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Brazing of reaction-bonded silicon carbide and
Inconel 600 with an iron-based alloy
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The objective of the present work was to join reaction-bonded silicon carbide to Inconel 600
(IN600O, a nickel-based superalloy) for use in high temperature applications by brazing with an
Fe-20 wt% alloy. This joining method resulted in the molten filler metal reacting with the
IN60O to form a Ni-Fe-Si solution, which in turn formed a liquid with the free silicon phase of
the RBSC. This liquid reacted vigorously with the SiC component of the RBSC to form low
melting point phases in both starting materials and chromium carbides at the metal-ceramic
interface. By using solution thermodynamics, it was shown that a Ni-Fe-Si liquid with equi-
molar nickel and iron contents and silicon content of less than 30at% Si will decompose
o-SiC at the experimental brazing temperatures; it was also shown that these predictions agree
with the experimentally observed microstructures and line composition profiles.

1. Introduction

The non-oxide silicon-based ceramics (i.e. Si;N,
and SiC family of ceramics) have outstanding high
temperature strength and creep resistance as well as
low coefficients of thermal expansion (CTE) and,
therefore, good thermal shock resistance [1]. Large or
complex ceramic parts are difficult and expensive to
manufacture, thus ceramic parts tend to be of simple
shape and small in size. In order for these ceramics to
be assembled into more complex parts and to maxi-
mize their performance in advanced heat engines, it is
necessary to successfully interface them with other
ceramics and the existing metallic support structure.
In advanced heat engines, particularly gas turbines,
this would entail the joining of ceramics to mnickel,
cobalt or iron-based superalloys such that the joints
could withstand the high temperatures (> 1000°C)
and aggressive oxidizing environment of the engine. In
the present work, the joining of reaction-bonded sili-
con carbide (RBSC) to Inconel 600 (IN600, a nickel-
based superalloy) for use in high temperature appli-
cations will be considered.

Chemical incompatability between the metal and
ceramic can result in the formation of undesirable
phases due to reactions occurring during the joining
process. In the case of Si;N, and SiC ceramics inter-
faced with nickel-based superalloys, it has been shown
by Mehan and co-workers [2-4] and Jackson and
Mehan [5] that extensive chemical reactions will occur
if these materials are held in intimate contact at elevated
temperatures for extended periods of time, resulting in
the formation of metal silicide and carbide phases. In
particular, the reaction between RBSC and nickel-
based superalloys was ‘found to be quite vigorous
[4, 5]. Previous work by the authors [6] has shown that
RBSC reacts quickly and vigorously with liquid nickel-
based brazing alloys, resulting in the formation of

4804

nickel silicides and chromium carbides through the
decomposition of the SiC component of the RBSC. In
both cases, it was concluded that the severity of the
reaction was greatly enhanced by the nickel alloy
forming a Ni-Si liquid with the silicon continuous
phase of the RBSC [4-6].

CTE mismatch stresses between the metal and
ceramic, resulting from the cooling of the joint from
the bonding temperature, tend to manifest themselves
as high stress gradients in the region of the metal-
ceramic interface [7-9]. CTE mismatch stresses
usually result in a reduction of the joint strength or in
failure of the joint at the metal-ceramic interface.

High temperature brazing is one of the joining
techniques currently enjoying attention for the com-
mercial joining of metals and ceramics. This process
requires a wetting liquid at the metal-ceramic inter-
face which forms a continuous layer between the two
materials upon solidification. To ensure reproducible
mechanical properties of the joint, the filler material
layer should be free of voids and other stress concen-
trators. Also, although some reaction between the
filler material and base materials is essential for join-
ing to occur, the brazing process should not signifi-
cantly affect the properties of the base materials [10].
In brazing, generally, wetting of the ceramic by the
liquid filler material and CTE mismatch stresses are
the most difficult problems to overcome. If insufficient
wetting of the ceramic is achieved by using only the
liquid metal on the ceramic surface, then the ceramic
surface may be altered by metallizing or by making the
brazing alloy active through alloying additions of Ti
[10-12]. The latter method, using Ag-Cu alloys with
1.5 to 5wt % Ti additions, is currently being used to
successfully join Si;N, and metals [13-17]. These
alloys also have the additional advantage of being
fairly ductile and are, therefore, able to take up much
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Figure I Optical micrograph of as-received RBSC.

of the CTE mismatch stresses through plastic defor-
mation. The melting points of these alloys are usually
in the range of 600° C, thus they are not suitable for
high-temperature applications [10, 11, 13-17].

The objective of the present study was to join
reaction-bonded silicon carbide (RBSC) to Inconel
600 (IN600) using an iron-based brazing alloy.
Reasons for using this particular joining system will be
outlined below.

