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One of the next avenues for Additive Manufacturing to develop is that of multi-material deposition in
order to add functionality to the already complex geometries that are capable of being manufactured.
However, for electronic applications the fidelity of the deposited electronic tracks is of utmost impor-
tance. The purpose of this study was to investigate the effects of solid surface tensions, o5 — 0, on
the quality of printed lines, using 30-40 nm silver nanofluid ink. The solid surface tensions of silver ink
on glass and polytetrofluoroethylene (PTFE) substrates were determined theoretically, knowing char-
acteristics of droplet. Meanwhile, a Dimatix printer with nozzles of size of 21.5 wm was used to print
conductive lines on smooth glass and PTFE substrates. The printed lines on glass were observed to be
continuous with high quality of triple line, which was attributed to the high solid surface tensions of
silver nanofluid ink on glass substrates. The solid surface tensions of silver nanofluid ink were relatively
low on PTFE, as results the printed lines were discontinuous. The solid surface tensions were introduced
as a reliable criterion to predict the printability of nanofluids. The distribution of silver nanoparticles
and layering phenomenon in silver nanofluid triple region on glass substrate was clearly observed, using
environmental scanning electron microscopy (ESEM) for the first time. In addition to disjoining pressure,
the size of droplet and affinity of nanofluid for substrate were observed to have important influences on
spreading of nanoparticles in triple region.
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1. Introduction multiple materials contemporaneously for the addition of function.
One such functionality is to add the ability to ‘thread’ electronics
throughout a 3D space encased within dielectric material, how-
ever for these materials, normally conductive nanoparticle inks,
to have success high fidelity of these tracks is key to their perfor-
mance. The printing of conductive nanoparticles is attractive due to
their potential applications in printed electronic circuits. The direct
deposition of conductive lines has a significant influence on the cost
and manufacturing of micro devices.

It is also important to maximize the conductivity or mini-
mize the resistance of printed tracks. For a given resistivity, the
resistance of a printed track depends on its cross sectional area.

Additive Manufacturing (AM) has reached a point where the
development of complex shapes and topologies are now possible in
materials that many industrial users can or are beginning to accept.
For some the next paradigm of AM is to develop systems and mate-
rials that are capable of complex 3D shape with the addition of
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Engineering of surface wettability [1] and the behavior of the
triple line (triple line is a line that gas, solid and liquid meet
each other) are the most effective methods to manipulate the
cross sectional area of a printed line. Recently, microstructuring
of the substrates has been suggested to modify the wettability and
cross sectional area of the printed lines, using nanofluid inks [1].
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Nomenclature

g Acceleration of gravity [m/s?]

Ro Radius of curvature at apex [m]
R1,Ry Radius of curvature [m]

Ty Radius of contact line [m]

1% Volume [m?3]

Greek Symbols

1) Height of apex [m]

Oe Equilibrium contact angle [Deg.]
o1 Liquid density [kg/m3]

Pg Gas density [kg/m3]

Olg Liquid-gas surface tension [N/m]
Osg Solid-gas surface tension [N/m]
Oy Solid-liquid surface tension [N/m]
Olgn Liquid-gas surface tension of nanofluids [N/m]

Practically, the behavior of the triple line or wettability mainly
depends on the force balance between liquid-gas, oyg, and solid
surface tensions, osg — 0. In general, for a given injected liquid vol-
ume, the triple line moves toward the liquid phase as solid surface
tensions, osg — 0, decreases and consequently it reduces the con-
tact area (between liquid and solid surface) and therefore increases
the height buildup of the nanoparticle ink line thus increasing the
cross sectional area and the volume of deposited nanoparticles, this
can consequently decreases the resistance of the printed line. It is
therefore, essential to understand how concentration and charac-
teristics of nanoparticles, base liquid, feasible nanoparticle coating,
possible surfactant and the physical properties of the nanofluid
affect the behavior of the triple line and hence the printing charac-
teristics of a nanofluid ink on a particular substrate. The waviness or
quality of the triple line [2,3] will be affected by characteristics of
the solid substrate [4], distribution of nanoparticles in the triple
region [5-7], force balance between liquid-gas [8-10] and solid
surface tensions [11,12]. The liquid-gas and solid surface tensions
play a significant role in the behavior of the triple line. Normally,
the liquid-gas surface tension needs to remain within a certain
range (0.028-0.033 N/m at operating temperature) to be printable
using conventional inkjet printers. As a result, the force balance
and quality of the triple line mainly depends on the solid surface
tensions. The quality of the triple line has a significant influence
on the resolution and resistance of printed lines and hence accu-
rate characterization of the quality of the triple line is an important
step in the development of a predictive capability for (3D) printing
conductive lines.

