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Sažetak 

U ovom radu istražena su mehanička svojstva kartona (GD2, gramature: 230 g/m2, 280 g/m2 i 350 

g/m2) s nanesenim biorazgradljivim polimernim premazom (polikaprolatonom) u svrhu unapređenja 

svojstava materijala. Polikaprolaktonski (PCL) premaz je dodatno modificiran dodavanjem 

nanočestica aluminijevog oksida (Al2O3), silicijevog dioksida (SiO2) i cinkovog oksida (ZnO). Istražena 

mehanička svojstva su prekidna čvrstoća, prekidno istezanje, otpornost na savijanje, otpornost na 

obostrano savijanje, te otpornost na pucanje i otiranje. Pripremljeni uzorci premazanih kartona su 

izloženi ubrzanoj degradacije (120h). Tijekom tog vremena svaka 24h određena su kolorimetrijska 

svojstva kako bi se ispitala svjetlostalnost otiska. Nakon provedenog istraživanja ustanovljeno je da 

mehanička svojstva premazanih kartona nisu narušena. Rezultati prekidne čvrstoće, prekidnog 

istezanja, otpornosti na savijanje, otpornosti na obostrano savijanje, te otpornost na pucanje, upućuju 

na manje unapređenje svojstava kartona. Premazi su evidentno povećali otpornost na otiranje otisaka 

čime je postignuta veća razina zaštite otiska. Svi uzorci s nanočesticama su postigli određeno 

povećanje svjetlostalnosti. 

Ključne riječi: polikaprolakton (PCL), karton, nanokompozit, svjetlostalnost  

Abstract 
This paper investigated the mechanical properties of paperboards (GD2, grammage: 230 g/m2, 280 
g/m2 and 350 g/m2) with biodegradable polymer coating (polycaprolaton) in order to improve the 
properties of the material. Polycaprolactone (PCL) coating is further modified by the addition of 
nanoparticles of alumina (Al2O3), silicon dioxide (SiO2) and zinc oxide (ZnO). The investigated 
mechanical properties were tensile strength, tensile elongation, bending resistance, double folding 
resistance, and burst resistance and abrasion test. Prepared samples of coated paperboards were 
exposed to accelerated degradation (120h). During this time every 24h, colorimetric properties were 
measured to examine the lightfastness of the print. The study proved that the mechanical properties 
of the coated paperboard were not impaired. Results of tensile strength, tensile elongation, bending 
resistance, double folding resistance, and burst resistance point to a minor improvement of 
paperboard properties. There is an evident increase of abrasion resistance thereby achieving better 
protection of the print. All samples with nanoparticles have achieved a certain increase of 
lightfastness. 
Keywords: polycaprolactone (PCL), paperboard, nanocomposite, lightfastness print
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1. INTRODUCTION 

The life span of packaging can range from one day to several months or years. It is generally 
considered that short-term packaging has a greater negative impact on the environment due 
to the large amount of daily waste that needs to be disposed of before disposal. The 
advantages of cellulosic material include: low-cost production, biodegradability, 
recyclability, simple graphics processing, coating, ease of formation, lightness and ease of 
improving the properties of the manufacturing process [1–3] The use of fiber-based material 
has many advantages compared with plastic packaging, such as sustainability, recyclability, 
and the stiffness-to-weight ratio[4]. However, due to the insufficiency of the carton (high 
porosity, moisture absorption, and low mechanical stability) it is necessary to explore the 
possibility of its advancement. Polymer coated paperboard layer, and in particular nano-
coating polymer can significantly improve mechanical properties of the paperboard[5]. It is 
well known that the paperboard is suitable for printing, and one of the main roles of 
packaging is marketing used to communicate consumer value products as well as information 
on content and usage. Therefore, in the printing industry print quality as well as its stability is 
of utmost importance and the subject of many investigations [6]. 

In recent years, there is an increasing attention to the selection of packaging materials that 
are environmentally more suitable. Research is mostly focused on replacing synthetic raw 
materials with biodegradable and/or sustainable raw materials from natural sources [1]. Pure 
biopolymer coatings generally have insufficient properties to fully replace synthetic 
polymers. For this reason, a large number of researches focuses on mixing biopolymers 
(combining multiple types of biopolymers to achieve new properties) and biopolymer (nano) 
composites (modification of biopolymers with nanoparticles) [5,7,8]. Most research on 
biopolymer coatings based on the analysis of chemical properties of paperboard packaging 
in order to protect the product (barrier properties) and the preparation of paper and 
paperboard for printing (production process) [1,8–13]. Under-explored area is the effect of 
varnishes (coatings applied after printing on print) on mechanical properties of paperboard 
and quality print and print degradation. According to available literature, only a few studies 
investigating the effect of the coating on the optical properties of the print [14–17] while only 
one is investigates the improvements to paperboard properties [18]. No scientific work has 
been found that explores biopolymer in the role of varnishes. Hence the need for research 
and improvement of biopolymer after print coatings for environmental sustainability, and 
improvement of packaging materials.  

The aim of this research was to develop and describe the state of PCL and PCL 
nanocomposite coated paperboard in order to improve mechanical, aesthetic and usable 
properties of the packaging materials. 

1.1. Hypotheses 

H1 nanoparticles in the PCL polymer matrix will improve the mechanical properties of the 
paperboard 

H2 PCL coating modified with nanoparticles that absorb the UV part of the spectrum will slow 
down the process of print degradation 

H3 Coating applied as a varnish will improve rubbing resistance of the print  

 

 



 

20th International Conference on Materials 

 

 
 

73 

2. METHODOLOGY 

2.1. Materials 

- GD2 paperboard, (Umka color®) Umka d.o.o. 

