J Mater Sci (2010) 45:2466-2473
DOI 10.1007/s10853-010-4218-9

Effect of particle size in Ni screen printing paste of incompatible

polymer binders

J. H. Sung - J. Y. Lee - S. Kim - J. Suh -
J. Kim - K. H. Ahn - S. J. Lee

Received: 13 September 2009/ Accepted: 9 January 2010/ Published online: 21 January 2010

© Springer Science+Business Media, LLC 2010

Abstract Dispersion of nano-sized particles at high solid
content has attracted attention in many industrial applica-
tions such as printed electronic products. However, the
material design and processing heavily depends on expe-
rience with little quantitative measure. For fabrication of
thinner dielectric layers, Ni size is getting smaller when
used as an inner electrode in multilayer chip capacitor
(MLCC). In the present study, we investigate the rheo-
logical properties and printing performance of the pastes
with two different sizes of Ni particles in the same
incompatible binder mixtures of ethyl cellulose (EC) and
polyvinyl butyral (PVB). The difference in particle size
causes different microstructural heterogeneity and highly
nonlinear rheological properties upon the external flow
field. The printing pattern and the surface profile are also
analyzed by confocal images after screen printing. For
smaller particle size of Ni, the more heterogeneous
microstructure is observed with increasing PVB content,
which is evidenced by the screen printing images as well as
its rheological behavior. We explain the difference of
spatial heterogeneity in terms of different interactions
between particle—particle and particle—polymer. This work
is believed to contribute to better design of inner electrodes
and processing in MLCC manufacturing.
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Introduction

Multilayer ceramic capacitor (MLCC) comprises of alter-
nating layers of inner electrodes and ceramic dielectrics
connected in parallel. MLCC requires highly volume effi-
cient and high-capacitance properties despite reduced layer
thickness, which can be realized by controlling key factors
such as increased number of active dielectric layers, wide
overlapped area, precious stacking of the electrodes, and
developed high dielectric formulation. Difficulty in manu-
facturing process lies in the use of submicron- or even
nanosized dielectric powders and the application of layer
deposition techniques, which originates from the difficulty
in layer handling due to severely reduced thickness. Ni is
preferred as the internal electrode material due to cost
advantage with high capacitance. Fabrication technology for
thin-dielectric-layer Ni-MLCC has been progressed under
the goal of larger capacitance with thinner dielectric layers,
which can be realized with finer dielectric and electrode
powders [1]. The Ni electrode continuity and the dielectric-
electrode interfacial microstructure strongly affect the
electrical properties of the multilayer capacitors. That is, the
total capacitance of MLCC depends on the effective area of
internal electrodes, and the total resistance depends on the
interfacial contact resistance between the Ni electrodes and
dielectric layers. The correlation between the heating rate
and the thickness of an interfacial layer was reported in
terms of electrode continuity [2] and the dependence of the
electrical characteristics on the number of dielectric layers
were explained in terms of the residual stress [3]. The
interfacial layer between the Ni electrodes and BaTiO;
dielectric layer has been studied by accelerating the dis-
continuity of Ni electrodes during the sintering process.

Ni paste for inner electrode is composed of various
organic additives such as dispersant, solvent, and polymer
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binders. Paste is a system with high concentration of
particles in polymer binder solution, which is required to
control the dispersion and the rheological properties. Paste
rheology strongly affects the processing condition
depending on the factors such as solid contents, particle
size and distribution, component composition, mixing
process [4—7], and correlates well with screen printability
[8]. In general, the binder plays an important role in highly
filled particle system for dispersion purpose. When the
excess amount of binder is used in the paste system, the
final film is formed with lower particle density after sin-
tering caused by the porosity of binder burnout. When the
amount of binder is not sufficient to disperse the particles,
they tend to aggregate resulting in coarse network structure
of the paste, which may cause crack or separation during or
after drying process. As the role of a binder is important in
paste design, there have been many studies on the kinds of
polymer binders like ethyl cellulose (EC) [8, 9] or poly-
vinyl butyral (PVB) [10, 11], different solvent condition
[12], and the effect of dispersant [13]. Polymer binder
bridges the particles depending on the affinity of the binder
and the particles. However, little has been studied on the
effect of a binder on the rheology of the electrolyte paste
for the optimization of the screen-printing process as in
MLCC manufacturing process.

