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Joining of G;/SiC Ceramics to Nimonic Alloys
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C4/SiC ceramic composites have been brazed to Nimonic alloys using TiCuAg filler metal. In order to
improve wettability and to provide compatibility between ceramic and metal, the C/SiC surface was
metallized through the deposition of a chromium layer. Subsequent heat treatments were carried out to
develop intermediate layers of chromium carbides. Excellent wetting of both the composite ceramic and the
metal from the filler metal is observed in the fabricated joints. Shear tests show that failure occurs always
within the ceramic material and not at the joint. In the filler region depletion of Ti and formation of Ag and
Cu rich regions are observed. At the C¢/SiC-filler interface a layered structure of the filler metallic elements
is observed. Titanium interacts with the SiC matrix to form carbides and silicides.

Keywords aerospace, brazing, ceramic matrix composites, join-
ing, mechanical testing, superalloys

1. Introduction

Advanced ceramic matrix composite (CMC) materials have
the potential for being used at high temperatures as thermo-
structural materials and in different fields including heat
exchangers used in severe environments such as rocket and
jet engines (Ref 1), gas turbines for power plants, heat shields
for space vehicles, inner walls of the plasma chamber of nuclear
fusion reaction (Ref 2, 3) aircraft brakes, heat treatment
furnaces, etc. The main advantages of CMCs lie in the fact that
they present superior mechanical properties and resistance
against high temperatures and at the same time they are
lightweight and cost-effective (Ref 4, 5).

Carbon fiber-reinforced SiC ceramic matrix composites (C¢/
SiC) are lightweight, hard, wear resistant and stable in
oxidizing environment up to a high temperature. Owing to
the embedded carbon fibers, they have an excellent combina-
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tion of mechanical properties. Therefore, C¢/SiC composites are
promising new structural materials for a variety of high-
temperature acrospace applications (Ref 6).

Most such applications in aerospace and nuclear industry
require joining CMCs to metals, ceramics or composites. Thus,
advances in joining science and technology are important in
order the benefits of these advanced materials to be realized
(Ref 7). Generally the requirements for CMC-metal joints are
high mechanical strength at high temperatures and in aggres-
sive environments, high oxidation resistance, high stability
under service and low production cost. A general requirement
for aerospace applications is the joining of the CMC to a high
temperature alloy. In the literature there is limited information
on the joining of C¢/SiC composites to metallic alloys and this
mainly refers to joining of C¢/SiC to Ti based alloys.

Cu-Ti or Ag-Cu-Ti alloys have been the base of brazing Cy¢/
SiC to Ti alloys and in some cases carbon or carbon fibers have
been introduced in the braze. Lin G. et al. used carbon fiber-
reinforced brazing material (67.6Ag-26.4Cu-6Ti, wt.%) to
braze C¢/SiC to Ti alloy (Ref 8). The volume fraction of the
carbon fibers in the braze defines the strength of the joint,
controls the reaction between the Ti element and the brazed
composite and it is associated with the brazing parameters.
Successful joining of CySiC to TC4 alloys (Ti-26Al1-4V
(Wt.%)) was realized using 94(72Ag-28Cu)-6Ti (wt.%) alloy
powder with particle size of 320 mesh (Ref 9). The joint
interfaces were microstructurally sound, well bonded, and
without cracks and voids. Also mixed powders of Cu, Ti, and
graphite were used for brazing C¢/SiC composite to Ti alloys
(Ref 10, 11). Formation of TiC around surplus graphite and TiC
particles in the bonding layer reduced the thermal stress
significantly. The reaction rate was controlled by the diffusion
rate of C from graphite particles to the liquid bonding layer. C¢/
SiC composites were vacuum brazed to Ti and a Ni-base
superalloy using Ni-base 28 metallic glass braze foils (MBF-20
and MBF-30) (Ref 12). For the case of the Ni-base superalloy
the joints for both braze foils were sound, but in the case of
MBF-20 shrinkage cavities had been formed. Compositional
changes due to substrate dissolution led to secondary-phase
precipitation which aided interfacial bonding although inter-
laminar shear failure occurred within some composites. Resid-
ual thermal stresses in the joint led to hardness gradients;
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however, stress accommodation by the braze prevented inter-
facial cracking.

