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The possibility of the improvement on the heat resistance of Si3N4 ceramic joints with
intermetallic compounds formed in situ was investigated. The Si3N4 ceramics were joined
with Ti/Ni/Ti multi-interlayers between 1000 and 1150◦C. The effects of various parameters,
which include the thickness of Ti and Ni foils, the pressure imposed during bonding, the
bonding temperature and the holding time, on the microstructures and the strength (both
at room temperature and at high temperature) of the joints were studied. The results
indicated that the sound joints with higher strength both at room temperature and at
elevated temperature could be acquired with intermetallic compounds formed in-situ under
appropriate bonding parameters. The shear strength at 800◦C could sustain about 88 MPa.
C© 2001 Kluwer Academic Publishers

1. Introduction
Silicon nitride is one of the most promising structural
ceramics for high temperature applications. There is an
increasing demand for joining this ceramic to metal
or to itself to form complex structures and compo-
site structures. Although direct brazing using an ac-
tive filler metal and diffusion bonding using an active
interlayer have been found to be capable of producing
strong and reliable joints, these joints are difficult to use
at elevated temperature. They generally can be used up
to 400–500◦C, due to the interlayer metal’s poor heat
resistance. To increase the heat resistant properties of
the ceramic joints is one of the key research actions
at present. These actions include brazing with heat re-
sistant brazing filler metal [1–4], joining with glass ce-
ramic by reaction sintering [5–9], joining with transient
liquid phase bonding (TLPB) [10, 11], and so on. In
these methods, the heat-resistant brazing filler metals
are generally precious metal-based alloys, like Pd-, Pt-,
Au-based alloys, or the brazing should be conducted at
relatively high temperature, at which ceramics might be
damaged. The utilization of the precious metals would
impede their applications. The higher joining tempera-
ture would be inferior to the ceramics properties, while
additional protecting should be necessary (for example,
premetallizing [3]). The joining with glass ceramics is
not suitable for bonding ceramics and metals. When
bonding ceramics by the TLPB method, the heat resis-
tant joint can be formed in theory at relatively lower
bonding temperature, but long time solid diffusion is
needed to increase the melting point of the interlayer
metal. In addition, most interlayers still use precious
metal deposition film [10]. These investigations have
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indicated that there is no promising joining method for
heat resistant ceramic joints.

Intermetallic compounds possess the properties both
of metal and ceramics, and are consequently receiv-
ing more attention, especially in elevated temperature
fields. It could be presumed that the heat resistance
of the ceramic joint could be improved if intermetal-
lic compounds were used in joining ceramics. It could
be supposed that the interlayer metals, consisting of
two or more type metals, could form a transient liq-
uid phase at a convenient temperature and this liquid
phase could react with ceramics to form a sound joint
at relatively lower pressure, and these two metals could
react with each other to form intermetallic compounds
in-situ. As a result, the sound high temperature strength
ceramic joints might be formed at lower joining tem-
peratures, pressure and shorter diffusion time. The dif-
ficulties to form heat resistant ceramic joints mentioned
above would then be overcome.

According to the Ni—Ti phase diagram [12] (Fig. 1),
Ni and Ti can form a eutectic at about 943◦C. The join-
ing temperature with transient liquid phase of Ni and
Ti could be lower and they could react to form NiTi,
Ni3Ti and NiTi2 intermetallic compounds. In addition,
Ti is one of the active elements most often used to
join ceramic materials. It could be predicted that the
heat resistant ceramic joints might be obtained by TLP
bonding with Ti/Ni/Ti multi-interlayers at lower joining
temperatures and lower bonding pressure, producing
microstructures containing intermetallic compounds.

This paper reports on an investigation of the effects
of joining parameters, including Ti, Ni interlayer thick-
ness, the pressure imposed during bonding, the bonding
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Figure 1 The phase diagram of Ni-Ti alloy [12].

temperature and the holding time, on the microstruc-
tures and strength (at room and elevated temperatures)
of the joints. The possibility of the improvement on the
heat resistance of Si3N4 ceramic joints with intermetal-
lic compounds formed in-situ is discussed.

