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however, its inherent limitations in barrier and mechanical properties
=% restrict broader application. This study investigates the role of poly-
dimethylsiloxane (PDMS) as an anti-blocking agent in water-based coatings
applied to ivory board, kraft paper, and machine-glazed (MG) paper. Three
coating formulations were evaluated: a control without PDMS (STD), and
formulations containing 0.2 g of PDMS (T-1) and 0.5 g of PDMS (T-2). Coating
performance was assessed for blocking resistance, rheological stability, surface
friction, coating integrity, barrier properties, and mechanical performance under
different storage conditions. The results demonstrate that PDMS incorporation
significantly improves anti-blocking behavior, reduces the coefficient of friction,
and enhances mechanical durability without compromising water resistance. The
formulation with higher PDMS content (T-2) exhibited the most balanced and
stable performance during storage, showing improved surface uniformity, lower
friction, and enhanced sealing and rub resistance. Substrate-dependent behavior
was observed: smooth, dense papers favored uniform surface film formation, while
porous substrates promoted coating penetration and mechanical interlocking.
These findings highlight the importance of optimizing PDMS concentration and
substrate selection to develop high-performance, eco-friendly paper-based
coatings for sustainable packaging applications. Prog Color Colorants Coat. 19
(2026), 417-434© Institute for Color Science and Technology.

C ellulose-based paper is widely used in sustainable food packaging;

1. Introduction

as inadequate barrier properties [2], low mechanical
strength, elevated porosity, and limited microbial

Cellulose-based paper is widely used in food packaging
due to its flexibility, biodegradability, and sustainable
sourcing from natural cellulose resources [1]. This
material presents a more environmentally responsible
alternative to traditional packaging options, as high-
lighted by studies from the Institute of Energy and
Environment in Germany, which demonstrate the
relatively low ecological impact of paper-based
packaging compared to plastics and other conventional
materials. Nonetheless, certain inherent limitations, such
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resistance, hinder the direct applicability of paper in
food packaging, potentially compromising the shelf life
of packaged products [3].

To overcome these limitations, surface coating has
emerged as an effective and economical strategy to
enhance the functional performance of paper substrates.
The application of polymer-based coatings can signi-
ficantly improve barrier properties while preserving the
recyclability and biodegradability of paper [4]. In
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parallel with technological development, the global
packaging coatings market has shown steady growth,
reflecting increasing industrial demand for functional
coated paper materials [5]. Nevertheless, beyond barrier
performance, practical issues related to processing and
storage must also be carefully addressed.

One critical property influencing the handling and
usability of coated paper is blocking behavior, defined
as the tendency of coated surfaces to adhere to one
another under the combined effects of pressure,
temperature, and storage time [6]. Excessive blocking
can lead to permanent adhesion between paper layers or
rolls, causing material waste, reduced processing
efficiency, and operational challenges during storage
and transportation [7]. Therefore, the incorporation of
anti-blocking functionality is essential to ensure smooth
unwinding, handling, and long-term performance of
coated paper products [8].

Polydimethylsiloxane (PDMS) has been widely
utilized in coating formulations due to its low surface
energy, chemical inertness, thermal stability, and
flexibility. Previous studies have demonstrated that
PDMS-based coatings can significantly enhance the
water- and oil-barrier properties of paper substrates,
providing a promising and environmentally friendly
alternative to fluorinated coating systems [9]. In
addition, PDMS is commonly employed as a
multifunctional additive to reduce surface friction,
minimize interlayer adhesion [10], and improve
resistance to pressure and mechanical stress during
storage and handling [11]. Structurally,PDMS is a
silicon-based polymer with a flexible —Si—O- backbone,
high thermal stability, excellent chemical resistance[12],
biocompatibility [13], ease of use, and good gas
permeability [14]. Its inherently low surface tension
(=21-22 mN/m) and strong adhesion to substrates [15]
promote the formation of continuous, dense coatings on
smooth surfaces [16]. Moreover, PDMS is an inert
material and commercially available at a relatively low
cost [17]. These advantages have enabled its extensive
use in the fabrication of superhydrophobic coatings on
the surfaces of various substrates, such as metallic [18],
cotton, paper [19], and wood [20].

Although the role of slip and anti-blocking agent
has been extensively investigated in polymer-based
packaging films, their application in paper-based
coating systems remains comparatively limited.
Existing studies on coated paper primarily emphasize
barrier performance. In contrast, practical performance
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metrics such as blocking resistance, coefficient of
friction, rub resistance, coating uniformity, and surface
stability under different storage conditions have
received considerably less attention [8, 21]. Moreover,
the combined effects of coating formulation, additive
concentration, substrate characteristics, and aging
behavior in water-based, environmentally friendly
systems remain poorly understood. Despite growing
interest in functional paper coatings, systematic
investigations of PDMS-based anti-blocking agent in
water-based systems across different paper substrates
under realistic storage conditions remain scarce.

In this study, the effects of PDMS-based anti-
blocking agent in water-based coatings were
systematically investigated on three paper substrates:
ivory board, kraft paper, and MG paper. Key
performance parameters, including blocking resistance,
viscosity, solid content, coating weight, surface morpho-
logy, density, water and oil resistance, coefficient of
friction, sealing strength, and rub resistance, were
evaluated. Statistical analysis was conducted using
ANOVA at a 95 % confidence level (p < 0.05). By
integrating rheological behavior, substrate-dependent
absorption, and functional performance during storage,
this work provides new insights into the optimization of
eco-friendly coating systems for sustainable paper-based
packaging applications.

2. Experimental

2.1. Preparation of water-based coatings

In this research, the anti-blocking agent was incor-
porated into a standard coating formulation to develop
water-based coatings. The formulation without poly-
dimethylsiloxane (PDMS) served as the standard
(STD), while those containing 0.2 g and 0.5 g of PDMS
were designated as T-1 and T-2, respectively. Before
testing, all coatings were thoroughly mixed to achieve
homogeneity. The experimental samples, encompassing
various substrate types and coating compositions, are
detailed in Table 1.

Table 1: Coating formulation codes and PDMS

dosages.
STD 0
T-1 0.2
T-2 0.5
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2.2. Evaluation of storage stability

Storage stability was evaluated by aging the coatings
at 40 °C for 14 and 28 days. The temperature range
used in this study (25-40 °C) reflects typical industrial
storage conditions. The physical and chemical stability
of the coatings was monitored during storage.

