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Behavior of Ink Jet Printed Drops on a Corona-Treated
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Abstract. The effects of corona discharge treatment (CDT) on ink
drop impact and spreading on a coated polypropylene film substrate
were investigated. Substrate surface energies were determined from
static contact angles with water and ethylene glycol. The polar com-
ponent increased with increasing CDT. Drops 39 um in diameter of
an acrylate-based UV-curable ink were printed on to the substrate,
and the spreading process studied by high-speed photography. No
changes occurred during the initial stages, but the wetting phase was
shorter for higher doses of CDT. Drops spread further on substrates
with low doses of CDT than with higher doses. White light interferom-
etry was used to determine the final heights of drops after UV-curing.
The height was significantly affected by CDT, with minimum height at
low doses. The relationship was investigated between the static con-
tact angle for large sessile drops and the equilibrium contact angle
for printed drops after spreading. Contact angle measurements with
millimeter-sized sessile drops of ink provide a reliable method to
determine the effects of corona treatment on wetting by ink jet
printed drops. © 2011 Society for Imaging Science and Technology.
[DOI: 10.2352/J.ImagingSci.Technol.2011.55.5.050606]

INTRODUCTION
In recent years ink jet printing has become an increasingly
flexible tool for manufacturing. Not only can traditional
graphics be printed with extremely high quality, but now
also at a much greater scale and speed than previously
imagined. Other techniques using ink jet printheads are
developing rapidly with good results across electronic,
manufacturing, and biological engineering. Understanding
the fundamentals of drop impact on to a solid surface is
essential for controlling the shape and position of the de-
posited material. In a graphics context, this would deter-
mine the quality of an image, but in other applications it
can influence whether a pixel in a display screen operates
correctly—a living cell is in the right place—or if a circuit
will conduct electricity.

Many applications require fluids to be deposited on to
a poorly wetting surface, such as a polymer film, coated
glass, or silicon. In order to achieve good adhesion the ink
must wet the surface adequately. Substrates, therefore, often
have their surfaces modified by corona discharge treatment
(CDT), which increases their surface energy, and therefore
enhances the wettability.
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The various phenomena involved in liquid drop
impact and spreading have been widely investigated for
many different substrates and impact conditions. Four
stages of impact have been defined by Rioboo et al." as the
kinematic, spreading, relaxation, and wetting phases. The
timescale and rate of change of contact diameter in each
phase together determine the final drop diameter. Several
approaches to predicting this from the initial conditions
have been made over the last 20 years with considerable
success. However, there is little literature on the behavior of
sub-millimeter drops, and currently none which examines
the effects of CDT on drop impact and spreading behavior.

Corona treatment is used widely across the printing
industry to increase the surface energy of polymeric films
and metallic foils. The corona discharge is produced by
electrodes connected to a high-voltage generator which
ionizes the air between them and the surface of the film,
which is backed by a grounded base roll. The ions produced
are believed to oxidize the surface of the substrate, increas-
ing its surface energy and thus reducing the contact
angle between the printed fluid and the substrate (e.g.,
Kannangara et al.”).

Investigations by Meiron and Saguy’ into the effect of
corona treatment on high surface energy polymers showed
that the increase in surface energy came from the polar
component of free surface energy. This is supported by
chemical analysis of corona-treated surfaces by Briggs
et al.* who found a 3.5% increase in oxygen-based func-
tional groups for a low level of corona treatment (final sur-
face energy 44 mJ m ?) and a 4.7% increase for a higher
level of treatment (surface energy 59 m] m™?). Jones et al.”
and O’Hare et al.® investigated the surface topography of
corona-treated polypropylene, using atomic force micros-
copy (AFM) to image the surface before and after treat-
ment. They suggested that the surface energy was affected
by the formation of low molecular weight oxidized
material.

The objective of the present work was to determine the
effects of different doses of CDT, representative of commer-
cial printing practice, on the spreading of ink drops on a
typical industrial polypropylene-based film substrate. The
change in surface energy was investigated, as well as its
influence on the deposition behavior of 39 um diameter
droplets of a UV-curable ink impacting at 2.7 m/s, during
both the kinematic and spreading phases. Methods of
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calculating the maximum drop diameter, measured at the
end of the spreading phase, were compared, and the de-
pendence of final drop diameter on the level of CDT was
studied for drops printed under conditions typical of
industrial ink jet printing.