Most dispersions show non-Newtonian behavior which
exhibits both viscous and elastic properties. The visco-
elastic behavior of the concentrated particle system
includes the time-dependent flow phenomena such as
thixotropy and rheopexy, or shear-dependent phenomena
like shear thinning or shear thickening which involves the
formation or breakdown of the structures. The system
depends both on the solid particles and the continuous
phase. In particle/polymer mixtures, the dispersion stability
is mainly determined by particle—polymer or particle—par-
ticle interaction. Adsorbed polymer can lead to steric sta-
bilization in a good solvent or flocculation in a poor
solvent. Non-adsorbing polymer can be a repulsive barrier
or alleviate attractive depletion effect in a good solvent.
The polymer—solvent interaction can be another factor
affecting the dispersion state of the suspension. The poly-
mer chains can be further extended in a good solvent since
the polymer—solvent attraction is stronger than the poly-
mer—polymer attraction. The conformational degree of
freedom may decrease with overlapping of the polymers as
the particles come close to each other. This is because the
compatibility of a polymer system depends on the inter-
action between the solvent and the polymer as well as
between two different polymers [14]. For better control of
the microstructure of the electrodes and higher perfor-
mance, smaller size of Ni particle is required for thinner
electrode and sometimes it is promising to use multibinder
system to satisfy the performance, for example, to use EC

for good printing and leveling and PVB for excellent
adhesion. When the particle size decreases or other com-
ponent such as secondary binder is added, the dispersion
state of the paste can change dramatically, which may lead
to many challenging problems in the relevant industry.

The purpose of the present work is to investigate the size
effect of Ni paste in incompatible polymer binder system.
In this work, the compatibility of EC and PVB at various
compositions and its effect was studied using the rheo-
logical methodology. The microstructure of the paste and
the surface images after screen printing were also investi-
gated, and the rheological properties were correlated with
the dispersion state of the paste.

Experiments
Preparation of Ni paste

Ni powder used in this study (Shoei Chemicals Company,
Japan) has BET-specific surface area of 6 & 0.5 m?%/g,
density 5.8 x 10° kg/m’, and the mean particle diameter of
120 and 180 nm. Dihydroterpineol acetate (DHTA, Nippon
Terpene Chemicals Inc., Japan) was used as a suspending
medium. DHTA-based Ni paste system containing long
chain fatty acid alkyl amine salt (ED116, Kusumoto
Chemicals Ltd., Japan) as a dispersant was used with two
different polymer binders. For good printability and lev-
eling performance of Ni paste, ethyl cellulose (EC, Dow
Chemical Corp.) having an ethoxyl content of 48.0-
49.5 wt% and the molecular weight of 1.91 x 10° g/mol
was used. Poly(vinyl butyral) (PVB, Sekisui Chemical,
Japan) with the molecular weight of 3.6 x 10° g/mol,
which shows excellent adhesion with green sheet was also
used as a binder. Ni pastes were composed of 8.3 & 0.0
vol.% solid particles dispersed in organic solvent with
2.7 £ 0.2 wt% polymer binders and 0.8 + 0.1 wt% dis-
persant based on the weight of the Ni powder. We prepared
five samples with different compositions of two binders for
each Ni particle size (120 and 180 nm), respectively. The
ratio of EC:PVB in Ni paste was changed as 100:0, 70:30,
50:50, 30:70, and 0:100, keeping the total amount of
polymer binders as 2.7 + 0.2 wt% based on the weight of
Ni powder. We named the paste systems as ECI0PVBO,
EC7PVB3, EC5PVBS, EC3PVB7, and ECOPVBI10 based
on the binder composition. Ni paste was dispersed and
stored using a 3-roll mill for phase stability.

Rheological properties of Ni paste
Rheological properties were characterized using a con-

trolled strain rheometer (ARES, TA Instruments) with a
parallel plate fixture and gap size of 1 mm. Each sample
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was loaded and relaxed for 30 min prior to measurement.
Cone and plate geometry was used to measure the viscosity
of dilute polymer solutions, whose diameter was 50 mm
and cone angle was 0.04 rad.

