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Abstract: The sustainable use of natural resources is becoming an increasingly important issue today.
Stone paper, produced as an alternative to cellulose-based paper from the forest, is rich in minerals
and produced without cellulose and water. This study focuses on the behavior of screen-printing
ink on two different papers, stone paper and coated sticker paper. Properties such as ink adhesion,
rubbing resistance, optical printing ink density, ink consumption, and lightfastness were measured
on these surfaces. Solvent- and UV-based inks were used, and printing was carried out on cellulose-
based (coated sticker paper) and mineral-based (stone paper) paper layers using three different
mesh counts (90, 120, and 140 tpc). The rubbing resistance and lightfastness of the papers were
also measured. The present findings revealed that stone paper had the same printability properties
as cellulose-based paper. The study concluded that using a 140 tpc mesh with both types of ink
results in a high-lightfastness ink layer and lower ink consumption. UV-based inks exhibited high
rub resistance across all mesh counts. Additionally, when printing with stone paper, there will be
a reduction in ink consumption, thereby achieving cost savings. Based on the present findings, it
was concluded that water- and oil-resistant stone paper can be considered an essential alternative in
many fields, including the printing industry.
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1. Introduction

Screen printing has quite a broad range of applications compared to other printing
techniques. It offers a wide range of applications, from the printing industry to billboards;
from printing on industrial products such as bottles, tubes, and glasses to printing on textile
products; and from printing electronic circuit boards to producing solar panels and printing
on ceramic surfaces [1,2]. The advantages of screen printing are that ink can be controlled
and the desired saturation levels can be achieved. It also allows printing on surfaces that
cannot be printed on with other printing techniques [3-5].

The printing industry is the primary application area for screen printing. In the
printing industry, “stone paper”, which addresses the same field as cellulose-based paper,
is also used. Stone paper, also referred to as rock paper or rich mineral paper, has some
superior properties; for instance, water is not used in stone paper production, and it
can be produced without using wood cellulose like conventional paper. It allows for
environmentally friendly production since it does not consume water and cellulose, which
are natural resources [6]. Calcium carbonate (CaCOs) is the primary raw material of
stone paper and is abundantly available in nature [7,8]. In general, the natural formation
of CaCOj3 involves the process of calcium and carbonate ions being dissolved in water,
coming together, and precipitating through combining. This process usually begins with the
production and accumulation of CaCOj3 by marine organisms, also called biomineralization.
Over time, these sedimentation and accumulation processes can form large limestone
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deposits and other CaCOj3 derivatives [9,10]. Stone paper comprises a combination of
powdered inorganic minerals, high-density polyethylene (HDPE) plastic, and additives.
Inorganic minerals are materials used like fibres in traditional paper.

Meanwhile, HDPE polymer is a binder that holds inorganic minerals together; there-
fore, a mixture can be formed in a monolayer or composite form [6]. Three processes
are used in stone paper production: 1—solvent casting; 2—film blowing extrusion; and
3—casting film extrusion [11]. These production methods are similar to other petroleum
resins, such as polypropylene (PP) and polyethylene (PE) [12,13]. For stone paper, whose
main compound comes from nature, biodegradable polymers can be used as an alternative
to the synthetic resin HDPE used in the production of this paper to dissolve harmlessly in
nature [14-16]. In this sense, researchers mainly focus on making stone paper biodegrad-
able, and this area has a patented product [11,17].

This study primarily focuses on printability analyses of stone paper and coated sticker
paper with screen printing and their comparisons. Stone paper was selected for its inherent
advantages; since it has a polymer structure, it is waterproof and oil-repellent, just like
plastic materials, and has a high tear resistance [11]. It is not 100% petroleum resin-like
PP, PVC, and HDPE materials; contrarily, it contains 60-81% natural minerals (CaCO3),
and the rest is composed of PP, or PE, or HDPE-like polymer resins [6]. Because of these
attributes, it is suitable for outdoor use; unlike classical plastics, it contains less polymer
resin and is more durable than cellulose-based paper. With these attributes, stone paper can
be considered an alternative substrate material for outdoor printing like screen printing.
Moreover, “stone paper” can offer an essential alternative for printed electronic products.
In a previous study on screen printing, the water-repellent and oil-repellent nature and tear
resistance of stone paper were emphasized [18].