EXPERIMENTAL METHODS AND MATERIALS

The substrate used in these experiments was a top-coated
biaxially orientated polypropylene-based film manufac-
tured by UPM (UPM, Helsinki, Finland). Printing and
drop impact experiments were performed with a commer-
cial UV-curable acrylate-based graphics ink (UFX, SunJet,
UK). Corona treatment was carried out with a commercial
machine (CP-LAB, Vetaphone A/S, Denmark) in ambient
air, and all printing experiments and measurements were
carried out within 1 h of corona treatment. During corona
treatment a sample of the polymer film was secured to the
silicone-covered ground electrode roller with tape, while
ensuring that there were no air bubbles between the film
and the roller. The corona dose applied to the substrate was
varied by controlling the speed of the roller, the power
applied, and the treatment duration. Corona doses are
stated below in units of Wmin/m® (100 Wmin/m®
=6kJ/m*=0.6]/cm?).

Static contact angles were measured by the sessile drop
method as described by Marmur,” with millimeter-sized
drops of the UV-curable ink, triple-distilled water, and eth-
ylene glycol. Ten measurements of contact angle were taken
and averaged for each combination of fluid and surface,
with a typical measurement error of =1.8°.

Deposition experiments were carried out with the
same UV-curable ink in a modified version of the imaging
rig described by Hsiao et al.® Figure 1 shows the optical
setup used to image the impact and spreading of the ink
drops. A piezoelectric drop-on-demand printhead (Xaar
126/80, Xaar plc, UK) was used to produce individual 38.5
um * 0.5 um diameter drops traveling at 2.7 m/s = 0.1
m/s. For this ink, these conditions correspond to a Reyn-
olds number for jet formation of approximately 11.2 and a
Weber number of approximately 8.9. Drop spreading was
recorded for a period of about 300 ms after impact on to
the film. This cut-off time was used because in industrial
printing UV-curable inks are typically pinned within this
timescale with a low dose of UV light to prevent further
spreading.

The early stages (0-200 us) of drop impact were cap-
tured with an ultra high speed video camera (Hypervision
HPV-1, Shimadzu, Japan) coupled with a Navitar
12 x zoom lens system. Illumination for these experiments
was provided by a high power xenon flash system (AD500,
Specialised Imaging). The 1.5 ms duration 500 J flash was
focused on to the impacting drop with a custom-made
condenser to further intensify the illumination. Images
were captured at 500,000 frames per second for 102 frames,
with a resolution of 0.66 um per pixel. The later stages (200
us—285 ms) of drop spreading were studied with a high-
speed video camera (Phantom V7.3) recording at 21,000
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Figure 1. Experimental setup used fo study drop impact and spreading
for 39 um drops fravelling at 2.7 m/s. The types of cameras and light
sources used to study the different stages of impact and spreading are
described in the fext.

frames per second. The difference in camera sensor size
reduced the resolution in this case to 0.88 um per pixel. In
these experiments the drops were illuminated with a 150 W
continuous halogen light source (Flexilux) via a light guide
(Microtec), focused through a microscope objective to
achieve a local high light intensity. Experiments showed
that the heating effect of the continuous illumination was
negligible, with a temperature rise of only 2 K after 1 h
being detected with a thermocouple placed on the substrate
at the drop impact position.

Image analysis was carried out with a MatLab program
which used a gray threshold to convert the images to bi-
nary. The edges of the drop were detected, and the reflected
image of the drop in the substrate was cropped below the
baseline. The drop height and diameter were then meas-
ured. The contact angle was found by fitting a second order
curve to the edge pixels and calculating the angle between
its tangent and the baseline. Details of the image analysis
methods can be found elsewhere.’

To study the effect of surface treatment on printed dot
morphology in a typical industrial ink jet printing system,
a commercial printer module with corona treating station
was also used to print individual drops on to a moving web
substrate. This system produced drops from a grayscale
piezoelectric drop-on-demand printhead (Xaar 1001, Xaar
plc, UK) which were cured within 100 ms of printing by
passing under a 375 nm wavelength UV lamp. The drop
volume prior to impact could be varied from 6 to 42 pl by
using the grayscale function of the printhead. The final
printed drop profile was measured with a white-light inter-
ferometer (Wyko NT3300), capable of measuring features
between 0.1 nm and 2 mm in height. The heights and
widths of the cured drops were measured in two orthogo-
nal directions in the plane of the substrate, and measure-
ments were repeated for a minimum of three drops for
each sample.