2. Experimental procedure
2.1. Materials
Joined ceramic material was hot press sintering silicon
nitride, with 4-points bending strengths in the range
600–800 MPa. The size of the blocks to be joined was
10 mm × 5 mm × 4 mm. The surfaces to be joined were
polished with 5 µm diamond paste. Following polish-
ing, the samples were ultrasonic cleaned in acetone,
alcohol and then dried. The interlayer metal Ti was
10–40 µm thick, 99.5wt% pure commercial titanium
and Ni foil was 50–1000 µm thick, 97.5wt% pure
nickel. Before joining, the surfaces of the Ni and Ti
were cleaned mechanically to remove the oxide film
and the impurities on the surfaces.

2.2. Bonding
The ceramic blocks and the interlayer metals were as-
sembled as Si3N4/Ti/Ni/Ti/Si3N4 sandwich type with
a setup built especially. Bonding was performed in a
vacuum (6.7 × 10−3 Pa) furnace with a pressure of 0–
7.5 MPa. Bonding temperature ranged from 1000◦C
to 1150◦C with a heating rate of 20◦C per second. At
the bonding temperature, the holding time varied from
0 min to 180 min. After then, the samples were cooled
in the furnace.

2.3. Shear testing
The joints were tested at room and high temperature
using state shear loading with a displacement rate of

1 mm/min. When testing the high temperature shear
strength, the heating rate was 15◦C/min and the holding
time at the temperature before shearing was 10 minute.

2.4. Microstructure and micro
chemical characterization

The microstructures of the joints were inspected with a
JSM-6301F scanning electron microscope (SEM) and
energy disperse spectroscopy (EDS) to identify the mi-
crostructures. The fracture surfaces after mechanical
testing were examined using the SEM to identify the
fracture origins and with thin-film x-ray diffraction
analysis with incidence angle of 0.3◦ to identify the
reaction products between ceramic and the interlayer
metal.

3. Results and discussions
3.1. The microstructures evolution

during bonding
The microstructures of the joints bonded at various
temperatures with 20 µm Ti and 400 µm Ni multi-
interlayers, holding 60 minutes, pressing 2.5 MPa were
examined with the SEM and the results are shown
as Fig. 2. The compositions of the bonding products
were identified with EDS. The microstructures of the
joints bonded at 1000◦C and 1050◦C were composed
of Si3N4/reaction layer/NiTi + Ni3Ti/Ni3Ti/Ni, while
those of the joints bonded at 1100◦C and 1150◦C were
composed of Si3N4/reaction layer/Ni3Ti/Ni. The X-ray
diffraction analysis on the fracture surface indicated
that the reaction product closest to the Si3N4 ceramic
was TiN, Ti5Si3, Ti5Si4, Ni3Si were also found. In
order to investigate the liquid phase formation and
the microstructural evolution of the joint bonded with
Ti/Ni/Ti multi-interlayers, the microstructures of the
joints bonded at 1050◦C for various holding time were
examined by SEM and EDS. The results were shown
as Table I.

According to the phase diagram of Ti-Ni (Fig. 1),
it should be possible that when Ti film and Ni foil are
held together between 985◦C and 1120◦C, intermetallic
phases could form. This process might consist of three
stages. Within the first stage, liquid phase forms and
extends until Ti disappears. The compositions of the
liquid changes as Ni atoms diffuse into the liquid until
the composition reaches that of the liquidus at the corre-
sponding holding temperature. Within the second stage,
TiNi compound precipitates as Ni atoms diffuse further

TABLE I The constitutions of the joints bonded at 1050◦C for various
holding time

