Journal of Industrial and Engineering Chemistry 22 (2015) 120–126

Contents lists available at ScienceDirect

Journal of Industrial and Engineering Chemistry
journal homepage: www.elsevier.com/locate/jiec

Ink-jetting and rheological behavior of a silica particle suspension
Wen Ling Zhang a, Hyoung Jin Choi a,*, Hyun-Seok Ko b, Kye-Si Kwon c
a

Department of Polymer Science and Engineering, Inha University, Incheon 402-751, South Korea
Department of Electrical & Robot Engineering, Soonchunhyang University, Asan, 336-745, South Korea
c
Department of Mechanical Engineering, Soonchunhyang University, Asan, 336-745, South Korea
b

A R T I C L E I N F O

Article history:
Received 21 May 2014
Received in revised form 10 June 2014
Accepted 13 June 2014
Available online 2 July 2014
Keywords:
Silica particle
Suspension
Rheology
Ink-jetting

A B S T R A C T

To understand the particle-suspended inkjet behavior better, silica particle solutions with different
particle sizes were dispersed in ethylene glycol. The effects of the particle size on the jetting behavior
was examined using a laboratory-developed drop watcher system in addition to their rheological
properties determined using a rotational rheometer. The drying characteristics of the silica solutions
with different particle sizes on a glass substrate were also investigated. The results revealed a similar size
of deposition droplets after the evaporation of droplets at 5 wt%, whereas a smaller deposition size was
observed at 1 wt%.
ß 2014 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.

Introduction
The application of ink-jet printing technology is broadening
from a home printer to the electronic industry because of its
inexpensive manufacturing and production cost compared to
conventional manufacturing technologies [1–4]. The potential
applications of ink-jet printing in engineering include printed
circuit boards, textile products, color ﬁlters for thin-ﬁlm transistors in the liquid crystal display, sensor fabrication and radio
frequency identiﬁcation [5–9]. On the other hand, it is crucial to
optimize the jetting parameters to ensure that the printing process
is error-free. The jetting characteristics, such as the jetting speed,
ligament and satellites, as well as the morphological characteristics of the jetted droplet on a substrate should meet the
requirements for various commercial applications [10,11]. The
performance of ink-jet printing depends on the ink properties and
other factors [12]. To understand the mechanism of the ink drop
process more clearly, it is important to study the intrinsic
characteristics of the inks, such as the rheological properties
(shear viscosity and storage modulus), surface tension and
evaporation characteristics. [13]. In particular, the rheological
characteristics of the inks are critical due to the requirements from
the jet stability and printed pattern uniformity after drying on the
substrates.
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In general, an ink-jet ink is composed of the appropriate portion
of dispersant, functional particles and suspending medium [13].
Polymer solutions with an appropriate polymer concentration and
molecular weights are also used as ink-jet inks [14,15]. Wang et al.
[16] reported the ink-jet properties of a modiﬁed SiO2 sol. Later, the
different ink-jet properties between pure nano-SiO2 and modiﬁed
nano-SiO2 with a silica coupling agent were studied [12]. The
present study examined the ink-jetting behavior and drying
characteristics of the silica particle solutions with different sizes
from nanoparticles to mono-dispersed microspheres.
Experimental
Materials
Silica particles with different particle sizes (80 nm, 0.5 mm,
1.0 mm and 1.5 mm, obtained from Alfa Aesar) were dispersed in
ethylene glycol (EG) (AMRESCO, high purity grade) by sonication
for 1 h to obtain a homogeneous suspension of each particle size
with two different (1 and 5 wt%) particle concentrations.
Rheological measurements
The rheological properties of the silica particle-dispersed
suspensions were examined using a rotational rheometer (MCR
300, Anton Paar) equipped with a double Couette cylindrical
system [DG 26.7 (the diameter of the cup was 27.59/23.83 mm and
the diameter of the bob was 26.66/24.66 mm)/TEZ 150 P-C] at
room temperature [17].
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Fig. 1. Equipment for jetting and drying characterization—schematic of drop watcher system.

