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Abstract: Dispersion coatings are offered as alternative solutions to extrusion coating technology
for paper-based packaging. In addition to providing barrier properties, waterborne dispersions may
implement the processing and converting properties of coated substrates, which are of extreme in-
terest for an effective transfer to the industry. In this work, styrene-butadiene-based aqueous dis-
persions were formulated considering different amounts of kaolin as pigment. The authors assessed
the heat-seal ability, fold cracking resistance, and blocking tendency, comparing the results against
commercial dispersion coating grades. Kaolin content dominated the sealing behavior of experi-
mental formulations, changing the minimum heat-seal temperature from 80 °C to >140 °C for 0%
and 60% kaolin solid content, respectively. On the contrary, commercial grades were mostly affected
by temperature. Additionally, despite the low latex glass temperature (0 °C), experimental formu-
lations generally showed little, if any, blocking. On the downside, increasing kaolin content eases
fold cracking, showing a different magnitude according to fold direction and coat orientation yet
achieving a higher moisture barrier compared to commercial grades for both folded and unfolded
samples.

Keywords: coated paper; clay; aqueous dispersion; mechanical properties; fold cracking

1. Introduction

Paper-based packaging is currently in the spotlight and widely considered a sustain-
able alternative to polymeric packaging. Embracing the material transition, the paper in-
dustry was required to coat cellulosic substrates to improve their durability and barrier
properties. Among the ways to surface coat paper and board, aqueous dispersions repre-
sent a rapidly growing technology that is gaining much more interest from the industry
and market [1].

Aqueous dispersion coatings are polymeric water-based colloidal dispersions of pol-
ymeric particles, involving possible further substances, e.g., mineral pigments and fillers,
dispersants, defoamers, and thickeners [2,3]. Among some of their positive traits, disper-
sion coatings make it easier to achieve thinner coating thickness compared to other tech-
nologies, e.g., extrusion coating. Consequently, aqueous dispersions can reduce the non-
cellulosic content of packaging, possibly improving the final recyclability [4-6]. Neverthe-
less, aqueous dispersions are generally more expensive than conventional coating
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technologies. To cope with coating price, pigments can be added, which may also improve
barrier properties [7-13] to, e.g., liquids, gases, and oil and grease.

Not only can pigments provide barrier properties, but they can also affect the con-
verting process. Indeed, pigment content influences printability, gluing ability, heat-seal
ability, and many more [8,9]. Considering coated paper reels and sheets, it may be inter-
esting to investigate heat-seal ability and fold cracking resistance.

Heat-seal ability involves one layer sealing to another surface due to the combined
effects of pressure and temperature over a defined seal time. Such a property is of high
interest at an industrial level to produce sealed packaging, e.g., pouches, lidded trays, and
pillow bags; this is well documented in the recent literature [14-17]. Proper and uniform
sealing is a crucial condition for preventing issues such as accidental packaging opening
and content spills while guaranteeing packaging barrier performance.

Another interesting yet important processing property is blocking, which is defined
as the tendency of a possible adhesive surface to adhere to another surface, regardless of
whether it is potentially adhesive or not. Similar to heat sealing, blocking behavior can be
driven by the combined effects of time, temperature, and pressure [18]. When developing
a coated material, it is crucial to ensure that during storage and transportation of the semi-
finished products, the materials do not stick together. Otherwise, it may become very dif-
ficult—if not impossible —to unwind the reel or, equivalently, feed the machine at the con-
verting plant. Previous literature discussed the effect of increasing the pigment ratio in-
side aqueous dispersions on both blocking and heat-sealing, showing how it is desirable
for blocking yet unfavorable for heat-sealing ability [8,9,17].

When processed, substrates in the form of sheets typically need to be folded as part
of the process to convert them into finished packaging. Such processing is widely reported
to generate cracks, especially in the coating layer; many studies have provided numerical
models to describe and predict fold cracking of coated paper [19-24]. Coat cracking, how-
ever, affects both the aesthetic and functional properties, letting water, grease, and mois-
ture permeate through the packaging material. This in turn may reduce the shelf-life of
packed goods, which may be essential to prevent issues such as food loss; this is of major
interest even when the impact of food is greater than that of packaging [25].

Therefore, it is crucial for packaging producers, material developers, and researchers
to also test converting properties instead of barrier ones alone. In this way, a thorough
characterization may be achieved, widening the fields of application for the aqueous dis-
persions as well as identifying possible issues to be overcome prior to the scale-up process.
Embracing this perspective, this work aims to provide a propaedeutic discussion of the
effects and magnitude of the technological parameters that affect the processing of disper-
sion coatings, introducing a comparison between current commercial formulations and
alternatives of possible industrial relevance that can be produced in a laboratory.

In this contribution, the authors investigated the effect of different kaolin contents in
polymeric aqueous dispersions with respect to the above-mentioned converting proper-
ties of coated paper substrates, searching for statistically evident factor significance. The
research assessed the heat-seal ability, blocking tendency, and fold cracking of flexible
cellulosic packaging; furthermore, the results were compared to commercially available
heat-sealable grades.

