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Abstract

Joining of yttria-stabilized zirconia (YSZ) to stainless steels is considered for various applications such as solid oxide fuel cells, thermal barrier
coatings, and medical implants. In the present work, a series of brazing pastes utilizing silver and nickel nanoparticles (�80 nm) mixed with
carboxymethyl cellulose as the organic phase were developed to join 5 mol% YSZ to AISI 420 steel. Effects of processing parameters including
time and temperature of brazing and the composition of the nanopastes on the microstructure of joints and their shear rupture strength were
studied. Elaboration of the joining mechanism by scanning electron microscopy and electron probe micro-analyzer showed solid-state sintering of
the nanoparticles. Limited diffusion of the elements in the 420 SS part caused interface formation with a spongy structure. Increasing of the paste
solid loading increased the density of the spongy structure at the interface region; thereby higher mechanical strength was attained. The joining
was more successful when a silver nanopaste was utilized owing to the higher sintering activity of silver nanoparticles compared to nickel at
relatively low brazing temperatures. Meanwhile, at high solid loadings, localized nanoparticle aggregation and microstructural heterogeneity at
the interface region were observed. Increasing of the brazing time and temperature enhanced the diffusion of elements and improved the joint
strength. Optimization of the processing parameters by the L16 Taguchi method determined that a silver paste with 72% solid loading processed
at 270 1C for 120 min would yield a sound joint with shear strength of 2371 MPa.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Advanced ceramics with outstanding properties such as high
corrosion and wear resistance, low density and suitable mechan-
ical stability at elevated temperatures have wide applications
in electronic devices, hip and bone transplants, and structural
applications such as heat engines, turbines and automotive com-
ponents [1]. To adapt the properties to a desired application,
ceramic-metal joints have been developed. Examples of such
applications include solid oxide fuel cells [2], circuit boards [3],
nuclear instruments [4], hip replacement [5], and turbine blade
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[6]. These functional materials provide an excellent combination
of properties of both metals and ceramics in an integrated part.
Therefore, in recent years joining of ceramics to metals have
attracted significant attention [7]. Due to differences in the
nature of atomic bonding, melting temperature and thermo-
mechanical properties of ceramics and metals, preparation of
sound and defect-free joints with a high mechanical stability is
challenging. So far, various methods such as brazing [8],
soldering [9], co-sintering [10], spark-plasma sintering [11]
and sputtering [12] have been developed and utilized. Each of
these processes has some advantages and disadvantages that
make them suitable for specific applications.
One of the most interesting ceramic-metal joints with wide

industrial applications is stabilized zirconia–stainless steel con-
nections [13]. Zirconia with high flexural strength (�1 GPa),
reasonable toughness (�10 MPa m0.5), and proper stability
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and electrical conductivity at elevated temperatures is a
promising candidate to be used as anode in solid oxide fuel
cells (SOFC) [14], thermal barrier coating (TBC) in aerospace
shuttles [15–17], hip replacement in bone fracture [5], crowns
in dental treatments [18], and protecting coatings in boiling
water reactors [19]. On the other hand, stainless steels are
fairly cheap while having high mechanical strength and
ductility with good thermal-shock resistivity [20]. To prepare
YSZ–SS joints, electron-beam evaporation [21], magnetron
sputtering [22], electrophoresis [23], sol–gel [24], electroche-
mical deposition [25], superplastic joining [26], co-sintering
[10] and active metal brazing [27] have been utilized. The
latter is a promising approach because it is a facile method
with low-processing cost, which does not require specific and
high investment equipments [28]. In this technique, foils of
active metals such as Ti and Ni were inserted between the
ceramic and metal parts and brazed. Melting of the active layer
occurs at the brazing temperature, results in wetting of the
surfaces and causes interface formation. However, relatively
high temperatures have to be utilized to melt the active layer
which during cooling may induce cracks or deflection [29].
Particle-loaded pastes can be utilized to overcome these
barriers [30]. Recently, Herring [31] has shown that micron-
sized silver particles could be used for low-temperature join-
ing. He has inserted a thin layer of silver paste between the
joining couples and employed pressure-assisted sintering to
form a joint. Albeit the advantages of this process in context of
low-processing temperature, pressure-assisted sintering (pres-
sures in the order of 40 MPa [32]) requires special tooling to
avoid die fracturing at the elevated temperatures. On the other
hand, at such pressures a slight irregularities can lead to
cracking of brittle ceramic substrates [33]. Limitations in
shape-complexity of the product and development of residual
stresses are also presented.

