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Abstract: The hypothesis of the present study is that thin multiple layer coatings on paperboard from
the aqueous solutions of poly(vinyl alcohol) (PVOH) at high machine speeds is more effective in terms
of barrier properties than one or two thick layers. The objectives included attempts to use surface
roughness parameters to understand the coating process and mechanisms behind coating defects. The
present study is focused on pilot-scaled PVOH coating onto uncoated paperboard at machine speeds
of 400 m/min. The multiple coating operation was carried out in six passes with a dry coat weight of
about 1 g/m2 in each layer. The concept of thin multiple coatings resulted in coated surfaces without
detected pinholes and with Kit rating 12 after only two thin layers. However, the oxygen transmission
rates were still fairly high (100 ± 89 cm3/m2 day atm) after six layers, and some coating defects (such
as craters and cracks) could be identified. The analyses of surface structure indicated that the surface
properties are affected by water uptake during the coating processes. The compression of paperboard
beneath the metering element seemed to be required to achieve homogeneous thin layers. However,
an analysis of defects revealed flaws and inhomogeneities near objects protruding from the surface,
such as surface fibers and craters, caused by blistering. For rough paperboard substrates, the desired
barrier properties may require a careful balance between sufficient compression for fiber coverage
and gentle compression in order to avoid defects near craters and surface fibers.

Keywords: paper coating; polyvinyl alcohol; barrier properties; multilayer coating; topographic
analysis; morphological analysis

1. Introduction

Cellulose-based materials, such as paper and paperboard, have been used as packaging
materials for a very long time. Cellulose-based materials have attracted increasing attention
during recent years as an environmentally friendly alternative to petroleum-based plastics.
In order to meet requirements in food packaging applications but also in other business
sectors, paper and paperboard materials are usually coated before the final steps in the
packaging production. The two most common groups of coating methods for paper
and paperboard are (i) extrusion or lamination and (ii) the application of water-borne
dispersions or polymer solutions. Conventional blade or rod coating processes [1] and
surface sizing [2] are the two main industrial methods to apply a coating onto paper
and paperboard from aqueous suspensions or solutions. In the present study, the term
“coating” includes surface sizing. Both methods represent mature technologies. In general,
the blade and rod coaters were developed for pigment-containing coating dispersions
(coating colors) of high solids level. During a rather long period of time, the dominating
conventional paper coater has been the so-called inverted blade coater, introduced about
70 years ago [3]. During the last 30 years, some other paper coating methods have come to
gain industrial importance. This is especially true for the metered size press (MSP) and
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the curtain coater [4–6]. The different coating techniques result in different coat weight
uniformity and surface roughness. Extrusion coating is a water- and solvent-free process.
The most common materials for extrusion coating are polyolefin resins. Melt viscosity (melt
index) is an extremely important property. Extrusion coating can be used to achieve a wide
range of coating thicknesses [7,8].

One advantage of water-soluble polymers and water-borne dispersions is that con-
ventional online or offline paper coating equipment at the paper mill can be used. In
addition, the use of water soluble and dispersible polymers may enable the recirculation of
materials [9] and the repulpability of coated broke [10].

The barrier properties of the packaging materials is of very high importance in several
packaging applications. The barrier properties often concern the permeation of water
vapor, gases, organic liquids, and inorganic liquids and grease resistance. Water-soluble or
dispersible polymers are frequently used in order to reduce porosity, and thereby increase
the barrier properties of paper and paperboard. Poly(vinyl alcohol) (PVOH) is a very
common water-soluble polymer in industrial paper coating operations due to its good
film-forming properties and insolubility to non-polar penetrants [11]. Several other water-
soluble polymers are potential candidates for water-borne barrier coating applications.
Starch, chitosan, and lignin fractions are water-soluble biopolymers that have been studied
as barrier polymers for paper and paperboard in high-speed coating trials [12–14], just to
mention a few examples. The common drawback for all water-soluble polymers is the high
oxygen transmission rate (OTR) at high relative humidity (RH). This is a consequence of
the high water solubility in the solid film, since diffusivity is proportional to the solubility
of the penetrant. A top coating may reduce the OTR at humid conditions. Hamdani
et al. [15] used dissolved zein protein in aqueous ethanol solutions as top coating for
improvement of the barrier properties. The barrier properties of PVOH-based films and
coatings with and without fillers have been extensively studied. The barrier properties
of coatings of PVOH and PVOH/starch blends draw-down at low speeds onto flexible
packaging paper were studied by Christophliemk et al. [16]. Both conventional PVOH
and ethylene-modified PVOH were studied and the coated papers possessed an oxygen
transmission rate (OTR) around 1 cm3/m2 d bar at 50% RH, almost irrespectively of
PVOH grade. Several other studies have focused on different aspects of PVOH-based
nanocomposite coatings. Free-standing films containing halloysite nanotubes prepared
through solution casting were studied by Abdullah et al. [17]. Yu et al. [18] studied the
coatings of nanocomposites based on PVOH and lamellar anionic synthetic clay draw-
down onto plastic substrate. Montmorillonite is another type of nano filler that has been
shown to reduce oxygen transmission through PVOH films [19]. The mechanical and
optical properties of montmorillonite–PVOH coatings were studied by Johansson and
Clegg [20]. Ogunsona and Mekonnen [21] prepared free standing films consisting of PVOH
and cellulose nanocrystals (CNC) through layer-by-layer assembly of the two components.
A very substantial reduction in OTR was observed after three layers (one CNC layer
sandwiched between two PVOH layers). However, a single layer based on CNC dispersed
in PVOH of similar composition as the three-layer assembly possessed a similar OTR as
a pure PVOH film. Effects of randomly dispersed fibers have been outlined by Wolf and
Strieder [22]. Even if PVOH coatings in the paper and paperboard industrial sector are
almost always performed as applications of water-borne dispersions or aqueous solutions,
the hot-melt extrusion of PVOH barriers has been reported [23,24]. One relatively early
design of an extrusion apparatus suitable for PVOH was presented by Jack [25]. However,
for the foreseeable future, application from water-borne dispersions or aqueous solutions
is expected to be the standard method for applying PVOH barrier coatings to paper and
paperboard. Most extant research papers focus on laboratory-scaled studies where free-
standing films, casting, or draw-down coatings at low speeds have been used to produce
PVOH films or PVOH coatings. Almost all unit processes in paper coatings are affected by
scaling up. Increased machine speeds may cause runnability problems and flaws in the
barrier layer leading to a loss of barrier properties. Only a few publications have studied
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material volumes and machine speeds of relevance to industrial PVOH barrier coatings on
paper or paperboard [26–29].

