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Physical and electrical properties of three types of Ag-Pd pastes, which consist of different
metal fine powders, i.e., a coprecipitated powder, an agglomerated alloy powder made by
heat treatment and a pulverized alloy powder produced by improved pulverization method,
have been studied. The paste prepared from pulverized alloy powder showed a higher film
packing density (6.3 g/cm3) than those made of the other powders. The film consisting of
pulverized alloy powder showed a lower expansion at around 500 ◦C, a lower shrinkage
from 700 ◦C to 1100 ◦C and a lower electric resistivity. The results indicated that the paste
which consists of an pulverized Ag-Pd alloy powder was superior in performance to the
other two pastes for an internal electrode material of multilayer ceramic device.
C© 2001 Kluwer Academic Publishers

1. Introduction
At present, silver-palladium (Ag-Pd) coprecipitated
powders are the materials often used for internal elec-
trodes of multilayered ceramic capacitors (MLC) and
multilayered piezoelectric actuators. Conventional Ag-
Pd coprecipitated powder is easily oxidized during resin
removal process; the oxidized powder is easily reduced
and rapidly release oxygen around the sintering temper-
ature of ceramics. It has been reported that these redox
reaction cause a delamination, an expansion and cracks
of electrode near boundary regions between electrode
and ceramic capacitor. And the following problems are
occurred by the heat treatments: silver oxide (Ag2O)
and palladium oxide (PdO) formed during the resin-
removal process react with lead (Pb) in dielectric ma-
terials and degrade the dielectric characteristics of the
ceramics [1–11]. For example, Linget al. [1] reported
that silver (Ag) is diffused into magnesium led niobate
(PMN) from an internal electrode (Ag-Pd) of the MLC

after 10 h of annealing at 800◦C and is diffused over
a distance of approximately 5µm. Slinkinaet al. [2]
also reported that Ag has a high diffusion coefficient
and is diffused into ceramics composed of Pb0.95Sr0.06
(Zr0.53Ti0.47) O3+ 1 mol%Nb2O5 over a distance more
than 100µm. Chuet al.[3] similarly demonstrated that
diffusion of Ag promoted particle growth of Ag, which
increased the maximum values of the dielectric constant
and dielectric loss, and deteriorates insulation resis-
tance of dielectric materials. However, there have been
very few reports about the influence of Ag diffusion into
dielectric material on the reliability of capacitor perfor-
mance. Maheret al. [4] conducted accelerated lifetime
tests for low-temperature-sintered BaTiO3-MLCs with
internal electrodes composed of Ag-Pd (70-30, wt%) or
Au-Pd-Pt (60-20-20, wt%). They did not, however, clar-
ify the influence of Ag diffusion on dielctrics. Recently-
developed large capacitance MLCs have a dielectric
material with thickness of 10µm or the less; therefore,
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diffusion of Ag into the dielectric layers from an in-
ternal electrode has become an increasingly important
concern [7–9]. Kanaiet al. [10, 11] compared the tem-
perature characteristics of the dielectric constants of
MLCs to those of disk samples, both of which has
dielectric layer with 13µm in thickness and Ag-Pd
(70-30, wt%) internal electrode. And they found that
dielectric constants of the MLCs increased by 8% and
the Curie point (Tc) decreased by 5◦C compared to
disk samples. The results suggested that Ag diffusion
possibly deteriorates insulation resistance.

Recently, it was found that alloy powders used for
electrode materials effectively prevent a deterioration
of insulation resistance. And methods to synthesize ul-
trafine alloy powders for internal electrode have been
actively investigated [12–15].

In this study, we focused on a wet chemical method
for synthesis of ultrafine metal powder, which can be
applied to mass production at low cost. We investigated
the temperature and the time dependences of alloy for-
mation by heat treatment of coprecipitated powders.
And the investigation extended to the clearness of re-
lationship between powder morphology and packing
density of electrode films. The relationship needs to
investigate for the production of high-capacity MLC.
In addition, the electrical characteristics of electrode
films were investigated for a paste consisting of pulver-
ized Ag-Pd alloy powder by comparing with the pastes
prepared from conventional coprecipitated powder and
from unpulverized alloy powder.

