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Abstract: GH4169 superalloy and Si3N4 ceramics were vacuum-brazed with AgCuTi+Cu foam
composite filler. The effect of brazing temperature on the microstructure and mechanical properties
of the GH4169/Si3N4 joint was studied. The results show that the interface microstructure of
the GH4169/Si3N4 joint is the GH4169 superalloy/TiCu+Ti2Ni+TiCu2+Ag(s, s)+TiCu4+Cu(s, s)+
TiN+Ti5Si3/Si3N4 ceramics. With the increase in brazing temperature, the element diffusion between
the base metal and the brazing filler intensifies, and the interfacial reaction layer thickens, which
is conducive to the improvement of shear strength. At 850 ◦C, the maximum shear strength of the
joint is 196.85 MPa. After further increases in the brazing temperature, Cu foam dissolves completely,
and the Ti-Cu intermetallic compounds increase, which is harmful to the shear strength due to the
increases in the brittle phase. However, when the brazing temperature reaches 910 ◦C, the shear
strength of the brazing joint slightly increases under the combined effect of the Ti-Cu intermetallic
compounds and the thickness of the reaction layer.

Keywords: GH4169; Si3N4; Cu foam; microstructures; mechanical properties; brazing

1. Introduction

Si3N4 ceramics have the unique advantages of high strength, high hardness, corrosion
resistance, oxidation resistance, and wear resistance [1]. It has been used in wide engineer-
ing applications, such as missile radome, satellite antenna, and aerospace [2,3]. However,
the inherent brittleness and poor machinability of Si3N4 ceramics limit its application [4–6].
Joining Si3N4 ceramics with metal materials to form composites is an effective method to
manufacture complicated component [7,8]. The ceramic-metal combination will take full
advantage of the respective strengths of these two materials and has been used in rocker
arm, ceramic turbocharger rotors, and vacuum electrodes [9–11]. At present, many studies
have been conducted to join Si3N4 ceramics with metals. Zhao et al. [12] successfully brazed
Si3N4 ceramic and Ti46Al2Cr2Nb alloy with AgCu powder filler. It was found that the
surface metallization of Si3N4 ceramic through the laser induction process can promote the
effective filling of filler alloy in the brazing seam. Guo et al. [13] successfully brazed Si3N4
ceramics and invar alloy with AgCuTi active filler, and the shear strength of the joint can
be further improved by added nickel foam in the filler metal. So far, brazing has been con-
sidered by researchers as one of the most suitable technologies for joining ceramic-ceramic
or ceramic-metal joints [14]. Due to the excellent high temperature properties of GH4169
superalloy, it has been widely used in industrial gas turbines and aero-engine components.
However, the GH4169 superalloy is difficult to meet the special requirement of new high
temperature components. Therefore, joining GH4169 superalloy to Si3N4 ceramics showed
great application value in high-temperature component areas.
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In the current research, brazing was introduced to join Si3N4 ceramics and GH4169 su-
peralloy. GH4169 superalloy has attracted extensive attention due to the high-temperature
strength, and good oxidation resistance. It is considered as an ideal material for making
turbine blades and discs [15–17]. The obtained Si3N4 ceramic/GH4169 superalloy joint is
expected to be used in the aerospace field [18].

Due to the coefficient of thermal expansion (CTE) mismatch between Si3N4 ceramics
and GH4169 superalloys, the residual stresses are unavoidable. It can deteriorate mechani-
cal properties of the joints greatly [19]. Different kinds of methods such as the addition of
active metal powder, use of pure metal interlayer or metal foam interlayer have been widely
used to alleviate the residual stresses [20,21]. Previous studies showed that the active metal
power is hardly to disperse uniformly, and the addition of pure metal interlayer reduced
the plasticity of the joints. Therefore, as a traditional interlayer, Cu foam was selected to
braze Si3N4 ceramics and GH4169 superalloy.

In this work, the AgCuTi filler with Cu foam added as the interlayer was used to
vacuum braze Nickel-base superalloy (GH4169)/Si3N4 ceramics at different brazing temper-
atures. The effects of brazing temperature on the microstructure and mechanical properties
of the joint interface were studied. The purpose of the current research is to obtain a
solid Si3N4/GH4169 joint and clarify the mechanism of brazing temperature on the mi-
crostructure and mechanical properties of the joint. The research will help to broaden the
application field of Si3N4 ceramic and GH4169 superalloy combinations.

