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studied. The brazed ZSCf ceramics/AgCu/TC4 alloy is endowed with good metallurgical bondings. A typical interfacial structure of joints brazed for 10 min was found as
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1.

Introduction

Ultra-high temperature ceramics are mainly represented by
transition metal borides and carbides such as ZrB2 , ZrC etc.
Typically, they are endowed with superior abrasion resistance,
high hardness and mechanical strength, excellent thermal
conductivity and antioxidant ablative property over other
ceramic materials. Despite materials uniqueness, inherent
brittleness of ceramic materials limits the application of ultrahigh temperature ceramics [1,2].
Continuous ﬁber (such as C ﬁber) addition to the ultrahigh temperature ceramic and its composite ceramic matrix

∗

can effectively overcome poor thermal shock resistance, low
fracture toughness and small fracture strain. As a result, the
ﬁber-reinforced ceramic matrix composites are advanced in
low density, high speciﬁc strength, heat resistance, and corrosion resistance. These broaden application prospects in
high-performance demanding areas such as aerospace [3–7].
The modiﬁed composites are common in aero engine hotend components, hypersonic heat protection systems, and
reusable air and space aircraft heat protection systems, etc.
[8–10]. However, ﬁber-reinforced ceramic matrix composites
are difﬁcult to machine due to the limitation of the weaving process. Generally, only small-sized and simple parts can
be prepared. Complex precision parts are mainly prepared
by combining the ﬁber reinforced ceramic matrix composites with the metals. In this regard, various methods have
been developed such as brazing, mechanical riveting, adhe-

Corresponding author.
E-mail: gangwang@ahpu.edu.cn (G. Wang).
https://doi.org/10.1016/j.jmrt.2020.05.119
2238-7854/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

8628

j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):8627–8635

sive, diffusion welding and so on. Zhang et al. successfully
joined ZrB2 -SiC-C ceramic to GH99 superalloy by using a
Ti/FeCoNiCrCu composite ﬁller. The activities of Ti and Cr
were preserved while the solid solution phase was formed in
the brazing seam eventually. The maximum shear strength
reached 71 MPa [11]. Rao et al. used a self-piercing-through riveting method to join a discontinuous carbon ﬁber reinforced
nylon 6 composite. Results showed the mechanical interlocks
between the rivet and workpieces appeared to be a dominant
factor in determining the joint strength [12]. Al2 O3 ceramics were jointed using polyborosilazanes which represented
satisfactory bonding strength. The strength at room temperature and 800 ◦ C were 15.73 MPa and 12.91 MPa, respectively
[13]. Wang et al. reported that carbon/carbon (C/C) composite
was bonded to carbon ﬁber reinforced silicon carbide (Cf /SiC)
composite by partial transient liquid phase diffusion bonding process using Ti/Ni/Ti multiple foils as interlayer. The
shear strength of the joint was 44.7 ± 12.8 MPa at room temperature [14]. As seen from aforementioned results, brazing
is considered as the promising method because of its simple operation, stable joining performance and wide process
adaptability [15,16].
Difﬁculties to braze ﬁber-reinforced ceramic matrix composites to metals mainly stem from the wettability and the
matching of thermal expansion coefﬁcients during the connection process [17–21]. Up to now, the joining mechanism,
interfacial behavior and mechanical properties of ﬁberreinforced ceramic matrix composites to metals brazed joint
with different ﬁller materials such as TiZrCuNi, AgCuTi + TiC
mixed powder, AgCuTi, CuTi + C were systemically studied
[22–29]. Cui et al. [25] brazed the Cf /SiC and titanium alloy
with (TiZrCuNi) + W composite solder, and found that the
reinforcing phase W powder can effectively relieve the residual thermal stress of the joints. When the volume fraction of
W powder is 15%, the joint shear strength reached 166 MPa
after a brazing at 930◦ C for 20 min. Hernandez et al. [26] conducted innovative researches on the joint structure. After Cf
/ SiC drilling, Cf / SiC and TC4 were brazed with AgCuTi ﬁller.
The results show that the shear strength of the joints was
increased 5 times more than the one without drilling. Thanks
to the good wettability between Cf /SiC ceramics and TC4
metals, a metallurgical bonding was achieved at the brazed
joints. Valenza et al. [27] studied the wettability of Ag-based
and Cu-based solders with a small amount of Ti element
on ZrB2 -SiC (named as ZS) ceramic/TC4 alloy. The Cu-based
ﬁller also showed a good wettability towards the ceramic.
The addition of Ti can improve the wettability and interface segregation. Yang et al. [28] used Ti/Cu ﬁller to braze
ZC and Ti6Al4V alloy. It was found that a large number of
TiB whiskers were generated in situ on the ZS side. However,
only a proper window of temperature was suitable to reach
good joint performances. Song et al. [29] brazed C/C composites/Ti6Al4V with Cu/TiCuZrNi composite intermediate layer
and obtained TiC particle in situ synthesized to reinforce the
brazed joints. A maximum apparent shear strength of asreceived joint of 39 ± 8.5 MPa was obtained by using a 40 m
thick Cu foil together with the TiCuZrNi alloy. The value was
70% higher than the mechanical strength obtained for joints
brazed with the TiCuZrNi alloy. Despite the progresses, the
above composite ceramic materials studied are limited to

