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Joining of the SiCf/SiBCN composite with CoNiPdNbCr filler alloy
and the control of the interfacial reactions
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Abstract
The joining of the SiCf/SiBCN composite was difficult due to the undue reactions between the SiCf/SiBCN composite and the
commonNi- or Co-based filler alloy. In this paper, a new filler alloy with the nominal composition of Co-20Ni-12Pd-18Nb-15Cr
(wt.%) was newly designed to join the SiCf/SiBCN composite. Compared with the BNi-5 filler alloy, the periodic banded
structure in the reaction layer was eliminated. During the brazing process, the element Cr played an active role in the interfacial
reactions and formed Cr23C6 layer at the surface of the SiCf/SiBCN composite. The interfacial reaction layer could inhabit the
diffusion of the elements Co and Ni to the SiCf/SiBCN substrate. And then the interfacial reactions were controlled well. Under
the brazing condition of 1200 °C/10 min, the average joint strength was increased from 18.2 to 54.9 MPa.
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1 Introduction

SiBCN ceramics have gained wide interest in recent years due
to their excellent thermal stability, creep resistance, and oxi-
dation resistance at high temperatures [1–4]. However, the
monolithic SiBCN ceramic could not satisfy the requirements
in the severe thermal shock environments because of the in-
trinsic brittleness. When continuous SiC fibers are embedded
in the SiBCNmatrix, the thermal shock resistance and fracture
toughness of the ceramic composite were improved remark-
ably [5, 6], and thus, the SiCf/SiBCN composite has been
identified to be suitable for applications in the aerospace fields
and anti-ablation structures, such as nose caps, satellite noz-
zles, and advance rocket engines [7, 8].

The practical use of the SiCf/SiBCN composite requires
development of appropriate joining techniques. Direct active
brazing, due to its simplicity, lower cost investment, and po-
tential as a mass production process, is the most common
method for ceramic joining [9, 10]. Up to now, the joining

technologies for SiBCN system materials also focused on
brazing. Pan et al. [11] joined SiBCN and Nb using commer-
cial AgCuTi filler assisted with Mo interlayer. Additionally,
when joining SiBCN ceramic to TC4 alloy, TiB2-reinforced
AgTi composite filler was used for avoiding the formation of
brittle Cu-Ti phase in the joint [12]. Another method to re-
strain reactions between the AgCuTi and TC4 was coating by
SiC and TiB2-reinforced TC4-based composite layers before
the brazing process [13]. The composite layers could be treat-
ed as functionally graded material layers (FGM layers) and
can effectively relieve the mismatch between SiBCN and TC4
alloy. Generally, AgCuTi system filler alloy can be widely
applied to the joining of ceramics, and a reliable joint can be
acquired with a service temperature lower than 500 °C
[14–16]. However, AgCuTi filler alloy could not offer a
high-quality SiBCN joint (joint shear strength was only
30~50 MPa at room temperature), even though assisted with
Mo interlayer, TiB2 reinforcement, and FGM layers. That is to
say, the joining of SiBCN systemmaterials is greatly different
and more difficult compared with the Si3N4 and SiC ceramic.

Considering the fiber-reinforced SiBCN composites
(CMCs), studies on the joining technology are extremely lack-
ing. In our previous work, the joining of Cf/SiBCN composite
was conducted with commercial BNi-5 filler alloy [17], Ni-
Cr-Pd (Si,B) filler alloy [18] and CuPd-V [19] filler alloy. But
these filler alloys cannot offer satisfactory joint strength.
Compared with Cf/SiBCN, the high-temperature brazing of
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SiCf/SiBCN composite has the obstacle that the intensive re-
actions of SiC with common elements Co and Ni resulted in
the degradation of joint strength [20]. Up to now, there is no
literature reporting about the SiCf/SiBCN composite joining.