Fourier transform infra-red spectroscopy (FTIR) meas-
urements were made on the surfaces of polymer film sam-
ples with a Bruker Tensor 27 spectrometer operating in
attenuated total reflection (ATR) mode. The samples were
analyzed approximately 30 min after corona treatment, and
measurements were repeated on several different regions
on each sample.
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Figure 2. Measurements of stafic contact angle for millimetersized drops of water (circles), ethylene glycol
(triangles), and UV-curable ink [squares) on substrates with different levels of CDT.
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Figure 3. Surface energy calculated by the Owens and Wendt equation (1) from confact angles measured
with water and ethylene glycol: polar component (circles|, dispersive component (iriangles), and total surface

energy (squares) for substrates with different levels of CDT.

RESULTS AND DISCUSSION

Static Wetting Behavior
Contact angle analysis is widely used for estimating the sur-
face energy of a substrate. The contact angle values deter-
mined for millimeter-sized drops of water, ethylene glycol,
and UV ink on the polymer substrate after corona treat-
ment to levels between 0 and 140 Wmin/m? are plotted in
Figure 2. It is clear that increasing the level of CDT decreased
the contact angle for both water and ethylene glycol. How-
ever, for the UV ink the contact angle decreased slightly for
low levels of CDT and then increased at higher levels, above
about 30 Wmin/m?. The static contact angle formed on the
substrate with all three fluids levels off at doses above 100
Wmin/m?. Similar behaviour was reported by Jones et al.’
and O’Hare et al.® and is probably associated with saturation
of the chemical changes induced in the uppermost surface
regions of the coated film by the corona treatment.

The total surface energy of the substrate (y;) and its
polar (y,) and dispersive (y,q) components were calculated
by using the Owens and Wendt equation'® using known
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values for the liquid’s dispersive component (y4) and polar
component (}y,)

(1+cos0)y; = 2v/7qV1a + 24/ Vsp71p (1)
where y; = y14 + y1p is the free surface energy of the liquid
and 0 is the static contact angle for the liquid on the sub-
strate. The dispersive component represents the contribu-
tion of van der Waals forces to the free surface energy,
while the polar component represents the contribution to
the free surface energy caused by polar bonds. By plotting
the contact angles measured with water and ethylene glycol,
we found the polar and dispersive component of free sur-
face energy of the surface using linear regression, with the
results shown in Figure 3. The total free surface energy
increased with increasing treatment level due almost exclu-
sively to an increase in the polar component: there was little
change in the dispersive component. This observation is
consistent with a higher level of CDT being associated with
a higher level of surface oxidation, leading to an increase in
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Figure 4. Wetting envelopes derived from static measurements of contact angle for different levels of corona
freatment from O to 140 Wmin/m?. The star shows the values for the UV-curable ink.
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Figure 5. Images showing dynamic drop spreading during the impact of
a 39 um drop of UV-curable ink at 2.7 m/s on a polymer film affer corona
freatment at 100 Wmin/m?. The horizontal centerline of each frame rep-
resents the surface of the substrate, and the image of the drop is reflected
in this line in each case.

the polar component. In their studies of corona treatment
of uncoated polypropylene, O’Hare et al.® also found little
change in the dispersive component with the level of CDT.
However, they reported that the polar component for their
untreated film was zero; the presence of a significant polar
component in Fig. 3, even in the untreated condition, is
associated with the presence of a polar coating on this film.