Cf /SiC, ZS, C/C, etc. Brazing of ﬁber-reinforced ZS based composite ceramics to metals has not been well explored. Indeed,
Ti6Al4V alloy (named as TC4) is largely utilized in aerospace
and aeronautical industries because of its excellent mechanical properties, corrosion resistance and low density [27]. The
combination of C ﬁber reinforced ZS ceramics (referred to as
ZSCf ) and TC4 is conducive to exerting their respective performance advantages. Therefore, it is necessary to carry out a
research in this area to reveal its brazing effect and reaction
mechanism.
In this work, an Ag-Cu ﬁller was employed to braze ZrB2 -SiC
and TC4 alloys. The brazing mechanism, interface structure
and mechanical properties of C ﬁber toughened ZS ceramic
and TC4 alloy materials were studied. The effect of brazing holding time on the reaction microstructure and shear
mechanical properties of the joints was investigated in detail.
The diffusion mechanism of elements at the reaction interface
was analyzed.

2.

Materials and experimental procedures

The TC4 alloy used in the experiments was commercially
available as the Ti-6Al-4 V. The commercial Ag-28Cu (wt.
%) eutectic alloy ﬁller was used in the present work. The
thickness of used AgCu ﬁller was 100 m. The C ﬁber reinforced ZrB2 -SiC ceramic composites are prepared by precursor
impregnation and cracking (PIP). Other commercial precursors are micro-sized ZrB2 powder (average particle size of
2 m, purity >99.5%, Beijing HWRK Chem Co., Ltd., China),
nano-sized ZrB2 powder (average particle size of 200 nm,
purity >99.5%, Beijing HWRK Chem Co., Ltd., China), liquid polycarbosilane (PCS), and carbon ﬁber (T700, Toray
Carbon Fiber Co., Ltd.). The particle mixture of 80 vol.%
micro ZrB2 powder and 20 vol.% nano-sized ZrB2 powder
were loaded in the ball mixing tank. Afterwards, 65 vol.%
ethanol solution (based on total powders volume) combined
with 1 wt.% (based on total mass of mixture ceramic powders) polyethylenimine dispersant (PEI, Mw = 10000, Aladdin
Reagent Co. Ltd., Shanghai, China) was poured into the
tank.
The mixture of ceramic powders and ethanol was ballmilled with WC mixing balls at 220 rpm for 8 h to obtain
ZrB2 ceramic slurry with superior homogeneity and excellent
mobility. The speciﬁc preparation process is shown in Fig. 1a.
First, the syringe (needle diameter of 0.5 mm) contained ZrB2
ceramic slurry was vertically inserted into the bottom from
the center of the PyC coated ﬁber fabric perform plane. With
the assistance of continuous pressure of 0.25 MPa and excellent wettability between ﬁber and ceramic slurry as well as
optimum vibration frequency (100 HZ) came from vibration
table, the ceramic particle was ﬁlled into the ﬁber bundles
space and spread from the injection point to surrounding
spaces homogeneously. Then the syringe was gradually withdrawn, ceramic particles injected from bottom to top of the
plane. The slurry injection process was repeated until the
slurry overﬂew from the preform. The obtained Cf/ZrB2 green
body was immersed into the ceramic slurry with a vacuum
chamber following by pumping to a low pressure of 103 Pa for
1 h. Finally, the Cf/ZrB2 green body with high ceramic volume
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Fig. 1 – (a) Preparation of ZSCf and (b) schematic diagram of assembly.