Three different grammages of GD2 paperboards where used in this research (230 g/m2, 280 
g/m2 and 350 g/m2). Thicknesses are shown in Table 1. 

Tab. 1: Thickness of GD2 paperboard 

Grammage 230 g/m2 280 g/m2 350 g/m2 

Thickness 0,28 mm 0,36 mm 0,48 mm 

 

- offset ink (CMYK) Novavit® F 918 SUPREME BIO - Flint Group produced on the basis of 
renewable raw materials. 

- ethyl acetate p.a. (C4H8O2), T.T.T. doo® (solvent) 

- polycaprolactone (C6H10O2), Sigma Aldrich® (polymer) 

- nanoparticles: 

Silica (SiO2) AEROSIL® R 8200, Evonik, SiO2 content>99.8%, surface area (BET) 220± 
25 m2/g; 

Aluminum oxide (Al2O3) Aeroxide® Alu C, Evonik, molecular weight: 101.96 g/mol, 
particle size of 13 nm, content > 99.8%, surface area (BET) 85-115 m2/g 

Zinc oxide (ZnO) ZH4810000, Lach-ner d.o.o., molecular weight 81.39 g/mol 

2.2. Sample preparation 

Printed paperboard 

Paperboard samples are printed by offset printing using the Fogra® standard for offset 
printing (ISO 12647-2) that ensures high quality prints. 

Color chart 

The color fields where prepared using pure process colors (CMYK). The defined sample chart 
ranges from 10% to 100% rastertonal values (RTV). With pure surface color, there were a total 
of 41 fields. 

PCL nanocomposites 

The coatings were prepared by dissolving 10 g of PCL polymer in 100 mL (90 g) ethyl 

acetate. The dissolution process was carried out at 40 °C by stirring the magnetic stirrer for 

30 min to give a 10 wt.% homogeneous solution. Then, to the so-prepared PCL polymer 

solution nanoparticles (Al2O3, SiO2 and ZnO) were added and dispersed with a homogenizer 

(IKA T25 digital TURRAX) for 8 minutes at a speed of 15,000 rpm. 
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Tab. 2: PCL nanocomposite ingredient ratios (mas%) 

Sample E-A P Al Si Zn 

K/0 - - - - - 

K/P 90 10 - - - 

K/P/1Al 89 10 1 - - 

K/P/2Si 88 10 - 2 - 

K/P/2Zn 88 10 - - 2 

K – Karton, E-A – etil-acetat, P – PCL, Al – Al2O3, Si – SiO2, Zn – ZnO 

Coating the samples 

The coating was applied to the coating (K202 Control Coater) under controlled conditions as 
defined by the ISO 187: 1990 standard. For the application of the coating film a standard rod 
(24 μm coating thickenss) was used, and it allows the formation of a uniform film thickness 
according to ASTM D823 - 95 (2001). All coatings were applied to the printed side of the 
paperboard. The dry thickness of the coatings was 6.1 μm. Thickness of coating film was 
measured by micrometer Enrico Toniolo S.r.l. DGTB001, range of 0-10 mm gauge with a 
precision of 0.001 mm 

Accelerated aging 

Paperboard samples with and without coating were exposed in an accelerated aging chamber 
(Cofomegra Solarbox 3000 Xenon Test Chamber of Commerce). Xenon lamp 2500 W, SX07 
Outdoor UV filter + IR coating, long life, 550W/m2 BST 50 was the source of radiation. During 
radiation, the temperature inside the chamber was 50 °C. The samples were irradiated 5 days 
(120 hours). 

2.3. Methods 

2.3.1. Mechanical properties 

All measurements of the mechanical properties of tested samples of packaging paperboards 
were carried out under the defined conditions: temperature (23 °C ± 1 °C) and humidity (RV 
50% ± 2%) according to ISO 187: 1990 standard. 

Tensile strength and tensile elongation 

Tensile strength (S) and tensile elongation (ε) was performed on the FRANK mechanical 
tester according to ISO 1924-2. Dimensions of the paperboard samples were 250 x 15 mm, 
the spacing between the grips was 180 mm and the breaking speed was 50 mm/min. The 
results are expressed as the mean values of twenty measurements. Tensile strength was 
determined for both directions of cellulose fibers (cross direction-CD and machine direction-
MD of the fibers). The calculations where made according to the formulas 1–4 

S=F/w (1) 

S – tensile strenght (N/mm) 

F – tensile force (N) 

w – sample width (mm) 

I=S/g·1000 (2) 

I - tensile index (Nm/g) 
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g - grammage (g/m2) 

 

ε= Δl/li  (3) 

Δl=l-li   (4) 

ε – tensile elongation (%) 

Δl – total elongation of the sample (mm) 

l – length of the sample after breaking (mm) 

li – starting length of the sample (mm) 

 

Burst strength 

Burst strength (p) and burst index (x) are determined with the Lorentzen & Wettre Bursting 
Strength Tester. The dimensions of the tested packaging carton samples were diameters Ø 
= 100 mm, the measuring area was diameter Ø = 50mm and the elastic diaphragm was Ø = 
33.1 mm in diameter. At the site of the diaphragm there is a gradual increase in pressure on 
the sample until bursting. The maximum pressure at the time of cracking is the burst 
strength. The pressure range of the device is 70 kPa to 1400 kPa, in accordance with ISO 2759-
2001. Burst strength determined for both sides of the paperboard as one side of the 
cardboard is printed. The calculations where made according to the formula 5 

x=p/g  (5) 

x – burst index (kPa·m2/g) 

p – burst strenght (kPa) 

g - grammage (g/m2) 

