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Abstract: Gravure printing is known to be cost competitive in manufacturing of printed electronic devices due to
its capability to mass produce at lower costs. Current standard of gravure printed feature sizes is in a range of
around 50 pm down to sub-10 um, predominantly through small scale setups and specialized engraving. However,
reliance on gravure cell design limits the scalability of printing over a large area due to the setup cost. In this study,
ink viscoelastic behavior was modified to improve replication of gravure printed features over a large printing area
of 300 mm web-width without a reduction in gravure cell dimension. Fine lines were printed using a high viscosity
ink with a good replication of the nominal line width. Control over the printed features was performed through the
variation of printing speed and the alteration of ink viscosity. The effects of ink viscosity and printing speed on
the printed ink particle distribution and size were also examined. New methodologies of characterizing ink transfer
were also developed to help understand the ink transfer processes: mass transfer and particle transfer. A deeper
understanding of the thixotropic effect and shear recovery behavior of inks was achieved through simulations of
shearing conditions.

Keywords: R2R printing; Gravure printing; Shear recovery; Thixotropy; Mass transfer; Particle transfer; Pick-
out; Silver nanostructure.

1. Introduction

Nanoimprint lithography has emerged for printed electronics with high resolution patterning and throughput,
and low costs [1-5]. Printing of electronics is an alternative approach to the conventional electronics manufacturing
of silicon devices. Printed electronics [6] is achieved through the application of functional inks onto flexible
substrates through the use of printing technologies. Typical products of printed electronics include thin film
transistors, solar cells and radio frequency identification tags. To achieve economical mass production of the
printed electronics products, roll-to-roll (R2R) processing is necessary due to its scalability, and direct gravure
printing is often preferred over other printing technologies due to its stability and reliability [7].

R2R is employed for production of flexible, high-volume printed electronics. Inkjet printing, gravure printing,
screen printing [8] and flexographic printing [9] may be conducted for printed electronics. Flexographic printing
and gravure printing are more suitable for continuous R2R, large format and high speed printing [4,5]. The
properties of the resin, mold and film can establish the profiles of the embossed microstructures [10,11]. The
polymer can affect the embossing process [12,13]. Flexible molds made from a polymer substrate may be
employed [14].

Direct gravure printing is a printing process where inks are transferred from engraved cells on a rotating gravure
roller onto the surface of a moving substrate, followed by thermal curing. Key efforts in gravure printing research
have been placed on reducing printed feature sizes and concurrently ensuring replication quality of features. A key
application where small features are required is the printing of conductive traces in a dense printed circuitry. The
major issue faced when printing thin line widths is the loss of conductivity over a large area. Hence, it is of keen
interest to print thin and conductive lines concurrently.

The thinnest conductive trace reported for gravure printing was sub-10 um fabricated using a roll-to-plate (R2P)
processing, which severely limits the throughput and scalability [15]. 500-pum conductive traces were reported for
small-area R2R gravure printing; however such achievements of reduction in feature sizes were reliant on the
engraving [16] and etching [15] capabilities of gravure cells, leading to increased fabrication costs of gravure
rollers. Various printing parameters can also affect the printed line widths and conductivity of the conductive traces.
These parameters include ink viscosity, printing speed, cell geometry, printing pressure, wrap angle and substrate

79


mailto:xcshan@simtech.a-star.edu.sg

S.H. Chen et al. Journal of Materials and Applications 2020,9(2):79-89

tension. However, previous studies had shown that variations in wrap angle [17,18] and web tension [19] were of
less significance in comparison to other printing parameters. On the other hand, ink viscosity [18,20-24], printing
pressure [25,26], cell geometry [18,19,27,28] and speed ratio [18,29] (ratio of substrate speed to gravure roller
speed) have been reported to give substantial effects on ink transfer, conductivity and printed line width.
Therefore, it is of keen interest to investigate the shearing and recovery behaviors of inks to achieve thin
conductive traces in gravure printing. This negates the need for costly and time consuming roller fabrication
processes. Furthermore, studies of the transfer and distribution of conductive ink particles in the printed lines
would allow a greater insight into the effects of ink shearing behavior on the performance of the printed lines.