and uniformly distributed microstructure was achieved via
vibration-assisted slurry injection and vacuum impregnation.
The as-prepared Cf /ZrB2 green body and liquid PCS precursor solution were successively added to a beaker, which was
then placed into a vacuum kettle. In order to ensure the liquid
PCS precursor ﬁll into the holes and gaps of Cf /ZrB2 architectures and guarantee the intrafascicular and interfascicular
spaces of carbon ﬁber coated with SiC preceramic polymer,
the beaker was placed 12 h under vacuum until no further
weight was gained onto the Cf /ZrB2 green body. Then the
total beaker containing liquid PCS solution and green ceramic
body was transformed to vacuum oven for solidiﬁcation at a
temperature of 200 ◦ C for 2 h. Finally, the cured Cf /ZrB2 -PCS
body in the tube furnace was heated to 1300 ◦ C for 1 h with
a heating rate of 5 ◦ C/min in high-purity argon environment,
promoting the conversion of PCS polymer to SiC nanoparticle.
Prior to brazing, the TC4 alloy and ZSCf were
cut into dimensions of 10 mm × 10 mm × 4 mm and
4 mm × 4 mm × 4 mm on a diamond-disc cutting machine.
The samples were ground with SiC sandpapers of 800#,
1000#, 1200# and 2000#, and then cleaned ultrasonically in
anhydrous ethanol for 10 min. The assembly method of the
workpiece during brazing is shown in Fig. 1b. Brazing was
performed in vacuum at the pressure of (2–5) × 10−3 Pa. The
heating speed was set to 10◦ C/min. The temperature was
ﬁrst increased to 300◦ C for 30 min and then to 800◦ C with
different durations of 10 min, 20 min and 30 min, respectively.
During cooling, the temperature was lowered to 300◦ C at a
speed of 5◦ C /min and then naturally decreased down to room
temperature.
After brazing, the brazing samples were grinded and polished. A scanning electron microscope (SEM, SU-8010, Hitach,
Japan) and its energy dispersive x-ray spectrometer (EDS) were
used to perform phase and microstructure analysis at the
interface layer of the brazed joint. A universal testing machine
(Instron 5500) was used for room temperature shear testing.
The speed of crosshead is 0.5 mm/min. Three sets of data for
the brazed samples at each holding time were averaged as
the ﬁnal shear strength value at room temperature. The shear
fracture morphology of the samples was observed at room
temperature.

Table 1 – Chemical composition and possible phase of
each spot marked in Fig. 2 (at. %).
Point

B

C

Si

Zr

Phase

A
B

5.9
10.53

91.9
45.39

1.46
16.21

0.75
27.87

C ﬁber
ZrB2 +SiC

3.

Results and discussion

Fig. 2 shows the microstructure of C ﬁber reinforced ZrB2 -SiC
ceramic matrix composites. Table 1 tabulates EDS analysis of
the elements at A and B in Fig. 2(a). From the ﬁgure and the
energy spectrum results, the black strips at A are C ﬁbers, and
the white particles at B are ZrB2 and SiC. Fig. 2(a) denotes that
after C ﬁber and ZS ceramics were vacuum sintered, the structure was densiﬁed and the grains are ﬁne and uniform. The
ZrB2 and SiC particles are spherically distributed. The average
particle size is 1 m, as shown in Fig. 2(c). Fig. 2(b) shows that
the C ﬁbers are uniformly distributed in the ZrB2 -SiC ceramic
matrix.
Fig. 3 shows the morphology and element distribution of
brazing joints obtained by using Ag-28Cu ﬁller at the brazing
temperature of 800◦ C for 10 min. The brazing joints are well
bonded without obvious defects such as cracks and holes as
shown in Fig. 3(a). The weld width is about 82 m. Fig. 3(b–j)
show the element distributions of the reaction interface. The
Zr, B and C from the ZS ceramic mainly stay at the ZS side,
as shown in Fig. 3(b, c and j). Here, the diffusion behavior of
C is different from the reported Ref [30], which demonstrated
that the C was homogeneously distributed in the ZS/ZS brazed
joint. Ag, Cu from the ﬁller metal are massively diffused and
distributed in the whole joint, as shown in Fig. 3(d and h). As
seen from Fig. 3(i), Ti element obviously diffused. A thin Ti
element layer can even be observed on the ceramic side.
Fig. 4 shows the SEM images of a typical brazing joint
obtained at 800◦ C for 10 min. Overall, the joint can be divided
into three areas of a reaction layer near the TC4 side, a welding
center layer, and a ZSCf ceramic side reaction layer, as shown
in Fig. 4(a). Fig. 4(b) is a zoomed image at the TC4 alloy side.
The reaction region is composed of two parts, I and II. Fig. 4(c
and d) are enlarged views of the center area III of the weld and
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Fig. 2 – (a) SEM images of C ﬁber reinforced ZrB2 -SiC ceramic matrix composites; (b) Cf distribution in ZS ceramics and (c)
enlarged view from area B.