 

Bending resistance 

Lorentzen & Wettre Bending Tester was used to measure the bending force (F) needed to 
reach the defined bending angle. The device measures the resistance forces in millimeters 
(mN) that occurs when bending the test sample (dimensions 38 x 76 mm) by 15 ° along longer 
side. The device measures paperboard resistance in the range of 20 to 10000 mN and in 
accordance with ISO 2493. The results are expressed as the mean values of twenty 
measurements for both fiber directions (CD and MD). 

Folding resistance 

The paperboard sample (dimensions 140 x 15 mm) is attached to the grips by passing through 
the vertical slit of a metal plate. Tiles move forward and back that leads to double fold of the 
sample which is stretched with a constant force of 9.81 N. The result is shown as the total 
number of double folds performed prior breaking of the test sample. The results are 
expressed as the mean values of twenty measurements for both fiber directions (CD and MD). 

Rubbing resistance 

Rubbing resistance of the print and coating was conducted on the Hanatek Rub and Abrasion 
Tester. A plane GD2 paperboard (110 mm diameter) was used as a referent rubbing surface. 
On the test head of the device, the sample size of the printed paperboard (50 mm diameter) 
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is set face down and the sampling procedure is activated. The test head was loaded with 
weights of that are equivalent to 3447.38 Pa, 6894.76 Pa and 13789.5 Pa of pressure and the 
rate of rotation was 60 rpm for 10 revolutions. The results are presented as a visual 
comparison of the reference substrate. After a visual examination, a grade from 0 to 5 was 
assigned based on the degree of ink transfer from the tested sample, where 0 is absent ink, 
and 5 are high degrees of ink transfer. The print and coating damage was also observed and 
presented. The metering method is in accordance with the BS 3110 standard. 

2.3.2. Optical properties 

Spectral values of the color chart was measured using i1Publish Pro spectrophotometer. The 
spectral measurement range was 380 - 730 nm (visible spectrum), resolution 10 nm, according 
to ISO 13655: 2009 standard, with M1 measurement conditions (D50 according to ISO 13655: 
2009). When scanning the sample, the measurement frequency was 200 measurements per 
second. Devices display the data as the amount of wavelength reflection converted to the CIE 
Lab colorimetric color system. The results were compared using the calculated color change 
values (ΔE). The description of ΔE values and the tolerances according to ISO 12647-2(2013) 
are presented it Tables 3.-5. 

 

Tab. 3: Description of the ΔE value 

ΔE value Meaning 

0 - 1 change invisible to the human eye 

1 - 2 very little deviation (visible to a trained observer) 

2 - 3.5 medium deviation visible to the average observer 

3.5 - 5 visible deviation 

5 < very visible deviation 

 

Tab. 4: Allowed tolerance for full (CMYK) tones acording to ISO 12647-2(2013) 

 C M Y K 

ISO 12647-2 deviation tolerance ΔE00 3,5 3,5 3,5 5 

ISO 12647-2 variation tolerance ΔE00 2,8 2,8 3,5 5 

 

Tab. 5: Allowed tolerance for rastertonal values (CMYK) tones acording to ISO 12647-

2(2013) 

Rastertonal values (%) 

deviation tolerance (ΔE00) variation tolerance (ΔE00) 

profile (proof) print 
OK 

print 
production print 

40 ili 50 3 4 4 

75 ili 80 2 3 3 

maximum deviation of RTV 4 5 5 
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3. RESULTS AND DISCUSSION 

3.1. Results and discussion for tensile strength and elongation 

Figure 1 shows the results of the tensile strength of coated and uncoated paperboard samples 
(S). Tests were performed on three grammages of paperboard (230 g/m2, 280 g/m2 and 350 
g/m2) with PCL coating modified using Al2O3, SiO2 and ZnO and nanoparticles, whereby the 
tensile strength was determined for both fiber direction (CD and MD). As expected, the 
strengths determined for the CD are considerably lower and range from 0.23 N/mm to 0.45 
N/mm for all paperboard weights and values for MD range from 0.75 N/mm to 1.08 N/mm. It 
may be noted that the tensile strength and MD and CD increases with the increase of 
paperboard weight. Further, the paperboards with PCL nanocomposite coating have slightly 
increased strenght when comparing with uncoated samples for the MD samples. Thus, the 
coatings did not impair the mechanical properties, on the contrary they slightly improved 
them. It was expected that the tensile strength would be moslty improved in CD, but the 
obtained results did not show this. 