Also interlayers have been used to achieve bonding and
relieve strain mismatch between the composite and steel or Ti
or Ni alloys (Ref 13). Li et al. used Cu/W/Cu/W/Cu multiple
interlayers to bond C¢/SiC to Ni-based superalloy (Ref 14).

Whatever the joining process is, chemical equilibrium at the
joint interface is needed to form a stable ceramic/metal bond for
operation at high temperature (Ref 15). Interfacial reactions can
affect every stage of the formation of a joint from the onset of
bonding through the development of equilibrated microstruc-
ture and to the optimization of the mechanical properties (Ref
16). It has been demonstrated that an adequate surface
modification of the CMC could lead to improvements of the
composite wettability by metals (Ref 17, 18).

In this work, C¢/SiC ceramic composites have been brazed
to Nimonic alloys using TiCuAg as filler metal. In order to
accommodate the different linear coefficients of expansion
between ceramic and metal as well as to provide compatibility
between the surfaces to be joined, the C¢SiC surface was
metallized through the deposition of a chromium layer.
Subsequent heat treatment was carried out to develop interme-
diate layers of chromium carbides. The distribution of the
different elements at the cross section is discussed.

2. Experimental

The Cy¢SiC (SICARBON) ceramic composites were sup-
plied by EADS Innovation Works (Ref 19). They consist of
carbon fibers embedded in a silicon carbon matrix. The
production process of this material is based on the Polymer
Infiltration Pyrolysis (PIP) process. The infiltration of the
carbon fibers with a pre-ceramic polymer-based and powder-
filled slurry system is performed by Liquid Polymer Infiltration
(LPI) via filament winding. From the supplied material samples
of 12 x 12 x 3 mm® were cut and used for all the experiments.

Chromium was deposited by magnetron sputtering at nearly
ambient temperature (70 °C). A 2”-diameter Cr target of
99.95% purity was used. The base pressure before introducing
the Ar gas was 1x107® mbar and the pressure during
deposition was 4 x 10> mbar. Depositions were performed
using a DC power of 120 W, resulting in a deposition rate of
17 A/s. The Cr layer thickness was about 2 um. For the post-
deposition thermal annealing the SICARBON/Cr samples were
enclosed in a quartz tube and they were annealed in a tubular
furnace for 1 h at 700 °C under high vacuum (10~° mbar).

X-ray diffraction (XRD) patterns were measured using a
Bruker DS diffractometer equipped with a Cu Ko radiation. The
microstructure of the brazed joints were examined using JEOL
JSM 5910 LV scanning electron microscopy (SEM) coupled
with INCA 300 energy-dispersive X-ray spectroscopy (EDS).

The ceramic samples were brazed to nimonic superalloys
using an IPSEN VFCK-124 high vacuum furnace. For the
metallographic analysis of the cross sections of the brazed
samples the Nimonic 105 superalloy was used which is a
wrought nickel-chromium-cobalt based alloy (Ni, 18-22 Co,
14-15.5 Cr wt.%) strengthened by additions of titanium and
aluminum. It combines high strength and creep resistance for
service up to 920 °C. The brazing was performed using as a
filler metal a commercial TiCuAg alloy (Ag-26.7Cu-4.6Ti,
wt.%) in paste form containing Ti as the active metal. The
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Fig. 1 (a) Geometry of the brazed ceramic composites to Nimonic
alloys for the shear tests. All the dimensions are in mm. (b) Experi-
mental setup for testing the shear strength of the joint

heating was initiated at room temperature and follows a ramp
with rates of 10-15 °C/min. Finally, the temperature of brazing
was 980 °C. A slow cooling rate of 1 °C/min was selected to
provide a sufficient relief of stresses due to different CTEs.
For the shear strength mechanical tests composite Nimonic
joints of the geometry depicted in Fig. 1(a) and a mechanical
device (Fig. 1b) was specially fabricated. For the mechanical
tests the Nimonic 90 (Ni-18Co-20Cr wt.%) superalloy was
used in elongated sheets of 100 x 15 x 3 mm® and the brazing
parameters were kept the same as described above.

