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Abstract: Four major toners are used in the printing industry, cyan, magenta, yellow and black
(Key) for making color images on paper. Paper brands suitable for printing have thin mineral/latex
coatings, and toners are applied on top of the coating in the printing process. Chemical compositions
from toner to toner, as well as from coating to coating, vary according to the needs of the end user.
Interactions between the toner and the coating define the final color formation of the images in
printing. Hence, it is important to study characteristics and dynamics of toners on coated papers.
In this paper, we have used laser-induced plasma spectroscopy (LIBS) to provide information on
elemental distributions of the toner and the coating layers on three coated papers and the base paper at
a sub-micrometer resolution. Ablation crater depth profiles in the three different material layers were
converted into metric scale by combining elemental information from the LIBS measurements and
optical profilometry. Ablation efficiencies for a toner of 150 nm/pulse, for a coating of approximately
350 nm/pulse and for a base paper of approximately 1 um at a fluence of 0.6 J/cm? of an ArF
excimer laser were determined. Using these results, the average layer thicknesses of the toner and the
coating layers were evaluated. The detailed analysis of the elemental profiles of the two cyan toners
studied revealed strong accumulation of silicon and titanium compounds of the toner on the toner—air
interface but also on the toner—coating interface, but to a much smaller extent. The observation
reveals the significance of toner component diffusion due to substrate-machine interaction in the
printing process. Such diffusion processes must have an important role in final color formation of the
images in printing. The method developed provides a unique and accurate means to study toner
diffusion processes in coated papers under printing conditions.
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1. Introduction

Laser induced plasma spectroscopy (LIPS or LIBS) has become a commonly used
method to study material distributions on surfaces [1]. A variety of promising applications
have been demonstrated, e.g., identifying ores [2], analyzing inclusions in metals [3,4],
mapping thickness variations of thin coatings [5,6] and the analysis of organic films pre-
pared on inert substrates [7]. The analysis of paper, paper coatings and printed papers
by the LIBS method was pioneered in our laboratory [8-10]. It was demonstrated that
the pigment distribution of a coating can be determined at 0.1 mm lateral resolution and
0.5 pm depth resolution in minutes by recording the LIBS spectra of the macroscopic region
of interest [2,8,10]. The method is applicable to the analysis of any coating used by the
paper industry. By removing the entire coating with repetitive 2D ablation cycles, we
can determine variations in coating thickness in an area of, typically, 1 cm?. Important
information may be obtained on interfaces in multiple coatings, including the interface
between the coating and the base paper. The first study on the variation of ink thickness on
printed paper was published by Kansanaho et.al. [11] In this study, ink was removed by
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laser ablation, and the ablated areas were imaged using a microscope to reveal ink distri-
bution after each ablation cycle. More specialized LIBS studies of paper include analysis
of contaminants in papers with historical value [12] and removal of multilayer colors to
obtain desired color patterns on ordinary paper [13]. In a recent paper by Leal-Ayala and
Allwood (2010), laser ablation was used to de-ink laser printed paper [14].

In the present study, our intention was to study electrophotographic dry toner pen-
etration in coated papers. The method developed is a general approach and applicable
for the study of any toner or ink penetration in coated papers. A dry toner was deposited
on coated substrates and coalesced or fused to finally form text and images on a paper
substrate. A toner particle consists of pigments (3%-5%, particle sizes vary from 5 to
30 um), resins (~90%-95%), charging compounds (1%-3%) and occasionally other additives
such as waxes. The quality of a toner is related to the dispersion of these components
in the particle and their diffusion in the printing process. Properties such as fixation of
the toner on paper, charging efficiency in the printing process, color and gloss depend on
toner quality. While the chemical component distributions in individual toner particles
were analyzed by Iwata et al. by using scanning transmission X-ray microscopy [15], the
component distribution is less reported to our understanding. Dot formation and spreading
of individual toner particles on various types of substrates were studied by using optical
microscopy [16]. The cross section analysis of printed toner was used, but such studies
provided limited information that was mainly related to the impact of toner particles on
substrate morphology [17]. Vikman and Sipi used FTIR and Raman spectroscopy to reveal
information about the interface characteristics between toner layer and paper, with an
attempt to determine component distribution and toner—paper interaction mechanisms [18].
However, these spectroscopic methods are normally limited to approximately 1 to 5 mm
lateral resolution. FTIR measurements suffer from multiple component absorbency. Severe
scattering and fluorescence from paper surfaces in Raman measurements result in a poor
signal-to-noise ratio, and quantitative analysis becomes difficult.