Studies on the printability of synthetic papers date back several decades [19]. In a
scientific publication on offset printing, it was suggested that stone paper could easily
replace uncoated papers in traditional offset printing [20]. Since its invention, stone paper
has become commercially available in the form of waterproof books, notebooks, and artist
papers. Stone paper magazines, sketchbooks, and plain paper products are manufactured
for office printing, writing, artwork, and other practical uses. Notebooks made from
stone paper are increasingly being purchased from regular bookstores and stationery
suppliers [21]. Similarly, there are printability studies on bio-composite layers produced
using polyester resin and epoxy [22,23].

Coated sticker paper was selected in this study since it is a cellulose-based paper
frequently preferred in the printing industry. It was also used to compare the behavior of
stone paper and coated sticker paper in screen printing.

Screen printing (formerly silk printing) is a stencil process in which ink is transferred
to the substrate through a stencil supported by a thin fabric mesh of silk, synthetic fibers, or
metal threads stretched tightly over a frame. Pores of silk are occluded in non-image areas and
left open in the image area. This image carrier is a so-called mesh. The frame is fed with ink
flowing onto the mesh/screen during printing. It is then drawn with a squeegee, which forces
the ink through the open pores of the screen. Meanwhile, the substrate is fixed under the
screen. It comes into contact with the screen, and the ink is transferred [24]. Screen printing is
preferred since a thick layer of ink can be transferred onto a substrate (Figure 1).
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Figure 1. Diagram of screen printing workflow [25].
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This feature easily distinguishes screen printing from the other printing techniques; in
general, the ink thickness for screen printing is around 20-100 um, and for offset printing, it
is typically around 0.5-2 um. The thickness of the stencil (the distance at which the stencil
rests on the screen) designates the thickness of the ink layer [1].

The factors affecting screen printing quality and their optimization have been re-
searched for several years. Kobs and Voiht conducted a study in 1971; they reported
50 different parameters that affect the quality of screen printing and optimized these
parameters. They combined the results of the most critical parameters in 300 different
ways [26]. For instance, the squeegee used in print is a parameter; however, changing the
drawing pressure of the squeegee during printing or changing its hardness will cause a
change in the ink to be transferred onto the substrate material [27,28].

The mesh/screen is the most important factor affecting quality in screen printing since
the mesh count determines the rate at which ink is transferred to the substrate. The mesh
count and material used in screen printing may vary based on the desired amount of ink to
be obtained, the desired characteristics of the image to be printed, and the substrate material
to be used. The mesh count refers to the number of threads per centimeter (tpc). Various
materials can be stretched over the frame to create the screen printing pattern. Materials
such as silk, nylon, monofilament, and multifilament polyester, or metals, are widely used
today. Screen printing screens can be produced in 10-200 tpc mesh counts [29]. Screens
with a thread count of 200 tpc and above are used for surface printing when more precise
patterns are required [3,30]. The distance between the threads increases with decreasing
mesh counts, so the amount of ink passing through increases.

On the other hand, the amount of ink passing from the screen to the substrate decreases
with increasing mesh counts, but more regular and controlled ink transfer is achieved.
Generally, the mesh thread wire diameter decreases or increases proportionally to the mesh
count. Wire mesh diameters also affect the amount of ink passing through the mesh [31]. It
was indicated in previous studies that the mesh thread count and opening play a key role
in determining the amount of ink passing to the substrate, and mesh thread opening is an
essential factor in choosing mesh counts [30,32]. Screen printing allows controllable ink
transfer; thus, it is frequently used to transition alternative ink types to different printing
substrates [33-35].

2. Materials and Methods
Materials

The screens used in this study were made of polyester fabric. They were manufactured
by Zhejiang Zhongyi Textile Co., Ltd., Huzhou, Zhejiang, China. The screens were made
from monofilament plain weave fabrics and all had the same printing area (10 x 10 cm).
For the printing process, a 75° squeegee angle and 3 bar pressure were used for all printing,
and a rubber squeegee with 70 Shore A hardness was chosen for printing. The squeegee,
with a 15 cm rectangular profile, was obtained from Rakle BMP Europe Ltd., Accrington,
UK, and screen tensions were set as 21 N/cm for 120 and 140 tpc screens and 26 N/cm
for 90 tpc screens. The reason for the change in mesh tensions is that as the mesh count
increases, the wire diameter of the thread used in the mesh decreases, and if the high
tension used in a sparse mesh is applied to thin threads and frequent meshes, these screens
cannot withstand the high tension and tear [36].