2. Experimental methods
Coprecipitated powders with composition of 70%
Ag/30% Pd (hereafter abbreviated as Ag-Pd (70-30))
and 30% Ag/70% Pd (Ag-Pd (30-70)) were used as
starting material. Both powders were synthesized from
silver nitrate and palladium nitrate as metal seeds by a
wet chemical reduction method with hydrazine anhy-
dride as reducing agent. With respect to alloy forma-
tion, temperature dependence of Ag-Pd coprecipitated
powders was investigated at heating temperatures from
300 to 500◦C under an inert atmosphere; in addition,
a time dependence of heat-treatment was investigated
from 1 h to 5 h at thesame temperature range. With re-
spect to pulverization of agglomerated powders, a de-
gree of pulverization of agglomerated Ag-Pd (70-30)
or Ag-Pd (30-70) powders, both of which are mechan-
ically pulverized by either a dry or a wet method, was
investigated by using a scanning electron microscope
(SEM) and by measurements of the mean particle size
and particle size distribution. A formation of Ag-Pd
alloy was confirmed by X-ray diffractometry using
Cu Kα (XRD; Rint-200, Rigaku Electrics). A degree
of agglomeration before and after the heat treatment
for alloy formation was evaluated from a measurement
of particle size distributions of alloy powders by using
a laser-deflection particle-size-distribution meter (Mi-
crotrack, HRA100 type, Nikki Sou, Co., Ltd.). Oxi-
dation behavior of alloy powders was investigated by
using thermogravimetric differential thermal analyzer
(TG-DTA; Thermoflex, Rigaku Electrics). The proper-
ties of alloy powders were evaluated from the tapping

density and the specific surface area of the powders
determined by the BET method.

Pastes for electrode film were prepared as follows:
each of the metal powder was mixed with terpineol solu-
tion containing ethyl cellulose as the binder. The result-
ing mixture was subjected to conventional mixing by a
high-speed vibration mixer (MKR-300, Daiken Chem-
ical Ind. Co., Ltd.). In order to evaluate properties of
the pastes, the pastes were tape-casted to films for green
density and shrinkage measurements, and also screen-
printed on alumina substrate to form Ag-Pd electrode
film for resistivity and surface microstructure measure-
ments. A shrinkage of the casted films was measured
after the sintering at a temperature range from 400◦C to
1100◦C. A microstructure of surface of electrode film
was observed by SEM (JSM-6100, Nihon Electronics)
measurement. An electric resistivity of the film was
also measured. A composition of the electrode film and
a distribution of Ag and Pd in the film were analyzed
by EPMA.

3. Results and discussion
3.1. Dependence of alloy formation on

heating temperature and time
Fig. 1 shows XRD patterns of Ag-Pd (70-30) copre-
cipitated powders fired at temperatures from 300◦C to
500◦C for various sintering times in inert atmosphere.
Fig. 2 shows XRD patterns of Ag-Pd (30-70) coprecip-
itated powders subjected to the same heat treatment.

As shown in Fig. 1, the Ag-Pd (70-30) coprecipi-
tated powder formed an alloy at 300◦C for 5 h. When

Figure 1 X-ray diffraction patterns of Ag-Pd powders with various
heating temperatures and times. (a) Ag-Pd (70-30) coprecipitated pow-
ders, (b) 300◦C-1 hr, (c) 300◦C-5 hr, (d) 350◦C-1 hr, (e) 350◦C-5 hr,
(f) 400◦C-1 hr. h: Ag, x: Pd,×: Non Alloying, n: Alloying.
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Figure 2 X-ray diffraction patterns of Ag-Pd powders with various heat-
ing temperatures and times. (a) Ag-Pd (30-70) coprecipitated powders,
(b) 400◦C-3 hr, (c) 400◦C-5 hr, (d) 500◦C-1 hr. h: Ag, x: Pd,×: Non
Alloying, n: Alloying.

shortened the sintering time, alloy formation is not com-
plete even at 350◦C.

