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This article investigates the technological conditions for applying functional var-
nish coatings — a barrier varnish and a heat seal adhesive — to paper substrates by
flexographic printing for the manufacture of sustainable packaging. The study was con-
ducted on a Soma Optima 2 flexographic press equipped with an auxiliary IPU (Intel-
ligent Printing Unit) station. The optimum application parameters were established:
sequential application of SunBar® OGR barrier varnish and SunFuse® Heat Seal ther-
mosealable adhesive at a print speed of 100 m/min. The influence of anilox roller line
count and cell geometry (hexagonal and GTT), pump type, and print speed on dry coat
weight and grease resistance of the coatings was investigated. The dependence of heat-
seal bond strength on jaw width and sealing temperature was determined. Based on the
experimental results, a Pareto diagram was constructed to identify the principal factors
influencing the quality of the functional coating.

Keywords: packaging, flexographic printing, anilox roller, printing press, printing
speed, varnish coatings, barrier properties, heat seal, paper packaging.

Problem Statement. Growing public concern about the environmental consequences
of plastic packaging — in particular multi-layer polymer films that are virtually non-
recyclable — is driving an active search for alternative solutions [1, 2]. At the same
time, modern food logistics places ever-increasing demands on the barrier properties of
packaging materials: protection against moisture, oxygen, fats, and mechanical damage.
Paper packaging with functional varnish coatings represents a promising compromise
between ecological sustainability and functional performance.

Paper is one of the oldest and most widely used packaging materials. According
to market analysts, paper and board consistently hold leading positions among food-
packaging materials owing to their renewability, biodegradability, and recyclability [3].
The key technological challenge in the production of such packaging is the application of
functional layers that provide the requisite barrier properties and heat-sealability without
materially compromising the ecological profile of the material.

Flexographic printing occupies a dominant position in flexible packaging production.
According to Smithers, flexography accounts for more than 60% of global flexible
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packaging output, a position attributable to its technological flexibility, compatibility
with diverse substrates, and cost-effectiveness at short and medium run lengths [4]. In
addition to image printing, flexographic equipment is widely employed for the application
of functional coatings — primers, barrier varnishes, and heat seal adhesives.

Analysis of Recent Research and Publications. The application of functional
coatings to paper substrates by printing methods has attracted considerable research
interest in recent years. The influence of paper surface structure on the quality of water-
based coating application was thoroughly investigated by Ozcan et al. [5]. The authors
established that paper roughness and porosity directly affect the uniformity of water-
borne varnish distribution: on more porous surfaces the varnish penetrates deeper into
the fibre structure, which can reduce the effective dry coat weight at the surface and
create non-uniformity of the barrier layer. These patterns are consistent with the results
obtained in the present study for the 70 and 80 g/m? papers.

Aghamohammadi [6] analyses four key factors governing the functional properties of
coatings on board packaging: the chemical composition of the varnish, the applied coating
volume, the substrate grammage, and the parameters of the sealing equipment. The author
concludes that increasing the number of varnish layers during flexographic printing impro-
ves water resistance and heat-sealability; however, the study does not examine in detail the
influence of anilox roller parameters or pump-system type on the quality of varnish transfer.

The effect of anilox roller cell geometry on coating quality in the flexographic
process was investigated by Theohari et al. [7]. The authors demonstrated that the
selection of an anilox with an appropriate cell volume and geometry has a significant
influence on the uniformity of ink lay-down and on the attainability of the target dry coat
weight. The study shows that open-channel geometries (including the GTT type) deliver
more stable transfer when applying higher-viscosity materials, whilst simultaneously
reducing the tendency of the ink system towards foam formation.

The heat-sealing properties of water-dispersion-based coatings were studied in
detail by Ilhan et al. [8]. The review highlights the decisive influence of jaw width,
contact dwell time, and temperature on seal bond strength. It was established that the
optimum sealing temperature depends on the chemical composition of the thermoplastic
polymer within the coating and on the substrate grammage. The authors also emphasise
the role of seam cooling: excessively prolonged cooling at elevated temperatures can
cause thermal degradation of the coating and a reduction in seal strength.