Screen printing

Screen printing was performed at 300 mm/s of printing
speed with C400 mesh, 2.0 mm of snap-off distance, and
7.5 kgf/em? of squeegee pressure.

Surface characterization of dried film

Printed surface was observed by using a confocal laser
scanning microscope (CLSM, OLS3000, LEXT) with a
semiconductor laser (A =408 + 5 nm) after drying.
A scanning type laser microscope scans over the specimen
in x—y direction. In addition, the surface in z-direction can
be recognized by repelling light that comes from place
other than focusing position. One-dimensional surface
profiler (Alpha-step) which has a resolution of 0.1 nm in
z-direction and 0.01 pm in x-direction was used.

Results and discussion

Ni paste used for inner electrode in MLCC manufacturing
requires the performance of the final film which should be
as dense as possible, no defect, and moderate shrinkage of
the substrate during drying and sintering. Among the
components in the paste with highly filled particle contents,
the most important one is the binder which plays a key role
in optimizing the film microstructure. The paste shows
complicated rheological behavior depending on deforma-
tion history, which is strongly correlated with screen
printing process and affects the morphological character-
istics after drying process.

Figure 1 shows the shear viscosity (a) and dynamic
moduli (b) as a function of composition ratio of two binder
polymers. Shear thinning behavior is observed due not only
to the alignment of the particles but also to the orientation
of the polymer chains with increasing shear rate.
EC10PVBO shows the highest viscosity and ECOPVBI10
shows the lowest value. The frequency dependence shows
that the loss modulus (G'’) is larger than the storage
modulus (G’) irrespective of the composition, and
EC10PVBO is more elastic than ECOPVB10. When the
particles are dispersed in polymer matrix, the high fre-
quency behavior originates from the characteristics of the
polymer matrix, and the low frequency behavior reflects
the microstructural details of the particle dispersion in
particular. The low frequency moduli increase with EC
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Fig. 1 a Shear viscosity and b dynamic moduli of 180 nm Ni pastes
at different binder compositions

content, which implies that EC forms stronger percolating
network of flocs compared to PVB.

Figure 2 shows the viscosity of Ni paste with different
particle size (a) 180 nm and (b) 120 nm dispersed in dif-
ferent binder solutions. Shear viscosity is higher in 120 nm
Ni paste system than that of 180 nm Ni paste by an order of
magnitude and rapidly decreases with shear rate. Shear
thinning has been attributed to the alignment of the parti-
cles into layers which may slip or distorts the existing
structural order. The highly filled paste forms a structured
network that is gradually broken when the shear is applied.
The paste with 120 nm Ni forms stronger network structure
at low shear rate compared to the paste with 180 nm Ni,
which is evidenced by the larger viscosity. Although it is a
well-dispersed system, the flocs or aggregates are unavoid-
able, leading to size distribution and local heterogeneity.
The effect of size distribution on viscosity depends on
particle—particle interaction and the softness of the particle
surface [15]. Due to this local heterogeneity, the structure
of the paste adjacent to a solid boundary can be different
from that in the bulk. As a consequence, the rheological
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Fig. 2 Shear viscosity of Ni paste with different size a 180 nm and b
120 nm

properties at the boundary differ from those of the bulk and
induce a wall effect [16].

The viscoelastic properties of the paste are determined
by the balance of the interactions and forces; Brownian
force, hydrodynamic interaction, and interparticle forces
(i.e., van der Waals attraction, steric interaction, double
layer repulsion, etc.). They are governed by many factors
such as volume fraction, particle size, shape distribution,
surface chemistry, and ingredients. The rheology of the
concentrated suspension is complex and heavily depends
on deformation history. Figure 3 shows the strain sweep
test results with two different size (a) 180 nm and (b)
120 nm Ni pastes at a frequency of 0.1 rad/s. The curves
remain constant at small strain, and then start to decrease at
certain strain amplitude, so called the ‘critical strain’ (Y¢)-
All the pastes that include EC binder in 180 nm Ni paste
system show the linear viscoelastic region where the
microstructure is unperturbed from the external flow field
and the strain-independent behavior is observed (constant
modulus). At high strain, G’ decreases due to the break-
down of internal microstructure resulting in the nonlinear
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Fig. 3 Strain amplitude sweep test of Ni pastes with two different
particle sizes a 180 nm and b 120 nm at different ratio of two binders