In this study, the solid surface tensions are predicted, know-
ing the asymptotic contact angle for a solid-fluid pair, and the
relations between solid surface tensions, printability of conductive
nanoparticles and distribution of nanoparticles in the triple region
are discussed. In addition, the distribution of nanoparticles and the
layering phenomenon are examined for nanofluid drops on glass,
polytetrofluoroethylene (PTFE) and stainless steel substrates using
the environmental scanning electron microscopy (ESEM) technique
for the first time.

2. The behavior of nanofluid triple lines
2.1. General behavior of triple lines

The liquid-gas, oyg, solid-liquid, oy, and solid-gas, osg surface
tensions are major effective forces on the triple line. The schematic

of liquid-gas and solid surface tensions, osg — o, for droplets is
given in Fig. 1. The liquid-gas surface tension is available for most

chemicals however the solid-liquid and solid-gas surface tensions
cannot be found easily. A couple correlations have been used to
obtain the solid surface tensions [13,14], such as Berthelot’s com-
bining rule [15], the modified Berthelot’s rule [16], the alternative
formulation [17,18], and the equation of state formulation [19,20].
The correlations have been compared with each other for some
materials [ 14]. For a given liquid-gas surface tension, the solid sur-
face tensions can play a key role in the behavior of the triple line.
It was observed that the radius of the triple line expands towards
the gas phase as the solid surface tension increases [3].

Young equation, oy, €0s 0, = 0sg — 0, demonstrates the force
balance between liquid-gas, ojs, and solid surface tensions,
0sg — Oy, at the triple line, where the equilibrium contact angle,
0e, is size independent (see Fig. 1). The Young equation has several
limitations and has never been verified experimentally for axisym-
metric droplets. The application of the Young equation is limited
to ideal substrates [13,21] and contact angle is size independent
[12,22] such as long droplets [12]. In the case of an axisymmetric
droplet, one side of the Young equation, o4 cos 6, is size dependent
while the other side of the equation, osg — 0, contains physical
properties which makes the equation inconsistent.

It has been observed that the droplet contact angle varies
under different gravitational accelerations based on the parabolic
flight campaign [23] and drop tower methods [24]. It has been
observed that droplet contact angle increases as the effect of grav-
ity decreases. As the gravitational acceleration decreases to zero,
the droplet shape gradually changes to a spherical cap. The droplet
contact angle under zero gravity has been defined as the asymp-
totic contact angle, 65 [11,12]. The asymptotic contact angle is only
dependent on the physical properties and interactions between gas,
liquid and solid at the triple line, and is a unique criterion to mea-
sure surface wettability or the effects of nanoparticles on surface
wettability.

The contact angle has been observed to change with droplet vol-
ume [12,13,22], so the concept of line tension has been employed
to explain the variation of droplet contact angle with volume. The
line tension has a significant role in the effect of droplet size on con-
tact angle, leading to a modified Young equation, % + 01g COs B =
osg — 03, that considers the effect of the line tension, o. The value
of line tension has been obtained experimentally [13,25] and theo-
retically [26,27]. The line tension operates to expand the length of
the triple line when it is negative and vice versa [25]. Most proba-
bly, the line tension would be zero under zero gravity conditions,
since droplet contact angle, liquid-gas and solid surface tensions
are constant while the radius of triple line would change by vol-
ume. It has been also reported that (a) the line tension decreases as
wettability increases and likely vanishes at super-wetting [28], (b)
the line tension is a function of the liquid material [28-31],(c) there
are large uncertainties, associated with determining both magni-
tude and sign of the line tension [13,32]. The accurate measurement
of line tension is difficult, because (I) its value is small, (II) lack of
accurate measurement techniques, (III) possible contamination in
triple line, (IV) lack of accurate modeling techniques and (V) the
effect of various parameters on line tension is not well recognized

Glg
Liquid Gas
Ol 6 Osg

Fig. 1. Schematic of forces between liquid-gas and solid surface tensions at the
droplet triple line.
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Fig. 2. Schematic of (a) wet (dash line) and (b) non-wet (solid line) droplets on
substrate.

yet. Therefore, further studies are essential to better understand
the line tension and the parameters that affect its magnitude and
sign.