Thus, notwithstanding the body of research in related fields, a comprehensive as-
sessment of the combined influence of anilox roller parameters, pump type, print speed,
and functional varnish combinations on coating quality under real production conditions
on modern flexographic equipment remains a pertinent task.

Aim of the Research. The aim of the study is to determine the optimum technological
parameters for the application of barrier and heat-seal varnish coatings by flexographic
printing onto paper substrates for the manufacture of functional food packaging.

To achieve this aim, the following objectives were set:

1) to investigate the influence of functional varnish combinations and print speed
on dry coat weight;
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2) to evaluate the grease resistance of applied coatings as a function of varnish type
and substrate grammage;

3) to determine the influence of sealing equipment parameters (jaw width, dwell
time, cooling, and temperature) on heat-seal bond strength;

4) to identify the principal factors influencing coating quality by means of a Pareto
diagram.

Presentation of the Main Research Material. The study was conducted on a
Soma Optima 2 (Soma Engineering, Czech Republic) central-impression flexographic
press. The machine is equipped with an auxiliary IPU (Intelligent Printing Unit) station
comprising a small central impression cylinder and two flexographic units, intended for
the application of functional coatings. The IPU station enables functional varnishes to
be applied simultaneously to the reverse side of the web whilst a four-colour image is
printed on the front side on the main press units — an arrangement that was employed
throughout this investigation.

Two types of kraft paper for food packaging were used: Billerud Sack Kraft
70 g/m? (Billerud, Sweden) and Endura MG Kraft 80 g/m? (Stora Enso, Finland).
The 70 g/m? paper exhibited higher porosity and lower surface smoothness com-
pared with the 80 g/m? paper.

A water-based barrier varnish SunBar® OGR (Sun Chemical, United Kingdom) —
a copolymer-dispersion formulation providing protection against the penetration of fats
and oils (OGR), a degree of moisture vapour transmission resistance (MVTR), and low
water absorption — was applied. The recommended dry coat weight is 2.0-3.5 g/m? A
water-based heat seal adhesive SunFuse® Heat Seal (Sun Chemical, United Kingdom),
certified for direct food contact, was also used. The varnish is based on a copolymer
dispersion and a stabilised vegetable-wax emulsion; it provides heat-sealing capability
from 75°C under heat and pressure and is designed for application to paper and board
substrates by flexographic or gravure printing.

To reduce the porosity of the 70 g/m? paper, a water-based primer SunBar® Barrier
Primer (Sun Chemical) — an acrylate-dispersion material with a degree of grease and
water resistance — was applied at the first IPU station prior to the heat seal layer.

Digital photopolymer printing plates XSYS nyloflex® FTM Digital, 1.14 mm thick,
designed for solid-area imprints, were used throughout. Plates were mounted on 3M™
E1020 medium-hardness mounting tape.

At the first [PU station (cell volume 18 cm?*/m?) and the second IPU station (cell
volume 25 cm?*/m?), conventional hexagonal-cell anilox rollers were used initially. In
the second test series, one [PU station roller was replaced with a GTT (Gravure Triheli-
cal Technology, Apex International) open-channel-geometry roller. A membrane pump
was used initially; for comparison, a Verder peristaltic pump was substituted during
testing.

The experiments were conducted in three series. In the first series (Table 1), func-
tional varnish combinations and print speeds of 100 and 200 m/min were varied to as-
sess the influence of these parameters on dry coat weight. In the second and third series
(Tables 2 and 3), the print speed was 300 m/min — representative of typical industrial
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high-speed production conditions — and grease resistance and heat-sealing properties of
the resulting coatings were investigated.

Tests were conducted in four varnish combination configurations. In all tests, dry
coat weight was measured gravimetrically (ISO 287) [9]. Grease resistance was evalua-
ted using the OGR (oil and grease resistance) criterion with sunflower oil, assessed after
1, 4, and 24 h contact, scored from 0 (no protection) to 5 (excellent protection). Heat
sealing was carried out on a laboratory sealer with controlled jaw width, temperature
(70-210°C), dwell time, and cooling parameters. For evaluation of heat-sealing proper-
ties, 70 g/m? paper samples were selected as the more demanding substrate: its higher
porosity and lower surface smoothness create more challenging conditions for seam for-
mation, thereby yielding a conservative assessment of the minimum permissible sealing
parameters. Seal strength was rated from 0 (no seal) to 5 (complete fibre tear).