The contact angles measured with the two test fluids,
water and ethylene glycol, were also used to compute wet-
ting envelopes for the different levels of corona treatment.
The contours corresponding to a 0° contact angle (i.e., full
wetting) for each level of CDT are shown in Figure 4. This
can in principle be used to predict how increasing the level
of CDT should increase the wettability of the substrate. The
point corresponding to the UV-curable ink lies between the
contours corresponding to doses of 40 and 50 Wmin/m?,
which suggests that this film would require a level of corona
treatment beyond 40 Wmin/m” for the ink to wet it
completely.
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This prediction is not, however, fully consistent with
the measured values of contact angle for the ink, which
show the greatest wettability for doses between 20 and 40
Wmin/m?, with still higher doses of CDT causing a
decrease in wettability. This illustrates that although such
wetting envelopes may be useful for estimating changes in
surface energy, they are less accurate for estimating the wet-
ting properties of specific inks because they cannot reflect
the more complex interactions between inks and substrates.
As discussed by Lee et al.'' and Chhatre et al.,'? accurate
prediction of the contact angle depends on a more detailed
consideration of the chemical nature of both the fluid and
the substrate, which cannot be fully described by values of
polar and dispersive energies.

Dynamic Analysis

In order to study the effects of corona treatment on the
deposition of drops under practical printing conditions
(i.e., with very small drops being deposited dynamically),
the spreading behavior of printed drops of the UV-curable
ink was imaged continuously during the kinematic, spread-
ing, and relaxation phases. In all these dynamic experi-
ments the drops had an initial diameter D, of 39 um and a
velocity at impact, U, of 2.7 m/s. The drop diameters were
then analyzed in terms of spread factor and non-
dimensional time. The non-dimensional time, ¢, is defined
by t* =t U,/D,. The spread factor, f3, is the instantaneous
diameter of the drop, D, divided by the initial diameter of
the drop, f = D/D,,. In order to examine the effects of CDT
on the kinematic phase of impact the first few hundred
microseconds were also imaged as described above. An
example of a sequence of images is shown in Figure 5.

The non-dimensional drop height during the first 100
us of impact, defined as h/r, = 2h/ D, where h is the instan-
taneous drop height, is plotted in Figure 6 with the differ-
ent phases of spreading marked. The difference between the
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Figure 6. Non-dimensional drop height h/r, plotted against non-dimensional time #* for impact of 39 um
diameter drops of UV-curable ink at 2.7 m/s on polymer substrates with different doses of CDT during the
impact stage of spreading. The different phases of spreading are marked. The error bar shows the typical varia-

tions associated with the measured drop height (2 um).
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Figure 7. Spread factor plotted against nondimensional fime 1* for impact of 39 um drops of UV ink at
2.7 m/s on polymer substrates with different doses of CDT during the earliest stages of spreading. The different
phases of spreading are marked. The error bar shows the typical uncertainty associated with the measured

drop diameter [£2 pm).

results for the different levels of CDT is a maximum of
+2 pm. This is within the range of random errors, either
due to timing errors involved in the drop impact or varia-
tion in lighting affecting the image analysis by causing
small variations in the gray level thresholding process. This
suggests that the spreading behaviour remains effectively
unchanged during the impact stage for substrates treated
with levels of corona treatment between 20 and 100
Wmin/m?.

During the kinematic phase, the drop height h
decreases as the drop impacts the surface and the fluid is
predominantly moving vertically. The spreading phase
begins as the fluid begins to move horizontally, forming a
flattened disc shape. The maximum spreading diameter
occurs when the drop height is at a minimum. Beyond this
point the drop height increases as the drop relaxes. The sur-
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face energy of the drop drives it to form a spherical cap,
which is the lowest energy shape for the drop (under these
conditions where gravitational forces are negligibly small).
During its relaxation from a flattened disc shape to a spher-
ical cap, the contact line remains pinned. The wetting phase
begins after this as the contact line then begins to move
outwards and the fluid progressively wets the substrate.

The spreading diameter during the impact stages,
including the early wetting phase, is plotted in Figure 7 for
impact on the polymer film with a range of doses of CDT.
Different levels of CDT do not significantly change the de-
posit diameter or the duration of the kinematic phase. Sim-
ilarly, the spreading, relaxation, and early wetting phases
(for #* < 10) remain unchanged by the different levels of
CDT. This is not unexpected as the earliest impact stages
are controlled by inertia and the effects of substrate surface
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energy have not yet come into play. The kinematic stage of
spreading has been investigated by Kim et al."> who devel-
oped a model in which the volume displaced by the sub-
strate as the drop descends is transferred to the edges of the
drop. A simplified model was developed by Rioboo et al.'
which does not account for the displaced fluid. Both mod-
els show good agreement with the experimental data for
drops spreading on substrates treated with all doses of CDT
during the kinematic phase, as shown in Figure 8.

