J MATER SCI41(2006)1213-1219

Dispersion and rheology of nickel

nanoparticle inks

WENJEA J. TSENG*, CHUN-NAN CHEN

Department of Materials Engineering, National Chung-Hsing University, 250 Kuo Kuang Road,

Taichung, 402, Taiwan
E-mail: wenjea@dragon.nchu.edu.tw

Published online: 4 February 2006

Nickel nanoparticles were dispersed in a-terpineol solvents, and their rheological behaviour
and suspension structure were examined using various organic surfactants, surfactant
concentrations (0-10 wt.% of the powder) and solids loadings (¢=0.01-0.28 in volumetric
ratios) over a shear-rate range 10°-10% s~'. A surfactant of oligomer polyester was found
effective in the nanoparticle dispersion. An optimal surfactant concentration ca. 2-4 wt.% of the
solids was found; beyond which, the apparent viscosity increased adversely. The
oligomer-polyester molecules appeared to adsorb preferentially on the nanoparticle surface,
forming a steric layer which facilitates the ink flow for the improved dispersion. A pseudoplastic
flow behaviour was found as shear rate increased, and a maximum solids concentration (¢m)
was estimated as ¢,=0.32. The interparticle potential was dominated by van der Waals
attraction in the terpineol liquid, and a reaction-limited cluster aggregation (RLCA) featuring
with a fractal dimension (D) of 2.0 was calculated. This finding together with the reduced ¢,
reveals that the nanoparticle inks were flocculated in character even with the presence of
polyester surfactant. Additionally, a porous (electrically conductive) particulate network was
expected to form if the inks were printed on a non-conductive substrate followed then by
drying and sintering in practice. © 2006 Springer Science + Business Media, Inc.

1. Introduction

The increasing use of nickel (Ni) powders as a base-metal
electrode (BME) in microelectronic devices has driven
the development of nickel inks that can be printed or
coated on dielectric substrates to form conductive thick
films for multilayer electrical contacts and interconnec-
tions [1-5]. Thick-film process such as screen printing and
direct writing often involves preparation of powdered inks
(also called pastes) as a starting material [6—8]. In view of
the literature, much effort has been devoted to the prepa-
ration of micrometre-sized nickel dispersions [9—13]. For
example, Dutronc et al. [5] have investigated transport
and detection properties when various metallic inks, in-
cluding Ni pastes, were used as a thick-film electrode in
semiconductor gas sensors. Antolini et al. [9] use glycerol
trioleate as a dispersant to prepare Ni-ethanol mixtures for
tape casting. Sdnchez-Herencia et al. [10] have employed
an ammonium salt of polyacrylic acid for stabilization
of micrometre Ni powders in pure water. A maximum
solids concentration up to 27 vol.% was obtained when
an optimum concentration of polyacrylic surfactant was
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added in the aqueous colloids. Nadkarni ef al. [11] have
examined rheology of different metal pastes (including Ni
alloys) for brazing and soldering applications. In our pre-
vious works, surfactant chemistry and its concentration
were shown to be critically important to the dispersion
and rheology of submicrometre Ni powders in «.-terpineol
[12] and ethanol-isopropanol [13] solvents. A dispersant
of propylene glycol was found effective in providing
a steric hindrance necessary for the stabilization of Ni
dispersions.

With continuing refinement and advancement in multi-
layering and fine-line patterning of microelectronics, use
of ultrafine powders in the ink formulation has becoming
a technological trend in order to meet emerging require-
ments for further miniaturization of microelectronics and
for higher frequency and reliability performance. To the
author’s knowledge, reports that address the preparation
and dispersion of nickel nanoparticle inks aiming specifi-
cally for the hybrid thick-film processes are limited [14],
despite the clear importance from technological view-
points.
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One might suspect that the surface characteristics and
the increased specific surface area involved in the nanopar-
ticles would directly contribute to the difficulties in attain-
ing stable nanoparticle dispersions, when compared to the
micrometre-sized counterparts. In this regard, we intend
to examine the dispersion and the resultant ink rheol-
ogy and suspension structure when nanometre-sized Ni
particles with a mean particle size <100 nm were dis-
persed in «-terpineol liquids. The terpineol solvent was
chosen in the study as the liquid carrier because of its low
vapor pressure at ambient temperature and its chemical
compatibility with organic binders (e.g., ethylcellulose)
frequently used in thick-film processes for manufactur-
ing hybrid components [15, 16]. Various surfactants of
polymeric nature were used and their dispersion quali-
ties were examined by rheological characterizations. The
polymeric surfactant molecules were thought to preferen-
tially adsorb on the particle surface via their polar end,
while the tail end of the molecules stretch toward the lig-
uid medium for providing interparticle repulsions via the
steric (or electrosteric) stabilization [17]. Flow property
of the inks was hence altered by the surfactants addi-
tion to various extents, and the resultant ink structure was
correlated to fractal geometry of aggregated clusters and
compared with existing models in the study.