2. Materials and Methods
2.1. Substrate

In this work, Mondi (Weybridge, UK) ProVantage Komiwhite (125 g/m?, 0.155 mm
thick) virgin kraft fiber substrate was considered. The substrate is a white top kraft liner
and is commonly used in cellulose-based packaging production. Due to its low gram-

mage, it can be used both in flexible and rigid packaging (in the latter situation as a layer,
e.g., in corrugated cardboard).
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2.2. Commercial Coatings and Experimental Coatings Formulation

HPH 39 highly crosslinked carboxylated styrene-butadiene latex (dry solid content
54%) was kindly provided by Trinseo (Horgen, Switzerland). Amberger Kaolinwerke
(Hirschau, Germany) CamCoat 80 kaolin (aspect ratio = 28) was used as the pigment in
the experimental formulations; 62% of the particles possess a size that is less than 2 um.
Kaolin Critical Pigment Volume Concentration (CPVC) was measured using spatula rub-
out linseed oil absorption.

Coating preparation followed the procedure described in a previous publication [7].
EXOlat C40 sodium polyacrylate, used as dispersant (0.16% dry on dry pigment), was
kindly provided by PCC Exol SA (Brzeg Dolny, Poland). A target of 50% solid content was
set for the experimental formulations. Sodium hydroxide was added to adjust the pH to
8.

Four different formulations were produced, as reported in Table 1.

Table 1. Experimental coating formulations for HPH 39 styrene-butadiene latex.

- . Latex:Filler
Abbreviation ! Latex Filler Ratio [%]
H39K 100 HPH 39 Kaolin 100:0
H39K 80 HPH 39 Kaolin 80:20
H39K 60 HPH 39 Kaolin 60:40
H39K 40 HPH 39 Kaolin 40:60

1 H39 stands for HPH 39, whereas K stands for kaolin.

The properties analyzed and discussed in this manuscript were compared to those of
three heat-sealable commercial aqueous dispersions. The nomenclature corresponds with
a previous study [7] (nature of the latex and possible pigment, followed by “H”, to high-
light that it is a commercial heat-sealable coating):

e  SA-H: styrene acrylate dispersion coating with a dry solid content of 50% (on a
weight basis)

e A-H: acrylate copolymer dispersion coating with a dry solid content of 39% (on a
weight basis)

e  SAP-H: styrene acrylate dispersion coating filled with 6% of pigment with a dry solid
content of 51% (both percentages are on a weight basis)

No modification or addition was made to the aqueous dispersions, which were used
as provided.

Before their application on the cellulosic substrate, both commercial and experi-
mental aqueous dispersions were stirred with a magnetic anchor for at least 30 min at 500
rpm.

2.3. Differential Scanning Calorimetry

All waterborne dispersions were analyzed with Differential Scanning Calorimetry
(DSC) to obtain the characteristic glass transition temperature. A DSC3 Mettler Toledo
(Columbus, OH, USA) was used to test the samples in a nitrogen atmosphere (flow 60
mL/min). Then, a ramp of 20 °C/min was set in a —=30-300 °C temperature range. The anal-
ysis involved oven-dried samples with a weight of 10-20 mg placed in a 40 uL aluminum
pan.

2.4. Sample Preparation

The paper was manually rod-coated using a 12 um (wet film thickness) K-Bar number
2 at a constant speed of 40 mm/s on the white side. Immediately after coating application,
the substrates were fixed in open-ended frames and dried in an oven at 120 °C for 90 s to
let heat act on both sides of the paper. Subsequently, a cool down step to ambient
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conditions occurred. Following this, the samples were cut out of the coated paper—ac-
cording to the specific dimensions for each test—and conditioned at 23 °C and 50% rela-
tive humidity for >24 h.

Reference values were measured from uncoated (UC) samples.

The dry coat thickness of the experimental formulations was calculated from the
composition of the formulations, considering a latex density of ¢ =1.05 g/cm? and a kaolin
density of o =2.6 g/cm? [7].

2.5. Barrier Properties

Commercial coating grades underwent barrier properties testing to test possible im-
provements in the water barrier as well as moisture and grease permeability properties.
All the tests were carried out at standard temperature and humidity conditions (23 °C and
50% relative humidity, respectively), considering triplicate samples for each coating and
test.

Water barrier property was measured by means of the Cobb 1800 test as per BS EN
ISO 535:2014 [26]. The test evaluates the water absorption tendency of the coated substrate
under 10 mm deep water for 30 min. The standard defines water absorptiveness as:

. my — My
Water Absorptiveness (Cobb1800) = — (1
where m, is the final sample mass (in grams), m, is the initial mass (in grams), and 4 is
the test area (in m?). The test area was limited to almost 40 cm? due to the reduced sample
dimensions.

Moisture permeability was assessed via the Water Vapor Transmission Rate (WVTR)
gravimetric method, following the procedure described in BS ISO 2528:2017 [27]. WVTR
cups were filled with 35.0 £ 0.1 g of silica gel, and the test lasted 48-96 h, depending on
the barrier performance of the specific coated sample. The samples were positioned with
the coated side facing the inner side of the cup. The test area of the samples was approxi-
mately 20 cm?. WVTR was determined by evaluating the steady slope of the cup mass gain
in time, as described in Equation (2):

24«
WVTR =

2)

where a is the steady slope (in g/h), A is the test area (in m?), and 24 is the factor to
achieve WVTR in g/(m>day). Finally, grease permeability was measured in accordance
with BS ISO 16532-1:2008 [28]. In the test, palm kernel oil is spread on the sample and a
fixed mass weight is applied to the upper surface for a maximum of 24 h. The test
measures the time that the coated substrate resists grease permeation through coated pa-
per, and stain formation is observed on the back of the samples. Higher recorded times
highlight higher grease resistance.