The characteristics of a solid surface [33] such as the homo-
geneity, roughness and material [34] have a significant effect on
the behavior of the triple line [35-38] and contact angle hysteresis.
The effect of surface roughness on contact angle have been con-
sidered in the Wenzel and Cassie-Baxter equations [35-38]. The
uncertainties of the estimation [40,41] and the use of the correct
form of these equations have been discussed in detail in reference
[4].

For printable nanofluids, the presence of nanoparticles in the
base liquid will potentially affect the roughness and homogeneity
of solid substrates [39], the liquid-gas [8-10] and solid surface ten-
sions [11], the disjoining pressure [5] and consequently the quality
of the triple line. This will be discussed in the next section.

2.2. The effects of nanoparticles on the behavior of the triple line

The affinity of liquids for solid substrates is referred to as the
wettability of the liquid [21]. Liquids with weak affinities for a solid
substrate will minimize the radius of the triple line (see Fig. 2a)
while those with high affinities for the solid surface will form films
to maximize the radius of the triple line (see Fig. 2b) and conse-
quently the liquid-solid contact area. For a given droplet volume,
the droplet contact angle decreases with expansion of the radius
of the triple line. The force balance between liquid-gas and solid
surface tensions at the triple line (see Fig. 1) plays a key role in
the behavior of the triple line. Practically, the characteristics of the
nanoparticles have significant effects on the liquid-gas [8-10] and
solid surface tensions [11] and the force balance at the triple line,
which could consequently influence the radius of the triple line [2]
and contact angle [42].

The effects of substrate, concentration and size of bismuth tel-
luride nanoparticles (2.5 nm, 10.4 nm) on the behavior of the triple
line have been discussed previously [8]. It was seen that the droplet
contact angle increased with concentration of the nanoparticle
for a given droplet volume, however, as the nanofluid concen-
tration increased further (>0.02w% for 2.5 nm nanoparticle size
and >0.005 w¥% for 10.4 nm nanoparticle size), the droplet contact
angle began to decrease. The liquid-gas surface tension was seen to
reduce by more than 50% for a 2.5 nm bismuth telluride suspension.
The accumulation and assembly of nanoparticles at the liquid-
gas interface was assumed to be responsible for the dependence

Fig. 3. Schematic of a droplet shape on solid substrate.

of the liquid-gas surface tension on nanoparticle concentration.
More nanoparticles were driven to the liquid-gas interface region as
the concentration of bismuth telluride in the nanofluid increased.
The nanoparticles are bounded at the interface [43]. The liquid-
gas surface tension decreased as results of electrostatic repulsion
and the lower surface energy of the effective interface containing
nanoparticle-water, nanoparticle-air and air-water surfaces com-
pare with the original air-water interface. Variation of triple line
has been observed to be greater with smaller nanoparticles [8]. In
contrast, the effect of nanoparticles on the liquid-gas surface ten-
sion for aluminum-ethanol [9] and alumina-water [10] nanofluids
has been reported to be negligible or weak. It has also been noted
that nanoparticles in the vicinity of the triple line could enhance the
wetting speed at low particle concentrations (smaller than 1w%)
in an investigation of the evaporation and spreading of aluminum-
ethanol nanofluid on a hydrophobic Teflon-AF coated substrate [9].
The observed results were explained by the effects of nanopar-
ticles on viscosity and disjoining pressure. It was proposed that
the disjoining pressure would drive the spreading of the nanofluid
however, at concentrations higher than 1w%, the viscous forces
dominate the disjoining pressure [9]. The triple line was shown to
display a stick-slip behavior in a study of the evaporation and de-
wetting behavior of an ethanol-titanium oxide nanofluid droplet
on PTFE (1 wm thick PTFE layer on silicon wafer substrate) [44].
This behavior was attributed to deposited nanoparticles and/or an
increase in viscosity in the triple region due to high local nanopar-
ticle concentrations. In contrast, a continuous movement of the
triple line was observed during the evaporation of a pure ethanol
droplet. The effect of particle size on the pinning behavior of the
evaporating droplets (5 pl droplet volume and 0.5 v% concentration
nanofluid) has also been investigated [45], employing 2 nm gold,
30 nm copper oxide (CuO) and 11 and 47 nm alumina nanoparticles.
It was reported that the particle size had a more significant effect
on the dried stain pattern than the temperature of the substrate.
Smaller particles resulted in a more uniform central deposition,
whereas larger nanoparticles produced more deposited particles
at the edge. It has also been observed that the shape and thickness
of the deposited nanoparticles could be controlled by the speed of
the evaporation [46,47]. In summary, it has been demonstrated in
the literature that nanofluid characteristics, such as concentration,
nanoparticle size and the base liquid have a significant impact on
nanoparticle deposition and the quality of printed lines. The con-
stituent parts of nanofluid inks for jet printing will be discussed in
more detail in the next section.