2. Research gap

Ink shearing behavior in gravure printing can be studied in two major areas, i.e. viscosity and thixotropy.
Previous studies on the effects of viscosity reported that using viscous inks gave a greater film thickness and higher
ink transfer from gravure cells to the substrate [18]. It was also reported that using a high viscosity ink produced
better print quality and high conductivity [23]. However, a high viscosity ink presents the difficulty in proper
doctoring, which may lead to residual ink outside of the intaglio surfaces. It could be resolved by increasing the
wiping speed [30]. On the other hand, a study conducted using a low viscosity ink produced a thin line width [15];
this could be attributed to the lower solid contents, or low ink transfer ratio resulting in less ink available to spread
over the substrate. However, a low viscosity ink led to printing defects [16] that would not be present with a higher
viscosity ink. The literature on gravure printing of conductive traces has thus far focused on the viscosity while
ignoring the fact that the inks used are usually an emulsion or suspension of solvent, binder and particles, which
do not shear homogeneously. There is a huge research gap in the quantification of the ink transferred in terms of
mass, number of particles and the effects of the ink shearing behavior on both. The number of particles transferred
can strongly affect the percolation of the printed conductive traces, thus leading to a decrease in conductivity, and
it needs to be quantified.

Thixotropy shares a similar behavior with that of the polymer memory effect [31], in which viscosity recovers
over time to an equilibrium. It was also reported that a thixotropic ink would be an ideal ink type for gravure
printing [32]. By introducing greater thixotropic properties to the ink, the spreading of line widths could be
curtailed by restoring ink viscosity to equilibrium at an accelerated rate. It is therefore crucial to induce thixotropy
in inks, which may lead to a reduction in line width while increasing the percolation simultaneously.

In this study, the effect of ink shearing behavior on printed line width was thoroughly investigated through a
design of experiments with 2 parameters, i.e. printing speed and ink viscosity. The viscosity alterations were
achieved using a plasticizer and keeping the particle size and quantity constant. The printed conductive traces were
characterized and a theoretical model that quantifies the mass and particle transferred is presented. An attempt to
achieve a 1:1 replication of line width to cell is demonstrated with ink viscosity engineering. The simulated
shearing process was performed in a rotational rheometer to study the shearing and thixotropy effect of plasticizers
induced viscosity variations. Finally, the authors offer a strategy using high aspect ratio nanostructures to plasticize
conductive inks for inducing thixotropy and maintaining percolation simultaneously.

Additionally, it is crucial that the effects of the ink shearing behavior on the ink transfer process are
characterized accurately. Ink transfer was often characterized using pick-out, as shown in Equation (1), in
numerous papers [18,27,29]. It uses the measured film thickness (Hr), the cell volume per unit area (V), and the
speed ratio (S) of the substrate speed to the gravure roller speed.

9 =S (1)

Pick-out would be able to characterize ink transfer for coating purposes, but this particular ratio does not account
for actual empirical measurements of the fine printed features such as lines. It is, therefore, of importance to
improve upon the accuracy of such characterization especially when fine features are involved, as the tolerance
for deviation is extremely minute. In this study, the characterization of ink transfer shall be explored later in this
paper, using newly suggested transfer ratios, namely mass and particle transfer ratios.

3. Experiments

Experiments were conducted using a 300 mm web-width R2R direct gravure printing machine that was
developed in-house in Singapore Institute of Manufacturing Technology (SIMTech). The printing speed was
operated between 2 and 7 m/min. The substrate was maintained at an operating tension of 2.7 kgf, while the curing
temperature of the in-line oven was set at 130 °C.

The stainless steel gravure roller was electroplated with copper, subsequently etched to form designed gravure
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cells, and finally coated with chromium. The gravure cells were of quadrangular shape and arranged in lines
forming a £45° cross mesh; the cell width of the pattern was 55 pum while the cell depth was 13.5 pm. Its surface
energy was measured to be 33 mN/m. The rollers were prepared by cleaning with methyl ethyl ketone, isopropanol,
acetone and de-ionized water before experiments.

The base ink used for printing was a silver paste ink (Asahi Chemical Co., Ltd.), which had an average particle
size of 2 um and a viscosity of 14000 cP. The substrate used was polyethylene terephthalate (PET), which was
physically treated to have an average surface energy of 39 mN/m for improvement in adhesion.