The present study addresses the application of PVOH coatings from aqueous solution
onto uncoated paperboard at high machine speeds using an integrated short-dwell type
application/metering apparatus equipped with a resilient metering tip. The design of
the coater has been presented elsewhere [29,30]. The possibility of improving the barrier
properties of linerboard by multilayer coating with aqueous latex-based dispersions has
been described elsewhere [31]. The aim of the present study is to analyze the barrier
properties and surface structures of PVOH coatings produced at high machine speeds
via thin multilayered coatings and thick single and double coatings. Attempts to link the
coating process to barrier properties, surface structures, and coating defects are presented.
Of course, the results are strictly valid only for the type of paperboard used in the trials, but
some general conclusions were still possible. The results showed that the thin multilayered
coating approach yielded a lower number of pinholes and superior grease resistance
compared to thick single or double coating. However, gas barrier properties developed
differently to grease resistance. Moreover, after six thin layers, the surface analyses revealed
some cracks and voids adjacent to surface fibers and other objects protruding from the
surface that may affect OTR. Moreover, the results clearly indicated that the compression
of the substrate underneath the metering element has to be taken into account in order to
optimize coating coverage and to minimize defects.

2. Materials and Methods
2.1. Materials

Poly(vinyl alcohol) (PVOH) (Kuraray Poval 6-98) was manufactured by Kuraray
Europe GmbH, Hattersheim am Main, Germany, and was used without further purification.
The molecular weight was about 47,000, the degree of hydrolysis was 98.4 ± 0.4, and the
viscosity of a 4% aqueous solution at 20 ◦C was 6 ± 1 mPas (DIN 53015), according to
information provided by the supplier.

Uncoated Duplex triple-ply board with bleached top layer from BillerudKorsnäs AB,
Frövi, Sweden (grammage 270 g/m2) was used as substrate. The barrier coatings were
applied to the brown unbleached side. The water absorptiveness on the unbleached side
was measured as 23.3 ± 0.8 g/m2 according to Cobb60 tests (ISO 535:1991).

2.2. Preparation of Barrier Solution

The barrier coating solution was a pure aqueous solution of PVOH, and no additive
other than sodium hydroxide was added. The solution was prepared by dispersing PVOH
in solid form in water under stirring while heating this dispersion to 95 ◦C. The mixture
of PVOH and water was kept at this temperature under continuous stirring for 30 min to
obtain the physical solution of PVOH in water. The pH of the PVOH solution was adjusted
through sodium hydroxide to pH = 8.5. The selected pH value was chosen arbitrarily
within a range that is typical for coating colors. The concentration of the final PVOH
solution was 18.0 wt%. The viscosity of the final barrier solution used in all coating trials
was 0.35 Pas (Brookfield 100 rpm at 35 ◦C). The temperature of the barrier solution in the
pilot trials was 35 ◦C.

2.3. Pilot Coating

The pilot scale coating of the paperboard with a web width of ca. 0.55 m was carried
out at UMV Coating Systems AB, Säffle, Sweden. The pilot coater is shown in Figure 1. The
machine speed was 400 m/min at all trials.
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tion/metering unit.

In all trials, the barrier solution was applied to the brown backside of the paperboard
substrates by means of the coating unit (Invo Coater, UMV Coating Systems, Säffle, Sweden).
This coater represents a type of excess coating method that enables a very short dwell time
between application and metering. The coater can be equipped with several different types
of metering elements. The selected metering element was located immediately behind the
point of application of the coating color. The machine speed of 400 m/min resulted in a
dwell time of 0.005 s between application and metering. The coater is a zero dwell coater,
which is a type of short dwell time applicator (STDA). SDTA units are generally equipped
with steel blade metering element [1]. In contrast to most STDA units, the metering element
used in the present study consisted of a curved, soft resilient metering tip (Invo Tip, UMV
Coating Systems, Sweden) or wire-wound rods. The curved, soft resilient metering tip was
used when thin layers of PVOH were produced (denoted as Series ML). The coating and
drying strategy in Series ML were selected in order to enable a gentle but still sufficient
drying. In Series ML, the metering tip angle was kept constant at 25◦ and the coat weight
of each individual layer was ca. 1 g/m2. As reference points, pilot trials with one very
thick PVOH layer and two thick PVOH layers were performed, denoted as Reference S and
Reference Series D, respectively. The coater was equipped with volumetric rod metering
elements with a diameter of 14 mm for the reference trials. A rod denoted “30 gsm” was
used for Reference S with one thick layer (coat weight 4.7 g/m2). A rod denoted “15 gsm”
was used for Reference Series D with two thick layers (coat weights 3.7 and 3.0 g/m2

for first and second layer, respectively). The designations on the two rods refer to the
approximate nominal wet coat weight in the unit g/m2 for a mineral-pigmented coating
color. In the case of thin multiple coating and thick double coating, the coated board was
analyzed after each individual layer. All samples were stored at 25 ◦C and 50% RH prior to
analyzing barrier properties and surface topography/morphology.

The drying strategies are summarized in Table 1. In general, the higher the amount of
applied PVOH in each step, the higher the drying power needed to avoid blocking. The
online drying system consisted of:

1. One electric infrared (IR) dryer containing 12 individual IR elements, distributed as
6 elements on each side of the web. The total installed power was 1036 kW, i.e., 86.3 kW
per individual IR element. The total length of the electric IR dryer was 3.6 m. The
used IR power stated in Table 1 is given in the percentage of the installed power of
each active IR element. In the thin multiple layer trials (Series ML) and the double
coating trials (Reference Series D), only the six IR elements placed on the coated side
of the web were active. Gentle drying was achieved by keeping all IR elements on the
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uncoated side inactive. In Reference S, one thick single layer (sample S1), all 12 IR
elements were active in order to ensure sufficient drying.

2. One air turn with a radius 0.4 m was located between the IR dryer and the airfloat
dryers. Formally, an air turn is not a dryer, but has some (minimal) impact on the
drying process.

