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Abstract

The ZrC—20 vol% SiC composite was diffusion bonded with pure Ni foil as the interlayer. The interfacial microstructure evolution and its
effect on the mechanical property of the joint were investigated. The results showed that Ni reacted preferentially with SiC. The corresponding
reaction products were Ni2Si and C. During longer holding time or at higher joining temperature, the reaction product Ni2Si separated from C and
penetrated along ZrC boundaries. Meanwhile, C transformed into pieces of graphite. Beside the ZrC/Ni interface, nickel based solid solution and
fine graphite were observed due to the slight reaction between ZrC and Ni. With increasing in joining temperature, Ni was consumed gradually
and the transition layer increased in thickness. The shear strength of the joints increased to the maximum and then decreased with increasing
joining temperature from 800 1C to 1200 1C. The maximal value of 168 MPa was obtained when joined at 1000 1C under 20 MPa for 30 min.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZrC–SiC composites have drawn increasing attention in
recent years for their excellent properties [1,2]. When
compared with pure ZrC ceramic, which is an important
family member of ultrahigh-temperature ceramics (UHTCs),
the ZrC–SiC composites show a better combination of
sinterability, oxidation resistance and mechanical properties
[3–6]. However, like most engineering ceramics, ZrC–SiC
composites are brittle, making it difficult to obtain large-
sized or complex components. Therefore, joining of ZrC–
SiC composites to themselves or to metals becomes a
promising way when put them into application. Unfortu-
nately, the reports on ZrC–SiC composites are mainly about
their preparation [7–10], while little work has been reported
on their joining by far.

In the joining of ceramics or ceramics and metals, active
metal brazing is an efficient technology [11–14]. Especially, a
large number of active metal alloys containing Ti element such
as Ag–Cu–Ti [15], Ti–Cu [16] and Ti–Zr–Ni–Cu [17] have
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been successfully developed. Taking SiC for example, high
quality joints can be obtained when brazed with these active
metal alloys. The representative microstructure of these brazed
joints is a reaction layer composed of TiC and Ti5Si3 at the
SiC/brazing seam interface [18]. The thickness of the reaction
layer is crucial to their mechanical properties. Thickening in
the reaction layer increases mismatch of coefficients of thermal
expansion (CET) between SiC substrate and the reaction layer.
Consequently, high residual stresses lead to poor mechanical
properties. Crucially, the joints cannot serve at high tempera-
ture environment due to the relative low melting temperatures
of those active filler metals. Therefore, more attention has been
focused on other high temperature brazing filler metals, such as
Ni-based [19–21], Co-based [22] and even Au-based [23] or
Pd-based brazing fillers [24]. For example, a CoFeNi(Si, B)
CrTi filler metal has been reported in the joining of SiC to
nickel-based super alloy for high temperature application [25].
The achieved SiC–SiC joints showed excellent mechanical
properties when brazed at 1150 1C for 10 min with rapidly-
solidified CoFeNi(Si,B)CrTi foil. To obtain sound SiC–metal
joints, a Ni foil was used as the buffer interlayer to relax the
residual thermal stresses. Unfortunately, excessive reaction
occurred between Ni and SiC due to the dissolution of Ni
ghts reserved.
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Fig. 1. Backscattered electron image of the ZrC—20 vol% SiC composite.

Fig. 2. (a) Assemblage of the sample and (b) shear test apparatus.
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interlayer in the molten CoFeNi(Si,B)CrTi filler metal. Finally,
the joints cracked in the reaction layer near the SiC/brazing
seam interface.

Among all above-mentioned high temperature brazing filler
metals, Ni is one of the most important active constituents due
to its relatively high melting temperature, low vapor pressure
and good ductility. Ni is also considered as an ideal interlayer in
diffusion bonding of ZrC–SiC composite to obtain high
temperature joints [26–29]. Up to now, some reports have
discussed about the interaction in Ni–SiC system [30–33]. In the
wetting experiments obtained by the sessile drop method, the
contact angles of pure Ni on SiC substrate lies between 501 and
751 [34,35]. Usually, the wetting is accompanied by a high
reactivity, including dissolution of SiC and precipitation of large
graphite lamellas [36]. Similar reactions take place in the solid
state reaction between Ni and SiC [37,38]. In brief, the elements
Ni and Si have strong affinity with each other. The interaction
products, including Ni silicides and graphite, bring about
dangerous brittleness. In Ni–ZrC system, the interfacial reaction
has been studied in the joining experiment of ZrC with Ni/Nb/
Ni interlayer [39]. The Ni–ZrC interaction products are Ni–Zr
compounds and graphite. Nevertheless, the reaction between Ni
and ZrC is not as strong as that in Ni–SiC system.