 

 

Fig. 1: Tensile strenght of samples according to fiber direction and grammage 
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Tab. 6: Statistical values of tensile strenght test  

  CD MD 

 
Sample 

St 
dev 

F min 
(N) 

F max 
(N) 

CoV 
(%) 

St 
dev 

F min 
(N) 

F max 
(N) 

CoV 
(%) 

23
0

 g
/m

2  K/0 0,8 51,9 54,9 1,5 4,1 162,7 178,4 2,4 

K/P 1,5 51,0 56,9 2,7 4,2 167,7 182,4 2,4 

K/P/1Al 1,4 49,0 53,9 2,6 3,7 165,8 180,5 2,2 

K/P/2Si 0,8 53,0 54,9 1,6 3,2 165,7 176,5 1,9 

K/P/2Zn 0,7 53,0 54,9 1,2 3,4 168,7 179,5 1,9 

28
0

 g
/m

2  K/0 2,0 57,8 64,7 3,2 4,5 198,1 211,8 2,2 

K/P 0,9 61,6 66,6 1,3 3,8 201,0 213,8 1,8 

K/P/1Al 0,5 61,8 63,7 0,8 4,4 201,0 213,8 2,1 

K/P/2Si 3,0 58,8 66,7 4,8 3,6 208,9 219,7 1,7 

K/P/2Zn 1,5 66,7 70,6 2,1 3,6 200,1 211,8 1,8 

35
0

 g
/m

2  K/0 1,4 98,0 102,9 1,4 6,8 226,3 249,9 2,7 

K/P 0,7 100,0 102,0 0,7 4,8 233,2 249,4 2,0 

K/P/1Al 1,1 96,1 100,0 1,1 8,2 218,7 253,0 3,4 

K/P/2Si 1,5 98,1 103,0 1,5 6,7 227,5 257,9 2,7 

K/P/2Zn 1,0 97,1 100,0 1,0 4,4 237,3 251,1 1,8 

 

From the results it can be concluded that the coated samples tested do not have significant 
deviations compared to the results of uncoated. Table 6 shows the statistical values of the 
test results of the tensile strenght test of three different grammages of paperboards regard 
to the fiber direction and the investigated coatings. 

The tensile index represents the characterization of paperboard strenght, and is calculated 
from the ratio of the tensile strength and the grammage of the paperboard. The results of the 
tensile index for the tested samples are shown in Table 7. The CD results are in the range of 
14.7 N·g/m to 19.2 N·g/m and 45.3 N·g/m to 51.3 N·g/m for MD. 230 g/m2 i 280 g/m2 
paperboards show a significal lower values in the CD. At the same time, the tensile index 
values the 350 g/m2 samples for the MD are lower than those for the less grammage. From 
these results it can be presumed that the 350 g/m2 paperboards have a higher degree of 
fibrous interlocking in both directions, resulting in a greater number of fibers oriented 
transversely in the direction that should contain dominantly longitudinal fibers. 

 

Tab. 7: Tensile index of samples according to fiber direction and grammage  

  ICD (N·g/m) IMD (N·g/m) 

 sample 230 g/m2 280 g/m2 350 g/m2 230 g/m2 280 g/m2 350 g/m2 

K/0 15,2 14,7 19,0 49,1 48,7 45,5 

K/P 15,6 15,0 19,2 49,7 49,8 45,3 

K/P/1Al 15,1 14,9 18,8 49,2 49,6 45,5 

K/P/2Si 15,6 14,9 19,0 50,8 51,3 46,5 

K/P/2Zn 15,5 16,4 18,8 50,4 49,1 46,6 

 

When determining the tensile strength the material also deformes before breaking, 

consisting of elastic and plastic deformation (extension) of the material. The sum of the 
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elastic and plastic elongation at the point where the material breaks is called the tensile 

elongation (ε) shown in Figure 2. Paperboard samples with a PCL nanocomposite coating 

exhibit a significantly higher percentage of extension with respect to the CD, from 4.3% to 

5.8%, while the MD samples resulted in a much smaller elongation of 1.8% to 2.8%. 

  

 Fig. 2: Tensile elongation of samples according to fiber direction and grammage   

Tab. 8: Statistical values of tensile elongations 

  CD  MD 

 
sample 

St 
dev 

ε min 
(%) 

ε max 
(%) 

CoV 
(%) 

St 
dev 

ε min 
(%) 

ε max 
(%) 

CoV (%) 

23
0

 g
/m

2  K/0 0,8 4,2 5,8 8,8 0,4 1,7 2,5 9,0 

K/P 1,2 3,9 5,8 13,0 0,2 1,9 2,3 5,7 

K/P/1Al 0,9 4,2 5,6 9,9 0,3 1,7 2,2 8,4 

K/P/2Si 0,9 5,2 6,7 8,6 0,5 1,7 2,5 13,6 

K/P/2Zn 0,5 5,3 6,1 4,5 0,3 1,7 2,2 8,7 

28
0

 g
/m

2  K/0 0,6 3,9 4,9 7,5 0,2 2,5 2,8 3,9 

K/P 0,8 3,9 5,3 9,4 0,4 2,2 2,8 8,4 

K/P/1Al 0,8 4,1 5,3 8,9 0,3 2,1 2,5 6,7 

K/P/2Si 0,6 3,4 4,7 7,4 0,2 1,8 2,2 4,8 

K/P/2Zn 0,8 4,2 5,6 8,6 0,3 2,2 2,8 6,8 

35
0

 g
/m

2  K/0 0,7 3,9 5,6 9,1 0,2 2,2 2,7 5,5 

K/P 0,5 4,2 5,0 6,2 0,2 2,1 2,7 5,5 

K/P/1Al 0,5 3,9 5,0 6,2 0,5 1,7 2,5 14,9 

K/P/2Si 0,5 4,2 5,0 6,5 0,4 1,8 2,7 9,3 

K/P/2Zn 0,4 3,8 4,4 4,9 0,6 1,7 2,5 16,2 

 

Some small improvement of the elastic/plastic properties of the coated paperboards was 
observed CD, and decreased in MD samples. It is also apparent that the influence of the 
coating is uniform with the MD samples independent of gramature, as opposed to the CD. 
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Most noted increase of tensile elongation is observed in the paperboard sample coated with 
PCL-SiO2 coating. The increase of +1% apears in the lightest paperboard (230 g/m2) for CD 
samples. The percentage of elongation of CD is lesser when the grammage is higher. It can 
be observed that the addition of PCL-SiO2 and PCL-ZnO coatings to a lighter paperboard can 
positively influences the elongation of the material for forces in the CD and negatively in the 
MD. Table 7 shows the statistical values of the test results of the tensile elongation of three 
different grammages of paperboards regarding to the fiber direction. 