3. Three airfloat drying hoods, with maximum temperatures of 300 ◦C.

Table 1. Summary of the coat weight drying strategies at the pilot trials indicating number of layers
(passes), total (cumulative) coat weight, IR power, and IR element and temperature (T) numbers in
each of the three drying hoods. Coat weights were calculated from the measured consumption of the
barrier solution.

Sample
Name

Number
of Layers

Total Coat
Weight (g/m2)

IR Power
(%)

Number of Active
IR Elements

T Drying
Hood #1 (◦C)

T Drying
Hood #2 (◦C)

T Drying
Hood #3 (◦C)

Uncoated paperboard

BASE 0 0 N/A N/A N/A N/A N/A

Series ML—IR 30%

ML1 1 1.4 30 6 60 60 60

ML2 2 2.4 30 6 60 60 60

ML3 3 3.4 30 6 60 60 60

ML4 4 4.3 30 6 60 60 60

ML5 5 5.2 30 6 60 60 60

ML6 6 6.1 30 6 60 60 60

Reference S thick single coating—IR 80%

S1 1 4.7 80 12 250 250 60

Reference Series D thick double coating—IR 80%

D1 1 3.7 80 6 250 250 60

D2 2 6.7 80 6 250 250 60

The experimental design of the thin multilayer approach was that each of the six thin
layers was applied and dried before the next layer was applied. The coated reel was moved
from the winder to the unwinding position in the front of the pilot machine for application
of the next layer. The same method was used for the double-coated reference samples
(Reference Series D).

2.4. Analyses of Coated Paperboard
2.4.1. Pinholes

Pinholes were measured according to SS-EN 13676. A coloring solution prepared by
dissolving 0.5 g of dyestuff, Crossing Scarlet MOO (CAS 5413-75-2), in 100 mL of ethanol,
was used. The coated side of the sample was in contact with the coloring solution for
5 min, after which the surplus was removed and any colored spots were counted. The
results are expressed as the number of pinholes/dm2. The upper detection limit was
set to 30 pinholes/dm2, since overlapping colored spots were frequently observed at a
higher number of pinholes. No distinction was made between samples with more than
30 pinholes/dm2. The experiments were performed in five replicates within 1 week after
the coating trials. For the pinhole measurements and all other analyses mentioned below,
the samples were stored at 23 ◦C and 50% RH prior to measurements.
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2.4.2. Grease Resistance

Grease resistance was measured via the so-called Kit Test according to TAPPI test
method T559 (five replicates). In this test, 12 different mixtures of castor oil, toluene,
and heptane (Kit solutions), varying in surface tension and viscosity, were prepared. The
solutions were numbered from 1 to 12. The higher the Kit number of the Kit solution, the
higher the tendency to penetrate the specimen. A drop of each Kit solution was applied
to the surface of the specimen. The Kit rating of the specimen is defined as the highest
numbered Kit solution that does not cause penetration in a period of 15 s. This means that
a high Kit rating number indicates high grease resistance. The maximum Kit rating number
is 12. The grease resistance measurements were performed 2 months after the coating trials.

2.4.3. Oxygen Transmission

The oxygen transmission rate (OTR) was measured according to the ASTM D 3985-05
standard using a Mocon Ox-Tran oxygen transmission rate tester, Model 2/21 MH from
MOCON, Inc., Minneapolis, MN, USA. The test area was 5 cm2 and the OTR measurements
were performed with air as permeant (oxygen concentration 20.9 vol%) and 50% RH in
two or four replicates. All OTR measurements were completed within 3 months after the
coating trials.

Ambient oxygen ingress rate (AOIR) was used to detect the dynamics of oxygen
permeation during a period of time (t) for at least 30 h. Identical sample cells for an
analyses of flat films as used by Nyflött et al. [32] were connected to a gas permeation
analyzer (PermMate, Systech, Johnsburg, IL, USA). The volume of oxygen (Voxygen) was
measured vs. t. Before each experiment, the sample cell was flushed on the inside with
nitrogen to lower the oxygen concentration to about 1% (by vol.). The temperature and
RH were 23 ◦C and 50%, respectively. Experimental details are described elsewhere [32].
The AOIR defined as (dVoxygen)/(dt) was calculated from the initial linear part of the curve
Voxygen vs. t, at conditions where the oxygen pressure at the inside of the cell is small in
comparison to the oxygen pressure at the outside of the cell, according to Larsen et al. [33]:[

dVoxygen

dt

]
lin

=
Vcell(pf − pi)

patm(tf − ti)
, (1)

where (Vcell) is volume of the cell (330 mL), patm the atmospheric pressure, pi the oxygen
pressure in the cell measured at the initial time ti, and pf is the oxygen pressure in the cell
measured at the final time tf. The AOIR experiments were ceased after ca. 28 h. Only
experimental points up to a maximum of 5% (by vol.) oxygen were used for the linear
curve fit of the initial part of the curve Voxygen vs. t. However, experimental points at
higher oxygen content had to be included for the uncoated paperboard due to the very
rapid increase in oxygen concertation. All AOIR measurements were performed in two
replicates and error limits indicate +/− half of the range.

2.4.4. Surface Structure

A Bendtsen apparatus (Bendtsen Tester, Model 58-27, Messmer Buchel, Veenendaal,
The Netherlands) was used to test surface roughness according to ISO 8791-2. This method
was based on air flow and the test pressure was 1.47 kPa. Measurements were repeated 21
and 42 times on coated samples and on uncoated brown unbleached side of the paperboard,
respectively.

An optical surface profiler (ContourGT-K, Bruker Nano Inc., Tucson, AZ, USA) and
the Vision 64 software program (Bruker Nano Inc., Tucson, AZ, USA) (version 5.60) were
used in VSI mode in order to measure and calculate surface roughness parameters stated
in Table 2. The total surface volume (Vs) was calculated as the sum of Sc and Sv. Stitched
images (rectangular stitch) were used. Different combinations of objectives and field-of-
view (FOV) lenses were used in order to obtain different image sizes, as shown in Table 3.
Before analyzing the captured surface profiles, the images were optimized by applying
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3 pixels median statistic filter, followed by data restore (data interpolated from vailed pixels
around eventually occurring missing pixels), and finally by gentle tilt removal (plane fit).
It was carefully controlled that natural volume equals negative volume and that positive
volume = 0 nm3 after the removal of any tilt impact.