2.3. Coating application

Coatings were applied to paper substrates using a bar
coater. The formulation was dispensed at one end of the
substrate and evenly spread across the surface under
constant pressure. The coated papers were then dried in
a hot-air dryer under controlled conditions. The resulting
dry coating thickness was approximately 5-20 pm,
which is typical for bar-coated paper substrates.
Coating thickness and uniformity were regulated by
adjusting the bar wire diameter and coating speed,
ensuring consistent film formation and reproducible
performance.

2.4. Blocking resistance test

Blocking resistance was assessed as the tendency of
coated substrates to adhere under defined load, tempera-
ture, and humidity conditions. Tests were conducted in
accordance with TAPPI T477 'Blocking Resistance of
Paper and Flexible Materials' and ASTM D918-99
‘Standard Test Method for Blocking Resistance of Paper
and Paperboard', under conditions of 38-60 °C, 44-75 %
relative humidity, and 0.5 psi for 21 + 1 h, simulating
industrial-scale conditions for coated papers. In this
study, coated substrates were stacked with the coated
surface facing the uncoated side, subjected to a 45kg
load, and incubated at 50 °C and 65 % RH for 5h in a
humidity chamber. After incubation, peel tests were
performed to evaluate interlayer adhesion. Blocking
resistance was quantified using a five-point scale
(Table 2), where 1 represents very poor resistance, and 5
indicates excellent resistance.

2.5. Viscosity

Viscosity measurements were performed using a Zahn
Cup No. 3 viscometer over a temperature range of 25 to
40 °C, which represents typical industrial processing
conditions. The viscosity was determined from the time
required for the liquid to flow through the orifice at the
bottom of the cup. All measurements were conducted in
triplicate, and the results are reported as mean values.

2.6. Solid content

The coating's solid content was determined by
gravimetric analysis. A predetermined mass of the
sample was weighed, dried in a laboratory oven at
150 °C for 1 h to remove water and volatile components,
and then reweighed. The mass of the remaining dried
residue was used to calculate the total solid content. The
solid content percentage was calculated according to
equation 1:

. 1 ight after dryi
Solid content (%) _ _sample weight after drying

x100% (1)

sample weight before drying

2.7. Coating weight

Coating weight was measured to evaluate the
uniformity and homogeneity of the coating layer
applied to each substrate. Coatings were applied using
a #0 bar coater onto paper substrates measuring 10 x
13 cm. Each substrate was weighed before coating and
reweighed after complete drying.The percentage
increase in substrate weight after coating was
calculated using equation 2. The percentage increase
in the weight of the substrate after coating was
determined using equation 2,

(B-4)

Coating weight = X 100% (2)

Description:
A: Weight of substrates before coating
B: Weight of substrates after coating

Table 2: Scoring criteria for the blocking resistance test.

1 (Very poor)

Separation is very difficult, severe surface damage occurs

2 (Poor) Separation is difficult and possible only with applied force, with visible surface damage
3 (Fair) Separation is relatively easy with moderate or minor surface damage
4 (Good) Separation is easy with minimal or no surface damage

5 (Excellent)

Separation is easy; no evidence of surface damage is visible; substrate is intact
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2.8. Fourier Transform Infrared Spectroscopy
(FTIR)

FTIR analysis was performed using a Jasco FTIR-
4600 spectrometer to identify functional groups and
chemical interactions within the coating matrix.
Spectra were collected over the relevant wavenumber
range to characterize the chemical structure of the
coated substrates.

2.9. Optical microscope

The surface morphology of all paper substrates,
including ivory board, kraft paper, and MG paper, was
examined using a Keyence VHX-6000 digital optical
microscope at a magnification of 300 x. Observations
were performed for all formulations after storage
periods of 0, 14, and 28 days to evaluate time-
dependent surface changes.

2.10. Optical density

The optical density of black-printed substrates was
measured before and after coating application using an
X-Rite eXact spectrodensitometer. Measurements were
taken atthree locations(top, middle, and bottom) on
each substrate to evaluate coating uniformity.

2.11. Sealing strength

Heat-sealing strength was measured using a TP-701-C
Heat Seal Tester (Sangyo) at 120, 140, 160, and 180 °C.
The sealed specimens were subsequently tested using a
Shimadzu Autograph AGS-X (500 N) universal testing
machine to determine the force required to separate the
sealed layers.

2.12. Coefficient of Friction (CoF)

Dynamic coefficient of friction (ud)was measured using
a Param MXD-02 CoF tester. These measurements
were conducted to evaluate surface slip behavior and
frictional characteristics of the coated substrates.

2.13. Rub resistance

Rub resistance was evaluated using a Param RT-01
rub tester operated at 85 rpm for 50, 100, and 150
cycles. Each test was performed in triplicate. The
reduction in color density of the printed substrate was
measured to quantify the coating layer's abrasion
resistance.
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3. Results and Discussion

The results and discussion begin with an evaluation of
blocking resistance, followed by an assessment of key
quality parameters of the water-based coatings. Anti-
blocking agent functions by forming a low-surface-
energy layer that reduces interlayer adhesion, thereby
facilitating layer separation under pressure and at
elevated temperatures. Performance and storage stability
were evaluated on ivory board, kraft paper, and MG
paper substrates after storage periods of 0, 14, and 28
days.

3.1. Blocking storage

The efficacy of the anti-blocking agent in improving the
performance of water-based coatings was evaluated
through blocking tests conducted on both kraft and MG
papers.

Table 2 presents the scoring criteria for the blocking
resistance test, rated on a scale from 1 to 5, where 1
indicates very poor resistance and 5 indicates excellent
resistance. The STD formulation exhibited limited
blocking resistance, particularly on MG paper (score 2),
indicating difficult separation with minor surface
damage. Kraft paper showed slightly better performance
(score 3), which can be attributed to its higher surface
roughness and porosity that reduce the effective contact
area between coated layers, consistent with previous
reports [8]. The incorporation of PDMS improved
performance. The T-1 formulation increased the MG
score to 3, indicating easier separation with minimal
damage.

STD (T (1)

Figure 1: Visual appearance of coated paper samples
after the blocking resistancetest.
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In contrast, kraft paper achieved a score of 4
("good"), reflecting only minor surface impairment.
Incorporation of PDMS significantly improved anti-
blocking performance. Among the tested formulations,
T-2, comprising 0.5 g of PDMS, exhibited the highest
performance. Both MG paper and kraft paper attained
the maximum score of 5 (“excellent"), characterized by
effortless separation with no damage to the coating or
substrate surfaces. These results indicate that T-2
delivers optimal anti-blocking functionality across
various substrates and underscore the critical role of
additive concentration in achieving maximum separation
and surface protection. The T-1 formulation showed
moderate enhancement on both substrates, while the T-
2 formulation achieved excellent blocking resistance,
with effortless layer separation and no observable
surface damage.