In the present work, a novel procedure was utilized for active
brazing of YSZ to SS by using nanopastes without applying a
high pressure upon sintering. Silver and nickel nanoparticles with
an average size of �80 nm were homogeneously distributed into
an organic matrix, which operated as a stabilizer, binder and
dispersant. The organic phase provides initial adhesion and
wetting for the connection and prevents condensation of nano-
particles before brazing [34]. Here, it is noteworthy that
nanopastes have recently found remarkable applications in
electronic circuits, color filters, thin film transistors (TFT) for
liquid crystal displays (LCD), low-temperature lead-free electro-
nics, and flexible joints [35]. Recent studies [36] have shown that
sintering of nanoparticles can be performed at relatively low
temperatures due to enhanced sintering driving forces caused by
high surface curvatures. Bai [37] showed that a nanopaste
containing 78 vol% Ag nanoparticles with an average size of
30 nm could be sintered at 280 1C under standard atmospheric
pressure to obtain fractional density of 80% theoretical with an
elastic modulus of 10 GPa and tensile strength of 43 MPa. Wang
et al. [38] reported shear strength of 15–20 MPa for a sintered
silver nanopaste at a temperature range of 270–325 1C. We have
developed silver and nickel nanopastes for brazing of YSZ to SS
at relatively low temperatures of 270–360 1C. It is shown that
YSZ/SS joints can successfully be prepared without applying
pressure to obtain sound interfaces with fractional density of
about 80% theoretically. The microstructural features and mec-
hanical strength of the joints are presented and the effects of
processing parameters are discussed.

2. Experiments procedure

Bulk 5 mol% Y–ZrO2 plates with a thickness of 3 mm and
density of 2.7 g/cm3 were supplied by Khorasan Science and
Technology Park, Mashhad, Iran. Small specimens with
dimensions of 18 mm� 18 mm were prepared by diamond
cutting disc and diamond grinding wheel. AISI 420 stainless
steel plates were prepared by a magnetic grinding machine.
The joining surfaces were polished by using abrasive papers
followed by mechanical polishing using 1 μm alumina (for SS)
and diamond (for YSZ) pastes. Finally, the surfaces were
thoroughly cleaned by ethanol washing.
Colloidal suspensions of silver and nickel nanoparticles were

provided by Avijeh Company, Tehran, Iran. The nanoparticles
were prepared by Electrical Explosion of Wire [39]. The concen-
tration of silver and nickel particles in the suspension was 1 and
0.8 wt%, respectively. The average size of particles was about
80 nm having a narrow size distribution (Fig. 1a and b) with a
purity of 499%. Carboxymethyl cellulose (CMC) was supplied
by SINOCMC CO. (Germany) and used as the organic phase
composition of the nanopastes. It was reported that carboxymethyl
and hydroxyl can provide hydrogen bonding, forming a large
molecular network that can capture individual nanoparticles [40];
hence, stable nanopastes could be attained. Various amounts of
CMC were added to the nanoparticle colloids to prepare nano-
pastes with different compositions and solid loadings (see Table 1).
The mixtures were homogenized by mechanical stirring followed
by ultrasonic agitation at room temperature. The process was
continued until the mixtures were semi-dried and paintable pastes
were obtained.
For brazing, the nanopastes were placed on the metal sur-

faces by using a clean needle attached to a syringe. Assembling
of the joints were performed by inserting the YSZ plates on the
top of metallic plates, cleaning the extra pastes from the corners,
and fixing the couples by a spring-assisted fixture. The initial
applied pressure on the joint interface was calibrated to �5 MPa.
The assembled parts were loaded into a laboratory furnace and
heated at a rate of 10 1C/min to desired temperature in the range
of 270–360 1C and held for different times from 60 to 150 min,
as reported in Table 1. Air atmosphere was utilized to catalyze
burning of the organic binder by oxygen. After brazing, the
samples were cooled inside the furnace. In order to determine
appropriate processing conditions with minimum experimental
runs, L16 Taguchi design of experiments (DOE) [41] was
employed. Table 1 shows orthogonal arrays of Taguchi DOE
used in this work. Four factors (solid loadings of silver and
nickel, time and temperature) at four levels were evaluated. For
each condition, three samples were prepared. An electronic image
of the prepared joints is shown in Fig. 1c.
The brazed specimens were cut by a diamond saw for cross-

sectional microstructural studies. Scanning electron microscopy



Fig. 1. TEM images show (a) silver and (b) nickel nanoparticles. (c) Digital images of YSZ–SS joints. (d) A schematic representation of the designed mold for
testing of the shear strength. Arrows show the direction of applied load.