Measurement of the ink-jetting behavior

Measurement of drying behavior

A laboratory-developed drop watcher system shown in Fig. 1
was used to characterize the jet. A single nozzle head (MJ-AT,
Microfab, USA) was used as the jetting device. The nozzle diameter
of the print-head used for the experiment was 50 mm. A CCD
camera (XC ES 50, Sony, Japan) was used to obtain jetting images.
An adjustable zoom lens (ML-Z07545, MORITEX, Japan) and a lens
adaptor (ML-Z20, MORITEX, Japan) were used to acquire magniﬁed
images of the ink-jet behavior. To obtain a frozen jetting image,
LED light was synchronized with respect to the jet triggers.
Two digital pulse trains from a counter board (PCI-6221, NI,
USA) were used for the synchronization, as shown in Fig. 2. The ﬁrst
digital pulse train was used as a trigger signal to create the pulse
voltage, whereas the second pulse train was exploited to control
the LED light. The second pulse was triggered from the ﬁrst pulse,
and the trigger delay time between the ﬁrst and second pulse was
adjusted, such that the jet image at the delayed time can appear
frozen [18]. In addition, it can be also noted that pure EG behavior
was previously studied [18], in which the ligament of jetted pure
EG tends to become spherical without forming satellites. However,
the long ligament of jetted particle solution ink was likely to break
into many satellites during drop formation.

The drop watcher system presented in Fig. 1 was also equipped
with a substrate holder. As a result, the drying behavior of the
droplet on a substrate can be measured by lowering the LED and
camera position slightly downward to align the jetted droplet on
the substrate with respect to the camera. Fig. 3 shows the droplet
image from the side and top views after jetting on a substrate.
Unlike the drop watcher system for jetting visualization, the
LED light should not be synchronized with respect to jetting
when observing the drying behavior. For this purpose, the counter
board was re-conﬁgured such that the LED light can be controlled

Fig. 2. Strobe LED control.

Fig. 3. Side view and top view after jetting.
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Fig. 4. Droplet measurement based on edge detection.

independently with respect to the jetting signal to provide
sufﬁcient light intensity to acquire droplet images on the substrate.
The droplet volume on the substrate can be controlled easily by
setting the ink-jetting droplet number. For example, if 25 droplets
are used, the droplet volume can be approximately 2 nL. Note that
the droplet volume of one droplet is approximately 80 pL. In
addition, because the 25 droplets were placed on the substrate
with 1 kHz jetting frequency, the deposition time of 25 droplets
was about 25 ms. The images for the drying process were then
captured and saved at the user-deﬁned timing intervals. The
captured images were examined further to understand the drying
behavior of the droplet on the substrate.
From the side view of a droplet, an edge detection based
algorithm was developed to extract its side view droplet proﬁle. To
analyze the droplet efﬁciently, the region of interest (ROI) was
deﬁned around the droplet on the substrate to specify the image
analysis area. In the two-dimensional ROI, predetermined horizontal-line ROIs was deﬁned to detect the edges, which have
information about the droplet proﬁle. The droplet volume could be
calculated from the two dimensional droplet proﬁle assuming a 3D droplet shape. For example, if the droplet is considered to be
axis-symmetric with respect to its center, the volume can be
calculated by the summation of sliced cylinders, as shown in
Fig. 4(a). Here, the diameter of the sliced cylinder can be identiﬁed
by the horizontal length of two detected edges, whereas the height
of the cylinder is equal to the spacing between the horizontal-line
ROIs. Note that the accuracy of the measured droplet volume can

decrease when the droplet becomes smaller due to the image
resolution, making it difﬁcult to calculate the volume of the
remaining solid contents after evaporation.
The contact angle can also be calculated using two detected
edges near the interface between the droplet and surface, as shown
[(Fig._5)TD$IG]in Fig. 4 (b).

Fig. 5. Shear stress as a function of shear rate for silica particle solutions with
different particle size (5 wt%, particle concentration, the inset is the enlarged part at
shear rate range from 1 to 2 1/s).
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Fig. 6. Shear viscosity as a function of shear rate for silica particle solutions with
different particle size (5 wt%, particle concentration).

Fig. 7. Angular frequency sweep for silica particle solutions with different particle
size (5 wt%, particle concentration).