2.6. Heat-Seal Ability

The ability to seal (coat-to-coat) was assessed considering the effect of three different
parameters that can be easily controlled during the sealing process: temperature, time,
and pressure. The value ranges for the variables are reported in Table 2.

Table 2. Investigation matrix for the heat-seal ability.

Parameter Unit Values
Temperature °C 80, 100, 120, 140
Time S 1,2
Pressure MPa 04,0.6

All the coatings were tested under at least two out of four temperature conditions. In
the results, data are reported starting from the lowest temperature at which it was possible
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to achieve minimum adhesion between the coated surfaces. Three 80 mm x 15 mm paper
strip pairs were coat-to-coat sealed and tensile tested for each combination, for a total of
48 samples for each aqueous dispersion. Samples were sealed using a flat tool over a
square area of 15 mm x 15 mm. Heat-sealing was carried out using an ad-hoc machine
developed by the authors, which is driven by Arduino and involves a pneumatic circuit
that acts on a pneumatic cylinder. Further information is reported in Appendix A.

Average seal strength and seal energy were obtained from tensile tests using a Shi-
madzu (Kyoto, Japan) Autograph AGS-X mounted on a 5 kN load cell. In this study, the
test speed was set to 100 mm/s. Each tail was secured in opposing grips, leaving the seal
unsupported during the test.

2.7. Blocking

Coated substrates underwent blocking tendency as per BS EN 12702-2000 [29] to 40
°C, 60 °C, and 80 °C. The test was conducted in triplicate for each coating and test temper-
ature. In this study, the thermoplastic blocking of a potential adhesive surface (the coated
one) was assessed against the back of the KB substrate. This allowed us to evaluate the
blocking tendency of a coated reel when stocked.

2.8. Fold Cracking

The resistance to cracking upon folding was assessed both according to the folding
direction (parallel to the machine direction or orthogonal to it) and to the coating orienta-
tion (facing inside or outside the fold).

The test involved 10 mm-wide strips that were subjected to a 180°-fold under 1 kg
weight, like in a recent study [30]. However, the fold time was reduced to 1 s compared to
the work of Breskvar et al. [30]. The limited time was set to be closer to industrial times.
The weight was then removed, and the strip was carefully opened flat. Following this, a
cotton swab soaked in Pelikan Tusche A vermilion-red drawing ink was rapidly passed
on the folding line, taking care to immediately wipe excess ink with absorbent paper. In
doing this, if cracks were present, the ink could find a way through the coating to reach
the fibers underneath, which in turn would absorb it and macroscopically highlight the
coating discontinuities.

For each condition and coating, 12 samples were folded, and pictures were acquired
at constant magnification (120x). Finally, the images were processed with Image] v1.53e
to measure the stained area (in pixels) over a length of 5.5 mm for each sample.

Additionally, the authors assessed the WVTR of folded samples (under 1 kg for 1 s)
to assess the effect of possible fold cracking on the moisture barrier properties. The fold
was carried out according to the worst condition observed in the fold cracking test (coat-
ing outside and fold orthogonal to the machine direction).

2.9. Statistical Analysis

Statistical analysis was performed using Minitab 21.3.1. Linear Pareto charts repre-
sent the analysis of the experimental response surface design regression. Pareto charts
aimed to assess the relevance of processing parameters during heat-sealing for both ex-
perimental and commercial aqueous dispersions. Coating (for commercial grades) and
latex content (for experimental formulations) factors were set at categorical factors to as-
sess the effect of the same nominal processing factors, i.e., temperature, time, and pres-
sure.

Analysis of variance (ANOVA) and Tukey pairwise analysis were conducted to high-
light statistical differences among experimental formulations in terms of equivalent fold
cracking area.

Standard deviation is reported in the figures as error bars, whereas tables report such
value in parenthesis.
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2.10. Scanning Electron Microscope (SEM)

Samples were analyzed using a ZEISS EVO 50 (Zeiss, Wetzlar, Germany) scanning
electron microscope (SEM). SEM micrographs were mainly used to assess the coating mor-
phology to look for possible fold cracking and voids in the cross section of kaolin-filled
aqueous dispersions.

3. Results
3.1. Sample Preparation

The coated samples tested in this work achieved an overall average dry coat gram-
mage of 7.9 + 2.4 g/m?. Table 3 shows the actual dry coat grammages and thicknesses for
each formulation. The authors report no issues encountered during the application and
drying of the aqueous dispersions. Grammage variation was mainly attributed to the man-
ual application of the coatings; lower solid content contributed to achieving below-aver-
age grammages for the A-H samples.

Table 3. Dry coat grammages and coat thicknesses. Standard deviation is indicated in parenthesis.