Holding time (min) Compositions of the microstructures

0 Si3N4/NiTi2/NiTi/Ni3Ti/Ni∗
3 Si3N4/ NiTi/Ni3Ti/Ni∗

30 Si3N4/reaction layer/NiTi/Ni3Ti/Ni
60 Si3N4/reaction layer/NiTi + Ni3Ti/Ni3Ti/Ni

120 Si3N4/reaction layer/NiTi + Ni3Ti/Ni3Ti/Ni
180 Si3N4/reaction layer /Ni3Ti/Ni

∗No obvious reaction layer.
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Figure 2 Microstructures of the joints bonded at different temperature A: Ni; B: Ni3Ti; C: NiTi; D: reaction layer; E: Si3N4 (δTi = 20 µm, δNi = 400 µm,
tB = 60 min, PB = 2.5 MPa).

into the liquid until the liquid phase disappears and the
unique TiNi intermetallic compounds form. Within the
last stage, Ni atoms diffuse into NiTi and react with
it to form Ni3Ti until NiTi almost changes into Ni3Ti.
The durations of the three stages should be dependent
on the holding temperature. The higher holding tem-
perature, the shorter each duration, due to the higher
rates of diffusion. The results of the Fig. 2 indicated
that NiTi changes completely into Ni3Ti when holding
60 minutes at 1100◦C, while NiTi still exists when hold-
ing 60 minutes at 1000◦C and 1050◦C.

When the holding temperature was between 1120◦C
and 1380◦C, the process of the liquid phase forma-
tion and the microstructure evolution of the thin Ti and
thick Ni multiplayer metals would be relatively simple.
Firstly, the liquid forms and extends until the solid Ti
film disappears. The compositions of the liquid changes
as Ni atoms diffuse into it until the content of Ni reaches
the liquidus composition at the corresponding hold-
ing temperature. Ni3Ti intermetallic compound precip-
itates from the liquid as Ni atoms diffuse further into it
until the liquid disappears and all changes into Ni3Ti.
When bonding within this temperature range, there was
no occurrence of NiTi compound during bonding and
Ni3Ti was the unique intermetallic compound in the
joint.

It can be seen from the results of Table I that when
bonding at 1050◦C, the intermetallic compounds in the
interlayer metal changed from NiTi2 + NiTi + Ni3Ti
through NiTi + Ni3Ti into Ni3Ti. The time of existence

of the transient liquid was less than 3 min (if there
was liquid phase existing, NiTi2 would occur in the mi-
crostructures of the joints cooled) and within this du-
ration the reaction between ceramics and the interlayer
metals was very weak and the reaction layer was not de-
tectable. The further reaction would continue through
solid diffusion and the reaction layer became thicker
with increasing holding time.

3.2. The strength of the joints
at room temperature

3.2.1. The effect of the holding time
The strength of the joints bonded at 1050◦C and press-
ing 2.5 MPa changed with holding time as shown
in Fig. 3. The strength was higher when the holding
time was between 60 minutes and 120 minutes. The
highest shear strength was 140 MPa. Both shorter and
longer holding time was inferior to the strength. Test-
ing of the corresponding microstructures indicated that
when the holding time was in this range, the microstruc-
tures of the joints were identical, which were made of
Si3N4/reaction layer/NiTi (or +Ni3Ti)/Ni3Ti/Ni. How-
ever, the reaction layer between ceramics and the in-
terlayer metal was not detectable or very thin when
the holding time less than 60 minutes, while the NiTi
in the interlayer metal had changed into Ni3Ti on the
whole and the Ti-Si compounds in the reaction layer be-
came distinctly thicker if the holding time was longer
than 120 minutes.
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Figure 3 Effect of the holding time on the joint’s shear strength at room
temperature (δTi = 20 µm, δNi = 400 µm, TB = 1050◦C, PB = 2.5 MPa).