2. Experimental procedure
2.1. Materials
Nickel nanoparticles (Argonide Inc., U.S.A.) with an av-
erage particle size of about 90 nm, a specific surface area
4.5-7.5 m?/g, and purity >99% were used as the start-
ing material. The powder is about spherical in shape, as
shown representatively in Fig. 1 from the transmission
electron microscopy (TEM, JEM 2000FX, JEOL, Japan).
An X-ray diffractometry (MAC Science, M18X-1180,
Japan) with a Cu K, radiation showed only diffraction
peaks of pure, crystalline Ni phase. A field-emission scan-
ning electron microscope (FE-SEM, JSM-6700F, JEOL,
Japan) equipped with an energy-dispersive spectrometer
yet revealed an existence of Cr, Si and some oxygen as
minor impurities in the as-received Ni nanoparticles [18].
Seven commercially available organic surfactants were
mixed with reagent-grade o«-terpineol (90%, Aldrich

TABLE I

Figure I Morphology of Ni nanoparticles.

Chemical Co., U.S.A.) independently before addition
of the nanoparticles to form powdered inks with vol-
umetric solids concentrations ¢=0.01-0.28. The dis-
persants were polymeric polyelectrolytes with func-
tional groups of cationic, anionic or nonionic fea-
ture. Their major compositions were indicated in
Table I, consisting of amine, polyester and polyglycol as
their major compositions. Surfactant concentration varied
from 0.5 to 10% of the solids weight. Note that our ob-
jectives were to examine the fundamental dispersion and
the resultant ink structure when the nanometre-sized Ni
particles of different proportions were mixed with liquid
terpineol; therefore, organic additives other than the sur-
factant molecules, such as plasticizers and binders often
used in commercial inks, were neither added in the ink for-
mulation nor of their effect on the ink rheology/structure
considered in this study.

2.2. Rheological measurements

All the powdered inks were ball-mixed in polyethy-
lene bottles using high-purity alumina balls as the mix-
ing medium for a period of 24 h before their viscosity
(ns) was measured by a strain-controlled concentric vis-
cometer (VT550, Gebruder HAAKE Gmbh, Germany)
equipped with a sensor system (MV-DIN 53019, HAAKE,
Germany) of a cone-cup geometry. All the rheological

Polymeric surfactants used in the Ni nanoparticle — terpineol inks?

Designation Major composition Polarity

Specifications

KD-1 Polyester/Polyamine polymer Weakly cationic
KD-2 Polyoxyalkylene amine Weakly cationic
KD-4 Oligomer polyester (polycondensed fatty Weakly anionic
acid)
KD-5 Oligomer polyester Weakly anionic
KD-6 Propylene glycol Non-ionic
KD-7 Propylene glycol Non-ionic
PS-2 Polyoxyalkylene amine derivative Weakly cationic

Powder form, acid number 19-31 mgKOH/g, base equivalent
1100-1600

Liquid form, base equivalent 1500-1950

Liquid form, acidic number 28-37 mgKOH/g

Pasty form, acidic number 66-77 mgKOH/g

Liquid form, acid value 6.0-12.0 mgKOH/g, HLB number 11-12
Liquid form, acid value 5 mgKOH/g

Liquid form, base equivalent 1500-1950

2All the surfactants used are supplied by ICI Americas Inc., U.S.A.
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measurements were conducted at a constant temperature
(25°C). The measurement was performed with a steady in-
crement of shear rate (y); to which, the rate was increased
in every 1 s~! over the shear-rate range of 1-10' s™!, ev-
ery 10! s=! over 10'-10? s=!' and every 10> s~! over
10>-10% s~!. The rheological properties were all mea-
sured after 20 s of duration when the shear rate reached
each pre-determined rate level over the entire shear-rate
range examined. The ink dispersions typically reached an
equilibrium stress at given shear rate in less than 10 s and
kept at the stress level steadily over the remaining hold
time in the measurement. The duration was then kept
consistently throughout the measurement for all the inks
prepared. Two samples were prepared and their viscosity
measured for each ink formulation.