Coating Dry Coat Grammage [g/m?] Coat F[l;i\;:]k ness
H39K 100 9.2 (1.6) 8.9 (1.5)
H39K 80 8.0 (1.3) 5.9 (1.0)
H39K 60 7.7 (2.0) 4.6 (1.2)
H39K 40 9.1 (1.5) 4.6 (0.8)
SA-H 7.5 (2.6) 7.2 (2.5)
A-H 4.7 (1.5) 4.5 (1.6)
SAP-H 9.2 (2.0) 8.8 (2.0)

The theoretical critical pigment volume concentration for kaolin is reported to be
around 60% [11]. Given its density, 60% kaolin content by weight leads to almost 38%
volume concentration. The spatula rub-out test resulted in 41% CPVC, similarly to a pre-
vious work [31]. Since the pigment volume concentration (PVC) was close to the CPVC
just determined, the authors needed to assess void absence in the coatings. Samples cross
sections were then SEM analyzed. A representative SEM micrograph of a H39K 40 cross
section is visible in Figure 1, showing no visible void in both the coat cross-section and
coat surface, hence PVC < CPVC.

m

H
Figure 1. H39K 40 coating cross-section SEM micrograph.

3.2. Differential Scanning Calorimetry

DSC results are reported in Table 4. The data show how almost every grade involved
in the experimentation is characterized by two glass transition temperatures. This high-
lights the multiphase polymeric nature of the formulations.
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Water absorptiveness [g/m’]

120

80
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Interestingly, kaolin content affects the measured Tg, requiring higher temperatures
for higher pigment content. Such an increase, however, is limited to 5 °C for a 60% weight
increase in kaolin content compared to the unpigmented latex. At the highest kaolin con-
centrations, however, the noise produced by the pigment made the second Tg undetecta-
ble.

Table 4. Glass temperature of the different coating formulations and grades involved in this study.

Coating Tg 1 [°Cl T2 [°C]
H39K 100 -0.6 19.0
H39K 80 0.9 35.3
H39K 60 2.8 33.3
H39K 40 4.6
SA-H -6.1 39.1
A-H 47.1 75.2
SAP-H 12.1

3.3. Barrier Properties

All the assessed barrier properties are reported in Figure 2. Please note that results
were normalized to a coat thickness of 7 um, following the procedure described by Mari-
nelli et al. [7]. This is due to the crucial role of coat thickness, which increases and reduces
coat defects and provides higher performance.

400
uc uc
350 I —
' SA-H i wSA-H
300
mA-H = s A-H
) 5 250
SAP-H L SAP-H
. = 200
H39K 100 & H39K 100
=4
I H39K 80 £ 150 I s H39K 80
=
= I = H39K 60 100 = H39K 60
B H39K 40 50 i ®m H39K 40
. 0
(a) (b)
10000
uc
= mSA-H
. 1000 I
| I mA-H
Y SAP-H
2 100
g . H39K 100
3 H39K 80
S
10 = H39K 60
mH39K 40
1

(c)

Figure 2. Barrier properties for the uncoated (UC), commercial (SA-H, A-H, and SAP-H), and ex-
perimental dispersion coatings: (a) Water absorptiveness; (b) Water vapor transmission rate; (c)
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Grease permeability (UC and SA-H are not visible since they resist <1 min). The values for the ex-
perimental formulations were taken from Marinelli et al. [7].

As clearly visible, compared to the experimental formulations, the properties of com-
mercial grades varied significantly, showing almost no performance to all the barriers in
the case of SA-H (indeed, it performed as UC); similar water and grease barrier properties
(but worse than moisture) in the case of SAP-H; and a higher water yet similar moisture
and grease barrier in the case of A-H. Unsurprisingly, the experimental coatings generally
underperform commercial barrier grades [7], yet they provide competitive barrier prop-
erties, as shown in some other studies in the literature [13]. Kaolin allows higher perfor-
mance against water vapor diffusion due to the increased tortuous path required for the
molecules to pass through the coating; the WVTR decreased as pigment content increased,
as expected. However, such behavior could not be found in previous research [32], prob-
ably due to the absence of bubbles in the coating even at higher kaolin ratios, as shown in
Figure 1. Most importantly, kaolin allows a marked improvement in grease resistance
with respect to pure latex formulations due to its hydrophilic surfaces [7]. A statistically
significant correlation was found for WVTR and grease permeability (correlation = -0.732;
p = 0.007) for experimental formulations at different kaolin contents. The negative corre-
lation factor suggests that kaolin plays a crucial role in increasing the permeation times
(reducing transportation rates) of both moisture and grease and increases pigment con-
tent.

Compared to experimental pigment-filled dispersions, SAP-H generally provided
lower performance despite the reduced amount of pigment, highlighting how the latex
may play a crucial role in determining the overall properties.

3.4. Heat-Seal Ability

In general, three main curves can be obtained during the peel test (Figure 3), repre-
senting three main behaviors, respectively:

- Absence of or negligible heat-seal ability, characterized by average force <1 N (Figure
3a);

- Adhesive separation occurring at the coat—coat interface, characterized by an almost
linear curve in which the average force ranged 1-2.5 N (Figure 3b); a possible alter-
native curve was characterized by a sequence of peaks representing inhomogeneous
adhesion throughout the sealed area, attributed to too little time to allow an even
interdiffusion of the polymeric fraction of the coats (Figure 3c);

- Cohesive failure of the substrate, highlighting a seal and coat-substrate interfacial
bond, stronger than the one keeping the paper fibers together. In general, such be-
havior occurred at average forces > 2.5-3 N, which corresponds with previous litera-
ture [16] (Figure 3d). The curve is characterized by a peak force, beyond which the
substrate fails and substrate delamination occurs [33].