 

3.2. Results and discussion for burst strength 

Burst strenght was conducted with two directions of force acting on the samples. The burst 
strenght results from the side without coating (outward burst strenght) (Figure 3) show the 
effect of force on the back of the paperboard, opposite to the coated side. This simulates the 
cardboard resistance to the effect of the force that would cause the product on the inside of 
the packaging. Inward burst strenght simulates the reverse action force i.e. the resistance of 
the packaging on external forces. The results are presented in Figure 4. 

 

Fig. 3: Outward burst strenght of samples according to grammage 

From te inward and outward burst strenght results it can be observed that values 
proportionaly increase according to grammage. It is also important to note that the overall 
burst resistance is greater when the force direction  is oppostite to the position of print and 
coating. This fact points to the existence of greater strength of material on the printed side 
of the material. Most often the upper layers of paperboard contain new or recycled cellulosic 
fibers improving the optical and mechanical properties when compared to other layers [19]. 
This procedure provides a brighter finishing of the paperboard. The increase of bursting 
strenght is most visible in samples with PCL-SiO2 coatings. Unlike outward resistance, the 
results of inward resistance point to a uniform trend. Samples with PCL nanocomposte 
coating (K/P/1Al, K/P/2Si, K/P/2Zn) result in a higher inward burst strenght when compared 
with pure paperboard and pure PCL sample. Table 9 shows the statistical values of the test 
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results of the burst strenght of three different grammages of paperboards regarding the force 
direction. 

 

Fig. 4: Inward burst strenght of samples according to grammage 

Tab. 9: Statistical values of burst strenght test 

  Coating side Opposite coating side 

 
sample 

St 
dev 

max 
(kPa) 

min 
(kPa) 

CoV 
(%) 

St 
dev 

max 
(kPa) 

min 
(kPa) 

CoV 
(%) 

23
0

 g
/m

2  K/0 12,2 260 220 5,1 11,7 272 237 4,5 

K/P 8,8 255 229 3,6 8,7 275 240 3,3 

K/P/1Al 8,6 267 236 3,4 10,9 285 253 4,2 

K/P/2Si 17,1 252 205 6,8 13,4 373 332 5,0 

K/P/2Zn 11,0 268 229 4,4 14,9 288 239 5,8 

28
0

 g
/m

2  K/0 11,3 343 310 3,5 16,9 371 318 4,8 

K/P 13,7 351 302 4,2 13,5 366 321 3,9 

K/P/1Al 15,2 370 312 4,4 15,9 365 319 4,7 

K/P/2Si 15,7 390 328 4,4 15,9 390 328 4,5 

K/P/2Zn 14,3 359 319 4,2 12,4 367 333 3,5 

35
0

 g
/m

2  K/0 22,8 468 391 5,3 31,6 538 437 6,6 

K/P 19,1 460 403 4,4 24,1 516 431 5,1 

K/P/1Al 25,5 464 393 5,7 34,3 552 429 7,2 

K/P/2Si 23,2 478 403 5,3 33,5 534 431 6,8 

K/P/2Zn 17,4 462 395 4,2 25,0 509 436 5,4 

 

Bursting index also describes the strenght of a paperboard. It si calculated from the ration of 
burst strenght and grammage.  The results are shown in Table 10.  Unlike tensile index the 
burst index clearly shows that the resistance grows with the increase of grammage.  The PCL-
SiO2 sample showed the highest values for all three grammages and both directions of the 
applied force. The 280 g/m2 inward burst index is equal to the outward and is the highest value 
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when compared to the other samples. The values of the inward burst index are generally 
lower for all coating samples and grammages.  

 

Tab. 10: Burst index of samples according to force direction and grammage  

  
Inward Burst index  

xi(kPa⋅m2/g) 
Outward Burst index  

xu(kPa⋅m2/g) 

sample 230 g/m2 280 g/m2 350 g/m2 230 g/m2 280 g/m2 350 g/m2 

K/0 1,12 1,24 1,36 1,03 1,16 1,23 

K/P 1,14 1,24 1,34 1,05 1,17 1,24 

K/P/1Al 1,14 1,22 1,37 1,09 1,24 1,25 

K/P/2Si 1,15 1,27 1,41 1,09 1,27 1,27 

K/P/2Zn 1,11 1,26 1,36 1,09 1,22 1,23 

 

3.3. Results and discussion for bending resistance 

The bending resistance values of the tested samples are given in Figure 5 for CD and Figure 6 
with respect MD. As expected, fibers with CD have significantly lower bending resistance 
than MD. The values in bending resistance increase the larger the grammage which shows 
that stiffnes grows. The trend of growth seems exponetial. Thus, it can be seen that bending 
resistance values for the 230 g/m2 range from 30 to 40 N for 280 g/m2 of paperboard samples 
from 70 to 80 N and for 350 g/m2 of 175 to 190N. Furthermore, by comparing the results of all 
the samples, it can be noticed that the application of the coating on paperboard has no 
significant effect on the increase or decrease bending resistance. The only bigger change is 
visible in the PCL coated paperboard for MD where there is a decrease in stiffness. There is 
no clear explanation for this irregularity and it needs to be thoroughly explored. 