The results of the four tests varying functional varnish combinations are presented in
Table 1. A comparison of tests 2 and 3 (both [PU stations applying heat seal, at 100 and
200 m/min respectively) showed a reduction in dry coat weight from 5.9 to 4.9 g/m? when
speed was doubled. This confirms the expected effect: shorter contact time between the
anilox roller, the printing plate, and the substrate at higher speeds reduces the volume of
varnish transferred.

Table 1
Test matrix: varnish combinations and print speeds
Test | Dry residue Varnish — Station 1 Varnish — Station 2 Print speed (m/min)
No. (g/m?) (anilox 18 cm?/m?) (anilox 25 cm?/m?) p
1 2.6 SunFuse® Heat Seal — 100
2 59 SunFuse® Heat Seal SunFuse® Heat Seal 100
3 4.9 SunFuse® Heat Seal SunFuse® Heat Seal 200
4 59 SunBar® OGR SunFuse® Heat Seal 100
Note: “—" denotes no varnish applied at that station.

Test 4 (barrier varnish + heat seal at 100 m/min) achieved the same total dry coat
weight of 5.9 g/m? as test 2 (two layers of heat seal), but differed qualitatively: the
lower barrier-varnish layer effectively sealed the paper pores, providing a more uniform
substrate for the heat seal layer.

During the tests it was established that replacing the membrane pump with a
peristaltic pump and replacing the hexagonal-cell anilox with a GTT-geometry roller
substantially reduced foam formation in the ink reservoir and stabilised varnish delivery,
thereby improving the uniformity of dry coat weight across the width of the printed web.

The results of the grease-resistance evaluation as a function of substrate type
and varnish are presented in Table 2. Unprinted samples of both papers exhibited no
protection against oil (score 0 at all time points).
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Table 2
Results of functional varnish application at different print speeds
. Speed | Dry residue OGR
No. |  Substrate Coating (m/min) (@/m?) OGR1h |OGR4h b
1 | Paper 70 g/m? Uncoated — — 0 0 0
2 | Paper 80 g/m? Uncoated — — 0 0 0
3 | Paper 70 g/m? | SunBar® OGR 100 2.8 5 4 3
4 | Paper 80 g/m?* | SunBar® OGR 100 2.3 3 2 2
5 | Paper 70 gz | SurTuse®Heat |55, 5.9 1 1 1
Seal
6 | Paper 80 gim? S““F“SS:fl) Heat | 55 54 1 1 1

Note: 0 — no grease protection; 5 — excellent grease resistance (OGR score).

SunBar® OGR barrier varnish demonstrated significantly higher grease resistance
compared with the heat seal varnish. On 70 g/m? paper with a dry coat weight of 2.8 g/m?,
the initial OGR score was 5 (excellent), declining to 3 after 24 h. On 80 g/m? paper (dry
coat weight 2.3 g/m?), the corresponding scores were 3 and 2. This indicates that the
higher porosity of the 70 g/m? paper enables a greater quantity of varnish to be absorbed,
though the uniformity of distribution is lower. Notably, the grease resistance of the heat
seal varnish remained at a minimum level (score 1), which is expected, as heat seal is not
designed to provide oil-resistance functionality.

These data highlight an important practical conclusion: for packaging of fat-
containing food products, application of a barrier underlayer prior to the heat seal is
essential. The combination in test 4 (barrier varnish + heat seal) is optimum from the
standpoint of achieving both grease resistance and heat-sealability.

The results of the dependence of heat-seal bond strength on sealing conditions for
70 g/m? paper samples with applied heat seal varnish (at 300 m/min) are presented in
Table 3.