Table 2. List of selected roughness parameters that were obtained from analyses of surface profiler
images.

Symbol Name Description

Sa Average roughness over a
measurement area

Arithmetic mean of the absolute values of the
surface departures from the mean plane.

Sc Core void volume

This parameter is derived from bearing analyses
and expresses the volume (e.g., of a fluid filling
the core surface) that the surface would support
from 10% to 80% of the bearing area ratio.

Sv Surface void volume

This parameter is derived from bearing analyses
and expresses the volume (e.g., of a fluid filling
the valleys) that the surface would support from
80% to 100% of the bearing area ratio.

Table 3. List of surface profiler objective, field-of-view lens, and pixel size for the stitched images.

Image Area Objective FOV Pixel Size

(mm × mm) Type Optical Resolution (µm) - (µm)

0.4 × 0.4 Mirau 50x 0.55 0.55x 0.35

0.5 × 0.5 Mirau 20x 0.75 2.0x 0.26

1.0 × 0.75 Mirau 50x 0.55 0.55x 0.35

2.0 × 2.0 Mirau 20x 0.75 0.55x 0.92

Profilometry roughness parameters of the two smallest image areas indicated in
Table 3 were merged together as one population denoted as SMALL when mean values
and standard deviation were calculated. A similar procedure was performed for the two
largest image areas and the corresponding merged population was denoted as BIG. In total,
six stitched images were analyzed for each of the two merged groups when mean values
and standard deviations were calculated for sample Series ML. For uncoated paperboard
(BASE), 18 and 14 stitched images were analyzed in the calculation of mean values and
standard deviations for the merged groups SMALL and BIG, respectively.

The surface profiler was also used to detect flaws. The images were captured without
stitching and at higher magnification than shown in Table 3. These measurements were
performed using a Mirau 50x objective (Bruker Nano Inc., Tucson, AZ, USA) with optical
resolution 0.55 µm and 1.0x FOV lens (Bruker Nano Inc., Tucson, AZ, USA), resulting in
image area 124 µm × 95 µm and pixel size 0.20 µm. In the case of the detection of flaws,
only tilt removal (plane fit) was used in order to optimize raw images.

All measurements of surface structure were completed within 22 months after the
coating trials.

3. Results and Discussion
3.1. Analyses of Coated Paperboard

The number of detected pinholes per dm3, Kit rating number, and AOIR for the
samples uncoated paperboard (BASE), Series ML, Reference S, and Reference Series D are
shown in Table 4. The absence of pinholes from the second layer in Series ML indicates
homogenous coatings without pinholes after only two thin layers at a cumulative coat
weight of 2.4 g/m2. The reference samples S1 and D1 suffered from a very high number of
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pinholes. In the Reference Series D, sample D2 of total coat weight 6.7 g/m2 still showed
a high number of pinholes. This clearly indicates that thin multiple coating of around
1 g/m2 in each layer is beneficial for creating a homogeneous layer without defects such as
pinholes. This is valid at least for rough paperboard without any pre-coating at the selected
coating configurations and drying strategy.

Table 4. Number of pinholes, Kit rating numbers, and AOIR for multiple-coated paperboard and
thick single- and double-coated paperboard. AOIR error limits indicate the range. All other error
limits indicate standard deviation.

Sample Name Pinholes 1

(Number/dm2)
Kit Rating Number AOIR

(mL/day)

Uncoated paperboard

BASE >30 Not measured 663 ± 15

Series ML IR 30%

ML1 >30 5 34.4 ± 0.4

ML2 0.0 ± 0.0 12 5.8 ± 4.5

ML3 0.0 ± 0.0 12 1.9 ± 1.3

ML4 0.0 ± 0.0 12 54.9 ± 45.7

ML5 0.0 ± 0.0 12 51.3 ± 7.1

ML6 0.0 ± 0.0 12 4.2 ± 3.8

Reference S thick single coating—IR 80%

S1 >30 Not measured Not measured

Reference Series D thick double coating—IR 80%

D1 >30 Not measured 77.8 ± 0.1

D2 9.8 ± 1.9 Not measured 13.6 ± 5.2
1 Parts of the pinhole and Kit rating results are based on Emilsson et al. [29].

However, a very slight tendency toward blocking was observed for sample D2. This
probably indicates that the number of active IR elements was too low for this particular
run. It cannot be excluded that the weak blocking affected the results for sample D2 shown
in Table 4. No tendency toward blocking was observed for the other runs. It should be
noted that different metering tools were used in the comparison between thin multilayer
coating and thick single and double coating. However, attempts to reach the desired high
coat weight through the use of the soft tip failed, which was the reason for the change to
a metering rod for samples S1, D1, and D2. This means the experimental design ensured
that well-functioning metering geometries were used at each coat weight. Guezennec [27]
concluded that it was difficult to find the appropriate drying strategy for PVOH barrier
coatings, since the limit between blocking and blistering was very narrow.

For samples in Series ML (Table 2), Kit rating number 12 was observed already after
two layers, in agreement with the observed pinhole density. Thus, two independent
measurement methods (pinhole test and Kit test) did not indicate any surface defects, such
as pores and pinholes, for samples in the series from ML2 to ML6. It is not surprising
that the pinhole test and the Kit test both indicated similar variations in barrier properties,
since both tests measure the penetration of non-aqueous test solutions. The used test
solutions in the pinhole and Kit tests were ethanol with dissolved dye and a series of castor
oil/toluene/n-heptane blends, respectively.