As analyzed above, the violent Ni–SiC interaction appears to
be unfavorable to the joints. However, the volume of SiC in the
ZrC–SiC composite used in this study is only 20%. So the
discontinuous interfacial reaction between SiC and Ni will form
an “anchor structure”, which is beneficial to the mechanical
properties of the joints [40]. Although Ni reacts with both ZrC
and SiC, the interaction mechanism of ZrC–SiC/Ni system needs
further study. Especially, the effect of Ni–SiC interaction on the
mechanical properties of the ZrC–SiC composite joint is not clear
at present, which is indeed the objective of the present study.

2. Experimental procedure

The ZrC—20 vol% SiC composite (ZS) was fabricated by
hot pressing at 2000 1C for 60 min under a pressure of 30 MPa.
Commercial ZrC and SiC powders were used as the starting
materials. The sizes of the powders are both about 2 μm. The
relative density of the prepared ZS composite reaches 97%. The
microstructure of the composite is shown in Fig. 1. The ZS
composite was sliced into 5 mm� 5 mm� 3 mm pieces for the
metallographic observation and shear test. Pure Ni foil with a
thickness of 50 μm was used as the interlayer in this study.

Prior to the joining procedure, the contact surfaces of ZS
composite pieces were polished by diamond grinding discs up
to 1200-grit. All the joining ZS composite pieces and Ni foil
were ultrasonically cleaned in acetone for 15 min. The joining
samples, assembled in the order of ZS/Ni/ZS (shown in Fig. 2
(a)), were put into a vacuum furnace with a vacuum of
1� 10−3 Pa. The pressure applied on the samples was
20 MPa. The samples were heated to 750 1C with a heating
rate of 30 1C min−1 and then held for 5 min. After that,
the samples were further heated to joining temperatures
(800–1200 1C) with a heating rate of 15 1C min−1 and then
isothermally held for 30 min. In the cooling stage, the samples
were cooled to 450 1C with a rate of 5 1C min−1, and then
followed by furnace cooling to room temperature.
Cross-sectional specimens of the bonded joints were pre-

pared with the conventional mechanical polishing method for
microstructural observations. On the surface of those polished
specimens, the transmission electron microscope (TEM) speci-
mens were prepared by a focus ion beam (FIB) micro sampling
method with HELIOS NanoLab 600i (FEI Co., Ltd., USA).
The microstructural observations were carried out with scan-
ning electron microscopy (Quanta 200FEG, FEI Co., Ltd.)
equipped with energy dispersive X-ray spectroscopy (EDS,
AMETEK). The TEM observations were performed with
Tecnai G2 F30 (FEI Co. Ltd.). Phase compositions of the
reaction products were analyzed by selected area electron
diffraction (SAED) patterns. The shear strength of the joints
was tested using the Instron-1186 universal testing machine, as
shown in Fig. 2(b).
3. Results and discussion

3.1. Interfacial structure analysis of ZS/Ni/ZS joint

Fig. 3 shows the typical cross-section microstructure of the
ZS/Ni/ZS joint. The joint was bonded at 900 1C for 30 min
under a pressure of 20 MPa.



Fig. 3. Backscattered electron images of ZS/Ni/ZS joint (900 1C/30 min/20 MPa):
(a) microstructure of the joint; (b) and (c) magnification of the interface.

Table 1
The EDS results of different points at the interface (at%).