Comparing with NiTi, Ni3Ti is a Daltanide type in-
termetallic compound, which consists of covalent bond
and ionic bond, and presents more brittleness. More-
over, Ti-Si compounds in the reaction layer close to
Ni3Ti were also brittle. When the holding time was
longer, the interlayer between the ceramics and sur-
plus Ni consisted of brittle compounds. Consequently,
the shear strength of the joint was lower. Fractographic
testing indicated that the fracture emerged along the
interface of the ceramics and the reaction layer when
the holding time was shorter, while the fracture oc-
curred in the ceramics and in the reaction layer if the
holding time was longer. These results confirm that
the reaction was insufficient when the holding time
was shorter, while the reaction layer would be the
weak link in the joint when the holding time was
longer. As a result, when the ceramics was bonded
with Ti/Ni/Ti multi-interlayer metals, the strength of the
joint would be higher if NiTi existed in its microstruc-
tures, in addition to the formation of a sufficient reaction
layer.

3.2.2. The effect of the bonding temperature
The shear strength at room temperature of the joints
bonded at various temperature with a holding time
of 60 minutes and pressure of 2.5 MPa is shown as
Fig. 4. At the same holding time, the lower and the
higher bonding temperatures were inferior to the room
temperature strength of the joints. When bonding at
1000◦C, the shear fracture propagated along the in-
terface of the ceramics and the reaction layer due to
the lack of the reaction, although the microstructures
were composed of NiTi and Ni3Ti. While the fracture
took place in the ceramics or in the reaction layer when
the joint was bonded at 1150◦C, as the joint bonded
for longer holding time, on which occasion, NiTi in
the interlayer metal all changed into Ni3Ti. The mi-
crostructures in the joint bonded at higher temperature
were inferior in shear strength. The bonding tempera-
ture at which there was NiTi in the interlayer metal and
sufficient reaction layer formation led to higher shear
strength.

Figure 4 Effect of the bonding temperature on the joint’s shear
strength at room temperature (δTi = 20 µm, δNi = 400 µm, tB = 60 min,
PB = 2.5 MPa).

Figure 5 Effect of the bonding pressure on the joint’s shear strength
at room temperature (δTi = 20 µm, δNi = 400 µm, TB = 1050◦C,
tB = 60 min).

3.2.3. The effect of pressing during bonding
Fig. 5 shows the shear strength of the joints bonded at
1050◦C with 60 minutes holding time changed as the
pressure varied. Both higher and lower pressures were
not beneficial to the strength. Because the duration of
the existence of transient liquid was very short and its
wettability to the ceramics at this temperature was low,
the solid diffusion was needed to produce further inter-
face reaction. Pressing during bonding could facilitate
the liquid to wet the ceramics and promote the solid
diffusion to form sufficient reaction layer. As a pres-
sure less than 2.5 MPa, it was difficult to form strong
joints. On the contrary, if the pressure was excessive,
the transient liquid would be squeezed out of the joint
thereby reducing the formation of NiTi or making the
active element (Ti) deficient in full reaction layer. As
the result, the strength would be reduced. Fig. 6 shows
the microstructures of the joints with pressing 1.25 MPa
and 5.0 MPa. It can be seen that the reaction layer was
thin while the NiTi layer was thick when the pressure
was 1.25 MPa.
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(a)

(b)

Figure 6 Effect of the bonding pressure on the microstructures of the
joints: (a) PB = 1.25 MPa (No etched); (b) PB = 5.0 MPa (No etched)
A: Ni; B: Ni3Ti; C: NiTi; D: reaction layer; E: Si3N4; (δTi = 20 µm,
δNi = 400 µm, TB = 1050◦C, tB = 60 min).