In this study, coated sticker paper of density 80 g/m? from Muflon and stone paper of
density 240 g/m? from Prolux were used as substrate materials. Stone paper (RPD: rich
mineral with double-side coating) has a thickness of 200 microns. The technical specifica-
tions of the substrates are provided in Table 1, and this information was obtained from the
manufacturers. DYO SE-1125-series, cyan-colored, solvent-based ink and TIFLEX-brand,
cyan-colored, UV-based ink with reference number 3934000 were used in test printing.
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Table 1. Technical specifications for stone paper and coated sticker paper.
Grammage Thickness Density Whiteness Opaqueness Tensile Strength Thermal Shrinkage Ultimate Strength
Test - - o GBT 12027-2004 QB/T 1130-91
method CNS 1352 [37] CNS 3685 [38] CNS 3685 [38] CNS 12885 [39] CNS 14931 [40] GB 13022-91 [41] MD/TD [£2] MD/TD [43]
Stone Paper
Value 240 g/m?2 200 pm 12g/cm3 % >86 % >94 >2.5 kg/cm? ::428// :ggj
Test - . g 150 1924-3
Conted Stickor method 1SO 536 [44] 1SO 534 [45] D65 1SO 2470-2 [46] MD/TD [#7]
Paper
) . 69 (—10)N/15 mm
Value 80 g/m 70 pm N.A. 90% N.A. 39 (—7)N/15 mm N.A N.A
3. Methods

3.1. The CIE Color Values and Delta E (AE)

Color measurements were conducted using an X-Rite spectrophotometer, which op-
erates within a spectral range of 380-780 nm, utilizes a D50 filter, and features a 2° mea-
surement geometry and a 4.5 mm aperture diameter. The L*a*b* color values of the printed
materials were measured, and their Total Color Difference (AE) was assessed in compari-
son to the benchmark values specified by the ISO 12647-5 (2015) [48] standard for screen
printing. The 12647 series prepared by ISO generally concerns printing processes’ stan-
dardization and quality control. The ISO 12647-5 (2015) standard is specifically related to
screen printing.

In the L*a*b* color space, L* signifies lightness, extending from 100 (denoting white)
to 0 (representing black). Concurrently, the a* and b* components articulate chromaticity,
defined as the attribute of a color distinct from its luminance. Notably, a* and b* represent
color orientations: —a* aligns with the green axis and +a* with the red axis, whereas —b*
corresponds to the blue axis and +b* to the yellow for the stone paper axis [49].

AE reveals the difference between the displayed and original colors [50]. Specifically,
the AEq formula includes special terms that enhance the performance of interactions
between color tones, particularly improving the performance of blue and gray colors [51].
Lower AE values indicate high accuracy between the colors, while higher AE values indicate
an inconsistency between the colors. AE values range between 0 and 100; values of < 1
indicate a color difference that cannot be perceived by the human eye, between 1 and 2
indicate a color difference that can be perceived upon close observation; between 2 and 10
indicate an acceptable color difference at a glance, between 11 and 49 indicate a significant
color difference, and a value of 100 indicates opposite colors. Keeping constant the CIE
L*a*b* color values, the color difference value (AEqg) of other inks was calculated using
Equation (1).

AL'N?  ( AC'\? [ AH NP AC' \ [ AH
Ao = \/(kLsL) “iese) *ss) ool (ss) @
where R is the hue rotation term, Ky, K¢, and Ky are parametric factors, L, C, and H repre-
sent compensation for neutral colors, Sy, is compensation for lightness, Sc is compensation
for chroma, and Sy is compensation for hue [22,52-54].

