; the trend appears practically linear up to fail-

10

Load (KN)
Shear stress (MPa)

1 | 1 1 | TS
0.00 0.05 0.10 015 0.20 025 0.30 0.35

Displacement (mm)

Figure 12 Typical shear load-displacement curve.

ure with a very limited toughness. All the tests carried
out gave sufficiently reproducible results with a limited
scattering.

Generally, the composite joints made in the vacuum
furnace showed better performances probably because
of the better control of thermal cycle possible in the
facility used. The joint strength was slightly affected
by the substrate roughness and the composite porosity.
Observation of the fracture surfaces (Fig. 13) revealed
that failure was always cohesive. In monolithic sam-
ples, the failure started sometimes at the joint interface
but always propagated in the bulk SiC. In the composite
samples, the failure always occurred in the composites
(Fig. 14), leading to the conclusion that the limiting pa-
rameter of the performance was the shear strength of
the composite itself.

5. Conclusions

The proposed joining technique, which employs an eu-
tectic Si—Ti alloy, appears suitable for joining even
large surfaces of SiC¢/SiC composites. In fact, in this

Figure 13 Composite joint fracture surface.

Figure 14 Typical composite specimen failure image.
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way it is possible to obtain joints with reduced residual
stresses and exhibiting thermo-mechanical properties
similar to those of SiC and SiC¢/SiC composites.

All the joints obtained did not show any defects in
the brazing layer which maintained, even after join-
ing, a fine eutectic structure. Moreover, concerning the
composites, the brazing alloy infiltration looked suffi-
ciently controlled. Systematic investigations of the mi-
crostructure and of the nanochemistry (HREM, EELS,
esp. ELNES) revealed atomically sharp interfaces with-
out interdiffusion or phase formation at the interlayer
leading to the conclusion that direct chemical bonds
are responsible for the adhesion. Shear test results of
the joints of SiC¢/SiC composites showed remarkable
values (71 &= 10 MPa almost pure shear strength at RT
and up to 70 MPa at 600°C).

Nevertheless, the technique has some disadvantages,
namely the need of grinding the surfaces to jointin order
to get tight tolerances and a joining thermal cycle that
has to be tuned and strictly controlled around the eu-
tectic temperature. The chemical stability of the joints
with respect to oxidation is one of the important items
still to be assessed, in order to demonstrate the suitabil-
ity of the alloy for energy conversion application. The
activity is continuing by investigating the performances
of other eutectic alloys, such as for example Si-Cr.
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