The processed results, i.e., seal energy and average force, are reported in Table 5 and
Figures 4 and 5.
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Figure 3. Typical Force-Displacement tensile test curves of the heat-sealed samples: (a) Negligible
seal; (b) Adhesive separation of the sealed sample, occurring at the coat-coat interface; (c) Inhomo-
geneous seal, with peaks highlighting decently sealed areas; (d) Cohesive failure of the substrate,
substrate delamination.
Table 5. Mean Heat-Seal energy and standard deviation (indicated in parenthesis) measured for the
tensile-tested samples.
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The effect of increasing kaolin content in the experimental formulations is clearly vis-
ible. As shown in Figure 4a, which presents the minimum tested pressure and time, H39K
100 is fully sealed at 80 °C, whereas H39K 40 cannot seal even at 140 °C. Instead, H39K 80
requires at least 100 °C, and H39K 60 requires 140 °C.

Pressure: 0.4 MPa; Time: 1 s Pressure: 0.4 MPa; Time: 25

2 5
£ [ Z 4 L
W a -
g g
£ 3 l H39K 100 E 3 H39K 100
&5 H39K 80 X 4 H39K 80
o = W =
& T —e—H39K 60 %’ —e— H39K 60
E1 R
e J_ —e—H39K 40 - —a— H3IOK 40

1] 0 —

70 80 90 100 110 120 130 140 150 70 80 90 100110 120 130 140 150
Heat-seal Temperature [*C] Heat-seal Temperatue [7C]
(a) (b)
Pressuge: 0.6 MPa; Time: 1 s Pressure: 0.6 MPa; Time: 2 5

2 2
s [T &4 ][ l ~—~—1
= | g T hy
£ 3 H39K 100 £ 3 l T H39K 100
- ]
B 5 '[ H39K 80 Ao H39K 80
[ w -
& l ——H39K 60 & —e— H39K 60
£l i £1
o —e—H39K 40 - —e— H39K 40

0 — i} —e

70 80 90 100 110 120 130 140 150 70 80 90 100 110 120 130 140 150
Heat-seal Temperatuce [°C] Heat-seal Temperature [°C]
(c) (d)

Figure 4. Kaolin content, temperature, time, and pressure effect on average seal force for experi-
mental formulation-coated samples: (a) Pressure = 0.4 MPa, time = 1 s; (b) Pressure = 0.4 MPa, time
=2s; (c) Pressure = 0.6 MPa, time = 1 s; (d) Pressure = 0.6 MPa, time = 2 s. Higher kaolin content
requires higher values for the investigated parameters to improve sample seal-ability.

In principle, temperature is a crucial factor since it influences chain mobility. Yet, ac-
tual coat temperature also depends on time, which highly influenced both commercial
and experimental grades under constant temperature—pressure seal conditions (Figures 4
and 5). Indeed, the temperature-time graph represents a transient curve that depends on
the nature of the material to be heated, and on its thickness. Therefore, higher seal times
allow, in principle, a more homogeneous temperature distribution across the sealed area,
but with temperatures that are closer to the ones set for the seal tools. The seal pressure
effect seemed residual (Table 5).

The effect of the factor was assessed by a linear Pareto chart for both experimental
and commercial coatings and for both average seal force and seal energy. The results are
reported in Figure 6. Interestingly, the factors that are statistically significant differ be-
tween experimental formulations and market-available dispersions. The latex content
plays a major role in the development of formulations, followed by time and temperature,
respectively. Their effect, however, is quite limited compared to the one that kaolin con-
tent has. This explains the crucial role of kaolin platelets in reducing the sealing promotion
of the coatings. The seal temperature range to achieve cohesive behavior is, however, con-
sistent with commercially coated papers [34], showing how even 20% pigment content is
adequate to ensure the interdiffusion ability of the polymeric latex film. For higher kaolin
contents, the fine dimension of the particles may act like contaminant agents in the
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polymeric layers [35], reducing the seal integrity. Additionally, given the low thermal con-
ductivity of kaolin [36], higher pigment fractions explain the longer processing times re-

quired to guarantee proper polymer interdiffusion in combination with the reduced latex
volume.
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Figure 5. Effect of the investigated parameters (i.e., temperature, time, and pressure) on average seal
force for commercial grade-coated samples: (a) Pressure = 0.4 MPa, time =1 s; (b) Pressure =0.4 MPa,
time =2 s; (c) Pressure = 0.6 MPa, time = 1 s; (d) Pressure = 0.6 MPa, time =2 s.

Commercial grades, due to having little or no pigment, are mostly affected by the
temperature set during the heat-sealing process, followed by the specifically considered
grade, i.e., latex nature and chain mobility. Time seems to be statistically relevant only for
seal energy. A similar computation of different data on multilayer films [37] (standardized
effect: time = 8.798; temperature = 7.940; reference value = 2.026) coherently agrees on the
leading effect of time.