the ZSCf ceramic side, respectively. A reaction thin layer with
a thickness of about 1 m can be seen at the interface of ZSCf
ceramic and ﬁller.
In order to determine the speciﬁc composition of the reaction products in the joint, the EDS was performed on each
area of the brazed joint, as shown in Fig. 4(b–d). Table 2 lists
the element composition of each point and the corresponding
possible reaction phases. From Fig. 4(b), two layers of continuous reaction layers are formed near the TC4 side. In region
I, the eutectic structure containing gray phase (A) and dark
phase (B) was formed. According to the EDS results, the gray
phase (A) is mainly composed of Ti, Cu and C at an approximate ratio of 1:1:1. Similarly, the dark phase (B) has the main
contents of Ti and Cu at a ratio of 2:1. Based on the phase
diagram of Ti-Cu, a eutectic reaction L → TiCu + Ti2 Cu can be
observed. The TiCu/Ti2 Cu eutectic structures with TiC formed
in area I. Phase C in area II is mainly composed of Ti and Cu
at an approximate ratio of 1:1. Thus, phase C is inferred as
TiCu. The reaction products of III in the central area of the
joints in Fig. 4(b and c) are mainly composed of gray phase D
and white phase E. The elements at D and E are mainly Ag
and Cu, according to the EDS results in Table 2. Thus, phases
D and E were inferred as Ag-rich solid solution (Ag(s, s)) and
Cu-rich solid solution (Cu(s, s)), respectively. Therefore, zone
III has an Ag-Cu eutectic structure, as a typical characteristic of ceramic brazed joint using AgCu ﬁller metal [31,32].
Fig. 4(d) shows a zoomed image of area d from Fig.4(c). As
seen, two layers of reaction were formed and marked by F
and G. For the phase F, Si and Ti elements take main shares.
The phase G is mainly composed of C and Ti with a ratio of
1:1. It was reported that Ti was strongly afﬁnitive with Si and
formed Ti-Si compound with the lowest Gibbs free energy [33].
Thus, phase F and G can be inferred as Ti5 Si3 and TiC, respectively, which were formed through Ti + SiC → Ti5 Si3 + TiC
reaction. From the above analysis, it can be concluded that
the brazed joints obtained by brazing ZSCf / TC4 with AgCu
ﬁller has no obvious cracks, and achieves good metallurgical
bonding. The typical structure of the joint is determined to
ZSCf /TiC/Ti5 Si3 /Ag(s,s)/Cu(s,s)/TiCu/Ti2 Cu/(TiC + TiCu)/TC4.
The atom diffusion and reaction diagram are proposed
based on the above experimental data and graphed in Fig. 5.
Fig. 5(a) shows the initial state of the interface and the main
atomic composition in each region. At this point, due to the
low temperature, the solder was not melted, and there was no

