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bstract

n this study, two Au–Ni–V filler metals were used to braze Si3N4 ceramic in the form of foils. The effects of brazing temperature and V content
n the filler alloy on microstructure and bonding strength of the joint were studied. The results reveal that a VN reaction layer with a thickness

bout 4 �m was formed at the interface between Si3N4 substrate and filler alloy. With increasing brazing temperature or V content the thickness
f VN reaction layer increased. A maximum joint bending strength of 242 MPa was achieved when the joint was brazed at the temperature of
423 K for 30 min using Au58.7Ni36.5V4.8 filler alloy. The bonding mechanism was discussed with reference to the discovered phases and brazing
arameters.
rown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Si3N4 ceramic has been widely used in aerospace and auto-
obile industries because of its excellent thermal and oxidation

esistance as well as outstanding high-temperature mechanical
roperties. However, Si3N4 ceramic is extremely difficult to
achine due to its brittle natures. Thus, development of join-

ng technologies is essential, in particular for joining ceramic
omponents with complex shapes and lager size. To date several
echniques for joining ceramics have been developed.1–3 Among
hem, active metal brazing has been proven to be effective in
oining Si3N4 ceramic because of its simplicity and flexibility
n the joining process.4 For active brazing of Si3N4 ceramic,
ller alloys containing active metals such as Ti, Zr, and Hf have
een used, and high bonding strength of the joint has be achieved
y reaction between the active metals and the Si3N4 ceramic. In
articular, Cu–Ag based alloys containing Ti have been adopted
s the filler alloy for brazing Si3N4 ceramic. Such filler alloys

ave a good wettability to almost all ceramics. However, the
rawbacks of using these filler alloys are (1) lower thermal and
xidation resistance and (2) lower service temperature below
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73 K. In order to improve the thermal and oxidation resistance
f the Si3N4 ceramic joint, it is of critical importance to develop
ew filler metals with higher melting points as well as ther-
al and oxidation-resistance. Previous studies showed that the
i3N4/Si3N4 joints with high thermal and oxidation resistance
an be achieved by adding metals such as Au, Pd, Ni, and V
nto the filler alloys.5–7 In this study, two Au–Ni–V metals in
he form of foils were used as filler alloys for brazing Si3N4
eramic. The microstructure and mechanical properties of the
i3N4/Si3N4 joint were studied, and the bonding mechanism
as discussed with reference to the discovered phases in the joint

nd brazing parameters. The results reported here are expected
o provide guidelines for brazing materials development and
razing parameter selection.

. Materials and experimental procedures

The Si3N4 ceramic used in this research was synthesized
y hot-pressed sintering. The raw Si3N4 ceramic was sawed
y diamond discs into the samples of 3 mm × 4 mm × 17 mm
or bending test and 3 mm × 4 mm × 2 mm for microstructure
bservation. The bonding surface (3 mm × 4 mm) of the Si3N4

eramic was polished with diamond powder down to a surface
oughness of 1 �m. The raw filler metals between the Si3N4
pecimens to be joined are foils of pure Au, Ni and V with
hicknesses of 20 �m for each. Prior to brazing, the Si3N4 spec-

All rights reserved.
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mens and metal foils were degreased and cleaned with acetone
n an ultrasonic bath. Then the filler foils were sandwiched in
etween the two Si3N4 specimens in the order of Au/Ni/V and
utted by cyanacrylate adhesives. By varying the amount of
he three kinds of metal foils, two alloys with compositions
f Au58.7Ni36.5V4.8 and Au55.5Ni34.5V10.0 (at.%) can be
btained during brazing process.

The brazing process was carried out at temperatures between
373 K and 1473 K for 60 min in a vacuum (1.33 × 10−3 Pa).
n order to keep the filler alloy in good contact with Si3N4
eramic, a pressure of 1.63 × 103 Pa was exerted on the braz-
ng specimen. During the heating process, the brazing specimen
as firstly heated to 573 K at a heat rate of 30 K/min and

ept at this temperature for 15 min to make the organic glue
olatilize from the brazing surfaces. Then the specimen was
eated to the target brazing temperatures at rate of 10 K/min.
fter holding the specimen at the brazing temperature for

0
F
d
s

ig. 1. Microstructure and elemental distribution of the joint brazed at 1423 K for 60
nd (e) distribution of Si, Au, Ni and V, respectively.
Ceramic Society 30 (2010) 751–757