Table 3
Dependence of fibre-tear bond strength on sealing conditions
Sample Sealing 1 500 | 99oc | 110°C | 130°C | 150°C | 170°C | 190°C | 210°C
conditions
Jaw 25 mm,
P dwell 0.5 s 0 ! 3 4 > > > >
aper
70 g/m? Jaw 5 mm,
> dwell 0.2 s, 0 0 0 2 3 3 2 2
SunFuse® .
Heat Seal cooling 0.5 s
300 m/ 2| Jaw 25 mm,
I dwell 0.5s, | 0 | 2 3 3 3 2 0 0
cooling 0.3 s

Note: 0 — no seal formed; 5 — maximum seal strength (complete fibre tear).
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Analysis of the results shows that the best heat sealing (score 5 at 150-210°C) is achieved
with a wide 25 mm jaw and a 0.5 s dwell time without forced cooling. Use of a narrow 5 mm
jaw with a short dwell time (0.2 s) and 0.5 s cooling reduces the maximum score to 3 and
shifts the optimum temperature range towards 150—170°C. Forced cooling with a 25 mm
jaw and a 0.3 s hold leads to thermal degradation of the seal above 150°C — the score drops
sharply to 0, which constitutes a critical defect for hermetically sealed packaging.

It was established that in all positive cases, failure occurred through the paper fibres
rather than through the seam, indicating adequate adhesion of the heat seal varnish to
the substrate. Consequently, the bond strength of the seal is limited by the strength of the
paper itself rather than by the adhesive properties of the varnish.

To systematise the influence of the various technological parameters on the quality
of the functional coating, a Pareto diagram was constructed (Fig. 1). The parameters
analysed were: choice of varnish combination, print speed, anilox cell geometry (GTT

vs. hexagonal), pump type, substrate grammage, and sealing conditions.
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Fig. 1. Pareto diagram of the principal factors influencing varnish coating quality
in flexographic application

Analysis results show that three key factors account for the greatest influence on
functional coating quality (73% of combined contribution): choice and sequence of
varnish application (30%), sealing equipment parameters (25%), and print speed (18%).
These factors form Group A in the Pareto framework and are the priority targets for
process optimisation. GTT anilox roller technology and paper grammage are Group B
factors (combined 20%), whilst pump type and other parameters constitute Group C (7%).
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Conclusions. As a result of the experimental investigation, the following conclu-
sions were drawn:

1. The optimum technological solution for the production of functional paper packa-
ging is the sequential application of two varnish layers: SunBar® OGR barrier varnish (IPU
Station 1, anilox 18 cm®*m?) followed by SunFuse® Heat Seal thermosealable adhesive
(IPU Station 2, anilox 25 cm?/m?), applied at a print speed of 100 m/min. This combination
provides a dry coat weight of 5.9 g/m?, grease resistance OGR >4, and reliable heat sealing.

2. Increasing the print speed from 100 to 200 m/min reduces dry coat weight by
approximately 17% (from 5.9 to 4.9 g/m?) as a result of the reduced varnish transfer time
from the anilox roller to the substrate.

3. Replacing a membrane pump with a peristaltic pump and adopting a GTT-geo-
metry anilox roller in place of a hexagonal-cell roller substantially reduces foam forma-
tion in the ink reservoir and improves the stability of varnish delivery, with a positive
effect on coating uniformity.

4. Paper with a lower grammage (70 g/m?) and higher porosity absorbs a greater quan-
tity of varnish, yielding a higher initial grease-resistance score (OGR 5); however, protec-
tion declines to a score of 3 after 24 h, compared with a score of 2 for the 80 g/m? paper.

5. Maximum heat-seal bond strength (score 5, complete fibre tear) is achieved with
a jaw width of 25 mm, a dwell time of 0.5 s, and a sealing temperature of 150-210°C
without forced cooling. Prolonged post-seal cooling at elevated temperatures adversely
affects seal strength.