As shown in Fig. 2, the Ag-Pd (30-70) coprecipitated
powder formed an alloy at 500◦C for 1 h. An increase
in the Pd content in the powder need higher temperature
for alloy formation. These results indicated that paste
with higher Ag content was affected remarkably by sin-
tering time rather than sintering temperature for alloy
formation; the paste with higher Pd content, however,
was affected strongly by sintering temperature rather
than sintering time. This may be due to the ease diffu-
sion of Ag into Pd during the alloy formation.

3.2. Pulverization of agglomerated particles
Agglomerated particles were pulverized into primary
particles by application of mechanical force either of
the dry or the wet methods. As is well known that
fine metal powders of approximately 1µm in parti-
cle size or the less agglomerate strongly under dry
conditions and behave as if they were bulk powders.
Strongly reagglomerated Particles were often observed
after drying of metal powder dispersed in a solution.
In this study, the following procedure was used to pre-
vent pulverized powder from a reagglomeration: or-
ganic compounds which react directly with metal pow-
der were added to the slurry made of agglomerated
alloy powder, then a strong mechanical shearing force
was applied to the slurry to pulverize the agglomerated
particles. And a mechano-chemical reaction was simul-
taneously occured on the surface of the newly generated
alloy particles to form a self-organizing film with the
organic compounds. Thus a reagglomeration of powder
was controlled by this reaction.

Fig. 3 shows SEM images of agglomerated powder
in a slurry consisting of Ag-Pd (70-30) coprecipitated
powder, which subjected to no heat treatment nor no

Figure 3 SEM photographs of various Ag-Pd powders: (a) Ag-Pd (70-
30) coprecipitated powders; (b) Ag-Pd (70-30) non-pulverized alloy
powders; (c) Ag-Pd (70-30) pulverized alloy powders.

pulverized treatment, and alloy powder pulverized by
the mechanical dispersion and pulverization method.
Fig. 4 shows particle size distribution of the coprecip-
itated powder, unpulverized alloy powder and pulver-
ized alloy powder. As shown in Figs 3 and 4, agglomer-
ated particles shaped like a bunch of grapes with 10µm
in diameter or the larger were sequentially pulverized
into primary particles by the mechanical dispersion and
pulverization method. In addition, the results of parti-
cle size distribution (Fig. 4) showed that reagglomer-
ation of the pulverized powder in slurry during drying
process was suppressed by the presence of the organic
self-forming film.
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Figure 4 A particle size distribution measured by Microtrac laser parti-
cle size analyzer: (a) Ag-Pd (70-30) coprecipitated powders; (b) Ag-Pd
(70-30) non-pulverized alloy powders; (c) Ag-Pd (70-30) pulverized
alloy powders.

3.3. Powder properties of alloy particles
Fig. 5 shows the TG-DTA curves of Ag-Pd (30-70) co-
precipitated and Ag-Pd (30-70)alloy powders. The TG
curves in Fig. 5a showed that an oxidation gradually oc-
cured around 200◦C for coprecipitated powder, while
the alloy powder began to be oxidized rapidly at ap-
proximately 400◦C. The results suggested that thermal
resistance of powder was improved by alloy formation
in the powder. Fig. 5b showed DTA curves. Exother-
mic peaks due to oxidation of Ag and Pd were observed
at approximately 200◦C and 470◦C, respectively, and
endothermic peak due to reduction of Pd oxide around
800◦C for coprecipitated powders. In contrast, exother-
mic peak due to oxidation of alloy was observed at ap-
proximately 550◦C and a relatively small endothermic
peak due to reduction of alloy oxide around 800◦C for
the alloy powders. The results indicated that the alloy
powders are superior in oxidation resistance to the co-
precipitated powders. Table I shows the specific surface
area and tap density of three different powders; Ag-Pd

Figure 5 TG-DTA curve of Ag-Pd powders: (a) Ag-Pd (30-70) copre-
cipitated powders; (b) Ag-Pd (30-70) alloy powders.