The improved performance can be attributed to the
intrinsically low surface energy and high chain
mobility of PDMS, which reduces interlayer adhesion
by promoting the formation of a silicone-rich surface
layer during drying [22]. This layer acts as an
effective anti-adhesive barrier, suppressing strong
interfacial bonding while simultaneously enhancing
hydrophobicity and surface durability [23]. Similar
effects of organosilicon-based additives in reducing
friction and improving handling performance have
also been reported in previous studies [24].

Overall, these findings demonstrate that PDMS-
based anti-blocking agent, particularly at higher
concentrations, offers an effective strategy for impro-
ving the handling, storage, and durability of coated
paper used in packaging applications.

3.2. Viscosity

The viscosity of the coating formulations during
storage is presented in Table 3. Distinct formulation-
dependent rheological behaviors were observed over
the storage period.

The standard formulation (STD) exhibited a
gradual increase in viscosity from day O to day 28,
which can be attributed to solvent evaporation and
progressive interparticle interactions that increase
solids concentration and promote network formation.
Such behavior is commonly observed in water-based
polymer coatings during storage and requires process
control to avoid excessive viscosity, which may affect
coating efficiency and drying performance [13, 25].

In contrast, formulation T-1 showed pronounced

viscosity fluctuations, with a significant increase at
day 14 followed by a sharp decrease at day 28. Two-
way ANOVA indicated that formulation significantly
affected viscosity (p < 0.001) and interacted signi-
ficantly with storage time, whereas storage time alone
was not significant (p = 0.065). DMRT analysis
identified T-1 at day 14 as having the highest viscosity
and T-1 at day 28 as the lowest, confirming that T-1 is

least rheologically stable formulation. This

behavior indicates dispersion instability, likely due to
particle sedimentation or partial phase separation,
suggesting that lower PDMS concentration provides
limited stabilization and hinders maintenance of a
homogeneous particle suspension [26].

Among all formulations, T-2 exhibited the most
stable viscosity throughout the storage period, with
overlapping statistical groupings across all storage
times. This behavior indicates a homogeneous and
well-dispersed system, highlighting the effectiveness
of higher PDMS content in stabilizing the coating
formulation.  Similar  stabilization  effects of
organosilicon additives have been reported in previous
studies, where increased PDMS concentration reduced
storage-induced viscosity variations and improved
dispersion stability in water-based coatings [27].
Overall, the results demonstrate that PDMS
concentration plays a critical role in governing the
rheological stability of water-based coatings during
storage, with higher PDMS content providing a more
stable viscosity profile suitable for consistent coating
application.

Table 3: Viscosity of water-based coatings

incorporating anti-blocking agent during storage.

STD.H-0 25.143 £ 0.20?
STD.H-14 27.637 +0.03¢
STD.H-28 30.617 £ 0.39¢
T-1.H-0 25.860 + 0.47°
T-1.H-14 31.550 + 0.25f
T-1.H-28 24.697 +0.742
T-2.H-0 28.083 +0.37¢
T-2.H-14 26.840 + 0.14°¢
T-2.H-28 27.460 +0.31%

*Different letters indicate statistically significant
differences between means (p < 0.05) as determined by
Duncan's multiple range test (DMRT).
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3.3. Solid content

The results for solid content are presented in Table 4.
The standard formulation (STD) exhibited the lowest
and most stable solid content throughout storage. This
behavior can be attributed to the absence of anti-
blocking agent, which limits changes in dispersion
structure and reduce susceptibility to solvent-driven
phase separation during storage [28]. Conversely,
formulation T-1 demonstrated a significant increase in
solid content by day 28, suggesting instability likely
linked to insufficient anti-blocking concentrations,
which accelerated solvent evaporation and facilitated
phase separation [29]. Among all formulations, T-2
showed the most stable solid content throughout the
storage period. This stability suggests that a higher
concentration of anti-blocking agent helps maintain a
balanced solid—liquid phase distribution within the
coating system. Stable solid content is essential for
achieving consistent coating thickness, predictable
drying behavior, and reliable application performance,
particularly under industrial storage conditions [28].
The enhanced stability observed in PDMS-
containing formulations can be attributed to PDMS's
role in reinforcing the coating matrix and mitigating
solvent-induced defects. PDMS and associated
additives can reduce phase separation, slow
degradation processes, and stabilize dispersion
structure during storage [30]. Previous studies have
similarly reported that coatings formulated with
higher-viscosity or higher-content PDMS exhibit

Table 4: Solid content of water-based coatings with
anti-blocking agentmeasured after storagefor 0, 14,

and 28 days.

STD.H-0 31.205 + 0.402
STD.H-14 31.311 +0.16°
STD.H-28 31.893 +0.16%
T-1.H-0 31.520 £ 0.292
T-1.H-14 32.080 + 0.15%¢
T-1.H-28 33.456 + 0.13¢
T-2.H-0 32.134 + 0.37%¢
T-2.H-14 32.549 + 0.245d
T-2.H-28 32.976 + 0.36¢

*Different letters indicate statistically significant
differences between means (p < 0.05) according to Duncan’s
multiple range test (DMRT).
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improved resistance to material loss and enhanced
stability in aqueous environments, supporting the
present findings [31].

Statistical analysis using a two-way ANOVA
indicated that both formulation type and storage time
had a significant effect on solid content (p < 0.05),
whereas their interaction was not significant (p =
0.274). These results suggest that changes in solid
content during storage are primarily governed by
formulation composition and storage duration rather
than their combined interaction.

3.4. Coating weight

The evaluation of coating weight across three
formulations, STD (standard), T-1 (incorporating 0.2 g
of anti-blocking agent), and T-2 (incorporating 0.5 g
of anti-blocking agent), was conducted on three
distinct paper types: ivory board, kraft paper, and MG
paper. This assessment spanned storage durations of 0,
14, and 28 days, with results presented in Table 5.
Among the substrates, kraft paper consistently
exhibited the highest coating weight, which can be
attributed to its high surface roughness and porosity that
promote capillary-driven absorption of the coating into
the fiber network. In contrast, ivory board had the
lowest coating weight due to its smooth, dense surface
structure, which limits coating retention. The MG paper
displayed intermediate behavior, reflecting its moderate
roughness and more uniform surface morphology [11,
32]. These findings confirm that substrate morphology
is the dominant factor governing coating uptake.
Formulation effects were secondary to substrate
characteristics. The STD formulation produced the
lowest coating weight across all substrates, consistent
with its lower viscosity and absence of viscosity-
modifying additives. The T-1 formulation showed
increased coating weight, particularly after intermediate
storage periods, which can be associated with higher
viscosity and solid content that promote thicker coating
deposition [25]. In contrast, the T-2 formulation
resulted in intermediate, yet more stable, coating
weights across storage times, indicating that higher
PDMS content stabilizes the coating layer without
causing excessive penetration into porous substrates.
Although higher coating weight was observed on
porous substrates and for certain formulations, increased
mass does not necessarily translate to improved coating
performance. Excessive penetration into the substrate
can reduce surface film uniformity and potentially
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compromise barrier properties. Therefore, optimal
coating performance depends on achieving a balance
between sufficient coating mass and the formation of a
coherent and uniform surface film.