 

 

Fig. 5: Bending resistance of samples according to grammage (CD) 
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Fig. 6: Bending resistance of samples according to grammage (MD) 

 

Tab. 11: Statistical values of bending resistance test 

   CD MD 

 
sample 

st 
dev 

F max 
(mN) 

F min 
(mN) 

CoV 
(%) 

st 
dev 

F max 
(mN) 

F min 
(mN) 

CoV 
(%) 

23
0

 g
/m

2  K/0 1,7 37 31,8 4,8 3,3 107 97,3 3,2 

K/P 2,1 33,7 28,1 6,8 2,1 93,9 86,5 2,3 

K/P/1Al 1,3 43 38,2 3,2 3,2 110 99,1 3,0 

K/P/2Si 1,5 40,8 36,7 3,9 3,9 111 97,9 3,7 

K/P/2Zn 2,6 42,6 34,8 6,7 2,9 110 98,8 2,8 

28
0

 g
/m

2  K/0 3 81,7 69,8 3,9 6 208 191 3,0 

K/P 5 87,2 70,9 6,3 8 202 180 4,2 

K/P/1Al 6,8 83,5 65,3 9,2 9 213 180 4,6 

K/P/2Si 6,5 80,9 57,1 9,2 8 207 179 4,0 

K/P/2Zn 4,9 88,8 72 6,2 7 205 181 3,6 

35
0

 g
/m

2  K/0 5 200 184 2,6 14 464 423 3,2 

K/P 5 195 177 2,7 16 434 388 3,9 

K/P/1Al 8 213 189 4,5 15 467 419 3,4 

K/P/2Si 8 197 175 4,3 16 474 426 3,6 

K/P/2Zn 6 203 185 3,1 16 468 416 3,6 

 

 

The method of testing stiffness or bending strength determines the force required to bend 
the paperboard to the defined angle. Significant influence on the bending resistance has the 
length, flexibility and strength of the fibers in relation to the bond strength between the fibers 
[20]. This method gives an insight into the plastic deformation of the tested samples, or in 
other words, determining the stiffness of the paperboard with respect to the type of PCL 
nanocomposite coatings. The disadvantage of this kind of testing is that the results are 
significantly influenced by the asymmetric distribution of the tensile and pressure forces of 
the cardboard and the different properties of the web (dual sides). For this reason, the 
measurements were carried out with respect to both directions of the orientation of the 
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cellulose fibers and an equal number of measurements was used using force from the front 
and back of the cardboard. Table 11 shows the statistical values of the test results of the 
bending resistance of three different grammages of paperboards regarding to the fiber 
direction. 

 

3.4. Results and discussion for folding resistance 

Figure 7 shows the number of double folds needed to break the CD sample. The results 
present the three grammages and paperboards with different coating types. 

 

Fig. 7: Number of double folds according to grammage (CD) 

The results do not show any consistency in the number of folds, grammage or sample type. 
The gotten values cannot point to any conclusion because the low values and there was a 
large dispersion of the results. This is because the folding is paralel to the CD of the fibers, so 
this can result in a fast tear.  

Figure 8 presents the number of double folds for the MD of the samples. It can be observed 
that the number of double folds do not differ for the 280 g/m2 and 230 g/m2. It is assumed 
that in the case of a 280 g/m2 paperboard, the ratio of the forces inside (and between) the 
cellulose fibers and the thickness causes a reduced resistance to folding, leading to an earlier 
burst. The same property was not noticed with a grammage (350 g/m2). A significant increase 
in the number of double bending is visible on the 350 g/m2 samples. The largest deviation 
occurs in K/P and K/P/2Si samples, while the other results are similar to the reference value 
(K/0). A large impact on double folds has the fiber length and/or the ratio of recycled fibers in 
the paperboard, so it is expected to have a deviation between identical samples. The results 
of MD are more important because this simulates the opening fold of the packaging. Table 
12 shows the statistical values of the test results of the folding resistance of three different 
grammages of paperboards regarding to the fiber direction. 
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Fig. 8: Number of double folds according to grammage (MD fiber direction) 

Tab. 12: Statistical values of folding resistance test 

  CD fiber direction MD fiber direction 

 Sample St dev min max CoV (%) St dev min max CoV (%) 

23
0

 g
/m

2  K/0  10,6 22 57 344 56,9 217 395 567 

K/P 4,8 26 40 696 43,1 210 322 618 

K/P/1Al 5,8 22 39 516 59,2 191 362 488 

K/P/2Si 8,4 28 55 439 57,3 218 382 489 

K/P/2Zn 8,8 19 48 348 45,4 226 354 587 

28
0

 g
/m

2  K/0  9,5 12 39 272 85,7 200 451 347 

K/P 6,5 10 30 295 99,4 122 403 255 

K/P/1Al 8,7 9 36 252 154,9 78 570 151 

K/P/2Si 6,4 14 32 348 79,3 232 434 395 

K/P/2Zn 6,7 20 46 443 127 128 554 198 

35
0

 g
/m

2  K/0  16,3 9 64 212 138 1011 1445 850 

K/P 17,9 16 85 156 282,6 1110 1993 515 

K/P/1Al 21,4 25 92 254 264,5 770 1564 415 

K/P/2Si 20,3 15 83 185 163,8 1088 1491 811 

K/P/2Zn 24,3 33 102 268 286,7 807 1684 407 

 

According to the results of the mechanical properties if the tested samples the H1 hypothesis 
can be partally confirmed, because some properties have been slightly improved while others 
were kept unchanged.  