2.3. Structure, adsorption and interface

Some powdered inks were slip-casted onto plaster molds,
and the dried cakes were examined by FE-SEM. The
nanoparticles remained about spherical in shape, indicat-
ing that the impact force involved in the ball-mixing pro-
cess did not deform the nanoparticles into “flake” forms
considerably that might hinder the flow property and the
resultant particle-packing structure of the ink dispersions.
Some of the nanoparticle inks prepared were centrifuged
at a rotational speed of 16,000 rpm and ultrasonically
washed in fresh terpineol. The processes were repeated for
four times before the centrifuged cakes were oven-dried
at ~60°C for 48 h to remove the terpineol liquid. Thermo-
gravimetric analysis (Netzsch Model 309A) with a pre-
cision of 0.01 mg was conducted on the dried granules
with a heating rate of 10°C min~! and up to 600°C in air.
The weight loss thus determined is the amount of surfac-
tant molecules that adhere strongly on the particle surface
in the terpineol liquid under the severe shearing environ-
ment. Contrarily, the molecules that were separated from
the powders after the repeated centrifugation and wash-
ing processes were considered either loosely adsorbed or
even free (depleted) molecules existing in the liquid sol-
vent. An adsorption isotherm of the surfactant molecules
to the Ni nanoparticle surface was then determined.

3. Results and discussion

3.1. Surfactant screening

Apparent viscosities of the Ni nanoparticle—terpineol
mixtures are listed in Table II when various polymeric
surfactants were used in the ink formulation respectively.
Solids concentration of the inks was held constant at
¢=0.1, so as the surfactant concentration at 2 wt.% of
the solids. The ink viscosity reduces to various extents
upon the surfactants addition, and the reduction appears
to depend critically on the surfactant chemistry and the
applied shear rate. Among the polymeric surfactants ex-
amined, oligomer polyesters with a weakly anionic feature
(i.e., KD-4 and KD-5) appear to be the most effective. The

TABLE II Apparent viscosities of the Ni nanoparticle inks (¢=0.1) at
shear rates of 10, 100 and 1000 s~! when different polymeric surfactants
were used in the ink formulation. The dispersant concentration was held
constant at 2 wt.% of the solids

ns (mPa-s)

Dispersant type y=10s""! y =100s7! y =1000s~!

No Dispersant 606.1 (100%) 154.5 (100%) 78.7 (100%)

KD-1 317.1 (52%) 122.6 (79%) 79.6 (101%)
KD-2 404.9 (67%) 122.0 (79%) 73.6 (94%)
KD-4 189.0 31%) 92.6 (60%) 70.6 (90%)
KD-5 271.9 (45%) 100.0 (65%) 68.6 (87%)
KD-6 307.4 (51%) 99.5 (64%) 64.6 (82%)
KD-7 402.8 (67%) 115.3 (75%) 63.6 (81%)
PS-2 593.8 (98%) 143.5 (93%) 73.7 (94%)

The numbers in parentheses are the ratios of viscosities at specific shear
rates.

viscosity reduction is particularly pronounced for the inks
with the KD-4 surfactant; to which, a reduction as much
as 40-70% was seen found at the shear-rate regime of-
ten encountered in most screen-printing and tape-casting
processes (y = 10-100 s~') [19]. In addition, the vis-
cosity of the KD-4 inks in absolute values also reduces
as shear rate increased. This reveals that the nanoparticle
inks were in fact flocculated in character despite the pres-
ence of oligomer polyester; therefore, Ni aggregates were
remained in the liquid carrier after the prolonged ball mix-
ing (24 h), even though the aggregates decreased in size
when compared to that of the aggregates prior the mixing
process. This led to the reduced overall flow resistance
and hence a decreased apparent viscosity.