viscoelastic behavior. Interesting is the reverse trend of G/
in 180 and 120 nm Ni pastes with strain. The critical strain
in Fig. 3a slightly increases as PVB content increases,
except for ECOPVB10. However, the critical strain in
Fig. 3b significantly decreases as PVB content increases.
We have no clear understanding yet for this reversal, but it
clearly shows the difference from different particle size. In
addition, the cross-over point (G’ = G") gradually shifts to
higher strain in 180 nm Ni paste system as PVB content
increases. However, in 120 nm Ni paste, the cross-over
point shifts to lower strain; for example, at y = 50 for
EC7PVB3 and at y = 5 for ECSPVB5. When the strain
increases further, a breakup of network occurs and the
paste experiences a transition into the liquid-like state. This
phenomenon leads to shorter linear viscoelastic region with
increasing PVB content in 120 nm Ni paste. Correlation
between the microstructure and the rheological properties
with different Ni size dispersed in binary binder solution
will be discussed later.

Figure 4 shows the surface images of screen printed film
from (a) 180 nm and (b) 120 nm Ni pastes with different
ratio of EC and PVB binders. Printing quality is better for
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Fig. 4 Confocal images of printing surface of Ni pastes with different particle size a 180 nm and b 120 nm at various ratio of binder mixtures

180 nm Ni paste than 120 nm Ni paste, more pronouncing
in multibinder systems. The fact that the linear viscoelastic
region becomes narrower as PVB content increases implies
less stable microstructure which is hard to withstand the
deformation. It can be related to poor surface profile
especially in EC5PVBS and EC3PVB7. The printing sur-
face roughness measured from the profile images in which
the intensity of the picture at each point has a linear rela-
tion with the height of the surface is given in Fig. 5. The
pastes with 180 nm Ni powder show good printing surface
as evidenced by a small mean deviation of the height.
However, it becomes worse as the particle size decreases
especially at the binder ratio of 50:50 and 30:70. The
microstructure of the film depends on many parameters
such as particle size, kind, and amount of binder, leading to
diverse microstructures such as pore and crack when excess
and insufficient binder is used, respectively.

In the present work, two polymer binders were used to
obtain synergic effect for both good printability and good
adhesion to the printed multilayers. Understanding the
compatibility between the polymer and solvent is important
for better design of the paste. By calculating the Huggins
constant (Ky) [17], the affinity of the polymer and solvent
can be estimated. It was calculated as 0.28 for EC/DHTA and
0.62 for PVB/DHTA, respectively. A useful criterion is; 0.52
in theta solvent, smaller than 0.52 in good solvent, and larger
than 0.52 in poor solvent [14]. Therefore, DHTA is believed
to be a good solvent for EC and poor solvent for PVB, so that
EC may lead to stabilization and PVB to flocculation. We
expect that the dispersion stability is governed by PVB. Poor
dispersion caused by PVB may lead to phase separation and
to poor surface quality after coating and drying. The Huggins
equation could be expanded to the ternary system which is
composed of polymer A/polymer B/solvent as follows:

Fig. 5 Profile images of
printing surface roughness

of a 180 nm and b 120 nm Ni
pastes
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% = [W]m +bmem = [’ﬂm +km [”]zcm (1)
where ¢, = ca + cp is the total polymer concentration,
and [#]n, bm, kn are the intrinsic viscosity, the Huggins
slope coefficient, and the Huggins constant of two polymer
mixtures (subscript m), respectably. We used the “ideal”
value of the viscometric interaction parameter from blly =
(babg)*” and the experimental value of b,y which can be
determined from the interaction term b, in the Huggins
equation for a ternary polymer solution.

bm = bawy + o + 2bapwams (2)

The compatibility can be accounted for by the difference
between the experimental and ideal values, in a given
solvent and mixture composition.