2. Materials and Methods

The commercial Si3N4 ceramic used in the experiment was purchased from Suzhou
Kaifate Pottery Technology Co., Ltd., which was prepared by hot pressing sintering. The
commercial GH4169 superalloy was purchased from Western Superconducting Materials
Technology Co., Ltd. (the composition is shown in Table 1), the GH4169 superalloy and
Si3N4 ceramic were cut into 10 mm × 10 mm × 4 mm and 4 mm × 4 mm × 4 mm blocks
for microstructure. Figure 1 shows the microstructure of the GH4169 superalloy, which is
mainly composed of γ and δ phase,γ phase is the matrix and δ phase is the precipitated
phase at the grain boundary. Two layers of AgCuTi with Cu foam additions were used
to braze the GH4169 superalloy and Si3N4 ceramic; the microstructure of Cu foam with a
porosity rate of 80% was shown in Figure 2.

Table 1. Chemical composition of the GH4169 alloy.

Ni Cr Nb Mo Ti Al Si Fe

53.88 17.90 5.50 3.10 1.04 0.52 0.06 18.00
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Figure 2. Microstructure of Cu foam.

The AgCuTi composite filler was prepared by a mixture of Ag-28Cu and Ti powder with
the mass ratio of 95.5% to 4.5%; the composite filler was ground at a speed of 100 r/min for 8 h.

Before brazing, the brazing surface of GH4169 superalloy and Si3N4 ceramic were
ground to 2000 grit by SiC sandpapers. The AgCuTi composite filler compound and brazing
flux were evenly mixed in a 9:1 ratio to make the solder paste, and the solder paste was
applied to the surface to be brazed on the GH4169 superalloy, Si3N4 ceramic, and Cu foam.

The sample was stacked into a component (as shown in Figure 3a) in the manner
of Si3N4 ceramic/AgCuTi filler/Cu foam/AgCuTi filler/GH4169 superalloy. The whole
brazing process is less than 8 × 10−3 Pa vacuum brazing furnace. The samples were first
heated to 400 ◦C at a rate of 5 ◦C/min, holding for 30 min, to ensure the evaporation of the
brazing paste and the uniform the temperature, and then heated at a rate of 5 ◦C/min to
the target brazing temperature (820 ◦C, 850 ◦C, 880 ◦C, 910 ◦C) for 15 min, and 5 samples
were brazed at different brazing temperatures. Subsequently, the samples were cooled to
room temperature at 5 ◦C/min. The thermal cycling curve of the brazing process is shown
in Figure 4.
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Figure 3. (a) Schematic diagram of sample assembly; (b) shear test.

Scanning electron microscopy (SEM) (Hitachi, Tokyo, Japan) and Energy dispersive
spectrometer (EDS) (Ametek, Berwyn, IL, USA) were used to analyze the microstructure of
the GH4169/Si3N4 brazing joints. Phase identification was carried out by X-ray diffraction
(XRD) (Bruker, Billerica, Germany). The shear test of the joint was carried out at a constant
rate of 0.6 mm/min at room temperature and 50% humidity by MTS series 370 electronic
universal testing machine (MTS, Eden Prairie, MN, USA) as shown in Figure 3b. After the
shear test, the fracture morphology and fracture path were analyzed by SEM.
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Figure 4. Thermal cycling curve of brazing.