Our method provides information on internal elemental distribution of the toner layer
printed on coated paper or on base paper. The lateral resolution obtained in the present
study approaches the printing resolution limit of 0.1 mm. Sub micrometer resolution, at
best 150 nm, obtained in the z-direction is superior to what can be obtained by any other
spectroscopic method. One of the goals of the present study was to determine characteristic
single shot ablation depths in the toner, in the coating and in the base paper and to calibrate
depth profiles in these layers into metric scale by using optical profilometry. With the
calibrations in hand, depth profiles and local elemental concentrations in toner layers and
toner—coating interfaces on three coated papers and a base paper could be determined.
Unknown diffusion processes of the toner components could be traced and related to
toner—coating-machine interactions taking place in the printing process.

2. Experimental

An ArF excimer laser (OPTex, Lambda physik GmbH) operating at 193 nm with a
pulse duration of 8 ns was used to ablate the toner and the coating from the paper substrates.
Measurement parameters were optimized to obtain a clear elemental signal from a toner
layer as thin as possible. In order to obtain a flat-top beam profile, a 3 mm aperture was
used to allow only the center part of the original laser beam to be focused to a spot size
of 300 um in diameter at the sample (determined from microscope images of the craters
created). The focal waist of the laser beam was positioned in front of the sample surface
to allow for smooth ablation. Laser pulse energy was measured by a joule meter (3A-P,
Ophir Optronics Solutions Ltd., Jerusalem, Israel) and adjusted to 0.4 m], which provides a
fluence of 0.6 Jem 2 at the sample. The light emitted from the plasma was collected into
an optical fiber and detected in an ICCD detector (Instaspec™ V, ICCD Detection System,
Oriel Instruments, Stratford, CT, USA) through a 150 mm spectrograph (Acton SP-150,
Princeton Instruments, Acton, MA, USA) with a 2400 grooves/mm grating. The time delay
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and the detection gate width were set to 50 and 300 ns, respectively. The setup used in the
experiments is shown in Figure 1.
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ICCD Spectrograph

Figure 1. The LIPS setup used in the toner analysis.

The ablation matrix used for evaluation of ablation efficiencies of the toner, the coat-
ing and the base paper is shown in Figure 2. Depths of the craters were measured by
using optical profilometry (Rodenstock RM-600 white-light laser profilometer, Mahr Corp.,
Cincinnati, OH, USA) at StoraEnso Research Centre.

Figure 2. A microscopic image of a matrix of craters generated for evaluation of ablation efficiencies
in the layers studied. The craters were 0.3 mm in diameter and the laser fluence per pulse was
0.6 Jem 2. A computer controlled translational stage was used to laterally move the sample with
respect to the laser focus and to generate the grid shown. The number of laser shots used for ablation
increases from 5 to 55 at 5 shot increments from left to right. The spot column on the far left represents
completely removed coating after 60 UV laser shots.

The LIBS measurement, after removal of the toner layer, was continued through
the underlying paper coating and further into the base paper. Surface topography of
the samples was measured by optical profilometry before and after ablation. Samples
were marked into the corners by pinholes to allow for correct positioning before and after
ablation. Ablation depths were determined from differences obtained by subtracting the
profile images before and after ablation. The mean ablation efficiency was evaluated by
dividing crater depths by the number of pulses used to create the crater. The results of
ablation efficiencies for the tree studied domains in the z-direction, the toner layer, the
coating layer and base paper are summarized in Figure 3. Using linear extrapolations for
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each layer domain mean ablation efficiencies for the toner, the coating and the base paper
of 150, 350 and 1000 nm/pulse, respectively, were determined (Figure 3).

35

30+ -
1 um/pulse

% 15} 0.35 um/ pulse
10/ ¥

=

5! 0.15 um / pulse

% 20 40 60

Depth, #pulses

Figure 3. Calibration of ablation depths of eight printed papers. In the figure, the number of laser
pulses, shown along the x-axis, and penetration depths in pum, along the y-axis, obtained from optical
profilometry are depicted. For each material layer, the toner (dark green), the coating (light green) and
the base paper (dark red) characteristic ablation efficiency was evaluated (see text). Each experimental
point represents an average from 15 independent measurements. Standard errors were determined to
be below 10% at each depth point.

