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In this paper the results are presented of work dealing with the microstructure of
ZrO2-Ni-Si3N4 diffusion bonds. Joints were made at 1050◦C with bonding times between
22.5 and 360 minutes. The interfacial structure was studied using optical microscopy,
scanning electron microscopy and transmission electron microscopy. The element
concentrations in the joint were determined by electron probe microanalysis. It was found
that at the ZrO2-Ni interface no reactions take place, whereas at the Si3N4-Ni interface
decomposition of Si3N4 occurs, resulting in a solid solution of Si in Ni and porosity due to
the recombination of N to N2. C© 2002 Kluwer Academic Publishers

1. Introduction
Diffusion bonding is one of the methods that can be
used for joining ceramics. It is a technique in which
two flat surfaces are pressed to each other at elevated
temperature for a certain period of time until a bond
is formed by diffusion of atoms of at least one of the
materials to and into the other [1]. Generally speaking,
diffusion bonding of ceramic materials is only possible
when using a metallic interlayer. Under these condi-
tions two metal-ceramic interfaces should be consid-
ered. At these interfaces, not only diffusion, but also
chemical reactions may play a role. The reaction prod-
ucts can affect the strength of the bond. Beside this,
reactions can influence the properties of the bulk of the
ceramic or the metal adjacent to the interface. A study of
the microstructure of diffusion bonds yields therefore
important information about the applicability of this
joining technique for specific material combinations. It
also provides help in the selection of the optimal pro-
cess conditions of the bonding procedure (temperature,
time, pressure, furnace atmosphere).

This paper deals with the microstructure of ZrO2-Ni-
Si3N4 joints. Diffusion bonds were made under differ-
ent process conditions and the microstructures of the
bonds thus obtained were studied with various tech-
niques. Emphasis is given to the ZrO2-Ni interface, as
not much is known about its bonding behaviour. The
Si3N4-Ni interface has been studied extensively in ear-
lier work [2–4].
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2. Experimental
Circular discs of zirconia and silicon nitride were diffu-
sion bonded using a nickel foil as interlayer. The chem-
ical compositions of the used materials are given in [5].
The ceramic discs had a diameter of 6 or 10 mm and a
height of 4 or 5 mm, respectively. Prior to bonding, the
surface of the discs was polished until a surface rough-
ness of Ra = 0.02 µm was obtained. The thickness of
the nickel interlayer was 0.25 mm, its surface rough-
ness about Ra = 0.2 µm. The materials were cleaned
ultrasonically in ethanol.

Bonds were made in a diffusion bonding furnace.
The materials were stacked in the furnace and pressed
together using a hydraulic system. During the experi-
ments the pressure was maintained at about 30 MPa.
The furnace was heated inductively, using a water-
cooled coil in which a graphite susceptor was placed.
The temperature was measured with a pyrometer di-
rectly focused on the susceptor. The power was sup-
plied by a high-frequency generator (400 kHz), which
was controlled manually. The heating rate and cooling
rate were about 100◦C/minute. Experiments were car-
ried out in a vacuum atmosphere (p ≈ 10−3 Pa), which
was obtained by a combination of a rotary vane pump
and an oil diffusion pump.

Examination of the microstructure was carried
out using scanning electron microscopy (SEM, type
Jeol JXA-8600) and transmission electron microscopy
(TEM, types Philips CM30T and Hitachi H-800). The
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distribution of the elements in the samples was de-
termined using electron probe microanalysis (EPMA),
which was available on the SEM.

3. Results
To obtain insight in the development of the microstruc-
ture of the ZrO2-Ni-Si3N4 diffusion bonds, experiments
were carried out at 1050◦C for bonding times varying
from 22.5 to 360 minutes. First the ZrO2-Ni interface
was examined. It appears that the interface is sharp
and undisturbed, which suggests that no reactions have
taken place during the bonding process.

Figure 1 EPMA line scan across ZrO2-Ni interface. T = 1050◦C,
t = 90 minutes.

Figure 2 TEM micrograph of ZrO2-Ni interface. T = 1050◦C, t = 90 minutes.

To determine the element distribution in the vicinity
of the interface, EPMA line scans were made. A typ-
ical scan made across the ZrO2-Ni interface is given
in Fig. 1. The figure shows that the interface is very
sharp and that no reaction layers or diffusion zones
are formed. The apparent deviations from perfect sto-
ichiometry at the interface are due to the fact that the
element distribution is measured in a circular area with
a diameter of about 1 µm. Since the step size of the mea-
surement is 1 µm, this implies that in a zone of about
1 µm at either side of the interface both materials are
included in the measurement.

To obtain additional information about the ZrO2-Ni
interface, thin slices of the ZrO2-Ni-ZrO2 joints nor-
mal to the interface were studied by means of TEM. A
TEM micrograph of the ZrO2-Ni interface is shown in
Fig. 2. It can be seen that the Ni consists of large grains,
whereas the ZrO2 consists of small (≈0.5 µm) and a
few medium size (≈5 µm) grains.

A high-resolution TEM micrograph of the interface
is shown in Fig. 3. In this picture, an image of the atomic
planes can be observed. It can be seen that the atomic
planes of both ZrO2 and Ni continue into an interfacial
zone in which both crystals can not be distinguished any
more. On the basis of this picture, it can be concluded
that within an interfacial zone of about 0.3 nm width,
contact between the two crystal lattices is achieved.
Obviously, it is not possible to determine the character
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Figure 3 High-resolution image of ZrO2-Ni interface. Plane spacing of ZrO2 is 0.253 nm, plane spacing of Ni is 0.203 nm. T = 1050◦C,
t = 90 minutes.

of the bonding at the interface, but the distance between
ZrO2 and Ni atoms is small enough to make sharing
of electrons possible, which would result in a chemical
type of bonding. However, as the width of the interfacial
zone is still larger than the atomic radius (≈0.15 nm), it
should be expected that Van der Waals forces will also
play a role [6].