2. Experimental procedure

Experimental materials consisted of reaction-bonded
silicon carbide (RBSC) and hot rolled Inconel 600
(IN600) bar. The iron-silicon brazing alloys used
throughout the brazing experiments were manufac-
tured in-house by intimately mixing high purity iron
and silicon powders of less than 15um equivalent
spherical diameter.

The RBSC consisted of SiC grains contained within
a continuous silicon phase; the details of the manu-
facture of this material are given elsewhere [18]. The
composition of the RBSC was determined using X-ray
powder diffraction (XRD) and the internal standard
technique [19], 10 wt % NaCl being the internal stan-
dard. It was found that the RBSC consisted of a-SiC
and cubic silicon, the silicon phase comprising
13.4at % of the starting material. This finding was
later confirmed using image analysis on a number of
representative micrographs, one of which can be seen
in Fig. 1. In this case, the light phase is the silicon and
the dark phase is the «-SiC grains.

The IN600 and brazing alloys were chemically
analysed using atomic absorption spectroscopy. A
summary of the compositions of all starting materials
can be seen in Table I. This particular series of filler
material compositions was chosen because the lowest

TABLE 1 Starting material compositions (at %)

Material Ni Cr Si Fe a-SiC
RBSC NA NA 134 NA 86.6
IN600 Balance 16.4 NA 6.7 NA
FS1 NA NA 26 74 NA
FS2 NA NA 34 66 NA
FS3 NA NA 40 60 NA

TABLE II Contact angles of Fe-Si alloys on RBSC

Alloy Temperature Contact angle
O (deg)

FS1 1300 272 + 3.8

FS2 1250 246 + 42

FS3 1350 238 + 3.2

melting temperature eutectic in the Fe-Si system is
1200° C; this would still enable the joint to be func-
tional at 1000°C. Also, it was thought that using an
Fe-Si alloy would act as a chemical barrier, prevent-
ing the interaction of nickel and the RBSC.

Brazing experiments were performed under one
atmosphere of argon in a graphite element resistance
furnace contained within a water-cooled steel vessel.
Specimens consisted of rectangular blocks (ceramic:
10 x 6 x 3mm’; metal: 10 x 6 x 12mm?®) held in
a boron nitride (BN) jig to ensure proper alignment of
the joint materials throughout the experiment.

Brazing materials were applied in the form of braz-
ing pastes using a small amount of polyethylene glycol
(PEG) as a binder. Pastes were applied in quantities
sufficient to form a layer 0.5mm thick upon solidifi-
cation, as recommended by Nicholas and Mortimer
[10] for metal-ceramic brazements. All surfaces were
ground to a 15 um finish and degreased with acetone
prior to joining.

The furnace cycle was monitored by a type C
thermocouple in conjunction with a chart recorder. A
typical brazing cycle consisted of heating at 100°C
min~" to the appropriate brazing temperature (between
1250 and 1350°C), holding at temperature for between
5 to 20min and cooling at 20°Cmin~! to ambient
temperature.

After removal from the furnace, specimens were
examined in cross-section after being polished to a
1 ym finish. Specimens were analysed by optical and
scanning electron microscopy (SEM). Analysis of the
chemical make-up of the joining systems was done
using an energy dispersive spectroscopy (EDS) unit
resident on the SEM and by electron probe micro-
analysis (EPMA). Differential thermal analysis (DTA)
was used to determine the melting range of some of the
constituents formed during the joining experiments.

3. Results and discussion

3.1. Wettability experiments

In order to assess the wettability of the various iron—
silicon alloys for subsequent joining experiments,
sessile drop tests were performed using established
procedures [20, 21]. Tests showed that the alloys wet
the RBSC surface without the need for prior surface
treatment. Values for the contact angles are listed in
Table II; it can be seen that all of the contact angles
are less than 30°, conforming to the criterion proposed
by Moorhead and Keating [22] of a maximum contact
angle of 30° to ensure adequate adherence of the filler
material to the ceramic. It should be noted that the
contact angle decreases as the silicon content of the
alloy increases. It is thought that increasing the silicon
content makes the liquid alloy more compatible with
the RBSC surface.
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Figure 2 Optical micrograph of IN600-RBSC joint made using FS2
alloy.

Experiments showed, however, that brazing at tem-
peratures exceeding 1250°C caused excessive creep
damage to the IN600. In addition, optimum filling of
the braze gap was achieved for the FS2 alloy even at
this lower brazing temperature. Therefore, this alloy
was chosen to be used in all subsequent brazing
experiments.