2.3. Nanofluid inks

Conductive nanoparticles are mixed with base liquids to create
inks for printing conductive lines. Sometimes the nanoparticles are
coated to prevent agglomeration and the base liquids are mixed
with surfactant to modify the viscosity and liquid-gas surface ten-
sion. Many nanofluid inks have been developed on this basis, such
as 45 w%, 10 nm silver nanoparticle aqueous ink with the addition
of the co-polymer, Pluronic F127 [48]. It was found in this case that
the Pluronic F127 was effective not only as a stabilizer but also as a
segregator aid, which stimulated the breakage of the agglomerated
nanoparticles.

The strong tendency of nanoparticles to agglomerate is one of
the most important issues in the formulation of stable and printable
inks [49]. To this end an anionic polyelectrolyte has been employed
as both capping agent and dispersant to produce a 25 w% aqueous
silver nanofluid ink (10 nm-30nm) [50]. The resultant nanofluid
exhibited good long-term stability which was attributed to the elec-
trosteric repulsion characteristic of the anionic polyelectrolyte [50].
Similarly, a poly (acrylic acid) sodium salt (PAA) was used to raise
the stability of a 25 w¥% aqueous silver nanofluid inks (20nm) [51].
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Fig. 4. Silver ink printed line on smooth (a) PTFE and (b) glass substrates.

20 nm silver nanoparticles have been mixed with two different
base liquids (32 w%), triethylene glycol monomethyl ether (TGME)
and ethanol to examine the effects of evaporation rate. The boiling
temperature of TGME and ethanol respectively are 255 and 78.4°C
[52]. The surface wettability of the Si wafer substrate was con-
trolled by a hydrophobic fluorocarbon (FC) film coating followed by
UV/Os treatment. The results showed that droplet spreading was
mainly dependent on wettability, evaporation rate and substrate
temperature. For both inks, continuous lines were not produced
on hydrophobic substrates at room temperature, however the con-
tinuity of injected lines improved with surface temperature. The
continuity of injected lines with ethanol-based inks was much bet-
ter than that of TGME-based inks.

Mixtures of carboxylate-modified polystyrene fluorescent
beads of 100 nm and 1.1 wm in DI-water (0.5 v%) have been used to
study the effects of particle size during the drying process [53,54].
For a given volume fraction, the total number of nanoparticles is
much larger than that of microparticles and the nanoparticles can
become closer to the triple line, which facilitates pinning of the
triple line. In another study, a copper hexanoate in chloroform
nanofluid was used to investigate copper lines deposited on glass. It
was observed that the height, width and profile of the dried copper
hexanoate lines changed with concentration and that as concen-
tration decreases, less solute deposits at the triple line increasing
the de-pinning effects.

In general, it can be seen that the characteristics and concentra-
tion of nanoparticles and the physical properties of the base liquid
and any surfactant have an important influence on the physical
properties of a nanofluid. Furthermore, the physical properties of
the nanofluid, solid substrate and surrounding gas have a signifi-
cant effect on the formation of injected droplets, the behavior of the
triple line and consequently the quality of printed lines. The quality
of triple line also depends on the distribution of nanoparticles on
triple region, which is discussed in the next section.