In the ISO 12647-5 (2015) standard for screen printing, three distinct color gamuts for
CMYK (cyan, magenta, yellow, and black) ink sets are specified as small, medium, and
large. The large gamut L*a*b* references indicate more saturated color values than small
and medium gamuts within the same standard. For instance, the medium gamut cyan
color value in ISO 12647-5 (2015) is provided as L: 52, a: —33, b: —51, and the large gamut
cyan color value is L: 46, a: —32, b: —54, demonstrating the higher saturation of the large
gamut [49,55].

3.2. Lightfastness Tests

The lightfastness of a color is a measure of its resistance to fading under sunlight. The
color fastness of pigments is of fundamental importance for the lightfastness of printing inks
and their resistance to weather conditions, color quality, and durability [56,57]. Colorants
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can be divided into broad lightfastness classes and determined based on the blue wool
scale. In general, the lightfastness of a pigment decreases with the degree to which it is
diluted by other pigments, mainly white pigments. Highly concentrated color inks have
better light resistance due to the self-masking effect of the pigments [24].

Lightfastness tests were conducted using a Xenotest 150 S+ device and the blue wool
scale according to the conditions specified in the ISO 12040:1997 [58] standard. The blue
wool scale was measured using the DIN EN ISO 105-A02 [59] standard. The L*a*b* values
of the test printing samples were measured every 24 h before and after the lightfastness
tests, and AE values were calculated and compared. Lightfastness tests were conducted on
five different samples for each paper type. The color fading of each sample was measured
three times.

3.3. Ink Consumption

To measure the ink consumption of two different test printed papers, five samples for
each mesh count were weighed with a Mettler Toledo AB304-S before and after the printing
and drying processes. Each sample was measured three times, and their arithmetic average
was taken to determine ink consumption.

3.4. Printing Machine and Conditions

Test prints were conducted in a laboratory environment at 23 °C and 65% relative
humidity using an Arus-brand semi-automatic screen printing machine equipped with
a 2 mm snap-off. The purpose of selecting this machine was to ensure constant printing
conditions (e.g., squeegee angle, squeegee pressure) for each print. This will ensure the
same ink consumption for each repeated sample printing.

The papers intended for printing were brought to the test printing laboratory 24 h in
advance. For each type of paper and mesh count, five prints were produced. Following the
printing process, samples using solvent-based inks were allowed to dry in the laboratory for
24 h, while those using UV-based inks were dried using a Super Primex EB-200 pm dryer.

3.5. Surface Contact Angle

The surface contact angle is a parameter used to determine the resistance of a paper
surface to liquids. The resultant data are used to determine the printing quality. The
surface wetting capacity of the ink designates the printing efficiency [60,61]. The contact
angle indicates the degree of wetness. A contact angle of 0° indicates maximum wetting, a
contact angle between 0 and 90° indicates partial wetting, and an angle of >90° indicates no
wetting [62]. The contact angle was measured with a contact angle meter (Attension, Theta
Lite 101) by placing a droplet of 5 uL of deionized water onto the surface of the specimens.
Measurements were taken from five different samples of each of the two paper types, and
the average value results were taken. And each sample was measured three times.

3.6. Scanning Electron Microscopy (SEM) Measurements

SEM measurements were carried out in an EDS (Bruker) device (brand: ZEISS, model:
EVO LS10, detectors: SE, BSD, STEM, Carl Zeiss Microscopy GmbH, Berlin, Germany).
Images were captured using a Secondary Electron (SE) detector, and a gold coating was
applied for conductivity. Images of the printed stone paper and coated sticker paper were
recorded on the SEM device. Images of solvent-ink-printed samples were taken at 100-,
500-, and 1000-times magnification. Both the unprinted paper surfaces and the ink behavior
on these surfaces were examined and compared in these images.

3.7. Rub Resistance

Ink scuffing or rubbing resistance refers to the degree to which the ink layer is scratched
and peeled off under the action of scuffing. Primary factors affecting this resistance are
the basic properties of the paper (smoothness, absorbency, etc.), the ink composition, and
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the printing conditions. Differences in printing density can lead to color changes, so color
differences can also describe the rubbing resistance [63].