In this paper, a CoNiPdNbCr system filler alloy was newly
designed for the joining of the SiCf/SiBCN composite. The design
of CoNiPdNbCr alloy was a result of the following consider-
ations: firstly, elements Co and Ni are commonly used primary
constituents in commercial superalloys. Correspondingly, the
Co(Ni)-based brazing alloy matrix should have superior high-
temperature properties [21]. Secondly, Pd has a large affinity with
Si. As reported by references [22, 23], some Pd-containing filler
alloys would react with SiC to form refractory Pd2Si
compound which can contribute to the high-temperature strength
of the joint. Thirdly, it has been recognized that Cr and Nb are
widely used in ceramic joining as active elements [18, 21]. At the
same time, they are strong carbide-forming elements. The inten-
sive reactions of filler alloy with silicon could be inhabited to
some extent. Additionally, NbC was a refractory compound with
a melting point of 3680 °C. The formation of NbC should be
favorable for the joint high-temperature properties.

As a contrast, the commercial BNi-5 filler alloy (Ni-19Cr-
10Si, wt.%) was also applied to the SiCf/SiBCN joining. The
interfacial reactions between the two filler alloys and SiCf/
SiBCN composite were analyzed respectively. The strength-
ening mechanism of the joint was also discussed.

2 Experimental procedures

SiCf/SiBCN ceramic matrix composite was used as the base
material to be joined, which was fabricated via resin transfer
molding (RTM) and polymer infiltration and pyrolysis (PIP)
[24]. The volume fraction of the SiC fibers was around 50%.
T h e c omp o s i t i o n o f amo r p h o u s m a t r i x w a s
SiB0.17C0.9N1.04O0.15. Figure 1 shows the microstructure of the
base SiCf/SiBCN composite and phase componentsmeasured by
an X-ray diffraction (XRD) analyzer. It can be verified that,
except for SiC phase, the SiCf/SiBCN composite did not contain
any additional crystalline phases from the systems Si-N or B-N.

The newly designed filler alloy has a nominal composition of
Co-20Ni-12Pd-18Nb-15Cr (wt.%). The CoNiPdNbCr alloy in-
got was fabricated by arc melting in an argon inert gas atmo-
sphere. The ingot was molten at least 4 times to ensure
the homogenous microstructure and chemical composition. A
cylindrical specimen with a diameter of 3 mm and height of
3 mm was cut from the ingot for testing the melting point by
differential scanning calorimetry (DSC). The DSC curve re-
vealed a melting range from 1175 °C to 1205 °C, as shown in
Fig. 2. The used filler foils were prepared by the rapidly solidified
technology by a single-roller melt spinning equipment with a
rotating Cu wheel [25], with the thickness of about 80~100 μm.

The composite samples to be joined were cut into 5 × 5 × 2
mm3 plates for the metallographic observation and 2 × 4 × 20
mm3 bars for four-point bend test, respectively. Additionally,
three bars with a size of 2 × 4 × 40 mm3 were also needed to
evaluate the strength of the parent SiCf/SiBCN composite.
Before the assembly, all the specimens and the filler foils were
cleaned with ethanol. The filler foil was placed between two
SiCf/SiBCN substrates or bars to form a butt joint. The fixed
joints were heated to 1200 °C at a heating rate of 10 °C/min
and kept at the brazing temperature for a dwelling time of 10
min. After brazing, the samples were cooled to 500 °C at a

Fig. 1 The microstructure (a) and
the XRD pattern (b) of the SiCf/
SiBCN composite

Fig. 2 DSC curve of the CoNiPdNbCr filler alloy
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cooling rate of 5 °C/min, followed by furnace cooling to room
temperature. During the heating process, the vacuum of furnace
was kept between 3.0 × 10−3Pa and 7.0 ×10−3 Pa. The joint
strength was measured by a four-point bend test at room temper-
ature with a crosshead speed of 0.5 mm/min. Three specimens
were tested for each experimental condition, and the joint
strength is given in the form of error bars.