In addition to thin multilayer coatings consisting of pure PVOH, as reported in the
present study, the use of additives to produce relatively defect-free barrier PVOH-based
coatings at high machine speeds have been reported elsewhere. Guezennec [27] applied
thick PVOH layers to pre-coated paperboard by the use of a pilot coater equipped with a
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soft-tip bent blade metering system at a speed of 70 m/min. Blistering defects, a phenomena
assumed to occur during drying, were substantially reduced by the addition of micro-
fibrillated cellulose (MFC) to the coating formulation. Three MFC grades were used
in the pilot trials. All grades were based on spruce/pine dissolving pulp. One grade
was produced by a combination of refining and enzymatic pretreatment followed by six
passes through a high shear homogenizer. Two grades were produced by tempo oxidation
followed by six passes through the high shear homogenizer or ultra-fine grinding in a
grinder based on the rotor/stator concept. The amount of MFC ranged from 5 to 9% of
the dry coatings. In the line with the reduced blistering, oxygen transmission rates were
substantially reduced as a result of the addition of MFC. Morris et al. [28] pointed out the
possibility of using the blends of ionomer dispersions and PVOH solutions in order to
increase the grease resistance of PVOH-coated paper and paperboard. Both rod coating
and reverse gravure coating stations were used in the pilot trials. High Kit rating numbers
were observed, especially for substrates pre-coated with a clay/latex-containing coating
color. Kit rating numbers of 12 were achieved at coating speed up to 600 m/min at coat
weights of a few g/m2. The pre-coating of the substrate prior to PVOH application will
result in the closure of surface pores, less sorption of applied fluids, increased coating hold
out, and a more homogeneous layer [27]. All these effects are supposed to promote barrier
properties. The methods described by Guezennec [27] and Morris et al. [28] show that a thin
multilayer coating may not be the only way to minimize surface defects and achieve high
Kit rating numbers. The further improvement of the barrier properties of PVOH-based
coatings may be possible if the thin multilayer coating presented in the present study
was to be combined with the formulation strategies of dispersions of suitable resins or
nanomaterials and then added to the PVOH solution. It has also been reported elsewhere
that hot calendering prior to PVOH coating may affect the homogeneity of the coated
layer (i.e., number of pinholes and thickness variation), and thus the barrier properties of
PVOH-coated papers [26]. A smoother base paper reduced inhomogeneities in the PVOH
layer. However, it is beyond the scope of this paper to investigate the effects of additives,
such as resins and nanomaterials, and the effects of pre-calendering and pre-coating.

Oxygen transmission was analyzed by the AOIR and OTR techniques. AOIR for
uncoated paperboard (BASE), Series ML, and Reference Series D are shown in Table 4. All
samples in Series ML showed a significantly lower AOIR, i.e., a slower increase in oxygen
concentration, than the uncoated paperboard. Samples ML2, ML3, and ML6 showed very
low AOIR in good accordance with homogeneous PVOH coatings, as indicated by the
absence of pinholes and high Kit rating. However, the relatively high AOIR value of sample
ML5 deviated from the trend shown by the measurements of pinholes and Kit rating.
Sample ML4 also showed unexpectedly high AOIR, even if one of the repeated experiments
showed AOIR in accordance with ML2, ML3, and ML6. Two possible reasons for the
deviations of samples ML4 and ML5 are the local variations in the degree of homogeneity
of the coatings and leakage during measurements. Nevertheless, since the measurements
of oxygen transport are very susceptible to local defects and air leakage, focus should
be on the lowest values since the lowest values may indicate what is possible. Despite
the two outliers, the AOIR values of Series ML in Table 4 show that the thin multilayer
approach makes it possible to reduce oxygen transport through the coated paperboard.
The Reference Series D also showed lower AOIR than the uncoated paperboard, but no
values were as low as those observed in Series ML.

A great variation in oxygen transmission from one spot to another spot on the same
sample is, to some extent, expected, since oxygen transmission through a barrier-coated
paper or paperboard is strongly affected by local variations in defect density and structural
inhomogeneity in the barrier layer. OTR measurements following the ASTM D 3985-05
standard were performed in order to verify the general AOIR trend presented in Table 4.
OTR for samples ML3, ML6, and D2 are shown in Table 5. As in almost all oxygen
transmission tests of coated rough paperboard, substantial variations between different
spots of the same sample were observed. The difference between sample ML3 and ML6
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was within the experimental error, even if the results gave some indication that six thin
layers resulted in lower OTR than three thin layers. Sample D2 showed substantially higher
OTR than ML3 and ML6, in agreement with the AOIR shown in Table 4. This difference
was also expected from the variation in pinhole density presented in Table 4. The OTR
values for ML3 and ML6 are lower than presented elsewhere for PVOH coatings at high
machine speed. Guezennec [27] presented OTR above 600 cm3/m2 day at 23 ◦C, 0% RH
for PVOH-coated paperboard produced in the pilot coater trials at 70 m/min (mineral
pre-coated substrate and PVOH coat weight 9.6 g/m2).

Table 5. OTR values for three of the samples. Upper detection limit was 1000 cm3/m2 day atm. Error
limits indicate standard deviation.

Sample
OTR (cm3/m2 day atm) 1

Test 1 Test 2 Test 3 Test 4 Mean

ML3 177 501 34 322 259 ± 173

ML6 5 141 226 27 100 ± 89

D2 >1000 >1000 - - >1000
1 Partly based on Emilsson et al. [29].

It is well-known that gas and water vapor transmission is very susceptible to minor
defects in the coating layer, variations in the coat weight/density/structure and the degree
of crystallinity of polymer [34], to mention only some of the most important parameters.
The degree of crystallinity is affected by heat treatment (drying conditions) and increased
crystallinity in the PVOH coatings is expected to result in lower water solubility [35] and
lower oxygen permeation [36]. Local variations in coat weight, structure, and crystallinity
may explain the variations in AOIR and OTR shown in Tables 4 and 5. The overall
interpretation of AOIR and OTR shown in these two tables is that it is possible to reduce
oxygen transmission through thin multilayer PVOH coatings and that this effect is already
considerable after two thin layers.