For both coating groups, pressure played a residual role, highlighting how the pres-
sure difference may be too low to significantly affect the investigated properties. Such a
result is consistent with previous research [15]. Seal pressure might, however, become an

essential factor to optimize when creased substrates need to be sealed, avoiding any leaks
[38].
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Figure 6. Linear Pareto chart for the standardized effect of the considered factors. Both seal energy
and average force responses are reported in each graph: (a) Experimental formulations; (b) Com-
mercial grades. The dashed line represents the reference line above which the effect of the factors is
statistically significant.

3.5. Blocking

Samples generally showed little, if any, blocking tendency (Table 6). First-degree
blocking occurred for H39K 100 at 40 °C, which means adhesion without fiber detachment
from the substrate in contact with the coating. The other coatings rarely showed traces of
first-degree blocking, which, due to their negligible extent, were classified as coatings that
did not block. Such behavior highlighted the reduced blocking tendency of coatings con-
taining increasing inorganic pigment content, as also reported in previous literature [9,11].

Table 6. Blocking level for the different commercial and experimental aqueous dispersions investi-

gated.
Blocking Level
Coating 40 °C 60 °C 80 °C
SA-H 0* 0* 0*
A-H 0 0 0*
SAP-H 0* 0* 0*
H39K 100 1 1 1
H39K 80 0* 0* 0*
H39K 60 0 0 0
H39K 40 0 0 0

* Negligible traces of blocking were detected.
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3.6. Fold Cracking

The equivalent area (in mm?) of the ink-highlighted cracks is reported in Figure 7. In
general, no or only small marks were found in folded samples with the coating on the
inside. Additionally, the crack area is higher when the fold is orthogonal to the machine
direction (MD) (parallel to the cross direction, CD), which is consistent with previous
studies [20,30,39]. This can be explained by the anisotropy of the substrate, which has fiber
orientation that influences the area subjected to stresses, which should be, in turn, propor-
tional to the overall crack area [39]. Additionally, such anisotropy is reflected in the me-
chanical properties of the substrate. Excluding SA-H, looking at the outside orientation of
the coating as it is for the retrieved literature involving fold cracking, a fold parallel to MD
produces a cracked area that is up to 60% lower compared to the same fold but orthogonal
to MD. Lower reduction percentages were achieved for highly-filled experimental formu-
lations (H39K 40 and H39K 60) due to the increased coating brittleness, i.e., due to lower
binder content, as also observed in highly-filled coatings [40]. This is confirmed by the
trendline of the experimental formulations, which is similar for every fold cracking test
condition reported in Figure 7.

Average crack area as function of
coat orientation and fold direction

1.80
1.60
1.40
1 SA-H
mA-H

—1.00 w 1
;_' 0.80 ] SAP-H
= H39K 100
5 0.60
J H39K 80
0.40 1 .
= H39K 60
0.20 ﬁ | H39K 40
0.00 e - L -T _—

Coat Inside Coat Outside Coat Inside Coat Outside

ea [mm? ]

Crack

Fold orthogonal Fold orthogonal Fold parallel to = Fold parallel to
to MD to MD MD MD

Figure 7. Equivalent fold cracking area (in mm?) for the different coating. The histogram shows the
effect of coat orientation (inside or outside the fold) and fold direction (parallel, or orthogonal to
MD). Bars that are not visible represent zero crack areas.

ANOVA statistical analysis was performed for the experimental formulations with a
confidence level of a = 0.05. Each group (folding set of conditions) provided a p-value of
p = 0.000, highlighting statistical evidence for different means for different pigment con-
tent. Additionally, Tukey pairwise comparison was performed (95% confidence level) and
the results are reported in Table 7. Regardless of coat orientation, both folding directions
highlighted a statistical difference for H39K 40, highlighting that kaolin content should be
kept well below 60% (dry weight basis). Interestingly, the Tukey method called attention
to the behavior of the outside coating orientation. While folding orthogonal to MD re-
quires a 40% difference in pigment content, folding parallel to MD highlighted a statistical
difference when pigment content increased from 20% to 40% (dry weight basis).
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Table 7. Tukey method grouping information (95% confidence).

Folding Set of Conditions

Coating Orth. to MD Orth. to MD Par. to MD Par. to MD
Coat Inside Coat Outside Coat Inside Coat Outside
H39K 40 A A A A
H39K 60 B AB B A
H39K 80 B B, C B B
H39K 100 B C B B

Representative pictures are reported in Figure 8. Specifically, all coatings behaved
similarly to H39K 60 (left column), except for SA-H, which was more difficult to analyze.
Indeed, due to the almost null water barrier, the coating absorbed the ink, making it
harder to select the red area due to reduced saturation differences.

Orthogonal to MD . :

Coat inside 1 .

Orthogonal to MD ey o E a :
Coat outside F’v W o BN o e ile,

H39K 60 SA-H

Parallel to MD
Coat inside

Parallel to MD
Coat outside

Figure 8. Representative images that were analyzed with Image]. The left column is representative
not only for H39K 60, but also for the other coatings. On the contrary, SA-H was the only one show-
ing a different behavior.