3.2.4. The effect of the thickness of
Ti film and Ni foil

When the Si3N4 ceramics was TLP bonded with
Ti/Ni/Ti (Ti thin and Ni thick) multi-interlayers, the
amount of the liquid phase and the thickness of NiTi
and Ni3Ti layers in the joints were dependent on the
thickness of the Ti film. In addition, the active element
participating in the reaction between the ceramic and
the interlayer metal mostly came from the Ti film. When
the ceramic was bonded between 985 and 1120◦C, the
active element Ti in the transient liquid not only reacted
with the ceramic but also participated in the isother-
mally precipitation of NiTi due to the diffusion of Ni
into the liquid. After the liquid all changed into NiTi,
one part of the Ti atoms in it continued to react with the
ceramic by solid diffusion and formed TiN and Ti-Si
compounds, while the other participated in the forming
of Ni3Ti as the result of Ni atoms diffusion into NiTi.
These comprehensive reactions could be expressed as
Si3N4 + NiTi + Ni → TiN + Tix Si + Ni3Ti. The thick-
ness of the Ti film influenced the width of the NiTi,
the thickness of the reaction layer at certain holding
time and the width of the surplus NiTi. The strength
of the joints bonded at 1050◦C for 60 minutes with a
pressure 2.5 MPa changed with the thickness of the Ti
film as shown in Fig. 7. When the Ti film was less than
20 µm, Ni3Ti was the main intermetallic compound in
the interlayer metal with some NiTi left. On this occa-
sion, the strength of the joint was rather low. On the
other hand, if the Ti film was too thick, the width of
the NiTi and Ni3Ti layers increased, which also limited
the strength.

(a)

(b)

Figure 7 Effect of the thickness of Ti and Ni on the joint’s shear
strength (a) (δTi = 20 µm, TB = 1050◦C, tB = 60 min, PB = 2.5 MPa)
(b) (δNi = 400 µm, TB = 1050◦C, tB = 60 min, PB = 2.5 MPa).

The thickness of the Ni foil mostly influenced the
width of the surplus Ni in the interlayer metal. The
existence of the soft Ni in the joint made of brit-
tle Si3N4/reaction layer/Ni-Ti intermetallic compounds
would mitigate the stress resulted from the mismatch
of the thermal expansions and reduce the brittleness of
the joint. This effect would be reduced if the surplus Ni
was too thin, while the strength would be reduced if the
surplus Ni too thick owing to its lower strength. As a
result, there was a preferable range of the Ni foil thick-
ness. The effect of the Ni foil thickness on the strength
of the joints is shown in Fig. 7.

3.3. The strength at high temperature
The shear strength of the joints bonded at two different
conditions changed with testing temperature as shown
in Fig. 8. When the joint was bonded at 1050◦C for
60 minutes, its room temperature strength was higher,
but the strength fell as the testing temperature raised and
became steady until the temperature was between 500
and 800◦C. The shear strength at 800◦C still retained
61 MPa. On the other hand, the shear strength of the
joint bonded for holding 180 minutes with 60 µm Ni
foil, with microstructures composed of Si3Ni4/reaction
layer/Ni3Ti/trace Ni, rose as the testing temperature in-
creased reaching a maximum of 130 MPa at 600◦C, and
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Figure 8 Shear strength of the joints at high testing temperature (joint A:
δTi = 20 µm, δNi = 400 µm, TB = 1050◦C, tB = 60 min, PB = 2.5 MPa;
joint B: δTi = 20 µm, δNi = 60 µm, TB = 1050◦C, tB = 180 min,
PB = 2.5 MPa).

then falling again, but it could hold 88 MPa at 800◦C.
These results contributed to the performance of the in-
termetallic compounds and the stress relaxation as the
temperature increased.

4. Conclusions
The Si3N4 ceramics could be bonded with Ti/Ni/Ti
multi-interlayers (thin Ti and thick Ni) at 1000 to
1150◦C. The high temperature strength is enhanced
with the intermetallic compounds formed in-situ dur-
ing TLP bonding. The joints with preferable room tem-
perature strength and high temperature strength could
be acquired under reasonable bonding parameters and

suitable thickness of the interlayer metals. The shear
strength at 800◦C was 88 MPa.
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