3.2. Surface Structure

Bendtsen surface roughness for the uncoated paperboard samples (BASE), Series ML,
Reference S, and Reference Series D are shown in Table 6. All coated samples possessed
lower Bendtsen roughness than the uncoated paperboard. As expected, the surface rough-
ness decreased with the increasing number of layers in the multilayer coating series (Series
ML). The rapid decrease in roughness between subsequent layers levelled off after the
second layer. This may be a consequence of the reduced uptake of water into the substrate
after the first pass, since water sorption may promote fiber swelling and induce subse-
quent and fiber movement (fiber rising) during the drying process. All coated samples
possessed a lower Bendtsen roughness than the uncoated paperboard. A comparison of
the Bendtsen roughness after the first pass indicated that one thick layer smoothed out
the surface unevenness to a greater extent than one thin layer. Comparing the Bendtsen
roughness at similar coat weights, no significant difference between single, double, and
multiple coatings was observed. However, a comparison of the Bendtsen mean values for
samples ML5, ML6, S1, and D2 indicated a possible lower surface roughness for the samples
coated according to Series ML. Table 6 also includes average roughness (Sa) calculated from
stitched optical profiler images of two different image size ranges, denoted as SMALL and
BIG. The increase in Sa values after the first pass (ML1) can be explained from swelling
after the first pass when the PVOH solution is in contact with the uncoated surface, in
good agreement with Guezennec [27]. The coat weight of ML1 was 1.36 g/m2. Based on
a density of PVOH of 1.3 g/cm3 [35], the average thickness of the coating corresponds
to 1.0 µm. Due to the transparency of the coating, it is possible that the coatings 1 µm of
thickness or smaller may only allow for a reflected signal from the surface of the underlying
paperboard substrate. Nevertheless, regardless of whether the signal comes from the top
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layer or from the substrate below it, Table 6 clearly indicates the swelling of the surface
after the first pass in Series ML. With the exception of ML1, the Bendtsen surface roughness
and the profilometer measurements showed the same trend. The fact that the two methods
for the characterization of surface roughness indicated slightly different trends for ML1
can be explained by the nature of the measurement techniques. The Bendtsen instrument
measures the air flow between the paper and a reference plane, while optical profilometry
is a non-contact method. The smaller Sa for the SMALL images compared to that of BIG
can be explained through the difference in image size. The absolute value of deviations
from the mean plane was expected to increase when the image size became large enough to,
at least in part, capture height variations between two or more fiber flocs. Figure 2 shows
examples of stitched profilometer images for uncoated paperboard and Series ML. It is clear
from Figure 2 that the image sizes of 0.4 mm × 0.4 mm and 0.5 mm × 0.5 mm had lower
probability of capturing the influence of fiber flocs than image sizes of 1.0 mm × 0.75 mm
or larger.

Table 6. Bendtsen roughness for BASE, Series ML, Reference S, and Reference Series D and profilom-
etry average roughness (Sa) for BASE and Series ML. Sa values calculated from stitched images of
two different sizes. Error limits indicate standard deviation.

Sample Name Bendtsen Roughness
(mL/min)

Sa
SMALL

(µm)

Sa
BIG
(µm)

Uncoated paperboard

BASE 1119 ± 139 3.88 ± 0.66 4.62 ± 0.53

Series ML IR 30%

ML1 869 ± 142 4.39 ± 0.59 5.24 ± 0.68

ML2 644 ± 111 2.90 ± 0.15 3.93 ± 0.90

ML3 631 ± 84 2.82 ± 0.50 3.51 ± 0.45

ML4 623 ± 90 2.76 ± 0.64 3.67 ± 0.66

ML5 546 ± 70 2.61 ± 0.53 3.18 ± 0.37

ML6 536 ± 77 1.89 ± 0.54 2.72 ± 0.63

Reference S thick single coating—IR 80%

S1 644 ± 124 Not measured Not measured

Reference Series D thick double coating—IR 80%

D1 641 ± 167 Not measured Not measured

D2 602 ± 90 Not measured Not measured

Guezennec [27] measured roughness average as Ra for thick pilot-coated PVOH
layers on pre-coated paperboard by atomic force microscopy. The Ra value for an area
of 3 µm × 3 µm was reported to be 0.7 nm. The reason for this very smooth surface, in
comparison with Sa values in Table 6, is probably the smooth surface of the substrate
obtained via mineral pre-coating in combination with the small image size. The fact that
the definitions of the roughness parameters Sa and Ra are dissimilar, and consequently do
not give exactly the same value, can be disregarded in this comparison.

Optical profilometry was used for the measurement of the surface void volumes of the
dry coated paperboard (Series ML) and the uncoated paperboard (BASE). The results of
the analyses are shown in Table 7. As expected from the Sa analyses (Table 6), the SMALL
group resulted in lower void volumes than the BIG group. The surface void volumes
followed the same trend as observed for the Sa values. Sc and Sv represent the volume
of the major part of the voids and of the deepest features, respectively. The contributions
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from the very top of the coatings such as single protruding objects are excluded from the
calculation of the surface void volume.
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Table 7. Core void volume (Sc), surface void volume (Sv), and total surface volume (Vs) for BASE
and Series ML calculated from stitched images of two different sizes. Error limits indicate standard
deviation.

Sample
Name

Sc
SMALL

(µm3/µm2)

Sc
BIG

(µm3/µm2)

Sv
SMALL

(µm3/µm2)

Sv
BIG

(µm3/µm2)

Vs
SMALL

(µm3/µm2)

Vs
BIG

(µm3/µm2)

Uncoated paperboard

BASE 5.91 ± 1.05 7.10 ± 0.09 0.53 ± 0.12 0.63 ± 0.09 6.44 ± 1.13 7.84 ± 0.90

Series ML—IR 30%

ML1 6.82 ± 1.10 7.90 ± 0.95 0.62 ± 0.08 0.75 ± 0.09 7.44 ± 1.09 8.63 ± 1.04

ML2 4.54 ± 0.34 5.82 ± 1.22 0.41 ± 0.05 0.54 ± 0.15 4.94 ± 0.35 6.36 ± 1.36

ML3 4.38 ± 0.68 5.67 ± 0.61 0.41 ± 0.06 0.56 ± 0.14 4.79 ± 0.73 6.23 ± 0.71

ML4 4.31 ± 1.11 5.62 ± 0.98 0.33 ± 0.06 0.47 ± 0.10 4.65 ± 1.15 6.09 ± 1.06

ML5 4.05 ± 0.84 4.77 ± 0.51 0.34 ± 0.09 0.44 ± 0.91 4.39 ± 0.91 5.21 ± 0.58

ML6 2.97 ± 0.90 4.25 ± 0.98 0.23 ± 0.06 0.34 ± 0.07 3.20 ± 0.94 4.59 ± 1.05

In bearing analyses, the ratio between roughness parameters, such as Sc and Sv,
provides important information about the morphology. Figure 3 shows the ratio Sc/Sv for
BASE and Series ML. For the sample BASE, the error bars for the merged groups SMALL
and BIG were based on 18 and 14 individual images. Thus, these error bars are of high
confidence and reflect the true variation of the paperboard. The variations between the
samples in Series ML probably reflect the natural variation of the baseboard. Figure 3
indicates that the ratio Sc/Sv was constant after all passes, which in turn, indicates a high
degree of contour coating and fiber coverage.
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standard deviation.