2.4. Layering phenomenon in triple region

The distribution of particles in the triple region has potential
impact on the spreading and quality of the triple line, hence, there
have been several attempts to observe the distribution of parti-
cles using optical methods. Experimental evidence has revealed
that nanoparticles might form an ordered structure in the triple
region of a droplet on a solid substrate [5,6]. It has been observed
that the number of layers of nanoparticles decreases in a stepwise
pattern towards the triple line edge. This layering phenomenon
has been demonstrated for a 19 nm silica nanofluid (10v%) film
formed between an oil drop and a solid surface, using reflected
light interferometry.

A microscopy technique has been developed utilizing an objec-
tive with a high magnification (90x) to observe the spontaneous
spreading of nanofluids on a glass substrate from the top view with
another lens used to see the profile of droplet from the side view

simultaneously [55]. The rate of spreading of a nanofluidic film was
observed as a function of concentration (5, 10 and 20 v%) with 19 nm
silica nanoparticles in an oil drop. Employing this optical technique,
two distinct lines were observed in the triple region. The first one
was the outer conventional contact line and the second one was
an inner contact line formed by the nanofluid film between the oil
drop and the solid surface. It was seen that the structural disjoining
pressure, and hence rate of spreading, increased with concentra-
tion whilst the rate of spreading decreased with decreasing drop
volume. This is because as drop volume decreases the capillary
pressure increases whilst the structural disjoining pressure is con-
stant.

The 1D Young-Laplace equation has been modified by introduc-
ing the disjoining pressure [7]. The modified equation predicted
that the displacement of the contact line increases with: increased
nanoparticle concentration, decreased particle size, mono rather
than poly-dispersion, decreased resisting capillary pressure,
decreased interfacial tension and increased radius of dispersed
drop/bubble. Similar results have been obtained when modifying
the 2D Young-Laplace equation by adding the effect of disjoining
pressure [56].

The existing evidence indicates that the force balance between
interfacial surface tension and solid surface tensions has a signif-
icant role in the spreading of a nanofluid on a solid substrate. In
addition, it has been shown that particles can displace the triple
line to a distance of 20-50 times of particle diameter as results
of structural disjoining pressure and self-ordering of particles in a
tripleregion. The disjoining pressure becomes effective at relatively
high particle concentrations, i.e. over 20v% [7].

3. Experimental setup

In order to create a nanofluid ink (Silverjet DGP-40LT-15C) with
38.853 w%30-40 nm silver nanoparticles were mixed with Triethy-
lene Glycol Monoethyl Ether (TGME). A Dimatix printer with nozzle
size 21.5 um was used to print conductive lines on glass and PTFE
substrates. The roughness of the substrates was measured using an
interferometry method. The roughness of glass and PTFE substrates
were respectively 55.3 nm and 100 nm.

A Kruss contact angle meter (Drop Shape Analysis System
DSA100) was employed to measure the liquid-gas surface ten-
sion of the silver nanofluid and characterize the shape of nanofluid
droplets in and equilibrium condition. The liquid-gas surface ten-
sion of the silver ink was found to be 0.0235 4 0.0005 N/m. Knowing
the liquid-gas surface tension and the droplet dimensions in equi-
librium condition, the solid surface tensions could be determined.
The method used to calculate the solid surface tensions is described
in Section 4.2.

An environmental scanning electron microscope (ESEM) was
employed to investigate the effects of solid substrate and droplet
size on the distribution of silver nanoparticles in the nanofluid
and observe the layering phenomenon. These experiments are dis-
cussed in Section 5.

r (mm)

Fig. 5. Comparison between experimental and predicted droplet shape.
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Fig. 6. Distribution of 30-40 nm silver nanoparticles in triple region on glass substrate.