0 min, the specimen was cooled down to 573 K at a cooling
ate of 10 K/min, and then to room temperature in the furnace
ithout power.
The microstructure of the joints was examined using Scan-

ing Electron Microscope (SEM) with Energy Dispersive
pectroscopy (EDS). The phases and crystal structures in the

oints were determined by X-ray Diffraction (XRD). The spec-
mens for XRD analysis were cut parallel to the joint surface
nd then grinded to expose the filler alloy at the surface of the
pecimens. The morphology and diffraction pattern of inter-
acial reaction layer were analyzed by transmission electron
icroscopy (TEM) at 200 kV accelerating voltage for study-

ng the bonding mechanism. TEM specimen with thickness of

.2 �m was prepared by focused ion beam (FIB) technique.
lexural tests were carried out under 3-point-bend loading con-
itions using a displacement rate of 0.5 mm/min. At least three
pecimens were tested for each brazing parameter.

min using the filler alloy of Au58.7Ni36.5V4.8: (a) morphology; (b), (c), (d)
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Fig. 3. TEM results of the reaction layer of the joint: (a) the morphology of
t
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. Results and discussion

Based on the Au–Ni binary phase diagram,8 it is known
hat the solidus temperature of the Au58.7Ni36.5V4.8 and
u55.5Ni34.5V10.0 alloys is 1228 K and the liquidus tempera-

ures of the two alloys are about 1273 K and 1293 K, respectively.
uring the brazing process, liquid phase appeared between Au

nd Ni foils when the temperature was above 1228 K. As the tem-
erature increase to brazing temperature (1373–1473 K), both
lloys (Au58.7Ni36.5V4.8 and Au55.5Ni34.5V10.0) became
iquid. Chemical reactions took place between the melt filler
lloy and Si3N4 ceramic during the holding time, resulting in a
omplicated microstructure of the Si3N4/Si3N4 joint.

Fig. 1 shows the microstructure and elemental distribution
f the Si3N4/Si3N4 joint brazed at 1423 K for 60 min using the
u58.7Ni36.5V4.8 filler alloy. There are two different regions

n the seam: one is a continuous reaction layer with a thickness of
bout 4 �m close to the Si3N4, as shown by label A in Fig. 1(a),
nd the other is in the center of the seam containing matrix
hase B and particle phase C in the matrix. Fig. 1(b) reveals
hat Si distributes mainly in the area of Si3N4 ceramic but a
mall amount of Si distributes in the central region of the seam.
t is also found that almost no Si exists in the reaction layers.
he matrix of the central region contains mainly Au and a small

mount of Ni, as shown in Figs. 1(c) and (d). The particle phase
contains mainly Ni and a small amount of Si and V, as shown

n Fig. 1(b), (d) and (e). Fig. 1(e) shows that a great amount of
exists in the reaction layer.

ig. 2. X-ray diffraction results of the Si3N4/Si3N4 joints brazed at 1423 K for
0 min using the filler alloys of Au58.7Ni36.5V4.8 and Au55.5Ni34.5V10.0.

able 1
omposition of different zones in Fig. 1(a).

osition Composition (at.%)

Au Ni V Si N

0.9 – 68.1 1.0 30.0
84.4 15.6 – – –

2.5 81.1 8.6 7.8 –
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he reaction interlayer between the Si3N4 ceramic and filler alloy; (b) electron
iffraction pattern of VN.

XRD results of the joint shown in Fig. 2 indicate that VN, Au
nd Ni exist in the seam as the V content in the filler is 4.8 at.%.
n order to determine the phases in the seam, the composition
f the reaction layer marked by A at the ceramic/filler interface,
he matrix phase B, and particle phase C in the central region
as measured by EDS. The result shown in Table 1 indicates

hat the reaction layer contains 68.1 at.% V and 30.0 at.% N,
espectively. According to the V–Si–N triple phase diagram and
orresponding thermodynamic calculations, both VN and V2N
hases are stable at 1273 K. Thermodynamic calculations on the
ffects of the nitrogen gas pressure on the V–N phase suggest that
he nitrogen pressure of 10−9 bar N2 in the vacuum furnace is
nsufficient to form VN phase.9,10 In order to further confirm the
eaction layer, the joint was analyzed by TEM, which is shown
n Fig. 3. The result testifies that the reaction layer between the
i3N4 ceramic and filler alloy is the face-center cubic lattice VN
ut not V2N.

It also can be seen from Table 1 that the matrix of the seam
position B) contains mainly Au and a small amount of Ni. By
omparing with the XRD results in Fig. 2, it can be confirmed
hat the matrix phase B shown in Fig. 1(a) is Au[Ni] solid solu-

ion which was formed during cooling process. In the same way,
he particle phase C shown in Fig. 1(a) is Ni[Si,V] solid solution.

able 2
omposition of different zones in Fig. 4(a).

osition Composition (at.%)

Au Ni V Si N

– – 71.5 – 28.5
– 74.3 – 25.7 –

83.4 16.6 – – –
– – 75.6 – 24.4
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ig. 4. Microstructure and elemental distribution of the joint brazed at 1423 K
nd (e) distribution of Si, Au, Ni and V, respectively.