The volume PVOH solution per unit area after metering (VPVOH) at each of the passes
can be calculated from the coat weight in Table 2, assuming a density of the applied PVOH
solution of 1.04 g/cm3 [37]. In order to obtain good fiber coverage, VPVOH should be larger
than the surface voids at the passage of the metering element. The surface voids at the
passage of the metering element in a high speed coating process are difficult to measure.
Vs represents the surface volume before wetting and is supposed to be much larger than
the real surface void volume underneath the metering element due to compression during
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metering, as outlined by Jäder and Engström in pilot trials equipped with a stiff steel
blade metering device [38]. It has been reported elsewhere that a soft resilient metering tip
resulted in a higher degree of contour coating, and thus more homogeneous fiber coverage,
compared to a stiff steel blade metering device [30]. One reason for this difference between
these two metering devices may be the possible deformation of the soft resilient metering
tip during metering, which in turn indicates that less compression of the substrate would
be required in order to achieve sufficient fiber coverage. As a very rough indication of
surface voids at the metering stage, Vs can be used. VPVOH and Vs for each of the passes in
Series ML are shown in Table 8, where the Vs values represent the mean value of captured
SMALL and BIG images shown in Table 7. The numbers of pinholes and the Kit values
(Table 2) and Figure 2 indicate good fiber coverage as from the second pass. Thus, the
applied wet amount was sufficient to achieve good fiber coverage. Since the values of
VPVOH and Vs were approximately the same, the compression of the surface at the metering
tip was needed for the applied volume of PVOH solution to be sufficient to coat the highest
fibers, and thus provide good coverage.

Table 8. Volume applied PVOH solution after metering (VPVOH) at each of the consecutive passes
and total surface volume of the substrate entering the coating unit (Vs), calculated as mean value of
the two image classes shown in Table 7.

Sample Name Number of Passes VPVOH
(cm3/m2)

Vs
(cm3/m2)

ML1 1 7.5 7.1

ML2 2 5.3 7.9

ML3 3 5.3 5.7

ML4 4 4.8 5.5

ML5 5 4.8 5.4

ML6 6 4.8 4.8

3.3. Surface Defects

The huge variation in AOIR and OTR values is likely to be explained in terms of
variations in lateral distribution of surface defects not visible in the standardized pinhole
test. Figure 4 shows an example of large crater (diameter ca. 20 µm) observed in sample
ML6. Craters are most likely formed as a result of blistering. This crater may very well have
been formed during previous passes. The X profile revealed that the maximum depth of the
crater was about 5.0 µm compared to the surrounding area. The total coat weight for ML6
was 6.1 g/m2. Based on a density of solid PVOH of 1.3 g/cm3, the average thickness of the
PVOH layer was estimated to be 4.7 µm. One has to keep in mind that Table 3 showed no
pinholes and Kit rating number 12. Thus, it is likely that the craters of this type did not
continue as pinholes through the entire PVOH layer, a conclusion supported by the fact that
the bottom of the crater is visible. It is likely that a thin PVOH layer covers the bottom of the
crater. Alternatively, the reflected signal origins from a cellulose fiber localized directly at
the bottom of the crater. Even if craters of this type could not be identified as pinholes, they
may contribute to increased oxygen transport through the coated paper due to the reduced
thickness of the PVOH layer at the center of the crater. Other craters are also visible in
Figure 4. The maximum depth of the crater next to the big crater in the center of the image
is about 4.5 µm, according to the Y profile. The ripples visible in Figure 4 are mathematical
artefacts from the calculation, probably caused by a large amount illumination, and can be
ignored. In addition to craters, Figure 4 shows areas of missing pixels (drop-out pixels). In
principle, there are two explanations for the missing pixels:

1. The slope is very high. The maximum slope for the Mirau 50x objective is 25.0◦ for
a perfect smooth surface. A rough surface, such as paper and paperboard, contains
small facets where the surface is almost horizontal even if the average slope is fairly
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high. This means that a reflected signal may be observed even at an average slope of
much higher than 25◦.

2. The surface contains very deep and narrow notches or similar defects. However, a
reflected signal from the bottom may be seen on condition that the bottom is flat
(horizontal). Only a small proportion of the light is reflected out from the inside of
this notch.
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It is difficult to conclude anything about the structure inside the areas of missing
pixels in Figure 4, since these areas were completely free of any information. The shortest
imaginary straight line between the homogenous areas next to the missing pixels in the
lower right corner resulted in a slope of ca. 33◦. A slope analysis also revealed real pixels at
higher slopes, something that is expected from the fairly rough surface. Thus, the areas
of missing pixels need to be given a further explanation than the slope alone. Possible
interpretations include both steep slopes and deep defects such as cracks.

Two more examples on blisters and defects in the PVOH layer in sample ML6 are
shown in Figures 5 and 6. The X profile in Figure 5 reveals a crater of depth 6.3 µm, as
measured from the elevated rim of the crater. All of the craters, with the exception of
one, possessed no drop-out pixels. Figure 5 reveals that missing pixels are located in the
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vicinity of elevations. The missing pixels inside a crater were close to the ridge of the crater.
The other areas of missing pixels were close to elevated areas that may be cellulose fibers.
Contrary to Figure 4, a few low-lying points inside areas with missing pixels could be
observed. The Y profile in Figure 5 shows lower lying surfaces inside an area of missed
pixels. The depth of the surface is 12.6 µm or more. This distance is substantially greater
than the calculated mean thickness of the PVOH coating. The presence of signals from
lower lying surfaces indicates a crack or some other kind of cavity. As with Figure 4, the
ripples visible in Figures 5 and 6 can be ignored.
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Figure 6. Contour image, X profile, and Y profile of sample ML6. Drop-out pixels indicated by white
coloring. The bar on the right side of the image indicates the z-axis. The locations of the red (R) and
green (M) cursors are shown in the contour image.