Table 5: Coating weight of water-based coatings on
ivory board, kraft paper, and MG paper containing 0.2
and 0.5 g of anti-blocking agent measured after
storage for 0, 14, and 28 days.

STD.H-0.1B 3.610 + 0.55?
STD.H-14.1B 4.327 +0.60%
STD.H-28.1B 4.453 £ 0.43®
T-1.H-0.I1B 5.040 + 0.38%
T-1.H-14.1B 4.343 + 0.46%
T-1.H-28.1B 4,767 +0.43°
T-2.H-0.I1B 4.730 + 0.65%®
T-2.H-14.1B 5.520 + 0.04°
T-2.H-28.1B 4.967 + 0.56%®
STD.H-0.KP 10.897 + 0.85¢f
STD.H-14.KP 10.953 + 0.24°¢f
STD.H-28.KP 12.423 +0.861
T-1.H-0.KP 10.270 £ 0.14¢
T-1.H-14.KP 14.270 +0.43"
T-1.H-28.KP 12.607 + 0.52f"
T-2.H-0.KP 12.597 + 0.10f%"
T-2.H-14.KP 12.877 + 0.647"
T-2.H-28.KP 13.953 £ 0.119"
STD.H-0.MP 7.763 +0.17¢c
STD.H-14.MP 8.337 £0.37°
STD.H-28.MP 8.020 + 0.12°¢
T-1.H-0.MP 7.800 + 0.20°
T-1.H-14.MP 8.213 + 0.05°¢
T-1.H-28.MP 8.170 £0.20°
T-2.H-0.MP 7.900 + 0.16°
T-2.H-14.MP 8.603 + 0.08%
T-2.H-28.MP 8.580 +0.11¢

*Different letters indicate statistically significant
differences between means (p < 0.05) according to Duncan’s
multiple range test (DMRT).

The observed behavior can be explained by the
surface-active nature of PDMS and related anti-blocking
agent, which primarily acts at the coating-air interface
by reducing surface energy and improving spreading
and leveling, rather than significantly increasing bulk
coating uptake [33]. Consequently, formulation modi-
fications exert a greater influence on coating uniformity
and surface functionality than on total coating weight.
Statistical analysis using three-way ANOVA revealed
that substrate type had the most significant effect on
coating weight (p < 0.001), followed by formulation (p
= 0.002) and storage duration (p = 0.006). A significant
three-way interaction was observed (p = 0.048),
indicating that the combined effects of substrate,
formulation, and storage time modestly influenced
coating uptake.Overall, these results demonstrate that
coating weight is predominantly determined by substrate
morphology, whereas formulation composition and
storage stability primarily affect coating uniformity and
reproducibility. In this context, the T-2 formulation
offers a more balanced performance, maintaining stable
coating weight and uniform film formation across
different substrates and storage durations, making it
more suitable for practical paper-based packaging
applications.

3.5 . FTIR

The FTIR spectra of all coated paper substrates (ivory
board, kraft paper, and MG paper) prepared with
different formulations (STD, T-1, and T-2) and stored
for various durations are provided in Supporting Data.
The spectra provide insights into the chemical
interactions between the coating formulations, anti-
blocking agent, and paper substrates.All samples
exhibited a broad absorption band in the range of
3600-3200 cm, corresponding to —OH stretching
vibrations associated with cellulose and hydrogen
bonding. The intensity of this band increased from the
STD formulation to T-1 and T-2, indicating enhanced
interaction between the coating matrix and cellulose
fibers upon incorporation of PDMS-based anti-
blocking agent [22]. This behavior suggests improved
interfacial bonding and coating continuity on paper
substrates.

Characteristic aliphatic C—H stretching bands were
observed in the region of 2950-2850 cm, along with
Si-CHg-related vibrations near 1257 cm, confirming
the presence of PDMS within the coating matrix.
These peaks were more pronounced for T-1 and T-2,
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reflecting increased incorporation of organosilicon
components. In addition, carbonyl (C=0) bands in the
1730-1650 cm? range were detected in all coated
samples, with higher intensities observed for T-2,
indicating a more stable retention of ester or acrylic
functional groups within the coating system. The
region between 1250 and 1000 cm-1, associated with
C-O-C and Si-O stretching vibrations, exhibited
increased peak intensity and complexity for PDMS-
containing formulations, particularly T-2, across all
substrates and storage times [34]. This observation
suggests the formation of a more interconnected and
chemically stable coating network resulting from the
effective incorporation of organosilicon-based additives.
Substrate- dependent differences were evident in the
—OH stretching region, with kraft paper showing
higher peak intensities than ivory board and MG
paper. This behavior can be attributed to the higher
porosity and surface roughness of kraft paper, which
promote deeper coating penetration and stronger
interfacial interactions with cellulose fibers [35].

Storage time also influenced coating chemistry.
Samples stored for 14 days exhibited the highest peak
intensities in the aliphatic C—H and carbony! regions,
indicating optimal consolidation of the coating matrix
due to solvent evaporation and enhanced inter-
molecular interactions. After prolonged storage (28
days), minor peak shifts and increased spectral
complexity, particularly in the Si-O and C-O regions,
suggest molecular rearrangement and early aging
phenomena commonly reported in silicone-modified
polymer systems.

These findings demonstrate that increasing PDMS
content enhances both polar and nonpolar functional
groups within the coating system, strengthening
chemical interactions with cellulose substrates and
promoting the formation of a chemically stable
coating network. The combined effects of formulation
composition, substrate morphology, and storage
duration are clearly reflected in the FTIR spectra and
support the improved functional performance
observed in PDMS-containing coatings.