Figure 2 shows the dependence of ink viscosity with
oligomer concentration. An optimal concentration occurs
alongside with a reduced viscosity at about 2-4 wt.%
of the solids. The ink viscosity then increases adversely
as the surfactant concentration is increased, reaching a
viscosity level comparable to that of the inks without
any surfactant. The ink viscosity further rises upon an
additional surfactant fraction above 10 wt.%, judged from

v=10s"

y=1005"

02+
E v=1000s"
0.1 ;_Q_Q_‘___/e——’//,’_’é

Suspension Viscosity (Pa.s)

04 - ; : - :
0 2 4 6 8 10 12

Oligomer Polyester (KD 4) Concentration (wt%)

Figure 2 The dependence of ink viscosity to the concentration of oligomer
polyester (KD-4) surfactants.
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visual inspections because of the apparent viscosity of the
inks well exceeded the upper bound of the detection limit
of the viscometer rotor employed.

In Fig. 3, an adsorption isotherm of the oligomer
polyester (KD 4) on the Ni nanoparticle surfaces indi-
cates a Langmuir-type adsorption behaviour in the ter-
pineol liquid. The specific adsorption quickly rises to a
level as the oligomeric polyester was slightly introduced
into the terpineol liquid. The adsorption then gradually
reaches a saturation plateau (~4 mg/m?) as the oligomer
concentration increases above ~2 wt.% (corresponding to
exactly 2 mg of the oligomer polyester per milli-liter of the
terpineol liquid). This finding is in good agreement with
the optimal surfactant concentration found in the viscos-
ity measurement (Fig. 2), and suggests that the preferen-
tially adsorbed polymeric molecules on the nanoparticle
surface provide an effective steric (and/or electro-steric)
layer which keeps the nanoparticles (or clusters) apart
from re-aggregation into a continuous particle network
possessing a stronger resilience to shear deformations.

It may be interesting to note that the most effective sur-
factant for the nickel powders of micrometre size in terpi-
neol solvent was the non-ionic polymeric dispersant, i.e.,
KD-6 and KD-7, in our earlier report [12]. This finding
is different from what we have observed for the nanopar-
ticle counterpart. In spite of the difficulty in knowing the
real composition and molecular structure of the commer-
cial dispersants, we suspect that the surface chemistry
of the nickel nanoparticles plays a critical role in deter-
mining the dispersion efficacy. The chemical aspect of
particle surfaces may differ substantially, and this dif-
ference would affect the driving force for the surfactant
molecules to adsorb preferentially at the solid-solvent in-
terface to lower the interfacial free energy [20]. This in
turn affects the active sites available on the particle sur-
face allowable for anchoring with the active groups of the
surfactant molecules. Population density of the molecular
active groups is vital in determining the adsorption affin-
ity of polymeric surfactants to the nickel particles. The

2.

Specific Adsorption (mg/m”)

0 -+ — 4- — 4
0 2 4 (] 8 1

Concentration of Oligomer Polyester
(mg dispersant/ml of terpineol)

Figure 3 The adsorption isotherm of oligomer polyester (KD-4) on Ni
nanoparticle surface in the terpineol liquid.
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denser the surfactant packing at the interface, the larger
the reduction in surface tension is anticipated, which in
turn is beneficial for the suspension flow.

3.2. Rheology of Ni nanoparticle inks
The concentrated nanoparticle inks generally exhibit a
shear-thinning flow character over the solids-loading and
shear-rate regimes examined. As shown in Fig. 4, the vis-
cosities of inks reduce linearly as shear rate is increased in
a logarithmic plot when solids concentration exceeds 0.05
at the lower shear-rates range (y < ~00 s~!). The shear-
thinning flow is in parallel with the findings of Table II
in a sense that the formation of powdered aggregates was
energetically favorable in the concentrated inks with the
oligomer polyester. Van der Waals attraction is involved
in the nanoparticle aggregation [19], and a spatially defin-
able ink structure may be formed in the liquid [21-23]. A
further increase in the applied shear force appears to break
down the ink network to a certain extent so that the resis-
tance to flow is reduced, particularly at the low shear-rate
regime. The inks apparently become more of a Bingham-
typed flow or even a slightly dilatant (i.e., shear thicken-
ing) flow when shear rate is further increased toward the
higher ends (Fig. 4). The Bingham and shear-thickening
flow behaviours become apparently more pronounced for
the inks with a reduced solids concentration (¢ <0.05).
Barnes [24] has indicated that powdered suspensions
in a shear-thinning regime tend to become a two-
dimensional, layered arrangement as shear rate increases
toward infinity. This would result in a structural evolu-
tion in the ink as a function of shear rate. A rather dense
particle-packing structure is favorable to form in compli-
ance with the increasing shear forces, and hence a less
sensitive suspension structure is attained with the shear-
rate increase, leading to a Bingham-typed flow character.
The suspension structure may then be abruptly changed
toward a three-dimensional, more random type of par-
ticulate arrangement involving a larger filling space of
flow movement as shear rate exceeds a critical level. This
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Figure4 Ink viscosity as a function of the applied shear rate in a logarithmic
plot. The solids concentration varies from ¢=0.1 to ¢$=0.28.