Figure 6 reveals more examples on surfaces located quite far down inside or adjacent
to areas of missed pixels. The most evident example is the surroundings to the ridge of
the crater in the center. In the left and right hand sides of the crater, 2 to 4 µm wide areas
of missing pixels are observed. The Y profile indicates a continuous low-lying dark blue
surface that runs across the surface with missing pixels. The most plausible explanation for
this is that the dark blue area shows the bottom of a crack or other type of cavity located 11
to 12 µm below the homogeneous adjacent area just outside of the crater. For a crack or
notch that is 4 µm wide and 10 µm deep, one cannot observe any outcoming signals unless
the bottom is flat (horizontal). The slope is about 32◦ for an imaginary straight line over the
area of missing pixels from the edge of the crater to the homogenous area on the right hand
side of the crater. Thus, the reason for missing pixels may be cracks that are very narrow or
slopes that are very high. It is also possible that the PVOH coating has formed an ultra-thin
film (thickness of about 1 µm or less) covering all white areas in Figures 4–6 with a cavity
beneath. This thin film covering the defects may also be partly broken or may be very thin
to reflect light from the top surface. It cannot be excluded that a cavity exists near more of
the elevated objects, even in the case where no deep cracks or voids were detected. Even
though there is more than one possible interpretation of the drop-out pixels, the contour
images in Figures 5 and 6 clearly support the idea that at least some areas of missing pixels



Coatings 2023, 13, 1489 18 of 21

represent coating defects (crack, void, ultra-thin film, etc.). The observed cracks or voids
in Figures 5 and 6 (deep blue regions) are much deeper than the average thickness of the
PVOH coating and may impair gas barrier properties. Possible defects behind drop-out
pixels may result in high oxygen transmission. The uneven distribution of these flaws may
also (partly) explain the experimental variation in observed OTR and AOIR.

Figure 6 also reveals another fairly large area of missing pixels on the right in the
image. The shortest distance between the left cursor in the X profile and the elevated area
on the right hand side of missing pixels is 6.8 µm, resulting in a slope of 35◦. In this case, it
is also likely that the missing area represents a crack or a void, since a very small dark blue
contiguous region can be observed at some points near the edge. The height difference
from the bottom to the homogeneous adjacent area to the left is ca. 11 µm.

The height level at the center of the big crater in Figure 6 is roughly the same as in the
surrounding area. It is likely that this blistering occurred during the drying of previous
layers, and subsequently filled in when the top layers were applied. Just to the right of
the large crater in Figure 6, a smaller crater is visible. This second crater has a depth of
approximately 5 µm and resembles to some extent the craters shown in Figures 4 and 5.
Similar to most other craters shown in Figures 4 and 5, it is likely that the crater to the right
was created during the first applied layers. In contrast to the big crater in the center of
Figure 6, the greater depth of the smaller crater to the right may indicate that the crater
remained open after the first pass (or passes), promoting evaporation during the drying of
subsequent layers.

At least some of the areas of missing pixels near protruding objects, such as fibers and
craters, may represent cracks or cavities. Reflected signals from cracks or cavities near fibers
and craters were detected in good accordance with this assumption. Since the application of
an aqueous PVOH solution causes swelling and fiber movements, protruding objects may
be more compressed during metering than lower lying objects, followed by subsequent
spring back when the load is removed. It is not impossible that these movements in the
substrate can cause stresses that lead to cracks and similar defects. The elongation caused
by the tensile stress may also contribute to a thinning of the PVOH layer. On the other hand,
the compression of the surface seems to be needed in order to ensure good fiber coverage
and a contour type of coating. Optimum barrier properties seem to require a carefully
balanced compression. A resilient metering tip was used in the present study, which may
reduce density variations in the substrate after compression, similar to deformable backing
rolls which are used in soft calendering operations [39]. It is not impossible that the material
properties of the resilient soft tip enable new ways to optimize the compression. However,
it was beyond the scope of the present study to optimize the pressure and compression
beneath the metering tip.

4. Conclusions

Several of the well-known problems concerning the high-speed barrier PVOH coating
from aqueous solutions onto paperboard without pre-coating could be avoided by thin
multiple coatings. In addition, a soft resilient metering element and a technique enabling a
short dwell time between application and metering were used in all trials, which resulted
in high grease resistance and low pinhole density. A consequence of the relatively low
polymer concentration in aqueous solutions is that a high amount of coating solutions will
be needed even at low coat weights. A high volume of applied wet coating is helpful in
filling the surface voids and valleys between fibers and fiber flocs. The surface analyses
showed that the wet volume in the multilayer approach was generally quite similar to the
volume of surface voids and valleys. The high wet volume promoted fiber coverage but
cannot alone explain the good fiber coverage as indicated by an absence of pinholes. In
addition, good fiber coverage seemed to be promoted by the compression of the substrate
beneath the metering element and the use of a resilient material of the metering element.
In the present study, the effects of different shapes and the mechanical properties of the
used resilient soft metering element were not investigated.
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Grease barriers corresponding to Kit rating 12 and no detection of pinholes were ob-
tained after only two thin layers (total coat weight 2.4 g/m2). The analyses of the roughness
parameters obtained via profilometry revealed good fiber coverage and a distribution of the
coatings that very much resembles contour coating. However, an OTR of 100 ± 89 cm3/m2

day atm was observed after six passes, which is higher than reported elsewhere for low-
speed laboratory-coated samples. Profilometer images revealed certain coating defects
even after the application of six thin layers, which may explain the differences in OTR
between the pilot coatings presented here and low-speed laboratory coatings. The observed
defects consisted of blistering (big craters), small craters, and defects that resemble cracks
and voids. Most of the blistering seemed to occur during the initial passes and the big
craters were closed in subsequent passes. The cracks and voids seemed to be more severe
for oxygen barrier properties than the big craters. One likely process for the formation of
the cracks and voids is the compression of protruding objects, such as fibers and craters.
However, a level of compression of the substrate was needed for good fiber coverage. The
optimal pressure beneath the metering element is a balance between sufficient compression
required to obtain fiber coverage and the avoidance of excessive compression that may
introduce defects in the barrier layer. The proposed mechanism for defect formation is of
course only valid for substrates without pre-coating and highlights some of the challenges
in high-speed PVOH barrier coating operations on paperboards without pre-coating.
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