The microstructures of the ingot and the brazed joint were
analyzed by a scanning electron microscope (SEM) equipped
with an X-ray energy-dispersive spectrometer (EDS). For better
phase identification, X-ray diffraction (XRD) analysis was per-
formed on the filler alloy and an additional specimen of the SiCf/
SiBCN joint brazed at 1200 °C for 10 min. This specimen was
prepared by a wetting experiment. Then, the unreacted brazing
alloy at the outermost surface of the SiCf/SiBCN substrate was
moved away. Gradual polishing was conducted through the re-
action zone at the sample surface, and XRD analysis was carried
out successively on the surface containing the reaction layer.

3 Results and discussion

3.1 Microstructure of CoNiPdNbCr filler alloy

Themicrostructure of the as-casted CoNiPdNbCr alloy aswell
as the elemental distribution maps is shown in Fig. 3. It can be
seen that the ingot microstructure was characterized by the

primary α1 phase and the eutectic (α2+β) phase. According
to the area distributionmaps, elements Co, Ni, and Pd (Fig. 3c,
d, and e) are distributed uniformly. But elements Nb and Cr
exhibited segregation. Since element Nb has a higher atomic
weight, the bright phase should be a niobium-rich phase.

The EDS analysis results for these phases are listed in
Table 1, signifying that the constitution of the primary phase
α1 was nearly identical to that of α2 in eutectic structure. So
both the α1 phase and α2 phase can be simply defined as α
phase. The concentration of niobium in α phase was much
higher than in β phase. On the contrary, the Cr element has a
higher concentration in β phase. However, for the elements
Co, Ni, and Pd, there was no difference in concentration be-
tween phases α and β.

X-ray diffraction analysis was performed in order to verify
the phases identified by SEM and EDS, as shown in Fig. 4.
The XRD peaks have good correspondence to the Co3Nb
phase, Ni3Nb phase, and Co-based solid solution.

In the CoNiPdNbCr system alloy, the mixing enthalpy of
Co/Nb and Ni/Nb is very negative (− 25 kJ/mol and − 30 kJ/
mol, respectively [26]); it was inclined to form the

Fig. 3 Backscattered electron image and the magnification for the selected area A (a), and the elemental distribution maps for image (b): (c) Co, (d) Ni,
(e) Pd, (f) Nb, and (g) Cr

Table 1 EDS analysis results for the typical microzones marked in Fig.
3a

Microzone Composition (at %) Deduced phase

Co Ni Pd Nb Cr

α1 43.99 15.13 5.64 21.78 13.45 (Co,Ni)3Nb dissolved
with (Pd,Cr)α2 41.89 17.86 8.13 18.31 13.81

β 39.34 19.99 9.82 4.14 26.7 Co(Cr,Ni)ss
Fig. 4 XRD pattern of the as-casted CoNiPdNbCr filler alloy
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intermetallics. In the meantime, the mixing enthalpy of Co/Ni,
Co/Pd, and Co/Cr was 0 kJ/mol, − 1 kJ/mol, and − 4 kJ/mol,
respectively. As a result, the solid solution was easily formed
among the elements Co, Ni, Pd, and Cr.

3.2 Joining of the SiCf/SiBCN composite

Figure 5 shows the microstructure of the SiCf/SiBCN joint
brazed with BNi-5 filler alloy. It can be seen that interfacial
reactions between the BNi-5 filler alloy and the SiCf/SiBCN
composite were very intensive. The reaction distance was
75 μm as pointed in Fig. 5a. Meanwhile, some transverse
cracks formed across the brazing seam. As shown in Fig. 5b,
the over-reactions resulted in a periodic banded structure
which consisted of alternating Ni-silicide bands and
graphite-enriched band. The joint exhibited a low four-point
bend strength of 18.2MPa at room temperature. This phenom-
enon is common when joining the SiC ceramic with Co- or
Ni-based filler alloys, and the periodic banded structure weak-
ened the mechanical properties of the joints [27].