A TMI-brand Ink Rub Tester was used to measure the rubbing resistance of the printed
samples. Tests were performed according to the TAPPI T-830 [64] standard. In the present
experiment, wear on the inked layers was induced by rubbing the printed surfaces against
the same type of unprinted paper layers. In accordance with the TAPPI T-830 standard,
a constant rubbing pressure was applied to the printed and unprinted samples using
a 907 gr (2 Ib) weight. For each sample, rubbing was set to 50 cycles, and density and
L*a*b* measurements were carried out for every 50 rubbings. A total of 300 rubbings were
performed for each sample. In the rub resistance tests, measurements were conducted
on five different printed samples for each paper type and mesh count. Each sample was
measured three times, and their arithmetic averages were calculated. The rub resistance of
the prints was calculated using Equation (2) [65].

Rub resistance index (RI) = DDe :;i;ybaefftsjerrfb x 100 ()

4. Results and Discussions
4.1. Lightfastness
In the lightfastness tests, two different ink types were printed on both substrates, and

fading was observed. The blue wool test scale used in the lightfastness tests after 168 h of
fading and the samples used in the experiment are presented in Figures 2 and 3.

Figure 2. The blue wool scale test used in lightfastness tests after 168 h of fading.

\/ tested area

120 tpe 140 tpe 140 tpe

Stone paper

Solvent ink printed

Stone paper Coated sticker paper Coated sticker paper

UV ink printed Solvent ink printed UV ink printed

Figure 3. Appearance of test printed papers after 168 h of lightfastness tests.

The samples printed with each mesh count were subjected to the lightfastness test
under the same conditions (Figure 3).

As aresult of fading (168 h), which corresponds to five-fourths in the blue wool scale,
the maximum AE value did not exceed 1.36 for the solvent ink and 1.29 for the UV-based
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ink. Both values were below the CIELAB (CIE L*a*b*) AE limits for cyan ink in ISO 12647-5
(2015). The before and after lightfastness values can be seen in Tables 2 and 3 (SE: the
standard error value has been added next to each measurement). As can be seen in Table 3,
the UV ink had higher lightfastness than the solvent-based ink on stone paper. In general,
the AE on the stone paper was higher than on the coated sticker paper since stone paper is
not absorbent and the ink dried on the surface, whereas coated sticker paper has a fibrous
texture and absorbs ink. So, the light used in the lightfastness test had limited penetration
into the fibers.

Table 2. Density and L*a*b* measurements before lightfastness test with standard error (SE) values.

Mesh Ink Stone Paper Coated Sticker Paper

Count Type Density SE L* SE a* SE b* SE  Density SE L* SE a* SE b* SE
90 tpe Solvent 276 001 3041 007 757 004 —60.01 006 283 001 2790 005 —602 002 -5838 0.02
120 tpe Solvent 262 001 3393 002 1296 003 -59.87 003 281 000 3298 005 1331 003 —5888 0.02
140 tpc Solvent 260 002 3511 001 —1386 004 -59.76 0.03 280 000 3432 002 1460 0.02  -59.55 0.02
90 tpe uv 224 001 4358 0.03 2484 005 5455 004 206 001 4409 003 —21.82 003 -5148 0.02
120 tpe uv 188 002 4729 006 —288 002 —5220 005 193 001 4604 003 -2438 002 —5089 0.01
140 tpc uv 179 000 4832 003 —2930 005 5155 002 18  0.00 4745 003 -2543 004 —4978 0.2

Table 3. AEy values of stone paper and coated sticker paper after lightfastness test.

Mesh Ink Type Stone Paper Coated Sticker Paper

Count L* SE a* SE b* SE AEg L* SE a* SE b* SE AEg
90 tpc Solvent 29.97 0.02 -539  0.02 —59.47 0.03 1.36 29.00 0.02 —5.83 0.01 —59.58 0.03 0.86
120 tpc Solvent 33.36 0.00 —10.91  0.01 —59.33 0.02 121 32.53 0.01 —11.33  0.01 —59.86 0.02 1,03
140 tpc Solvent 36.24 0.01 —14.02  0.02 —58.94 0.02 0.95 34.26 0.02 —13.37  0.02 —60.14 0.02 0.60
90 tpc uv 43.57 0.03 —24.51 0.03 —56.36 0.03 0.52 44.52 0.03 —22.67 0.02 —50.25 0.03 0.68
120 tpe uv 46.63 0.02 —27.01 0.02 —54.42 0.01 1.29 45.60 0.01 —24.23  0.02 —49.87 0.01 0.50
140 tpc uv 48.07 0.01 —27.99  0.02 —52.94 0.02 0.80 47.41 0.02 —26.33  0.02 —47.84 0.02 0.77

4.2. Absorbance and Ink Consumption

In the contact angle measurements, the water spread was greater on the coated sticker
paper. These results showed that the coated sticker paper had a more absorbent texture
than the stone paper (Figure 4).