Points Zr Si C Ni Possible phases

A 2 11 66 21 Ni2Si+C
B 1 30 – 69 Ni-silicide
C 1 – 1 98 Ni (s, s)
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A general observation in Fig. 3 confirms the interaction
between ZS composite and Ni interlayer. It is notable that
several products have formed near the interface. The chemical
compositions of the reaction phases A–C were measured by
EDS. The results are shown in Table 1. As shown in Fig. 3(b),
two characteristic layers have formed at each side of the
interface: (I) transition layer in ZS composite, and (II) a
discontinuous layer near the Ni interlayer. The transition layer
is about 10 μm in width. In the transition layer, the black SiC
particles were consumed during the interaction and replaced by
the netlike reaction products. However, the reaction products
near the Ni interlayer are not continuous. Lots of fan-shaped
bulks are separated from the Ni interlayer by gaps. These gaps
are, in fact, symbols of Kirkendall planes [27].
According to the EDS analysis results, the netlike reaction

products, locating at the places where SiC particles once
occupied, are composed of Ni, Si and C. The ratio of Ni to
Si is about 2:1. The possible phases are Ni2Si and graphite.
The remaining two phases, labeled as B and C in Fig. 3(c), are
inferred to be a kind of Ni silicide and Ni-based solid solution,
respectively. A further study of TEM observation was per-
formed for a better understanding of the reaction in Ni–ZS
system.
The TEM observation region was vertical to the interface,

including part of the transition layer and Ni interlayer. The
morphologies of different phases and corresponding SAED
patterns are shown in Figs. 4 and 5, respectively. As shown in
Fig. 4, the Ni–SiC reaction products in the transition layer
were proved to be Ni2Si and graphite. The SiC particle was
replaced by a mixture of the gray Ni2Si and white graphite.
Besides, a portion of Ni2Si separated from graphite and spread
along the ZrC grain boundaries.
Fig. 5 shows the typical bright field (BF) image of the Ni–

ZS interface. Near the Ni/SiC interface, a mixture of Ni2Si and
graphite distribute in the transition layer. The Kirkendall pore
can be clearly observed at the interface. However, the dark
phase around the Kirkendall pore was detected as a kind of
amorphous material according to the SAED pattern. That is to
say, the Ni silicide near the pore was not successfully observed
in this specimen and further study is needed. The Ni/ZrC
interface is relatively smooth and some fine graphite distributes
along the Ni/ZrC interface. However, about 5 at% Zr was
detected in the Ni interlayer near the interface by EDS
analysis, as shown in Fig. 6. The EDS results reveal that
slight reaction has happened between Ni and ZrC. The
corresponding reaction products are graphite and Ni-based
solid solution.
Ni reacts with both SiC and ZrC but at different reaction

levels. Accordding to the experimental results, the interaction
between Ni and SiC is far more rapid and violent. This is
caused by the strong affinity between the two elements Ni
and Si.



Fig. 4. Bright field image of the transition layer and corresponding SAED
patterns.

Fig. 5. Bright field image of Ni/ZS interface and SAED patterns of different
phases.

Fig. 6. EDS results obtained in the Ni interlayer near Ni/ZrC interface.
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In Ni–SiC reaction system, the possible products NiSi, Ni2Si
and Ni3Si are all thermodynamically stable under the present
experimental conditions. However, Ni2Si and Ni3Si are the
most probable products because the ΔG values are highly
negative. They are −46 KJ mol-1 and −43.8 KJ mol-1 at
900 1C. According to the experimental results, Ni reacted
preferentially with SiC particles once the interlayer got in
touch with ZS composite. Theoretically, Ni2Si should appear at
the SiC side and more Ni-rich Ni3Si should form near the Ni
interlayer. In practice, Ni2Si was observed in the transition
layer while Ni3Si was difficult to be observed under such an
nonequilibrium diffusion state. Factually, the formation of
Ni3Si would result in a row of pores at the Ni3Si/Ni interface
due to the different diffusion velocities of Ni and Si in Ni–Si
compounds. Ni diffuses one or two orders of magnitude faster
than Si in Ni3Si, which leads to the formation of pores at the
Ni3Si/Ni interface [27]. The pores connect each other gradually
and thus transform into gaps during the reaction process, as
shown in Fig. 3(c). Once the transport of Ni is hindered by the
formed gaps, the consumption of Ni3Si starts, which is in favor
of the growth of other Si-rich phases, Ni5Si2 or even Ni2Si, for
example. In these cases, the Ni/SiC diffusion couples become
in fact Ni3Si/SiC or Ni5Si2/SiC diffusion couples. During the
joining with higher temperature or longer holding time, the
Ni3Si phase will be partly consumed by the neighboring phase.
Therefore, the Ni silicide near the Kirkendall pores would be
Ni3Si. But it is possible that the Ni silicide has partly
transformed into Ni5Si2 or even Ni2Si.
3.2. Microstructure evolution of ZS/Ni/ZS joint