Representative SEM micrographs of the fold cracked areas are reported in Figures 9
and 10, showing the worst folding condition (coating facing outside, fold direction orthog-
onal to MD) according to different kaolin content and commercial coatings and different
coat orientation and fold direction for H39K 80, respectively. In general, the cracks pre-
sented in Figure 9 show a continuous crack without secondary cracks, even at higher mag-
nifications. This behavior is different compared to that highlighted in [41], and this is
mainly attributed to the reduced coat grammage. Indeed, the outer surface of thicker coat-
ings is subjected to higher tensile stresses, which imply a higher tendency for secondary
crack formation in highly filled formulations.

Additionally, the clearly visible fibers (Figure 9) highlight how possible delamination
occurred in the paper substrate, further facilitating the water vapor transportation rate at
the crack surface.

When the coating was faced towards the inside during the folding procedure, a larger
deformation area could be seen, as shown in Figures 10a,b. However, no crack was found,
showing that compressive stresses were distributed over a wider area.
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(6)

(8)

Figure 9. Representative SEM images (magnification: 500x) showing the fold crack at different kao-
lin content and commercial coatings: (a) H39K 100; (b) H39K 80; (c) H39K 60; (d) H39K 40; (e) SA-
H; (f) SAP-H; (g) A-H.




Coatings 2023, 13, 975

16 of 21

(d)
Figure 10. Representative SEM images (magnification: 500x) showing the fold crack morphology for
H39K 80: (a) Coat inside, fold orthogonal to MD; (b) Coat outside, fold orthogonal to MD; (c¢) Coat

inside, fold parallel to MD; (d) Coat outside, fold parallel to MD. Cracks are present only for the sets
involving the coat side facing outside during the folding.

The effect of folding on WVTR led to an increased moisture transmission rate. The
extent of such an increase was different for each coating (Figure 11), depending on the
original barriers. Indeed, the lower the unfolded WVTR, the higher the effect of fold
cracks, showing a Pearson correlation of —0.793 (p = 0.000). The highest increase was ob-
tained for H39K 40, which doubled in value, whereas SA-H, due to the cracked surface
(Figure 9e), showed little variation. The Pearson correlation factor between the unfolded
and folded samples was 0.998 (p = 0.000). Such results highlight how, in line with the
equivalent fold cracking area (Figure 7), each sample was affected by crack formation.
Thus, avoiding defects in the processing of the material is crucial.

160%
140%
&
b0 120% wSA-H
= ®mA-H
2 100%
E SAP-H
=
2 80% H39K 100
g # H39K 80
= 60%
=2 mH39K 60
& 40% = H39K 40
: I
20%
0%

Figure 11. WVTR relative increase for each coated sample due to folding.

4. Discussion

The commercial heat-sealing coatings tested provided heterogeneous barrier perfor-
mance. However, SA-H showed properties similar to those of UC because of the diffused
cracks in the surface, as shown in Figure 9e, that allow water, water vapor, and grease to
be easily absorbed by the underneath fibers. Experimental formulations are able to
achieve high barrier properties against both moisture and grease, even compared to com-
mercial barrier dispersions, as already described in a previous study [7].

As a general statement, and considering the extent of the evaluated coatings, barrier
and heat-sealing properties proved to be somehow inversely proportional, as shown in
Figures 2, 4 and 5 and Table 5. In other words, grades that showed higher barrier perfor-
mance generally did not heat-seal at low temperature, time, and pressure values. This can

be explained by the latex softness, i.e., low glass transition temperature of the polymer, as
shown in Table 4.
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Previous studies discussed how cross-linking was positively associated with barrier
properties and low sticking degrees [42,43]. Cross-linking, however, can also explain the
tendency of the experimental formulations to fold cracking since a lower degree improves
the elongation at break of the coatings [39]. Despite being highly cross-linked, the latex of
experimental formulations showed an equivalent fold-cracked area that was of limited
extent, highlighting a good balance between its low Tg and cross-linking, i.e., between
stiffness and elongation at break.

Heat sealing was here described by means of average peel force and seal energy. Such
parameters seemed to agree on sealing levels based on their values, i.e., a strong bond is
formed at >2.5-3 N and >80-90 m], respectively, though it must be highlighted how such
values correspond to a delamination of the paper substrate. This means that they are not
representative of the coat-coat bond strength, which is of a higher magnitude. Despite its
coat morphology, SA-H heat-seal ability was intact.

Kaolin proved a good admixture to modulate the heat-seal ability of the coated sur-
faces, requiring higher sealing temperatures to achieve cohesive adhesion between the
two coated surfaces. By achieving good results at a sealing temperature of 80 °C or lower,
experimental grades filled with low kaolin content (H39K 80) may be of interest for
thermo-sensitive contents. Moreover, samples generally did not show blocking. Blocking
and heat-sealing differed in test time (24 h vs. <2 s, respectively) and pressure (~0.003 MPa
vs. 0.6 MPa, respectively). Despite being pressure the predominant factor among the two,
the authors did not find the effect of pressure to be significant on the Pareto chart. How-
ever, this supports the idea that considering a wider range of pressures might turn it into
a statistically significant factor. At an industrial level, the tension at which the paper is
reeled, or the weight stacked above the sheets, should be minimized to reduce blocking
occurrence; however, consistent with a report by Lyons and Reed [8], the addition of min-
eral fillers reduced the heat-seal ability of the experimental formulations. Indeed, a higher
mineral content can reduce the equivalent area of latex on the surface of the coated paper,
minimizing overall sticking to stacked or reeled substrates. Moreover, the difference in
the standardized effect of the factors suggests that the experimental formulations could
play a relevant role in reducing the energy consumption in a sealing line while carefully
considering the optimization of the process in terms of a trade-off between productivity
and sealing.