Attention was also given to the Si3N4-Ni interface.
Initially, this interface is flat, due to the surface pol-
ishing of the Si3N4, but during the diffusion bonding
process, the interfacial structure changes. A SEM mi-
crograph of the interface is depicted in Fig. 4. In this
figure, an irregularly shaped interface and small voids
can be seen. The location of the original interface is
situated on the lower side of the irregular zone, which
means that the silicon nitride was affected by some in-
terfacial reaction. To determine the element distribution
in the material adjacent to the interface, an EPMA line
scan was made perpendicular to the interface. The re-
sult is given in Fig. 5. It can be seen that the bulk of
the silicon nitride remained unaffected, but that some
Si diffused into the Ni. As it is assumed that this Si
originates from the decomposition of Si3N4, it might
be expected that also N would be present. However,
no nitrogen was detected in the nickel interlayer. This
suggests that the atomic nitrogen either escaped to the
surface or is trapped in molecular form in pores. In the
latter case, it will not be detected with the applied analy-

Figure 4 SEM micrograph of Ni-Si3N4 interface. T = 1050◦C,
t = 90 minutes.

sis method, as it escapes during cutting of the specimen.
In Fig. 5, it can also be seen that no oxygen is present
in the nickel, which indicates that no oxides are formed
during the bonding process.

4. Discussion
To optimise the diffusion bonding process, knowledge
of the physical and chemical phenomena taking place
at the interface of the materials to be joined is required.
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Figure 5 EPMA line scan across Ni-Si3N4 interface of specimen shown
in Fig. 4.

In the case of ZrO2-Si3N4 bonding using a Ni inter-
layer, two interfaces have to be taken into consideration.
On one side, ZrO2 is bonded to Ni. Using SEM, TEM
and element analysis (EPMA), no reaction products
could be detected at the ZrO2-Ni interface. The high-
resolution image, depicted in Fig. 3, shows that the
lattice fringes of ZrO2 and Ni meet within a distance
of ≈0.3 nm. A reaction layer of a few atomic planes
can therefore not be excluded. However, such a narrow
layer can hardly be thought of as a separate phase. This
suggests that both materials coexist at 1050◦C, which
is consistent with the fact that reactions between ZrO2
and Ni at that temperature are thermodynamically for-
bidden. More specifically, it appears that the reaction
ZrO2 + 2Ni → Zr + 2NiO has a positive Gibbs free en-
ergy (604.3 kJ/mole) [7], which means that this reaction
will not take place at the process temperature (1050◦C).
Thus, it might be concluded that the ZrO2-Ni interface
is directly bonded, without the formation of an inter-
mediate layer of another phase. This observation differs
from the results of other research [8, 9], which suggests
that a nickel oxide layer is needed to achieve bonding
between the Ni and the ZrO2. The findings on the ab-
sence of the reaction products at the ZrO2-Ni interface
are confirmed by [10], although here no proof at the
nanometer scale is given.

The fact that during the bonding process no reac-
tion products or intermediate phases are formed at the
ZrO2-Ni interface, indicates that the choice of the pro-
cess conditions during bonding is not critical. The only
important point is that full contact between ZrO2 and
Ni is reached. This means that each of the process pa-
rameters (temperature, time, pressure) has to exceed a
minimum value, but once full contact between the ZrO2
and the Ni is established, bonding is completed and the
process can be stopped.

Contrary to the ZrO2-Ni interface, the Si3N4-Ni in-
terface is well described in literature [2–4]. During the
diffusion bonding process, decomposition of Si3N4 oc-
curs, leading to a solid solution of Si in Ni and the gen-
eration of free N along the interface. The solid solution
of Si in Ni results in a thin diffusion layer [11]. The free
N diffuses into the Ni and concentrates along the inter-
face, where it can recombine to N2, resulting in pore

formation (Fig. 4). The formation of the layer with high
silicon content and porosity leads to a decrease of the
mechanical strength [11]. This implies that the bonding
time should be restricted. A certain time is needed to
bring the Si3N4 in full contact with the Ni on an atomic
scale, but after this the bond quality will deteriorate by
the formation of a porous layer.

From the results presented here, it is also clear that
the physical and chemical phenomena that take place
at the individual interfaces do not interfere with each
other. From Figs 1 and 5, it can be concluded that no
diffusion of the elements from the ceramic materials
from one interface to the other occurred. This validates
the assumption that both interfaces, although present in
one combination, can be studied separately, as carried
out in this research.

5. Conclusions
The microstructure of ZrO2-Ni-Si3N4 diffusion bonds
has been investigated. Diffusion bonding experiments
were carried out at T = 1050◦C for bonding times be-
tween 22.5 and 360 minutes. Based on the results ob-
tained, the following conclusions can be drawn. At the
ZrO2-Ni interface, no chemical reactions take place.
This implies that the ZrO2 is directly bonded to the Ni
and that no separate NiO phase is needed to make bond-
ing possible. At the Si3N4-Ni interface, decomposition
of Si3N4 occurs, resulting in a solid solution of Si and
N in Ni and the presence of N along the interface. The
latter recombines to N2 and causes porosity along the
interface.
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