4. Theoretical analysis
4.1. Prediction of droplet shape

The Young-Laplace equation has been solved to predict bubble
[58-61] and droplet [11,12,42] shapes. The Young-Laplace equa-
tion represents the equilibrium between two fluids, separated by
an interface, and gives the pressure difference across the liquid-gas
interface as a function of the product of the curvature multiplied by
the liquid-gas surface tension. Ry and R, are the radii of the curva-
ture at the liquid-gas interface, where R; is the radius of curvature
describing the latitude as it rotates and R, is the radius of curva-
ture in a vertical section, describing the longitude as it rotates. The
centres of Ry and R, are on the same line, vertical to the liquid-
gas interface. The Young-Laplace equation can be applied under a
quasi-steady state condition, where the static pressure and surface
tension forces are the only effective elements and there is equi-
librium between gas and liquid at the interface. In general, the
Young-Laplace can be used to predict a droplet shape while the
effects of inertia and viscosity are negligible with respect to the
liquid-gas surface tension force. The Young-Laplace equation can
be written as

1 1

AP=(E + R—Z)Glg

(1)
where Ap is the pressure difference between the gas, pg(z), and
liquid, p,(z), which can be defined as, pg(z) = pggz, and p(z) =

2 . o
-% + pigz, where g and R, are respectively are gravitational accel-
eration and radius of curvature at the apex respectively.

Knowing the pressure difference between the gas and liquid
phases, the Young-Laplace equation can be written as
ag 2

do gz ( sind
ds ~ Ro

+@ pl—Pg)—T (2)

In the case of nanofluids, the liquid-gas surface tension, oy,
should be substituted by the liquid-gas surface tension of the
nanofluid, ojg,. The Young-Laplace equation can be solved, with
the following system of ordinary differential equations for axisym-
metric interfaces, to obtain the droplet shape (see Fig. 3)

dr
i cosf 3)

9 _ ing (4)

ds
av .
Pt sin6@ (5)

This system of ordinary differential equations avoids the singu-
larity problem at the droplet apex, since

sin6 1
Ts:O - R_o (6)
Using the Runge-Kutta method, the system of ordinary differ-
ential Egs. (2)-(5) can be solved [7,8,31] to predict the shape and
characteristics of the droplet (radius of curvature at apex, R, equi-
librium contact angle, 6., and volume), knowing the radius of the
triple line, ry, droplet height, 6, (see Fig. 3) and applying the follow-
ing boundary conditions

r(0) = z(0) = 6(0) = V(0) = 0. (7)

4.2. Determination of solid surface tensions

The droplet shape depends on the liquid-gas-solid materials and
gravity. The droplet contact angle has been observed to increase as
gravity decreases [23,24]. Eventually, the droplet profile attains the
shape of a spherical cap under conditions of zero gravity. The con-
tact angle under these conditions is called the asymptotic contact
angle, 6s. Under zero gravity, assuming the substrate is smooth and
homogenous, the force balance at the triple line can be expressed
precisely by the following modified form of the Young equation

Olg cos 6 = Osg — Og|. (8)

The asymptotic contact angle can be determined from experi-
ments in which droplet volume is gradually reduced [12]. The effect
of gravity decreases with reduction of droplet volume and conse-
quently the contact angle increases [13,22]. The asymptotic contact
angle can be obtained theoretically [11,12], using the characteris-
tics of droplets under normal gravitational conditions.

As indicated by the following hypothesis from reference [12],
‘For given liquid, gas and solid materials, the interfacial force on a
droplet, normal to the solid surface, is uniquely defined; in particular,
this force is independent of the acceleration of gravity’. This means the
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normal component of the droplet interfacial force is independent
of gravity and the following equation can be derived
1/3

3V sin?6; (9)

rgsinfe = 5
(2 + cosOs)(1 — cos bs)

The asymptotic contact angle, 6s, can then be calculated from
Eq. (9), knowing the characteristics of a droplet, such as radius of
triple line, ry, equilibrium contact angle in normal gravity, 6., and
droplet volume, V. The solid surface tensions can then be calculated
from Eq. (8), knowing the asymptotic contact angle, 6;. The system
of ordinary differential Eqs. (2)-(5) along with Eq. (9) can, hence,
be solved to predict the droplet shape, knowing only one droplet
characteristic such as the radius of the triple line, contact angle,
droplet height or droplet volume [11,12].