Table 1
Chemical composition of nanopasts and the employed sintering conditions.

Sample
No

Nickel
(%)

Silver
(%)

Solid loadings
(%)

Time
(min)

Temp
(1C)

1 16 10 26 90 300
2 24 10 34 120 330
3 32 10 42 150 360
4 8 20 28 120 300
5 16 20 36 150 270
6 24 20 44 60 360
7 32 20 52 90 330
8 8 30 38 150 330
9 16 30 46 120 360
10 24 30 54 90 270
11 32 30 62 60 300
12 8 40 48 90 360
13 16 40 56 60 330
14 24 40 64 150 300
15 32 40 72 120 270
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(SEM, JEOL, Japan) at an operating voltage of 15 kV was
utilized. Electron probe micro-analyzer (EPMA, JEOL JXA-
8230) was used for local chemical analysis along the interface.
The strength of the joints was determined by a shear tooling
designed for this purpose (Fig. 1d). A tensile machine (Instron,
UK) with a load cell of 5 kN was used. The applied strain rate
was 0.1 s�1.

3. Results and discussion

3.1. Microstructure of the joint interface

Fig. 2 shows cross-sectional SEM images of a YSZ–SS
couple after fracturing. This sample was prepared by employ-
ing a Ni/Ag nanopaste (No. 1 in Table 1) and sintering at
300 1C for 90 min. The interface region composed of a spongy
layer of sintered particles with an average thickness of �4 mm
(Fig. 2a and c). The relatively low sintering temperature did
not yield full densification of the nanopaste with a high initial
porosity of 76%. The sintered density of the interface region
was estimated 70% of the theoretical density. Color-code
EPMA images showed that the distribution of Ag and Ni in
the interface region is almost uniform (Fig. 2b and d). It was
also found that diffusion layer formed between the paste and
SS was wider than that of YSZ/paste. The diffusion depth of
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Ni in the SS part (�1.5 mm) was also higher than that of silver
side (�1 mm) while both elements have a limited diffusion in
the YSZ layer (�200 nm). The higher concentration of Ni in
Interface

Stainless Steel

Interface

YSZ

Fig. 2. Cross-sectional SEM images and EPMA analysis of a fractured joint made
Table 1).

Fig. 3. EPMA analysis showing the distribution of Ag and Ni elements through the
(see Table 1).
the nanopaste caused higher concentration gradient and thus
more diffusion force to move. The higher solubility of Ni in SS
and smaller atomic radius also influence the diffusion depth.
by pressure-less sintering of YSZ/SS couple using the nanopaste No. 1 (see

interface region of a YSZ/SS couple prepared by employing nanopaste No. 3



Table 2
Shear strength and modulus of YSZ/SS joints prepared by employing Ag/Ni
nanopasts.

Sample
no

Average thickness
(70.5 μm)

Shear strength modulus
(GPa70.1)

Shear strength
(MPa71)

1 4 0.4 13.6
2 3.9 0.47 14.6
3 4.6 0.34 15/3
4 4.1 0.62 16.8
5 4.5 0.46 17.3
6 4.5 0.57 16.3
7 3.7 0.58 18.2
8 4.3 0.55 16.8
9 4.5 0.45 14.3
10 4.2 0.55 16.8
11 4.5 0.54 15.2
12 3.7 0.42 15.6
13 3.8 0.58 18.0
14 4.2 0.47 18.1
15 3.8 0.61 21.3
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When a higher sintering temperature of 360 1C was utilized
(No. 3 in Table 1), denser interface layer was attained (Fig. 3)
due to higher sintering activity of the nanoparticles at the
elevated temperature and faster diffusion rate that promotes
solid-state sintering. The diffusion depths in the YSZ and SS
layers were also broadened. It was also found the increasing of
the solid loading and the concentration of Ag nanoparticles in
the paste promoted densification during the low-temperature
sintering (Fig. 4). Since the melting temperature of silver is
significantly lower than Ni, increasing of Ag concentration
with higher sintering activity enhanced the densification. The
higher solid loading also yielded denser layer due to more
initial metal–metal contacts and less initial porosity.