The maximum spread diameter, D, and associated
maximum spread factor, finax = Dmax/ Do, Were measured
at the end of the spreading phase for ink drops printed on
substrates after different levels of CDT. The values are plot-
ted in Figure 9 against the static contact angle measured for
millimeter-sized drops of the same ink on the substrate.
Many methods have been proposed for predicting fax.
The models of Asai et al.'"* and Scheller and Bousfield'® are
based on the Weber and Reynolds numbers and do not
require a contact angle measurement. Both are empirical,
with the model of Asai et al. being based on data for the
sub-millimeter drops representative of ink jet printing. The
model of Chandra and Avesidian'® is based on energy con-
servation with an assumption of a cylindrical drop shape at
Prnax- Fukai et al.'” developed a semi-empirical model based
on Chandra and Avesidian’s work. For an alternative
model, a spherical cap shape can be assumed based on vol-
ume conservation calculated from the static contact angle.

The predictions from each of these models are also
plotted in Fig. 9. The model of Asai et al.'* gives the best
agreement with the experimental results. The model based
on a spherical cap and the value of quasi-static contact
angle overestimates the final diameter. Use of the advancing
contact angle together with volume conservation also over-
estimates fa. Our results suggest that existing energy-
based analytical models are insufficiently accurate in pre-
dicting drop deposition behaviour under conditions typical
of ink jet printing. A simple empirical model specific to the
relevant Weber and Reynolds number is shown to produce
better prediction of f..

Images of the wetting stage of drop spreading were
captured at 21,000 fps. Figure 10 shows examples from a
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sequence captured over the first 240 ms, for drops impact-
ing on polymer films treated to levels of 20 and 100
Wmin/m? It is clear from these images that the drop de-
posited on the substrate treated with 20 Wmin/m? spreads
to a greater extent than the drop deposited on the substrate
treated with the higher dose.

The difference in spreading behavior over long time
scales (up to > 10%) for different intensities of CDT
becomes evident in Figure 11 which shows the spread factor
plotted against non-dimensional time. Unlike in the earlier
stages of impact, a change is now observed in the wetting
and equilibrium stages. The main difference is in the time
taken for the fluid to reach equilibrium. For substrates
treated with low doses of CDT the wetting phase continued
for longer, with substrates treated to 0-40 Wmin/m?
not reaching equilibrium within the 285 ms timescale
(#* = 2 x 10*). Substrates which had been corona treated
above 80 Wmin/m? showed a much shorter wetting phase,
with the spread factor leveling off as early as 29 ms
(r* = 2 x 10%). The behavior for the substrate treated with
60 Wmin/m? lies between the two, reaching equilibrium at
approx 60 ms after impact (* = 4 x 10°).

During the extended wetting phase the contact angle
follows the same trends as those seen for the spread factor
and normalized height. Figure 12 shows the contact angle
measured during the first 285 ms after impact. The initial
stages show a rapid decrease with time. The contact angle
then continues to decrease during the wetting phase until it
approaches the equilibrium contact angle. The drops on
the untreated substrate and on substrates with the two low-
est doses of corona treatment do not reach equilibrium
within 285 ms, whereas for those with a higher treatment
level the contact angle eventually becomes constant at
approximately 15°.

Figure 13 compares the equilibrium contact angles,
measured 285 ms after drop impact, with the static contact
angle as plotted in Fig. 2, measured for millimeter-sized
sessile drops. For substrates with corona treatment of >40
Wmin/m? the static contact angles for the ink shown in
Fig. 2 were on average 5° lower than the equilibrium con-
tact angle measured after spreading of a printed drop. A
similar result was found by Son et al.,'® who found that the
static and equilibrium contact angles differed, with the
equilibrium contact angle after drop impact being greater
than the static contact angle for substrates with a low con-
tact angle. They suggested that this is due to energy being
dissipated at the contact line leading to pinning of the con-
tact line before the static contact angle is reached. For
surfaces treated with doses of CDT between 10 and 40
Wmin/m” the contact angle measured after 285 ms of
spreading was higher than that on the untreated substrate,
because the drop was still wetting the substrate at that point
and had not yet reached equilibrium.