5. Results and discussion

5.1. Calculation of solid surface tension and prediction of droplet
shape

The silver ink droplet shape on a smooth substrate was captured
using the Drop Shape Analysis System DSA100. Knowing the char-
acteristics of a droplet, Eq. (9) was solved to predict the asymptotic
contact angle, 6;. Having the asymptotic contact angle and liquid-
gas surface tension, the solid surface tensions could be calculated
from Eq. (8). The solid surface tensions for glass and PTFE substrates
were hence determined to be 0.0228 N/m and 0.0043 N/m respec-
tively for the silver ink used. The experimental uncertainty for the
measurement of solid surface tensions was estimated to be less
than 6%. The solid surface tensions value for the PTFE substrate
is relatively low and consequently the silver ink demonstrated
poor wettability of the PTFE, resulting in a series of disconnected
droplets, as shown in Fig. 4(a). In contrast the relatively high solid
surface tensions value with the glass substrate resulted in high
wettability of the silver ink, as shown in Fig. 4(b).

Fig. 5 compares the experimental data with predicted droplet
shape. The latter obtained from solving the system of ordinary dif-
ferential Eqs. (2)-(5) along with Eq. (9) and the boundary conditions
given by Eq. (7), knowing only the droplet volume and physical
properties. The percentage of absolute errors between theoretical
prediction and experimental data for points 1-8 respectively were
0.79,0.01,0.67,0.49, 0.38,0.67,0.61 and 0.4. Point 8 has maximum
radius of triple line. The good agreement between experimental
data and theoretical prediction indicates the accuracy of Eq. (9).

5.2. Printability of the silver ink

The quality of the printed lines on smooth glass was observed
to be reasonable. The good quality of the printed line is attributed
to the relatively high value of the solid surface tensions, since the
liquid-gas surface tension of the nanofluid remained in the range
0.028-0.033 N/m. Therefore, the affinity of a nanofluid ink for a
solid substrate depends principally on the solid surface tensions. As
the solid surface tension value increases, injected nanofluid drops
have an increasing tendency to spread over the substrate and cre-
ate continuous lines, as long as the substrate is sufficiently smooth.
However, in the case of a rough substrate, the injected nanofluid
drops tend to spread along scratches, thus reducing the quality of
the triple line and the resolution of the printed line. As the solid
surface tensions value decreases, the injected nanofluid drops tend
to create discrete drops rather than the desired continuous line.
The solid surface tensions value can, therefore, be seen as a reli-
able criterion to measure the printability of conductive nanofluids
on substrates, since the effects of gas, liquid and solid need to be
considered all together.

5.3. Nanoparticle distribution at the triple line

The distribution of nanoparticles in the triple region is an impor-
tant factor in the resolution and resistivity of printed line when
using nanofluids with conductive nanoparticles. The optical evi-
dence has indicated a layering phenomenon for the nanoparticles
in the triple region [5,6,55-57]. In this research, ESEM was used to
observe the distribution of silver nanoparticles in the triple region
for silver ink droplets on a glass substrate. Fig. 6 shows four images
of the distribution of 30-40 nm silver nanoparticles in the triple
region in the liquid phase. It can be seen that beyond the dotted line
the nanoparticles are layered and the nanoparticles appeared to
have extended the triple line in a non-uniform fashion with the for-
mation of ‘fingers’. This can be attributed to the structural disjoining
pressure and nanoparticle self-assembly discussed previously. This
irregular triple line and associated irregular nanoparticle distribu-
tionis potentially detrimental to the edge definition of printed lines.
To investigate this further, Fig. 7 shows the distribution of the sil-
ver nanoparticles on a glass substrate after the silver nanofluid has
dried. It can be seen that the distribution of nanoparticles after
drying is consistent with the distribution of the nanoparticles in
the triple region in the liquid phase. This indicates the importance
of the distribution of nanoparticles at the triple line in the liquid
phase on the final distribution of nanoparticles and, hence, quality
and resolution of printed lines.