3. Results and Discussion
3.1. Microstructure of the GH4169/Si3N4 Joints

Figure 5 shows the interfacial microstructure of GH4169/Si3N4 joints brazed by
AgCuTi filler with or without Cu foam addition at 850 °C for 15 min. As shown in Figure 5a
and no defects can be found in the joints, which shows good bonding between the GH4169
superalloy and Si3N4 ceramic. The brazing joint can be divided into three zones. Zones I
and III are the reaction layer at the substrate side, respectively. As shown in Figure 5c,d,
higher magnification of zones I and III shows that the reaction layer mainly composed of
the phases, marked as A, B, C, D, E, F and G phase. For comparison, Figure 5b shows the
microstructure of GH4169/Si3N4 joint without Cu foam addition. It can also be seen that,
without Cu foam addition, the brazing seam can also be divided into three zones, which
are marked as zone 1, 2 and 3. With the addition of Cu foam, the volume fraction of white
phase decreases and the gray phase increases greatly. The detailed phase constitution in the
brazing joints was detected by XRD, and the results are shown in Figure 6. It can be seen
that with Cu foam addition, the brazing seam is mainly composed of TiCu, Ti2Ni, TiCu2,
Ag (s,s), Cu (s,s), TiCu4, Ti5Si3+TiN.
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(d) high magnification image of the zone III.
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In order to further determine the phases in the brazing seam, EDS was conducted.
The chemical composition of each phase is listed in Table 2. It can be seen that phase A
comprised 6.32% Ag, 64.04% Cu and 29.64% Ti (at.). The atomic ratio of Ti to Cu is about
1:2. Combined with XRD, it can be inferred as TiCu2 phase [22,23]. Phase B contained
24.13% Ni, 5.54% Cr, 7.51% Fe, 1.09% Ag, 10.78% Cu and 50.95% Ti. The ratio of Ti to Ni is
about 2:1, which would be regarded as Ti2Ni phase [24,25]. Phase C incorporating 95.74%
Cu, which is determined to be Cu(s, s). Phase D is Ag(s, s) phase. The atomic proportion of
Ti:Cu in phase E is 1:4, which is suggested to be the TiCu4 phase [26,27]. Figure 5d shows
the magnified microstructure of the Si3N4 ceramic side. The reaction layer is composed of
Ti, N and Si. It was inferred that the reaction layer is composed of the TiN and Ti5Si3 by
EDS and XRD analysis, which is consistent with the results of Si3N4/Ti6Al4V joints brazed
with nano-Si3N4 reinforced AgCuTi filler conducted by Zhao et al. [23]. During brazing,
the molten AgCuTi composite filler released large amount of Ti, and Ti would diffuse
to the Si3N4 ceramic side and then reacted with Si3N4 ceramics to form TiN and Ti5Si3
phase [28,29]. Therefore, the interface microstructure of the GH4169/Si3N4 joint brazed at
850 ◦C for 15 min is GH4169 superalloy/TiCu+Ti2Ni+TiCu2 +Ag(s, s)+TiCu4+Cu(s, s)+TiN+
Ti5Si3/Si3N4 ceramic.

Table 2. EDS results for the chemical composition of the different phases in Figure 4 (at. %).

Position Ni Cr Fe Ag Cu Ti Si n Possible
Phases

A - - - 6.32 64.04 29.64 - - TiCu2

B 24.13 5.54 7.51 1.09 10.78 50.95 - - Ti2Ni

C - - - 1.49 95.74 1.76 0.95 0.06 Cu (s,s)

D 0.94 1.07 0.71 88.99 7.59 0.70 - - Ag (s,s)

E - - - 1.32 78.42 20.26 - - TiCu4

F 4.01 5.98 6.02 3.54 37.10 43.55 - - TiCu

G - - - 8.26 2.87 52.98 25.77 10.11 Ti5Si3+TiN
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The element distribution of GH4169/Si3N4 joints brazed with AgCuTi+Cu foam were
characterized by map scanning, as shown in Figure 7. It can be seen that no cracks or
pores can be found in the brazing joints. It reveals that affirmative interfacial bonding
was achieved between the substrates and brazing filler. In this figure, Ag, Cu and Ti were
the major elements distributed in the joints. Ag is mainly distributed among the light
grey regions, whereas Cu and Ti are distributed in the dark grey regions, as shown in
Figure 7d,e,i. The dissolution of Cu foam leads to the enrichment of Cu content in the
brazing seam. Similar phenomena were also found by Zhang et al. [26]. At the GH4169
superalloy side, the reaction layer was formed by e high concentrations of Cu and a small
quantity of Ti addition, Ti was also enriched at the Si3N4 side, which can react with Si3N4 to
form a thin layer of TiN and Ti5Si3, as shown in Figure 7e. Xin et al. [28] also found TiN and
Ti5Si3 layers formed at the Si3N4 ceramic side in Si3N4/Kovar brazing with AgCuTi filler.
Moreover, Ni can also be found in the brazing seam, which was caused by the dissolution
of the GH4169 alloy; thus, Ti2Ni can be found in the brazing seam.
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Figure 7. GH4169/Si3N4 brazed joint interface (850 ◦C/15 min): (a) Microstructure; (b–i) main
element plane distribution.