For all samples, a typical base paper (80 g/m?) was used as substrate and coated
using a standard coating recipe containing 100 parts of calcium carbonate, 10 parts of
styrene/butadiene latex and 1 part of sodium carboxymethyl cellulose. Contributions from
the coating layer then could be identified by monitoring the calcium signal in the LIBS
spectrum. Uncoated paper, 0 g/m?, was used as reference and three different coatings,
5g/m?,10 g/m? and 15 g/m? (coat weight term used in paper industry), with toner prints
were studied. The samples were printed with an electrophotographic printer using chemical
toners based on styrene/acrylate chemistry. Up to 60 laser pulses were needed to remove
the toner, the coating layers and part of the base paper. Fifteen parallel determinations for
each depth were made, and the results were averaged.

3. Results and Discussion

Elemental components of the toners, as well as the coatings, could be immediately
identified in the LIPS spectrum. A few nanograms of material were needed for qualitative
and quantitative analysis of elements at each ablation site. The chemical composition of a
toner defines its color and several other functional properties. The most commonly used
toners consist of resins, pigments and charging agents. In Figure 4, LIPS spectra of the
four most commonly used toners are shown. Toner elements that can be identified with
certainty in the spectra are carbon, copper, magnesium, titanium and silicon. It is noted
that the black toner has the highest carbon content and a small amount of copper, the cyan
toner is richest in copper, while the yellow and magenta toners do not contain copper.
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Emissions from diatomic molecules due to secondary reactions in the hot atmospheric
plasma such as CN and C; (not shown) could also be seen in the spectra. The iron spectrum
was observed in toner powders that contained carrier particles. No iron was detected in
the printed samples.
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Figure 4. LIPS spectra of the four conventional toners, cyan, magenta, yellow and key (black),
(CMYK), used in the printing industry in the wavelength region from 200 nm to 400 nm. The carbon
signal arises from carbon black, latex or cellulose constituents of a toner. Silicon and titanium are
present in all toners. The copper signal is indicative of a cyan dye and is seen also in the black toner
as a small signal.

Toner spectra at different ablation depths revealed dramatic changes. Figure 5 shows
LIPS spectra of two cyan toners, toner 1 (Figure 5a) and toner 2 (Figure 5b) printed on one
of the coated papers. Both toners seem to have a very thin material layer (approximately
150 nm thick) on top of the print containing titanium and silicon (blue spectra). The
accumulation of these constituents of the toner must be due to diffusion during the printing
process. The LIBS spectra of the surface layer of toner 2 contains more silicon and titanium
than toner 2 with respect to the carbon content. When going deeper into the print (at
150 nm steps) silicon and titanium signals are dramatically reduced and attain more or less
a constant level. The carbon signal in toner 2 remains high and constant throughout the
five ablated toner layers, but in toner 1, the carbon signal is almost two times stronger in
layers than under the topmost layer, an observation that suggests that diffusion processes
during printing process are characteristic of each toner. In these examples the coatings and
the base paper were identical; only the cyan toners were different.
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Figure 5. LIBS spectra of five consecutively removed ablated toner layers approximately 150 nm in
thickness from two cyan toners printed on coated paper. (a) Spectra from toner 1 and (b) the spectra
from toner 2. Exceptionally strong signals at 252 nm and 288 nm (silicon) and at 325 nm and 335 nm
(titanium) from the first ablated toner layers (blue spectra) clearly indicate diffusion of silicon and
titanium toner constituents to the air—toner interface during printing.

Intensity, a.u.