3.5. Results and discussion for rubbing resistance 

This test gave an insight into the changes of the print as a result of rubbing against other 
packaging that can ocure durring transport. Figure 9 shows the results of the visual evaluation 
of the rubbing transfer for the tested samples relative to the reference. Samples were tested 
under three different loads (a=3447,38 Pa, b=6894,76 Pa i c=13789,5 Pa) after 10 rotations. By 
increasing the load, an increase in the degree of ink transfer is apparent, but not as expected 
as the load has tripled. The non-coated sample had the expected highest degree of ink 
transfer. Samples with a coating have a much smaller degree of rubbing transfer  because the 
coating must firsty be mechanically descaled.  
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Fig. 9: Visual assesment of rubbing resistance test 

 

Samples with the PCL-SiO2 coating showed slightly worse results. Example of the rubbing 
test on a referent sample is visable in Figure 10. The visual assesment results confirms the H3 
hypothesis. 

 

a)  b)  

Fig. 10: Example of rubbing against referent sample; a) before rubbing b) after rubbing 

In this case, besides the substrate analysis, it was important to investigate the surface of the 
sample after testing to gain insight into the mechanical abrasion of the tested carton sample 
with the coating.  The non-coating paperboard is visually more acceptable with the 
appearance of damage only in the color fields, while the other samples have visible traces of 
locally removed coatings that are caused by mechanical forces.  

 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

5,0

a b c

K/0

K/P

K/P/1Al

K/P/2Si

K/P/2Zn

v
is

u
a

l 
a

s
s

e
s

m
e

n
t

a= 3447,38 Pa
b= 6894,76 Pa
c= 13789,5 Pa



 

20th International Conference on Materials 

 

 
 

87 

a)  b)  

Fig. 11: Example of rubbed sample; a) without coating b) with coating 

Figure 11 shows examples of damage to the print and coating surface due to mechanical 
abrasion. For non-coating samples, ink removal was observed, while coatings with the 
coating showed visible wear of the coating layer. 

The rubbing resistance test show mixed results. The ink transfer due to rubbing does not 
occur on the coated samples but descaling of the coating decreases the estetical properties 
of the sample. 
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3.6. Results and discussion for lightfastness 

The samples were exposed to accelerated ageing to observe the lightfastness of the print 
after coating. The ageing of the referent sample (without coating) is presented in Figure 12.  

 

 

 

Fig. 12: Color deviation of RTV values during accelerate ageing of pure paperboard; a) 
Cyan, b) Magenta, c) Black, d) Yellow 

Minimum deviations were observed in the black RTV values (Figure 12 c). Approximately 85% 
of all black colorants have charcoal as the primary pigment consisting of hydrocarbon 
particles of 100 to 200 nm that are very stable to light effect [21,22]. From the results it can 
also be seen that the yellow (Figure 12d) RTV have the greatest color deviation, then magenta 
(Figure 12b) and cyan (Figure 12a). 

It is known that most color pigments (which are not black or white) contain chromophores 
which, when cumulative exposed to sunlight, can be damaged and lose their propeties [23]. 
The obtained results of the examined samples confirm the current research of lightfastness 
of offset print [23–25]. These studies has proven that colors fade with time in a way that their 
CIE L values incerase (become lighter), and CIE a i b values move towards zero (lose their 
saturation). From the results it is also apparent that smaller RTV of cyan, magenta and black 

a) 

b) 

c) d) 
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have a larger color change than full tones. It is known from the literature that pigments 
degrade less when they have greater optical density relative to low optical density, meaning 
that a lower percentage of RTV will result in a greater degree of color loss. This fact suggests 
that light energy can simultaneously affect only a small part of the chromophore at the same 
time and that the chromophores in a certain way prevent the penetration of light [23]. The 
opposite phenomenon can be observed in yellow color results; decreasing the optical density 
(RTV) of the print reduces color decay due. This can be explained by the fact that yellow as 
the brightest of the four process colors of the printing press is also the closest to the color of 
paperboard. Low percentages of RTV of brighter colors, such as yellow, result in a smaller 
color deviation compared with darker colors. Also, the fact that paper due to degradation 
changes the tone from white neutral to yellow contributes to this case [19,26]. 