3.6. Optical microscope

The surface morphology of the coated paper substrates,
ivory board, kraft paper, and MG paper,was examined
using optical microscopy for different formulations
(STD, T-1, and T-2) after storage periods of 0, 14, and
28 days (Figures 2-4).
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For the ivory board, morphological changes were
relatively limited during storage. The coated surfaces
remained largely smooth, with only slight increases in
surface roughness observed for PDMS-containing
formulations at extended storage times. This behavior
reflects the dense and low-porosity structure of ivory
board, which restricts coating penetration and mini-
mizes time-dependent surface rearrangements.In
contrast, kraft paper exhibited more pronounced
morphological evolution. Coated surfaces showed
clearer fiber outlines and increased surface roughness
with storage time, particularly for PDMS-containing
formulations. The highly porous, irregular fiber
network of kraft paper facilitates deeper coating
penetration and stronger mechanical interlocking,
resulting in more pronounced surface texture develop-
ment during storage [36]. MG paper displayed
intermediate behavior between ivory board and kraft
paper. While the coatings initially appeared uniform,
increased surface roughness and localized micro-
features became apparent at longer storage times,
especially for T-1 and T-2. This behavior suggests that
limited penetration, combined with surface-localized
coating components, can influence surface stability
during storage.

These observations indicate that substrate
morphology plays a dominant role in governing
coating surface evolution during storage. Highly
porous substrates promote stronger coating—fiber
interactions, while smoother substrates favor more
uniform and stable surface layers. The incorporation
of anti-blocking agent influences surface texture
development over time, underscoring the need to
optimize formulation com-position to balance surface
uniformity, durability, and functional performance
across different paper substrates [37, 46].

For the MG paper, which has an intermediate
surface smoothness, morphological evolution was
more pronounced than on ivory board but less
controlled than on kraft paper. While day 0 surfaces
appeared uniformly coated, samples stored for day 14
and day 28, particularly T-1 and T-2, exhibited
increasing roughness, visible fiber outlines, and
microcracks. This suggests that limited penetration
combined with surface-localized additive accumu-
lation can promote stress development and crack
formation during storage.
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Ivory board (H-0)
(I-1) (T-2)

Ivory board (H-14)

(1-2)

Ivory board (H-28)

(T-2)

Figure 2: Optical microscopy images showing the effect of formulation and storage time on the surface morphology of
ivory board; Scale bar = 100 pum.

Kraft Paper (H-0)
STD (T-1)

(T-2)

(I-2)

Figure 3: Optical microscopy images showing the effect of formulation and storage time on the surface morphology of
kraft paper. Scale bar = 100 um.
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MG Paper (H-0)

Blank STD

(T-1) (T-2)

MG Paper (H-14)

Blank STD

(T-1)

MG Paper (H-28)

Blank STD

(T-1) (T-2)

Figure 4: Optical microscopy images showing the effect of formulation and storage time on the surface morphology of
MG paper; Scale bar = 100 um.

The microscopy results demonstrate that substrate
morphology critically governs coating stability during
storage. High-porosity substrates, such as kraft paper,
facilitate  additive entrapment and mechanical
interlocking, thereby enhancing coating cohesion,
durability, and anti-blocking performance [46].
However, formulations containing higher levels of anti-
blocking agent (T-1 and T-2) also exhibit increased
surface roughness and microcracking over time,
indicating a trade-off between improved blocking
resistance and long-term surface uniformity. These
findings highlight the importance of formulation
optimization to balance coating smoothness, mechanical
integrity, and durability across substrates with different
porosity and surface characteristics [37].

These observations are consistent with previous
reports indicating that substrate porosity and surface
morphology significantly influence the penetration
and final distribution of coating materials in paper-
based systems, affecting surface cohesion and texture
formation during storage [38]. Migration and
segregation phenomena of silicone-based additives to
the coating surface have also been documented,
demonstrating how such components can localize and
modify surface topography during film formation [39].
Furthermore, multiscale morphological features can
develop as coatings consolidate and dry on porous

426 Prog. Color Colorants Coat. 19 (2026), 417-434

substrates, contributing to variations in surface
roughness and functional performance [40].

3.7. Optical density

The optical density (OD) values of the coated paper
substrates for all formulations are summarized in
Table 6. Clear differences in OD were observed
among the paper substrates. Ivory Board exhibited
high and uniform OD values across all formulations,
which can be attributed to its smooth and dense
surface that promotes ink holdout and surface
retention after coating application [41]. In contrast,
kraft paper consistently showed lower optical density
values due to its high porosity and rough fiber network,
which facilitate ink absorption into the substrate rather
than retention at the surface. MG paper displayed
intermediate optical density behavior, reflecting its
moderate porosity and surface roughness. These trends
are consistent with previous studies reporting that
substrate  porosity  significantly  influences ink
absorption and print density in coated paper systems
[42]. Although formulation effects were less
pronounced than substrate effects, variations among
formulations were substrate-dependent. Formulations
with more stable film formation tended to promote
improved surface uniformity on denser substrates,
whereas on porous substrates the measured optical
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density remained influenced by ink penetration effects
[43].

The observed variations in optical density are
consistent with previous studies reporting that substrate
porosity and surface morphology significantly influence
ink absorption and print density in coated paper systems
[44]. Higher substrate porosity facilitates ink
absorption into the fiber network, resulting in lower
measured optical density, whereas dense substrates
promote ink retention at the surface, leading to higher
and more uniform optical density values [45].
Statistical analysis using two-way ANOVA confirmed
that substrate type had a highly significant effect on
optical density (p < 0.001), while the effect of formu-
lation alone was not significant (p = 0.086). However,
a significant interaction between substrate type and
formulation was observed (p = 0.035), indicating that
the effect of formulation on optical density depends on
the substrate type.

3.8. Water resistance

Water resistance was evaluated for the STD, T-1, and
T-2 formulations on ivory board (IB), kraft paper (KP),
and MG paper (MP) after storage periods of 0, 14, and
28 days. As summarized in Table 7, all samples
consistently achieved the maximum water resistance
score of 5, regardless of formulation, substrate type, or
storage duration.

Table 6: Optical density of water-based coatings on
ivory board (IB), kraft paper (KP), and MG paper (MP)
with 0.2 and 0.5 g of anti-blocking agent.

STD.IB 1.493 + 0.00°¢
STD.KP 1.470 + 0.00°
STD.MP 1.497 + 0.02¢
T-1.1B 1.500 + 0.00°¢
T-1.KP 1.443 +0.002
T-1.MP 1.483 +0.01%
T-2.1B 1.493 + 0.00°¢
T-2.KP 1.470 +0.01°
T-2.MP 1.483 +0.00%

*Different letters indicate statistically significant differences

between means (p < 0.05) according to Duncan’s multiple
range test (DMRT).