3. Results and Discussion

3.1 Metallized SICARBON Substrate

The C¢/SiC surface has been modified by the deposition of a
Cr layer, of 2 pm thickness, on the C¢SiC substrate. The
resulted structure was annealed at 700 °C for 1 h in order to
achieve the formation of a chromium carbide layer at the
interface with the substrate. Cr as a carbide former improves
wettability and as it has been found in the case of graphite and
C¢/C joining to Nimonic (Ref 17, 18) the filling of the pores and
the in-depth formation of different carbides resulted in a
mechanical type of joining i.e., in which the joint strength does
not rely only on interface adhesion but also on substrate/braze
interlocking. The as-deposited and annealed structures have
been examined using XRD measurements. Figure 2 presents
the XRD pattern of the C¢/SiC substrate, the as-deposited Cr on
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Fig. 2 X-ray diffraction patterns from (a) the SICARBON sub-
strate, (b) the as-deposited Cr on SICARBON, and (c) the annealed
at 700 °C for 1 h SICARBON/Cr. The arrows indicate the Bragg
positions of the Cr,Cj; structure

C¢#/SiC and the annealed at 700 °C for 1 h Cr/C~SiC. The
as-deposited Cr layer presents the strong (110) and (200) Bragg
peaks (Fig. 2b), on top of the substrate structure (Fig.2a),
characteristic of the bcc crystallographic structure. Heat
treatment at 700 °C for 1 h results in the formation of Cr,Cs
(orthorhombic Pmcm) at the interface with the C¢/SiC substrate
(Fig. 2¢). In Fig. 2(c) it is observed that after annealing the
Bragg peaks of Cr are still observable, showing that not all of
the 2 um as-deposited Cr layer is consumed in the formation of
the chromium carbide.

Consequently, the structure used for the brazing experiments
consists of a Cr,C; layer adjacent to the C¢SiC surface
followed by a Cr layer.

3.2 SICARBON Brazing to Nimonic

The C¢SiC/Cr,C5/Cr structures were brazed to the nimonic
90 alloy using TiCuAg filler metal in paste form. The optical
microscopy image of the cross section of the joint is depicted in
Fig. 3. This shows that in the composite ceramic a number of
microcracks exist and close to the filler/ceramic interface a
crack propagates parallel to the interface. This crack propaga-
tion parallel to the interface may have been produced during the
brazing process, and a weak region in the composite with a high
density of microcracks acted as the initiation point.

Figure 4(a) shows the SEM micrograph of the cross section
of the C¢SiC/Cr,C5/Cr/filler/Nimonic joint of sample in Fig. 3.
It is observed that the filler metal wets well both the metallic
and the ceramic parts and the interfaces are sound with a very
good physical contact. The chemical mapping of the various
elements at the joint area shows a layered structure along the
interface (Fig. 4b-g). At the filler/CSiC interface and adjacent
to the interface a Ti-rich layer of about 15 um thickness is
formed. This Ti layer bonds the C~SiC/Cr,C3/Cr structure to
the nimonic alloy. Adjacent to the Ti layer there is a Ag-rich
layer followed by a second Ti-rich layer with an average
thickness of about 50 pum. In this second Ti layer a significant
amount of Ni from the nimonic alloy has diffused, indicating
that some dissolution of the metal in the molten braze has
occurred. Cu and Ag do not interact with the ceramic substrate,
they remain in the filler and they are separated. A similar
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Fig. 3 Optical microscope image of the cross section of the
SICARBON/Cr/Nimonic joint

layered structure with the same characteristics was observed in
the joint of C¢/C to nimonic alloy using the same filler metal
(Ref 18). Part of the Cu and Ag from the filler metal has
diffused in the nimonic alloy in a depth of about 50 um. Also,
in Fig. 4(a) a certain degree of protrusion of carbon fibers on
the interface between the C¢/SiC composite and interlayer is
observed. This indicates that the reaction of Ti with the carbon
from the SiC matrix is more intense than that with the carbon
fibers. This kind of reaction is beneficial for increased
interfacial bonding strength. A similar and even more intense
reaction of Ti with the carbon of the matrix had been observed
in the brazing of C¢SiC to a Ti alloy using the TiCuAg filler
metal (Ref 9).