It was observed that the surfactant inside the silver nanofluid
spread beyond the triple line on the substrate when silver nanofluid
droplets were left on the glass substrate for a long time (more than
6 h). This is because the liquid with the greater affinity with the sub-
strate tends to separate from the base liquid and spread out on the
substrate. The segregated liquid can carry the smaller nanoparticles
and the presence of small nanoparticles in the segregated liquid on
the substrate was observed. However, the segregation of surfac-
tant and base liquid was seen to be negligible in small droplets
(rg <0.5mm) as the outward solid surface tensions force depends
on the length of the triple line and as a result, more segregation
occurs in bigger droplets (r4 > 2.5 mm). The segregation of surfac-
tant from the base liquid has a positive impact on the spreading
of nanoparticles in the triple region. Similarly, for a given silver
nanofluid, the spreading of nanoparticles and layering phenomena
for bigger droplets were more obvious. Even though the hydro-
static pressure is higher for smaller droplets (see Eq. (2)), since the
radius of curvature at apex is lower, the effect of solid surface ten-
sions force is more dominant for bigger droplets and as results, the
spreading of nanoparticles is more obvious for big droplets.

Fig. 8 shows the distribution and spreading of silver nanoparti-
cles in the triple region for the same silver ink on a stainless steel
substrate. Layering of nanoparticles near the triple region and non-
uniform spreading on the substrate were again observed, however,
the nanoparticles spread less on stainless steel surface. This can be
attributed to the lower affinity of the sliver nanofluid for the steel
substrate. As indicated by the lower solid surface tensions value for
the stainless steel, which was slightly less than that of glass but big-
ger than PTFE. Regions I and Il in Fig. 8 were observed frequently,
however, the ‘finger’ in Region Il was only rarely observed. It can be
seen that the nanoparticle density appears to be lower in Region II
and would not form a continuous solid on sintering.

A similar experiment was also conducted with a PTFE substrate.
In this case the layering of nanoparticles in the triple region was not
seen, since the affinity of the silver nanofluid for PTFE was weak.
In addition to disjoining pressure, the affinity of the nanofluid for
the substrate has a significant role in spreading and distribution
of nanoparticles in the triple region, since the nanoparticles are
bound in the base liquid. As affinity of a nanofluid for the substrate
increases, the nanoparticles have a greater tendency to spread over
the substrate. In summary, it appears that the nanoparticles have
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Fig. 7. Distribution of 30-40 nm silver nanoparticles on glass substrate after drying.

Fig. 8. Distribution of 30-40 nm silver nanoparticles in triple region on stainless
steel substrate in the liquid phase.

two major roles on the spreading of a nanofluid; (a) in modifying
the physical properties of the nanofluid, such as the liquid-gas and
solid surface tensions and (b) changing the disjoining pressure. Both
effects will impact the distribution and spreading of nanoparticles
on a substrate.

6. Conclusions

The solid surface tensions for a silver nanofluid ink on glass and
PTFE substrates were determined, after calculating the asymptotic
contact angle. The solid surface tensions on glass and PTFE were

respectively 0.0228 N/m and 0.00433 N/m. For a given ink, it was
observed that the affinity of a liquid for a substrate increased with
the value for the solid surface tensions. In fact, nanofluids with
weak affinities for a solid substrate collect themselves into discrete
droplets, while those with high affinities for the solid surface maxi-
mize the radius of triple line and make a continuous line. Hence, the
value of the solid surface tensions can be used as a reliable criterion
to measure the printability of a nanofluid on a solid surface. For a
given nanofluid, as solid surface tensions increases, the quality of
the printed lines on the substrate increases.

The silver nanofluid ink and glass substrate were found to be a
suitable combination to study the distribution of nanoparticles in
the triple region, using ESEM. ESEM was employed to study the
distribution of silver nanoparticles in the triple region on glass,
stainless steel and PTFE substrates. The distribution of nanopar-
ticles and layering phenomenon were clearly observed on the glass
substrate, since the silver nanofluid ink has a high affinity for the
glass substrate. The distribution of nanoparticles observed after the
nanofluid was dried on the glass substrate was seen to be consis-
tent with that observed in the liquid phase. The effect of size of
droplet on spreading of nanoparticles was examined and it was
seen that the spreading of nanoparticles on the substrate increased
with droplet size, which can be attributed to expansion of the length
of the triple line and consequent enhancement of the solid surface
tensions force. Similarly, the effect of substrate was investigated on
the spreading of nanoparticles. In addition to disjoining pressure,
the affinity of a nanofluid for a substrate was observed to have an
impact on the spreading of nanoparticles. Unlike with glass and
metal substrates, the layering phenomenon was negligible with
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the PTFE substrate, since the affinity of the silver nanofluid ink was
weak in this case.
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