Table 7: Water resistance testing of water-based
coatings on ivory board (IB), kraft paper (KP), and MG
paper (MP) with 0.2 and 0.5 g of anti-blocking agent.

Samples Water resistance

STD.H-0.1B 4 +0,00%
STD.H-14.1B 4+ 0,00
STD.H-28.1B 4 +0,00%
T-1.H-0.1B 4+ 0,00
T-1.H-14.1B 5+ 0,00¢
T-1.H-28.1B 4+ 0,00
T-2.H-0.1B 5+ 0,00¢
T-2.H-14.1B 5+ 0,00¢
T-2.H-28.1B 5+ 0,00¢
STD.H-0.KP 3,667 + 0,570
STD.H-14.KP 3,667 + 0,570
STD.H-28.KP 3,333 £0,57%
T-1.H-0.KP 3,333+ 0,57
T-1.H-14.KP 3,667 + 0,57°¢
T-1.H-28.KP 4 +0,00¢
T-2.H-0.KP 2,667 £0,572
T-2.H-14.KP 3,667 + 0,570
T-2.H-28.KP 3,333 £ 0,57
STD.H-0.MP 4 + 0,00
STD.H-14.MP 4 + 0,00
STD.H-28.MP 4,333 +0,57¢
T-1.H-0.MP 4 + 0,00
T-1.H-14.MP 3,667 + 0,570
T-1.H-28.MP 4 + 0,00
T-2.H-0.MP 3 +0,00%
T-2.H-14.MP 4 +0,00¢
T-2.H-28.MP 4 +0,00¢

Due to the absence of variation among the measured
values, ANOVA was not applicable because identical
values resulted in zero variance and rendered the F-test
invalid. The uniform results indicate that all coating
formulations provide excellent resistance to water
penetration under the tested conditions. The consis-
tently high water resistance confirms that the base
water-based coating possesses strong inherent barrier
properties. Importantly, the incorporation of PDMS-
based anti-blocking agent at both low (T-1) and higher
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(T-2) concentrations did not compromise water
resistance, even after extended storage. PDMS is
known to reduce surface energy and promote the
formation of continuous hydrophobic surface layers,
effectively limiting water ingress on paper substrates
[11]. Similar behavior has been reported in previous
studies, where PDMS- or silicone-modified water-based
coatings maintained stable water resistance despite
variations in formulation and storage conditions [46].
These results are consistent with the viscosity and
microscopy findings, suggesting that variations in
substrate morphology and storage did not adversely
affect water barrier performance under the tested
conditions.The results demonstrate that PDMS-based
anti-blocking agent can be incorporated into water-
based coatings without sacrificing moisture resistance,
while simultaneously providing additional anti-blocking
functionality suitable for durable and eco-friendly paper
packaging applications.

3.9. Oil resistance

The oil resistance of all coating formulations (STD, T-1,
and T-2) on all substrates is presented in Table 8. The
results indicate that substrate type is the dominant factor
governing oil resistance, while the effects of formulation
and storage time are strongly substrate-dependent.lvory
board consistently exhibited the highest oil resistance,
particularly for PDMS-containing formulations, reflec-
ting its smooth surface and low porosity, which favor the
formation of a continuous surface barrier against oil
penetration. In contrast, kraft paper showed the lowest
oil resistance values across most formulations and
storage conditions. This behavior is attributed to its high
porosity and rough fiber network, which promotes
coating penetration into the substrate rather than surface
film formation. MG paper exhibited intermediate oil
resistance, consistent with its moderate porosity and
surface characteristics. Statistical analysis using three-
way ANOVA confirmed that substrate type had a highly
significant effect on oil resistance (p < 0.001), followed
by storage time (p = 0.003). At the same time, formu-
lation alone was not statistically significant (p = 0.672).
Significant interaction effects between formulation and
substrate, as well as among formulation, substrate, and
storage time, indicate that the performance of PDMS-
containing coatings depends strongly on substrate
characteristics and storage conditions. Storage generally
improved oil resistance, particularly after 14 and 28
days, likely due to coating consolidation and reduced
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pore accessibility; however, for highly porous
kraft paper, oil resistance remained limited even
after extended storage. Further analysis indicates
that differences between T-1 and T-2 are substrate-
dependent. On the ivory board, T-2 consistently
exhibited higher and more stable oil resistance than

Table 8: Oil resistance of coatings containing 0.2 and
0.5 g of anti-blocking agent on ivory board (IB), kraft
paper (KP), and MG paper (MP) measured after
storage for 0, 14, and 28 days.

STD.H-0.1B 4 +0,00¢
STD.H-14.1B 4 +0,00¢
STD.H-28.1B 4 +0,00%
T-1.H-0.I1B 4 + 0,00«
T-1.H-14.1B 5+ 0,00¢
T-1.H-28.1B 4 + 0,00
T-2.H-0.1B 5+ 0,00¢
T-2.H-14.1B 5+ 0,00¢
T-2.H-28.1B 5+ 0,00¢
STD.H-0.KP 3,667 + 0,57°
STD.H-14.KP 3,667 + 0,570
STD.H-28.KP 3,333 £ 0,57
T-1.H-0.KP 3,333+ 0,57
T-1.H-14.KP 3,667 + 0,57°
T-1.H-28.KP 4 +0,00%
T-2.H-0.KP 2,667 £0,572
T-2.H-14.KP 3,667 + 0,570
T-2.H-28.KP 3,333+ 0,57
STD.H-0.MP 4 +0,00%
STD.H-14.MP 4 + 0,00
STD.H-28.MP 4,333 +0,57¢
T-1.H-0.MP 4 + 0,00«
T-1.H-14.MP 3,667 + 0,570
T-1.H-28.MP 4 + 0,00«
T-2.H-0.MP 3 +0,00%
T-2.H-14.MP 4 + 0,00«
T-2.H-28.MP 4 +0,00%

*Different letters indicate statistically significant differences
between means (p < 0.05) according to Duncan’s multiple
range test (DMRT).
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T-1 across storage periods, indicating that a higher
PDMS content promotes the formation of a more
continuous and effective surface barrier on smooth,
low-porosity substrates. In contrast, on kraft paper,
increasing PDMS content did not lead to proportional
improvements in oil resistance, suggesting that
excessive penetration into the porous fiber network
limits surface film continuity.