Figure 5(a) depicts the cross section of the SICARBON-
joint, in the case of TiCuAg filler metal, at the ceramic-filler
interface, with the fibers along the direction of the interface, and
the corresponding elements mapping (Fig. Sb-e). The reactive
zone comprises a Cr thin layer on top of the ceramic composite,
followed by a thicker layer of Ti. The light gray area in the filler
zone corresponds to Ag and the darker one to Cu islands as it
has been observed in the joint of C¢/C to nimonic alloy (Ref
18). From the chemical analysis it is concluded that Ti from the
filler metal interacts with the carbon of the SiC matrix surface
and as result its concentration in the TiCuAg melt adjacent to
the surface decreases. Ti from the bulk TiCuAg melt diffuses to
the depleted zone and interacts further with the carbon of the
SiC increasing the carbide layer thickness and leading to the
good physical contact shown in Fig. 5(a). It is noted that Ti
diffusion, in this study, is not observed in depth in the
composite as it was observed in the case of C¢/C joining to
nimonic alloy (Ref 18). XRD measurements performed on the
cross section of the joint confirm the formation of stoichiom-
etric TiC and TiSi. Stoichiometric titanium carbide is thermo-
dynamically more favorable as the Gibb’s free energy for the
reaction Ti + C — TiC is —172 kJ. Thermodynamic calcula-
tions, also, show that sub-stoichiometric carbides TiC, could
form from Cu-Ti alloys (Ref 20).

3.3 Mechanical Tests

For the mechanical tests, a new series of brazed samples were
fabricated, with and without the Cr deposition on the ceramic
part, employing the geometry shown in Fig. 1(a) and the brazing
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Fig. 4 (a) SEM micrograph of the cross section of the SICARBON/Cr/Nimonic joint of sample in Fig. 3 and (b)-(g) the corresponding chemi-
cal elements mapping
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Fig. 5 (a) SEM image of the cross of the SICARBON/Cr/Nimonic joint using TiCuAg metal filler, at the filler-ceramic interface and (b)-(e) the

corresponding chemical element mapping

parameters as described in Sect. 2. Subsequently, the joint
structures were subjected to mechanical shear tests performed at
room temperature, as depicted in Fig. 1(b). Figure 6(a) depicts
the fractured surfaces of SICARBON/Cr to nimonic alloy joints
using TiCuAg filler. In the case of Cr deposition followed by heat
treatment at 700 °C for 1 h the fracture has been produced
extensively through the ceramic part (Fig. 6b). In the case of no
Cr, areas exist in the fractured surface where the fracture is mixed
between the carbon fibers and the filler metal (Fig. 6¢). This
shows the key role of Cr deposition for the fabrication of sound
joints. Delamination of the ceramic occurs parallel to the
ceramic/metal interface. This type of failure has been, also,
observed in the bonding of Ti-tubes to C/C composite plates
using TiCuAg filler (Ref 21) and to the bonding of a nimonic
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alloy to C¢/C ceramic composites (Ref 18). The interlaminar
shear strength of the C¢/SiC composites depends strongly on the
test method (Ref 22), and these tests only show that the joining is
stronger than the composite under the method of examination.
Also, it is possible the brazing process to have modified the
mechanical properties of the composite as the interfacial shear
strength of C¢/SiC composite may change drastically by heat
treatment (Ref 23, 24).

4, Conclusions

C¢/SiC composite was brazed to metallic nimonic alloy
using TiCuAg filler metal. Prior to brazing a Cr layer is
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Fig. 6 (a) Fractured surfaces of SICARBON/Cr to nimonic alloy
joints using TiCuAg filler. (b) Fractured surface in the case of Cr
deposition on SICARBON followed by heat treatment. (c) Fractured
surface in the case of no Cr deposition on SICARBON

deposited on the ceramic composite and it is subsequently heat
treated leading to the formation of the Cr,C3; compound which
promotes the good wetting and bonding of the C¢SiC. It is
suggested that the presence of Cr may act as a barrier to
excessive reactions of Ti with the SiC from the matrix of the
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composite and it can be used as a control to these reactions. Ti
from the filer metal reacts mainly with the matrix of the C¢/SiC
and the formation of TiC and TiSi is confirmed by XRD
measurements of the cross section. The shear tests show a
fracture within the C¢/SiC material near the joint region,
producing an interlaminar failure. The crucial role of Cr
deposition on the ceramic is evident from the examination of
the fractured surfaces. When Cr is deposited on the ceramic and
Cr;C; is formed through heat treatment fracture occurs within
the ceramic. On the contrary, in the case of no Cr metallization
the facture surface is mixed lying in both the filler and the
ceramic composite.
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