In order to investigate the effect of V content in the filler alloy
n the microstructure of the joint, additional brazing experiments
ere carried out by using the Au55.5Ni34.5V10.0 filler alloy to
raze Si3N4 at the same brazing conditions. Fig. 4(a) shows the

icrostructure of the Si3N4/Si3N4 joint brazed at 1423 K for

0 min using the Au55.5Ni34.5V10.0 filler alloy. It indicates
hat the reaction layer becomes thicker because of the increasing
f the V content from 4.8 at.% to 10 at.%. Fig. 4(b)–(e) shows

a
i
t
s

min using the filler alloy of Au55.5Ni34.5V10.0: (a) morphology; (b), (c), (d)

he elemental distribution of Si, Au, Ni, and V, respectively. A
mall amount of V was found in the center of the seam, as shown
n Fig. 4(d), which corresponds to particle D in Fig. 4(a). EDS
esult of particle D indicates that this phase contains N and V,

s shown in Table 2. By comparing with the XRD result shown
n Fig. 2, it is confirmed that particle D is VN. Fig. 4 also shows
hat there is a new phase with a large size in the center of the
eam marked by label B in Fig. 4(a). Fig. 4(b) and (d) shows that
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Fig. 5. Effects of brazing temperature and V content in the filler alloy on bending
strength of the joint.
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Fig. 6. Microstructures of the Si3N4/Si3N4 joints brazed at different temperatures us
(b) 1373 K, 10 at.% V; (c) 1423 K, 4.8 at.% V; (d) 1423 K, 10 at.% V; (e) 1473 K, 4.8
Ceramic Society 30 (2010) 751–757 755

his new phase contains mainly Ni and Si. The composition of
he new phase is Ni74.3Si25.7, as shown in Table 2. It is known
rom Ni–Si binary diagram that when the content of Si reaches
5 at.%, Si will react with Ni, forming intermetallic compound
i3Si.11 By comparing with the XRD result shown in Fig. 2,

his new phase is confirmed to be Ni3Si.
With the increasing of V content, the reaction between V and

i3N4 becomes more active, resulting in the thickness of VN
eaction layer increasing as well as Si in the Ni[Si,V] solid solu-
ion. When the Si content in the Ni[Si,V] solid solution reaches
5 at.%, following reaction will take place12:

i + 3Ni = Ni3Si (1)
atta et al.13 and Zhou and Bakker14 reported that the activa-
ion energy for restoration process of the Ni3Si phase at 700 K
s about 163 kJ/mol. Their results also suggest that crystallite
ize of the ordered Ni3Si is about 135 nm at the formation tem-

ing the filler alloys containing 4.8 at.% and 10 at.% V: (a) 1373 K, 4.8 at.% V;
at.% V; (f) 1473 K, 10 at.% V.
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erature (723 K), which reveal that the grain growth is very fast
or this phase and it is probably stable only in the bulk state
above 100 nm). In our experiment, the brazing temperature is
423 K, so the growth of the Ni3Si phase is very fast, leading to
he formation of the large size Ni3Si phase in the seam.

Fig. 5 shows the effects of brazing temperature and V content
n the filler alloy on bending strength of joints. When the V con-
ent is 4.8 at.%, bending strength of the joint is improved with
ncreasing brazing temperature from 1373 K to 1423 K, and then
ecreases when the brazing temperature reaches 1473 K. How-
ver, the bending strength of the joint is improved slightly with
ncreasing brazing temperature when the V content is 10 at.%.

maximum bending strength of 242 MPa is obtained at the
razing temperature of 1423 K when the filler alloy contain-
ng 4.8 at.% V was used. At the brazing temperature of 1473 K,
ending strength of the joint with higher V content (10 at.%) is
uch higher than that with lower V content (4.8 at.%).
Fig. 6 shows the microstructure of the joint brazed at dif-

erent temperatures using the filler alloys containing 4.8 at.%
nd 10 at.% V, respectively. It can be seen that the thickness of
he VN reaction layer increases slightly with increasing brazing
emperature, leading to an improvement in the bonding strength
f the joint, as shown in Fig. 5. The slight difference on the
trength of the joints at 1423 K for 4.8 at.% V and 10 at.% V is
ecause of appearance of the large size Ni3Si phase in the seam,
s shown in Fig. 5(c) and (d). According to the analysis of frac-

ured surfaces of the joints by SEM with EDS, the fracture of
he joint were mostly formed in the Si3N4, which initiated at the
dge of the filler/Si3N4 interface and propagated in the ceramic
ubstrate parallel to the bonding interface. This result indicates

i
m
p
l

ig. 7. Schematic drawing of the formation of the microstructure of Si3N4/Si3N4 joi
hase and diffusion of Si atoms into the molten alloy; (c) formation of a continuous
u-based solid solutions in the center of the seam during cooling process. ( ) Au–