Storage time also influenced oil resistance
behavior. The improvements observed at 14 and 28
days, particularly for PDMS-containing formulations
on ivory board, likely reflect coating consolidation
and reduced pore accessibility during storage.
However, for highly porous substrates such as kraft
paper, oil resistance remained limited even after
extended storage, indicating that storage-induced
densification cannot fully compensate for substrate-
driven penetration effects. The enhancement of oil
resistance by PDMS is primarily associated with its
ability to lower surface energy and form hydrophobic,
low-adhesion surface layers, which is most effective
on smooth substrates where PDMS can readily
concentrate at the coating—air interface [16]. On
highly porous substrates such as kraft paper, partial
infiltration of PDMS into the fiber network reduces
surface layer continuity, thereby limiting oil barrier
effectiveness [47]. Similar findings have been reported
for PDMS-modified and water-based barrier coatings,
in which substrate porosity was identified as the
primary limiting factor for oil resistance [36].

3.10. Coefficient of Friction (CoF)

The results of the CoF test for all formulations and
substrates are presented in Table 9. The results indicate
that substrate type is the dominant factor governing
friction behavior, while the effects of formulation and
storage time are strongly substrate-dependent.Across
the investigated paper substrates, PDMS-containing
formulations (T-1 and T-2) consistently exhibited lower
CoF values than the standard formulation (STD),
confirming the effectiveness of PDMS as a slip and
anti-blocking agent. Ivory board showed the lowest
CoF values, particularly for T-1 and T-2 after 14 and 28
days of storage. This behavior is attributed to its smooth
surface and low porosity, which favor PDMS migration
and accumulation at the coating-air interface, thereby
reducing surface energy and enhancing slip perfor-
mance. Kraft paper exhibited higher CoF values than
ivory board across most formulations and storage times.

The rough and porous fiber network of kraft paper
promotes partial penetration of the coating and PDMS
into the substrate, limiting the formation of a
continuous lubricating surface layer and reducing the
effectiveness of friction reduction. MG paper showed
intermediate CoF behavior, consistent with its moderate
surface roughness and porosity.

Table 9: Dynamic CoF of coatings with 0.2 and 0.5g

of anti-blocking agent on ivory board (IB), kraft paper

(KP), and MG paper (MP) measured after storage for
0, 14, and 28 days.

STD.H-0.I1B 0,43 +0,03™
STD.H-14.1B 0,353 + 0,02k
STD.H-28.1B 0,325 + 0,011
T-1.H-0.I1B 0,307 £ 0,01M
T-1.H-14.1B 0,126 + 0,002
T-1.H-28.1B 0,15 + 0,0020¢d
T-2.H-0.1B 0,216 + 0,01
T-2.H-14.1B 0,123 + 0,002
T-2.H-28.1B 0,139 + 0,00%®
STD.H-0.KP 0,397 +0,03'
STD.H-14.KP 0,421 +0,01'm
STD.H-28.KP 0,334 + 0,02}
T-1.H-0.KP 0,196 + 0,01
T-1.H-14.KP 0,162 + 0,000
T-1.H-28.KP 0,176 + 0,01%
T-2.H-0.KP 0,225 £ 0,009
T-2.H-14.KP 0,16 + 0,000
T-2.H-28.KP 0,144 +0,00%¢
STD.H-0.MP 0,404 + 0,02'm
STD.H-14.MP 0,295 + 0,00"
STD.H-28.MP 0,355 + 0,01%
T-1.H-0.MP 0,176 + 0,00%
T-1.H-14.MP 0,128 + 0,012
T-1.H-28.MP 0,17 £ 0,00%
T-2.H-0.MP 0,206 + 0,00
T-2.H-14.MP 0,127 + 0,012
T-2.H-28.MP 0,143 + 0,00%¢
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Storage time had a pronounced effect on CoF,
particularly for PDMS-containing formulations. CoF
values generally decreased after 14 days of storage,
indicating progressive coating consolidation and
enhanced surface enrichment of PDMS, with silicone
additives exhibiting time-dependent migration toward
the coating surface, thereby reducing friction and
improving slip properties [48]. The lowest CoF values
were observed at day 14 for both T-1 and T-2 across all
substrates, indicating an optimal balance between
coating stabilization and additive migration. Slight
increases at day 28 may be associated with surface
rearrangement or partial additive redistribution during
extended storage. Statistical analysis using three-way
ANOVA confirmed that substrate type had a highly
significant effect on CoF (p < 0.001), followed by
formulation (p < 0.001) and storage time (p < 0.01).
Significant interaction effects among formulation,
substrate, and storage time indicate that friction-
reduction efficiency depends on the combined effects of
surface morphology, additive concentration, and storage
conditions. Duncan's multiple range test further showed
that the lowest CoF values were consistently achieved
by PDMS-containing formulations on smooth substrates
after intermediate storage times.

The reduction in CoF observed for PDMS-
containing formulations is consistent with previous
studies reporting that silicone-based additives migrate
toward the coating surface, forming a low-surface-
energy lubricating layer that enhances slip and anti-
blocking performance [49]. The effectiveness of this
mechanism is strongly substrate-dependent, with
smooth, low-porosity surfaces favoring surface
enrichment of PDMS, while porous substrates limit
friction reduction due to additive penetration into the
fiber network [50].

3.11. Sealing strength

The results of sealing strength measurements for all
formulations and substrates are presented in Table 10.
The results in Table 10 demonstrate that substrate type
is the primary determinant of sealing strength, followed
by storage time, while formulation effects are strongly
substrate-dependent. Kraft paper consistently exhibited
the highest sealing strength, with the maximum values
observed at extended storage times. Despite its high
porosity, kraft paper promotes deep coating penetration,
enabling effective pore filling and strong mechanical
interlocking during thermal sealing.
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Table 10: Sealing strength of coatings with 0.2 and 0.5
g anti-blocking agent on ivory board (IB), kraft paper
(KP), and MG paper (MP) measured after storage for

0, 14, and 28 days.

STD.H-0.I1B 415,667 + 56,04%
STD.H-14.1B 460,667 + 38,85
STD.H-28.1B 573,333 + 30,08"
T-1.H-0.I1B 510,333 + 39,5219
T-1.H-14.1B 459 + 26,66°"
T-1.H-28.1B 537,667 + 38,009
T-2.H-0.1B 527,333 + 37,81fn
T-2.H-14.1B 548,333 + 6,659"
T-2.H-28.1B 524,667 + 32,34fh
STD.H-0.KP 382,333 + 31,56¢
STD.H-14.KP 573,667 + 38,85
STD.H-28.KP 622 + 74,641
T-1.H-0.KP 375 £ 24,02¢
T-1.H-14.KP 563,333 + 37,20
T-1.H-28.KP 535,667 + 72,009"
T-2.H-0.KP 363,667 + 26,08
T-2.H-14.KP 474 + 29,4657
T-2.H-28.KP 589 + 60,55"
STD.H-0.MP 164,667 + 43,932
STD.H-14.MP 141 + 14,932
STD.H-28.MP 276 + 11,26
T-1.H-0.MP 169,333 + 36,22°
T-1.H-14.MP 134,333 + 21,032
T-1.H-28.MP 242,667 + 45,78
T-2.H-0.MP 153,667 + 14,572
T-2.H-14.MP 206,333 + 59,40%
T-2.H-28.MP 283 + 48,50°

*Different letters indicate statistically significant differences
between means (p < 0.05) according to Duncan’s multiple
range test (DMRT).