Printed Drop Size

For comparison with the experimental results obtained
with individual drops in laboratory experiments, printed
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Figure 11. Spread factor plotted against nondimensional time * for impact of 39 um drops of UV ink at
2.7 m/s on polymer substrates with different doses of CDT during the wetting stages of spreading.

samples generated under typical deposition conditions in a and were UV-cured ~100 ms after printing. White-light
full-scale industrial web printing system were also analyzed. interferometry was then used to measure the final height of
Droplets of the same UV-curable ink were printed from a the solidified drops. The sizes of the drops were varied by
Xaar 1001 head on to the same polymer substrate which increasing the gray-scale level generated from the print-
had been corona treated (with a commercial in-line system) head, from 1 to 6 drops per dot (dpd). For this particular
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UV ink at 2.7 m/s on polymer substrates with different doses of CDT during the wetting stages of spreading.

printhead, each step in the gray-scale level corresponds to a
change of 6 pl in total drop volume.

The drop heights measured by white light interferome-
try for printed and cured drops on polymer substrates
treated with different doses of CDT are shown in Figure 14.
The drop diameter could not be measured accurately with
this technique due to the low contact angle of the drop.
The minimum drop height occurs for all drop sizes on sub-
strates treated with a dose between 20 and 40 Wmin/m” of
corona. This supports the results from the spreading
experiments, which found that the largest diameter drops
were formed on substrates with corona doses lying between
20 and 40 Wmin/m?. This suggests that the drop diameter,
measured towards the end of the wetting phase of drop
spreading, can be used to estimate the optimum corona
treatment to be used in an industrial printing system.

FTIR Analysis

To investigate possible chemical changes on the substrate
surface induced by corona discharge treatment, Fourier
transform infrared spectroscopy (FTIR) in attenuated total
reflection mode was used to analyse the film samples before
and after CDT at a range of doses. The results for measure-
ments on untreated film and for samples treated with doses
from 40 to 120 Wmin/m? are shown in Figure 15. It is clear
that there is no detectable difference between the spectra
from the untreated and treated films. Furthermore, the
strong peak at a wavenumber of 1735 cm™ " which is associ-
ated with carbonyl C=0 bonds is present for all the samples
although it would be absent for untreated, uncoated poly-
propylene. Guimond et al." studied the corona treatment
of uncoated polypropylene films and showed that the C=O
absorption peak, absent in their untreated material, became
strong after CDT. It is probable that the strong C=0
absorption peak in the present coated film is due to the
coating material and that any further oxidation caused by
CDT, which may affect only a thin surface layer, has a negli-
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Figure 13. Equilibrium contact angle (triangles) measured for drops 285
ms after drop impact compared with the sfafic contact angle (squares)
measured for millimetersized sessile drops placed on a surface (see Fig.
2), for different doses of CDT. For corona treatments between 10 and 30
Wimin/m? the drops had still not reached equilibrium after 285 ms and
were still extending over the surface.

gible effect on the measured IR spectrum. The signal from
FTIR spectroscopy in ATR mode relates to a depth of ~1
um for this wavenumber in polypropylene, whereas the
contact angle measurements (and hence the spreading of a
printed drop) are influenced by the material properties to a
much shallower depth: perhaps the outermost 0.5 nm.?° In
the present work it is unlikely that any significant chemical
effects induced by the CDT will have been reversed in the
short interval (~30 min) between treatment and analysis,
as the static contact angles for the ink and the other fluids
remained essentially the same for several hours after
treatment.

DISCUSSION

This study investigated in detail the effect of corona dis-
charge treatment on parameters relevant to ink drop depo-
sition on a typical commercial polypropylene-based film
under industrial ink jet web printing conditions. While an
improvement in wetting for the UV-curing ink on the poly-
mer film was found after low levels of CDT treatment (20
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Figure 14. Final height measured by white-light interferometry for printed and cured dots on polymer substrates
with different doses of corona treatment, for six different drop sizes (gray-scale levels).
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Figure 15. FTIR-ATR spectra of polymer surfaces after treatment with differ-
ent doses of CDT. The fraces are offset vertically for ease of comparison.