olution; ( ) Ni[Si,V] solid solution.
Ceramic Society 30 (2010) 751–757

hat the reaction layer can form a reliable bonding interface, but
he joint bonding strength can be decreased by the residual stress
n the joint. It is well known that the residual stress forms in the
oint during cooling process from brazing temperature to room
emperature due to the difference of the coefficients of thermal
xpansion between ceramic and filler alloy. It can be reduced at a
ertain extent by plastic deformation of the filler alloy. The Vick-
rs microhardness testing result shows that the hardness of the
i3Si phase is about 2 times higher than that of the Ni[Si,V] solid

olution. Therefore, the seam containing Ni[Si,V] solid solution
articles has a higher capability for releasing the residue stress
n the seam compared with that containing the Ni3Si phase. This

ay be one of the important reasons for the change of bending
trength of the joint with brazing temperature and V content.
he sharp decrease of the joint bending strength at 1473 K for
.8 at.% V is caused by the quick spread of V4.8 filler alloy
etween ceramics at high temperature, which result in a lot of
ller alloy flowing away from the surface of Si3N4 ceramics
uring the brazing process.

Based on the experimental results and analysis above, Fig. 7
chematically shows the procedure of the phase formation in the
oint. With increasing temperature during heating in the brazing
rocess, the foils of filler alloy became softer and contact each
ther under the pressure of 1.63 × 103 Pa. When the temper-
ture reached the initial melting point of Au–Ni alloy, liquid
hase appeared between Au and Ni foils. With further increas-

ng temperature, the content of liquid phase increased and V

elted into the Au–Ni molten alloy gradually. Before the tem-
erature reached brazing temperature, all the foils had become
iquid phase and V atoms melted in the filler alloy had diffused to

nt: (a) enrichment of V atoms at the Si3N4/filler interface; (b) formation of VN
VN reaction layer at the Si3N4/filler interface; (d) formation of Ni-based and
Ni liquid phase; ( ) V atom; (�) Si atom; ( ) VN phase; ( ) Au[Ni] solid
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i3N4/filler interface. During the brazing holding time, the active
etal V reacted with Si3N4 ceramic, resulting in the formation

f VN reaction layer at the interface, as shown in Fig. 7(a). At
he same time, Si atoms were affranchised by this reaction and
iffused into the molten alloy because most of N atoms reacted
ith V, as shown in Fig. 7(b). With increasing holding time at the
razing temperature, the VN reaction layer increased in size and
ormed a continuous VN interlayer at the interface between filler
lloy and Si3N4 ceramic. Finally, the VN layer reached a certain
hickness (4–5 �m) and became compactly and continuously, as
hown in Fig. 7(c). At the end of the brazing process, the joint
as cooled at a rate of 5 K/min. When the temperature is below

he liquidus of the Au–Ni alloy, two kinds of solid solutions,
u[Ni] and Ni[Si,V], were formed during the solidification pro-

ess. The matrix of the solidified seam is Au[Ni] solid solution,
nd Ni[Si,V] solid solution distributed homogeneously in the
u[Ni] solid solution, as shown in Fig. 7(d).
In addition, with increasing brazing temperature or V content

n the filler alloy, the reaction between V and Si3N4 became
ore serious, resulting in the increasing of the thickness of the
N reaction layer and the content of Si in the filler alloy. As

he Si content in Ni[Si,V] solid solution reached 25 at.%, the
ntermetallic compound Ni3Si was formed instead of Ni[Si,V]
n the middle of the seam. In this case the Ni[Si,V] solid solution
hase shown in Fig. 7(d) was replaced by the Ni3Si intermetallic
ompound.

. Conclusions

1) A VN reaction layer was formed at the interface between
Au–Ni–V filler alloy and Si3N4 ceramic, and thickness of
the reaction layer increased with the increasing of brazing
temperature and V content in the filler alloy.

2) When Au58.7Ni36.5V4.8 filler metal was used, the center
of the seam brazed at 1373 K and 1423 K is Au[Ni] solid
solution containing Ni[Si,V] solid solution particles; while
brazed at 1473 K, the center of the seam is Au[Ni] solid solu-
tion containing large size intermetallic compound Ni3Si,
which leads to a sharp decrease of bending strength of the
joint.

3) When Au55.5Ni34.5V10.0 was used as filler alloy, the cen-

ter of the seam is Au[Ni] solid solution containing large size
Ni3Si phase, which results in a decrease of the joint bend-
ing strength compared with that using Au58.7Ni36.5V4.8
as filler alloy at the brazing temperature of 1423 K.

1

Ceramic Society 30 (2010) 751–757 757

4) The bending strength of the joint is 242 MPa when the joint
was brazed at brazing temperature of 1423 K for holding
time of 60 min using Au58.7Ni36.5V4.8 filler alloy.
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