Results and Discussion

stress increased linearly with increasing shear rate, showing
typical Newtonian ﬂuid behavior, as shown in Fig. 5. In addition,
the silica microsphere solutions (0.5 mm, 1.0 mm and 1.5 mm)
exhibited similar shear stresses, which is slightly lower than that of
the nano-silica solution (80 nm). The particle size with a nanoscale
might increase the adjacent particle interactions during the
shearing process, which generates high shear stress.
As shown in Fig. 6, Newtonian ﬂuid-like properties can be found
in all silica particle solutions, in which the shear viscosity is
uniform with the applied shear rate. A silica solution with an
80 nm particle size shows the highest shear viscosity among the
sample solutions, which agrees with the trend in the shear stress.

The density of the silica nanoparticle (80 nm) and silica
microsphere (0.5 mm, 1.0 mm and 1.5 mm) used were approximately 2.2–2.6 g/cm3 and 2.0 g/cm3, respectively. The particle
solution becomes transparent with decreasing particle size due to
the improved refractive index match and dispersibility.
The structure of the ink material may be subject to an abrupt
transition during the ink-jet process. Therefore, their rheological
properties should be examined using steady shear or dynamic tests
[4,19–21]. Their rheological properties were examined using a
rotational
rheometer. For all silica particle solutions, the shear
[(Fig._8)TD$IG]

Fig. 8. Drop volume (a, c) and contact angle (b, d) of silica particle solutions (1 and 5 wt%, particle concentration) with different particle size on hydrophobic substrate at
different time, respectively.

[(Fig._9)TD$IG]
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Fig. 11. Top images of the silica particle solutions (1 wt%, particle concentration)
with different particle size ((a) 80 nm, (b) 0.5 mm, (c) 1.0 mm and (d) 1.5 mm) on
hydrophobic substrate at different time (0, 510, 1005, 1500 and 2010 ms).

Fig. 9. Deposition images of silica particle solutions (1 wt%, particle concentration)
with different particle size ((a) 80 nm, (b) 0.5 mm, (c) 1.0 mm and (d) 1.5 mm) on
hydrophobic substrate at different time (0, 510, 1005, 1500 and 2010 ms).

[(Fig._10)TD$IG]

All the silica particle solutions exhibited slightly higher shear
viscosity than that of the pure solvent [4]. Tuladhar and Mackley
reported the slight variation in the shear viscosity of the ink-jet ink
ﬂuids with respect to the particle size [22].
The amplitude sweep was examined further to ﬁnd the linear
viscoelastic region before the dynamic oscillation test [11], in
which the critical strain was chosen to be 0.14%. As shown in the
frequency sweep in Fig. 7, the storage modulus, which describes
the slight elastic behavior of the samples [23], increased with
increasing angular frequency.
The evaporation properties of the silica solutions-based inks at
room temperature were examined and compared by observing the
silica solution (1 wt% and 5 wt% particle concentration) drop
deposition images on a hydrophobic substrate. The initial volume
of the droplet was controlled by the number of droplets jetted from
an inkjet head. Jung and Hutchings [24] reported detailed
experimental studies on the inﬂuences of the impact speed,
surface wettability and ﬂuid properties during ink-jet drop
deposition.
To obtain the droplet volume and contact angle with respect to
time, the side view images were used for image analysis, as shown in
Fig. 4 [25]. Fig. 8 shows the drop volume and contact angle changes of
the silica particle suspended solutions with different particle sizes,
in which the initial volume of the silica solution drop was

[(Fig._12)TD$IG]

Fig. 10. Deposition images of silica particle solutions (5 wt%, particle concentration)
with different particle size ((a) 80 nm, (b) 0.5 mm, (c) 1.0 mm and (d) 1.5 mm) on
hydrophobic substrate at different time (0, 510, 1005, 1500 and 1800 ms).

Fig. 12. Top images of the silica particle solutions (1 and 5 wt%, particle
concentration) with different particle size ((a) 80 nm, (b) 0.5 mm, (c) 1.0 mm and (d)
1.5 mm) on hydrophobic substrate at different time(0, 510, 1005, 1500 and
1800 ms).