TABLE I Densities of Ag-Pd powders: (a) Ag-Pd (70-30) copre-
cipitated powders; (b) Ag-Pd (70-30) non-pulverized alloy powders;
(c) Ag-Pd (70-30) pulverized alloy powders

Sample Average particle Specific surface Tap density
name size (µm) area (m2g−1) (gcm−3)

(a) 2.34 0.99 1.90
(b) 9.13 1.53 0.92
(c) 1.40 1.13 4.05

coprecipitated powder, alloy powder without pulver-
ization and alloy powder with pulverization treatment.
The specific surface area of pulverized alloy powder
was smaller than those of the coprecipitated powder and
alloy powder without pulverization. The pulverized al-
loy powder had higher tapping density than other two.
Those results may come from a formation of dense
and smooth surface of the pulverized alloy particles
because of the melting of the surface of the particles
as observed in SEM measurements, and of a forma-
tion of monodispersed particles from agglomerate by
pulverization.
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3.4. Characteristics of paste prepared
from alloy powder

3.4.1. Influence of powder morphology on
green density of casting films

Pastes for internal electrodes used in MLCs and mul-
tilayered piezoelectric actuators should essentially be
composed of homogenous monodispersed primary par-
ticles without agglomeration. The degree of monodis-
persity is evaluated by measuring the packing den-
sity [16] of the film made by tape casting. Designating
the green density asρg, the dry density of the powder
asρd, and the mass content of the powder as Xd, the
packing densityP is given as Equation 1.

P = ρg× Xd/ρd (1)

Fig. 6 shows the relationship between agglomerated
particle size and green density of the film, and the one
between agglomerated particle size and packing density
obtained from Equation 1.

As shown in Fig. 6, the green density of the film
made of the coprecipitated powder was 3.8 g/cm3, and
that of the film of the unpulverized alloy powder was
2.7 g/cm3, whereas that of the film of the pulverized
alloy powder was greatly improved to be 6.2 g/cm3.
This result indicated that agglomerated alloy powder
due to thermal treatment was almost pulverized to pri-
mary particles, which resulted in significant increase in
the green density of casted film. It could also mention
that dispersibility of the pulverized alloy powder was
improved remarkably. Furthermore, since the packing
density of the film of the pulverized alloy powder was
57%, which was higher than that of the film of unpulver-
ized powder (25%), the Ag-Pd pulverized alloy powder
is almost regarded as monodispersed powder.

3.4.2. Relationship between sintering
shrinkage and powder morphology

Three types of pastes were prepared from Ag-Pd
coprecipitated powder, unpulverized alloy powder and

Figure 6 Relationship among agglomerated particle diameter, green
density and packing density.m: Ag-Pd (70-30) coprecipitated
powders; x: Ag-Pd (70-30) non-pulverized alloy powders;j: Ag-Pd
(70-30) pulverized alloy powders.