6. Pareto analysis reveals that three factors — varnish combination and sequence,
sealing equipment parameters, and print speed — account for 73% of the combined
influence on functional coating quality and are the priority targets for process optimisation.
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Y cmammi 0ocniooceno mexnono2iuni ymosu HanecenHs QyHKYioHanbHUX 1aKOGUX
NOKpUummie — 6ap €pHo2o 1aKy ma mepmo3saprsaivHoco adze3ugy (heat seal) — na
nanepogi cyocmpamu memooom ¢excoepaghiunoco OpyKy 0jist 6USOMOBLEHHSL eKON02iU-
HO20 Xap406020 NAKOBAHHS. J[JOCTIONCEHHS GUKOHANO HA (rexcoepadiunii mawuni Soma
Optima 2 i3 yenmpanvhuum opykapcokum yuninopom (Soma Engineering, Yecvra Pec-
nybnixa), ocnawgeriti donomixcroro cexyicto IPU (Intelligent Printing Unit), wo cxna-
daembcs 3 080X (hrekcoepaiunux cexyitl i 3a6e3neuye 00HOUACHe HAHECEeHHs (YHKYIO-
HAIbHUX JAKI8 31 360pOMHO020 OOKY cyocmpamy nio wac 1omupboxgap6o6ozo opyxy. /s
docnidoicenb BUKOpUCmano 0ea kpagm-nanepu ecpamamyporo 70 e/m? ma 80 o/m?. 3acmo-
cosaro 6oonuil oap ‘epnuti rax SunBar® OGR ma 600Huil mepmMo36apiosanrbHuUll A02e3ue
SunFuse® Heat Seal (obudsa eupoonuymea Sun Chemical, Benuxobpumanis). Jlocni-
0oiceHo ennue KoMOIHayill nakie (mintoku Oap epuuti nax; minoku heat seal; d0sa wapu
heat seal; 6ap’epruil nax + heat seal), eeomempii’ KOMIpKU AHINOKCOB8020 BANUKA (2€K-
cazonanvna ma GTT 3 6i0OKpumum Kanaiom), muny Hacocy (MemopanHuil i nepucmay-
muunutl) ma weuokocmi opyky (100-300 m/xe) na macy cyxoeo 3anumiky nOKpumms,
AHCUPOCMIUKICMb | MIYHICb MEPMO38APIOGATILHOZO Wea Y OianaszoHi memnepamyp
3eaproganns 70-210°C. Bcmanogneno, wo onmumaibHUMy napamempamis € NOC1io08He
Hanecenus SunBar® OGR (cexyis 1 IPU, aninokc 18 cm*m?) 3 HacmynHum HaHeCeHHIM
SunFuse® Heat Seal (cexyia 2 IPU, aninoxc 25 cm’m?) na weuoxocmi 100 m/xs, wjo
3abe3neyye 3a2a1bHy MAacy cyxo2o 3amuuky 5,9 o/m? acupocmitixicms OGR > 4 ma na-
diline mepmo3sgapioganns. 3amina cexcazonanvrozo auinoxcy na GTT-eanux, a memo-
PAHHO20 HACOCY — HA NEPUCATLIMUYHULL CYMMEBO 3HUSULA NIHOYMBOPeHHs Y hap-
bosomy pezepsyapi ma noKpawuia pisHoMipHicms nokpummsi. Maxcumanoua miyunicme
38APHO20 WA OOCAACMbCA NPU WUpuHi 3amuckaua 25 um, yaci 3amucky 0,5 ¢ i mem-
nepamypax 3eapiosanns 150-210°C 6e3 npumycogozo oxonoodicenus. Ananis oiazpamu
Hapemo niomeepous, wo mpu YUHHUKU — KOMOIHAYIA Ma NOCAIO06HICIb HAHECEeHHs
nakie (30%), napamempu 3sapiosanvroco obraonanus (25%) ma weuokicms OpyKy
(18%) — suznauarome 73% cyKynno2o 6niugy Ha AKicmv YHKYIOHATLHO2O NOKPUTNINAL.

Knwuogi cnosa: naxosanns, gnexcoepaghivnuii OpyK, aHiioKcosull 8anux, Opykap-
CbKa MAWUHA, WUBUOKICTG OPYKY, IAKOBI NOKPUMMSL.
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