3.2. Brazing experiments

An optical micrograph of a brazed joint made using
the FS2 alloy and held at 1250°C for 20min, is
presented in Fig. 2. It can be seen from the micrograph
that the cross-section can be divided into four distinct
zones, annotated A to D in Fig. 2. Transitions
between the two zones were based mainly on changes
in the microstructure and the EDS profile shown in
Fig. 3. Zones in Fig. 3 correspond to those of Fig. 2.
The chemical profiles in Fig. 3 were determined by
averaging at least three EDS analyses at the appro-
priate distance from the metal-ceramic interface,

which was originally at the border between zones B
and C.

Zone D extends from approximately 1.0 to 3.0mm
from the metal-ceramic interface and was determined,
by microanalysis and X-ray mapping, to be charac-
terized by the silicon matrix of the RBSC being trans-
formed into a Si-28Ni-25Fe-5Cr (at %) alloy with the
o-SiC remaining unreacted (see Fig. 4). Compositions
shown in Fig. 3 for zone D are for the modified
continuous phase only. It must be assumed that this
modified continuous phase is the result of the silicon
reacting with the iron-silicon brazing alloy; this alloy
having previously reacted with the nickel in the IN600
to form a Ni-Fe-Si liquid. This liquid then reacted
with the silicon phase of the RBSC, forming more
liquid and eventually becoming of fairly homogeneous
composition through liquid-phase diffusion. DTA
studies showed that the material in both zones C and
D had a liquidus of approximately 1025°C. Thus,
postulating that the modified silicon phase was
formed through liquid phase transport is consistent
with this finding.

Zone C extends from the original metal-ceramic
interface to approximately 1.0 mm into the RBSC (see
Figs 2 and 3). This zone was characterized by the
a-SiC grains of the RBSC being decomposed to form
an alloy phase and porosity, as can be seen in Fig. 4.
Microanalysis and X-ray mapping showed that the
distribution of elements within this zone was homo-
geneous, further supporting the theory of liquid phase
transport of the various elements into the RBSC.
Also, the fact that approximately 60 mm® of RBSC
was decomposed in 30 min (i.e. the total time the joint
was above the liquidus of 1000°C) would suggest a
liquid-solid reaction since the kinetics are faster than
for the corresponding solid state reaction [4, 6].

An examination of Fig. 3 will reveal that nickel and
iron are present in nearly equimolar amounts through-
out the width of zone C. Using this approximation,
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Figure 3 Compositional profile of
FS2 brazed joint. (O nickel, @
iron, v silicon, A chromium).
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Figure 4 BEI image of zone C-D interface.

the decomposition reaction of the «-SiC within zone C
can be written as

[Ni Fe Si, 5] 4+ y<aSiC)
= [Nix—O.SyFex—O.SySil—2x+y] + y<c> (1)

where x is the atomic fraction of nickel and iron in
the Ni~Fe-Si liquid (see Fig. 3) and y was determined
to be 0.05 by calculating the amount of SiC at the
reaction interface relative to the amount of Ni-Fe-Si
liquid. Square brackets indicate liquid solutions and
angular brackets indicate pure solids. Thermodynamic
data on the relevant binary systems (Ni-Si, Fe-Si and
Ni-Fe) were obtained from Chart [23, 24] and
Kubaschewski and Alcock [25]. Data on the pure
solids were obtained from Fine and Geiger [26]. The
excess molar free energy of the ternary Ni-Fe-Si
liquid was then computed assuming regular solution

100

801 O

Vs
I

8
%]
'T_’ v
S Al
e © g
3 1
Q |
< 20} Lo
v | I
by
=407t fe) i :
|
g |
-60F D
I
|
I
-80} !
|
i
10045 o020 . 040 060
Si

Figure 5 AG® against atomic fraction (Si) for the a-SiC decompo-
sition reaction. (v Kohler, O Toop).

TABLE I1I Compositions of zones A and B phases

Phase Location Composition (at %)
7 A and B Cr;C;-20Fe (wt %)
14 B Cr-26Ni-18Si-13Fe
# A Ni-15Cr-13Si-SFe
& A Ni-18Si-15Fe-15Cr

behaviour using the Toop [27] and Kohler [28]
equations for calculating the excess free energy of
ternary solutions from binary solution thermodynamic
data.

Using this approximation, a plot of AG® for reaction
(1) as a function of atomic fraction of Si (Xg) was
constructed, the results of which are given in Fig. 5 for
both the Toop and Kohler equations. From this figure,
it can be seen that the decomposition reaction is
favoured for liquids of less than 60at% Si; which
agrees well with the observed microstructure of the
joint in zones C and D and with the compositional
profiles observed, thus, the modified continuous phase
within zone D was not thermodynamically active
enough to decompose the SiC within this zone.

XRD analysis of the zone C material determined
that it was composed of a mixture of FeSi, FeSi,, NiSi
and NiSi, as well as some phases which were not
identified but which were probably complex (Ni, Fe,
Cr) silicides. This finding agrees well with published
phase diagram data [29].