Figure 7 Relationship between firing temperature and shrinkage.n: Ag-
Pd (70-30) coprecipitated powders;h: Ag-Pd (70-30) non-pulverized
alloy powders;u: Ag-Pd (70-30) pulverized alloy powders.

pulverized alloy powder. These pastes were tape-casted
to film and sintered at a temperature range from 400◦C
to 1100◦C. A shrinkage of the film was measured after
the sinterings. As shown in Fig. 7, the film made of
Ag-Pd coprecipitated powder showed a high expansion
as 6.1% at 400◦C due to oxidation, and finally showed
29.3% in shrinkage after the sintering at 1100◦C. In
contrast, the film made of the pulverized alloy powder
showed a lower expansion as 0.21% at 400◦C due to
oxidation, and 16.38% in shrinkage after the sintering
at 1100◦C, which could be predicted from the higher
packing density of pulverized alloy film. A shrinkage of
the film of the pulverized alloy powder almost reached a

Figure 8 Relationship between firing temperature and electric resistibity
of the films made of various Ag-Pd powders.n: Ag-Pd (70-30) copre-
cipitated powders;h: Ag-Pd (70-30) non-pulverized alloy powders;u:
Ag-Pd (70-30) pulverized alloy powders.
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constant value at 700◦C, and did not change up to
1100◦C. This tendency is different from that of the
film made of Ag-Pd coprecipitated powder at temper-
ature range from 800◦C to 900◦C. From these results,
a sintering temperature for the electrode film made of
pulverized alloy powder might be lowered by 100◦C–
200◦C than the film of coprecipitated powder, which
indicated that the former powder has superior in view
of lower-sintering characteristics. An expansion of the
film due to oxidation was similar for unpulverized alloy
powder and pulverized alloy powder. However, since
the packing density of the film of unpulverized alloy

Figure 10 EPMA image of surface of films made of coprecipitated powder and pulverized alloy powder fired at 1100◦C: (1) Ag-Pd (70-30)
coprecipitated powders; (2) Ag-Pd (70-30) pulverized alloy powders.

powder was lower because of containing agglomerate
particles, the final shrinkage of the film of unpulver-
ized alloy powder was fairly as high as 37.1%. Thus,
an expansion of the film sintered at 600◦C or lower is
mainly affected by oxidation, and a shrinkage of film
sintered at 600◦C or higher is mainly affected by the
dispersibility of the powder.

3.4.3. Relationship between electric
resistivity and powder morphology

An electric resistivity of three types of electrode films
was measured at room temperature and shown in Fig. 8.
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There was no difference in the electric resistivity for
the films made of coprecipitated powder and pulver-
ized alloy powder sintered at temperatures between
700◦C and 1000◦C. However, an electric resistivity
of the film of coprecipitated powder was remarkably
decreased from 110µÄ cm to 15µÄ cm as the sin-
tering temperature increased from 400◦C to 700◦C.
A large change in electric resistivity was clearly ob-
served for the film of coprecipitated powder sintered
at resin removal temperature range. And for the sin-
tering temperature above 1000◦C, a resistivity was in-
creased from 5µÄ cm (sintered at 1000◦C) to 8µÄ cm
(at 1100◦C). Such small increase in resistivity of film
made of coprecipitated powder was considered to be
due to particle growth as shown in the SEM obser-
vation. This phenomenon is also observed in the film
made of unpulverized alloy powder; an electric resistiv-
ity was increased from 15µÄ cm (sintered at 1000◦C)
to 18µÄ cm (at 1100◦C). And much larger changes in
electric resistivity were observed at sintering tempera-
ture between 400◦C and 700◦C. In contrast, the film
made of pulverized alloy powder showed a small de-
crease in electric resistivity from 18µÄ cm to 5µÄ cm
as the sintering temperature increased from 400◦C to
1000◦C. An electric resistivity of the film made of pul-
verized alloy powder sintered at 1000◦C and 1100◦C
was almost the same value as that of bulk Ag-Pd (70–
30) (3–4µÄ cm). The results came from the reason
that an anomalous particle growth was suppressed in
the film of pulverized alloy powder because of pulver-
ization of agglomerated particles.

Problems associated with the sintering of MLCs,
such as delamination, expansion, cracks, broken elec-
trodes and short circuits, are triggered by rapid sinter-
ing of Ag-Pd electrode. The results mentioned above
demonstrate that dispersibility of alloy particles in the
paste is a very important factor for electrode sintering.