Contact angle (degree)
I
|
1
|
|

0 3 10 15 20 25

Time (second)

- -@ - Stone paper - -@ - Coated sticker

Figure 4. Time-dependent changes in surface contact angles for unprinted papers.

By measuring the mass of each paper before and after printing, the amount of ink
consumed by these papers was determined. The ink consumption measurements revealed
that the density values and ink consumption were greater on the coated sticker paper than
on the stone paper. The density values of all the solvent ink prints were higher than those



Appl. Sci. 2024, 14, 6668

8 of 14

of the UV-based ink prints (Table 4). Especially in the prints made with solvent-based inks,
the ink consumption on the coated sticker paper was twice as much as on the stone paper
(Table 5).

Table 4. Density measurements of papers.

Stone Paper Coated Sticker Paper
Mesh Count Ink Type
Density SE Density SE
90 tpc Solvent 2.76 0.01 2.83 0.01
120 tpc Solvent 2.62 0.01 2.81 0.00
140 tpc Solvent 2.60 0.02 2.80 0.00
90 tpc uv 2.24 0.01 2.06 0.01
120 tpc uv 1.88 0.02 1.93 0.01
140 tpc uv 1.79 0.00 1.85 0.00
Table 5. Ink consumption measurements.
Mesh Solvent-Based Ink UV-Based Ink
Count Stone Paper Coated Sticker Paper Stone Paper Coated Sticker Paper
Unit g/ m?2 SE g/ m?2 SE g/ m2 SE g/ m?2 SE
90 tpc 8.06 0.04 15.53 0.02 18.18 0.03 26.68 0.03
120 tpc 6.35 0.03 14.96 0.03 16.92 0.03 23.76 0.02
140 tpc 5.86 0.05 13.92 0.04 14.38 0.02 23.01 0.02

As the surface contact angle increases, the ink consumption decreases (Figure 4 and
Table 5). Stone paper has a non-absorbent polymer surface; thus, a higher surface contact
angle was measured than for the coated sticker paper (Figure 4). This reduces the ab-
sorbency of stone paper, causing ink consumption to remain low. Coated sticker paper, on
the other hand, has an absorbent cellulosic surface, thus allowing the surface contact angle
to decrease. The absorbent cellulosic structure of coated sticker paper is also an essential
factor in the high ink consumption of coated sticker paper.

4.3. Surface Contact Angle

The changes in the surface contact angles of the stone paper and the coated sticker
paper over time are presented in Figure 4. Both materials’ surface contact angles were
measured at the dripping moment and every five seconds after that. For the stone paper,
the surface contact angle was 117.6° at the time of the first drop, 108.5° by the 5th second,
104.1° by the 10th second, 102.4° by the 15th second, and 101.7° by the 20th second. For the
coated sticker paper, the surface contact angle was 90.3° at the time of the first drop, 83.7°
by the 5th second, 80.2° by the 10th second, 74.6° by the 15th second, and 72.9° by the 20th
second. At the end of the 20 s average measurement period, the surface contact angle was
106.9° for the stone paper and 80.3° for the coated sticker paper.

Coated sticker paper absorbs and spreads water drops due to its cellulosic structure.
Thus, its surface contact angle decreases. Due to the polymer structure of stone paper, it is
hydrophobic, resulting in a high surface contact angle (Figure 4).