Fig. 7 shows the interfacial microstructure of the ZS/Ni/ZS
joints diffusion bonded at different temperatures. The joint
thickened in transition layer while Ni interlayer was gradually
consumed at higher joining temperature. When the joining
temperature increased from 900 1C to 1000 1C, the thickness
of the transition layer increased from 10 μm to about 40 μm, as
shown in Fig. 7(a). The morphologies and distribution of the
reaction products also changed. Separation of the reaction
products became quite distinct. More and more Ni2Si spread
along the ZrC grain boundaries while large pieces of graphite
was left behind, as shown in Fig. 7(b).
When the joint was bonded at 1100 1C under 20 MPa for

30 min, the Ni foil was completely consumed during the
interaction. Homogenous joints were obtained under the given
joining conditions, as shown in Fig. 7(c). The whole thickness
of the transition layer reached 300 μm and the graphite has
grown into large lamellas, as shown in Fig. 7(d).
3.3. Mechanical property of ZS/Ni/ZS joint

Mechanical property of the ZS/Ni/ZS joints was evaluated
by shear test. The results are shown in Fig. 8. The testing
diagram in Fig. 2(b) shows how the load is applied. The
average strength is evaluated from five test values. The error
bars show the fluctuations when compared with the average
values. The shear strength increases to the maximum and then
decreases with increasing joining temperature from 800 1C to
1200 1C. The maximal value reaches 168 MPa at 1000 1C.



Fig. 7. Microstructures of the ZS/Ni/ZS joints bonded at different temperatures: (a) joint bonded at 1000 1C and (b) magnification of the transition layer; (c) joint
bonded at 1100 1C and (d) magnification of the transition layer.

Fig. 8. The effect of joining temperature on the shear strength of ZS/Ni/ZS joints.
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The evolution in microstructure of the ZS/Ni/ZS joints has a
decisive effect on the shear strength. Variation in the shear
strength can be explained as follows. When the joining
temperature was relatively low, taking 900 1C for example,
the reaction at the Ni/ZS interface was weak. Large amount of
pores were observed at the Ni/ZS interface, as shown in Fig. 3.
The Kirkendall pores or planes formed near the interface
weakened the strength of the joints, leading to a relative low
shear strength. As a result, the fracture of the joint was
relatively smooth, as shown in Fig. 9(a) and (d).

The increasing in joining temperature promotes the interfacial
reaction between ZS composite and Ni interlayer. In particular,
the disappearance of Kirkendall pores or gaps is beneficial to the
mechanical property of the joints. When the joining temperature
is increased to 1000 1C, the joints had a mixed fracture mode.
Most of the fracture path was in the transition layer according to
the reaction products detected on the fracture surface, as shown in
Fig. 9(b) and (e). Nevertheness, the fracture was uneven and the
crack propagated partially in the ZS composite. Correspondingly,
the maximal shear strength of 168 MPa was obtained. When the
joining temperature continued to increase, large pieces of graphite
were formed in the joints (shown in Fig. 9(c) and (f)). The formed
graphite brought about harmful brittleness to the joints and lead to
a decrease in the shear strength.

4. Conclusions

The ZS composite was successfully joined with pure Ni foil
as the interlayer. Based on the results obtained in this study,
the conclusions can be summarized as follows:
(1)
 The interfacial reaction between Ni and ZS composite
focuses on the Ni–SiC system. Corresponding reaction
products are Ni2Si and C. The relatively weak Ni–ZrC
reaction produces C and Ni based solid solution.
(2)
 The thickness of the transition layer increased with
increasing in the joining temperature. A portion of Ni2Si
spread along the ZrC grain boundaries, while C trans-
formed into large pieces of graphite.
(3)
 The shear strength of the joints increased to the maximum
and then decreased when the joining temperature increased
from 800 1C to 1200 1C. The maximal shear strength of
168 MPa was obtained when joined at 1000 1C for 30 min
under 20 MPa.



Fig. 9. The fracture of the joints obtained at different temperatures: (a), (b) and (c) fracture of the joint bonded at 900 1C, 1000 1C and 1100 1C respectively; (d), (e)
and (f) magnification of the reaction area in (a), (b) and (c).
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