3.4.4. Surface microstructure of sintered
electrode films

Surface microstructure of three types of films made by
tape casting was observed by SEM measurements and
shown in Fig. 9. The film made of pulverized alloy pow-
der was highly densified at 800◦C and had facets on the
surface of the film. In contrast, striped patterns rather
than facets were observed on the surface of the film
made of coprecipitated powder. This phenomenon ob-
served in the film of coprecipitated powder might come
from the reason that independent particle growths of Ag
and Pd were proceeded simultaneously with formation
of Ag-Pd alloy during heat treatment. Fig. 10 showed
the distribution of Ag and Pd in the film sintered at
1100◦C. Ag and Pd distributed inhomogeneously in
the film made of coprecipitated powder. This is prob-
ably lead to an inhomogeneous alloy formation in the
film because alloy formed during the heat treatment for
the films made of coprecipitated powder. In contrast, an
macroscopicaly homogeneous composition is observed
in the film made of pulverized alloy powder. However,
homogeneous distribution of Ag and Pd in microscopic
order was not noted in the SEM images. A dispersibil-

ity of powder was much improved in the films made
of pulverized alloy powder rather than coprecipitated
powder.

In order to study homogeneity of the alloy powder, we
calculated the weight ratio of Pd to the entire weight by
removing the element identified as Pd from the EPMA
image. As a result, the relative amount of the Ag-rich
alloy phase was determined to be 85.7%, and that of Pd-
rich alloy phase was 14.3%. It is said that Ag-Pd alloy
was not formed with complete homogeneity, but had a
composition of at least 15.7% of the Pd exist. Even if
an alloy was confirmed to have complete homogeneity
by XRD analysis, Ag-rich and Pd-rich phases might
be coexisted. Since alloy-formation experiment in the
present study was carried out as low temperature as
300◦C for 5 h, it is not expected that Ag and Pd form
completely homogeneous alloy. Macroscopically ho-
mogeneous alloys were finally formed in the both films
made of coprecipitated powder and pulverized alloy
powder by heat treatment at 1100◦C, but locally seg-
regated Ag might exist in the films of coprecipitated
powder. These segregated Ag and Ag in incomplete
Ag-Pd alloy may react with Pb components in PMNs
and PZTs, and results in a deterioration of the dielectric
characteristics of the dielectric materials.

A Surface of the electrode film formed by screen
printing needs to be flat and pinholeless. A surface
roughness of the films made of Ag-Pd (70–30) co-
precipitated powder and pulverized alloy powder was
measured. A film made of coprecipitated powder had
a rather convex-concave surface and a pretty large sur-
face roughness as 0.16µm Ra. In contrast, the film
made of pulverized alloy powder had fairly flat surface
with surface roughness of 0.13µm Ra.

4. Conclusion
Physical and electrical properties of three types of Ag-
Pd electrode films, which consist of different metal fine
powders have been studied. And the following conclu-
sions are obtained.

1) Ag-Pd (70–30) coprecipitated powder (i.e., con-
taining excess Ag) was formed into alloy by heating at
300◦C for 5 h. And Ag-Pd (30–70) powder (containing
excess Pd) was formed into alloy at 500◦C for 1 h.

2) The alloy powder synthesized in this study
showed higher oxidation and thermal resistances than
the coprecipitated powder

3) The film made of pulverized alloy powder showed
higher green density than the films made of coprecipi-
tated powder and unpulverized alloy powder.

4) Electrode Film made of pulverized alloy powder
showed smaller shrinkage than the films made of co-
precipitated powder and unpulverized alloy powder for
the sinterings at temperature up to 1100◦C.

5) An electric resistivity of electrode film made of
pulverized alloy powder was 5µÄ cm which is almost
same value as that of bulk Ag-Pd (70–30).

6) An electrode film made of pulverized alloy pow-
der had fairly flat surface with surface roughness of
0.13µm Ra.
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