4.4. SEM Images

SEM images of samples printed with solvent ink with a 120 tpc mesh count are
presented in Figure 5. Images a, b, and c in Figure 5 were taken at 100-, 500-, and 1000-times
magnification, respectively. In Figure 5a, indentations and protrusions can be seen along
the line in the middle area where the ink prints end on the stone paper. In Figure 5b,
since the image is enlarged 500 times, the indented areas in the middle region of the stone
paper are more visible, and the rough surface in the unprinted region of the same image
is more noticeable. In contrast, a smoother line is seen in the middle region where the
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printed surface on the coated sticker paper surface lies in Figure 5b. Finally, in Figure 5c,
with 1000 times magnification, the smooth structure of the coated sticker paper and the
ink printed on it without smearing can be seen more clearly, while the distinct rough
surface of the stone paper and the distribution of the ink on this rough surface can be seen
more clearly.

e B R DR

Printed area

N SE

Printed area

[ EMT=2500kV Mag=100X Date:21 Mar 2024 @ €rnam 29 EMT =25.00kV Mag=100X Date :21 Mar 2024 & ernam

a) 100 times enlargement

b TR

Printed area

[ —ree

Printed area

E

; EHT=2500kV Mag=100KX Date 21 Mar2024 & ernam

) 1000 times enlargement

Figure 5. SEM images of papers printed with solvent ink and a 120 tpc screen (EHT: Extra High
Tension, Mag: Magnification).

Images were taken of the complete ink-printed surfaces of both papers to better see the
ink behavior on the coated sticker paper and stone paper on the printed surface (Figure 6).
As explained in the previous figure (Figure 5), the smooth surface of the coated sticker
paper gave rise to a smoother ink-printed surface than the stone paper. The surface of the
stone paper also had a rough appearance after ink printing. The print densities of both
samples were close to each other (coated sticker paper print density: 2.8 and stone paper
print density: 2.65).

Stone paper Coated sticker paper

U™ EHT = 25,00 kv Mag= 500X @ ernam 4" BT = 25.00 W Mag= 500X & ernam

Figure 6. SEM images at 500-times enlargement of solvent-ink-printed papers with a 120 tpc screen.
Both surfaces are fully printed.
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4.5. Rub Resistance

The rubbing resistance of UV-based ink was relatively high on both papers. Only the
adhesion on the coated sticker paper was slightly higher (between 99.26 and 99.82%). Such
a case can be attributed to the cellulosic structure of coated sticker paper and the good
absorption of liquid UV ink. The polymerization of UV-based ink during drying played a
significant role in the high rubbing resistance of both paper types (97-99%) (Table 6) [66,67].
For the rubbing resistance of solvent ink, adhesion on the stone paper was higher than that
on the coated sticker paper (between 86.98 and 90.05%). Solvent ink accumulated on the
non-absorbent surface of the stone paper and dried as a resistant layer (Table 6).

Table 6. Stone paper and coated sticker paper rubbing resistance.

Stone Paper Coated Sticker Paper

. . A, . Percentage - . . . Percentage
MER Type  bofore Rebbing Tt after Rupbing Teet  RemIned after Tt after Rupbing Teot  Retained aer
Count 8 g Rubbing Test 8 ] Rubbing Test
Density SE Density SE % Density SE Density SE %
90 tpc solvent 2.69 0.02 2.34 0.03 86.98 2.81 0.01 2.16 0.05 76.75
120 tpc solvent 2.65 0.01 2.31 0.02 87.40 2.80 0.01 2.48 0.03 88.80
140 tpc solvent 2.61 0.01 2.35 0.02 90.05 2.71 0.02 1.78 0.07 65.60
90 tpc uv 2.27 0.00 2.23 0.01 97.94 2.06 0.01 2.05 0.01 99.51
120 tpc uv 191 0.01 1.90 0.01 99.47 1.95 0.01 1.94 0.01 99.82
140 tpc uv 1.79 0.01 1.78 0.01 99.07 1.81 0.00 1.80 0.01 99.26
The printing density of the coated sticker paper was generally higher than that of the
stone paper. The UV-based-ink-printed surfaces exhibited stable rubbing resistance on both
papers (Figure 7, Table 6).
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In Figure 7a, the solvent ink layers printed with three different mesh counts on the
stone paper showed regular abrasion with the number of rubs. However, as can be seen in
Figure 7b, the UV ink layers printed with the same mesh count on the same paper layer
showed high rub resistance. This resistance can be explained by the polymerization and
curing of the UV ink, which form a stable surface. A similar observation was made on the
coated sticker paper; as shown in Figure 7c, wear increased parallel to the number of rubs
in the printing of the solvent ink on the coated sticker paper. In contrast, the rub resistance
of the UV ink printed on the coated sticker paper was found to be quite high (Figure 7d).