Abap = bap — bifp (3)

This provides a criterion of compatibility, which can be
classified as follows;

if Abag >0 (bag > biy): compatible or attractive
interaction

if Abap<O0 (bap<biy): incompatible or repulsive
interaction

if AbAB =0 (bAB = be)
favorably nor unfavorably

chains do not interact

Figure 6 shows Ab,g as a function of weight fraction of
PVB in the EC/PVB/DHTA solution. At wpyg = 0.3, two
polymers could be compatible, while incompatible at
wpyg = 0.5 and 0.7. The Huggins constant k,g which
expresses the degree of interaction between two polymers
can be derived using kil = (kAkB)O‘Sand Akpag = kap —
kifB from the following equations.

bas = kas[n][1]p 4)
1.6 0.8
12} 40 o6

—o— Akyg
_osf {04
2 £
0.4t {02 &
0.0 0.0
0.4 ' ' ' 02
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mPVB

Fig. 6 Thermodynamic interaction parameter Abag and Akap Vs.
wpyp in EC/PVB/DHTA solutions

by — (bA(JJi + bszB)
2[nlanpwams

kAB = (5 )

Polymer blend is compatible if Akag > 0 and incom-
patible if Akag < 0. The expansion of the classical Hug-
gins equation was applied to calculate the EC/PVB
interaction parameters in the solution state. Here again it is
clear that two polymers are compatible at wpyg = 0.3
while incompatible at wpyg = 0.5 and 0.7.

In MLCC manufacturing as in other industry, it is
important to understand the fundamental relationship of
rheology, morphology, and processing for better design of
material and processing. The rheological behavior and
morphology is closely correlated. For example, the disper-
sion state of the paste is reflected on its rheological prop-
erties. We now analyze in depth how the size of Ni affect
the rheology of the Ni paste dispersed in the same incom-
patible two binder mixtures. In Fig. 3, we showed an
interesting rheological behavior as a function of strain as the
binder composition changes. The critical strain ()
behaved in different way for different particle size, which
implies that the microstructure is quite different for pastes
of different particle size. ECOPVB10 did not show the linear
viscoelastic region within the range of our measurement
regardless of the particle size. Figure 7 plots ). of the
pastes with different composition of two binder mixtures
based on G’ and G”. 7y slightly increases in 180 nm Ni
paste (this is more clear when the critical strain is based on
G"), while significantly decreases in 120 nm Ni paste with
increasing PVB content. For comparison, 7. of the binder
mixtures with no Ni particles is about 50% for all blends
except homo PVB binder system. As the strain increases
beyond the critical strain, a breakup of network occurs and
the material experiences a transition into the liquid-like
state, which is more pronounced in 120 nm Ni paste system.

102
—6— 120 nm G'
—v— 180 nm G'
p —e— 120 nm G"
—v— 180 nm G"
10"
y
S
.
=9
100 |-
3
10! | | | |
0 20 40 60 80 100
q)PVB

Fig. 7 Critical strain of 180 and 120 nm Ni pastes with different
PVB compositions
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The only difference in this study is the particle size, which
implies that the microstructure is different with different
particle—particle and particle-polymer interaction. Thus,
the microstructure of the paste which is locally heteroge-
neous responds to the external flow field in different ways.
Phase stability can be accounted for in terms of the
molecular contacts between particle and medium [18]. This
result suggests a possible polymer bridging which is gov-
erned by the strength of the spatial steric interactions. In
dense system, the adsorbed conformation strongly depends
on the affinity to the particle surface, which is often con-
trolled by the addition of a dispersant or a surfactant [19].
From the above viscometric approach, it can be concluded
that PVB can lead to unstable microstructure which is hard
to withstand the deformation under the flow field, especially
in 120 nm Ni paste system.