When brazed with the newly designed filler alloy, the joint
microstructure has been changed completely, and the periodic
banded structure was eliminated, as shown in Fig. 6a.
Meanwhile, the corresponding elemental distribution maps
are also presented in Fig. 6.

From the distribution maps (Fig. 6f), it can be seen that
element Cr enriched at the SiCf/SiBCN composite interface
obviously. So that Cr played an active role in the interfacial
reactions during the brazing process. The EDS analysis results
(listed in Table 2) also proved that the elements Cr and C were
enriched in microzones “1” and “2.” It is known that different
types of chromium carbides exist, namely Cr23C6, Cr7C3, and
Cr3C2. Using thermodynamic data, the Gibbs free energy of
formation of selected metal carbides can be calculated; for
example, at 1200 °C, that of Cr23C6, Cr7C3, and Cr3C2 is −
398 kJ/mol, − 196 kJ/mol, and −100 kJ/mol, respectively [28].
Therefore, from the thermodynamic point of view, the most
likely carbide to form in this system should be Cr23C6. The
XRD pattern for the interface between the SiCf/SiBCN and
CoNiPdNbCr filler alloy is shown in Fig. 7, in which the
Cr23C6 compound was indeed detected.

Fig. 5 Microstructure of the SiCf/
SiBCN composite joint brazed
with BNi-5 filler alloy

Fig. 6 Microstructure of the SiCf/SiBCN composite joint brazed with CoNiPdNbCr filler alloy (a), and area distributionmaps of elements Nb (b), Ni (c),
Pd (d), Co (e), Cr (f), and Si (g)
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Considering the element Nb, it also exhibited interfa-
cial reaction activity to some extent from the distribu-
tion map in Fig. 6b. Near the SiCf/SiBCN interface, the
light gray phases in microzones “3” and “4” were
enriched with niobium and carbon. Combined with the
XRD results, NbC compounds should be formed here.
For microzone “5,” 35.6% Co, 16.34% Ni, and 33.24%
Si were detected here. It can be deduced that (Co,Ni)2Si
silicides have formed. The XRD analysis of the pre-
pared reaction layer of the wetting specimen confirmed
the formation of Co2Si and Ni2Si. There is a lot of gray
phase labeled by “6”, with the composition of 21.92 %
Co, 10.0% Ni, 11.71% Nb, 14.11% Si, and 39.96 % C,
indicating the predominant reaction products of
(Co,Ni)2Si. Meanwhile, the appearance of Nb proved
that the element Nb not only enriched at the interface
but also distributed in the central part of the joint. This
can be confirmed by the distribution map of Nb shown
in Fig. 6b. According to the EDS analysis, the NbC
compound was formed together with the (Co,Ni)2Si in
microzone “6”.

Noticeably, some tiny white phase “7” is scatteringly
distributed in the central part of the joint. The atomic
ration of Pd and Si was near 2:1 according to the EDS
analysis. It should be the Pd2Si refractory compound.

However, there was no Pd2Si phase detected by XRD.
It has been demonstrated that element Pd has a large
affinity with Si [29]. The formation of Pd2Si compounds
was a common phenomenon when joining Si3N4 [30] and
Cf/SiC composites [31] using Pd-containing filler alloys.
Therefore, the formation of Pd2Si compounds through the
reaction between the SiCf/SiBCN composite and the
CoNiPdNbCr filler alloy is not unexpected.

The overall reactions between the SiCf/SiBCN composite
and the filler alloy during the brazing procedure can be con-
cluded as follows:

Cr þ C→Cr23C6 ð1Þ
Nbþ C→NbC ð2Þ
Coþ Niþ Si→ Co;Nið Þ2Si ð3Þ
Pdþ Si→Pd2Si ð4Þ

When using the BNi-5 filler alloy, element Ni diffused
into the SiCf/SiBCN composite and reacted intensively.
Meanwhile, Si atoms diffused into the liquid filler alloy.
So the joint microstructure can be characterized by the
Ni-Si/graphite periodic banded structure at the interface
and the brittle silicides in the brazing seam, as shown in
Fig. 8.