When evaluating the rub resistance of solvent inks independently, a consistent decrease
is observed in Figure 7c. This reduction can be attributed to the fact that solvent-based inks
undergo physical drying through evaporation and do not form a polymeric structure. Such
drying does not provide as stable a structure as UV-cured inks. In UV curing, a photopoly-
merization process is utilized. Consequently, this process leads to rapid polymerization,
which facilitates the swift drying of the ink film and provides a more stable film layer
compared to solvent-based inks [24,30].

The color changes in the substrates printed with solvent ink are shown by the AE
values before and after the rub resistance tests, as provided in Table 7. Due to the absorptive
nature of coated paper, the solvent ink was absorbed into these surfaces and did not form
as strong a bond as on the stone paper. This situation is also evident in the abrasion values
listed in Table 6. This abrasion is more pronounced in the AE values of the ink printed on
the coated paper with a 140 tpc mesh (where the density value is the lowest), as shown in
Table 7.

Table 7. AE values after rubbing resistance test of solvent-ink-printed substrates.

Mesh Ink Printing L*a*b* before Rubbing Test Printing L*a*b* after Rubbing Test
Material
Count Type L* SE a* SE b* SE L* SE a* SE b* SE

AEy

Stone
paper
120 tpe ;;‘;‘:i solvent 33.16 0.4 —1146 017  -59.84 006 3503 017  —1110 021  -57.83 0.5 1.61
Stone
paper
Coated
90 tpc sticker solvent  28.21 0.13 —6.18 0.18 —58.72  0.05 30.53 0.10 —6.17 0.24 —55.55 0.21 1.93
paper
Coated
120 tpc sticker solvent  32.46 0.17 —12.35 0.12 —59.22 0.05 33.52 0.21 —12.91 041 —57.80 0.13 0.92
paper
Coated
140 tpc sticker solvent  34.43 0.03 —14.47 0.04 —59.63 0.06 38.66 0.64 —-12.19 0.50 —54.11 0.69 4.05

paper

90 tpc solvent  29.93 0.08 —6.65 0.21 -59.86  0.15 33.17 0.19 —7.30 0.16 —57.08 0.23 2.60

140 tpe solvent  35.50 0.19 —1436 022 —60.30  0.04 36.45 0.24 —1346 013 —58.52 0.20 1.04

As explained above, it can be seen more clearly in the graphs below that UV-based
inks (Figure 7b,d) have higher friction resistance than solvent-based inks (Figure 7a,c).

5. Conclusions

For the stone paper printed with UV-based ink, a 120 tpc screen yielded close values to
the large gamut specified in the ISO 12647-5 (2015) standard. Users using the large gamut
as a reference can print with a mesh count of 120 tpc.

In the present experiments, screens with three different mesh counts were used, and
three ink layers with differing optical densities were printed. The lightfastness of each
different ink layer was high. Based on the present findings, printing with a 140 tpc screen
can be recommended since an ink layer with high lightfastness can be printed with less ink
consumption.

The rubbing tests revealed that the UV-based inks had high rubbing resistance values
at every mesh count. Moreover, since we measured that ink consumption decreases with
increasing the mesh count, we can say that ink savings will be achieved by using more
frequent meshes.
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Considering ink consumption, especially when printing with solvent ink, the ink
consumption of the coated sticker paper was approximately twice as high as that of the
stone paper. On the other hand, the optical ink density ratios of both papers were measured
as being close to each other. Savings in ink consumption, thus cost savings, will be achieved
when printing with stone paper.

Currently, the consumption of natural resources is increasing rapidly. Plants and
forests, which are sources of cellulose products, have many benefits for the environment,
including climate regulation, biodiversity protection, oxygen production, and erosion
prevention. Besides sustainable forest management and nature protection, the potential
use of stone paper in the printing industry as an alternative to cellulose-based papers will
also offer an essential option for a sustainable environment.

Screen printing is frequently used in outdoor printing, thanks to its advantages. Stone
paper may be considered instead of petroleum resin printing materials used outdoors.
Stone paper, which has high water and oil resistance, can be considered an alternative for
outdoor printing and other areas that require durable printing substrates.
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