[(Fig._13)TD$IG]
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Fig. 13. Jetting speed of the silica particle solutions (1 and 5 wt%, particle concentration).

approximately 2000 pL. Interestingly, the time of the contact angle
reaching equilibrium was 80 nm < 1 mm < 1.5 mm < 0.5 mm and
the time was shorter at 5 wt% than at 1 wt%. Figs. 9 and 10 show
deposition images of a silica solution (1 wt% and 5 wt%, particle
concentration). Similarly, from the changes in contact angle shown
in Fig. 8, the deposition images of the silica microsphere solutions at
0.5 mm size revealed the slowest decrease in these silica particle
solutions at the same time.
Figs. 11 and 12 present top view images of the silica droplets for
the 1 and 5 wt% particle concentration, respectively. When the
solvent evaporates, only the solid contents remain on the
substrate. The size of deposition on the substrate decreased at 1
wt%, whereas a similar size of deposition droplet was obtained at 5
wt%. In addition, an irregular shape of deposition was observed in
the microsphere silica particle solutions (1.0 and 1.5 mm) at 1 wt%.
Peixinho et al. [26] examined the evaporation and boiling of water
conﬁned in the pores of deposits made of mono-dispersed silica
colloidal microspheres from a morphological viewpoint. As shown
in Figs. 11 and 12, the coffee ring effect was more likely to be
observed in case of the evaporation of silica nanoparticle solutions
at 1 and 5 wt%.

[(Fig._14)TD$IG]

Studies on the detachment and satellite of the liquid drop are
valuable in ink-jetting applications [24,27,28]. The stable drop
generation depends on a range of factors including the essential
properties of inks and the jetting parameters, such as the applied
voltage and pulse width [29,30]. Fig. 13 shows the jetting speed of
the silica particle solutions. The methods for obtaining the jetting
speed curve during drop formation can be referenced from previous
work [18]. The jetting speed of the silica solutions (1 wt%, particle
concentration) was approximately 4.33–4.54 m/s in case of the
silica solution (5 wt%, particle concentration), and the jetting speed
was varied slightly from 3.2 to 5.9 m/s during drop formation.
Fig. 14 presents jetting images of silica particle solutions (1 wt%,
particle concentration) at the delay times (40, 70,100, 130, 160,
200, 220 and 250 ms) with an applied voltage of 45 V. Fig. 15
presents jetting images of the silica particle solutions (5 wt%,
particle concentration) at various delay times with an applied
voltage of 45 V. The jetting performance appeared similar even
when the particle size was different in case of a 1 wt% particle
concentration. On the other hand, in the case of a higher
concentration (5 wt%), the jetting speed (jettability) decreased
with decreasing particle size, as shown in Fig. 13(b). This might be
related to the increasing shear viscosity with decreasing particle
size, as shown in Fig. 6, suggesting that a higher viscosity from a
smaller size results in the lower jettability.

[(Fig._15)TD$IG]

Fig. 14. Jets formed of the silica particle solutions (1 wt%, particle concentration)
with different particle size ((a) 80 nm, (b) 0.5 mm, (c) 1.0 mm and (d) 1.5 mm) at 40,
70,100, 130, 160, 200, 220 and 250 ms, respectively with an applied voltage of 45 V.

Fig. 15. Jets formed of the silica particle solutions (5 wt%, particle concentration)
with different particle size ((a) 80 nm, (b) 0.5 mm (c) 1.0 mm and (d) 1.5 mm) at 40,
70, 100, 120, 140, 160, 180 and 200 ms, respectively with an applied voltage of 45 V.
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Conclusions
Silica particle solutions (1 and 5 wt%, particle concentration)
with different particle sizes were prepared by dispersing silica
particles in ethylene glycol. Their rheological properties were
examined using a rotational rheometer, which showed liquid-like
properties due to the good dispersibility of silica particles. From
experimental studies, the nano-silica solution showed higher
viscoelasticity than that of the silica microsphere solutions. A
similar deposition size after evaporating the droplets at 5 wt% was
observed, whereas a smaller deposition size was detected at 1 wt%.
For a silica concentration of 5 wt%, the jetting speed was affected
by the size of the silica particle, such that a smaller size particle
results in a lower jetting speed due to their higher viscosity.
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