The ink was prepared by mixing uniformly in a planetary mixer before being poured into the ink tray. The ink
was then picked up by the gravure rollers from the ink tray and doctored at the set printing speed. Ink was then
transferred from the gravure cells onto the PET substrate, which was rolled along the impression roller. The printed
substrate was then cured along the in-line oven and rolled back into a rewinding roll.

4. Results and discussion

4.1 Ink viscosity alteration

The alteration of ink viscosity is shown in Fig. 1. In this study, two formulations were used to investigate the
effects of ink viscosities, i.e. 14000 cP and 1000 cP. A binder compatible plasticizer was added in weight
percentage related to the organic phase of the original ink.

Plasticizing of a base ink was chosen over the usage of different inks of varying viscosities, to negate the
possible effects that ink particle sizes, binder, and solvent content may have on the shearing behavior of ink.
Besides eliminating such rogue elements, plasticizing is preferred over dilution as dilution merely increases the
inter-particle distances to decrease viscosity, which would cause ink thinning and reduction in contact amongst
particles. However, over thinning of ink invariably causes printing defects such as ribbing and pinholes.
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Fig. 1. Alteration of base ink viscosity through the addition of plasticizer with respect to organic phase of base
ink.

4.2 Effects of printing speed

Due to the shear thinning nature of the ink, an increase in printing speed reduced both the printed line width
and film thickness. This trend could be observed in the prints using both the 14000 cP and 1000 cP inks as shown
in Figs. 2 and 3. The observed trend was due to shear thinning of the ink at higher speeds. Thus, viscosity of the
ink was lowered, and this reduced ink transfer and directly led to less ink volume printed. This result also agreed
with a previous study [33].

Using a scanning electron microscope (SEM) and the cross sectional areas of the printed lines, it could be
observed that printing at higher speeds distributed the silver particles further apart, as shown in Fig. 4. For a unit
area, it could also be observed that the inhomogeneity of the printed lines increased (i.e. the amount of the printed
binder increased at higher printing speeds). Heterogeneous distribution of silver particles and binder could be
explained by the shear thinning mechanism of the ink. The configuration of silver particles and binder particles at
higher printing speeds agrees with the mechanism of colloids in a shear thinning viscoelastic fluid [34].

However, printing at higher speeds is inclined to result in printing defects such as breakage of lines and pinholes,
which could be observed in Fig. 5. This was due to the nature of the ink; the ink shear thinned excessively at high
speeds and reduced ink transfer.
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Fig. 2. Reduction in printed line width with increasing printing speed. (a) Results shown using 14000 cP ink
printed at 2 to 5 m/min. (b) Results shown using 1000 cP ink printed at 2 to 7 m/min.
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Fig. 3. Main effect plot of the printed film thickness printed from 2 to 5 m/min using 14000 cP ink.

4.3 Effect of ink viscosity

From Fig. 2, it was observed that using an ink of a higher viscosity significantly reduced the printed line width,
indicating that the ink reduced the spread over the substrate. Furthermore, replication of the nominal cell width of
55 um was achieved at 5 m/min using the 14,000 cP ink. It was noted that the two curves of the 14,000 cP ink and
1,000 cP ink diverges with increasing printing speeds.

It was also observed that using an ink of a higher viscosity produced better line uniformity due to a reduction in
the mensicus height as seen from Fig. 6. This result agreed with a previous study reporting line uniformity [33].
This could be due to a higher shear recovery, which would be explored later in section 4.5.

The difference in silver particle sizes was also observed by using an SEM in the cross sectional images of the
printed lines. The results could be observed in Fig. 7. Printed at 2 m/min, the silver particles printed on the substrate
using the 14,000 cP ink were, on average, greater in size, compared to that using the 1,000 cP ink. This could be
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due to the higher viscous force present in the higher viscosity ink; higher viscous forces could drag bigger particles
from the gravure cell onto the subtrate.