3.2. Shear strength

Table 2 reports the interface thickness, shear strength and shear
modulus of YSZ–SS joints prepared at different conditions. As it
was expected, the fracture occurred from the interface due to its
spongy structure. In other words, the strength of this region was
lower than the ceramic and metal counterparts due to the presence
of pores that decreased the load-bearing area with “stress
concentration effect”. The shear strength varied in the range of
14–21 MPa (71 MPa) depending on the paste composition and
sintering condition. It is worth noting that the range of shear
strength and shear modulus obtained is in compliance with
previous research [42] utilizing silver nanopastes. The results
indicated the significant effect of solid loading on the joint strength.
Since the shear strength of porous materials is significantly affected
Fig. 4. SEM images showing the fracture surface of YSZ/SS couples prepared by e
(No. 3), (c) 62 (No. 11), (d) 72 (No. 15).
by the porosity level [43], a denser interface layer exhibits higher
strength. The higher Ag concentration in the nanopaste also
enhanced the strength as higher density could be attained.

3.3. Taguchi analysis and optimization

Effects of paste composition, sintering time and temperature on
the shear strength and modulus were studied. Orthogonal Taguchi
design of experiments was utilized. Fig. 5 shows the results of
mploying Ag/Ni nanopastes. The solid loading (%) was: (a) 26, (No. 1) (b) 42



Fig. 5. ANOVA analysis of the experimental results designed by L16 Tauguchi array. Average effects of each factor including (a) sintering temperature, (b)
sintering time, (c) silver concentration, and (d) nickel concentration on the shear strength and modulus are illustrated. The solid lines only show the trend of
variations.
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DOE analysis. The effect of sintering temperature is shown in
Fig. 5a. As seen, increasing the temperature up to 330 1C improved
the strength and modulus. The higher sintering promotes densifica-
tion and thus more load-bearing of the interface layer. However,
sintering at 360 1C slightly decreased the strength. The effect of
sintering time is shown in Fig. 5b. It was found the prolonged
sintering time at a constant temperature had a marginal effect on
the strength and modulus. By increasing the concentration of silver
and/or nickel nanoparticles, a higher shear strength/modulus was
obtained (Fig. 5c and d). Meanwhile, the effect of Ag concentration
was more pronounced than the Ni content do. In order to determine
the most significant factors affecting the strength of the joints,
ANOVA analysis was performed. While it was possible to
determine the interactions between different parameters, the
contribution of each factor on the shear strength and shear elastic
modulus was examined by [41]:

PA ¼ SA
ST

� 100

ð ∑
z

i ¼ 1
A2
i =NAiÞ�ðð ∑

n

i ¼ 1
y2i Þ=nÞ

ð ∑
n

i ¼ 1
y2i Þ�ðð ∑

n

i ¼ 1
y2i Þ=nÞ

� 100 ð1Þ

where PA is the contribution of factor A, ST is total sum of squares,
SA is sum of the squares of the A factor, and n is the number of
experiments. For the ith level, Ai is the test output (result) and NAi

is number of tests. Yj is the result in ith level of the experiments.
Fig. 6 shows the results of ANOVA analysis to indicate the
contribution of each factor. It was found that the silver solid
loading has the vital role on the strength followed by Ni
concentration. The effect of solid loading can be explained by
higher density of the interface layer but the effect of Ni is inter-
diffusion of Ni in the couple to prepare stronger contact. The effect
of temperature was also more pronounced than time. ANOVA
analysis showed that the most proper condition for joining could be
attained by a nanopaste with 72% solid loading sintered at 330 1C
for 120 min. Under this circumstance, the predicated shear strength
would be 23.371 MPa. The predicated value is close to the
measured value of 2171 MPa for the YSZ/SS joint sintered at
slightly lower temperature (270 1C). This means that employing
higher sintering temperatures is useful to enhance densification of
the bonding layer in order to attain a higher joint strength.
4. Conclusions

Pressure-less joining of 5Y-stabilized zirconia to 420 AISI
SS at low temperatures (o370 1C) was studied. The main
findings can be summarized as follows:
�
 A mixture of silver and nickel nanoparticles can be used to
prepare nanopastes for sound joining of YSZ to SS.
�
 Pressure-less sintering of YSZ–SS couples at low tempera-
tures yielded a porous interface layer. The density of the



Fig. 6. ANOVA analysis presents the contribution of each factor on the (a)
shear strength and (b) shear modulus of YSZ/SS joints.

A.H. Gorji et al. / Ceramics International 41 (2015) 1815–1822 1821
interface region depended on the amount of solid loading,
the composition of the paste, and sintering condition.
�
 Limited diffusion of the paste elements in the joint counter-
parts was noticed. The diffusion depth of Ni was more than
that of Ag diffusion.
�
 DOE analysis showed that solid loading of the nanopaste
has the most important factor affecting the strength of the
joints followed by the concentration of nickel.
�
 The highest shear strength was attained for a 32/40 Ag/Ni
paste with 72% solid loading.
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