Figure 8 shows G’ of 120 and 180 nm pastes in linear
and nonlinear viscoelastic region, before and after )., .. The
strain for linear region was selected as 0.05% for 120 and
180 nm pastes, and the strain for nonlinear region was
selected as 12 and 10% for 120 and 180 nm pastes,
respectively. The microstructure of 120 nm Ni paste at
small strain does not change much, while it shows a rapid
breakdown with increasing PVB component at large
deformation in nonlinear regime. On the other hand, G’ of
180 nm Ni paste does not change much regardless of the
strain, whether it is in linear or in nonlinear region. Smaller
particles possibly lead to the enhanced heterogeneous
microstructure such as local phase separation developed by
external flow field. It can be induced by the migration of
the particles toward preferred phase of two components
[20-22], or by the interaction between particles of the same
size in polydisperse particle system [23]. Even though
the same incompatible binder mixture was used, the

108

102

1

e 101 I
£
S 100 |
—&— 120 nm aty=0.05
—O— 120 nmaty=10
10"~ —m 180nmaty=1
—8— 180 nmaty=10
10-2 | | | |
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q) PVB

Fig. 8 Storage modulus at strain 0.05% as a linear region of both
pastes, and at 12 and 10% as a nonlinear region of 180 and 120 nm Ni
pastes, respectively, with different PVB compositions
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rheological behavior was significantly different. The dif-
ference in rheology which is formed from different particle
size is caused by the locally different density profile and
different interactions in the microstructure.

The viscosity of the dispersion depends on the volume
occupied by the particles, and numerous equations have
been proposed to relate viscosity to the volume fraction of
the particles. For example, Einstein’s equation shows the
intrinsic viscosity as a function of volume fraction in dilute
dispersion which is independent of the particle size or size
distribution. However, in practical applications, the flow
and consequently the viscosity are affected by spatial dis-
tribution between the particles and by the particle—particle
interactions resulting in complex microstructure formation.
Figure 9 shows the reduced shear viscosity (1pse/fmedium)
as a function of shear rate for different ratio of two polymer
mixtures. Shear thinning behavior is common as in Fig. 2,
however, the reduced viscosity exhibits slight shear
thickening behavior at higher shear rate. Shear thickening
behavior in 180 and 120 nm Ni paste becomes more

(a) 102
—6— EC10PVBO
—<— EC7PVB3
’ —5— EC5PVB5
10" 1 —&— EC3PVB7
_ —A— ECOPVB10
T
Cl-
102 1 — : : : :
1072 107" 10° 10" 102
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(b) 10°
—o— EC10PVBO
—#— EC7PVB3
10! | —B— EC5PVBS
—— EC3PVB7

—A— ECOPVB10

Nyeq P2.s)

v (1/s)

Fig. 9 Reduced shear viscosity of Ni pastes with two different
particle sizes a 180 nm and b 120 nm at different ratio of two binders
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pronounced with increasing PVB content in two binder
mixtures and homo PVB medium. In polymer solutions,
shear thickening may be induced by the decrease in entropy
of polymer chains forming the network structure during
deformation by shear. In suspensions, the extension of the
polymer coils bridging the particles may provide additional
energy dissipation. Shear thickening seems to be induced
by the enhanced resistance due to the chain extension of the
polymer bridges, but it is yet clear why it becomes more
pronounced with increasing PVB content.

Conclusion

We investigated the microstructural heterogeneity of Ni
pastes with different size of Ni particles dispersed in
incompatible binder mixtures. The rheological behavior of
the pastes was rich, and provided useful information on the
microstructure, which was determined not only from the
dispersed state of the particles but also from the local
interface change induced by the flow field. Rheology of Ni
paste shows quite different behavior when different size of
the particles was used, while the other factors remaining
the same. The nonlinear behavior showed a reverse trend
for 180 and 120 nm Ni pastes, respectively. y.;; slightly
increased in 180 nm Ni paste, while it significantly
decreased in 120 nm Ni paste with increasing PVB content.
The microstructure of the Ni paste became more hetero-
geneous in less stable medium upon the external flow field.
The smaller particle size of Ni showed more heterogeneous
microstructure with increasing PVB content, which was
evidenced by the screen printing profiles. Shear thickening
in the reduced viscosity was also observed at high shear
rate, which seems to be induced by the enhanced resistance
due to the chain extension of the polymer bridges.
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