As seen from Fig. 4 and Fig. 7, the transfer and distribution of the conductive ink particles are varied when
subjected to different parameters. As these particles determine the functionality of the printed features, it is worth
investigating the particle transfer ratio as it provides a better understanding in the essential conductive element
transfer in bulk ink transfer.
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Fig. 4. SEM images of cross sectional area of lines printed at different speeds, displaying the difference in
particle distribution. (a) Cross sectional area of line printed at 2 m/min with 1000 cP ink. (b) Cross sectional
area of line printed at 4 m/min with 1000 cP ink.
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Fig. 5. Printing defet due to excessie sher thinning asa resu of high printing speeds. (a) Breakage of line

and (b) Pinhole formation
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Fig. 6. A comparison of microscopic images of lines printed at 5 m/min, showing a difference in both line width
and line uniformity. (a) Line printed with 1,000 cP ink. (b) Line printed with 14,000 cP ink.
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Fig. 7. SEM images of cross sectional areas of lines printed using inks having different viscosities, displaying the
difference in particle size. (a) Cross sectional area of a line printed at 2 m/min with 1,000 cP ink. (b) Cross sectional
area of a line printed at 2 m/min with 14,000 cP ink.

4.4 Ink transfer modeling
As an alternative to pick-out, the mass transfer ratio (M) was proposed in this study. It is the ratio of the printed
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wet mass of a segment to the wet mass of ink in the segment. The said segment is shown in Fig. 8. The densities
of the wet ink (rw) and cured (rq) ink were measured.

As shown in Fig. 8, a segment of gravure cells was used as a reference where the total volume of the ink in the
segment (V:) equates to the sum of the volumes of the gravure cells. Correspondingly, this segment would be
reflected onto the printed substrate, in which the film thickness of the segment (T), line width (LW), and printed
segment length (L) would be measured. The void area (Ay) due to meniscus formation would be taken into account.
The product of the net printed area and film thickness would be tabulated as the net printed volume of the segment
(Vs) as shown in Equation (2).

Vo=[(L -LW) = A,]-T ()

To convert a cured segment into a printed but wet segment, a factor (C) was used. The factor C was derived to
be the ratio of the wet mass to dry mass of a given ink volume. Hence, the mass transfer ratio could be derived as
Equation (3).

Vs pa C
=I5 PaC 3
Ve pw ()

Similar to the mass transfer ratio proposed above, the particle transfer ratio (P) utilized the approach of
segmentation described earlier. Particle transfer ratio would be important as the silver particles are the conduit for
the printed film. Hence, investigating the particle transfer ratio provides a better understanding into the essential
conductive element transfer in bulk ink transfer.

Particle transfer ratio compares the amount of silver particles present in the dry mass (Ng) of the printed substrate to the amount of silver
particles present in the gravure cell volume (N,,).

Segment

Oy

Fig. 8. Schematic of the gravure cells arrangement. Segment denotes the selection of cells (along the length of
the line) used in ink transfer ratio calculations.

In addition to the variables used in mass transfer ratio, the particle transfer ratio makes use of atomic packing
factor (APF) of silver, Avogadro number (Na), density of silver (rag), molar mass of silver (Mag), mass ratio of
silver in dry mass of printed patterns (Rq), mass ratio of silver in the ink (Rw), theoretical volume of a silver particle
as a colloid (Vp), assuming homogenous distribution of silver particles in the ink. The volume of a single silver
atom (V.) was derived in Equation (4) based on a unit volume.

Va=tag — (4)

The amount of silver atoms (N,) in a single silver particle was then subsequently derived in Equation (5).

Vp

Na = Ta (5)

The number of silver particles in the dry mass of a printed segment could be derived, using the mass ratio Rg,
as shown in Equation (6).
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Vs'pa'R
N = =55 Ny /N (6)

The number of silver particles in the wet mass of the gravure cells in a segment could be derived, using the
mass ratio Ry, as shown in Equation (7).

|7 'RW
Ny = =50 Na/ N (7)

The particle transfer ratio could then be derived as the ratio of number of silver particles in dry mass of a
segment to the number of silver particles in the gravure cells of a segment as shown in Equation (8).

_ Na
P=3 8

In Fig. 9, it could be observed that there is a substantial difference between pick-out and mass transfer ratio.
The effect of printed line width holds a significant impact on the actual ink transfer. However, as the printing speed
increases, the differences between the mass transfer ratio and pick-out minimizes and the two ratios eventually
converge. This could be due to the fact that as printing speed increased, the printed area (used in mass transfer
ratio) was reduced and approached the nominal cell area (used in pick-out); hence the effect of the printed area
would be lessened and the two ratios converged. Therefore, mass transfer would be more accurate for analyzing
printed line widths at lower printing speeds.
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Fig. 9. Comparison of transfer ratios amongst pick-out (denoted by A ), mass transfer (denoted by #) and silver
particle transfer ratio (denoted by m) using the 1,000 cP ink. Data from 4 m/min is omitted due to outliers.