According to the above analysis, the formation mechanism of GH4169/Si3N4 joint
brazed with AgCuTi filler and Cu foam can be concluded, as shown in Figure 8. Figure 8a,b
show the interaction between the substrate and the filler alloy. When heated to the liquid-
line temperature of the AgCuTi filler alloy, it began to melt and wet the substrate, the pores
of Cu foam are filled with liquid filler. During brazing, Ti diffuses to the Si3N4 ceramics.
then reacts with Si3N4 ceramics to form TiN and Ti5Si3 phases, as shown in Figure 8c. The
substrate also dissolved into the filler alloy and Ti2Ni phase was formed in the reaction
layer. The dissolve of Cu form also led to the increase in Cu content in the brazing seam.
TiCu compounds were formed at the GH4169 superalloy side.
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Figure 8. Schematic of the GH4169/Si3N4 brazed joint formation mechanism. (a) Brazing interface;
(b) filler element begins to diffuse; (c) Cu foam begins dissolution; (d) Cu foam dissolved completely;
(e) increase in the TiCu phase.

3.2. Effect of Brazing Temperature on the GH4169/Si3N4 Joint

Figure 9 shows the microstructure of GH4169/Si3N4 joints brazed at different tem-
peratures. No pores, cracks or other defects can be found. The residual Cu(s, s) phase in
Cu foam has good plastic deformation ability, which is conducive to relieving the residual
stress of the joint [30,31]. Zone II is primarily composed of four different phases: Ag(s, s),
Cu(s, s), and Ti-Cu compounds.
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(a) 820 ◦C; (b) 850 ◦C; (c) 880 ◦C; (d) 910.

The microstructure of the GH4169/Si3N4 joint changed significantly at different braz-
ing temperatures. When brazed at 820°C, the dissolution of AgCuTi filler and Cu foam was
limited, the atomic diffusion rate is slow, so more Cu(s,s) can be found in the brazing seam.
The reaction between Ti and Si3N4 is also insufficient, no obvious TiN and Ti5Si3 reaction
layer was formed at the Si3N4 ceramic side. At GH4169 substate side, Ti and Cu can react
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to form TiCu and TiCu2. Due to the dissolve of GH4169 alloy, Ti2Ni phase was also formed.
At 820 ◦C, the skeleton structure of Cu foam remains in the brazing seam, and the melt
filler fully flows in and a large amount of Ag(s, s) and Cu(s, s) was formed in the brazing
seam. The increase in the brazing temperature accelerated the diffusion of elements in the
brazing joint, and the thicknesses of zone I and III increased. When the brazing temperature
rises to 880 °C, the dissolution of GH4169 superalloy increases, and the diffusion rate of
the element increases greatly; thus, more Cu and Ni diffuse to the molten filler alloy, and
the volume fraction of Ti2Ni and Ti-Cu compounds increases. The collapse of Cu foam
also increases the residual stress [32,33] in the brazed joint, which reduces the mechanical
properties. When the temperature reaches 910 ◦C, more Cu is dissolved into the brazing
seam. Thus, the volume fraction of the TiCu phase would increase in the brazing seam.