Zone B is the solidified filler material layer between
the RBSC and the IN600 and, thus, is the zone from
which the subsequent joining reactions with the RBSC
and IN600 originated. A BEI micrograph of zone C is
shown in Fig. 6, on which the main phases are shown.
EPMA showed that y-phase as Cr,C, with approxi-
mately 20 wt % Fe dissolved in it and that the con-
tinuous phase (¢) was Cr-26Ni-18Si-13Fe (at %).
The carbon for the formation of y-phase was supplied
by the decomposition reaction of the o-SiC in the
RBSC discussed previously. A summary of the phases
found in zone B and their compositions are given in
Table III. It was in this zone that the iron-silicon
brazing alloy reacted with the IN600 to form a Ni-Fe-
Si liquid which subsequently reacted with and decom-
posed the «-SiC in the RBSC according to reaction (1).

From the above discussion, the probable sequence
of reactions which occurred within the filler material-
ceramic system, resulting in the formation of zones B
through D, was:

(1) the liquid filler metal reacted with the IN600 to
form a Ni-Fe-Cr-Si liquid

(2) this liquid reacted with the silicon in the RBSC,
forming a liquid of higher Si content, which entered
into the RBSC via the continuous Si phase. This liquid
then reacted with the SiC in the RBSC according to
reaction (1), the initial value of x being approximately
0.40 (i.e. 20at % Si, see Fig. 3). As the reaction pro-
ceeded into the RBSC, the amount of silicon in the
liquid increased and the value of x decreased, due to
the addition of silicon from the reaction, to the point
where reaction (1) was no longer thermodynamically
favourable (see Fig. 5). This composition is close to
that found at the zone C-D interface.
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Figure 6 BEI micrograph of zone B.

(3) the liquid continued into zone D by liquid phase
diffusion via the Si continuous phase. Due, however,
to the higher silicon content of the liquid, AG® for
reaction (1) was positive and no SiC decomposition
occurred within zone D (see Figs 4 and 5).

(4) as the joint cooled to the liquidus temperature of
1000° C, the carbon, chromium and some of the iron
was rejected to the metal-ceramic interface (zone B) to
form Cr carbides (y-phase) and solid solution phases
(o-phase) upon solidification.

A schematic representation of these processes is given
in Fig. 7.

Further examination of Figs 2 and 6 will show that
there is extensive cracking in zone B along the zone
A-B interface (top of the micrograph). This is due
mainly to CTE mismatch stresses and is aggravated by
the fact that both y and ¢ phases are brittle and act as
an easy path for the propagation of cracks.

Zone A was formed by the reaction between the
IN600 and the liquid iron-silicon filler material. An
optical micrograph of Zone A through C is given in
Fig. 8. It can be seen that zone A consists of two
constituents n and &, the compositions of which can be
found in Table III. From the compositions of the two
phases and by using the relevant phase diagrams
[29, 30}, it can be inferred that the melting points of the
continuous #-phase is approximately 1100°C, and
therefore, the interaction of the liquid iron-silicon
filler material with the IN600 has seriously degraded
the high temperature properties of the IN600.

Zone B

___,w___Ac’—

Braze (1) | cr E@
C

Zone D [INi, Fe, sil + <si> = [Ni, Fe,sil |

Figure 7 Schematic representation of reactions occurring in zones B
to D during the joining process.
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Figure 8 Optical micrograph of zones A to C.

From the above discussion, using an Fe~34Si (at %)
alloy to join RBSC to IN600 by direct brazing is not
feasible due to the extensive chemical reactions
between the filler material and the base materials,
resulting in degradation of the high temperature pro-
perties of the base materials. In particular, the decom-
position of the RBSC by the filler material was especi-
ally deleterious. Also, extensive cracking at the metal-
ceramic interface occurred because of CTE mismatch,
resulting in failure of the joints.

4. Conclusions
The conclusions are as follows.

(1) The presence of a liquid Fe-34Si (at %) filler
material in IN600-RBSC joints results in the alloy
reacting with both starting materials, forming
low-melting point phases and, therefore, degrading
the high temperature properties of both starting
materials.

(2) Degradation of the RBSC is the result of the
liquid filler material combining with the nickel in the
IN600 to form a Ni-Fe-Si liquid, which subsequently
decomposes the SiC in the RBSC, forming low-melt-
ing iron and nickel silicides within the RBSC and
chromium carbides at the metal-ceramic interface, the
carbon for the carbides being supplied by the SiC
decomposition. The carbide was formed at the metal-
ceramic interface due to solute partitioning during the
solidification of the various constituents.

(3) The large coefficient of thermal expansion mis-
match stress generated during cooling and the forma-
tion of brittle phases at the metal-ceramic interface
resulted in cracking and failure of the joints within this
region.
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