In this contribution, the authors propose a new method to measure crack folding,
which is considered to be a simpler approach to those already present in the literature
[22,39,44-46]. Indeed, it involves the folding of the sample followed by ink application,
which in principle is absorbed by the underneath cellulose fibers only if cracks were
formed during the folding. Therefore, the extent of the ink stain (obtained by image filter-
ing and processing) is a quick yet semi-quantitative method to evaluate the presence,
shape, and size of the crack formation. This methodology, however, seemed to be ade-
quate only for coatings that provide a sufficient water barrier. Moreover, the proposed
methodology is sensitive to the amount of ink applied to the sample and to the time inter-
val between application and wiping. In principle, if more time is given and higher ink
quantities are applied to the surface, the resulting stains may be greater. Good operator
dexterity, or at least partial method automation, is required to further improve reliability
and comparison across different research studies.

Nevertheless, the method was sufficiently accurate to clearly highlight the role of fold
direction and coating orientation. The anisotropy of the substrate affected crack formation
severity. The different behavior can be attributed to the bending stiffness along the fold
line, which depends on both substrate thickness and fiber orientation, as supported by
previous literature [19,20,30]. Instead, when referring to the coat orientation, being out-
side means that the coating is subjected to tensile stresses; on the contrary, if placed on the
inside, the stress may be generally regarded as compression [19]. Given the reduction in
the crack area with the folding line is parallel to MD, and on a much more important
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reduction in crack area when the coat is placed on the inside rather than on the outside
(Figure 7), a brittle behavior of the coating may be pointed out.

As the considered coatings are intended for food packaging applications, they will
likely be positioned on the inside of the package itself, both for barrier and sealing prop-
erties, reducing the risk of crack formation. This is especially true to maintain the barrier
properties guaranteed by the protective coating, which is of particular interest for some
experimental formulations here considered, which can provide both barrier and sealing
properties, as shown for A-H.

Additionally, increasing the pigment content led to crack formation. This is reasona-
ble due to the intrinsic flexibility of the polymeric latex, which is greater than that of the
pigment-loaded one. Such a system should perform like a polymeric matrix composite, in
which increasing filler contents reduce the matrix (latex) continuity and, hence, the strain
at break [44]. Therefore, higher kaolin contents are detrimental to fold cracking resistance
[21]. Despite such behavior, the choice of a soft latex played a critical role in maintaining
limited crack formation [8], achieving improved results compared to commercial solu-
tions.

Finally, although higher kaolin content has been proven to be beneficial for water
vapor and grease barrier properties [7], its content requires higher sealing times so that
the polymeric chains can increase the interdiffusion degree, making up for a lower specific
sealing surface. Similarly, crack formation is also negatively affected by pigment content;
however, the low T of latex (close to 0 °C) counterweighted this effect. When developing
a new formulation, processing properties should be taken into consideration alongside
barrier properties from the outset, as a material that is not easy to process would be of
scarce industrial interest.

5. Conclusions

The effect of kaolin content on processing and barrier properties was successfully
evaluated. The amount of pigment inside waterborne dispersions proved to be a crucial
factor modulating the minimum heat-seal ability in the investigated range, i.e., requiring
longer seal times and higher temperatures from <80 °C of unpigmented formulation to
>140 °C of H39K 40. Pressure, on the other hand, was found to be statistically irrelevant to
heat-sealing properties. The low glass transition temperature of the latex made it possible
to minimize the effects of fold cracking, showing that equivalent crack areas were gener-
ally reduced by >50% compared to the average value of commercial grades, with the high-
est improvement being found for fold lines parallel to the machine direction. However,
fold cracking strongly impacted the coatings with lower WVTR, increasing H39K 40
WVTR by twofold. Nevertheless, the properties discussed in this study, combined with
the excellent barrier properties of coatings with intermediate kaolin content, make them
particularly appealing for industrial applications.
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Appendix A
The heat-sealer can be observed in Figure Al. The pneumatic system comprises:

- Anair regulator with operating pressure ranging 0-1 MPa;

- 5/2-way pneumatic valve featuring a manual knob to deviate the pressure;

- MAL double action pneumatic cylinder, characterized by a diameter of 16 mm and
bore of 25 mm;

- Aluminum flat sealing tool.

Regarding the electronics and heating circuit, the hardware is composed of:

- Arduino Nano v3.0

- 12V/40 W heating cartridge

- NTC 3950 100K thermistor

- 5V Channel Relay Module Shield, capable to hold 10 A and 230 V (AC) or 30 V (DC)
- 12V, 5 A power supply

Figure A1. Picture of the heat-sealer used in this contribution.

The representative schematics of both the pneumatic and electronic circuit are repre-
sented in Figures A2 and A3, respectively.

5/2 Valve
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Figure A2. Schematic representing the pneumatic circuit of the heat-sealer.
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Figure A3. Schematic representing the main electric circuit of the heat-sealer (the display and but-
tons, which are visible in the bottom right corner of Figure Al, are not represented here to keep the
schematic clear).
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