3.3. Effect of Brazing Temperature on the Mechanical Properties of the GH4169/Si3N4 Joint

Figure 10 shows the average shear strength of the GH4169/Si3N4 joint brazed at
different brazing temperatures. When the brazing temperature increases from 820 ◦C
to 850 ◦C, the shear strength of the GH4169/Si3N4 joint increases from 164.3 MPa to
196.8 MPa, and then decreases to 122.5 MPa and to 139.7 MPa, respectively, when the
brazing temperature further increases to 880 ◦C and 910 ◦C. The error of the shear strength
is less than 10%. Figure 11 is a comparison diagram of the shear strength of the joint with
or without Cu foam brazed at 880 °C. The shear strength of the brazed joint increased from
151.4 MPa to 196.8 MPa. Thus, AgCuTi filler with Cu foam as the intermediate layer is
beneficial to alleviate the residual stress, which is caused by the thermal mismatch between
ceramic and metal in the brazing process [33,34]. Therefore, the shear strength of the
GH4169/Si3N4 joint increased by about 29.9%.
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When brazed with AgCuTi filler with Cu foam addition, the variation trend of the
shear strength can be explained as follows. At lower brazing temperatures, the diffusion
rate is low, the reaction between filler metal and substrate is insufficient. Thus, the reaction
layer at the Si3N4 side is thin. When the brazing temperature increases, the thickness of
the reaction layer increases, and Ag (s, s), Cu (s, s), and Ti-Cu intermetallic compounds are
formed in the joint, which is conducive to improving the shear strength of the joint. After
further increasing the brazing temperature, the skeleton structure of Cu foam collapses,
resulting in the decrease in shear strength. When braze at 910 ◦C, Cu foam is completely
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dissolved, the shear strength of brazing joint increases slightly with the increase in reaction
layer thickness on Si3N4 ceramic side and Ti-Cu intermetallic compounds in joint, but it is
still lower than the shear strength at 850 ◦C [35,36].
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In order to further study the relationship between brazing temperature and mechanical
properties of the joint, the fracture and fracture path of GH4169/Si3N4 joint were observed
by scanning electron microscope, as shown in Figure 12.

Figure 12a,c,e show that the fracture occurs in Si3N4 ceramics at 820 ◦C, 850 ◦C and
880 ◦C, indicating that a reliable connection between GH4169 superalloy and Si3N4 ceramics
can be conducted when brazed with AgCuTi filler with Cu foam addition. At 820 ◦C, the
molten filler reacts with Si3N4 ceramics to form an indistinct reaction layer. The skeleton
structure of Cu foam remains in the brazing seam. As a flexible interlayer, Cu foam has
good plasticity and plays a role in alleviating the residual stress of the joint. At 850 ◦C, the
thickness of the TiN and Ti5Si3 reaction layerat the Si3N4 ceramic side increases, which
is conducive to improving the shear strength of the joint. Further increase the brazing
temperature, the shear strength began to decrease. At 880 ◦C, a large number of Ti-Cu
intermetallic compounds were formed. The brittle Ti-Cu compounds would resultin crack
initiation and propagation. Dimples can be found in the fracture shown in Figure 12f,
indicating that the increasing of ductility of the brazing joint. At higher temperature, the
shear strength of brazing joint increases slightly with the increase in reaction layer thickness
on Si3N4 ceramic side and Ti-Cu intermetallic compounds in the joints.
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4. Conclusions

GH4169 superalloy and Si3N4 ceramics were brazed by AgCuTi filler with Cu foam ad-
dition. The effects of different brazing temperatures on the microstructure and mechanical
properties of GH4169/Si3N4 joints were studied. The conclusions are as follows:

(1) The GH4169/Si3N4 joints can be divided into three zones. The microstructure of the
joint is GH4169 superalloy/TiCu+Ti2Ni+TiCu2+Ag (s,s)+TiCu4+Cu (s,s)+TiN+Ti5Si3/
Si3N4 ceramics.

(2) During brazing, the Ti elements in the AgCuTi filler would react with the substrate.
The aggregate on the side of the GH4169 superalloy to form Ti-Cu intermetallic
compounds and a continuous reaction layer of TiN and Ti5Si3 were formed. With the
gradual dissolution of Cu foam, and the content of Cu (s, s) in the joint is reduced.
The increase in Ag (s, s), Cu (s, s) and reaction layer thickness in the joint is conducive
to the improvement of the mechanical properties of the joint.

(3) At 850 ◦C, the shear strength of the joint reaches a maximum of 196.85 MPa. With
the increase in brazing temperature, the skeleton of Cu foam disappeared, and the
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volume fraction of Ti-Cu intermetallic compounds increased, which is harmful to the
mechanical properties.
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