The particle transfer ratio decreased as the printing speed increased; this was confirmed using the SEM cross
sectional images in Fig. 4, where the silver particles appeared to be sparsely distributed at a higher printing speed.

Additionally, at printing speeds below 6 m/min, there was congruence between particle transfer ratio and pick-
out. This was due to the assumption of Newtonian flow for both. Particle transfer ratio omits the viscoelastic effect
of the binder and solvent in the ink, and therefore this ratio represents a fully Newtonian transfer. Despite its
inaccuracy at predicting non-Newtonian ink transfer, pick-out could be a simple alternative to quantify transfer
characteristics for particle in such inks.

4.5 Thixotropy effect

In a set amount of time, the viscosity of the shear thinning ink returns to its equilibrium. However, it is the rate
of return that is of greater interest in this study. Using the Anton Paar Rotational Rheometer (Physica MCR 301),
a simulation of the gravure printing process was conducted to observe the behavior of the ink under different
shearing conditions as listed below from (i) to (vi).

1) Ink preparation where the ink is stirred to homogenize the contents as uniformly as possible.

2) Ink reservoir where the ink is contained in the reservoir awaiting pick-up.

3) Ink pick-up where the ink is picked by the motion of the gravure roller into the gravure cells.

4) Ink transport where the ink is carried in the gravure cell subjected to the rotational motion of the gravure
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roller.

5) Ink transfer where the ink is transported onto the moving substrate from the cell.

6) Ink settlement where the ink settles on the moving substrate.

It could be observed from Fig. 10 that the two formulations of ink demonstrated similar behaviour, attributed
to their similar ink content. Dips in viscosity were a result of the ink subjected to higher shear rates, while
recoveries of viscosity were due to less or the total shear removal. Whilst the curves showed similar dipping
behaviour, it was observed that towards the logarithmic ends of the curves, these two curves show different rates
of increase. This particular rate of increase, coined as shear recovery, was observed to be higher for the 14,000 cP
ink compared to that of the 1,000 cP ink. This higher recovery could explain the results shown in previous studies
[18,23] reporting that inks of higher viscosity show signs of less spreading. The higher rate of recovery could
increase the resistance of the ink volume to flow and thereby produced thinner line widths.

From Fig. 11, it could be observed that through the addition of silver nanostructures, there were 2 distinct
changes in the behaviour of the ink under the same set of shearing conditions. When subjected to higher shear
rates, the formulation with silver nanostructures was observed to shear thin by a slight margin. However, in the
event shear removal, there was a significant increase in the shear recovery. This would prove to be important as
this formulation could potentially replace inks of higher viscosity. This formulation could reap the strengths of a
high viscosity ink without incurring the drawbacks such as difficulties in proper doctoring of ink.
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Fig. 10. Comparison of ink behavior under different shearing conditions between 14,000 cP and 1,000 cP ink.
The logarithmic end of the 14,000 cP ink curve shows a higher rate of increase than that of the 1,000 cP ink.
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Fig. 11. Comparison of ink behavior under different shearing conditions between the 1,000 cP ink and the
1,000 cP composite ink with silver nanostructures. The logarithmic end of the composite ink curve shows
a higher rate of increase than that of the 1,000 cP ink.
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5. Conclusions

This study has investigated the impacts of ink viscosity and printing speed on the printed line width. Fine line
printing was realized without the need of specialized engraving. A 1:1 replication of the nominal line width has
been achieved using an ink of a higher viscosity printed at 5 m/min. Ink viscosity and printing speed have shown
to have significant effects on the printed ink particle distribution and size. The mass transfer ratio was developed
to characterize ink transfer for printed lines more accurately, while the particle transfer ratio was developed to
quantify the conduit transfer of the printing ink (conductive particles). The thixotropic properties and shear
recovery behaviors of inks of different viscosities were also examined to investigate the mechanism behind the
less spreading of a higher viscosity ink. Further reduction in printed line width over a large printing area could
replace indium tin oxide as an optically transparent conductor to be used in smart devices. Further studies would
be conducted to validate the effects of a composite ink on actual printed substrates.
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