obvious atom diffusion and chemical reaction at the interface.
Fig. 5(b–f) show the interface change and reaction process following the temperature increases during the brazing process.
The entire interface reaction can be divided into three parts
of ZSCf side, weld center area, and TC4 alloy side. They will be
separately discussed in the following:
(1) ZSCf side: As the brazing temperature continues to rise
to the brazing temperature, the AgCu brazing ﬁller metal
melts, and some base materials begin to dissolve. The liquid brazing ﬁller metals bridge the TC4 alloy and the ZSCf
ceramics and induce reactions among elements, as shown
in Fig. 5(b and c). The Ti, Al, and V elements continue to
diffuse and accumulate on the ceramic side. Due to the
low content of Al and V elements, Ti atoms are mainly
accumulated on the ceramic side. Due to the relative stability at high temperatures, the ZrB2 is rather inert, and
only solid-state atom diffusion occurs. At low temperatures, the interface reaction started by the decomposition
of SiC, and was controlled by the diffusion of both C and
Si into the joint. The diffusion of C in Ti was faster than
the diffusion of Si because of a smaller atomic radius and
lighter atomic weight of C. C atoms prefer to occupy the
interstitial sites, whereas Si atoms prefer to replace Ti
atoms. Therefore, TiC was formed by the reaction Ti + C
→ TiC. Similarly, the Ti5Si3 was formed via the reaction
of Ti + Si → Ti5 Si3 due to the strong afﬁnities of Ti to Si
and the its lowest Gibbs free energy [34]. The result in the
present work is consistent with the reported Refs [35–37].
The reaction occurs at the ZSCf /Ag-Cu interface as shown
in Fig. 5(d).
(2) Central area of the brazing seam: In the center region of
the brazing seam, C, B, Ti, Cu and other elements in the
ZSCf /AgCu ﬁller /TC4 alloys diffuse into each other. Ag-Cu
ﬁller deviates from the eutectic composition due to atomic
diffusion, forming a solid solution of Ag (s, s) and Cu (s,
s). In addition, the more active Ti and part of C form TiC.
Therefore, the main reaction phases in the center of the
weld are mainly Ag (s, s) and Cu (s, s), as shown in Fig. 5(e).
(3) TC4 alloy side: It can be found from Fig. 3d that a large
amount of Cu elements is concentrated on the TC4 side
during the brazing process. A reaction between the Ti and
Cu produces a large number of Ti-Cu compounds. At the
same time, some C atoms will diffuse to the TC4 side
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Fig. 3 – (a) Interface microstructure and elemental distribution of ZSCf /AgCu/TC4 brazed joints (b)B; (C) C; (d) Cu; (e) Al; (f) Si;
(g) Zr; (h) Ag; (i) Ti and (j) V.

Table 2 – Chemical composition and possible phase of each spot marked in Fig. 4 (at.%).

A
B
C
D
E
F
G

B

C

Cu

Al

Si

Zr

Ag

Ti

V

Possible phase

1.99
0.43
0.36
0.4
16.98
1.75
4.34

20.13
4.61
5.8
12.41
12.51
7.58
19.68

19.02
24.8
45.12
65.58
4.17
6.26
3.89

3.94
4.94
0.56
1.18
0.08
0.63
0.88

0.54
0.47
0.24
0.42
0.05
23.54
2.77

0.29
0.12
0.01
0.12
–
0.17
1.84

0.89
0.8
0.97
0.95
64.93
2.77
1.75

49.33
60.55
43.89
17.5
0.38
47.43
59.71

3.88
3.28
3.07
1.44
0.9
9.86
5.15

TiCu + TiC
Ti2 Cu
TiCu
Cu(s,s)
Ag(s,s)
Ti5 Si3
TiC

through the liquid ﬁller and react with Ti to form TiC. The
products of TiCu and Ti2 Cu phases were mainly from the
reaction L → TiCu + Ti2 Cu, as shown in Fig. 5f. Due to lower

Gibbs free energy of the TiCu compared to the one of the
Ti2 Cu [38], the former turned out before precipitation of
Ti2 Cu. Thus, the TiCu phase occupies a larger proportion
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Fig. 4 – (a) SEM images of typical joints brazed at 800 ◦ C for 10 min; (b) magniﬁcation images of TC4 alloy side; (c)
magniﬁcation images of weld center area III and (d) magniﬁcation images of ZSCf side.

Fig. 5 – Schematic diagram of ZSCf /AgCu/TC4 joint formation process: (a) the initial state of the interface; (b) the ﬁller begins
to melt; (c) the base metal dissolved; (d) interface reaction on the ceramic side; (e) reaction at the center of the joint and (f)
interface reaction on the TC4 alloy side.

than Ti2 Cu, as shown in Figs. 4(b) and 5(f). The paths can
be written as follows:
Ti + 1/2Cu = 1/2Ti2 Cu

(1)

G = −17130 + 5.708 T = −11005.316 J/mol
Ti + Cu = TiCu

(2)

G = − 17069 + 4.887 T = − 11825.249 J/mol
Fig. 6 depicts morphologies of ZSCf /AgCu/TC4 brazed joints
obtained at a ﬁxed temperature of 800◦ C with different
durations of 10 min, 20 min, and 30 min, respectively. Three
characteristic zones can be seen in all of the brazed joints,
which is the same as Fig. 4. However, changes present in each
zone following holding time increase. When it gets to 20 min,
the amount of the AgCu eutectic structure increased. Then, at
an increased holding time of 30 min, the amount of the eutec-
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Fig. 6 – Interfacial microstructure of ZSCf /Ag-Cu/TC4 joint brazed at 800◦ C for different holding time: (a) 10 min; (b) 20 min
and (c) 30 min.