structural change is accompanied with an increase in vis-
cosity, because the fluid dilation occurs when the ink flow
changes toward a more turbulent type of flow from an
“original” lamellar flow. Cause of the dilatancy is not
clear at present, and includes possible mechanisms such
as local inhomogeneities existing in the ink structure, e.g.,
particle-size distribution, difference in particle shape, sur-
face “roughness”, etc. The viscosity “scattering” found
in the inks (Fig. 4) with reduced solids concentrations
(¢ <0.05) is mainly due to the viscosity measured at the
lower shear-rate range fell in a range of the lower bound
of the detecting sensor employed, and is merely good for
reference purposes.

3.3. ¢ Determination of Ni nanoparticle inks
Relative viscosity (n,) of the inks may be defined as the
ink viscosity dividing by the viscosity of the carrier fluid,
and is plotted against the solids concentration (¢) at a
given shear rate of 100 s~! in Fig. 5. The 7, increases no-
tably as ¢ exceeds a critical concentration, ¢.~0.15. An
exponential form of 17,=0.86 exp(19.4 ¢) appears to fit the
experimentally determined n,—¢ relationship reasonably
well over the broad solids-concentration range examined.
The physical meaning of the exponential form may not be
of substantial significance; yet, the relatively large expo-
nent value, i.e., 19.4, reveals a strong dependence of 7, to
¢ when the nanoparticle inks become literally “crowded”
in the suspensions. This finding hence serves as an experi-
mental evidence reiterating the importance of interparticle
reaction forces in the determination of macroscopic flow
behaviour of the nanoparticle mixtures. This conclusion
is justifiable in flocculated suspension systems of various
chemistries and particle sizes [25].

The solids concentration of the Ni inks is thought criti-
cally important to ensure an electrically conductive path in
the microelectronic thick-film devices, and a higher solids
concentration is often desirable from this perspective. A
recent model proposed by Liu [26] is used in the study to
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Figure 5 Relative viscosity (1;) of the inks as a function of solids concen-
tration (¢).
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tration (¢).

, as a function of solids concen-

estimate the maximum solids concentration (¢,,) attain-
able for the Ni nanoparticle inks examined. The model
originates from an observation that

1—n " = f(¢) (1)

where n is a structure-dependent parameter. The expo-
nent n has a value between n=2 to 3 for several suspen-
sion systems involving powders of various chemistries,
particle-size distributions and organic vehicles over a
broad shear-rate range [12, 13, 26]. Fig. 6 shows the
1—n, Y 3) — ¢ dependence of the inks. An approximately
linear relationship is resulted with a satisfactory correla-
tion factor (R?=0.97), and ¢, may hence be determined
from the fitted equation by extrapolating the linear line to
1—n '3 _ 1 at which n, — oo. This operation gives
¢m=0.32 for the Ni inks, and the calculated ¢,, compares
favorably with the n,—¢ dependence shown in Fig. 5; to
which, the viscosity approaches infinity at solids concen-
tration ¢ exceeds ~0.3. This calculated ¢y, is substantially
lower than that of the random close packing (¢,,~0.64) of
monosized spheres, and it further vindicates the existence
of nanoparticle aggregations in the carrier liquid.

The Ni nanoparticles were also dispersed in pure wa-
ter and the ¢, determined was ¢,,=0.28 at an identical
shear rate of 100 s~! [14]. The calculated ¢, in pure wa-
ter is not very different from that of the aforementioned
Ni-terpineol system (¢,,=0.32). Therefore, use of water
instead of terpineol solvent is also a viable route to fab-
ricate Ni-BME components in practice and is more envi-
ronmentally friendly from ecological viewpoint. Yet, the
selection of binder/plasticizer is somehow limited when
water is used as the dispersing solvent.