and 40 Wmin/ m?), further treatment was found to be det-
rimental to wetting. This observation appears inconsistent
with the trends in static contact angle observed with
millimeter-sized drops of water and ethylene glycol. For
these liquids, surface wetting improved continuously with
increasing levels of CDT. Similarly, a disagreement was
found when using wetting envelope analysis to predict the
CDT threshold for maximum ink-film wetting. The mini-
mum dose of corona treatment required for complete ink
wetting suggested by the wetting envelopes (40 Wmin/m?)
was found to coincide with the level of CDT above which
the static contact angle of the ink began to increase. These
observations suggest that for this system of a typical UV-
curable ink on a coated polypropylene film, increasing the
CDT level does not necessarily improve wetting and also
that it is unsafe to draw conclusions about wetting by an
acrylate ink from contact angle measurements made with
test fluids such as water and ethylene glycol which have
quite different chemical properties. However, contact angle
measurements with millimeter-sized sessile drops of the
same ink do provide a reliable method to determine the
effects of corona treatment on wetting by ink jet printed
drops.
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The effect on wetting of an increase of CDT level
beyond 40 Wmin/m” was also evident during the dynamics
of ink drop deposition. Analysis of the high-speed image
data suggests that the effect of increasing the level of CDT
on drop spreading is minimal during the inertia-
dominated kinematic and spreading phases. However, the
improvement in wetting caused by increasing the level of
CDT from 20 to 60 Wmin/m? led to a prolonged wetting
phase. Further increases in CDT decreased the wetting
phase duration, with the drop reaching equilibrium in a
shorter time and achieving a smaller final diameter.

A crucial parameter that characterizes the drop deposi-
tion dynamics is the maximum spreading diameter or, in
non-dimensional form, the maximum spread factor, f8. Sev-
eral approaches to predicting the maximum spread factor
have been compared with our experimental measurements.
The semi-empirical model based on specific Weber and
Reynolds numbers, as proposed by Asai et al.,'* gave the
most accurate prediction for this experimental setup. It was
also clear that the analytical approach of estimating the
maximum spread factor based on energy conservation and
various interpretations of contact angle is insufficient to
predict the dynamics of deposition behavior for the small
ink drops used in printing. The discrepancy is likely to be
caused by the fact that the impact and spreading of a
smaller ink drop on a surface are more prone to contact
line pinning induced by surface irregularities.

The effect of surface treatment on printed dot mor-
phology was studied with white light interferometry. The
influence of surface modification by CDT was evident and
became more pronounced for larger drop volumes. The
height of the dot profile decreased initially for low doses of
CDT (0-20 Wmin/m?) and then gradually increased with
increasing dose of CDT (20-120 Wmin/m?). This trend is
consistent with the relationship observed between CDT and
the resultant static contact angles measured with
millimeter-sized sessile drops (with greater contact angle
leading to greater dot height). This corresponds well with
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the equilibrium contact angle measurements taken at the
end of the wetting phase after impact for substrates treated
with doses above 40 Wmin/m?. The observation therefore
confirms that the spreading diameter seen in dynamic
experiments can be used to predict the effect of corona dis-
charge treatment on final print quality under industrial ink
jet printing conditions.

CONCLUSIONS

Increasing the dose of CDT on a commercial, coated biax-
ially oriented polypropylene film increased the polar com-
ponent of its free surface energy. This caused a consistent
decrease in static contact angle, measured with millimeter-
sized drops of water and ethylene glycol, but not for UV-
curable ink for which the behavior was more complex.
CDT was found not to affect the early impact stages of
spreading for small ink drops deposited from a drop-on-
demand ink jet printhead. High doses of CDT caused a
decrease in the duration of the wetting stage. This caused a
decrease in drop diameter measured at later stages of drop
spreading for drops printed on to the substrate with higher
doses of CDT. These results were supported by an increase
in drop height measured by white-light interferometry for
drops printed in an industrial system on substrates treated
with doses of CDT greater than 40 Wmin/m?. The equilib-
rium contact angle, measured after the drop had impacted
and spread, was consistently larger than the static contact
angle measured for millimeter-sized sessile drops.

It is suggested that it is unsafe to draw conclusions
about wetting by an acrylate ink from contact angle meas-
urements made with test fluids such as water and ethylene
glycol which have quite different chemical properties. How-
ever, contact angle measurements with millimeter-sized ses-
sile drops of the same ink do provide a reliable method to
determine the effects of corona treatment on wetting by ink
jet printed drops.
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