This interlocking mechanism enhances stress
distribution and peel resistance, resulting in superior
sealing performance when sufficient coating consoli-
dation is achieved. Similar behavior has been reported
for porous substrates, where adequate coating infiltration
improves adhesion and seal integrity. Ivory board also



Effect of PDMS Anti-Blocking Agent in Water-Based Coatings on the Performance of ...

exhibited high sealing strength, particularly for PDMS-
containing formulations at 14 and 28 days of storage, as
well as for the standard formulation after extended
storage. The dense, smooth surface of ivory board
facilitates uniform coating deposition and efficient heat
transfer during sealing, resulting in strong, consistent
thermal bonds [51]. In contrast, MG paper consistently
showed the lowest sealing strength values. Its thin
structure and lower mechanical integrity limit load-
bearing capacity during sealing and hinder the formation
of robust interfacial bonds, making it more susceptible
to cohesive or substrate failure [52].

Among the formulations, T-2 generally provided
the most consistent improvement in sealing strength,
especially on kraft paper and ivory board. The
higher PDMS content is expected to enhance
interfacial compliance and coating cohesion, allowing
better accommodation of thermal stresses during
sealing. However, the formulation alone was not
statistically significant (p=0.370), indicating that
PDMS's contribution to sealing strength is governed
by its interaction with substrate morphology and
storage-induced film maturation rather than by
concentration alone.

Storage time had a significant effect on sealing
strength (p < 0.001), with higher values generally
observed after 14 and 28 days of storage. This
improvement is attributed to solvent evaporation,
coating consolidation, and further film stabilization,
which enhance cohesive strength within the coating
layer and adhesion to the substrate [53]. These effects
were most pronounced on kraft paper and ivory board,
where mechanical interlocking and uniform surface
bonding dominate the sealing mechanism.

Three-way ANOVA confirmed significant effects of
substrate type (p < 0.001) and storage time (p < 0.001),
as well as significant formulation x substrate, storage x
substrate, and three-way interactions (p < 0.05).
Duncan's multiple-range test indicated that coatings on
kraft paper achieved the highest sealing strength after
extended storage, while MG paper exhibited the lowest
sealing performance across formulations.

These results demonstrate that sealing strength is
governed by substrate morphology, coating consoli-
dation, and formulation—substrate interactions. Porous
substrates, such as kraft paper, benefit from coating
penetration and mechanical interlocking, whereas
smooth substrates, such as ivory board, rely on uniform
film formation and efficient thermal bonding. The

combination of PDMS-containing formulations and
adequate storage time provides robust sealing
performance, emphasizing the importance of tailoring
coating formulation and processing conditions to
substrate characteristics for optimized heat-sealing
efficiency in paper-based packaging applications.

3.12. Rub resistance

Rub resistance tests were carried out for three coating
formulations of STD, T-1 (0.2 g anti-blocking), and T-
2 (0.5 g anti-blocking) on ivory board (1B), kraft paper
(KP), and MG paper (MP) substrates. The results are
summarized in Table 11.

As shown in Table 11, the incorporation of the anti-
blocking agent improved overall rub resistance,
confirming its effectiveness in enhancing the
mechanical durability of the coating layer. Among the
substrates, MG paper exhibited the most pronounced
response to anti-blocking addition, showing a clear
increase in rub resistance from the standard formulation
to PDMS-containing formulations. This behavior
suggests that MG paper provides favorable surface and
fiber characteristics for forming a flexible yet abrasion-
resistant coating film. Ivory board also showed a
progressive increase in rub resistance from STD to T-2,
although the magnitude of improvement was less
pronounced than that observed for MG paper. This
trend can be attributed to the dense, smooth surface of
ivory board, which limits coating adhesion and delays
the development of maximum abrasion resistance.

Table 11: Rub resistance testing of water-based coatings
with 0.2 and 0.5 g of anti-blocking on ivory board (1B),
kraft paper (KP), and MG paper (MP) substrates.

STD.IB 94,539 + 0,322
STD.KP 97,166 + 0,95
STD.MP 95,904 + 0,93%
T-1.1B 95,531 + 1.05%
T-1.KP 96,922 +2.10%
T-1.MP 98,672 + 1.31°
T-2.1B 96,756 + 0,622
T-2.KP 97,354 + 1.74%
T-2.MP 98,444 + 1.04°

* The different letters indicate that the means are
significantly (p < 0.05) by Duncan's multiple range tests.
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In contrast, kraft paper exhibited relatively stable
rub resistance across formulations. Its high porosity
promotes coating penetration into the fiber network
rather than surface film build-up, thereby reducing the
rub resistance’s sensitivity to formulation changes. At
lower anti-blocking content (T-1), penetration effects
dominate, whereas at higher loading (T-2), sufficient
coating material remains at the surface to improve
abrasion resistance. Among the formulations, T-2
provided the most stable and consistently high rub
resistance across all substrates, indicating that higher
PDMS content promotes the formation of a denser,
more cohesive, and flexible surface layer capable of
resisting mechanical wear [53]. In contrast, the
standard formulation consistently exhibited the lowest
rub resistance, highlighting the critical role of anti-
blocking agent in reinforcing surface durability.

Statistical analysis using a two-way ANOVA
confirmed that both substrate type (p = 0.006) and
formulation (p = 0.030) significantly influenced rub
resistance, whereas the interaction was not significant
(p = 0.252). This indicates that substrate characteristics
(such as porosity, roughness, and fiber structure) and
anti-blocking content independently govern abrasion
resistance.

These findings are consistent with previous studies
reporting that PDMS-based additives form smooth,
flexible, low-friction surface layers that reduce frictional
stress and enhance resistance to mechanical wear [54].
In the present study, the superior performance of the T-2
formulation confirms that higher anti-blocking content
strengthens the coating matrix and improves abrasion
resistance, while substrate morphology modulates the
magnitude of this improvement.
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