3.4. Yield stress and particulate structure

of Ni nanoparticle inks
Maintaining a high dispersion quality at all stages of
screen-printing and tape-casting processes is of critical
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importance for attaining a defect-free, sintered thick-film
structure. An ink of low viscosity is generally desirable at
relatively high shear rate for the ease of forming; whilst, a
concentrated ink of high solids loading provides a suitable
yield stress for maintaining the shape after removal of the
forming stress, and a desired electrical properties after
sintering as well. The yield stress (ty) of the nanoparticle
inks can be estimated from the Casson equation [19]:

T2 =12 (g )2 )

Fig. 7 shows the linear t!/? — y!/2 dependence over the
solids concentrations investigated. By extrapolating the
curve-fitted, linear lines to y — 0, 7y of the inks is
determined. As shown in Fig. 8, T, appears to increase
pronouncedly as ¢ exceeds ~0.15.

A quantitative evaluation of the ink structure can be
obtained from the 7, —¢ dependence using fractal geom-
etry. Shih et al. [26] suggested that 7 scales with ¢ in the

16+
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Figure 7 The (shear stress)'/? vs. (shear rate)'/2 relationship for determin-

ing the yield stresses of the inks.
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Figure 8 Yield stresses of the nanoparticle ink as a function of solids
concentration (¢).
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following form for flocculated suspension systems:
7y ~ (1 — L.5ag?)(A/24s)) (/R (3)

where o is a constant related to the Debye thickness
(«~1) and the surface separation (s,) between particles;
¢ the zeta potential; A the Hamaker constant; R the
particle radius; d the Euclidean dimension; and m =
(d + X)/(d — D) with Dy and X the fractal dimension of
the clusters and the backbone of the clusters, respectively.
The backbone of the cluster (X) may be assumed as X=1
[26]. Considering the fractal geometry in three dimen-
sions, the Euclidean dimension (d) has a value d=3. Dy is
hence correlated with the rheological properties and can
be determined once m becomes available.

From the power-law fit shown in Fig. 8, m was deter-
mined as m=4.22 (R*=0.995). The calculated Dy is then
D¢=2.0 for the nanoparticle inks consisting of 2 wt.%
oligomer polyester (KD-4) as a dispersant. The calcu-
lated Dy matches exactly with that of the reaction-limited
cluster-cluster aggregation (RCLA, Dy=2 from measure-
ment of various scattering techniques [19]). This re-
veals that particle rearrangement is possible to occur in
the aggregated structure. Since the addition of oligomer
polyester did not provide a full stabilization for the
nanoparticle inks and the inks was still flocculated struc-
turally. This freedom of relative particle movement stems
presumably from the adsorbed surfactant molecules on
the nanoparticle surface, which reduce the interparticle at-
traction by physically increasing the interparticle spacings
in the carrier liquid. A denser particle-packing structure
would be resulted when compared to that of the suspen-
sion structure involving purely attractive forces between
particles.

4. Conclusion

A polymeric surfactant consisting of oligomer polyester
as its major composition reduced the flow resistance of
Ni nanoparticle—terpineol inks with an improved disper-
sion quality. Maximum viscosity reduction as much as
40-70% was found at shear-rate regimes often encoun-
tered in most screen-printing and tape-casting processes
(y = 10-100 s~'). The surfactant molecules appeared
to preferentially adsorb on the nanoparticle surface via a
Langmuir-typed adsorption. This organic adsorption layer
is thought to provide a steric hindrance which inhibits the
nanoparticles (or clusters) in the terpineol liquid from
re-aggregating into a connected particulate network that
presents a stronger resistance to flow deformation. The
nanoparticle inks generally showed a shear-thinning flow
behaviour as shear rate increased, suggesting a continu-
ing breakdown of the flow clusters into smaller flow units.
The inks then changed toward a Bingham-typed or shear-
thickening flow behaviour as the shear rate further in-
creased. Despite the surfactant addition, the nanoparticle
inks were still flocculated in character. A fractal calcula-
tion revealed that the interparticle attraction might have



reduced to a certain extent so that particle re-arrangement
is allowed to occur.
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