Fig. 7 – Effect of holding time on shear strength of brazed
joints.

tic structure decreased. Also, a longer holding time lead to
bigger amount and size of brittle intermetallic Ti5 Si3 at the
interface, as shown in Fig. 6(c). However, TiC is not clearly
visualized due a relatively low resolution in Fig. 6(c),
Fig. 7 shows shear strengths and reaction layer thicknesses
of brazing joint under different holding durations at 800◦ C. The
shear strength of the joints increases ﬁrst and then decreases
with the holding time. The total reaction layer thickness gradually decreased with the holding time, but the thickness of the
TC4/AgCu side interface layer increased. After being hold for
20 min, the joint owns a maximum shear strength of 39 MPa.
It is reported that, when the brazing temperature is constant,
the effect of interface reaction layer thickness on the joint
strength was due to the interfacial strength and interfacial

reaction layer strength [38]. It can be seen from Figs. 6(a) and
7 that, when the brazing time was 10 min, the TiCu reaction
layer between the TC4 alloy and AgCu ﬁller is the thinnest
at a thickness of 10 m. The bonding strength between TC4
alloy and Ag-Cu ﬁller is weak. The thickness of the reaction
layer is 59 m when the holding time was 30 min. The TC4
alloy and Ag-Cu ﬁller reacted excessively, and a thick brittle TiCu reaction layer was formed. A large number of brittle
phases Ti5 Si3 were also formed in the Ag-Cu/ZSCf side interface reaction layer as shown in Fig. 6(c). As a result, shear
strength of the joint is reduced. When the holding time is
20 min, the overall reaction layer thickness and the thickness
of the TC4 side reaction layer are relatively moderate. The brittle phase turned up as precipitates. The best joint strength was
reached consequently. The above result can be explained as
follows. Under a short holding time, the amount of diffused
atom was low, leading to the insufﬁcient reaction between
the ﬁller and the base materials. When the holding is longer,
the thick interface between ZS and ﬁller has rather big residual stress due to mismatches of the Young’s modulus and the
coefﬁcients of thermal expansions between the two materials.
These residual stresses induce micro-crack in the inter-face
and deteriorate the mechanical properties [39]. On the other
hand, longer holding time leads to larger amount and size
of brittle intermetallics at the interface. The formation and
increases of these intermetallics weaken the plastic deformation of the joint, which is detrimental to the relaxation of
residual stress in the joint. This leads to the decrease of shear
strength consequentially.
Fig. 8 shows micrographs of shear fracture of the ZSCf
/AgCu/TC4 brazing joints at 800◦ C for 10 min. Fig. 8(a) is a
macroscopic morphology of the shear fracture at the ZSCf
side. The ﬂat fracture surface shows obvious tear marks, and

Fig. 8 – Fracture morphology of brazed joints at 800◦ C for 10 min: (a) ZSCf side; (b) reaction layer; (c) enlarge image of area c
and (d) enlarge image of area d.
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only a very thin reactive layer remains at the fracture surface.
After brazing, the C ﬁbers on the ceramic side were broken and
shaped into square notches. Fig. 8(b) shows the lamellar-typed
fracture morphology at the reaction layer. The thickness of the
reaction layer is uneven due to shear force. A pit was found at
the area d. A zoomed image shows that the C ﬁber was broken
and resided on the surface as shown in Fig. 8(d). From the fracture morphology, the fracture failure was mainly identiﬁed at
the AgCu/ZSCf side of the reaction layer. At TC4/AgCu side, a
thick continuous reaction layer is formed, while at AgCu/ZSCf
side, reaction layer is thin and discontinuous.

[3] Li LB. Comparison of fatigue life between Cf/SiC and SiCf/SiC
ceramic-matrix composites at room and elevated
temperatures. Appl Compos Mater 2016;23(5):913–52.
[4] Wang WL, Fan DY, Huang JH, Li CL, Chen SH. Microstructural
mechanism and mechanical properties of Cf/SiC
composite/TC4 alloy joints composite-diffusion brazed with
TiZrCuNi+TiCp composite ﬁller. Mater Sci Eng A 2018;728:1–9.
[5] Janssen R. Fiber reinforced oxide ceramic matrix composites.
Netherlands: Springer; 1998.
[6] Miriyala N. Fabric orientation effects on the monotonic and
fatigue behavior of continuous ﬁber-reinforced
ceramic-matrix composites (CFCCs). Open Prob Topol II
2007;28(12):407–22.
[7] Zhang Q, Sun LB, Liu QY, Zhang J, Wang TP, Liu CF. Effect of
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