However, when brazed with the newly designed
CoNiPdNbCr filler alloy, elements Cr and Nb played an active
role in the interfacial reactions. The formation of Cr23C6 reac-
tion layer at the interface showed an effect on inhabiting the
reaction between Co, Ni and the SiCf/SiBCN composite. The
interfacial reaction was thus depressed remarkably. Xiong
et al. studied the control of the interfacial reactions between
SiC ceramic and Co-based filler alloy [32], and it was found
that active elements V and Ti added into the filler alloy can
eliminate the periodic structure.

The joints brazed with the two filler alloys were tested
for their four-point bend strength at room temperature, as
shown in Fig. 9. It can be seen that the strength of the
joint brazed with the CoNiPdNbCr filler alloy was

Table 2 EDS analysis results for the typical microzones in Fig. 6a

Microzone Composition (at. %) Deduced phase

Co Ni Pd Nb Cr Si B C N

1 1.25 / 0.16 / 43.5 1.48 / 53.6 / Cr23C6

2 7.04 1.83 0.2 2.41 24.54 6.84 / 57.14 / Cr23C6

3 1.91 1.14 3.91 25.49 0.89 2.81 / 63.85 / NbC

4 0.58 0.35 / 29.85 0.57 0.24 / 68.42 / NbC

5 35.6 16.34 4.03 / 10.8 33.24 / / / (Co,Ni)2Si

6 21.92 10.0 0.81 11.71 1.5 14.11 / 39.96 / (Co,Ni)2Si/NbC

7 6.88 7.58 52.29 / 1.45 31.8 / / / Pd2Si

Fig. 7 XRD pattern of the prepared reaction layer of the wetting
specimen
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improved significantly from 18.2 to 54.9 MPa. Under the
same condition, the average four-point bend strength of
the base SiCf/SiBCN composite was 161.5MPa. That is to
say, the strength of the brazed SiCf/SiBCN joint has
reached up to 34% of that of the base material. On one
hand, the interfacial reactions were depressed and the pe-
riodic banded structure was eliminated, so that the bond-
ing strength can be improved. On the other hand, the joint
microstructure was composed of (Co,Ni)2Si, NbC, and
Pd2Si compounds, rather than the monolithic silicides in
the case of BNi-5. To some extent, the joint brittleness
was decreased and thus the joint strength could be

improved. However, deeper studies are still needed in
future concerning the new filler alloys with better perfor-
mance not only for ceramic composite joining but also for
its component repair [33–35].

4 Conclusions

In order to control the interfacial reactions, a CoNiPdNbCr
filler alloy was newly designed to join the SiCf/SiBCN com-
posite. When brazed with BNi-5 filler alloy, the joint micro-
structure consisted of the Ni-Si/graphite periodic banded
structure at the interface and the brittle silicides in the brazing
seam, and the joint strength was only 18.2 MPa.

When using CoNiPdNbCr filler alloy to join the SiCf/
SiBCN composite at 1200 °C for 10 min, element Cr played
an active role in the interfacial reactions and formed Cr23C6

reaction layer at the SiCf/SiBCN composite. In the central part
of the joint, the matrix was formed of (Co,Ni)2Si and NbC
compounds. Meanwhile, the Pd2Si and (Co,Ni)2Si phases
were scatteringly distributed. The Cr23C6 reaction layer
inhabited the mutual diffusion between SiCf/SiBCN and the
filler metal. The interfacial reactions were depressed signifi-
cantly and the periodic banded structure was eliminated. The
joint was strengthened and the joint strength was improved to
54.9 MPa.

Funding This work was sponsored by the National Nature Science
Foundation of China under grant nos. 59905022, 50475160,
51775525 and 51275497, and Aeronautical Science Foundation of
China under grant 2008 ZE21005.

Fig. 8 Comparison of the interfacial reaction mechanism

Fig. 9 Four-point bend strength of the SiCf/SiBCN joints tested at room
temperature
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