When approaching the toner—coating interface, the titanium and silicon signals in-
crease again. Observation indicates that the silicon and titanium containing constituents
of the toner accumulate to some extent also on the toner-coating interface. The two cyan
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toners show copper and carbon signals at depths far below 150 nm. The decays of these
signals were chosen then to serve as a measure of average toner layer thickness. The depth
profiles of five elements on one of the printed papers are shown in Figure 6. The calcium
signal was used as a measure of coating thickness since it is present in neither the toner nor
the base paper. In the creation of the elemental depth profiles, a constant ablation efficiency
for each material layer was assumed, which means that each laser pulse removes the same
amount of material over the thickness of the layer in question.
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Figure 6. Normalized elemental concentration profiles of a toner print as a function of depth in a
printed paper. Silicon and titanium exhibited very strong signals at the air—toner interface (not used
in normalization) but the elements also accumulated in the toner-coating interface, as shown in the
figure. Observe that the horizontal axis provides the mean of the number of laser pulses used to
remove the toner.

To obtain information on toner penetration in coatings, toner depth profiles in three
coated papers with varying coat weights but with the same coating were recorded. To
estimate the average toner thicknesses in the metric scale, the calibration of Figure 3 was
used. Copper and calcium lines were used as indicators of the cyan toner layer and the
coating layer, respectively. When entering the toner layer, the copper signal rises rapidly
and afterwards experiences a decay, a characteristic of the underlying substrate. When
entering the toner—coating interface, a rise in the calcium signal is observed, which is
followed by a decay when reaching the coating—base-paper interface. In the experiment,
60 pulses per site were used and measurements were repeated in ten locations. Toner and
coating thickness profiles for a cyan toner on base paper (0 g/m?) and three coated papers
(5,10,15 g/m?) are shown in Figure 7.

It can be seen that toner penetration into base paper is much less than in the coated
papers. Toner thickness is nearly 50% thinner (approximately 2.5 pm) when printed on base
paper than when printed on papers with coat weights higher than 10 g/m? (Figure 7). This
observation confirms the results from our earlier imaging studies that the toner is poorly
attached to wood fibers exposed to toner in base paper and thinly coated papers [19]. In
Figure 8, an optical microscopic image and toner distribution image of an ablated crater
after almost full removal of the toner is shown, demonstrating the role of fibers in toner



Coatings 2023, 13, 346

8 of 10

penetration. From Figure 7, it can be estimated that coating thicknesses for 5, 10 and
15 g/m? coatings were approximately 4, 6 and 7 um, respectively, measured at half maxi-
mum height. The onset of the coating after the toner layer seems to begin approximately
3.5 um below the air—toner surface (Figure 7).

Copper Calcium —O0Cu

Normalized Intensity

Depth, um

Figure 7. Elemental (copper and calcium) depth profiles of cyan toner printed on an uncoated and on
three coated papers (coat weights 5,10,15 gmfz), determined from LIBS data. In the figure, ablation
depths are transformed into absolute length scale (um) along the horizontal axis according to results
shown in Figure 3. The vertical axis denotes normalized intensity. We observed zero calcium signal
in the printed base paper.

Figure 8. Microscopic image of a typical crater bottom, where most of the toner and coating were
removed. Inserts show spatial toner distribution obtained from elemental LIBS information. Ob-
serve the role of fibers in fixing the toner. Blue color refers to low and red color to high toner
concentration, respectively.

4. Conclusions

We were able to determine average toner penetration depths in printed papers by
analyzing elemental profiles of the relevant layers, the toner and the coating layers by
laser induced breakdown spectroscopy. To obtain the layer thicknesses in metric scale the
ablation crater depths were analyzed by optical profilometry by determining the surface
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profile first and then repeating the analysis after laser ablation. It was found that cyan toner
layer thickness on printed papers with coat weights higher than 10 g/m? was approximately
5 um, while in the non-coated reference paper, toner penetration was only 50% of that
found in coated papers. This clearly demonstrates higher penetration of the toner in the
coated papers, a prerequisite for a high quality print. One of the major findings of the
present study was that titanium and silicon containing compounds present in the cyan
toner strongly accumulate onto approximately 150 nm of the top layer at the air-toner
interface. This unexpectedly thin layer is formed under printing conditions. Accumulation
was also found to occur near the toner—coating interface, but to a much lower extent. The
variation in the elemental constitution in the toner layer, especially at the air-toner and
toner—coating interfaces, suggests significant diffusion of toner constituents during the
printing process. Such diffusion processes, as far as we know, have not been reported at
sub-micrometer resolution before, and such diffusion processes must have an important
role in the final color formation of the images in printing and should be further studied for
a number of paper coatings and toners used in printing.
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