Figure 13 shows the results of offset color change of different RTV after accelerated 
degradation for samples of with pure PCL coatings. There are visible differences compared 
to the reference sample. In all cyan RTV (Figure 13a) there are slightly lower ΔE deviations in 
all exposure times. The difference is approximately equal in all RTV to the reference values. 
The difference of magenta (Figure 13b) in the range of 60% to 100% RTV are consistent with 
the results of the non-coated carton, but better results are visible at the last measurement 
(after 120 hours). The 40% and 50% RTV improvement occurs after 96 hours, and in the range 
of 10% to 30% RTV a slight difference is visible after 24 hours. The yellow tones (Figure 13d) 
after total exposure to the irradiation in the chamber show an increased deviation compared 
to the reference. Slight improvement was observed in the range of 70% to 100% after 48 
hours and in the 90% and 100% RTV area after 72 hours of exposure. 
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Fig. 13: Color deviation of RTV values during accelerate ageing of paperboard with pure 
PCL coating; a) Cyan, b) Magenta, c) Black, d) Yellow 

 

The results of samples coated PCL-Al2O3 are shown in Figure 14. After the complete exposure 
of the sample to accelerated degradation cyan tones (Figure 14a) result in greater color 
difference (from 0.4 for full tones to 2.8 for lighter tones) than the reference sample 
(uncoated sample). Slight improvement is only visible in the range of 10% to 60% of RTV 
within the first 48 hours. Magenta tones (Figure 14b) have the same trend in the range of 10% 
to 60% RTV as well as cyan colors, while a more significant improvement is visible in the range 
of 90% to 100% of RTV after five days of irradiation. Black tones (Figure 14c) show no 
improvement in deviations except in the range of 10% to 50% of RTV within the first 96 hours 
and within the last 24 hours of exposure, these tones suddenly result in increased levels of 
fading. Yellow tones (Figure 14d) have less color deviation in the range of 70% to 100% RTV, 
while lighter tones generally have similar results as the reference sample. Most pigments 
(non-black or white) contain chromophores that are known to be more or less damaged when 
cumulative exposure to sunlight [23]. In the PCL-Al2O3 sample it has been observed that the 
lighter tones of cyan, magenta and black have more color change. The obtained results are 

a) 

b) 
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in contrast to the theoretical assumptions [23–25] so it is assumed that Al2O3 nanoparticles 
in the PCL nanocomposite coating partly inteact with UV radiation. In this sample, it has been 
observed that in lighter tones of cyan, magenta and black there is a greater difference in 
color. A possible explanation is that the nanocomposite coating acts as a catalyst. 

 

 

 

Fig. 14: Color deviation of RTV values during accelerate ageing of paperboard with PCL-
Al2O3 nanocomposite coating; a) Cyan, b) Magenta, c) Black, d) Yellow 

 

Color difference for the PCL-SiO2 nanocomposite sample is shown in Figure 15. The results of 
cyan (Figure 15a) and black tones (Figure 15c) for the whole radiation period show lower 
values, from 0.1 for full tones to 1.3 for lighter tones compared to the reference sample. 
Magenta tones (Figure 15b) show a total improvement in color change generally found in the 
60% to 100% RTV range, and it is visible after five days of exposure, while in the range of 10% 
to 20% RTV color changes after the first 24 hours. The results of the yellow tones show a 
greater color difference of 0.9 to 2.4 compared to the reference sample. Lower values of 
yellow color changes can only be observed after the first 48 hours in the range of 70% to 100% 
RTV. 

a) 

b) 

c) d) 
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Fig. 15: Color deviation of RTV values during accelerate ageing of paperboard with PCL-
SiO2 nanocomposite coating; a) Cyan, b) Magenta, c) Black, d) Yellow 

 

Samples with PCL-ZnO (Figure 15) show significantly less color change for all RTV of cyan, 
magenta, and black tones. Largest deviation from the reference sample is in the area of 
lighter tones. These results confirm significant UV absorption in the range of 280 to 375 nm 
resulting in less color fading [27]. Comparing the results of the yellow tones (Figure 15d) with 
the reference sample, a decrease in color difference is visible in the 70% to 100% RTV range 
after 120h of irradiation. After 96 hours of radiation, the improvement is visible in the range 
of 50% to 70% RTV, while the remaining yellow tones throughout the exposure time are 
mostly consistent with the reference values. 

a) 

b) 

c) d) 
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Fig. 16: Color deviation of RTV values during accelerate ageing of paperboard with PCL-
ZnO nanocomposite coating; a) Cyan, b) Magenta, c) Black, d) Yellow 

 

The results indicate that the ZnO nanoparticle percentage was not large enough to reduce 
the cyan, magenta and black color fading, but large enough to reduce the effect of 
degradation in yellow tones. Other studies have shown that a higher ZnO nanoparticle 
content in the coating causes a higher degree of absorption of UV light and thus reduces 
degradation and fading of color [28]. The same conclusion can be drawn from UV-Vis results 
that indicate that a smaller portion of ZnO nanoparticle in PCL coating results in less 
absorption of UV irradiation. For UV absorption most commonly used are zink oxide, titanium 
oxide or cerium oxide (with an energy consumption greater than 3 eV), but photocatalytic 
activity predominantly depends on the nature of the polymer-filler-air behavior [29]. 
Therefore, modification of the nanoparticles ZnO and Al2O3 potentially enables the reduction 
of photocatalytic action on the color and improves their lightfastness. The results confim 
hypothesis H2 that PCL coating modified with nanoparticles that absorb the UV part of the 
spectrum will slow down the process of print degradation 

Unfortunately, the whole mechanism of the color degradation is not yet fully clarified. As 
pigments make up inks, their lightfastness plays an important role in the degradation 

a) 

b) 

c) d) 
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mechanism. In inks, the pigments are dispersed within the emulsion composed of fillers and 
solvents, and they are 5-25% of the color composition. It is also assumed that the fillers and 
additives can contrubute degredation effect [23]. So each research in the field of color 
degradation contributes understanding and overall picture. 

 

 

4. CONCLUSION 

Research results presented in this paper can conclude that: 
- mechanical properties of PCL and PCL nanocomposite coatings did not decrease the 

mechanical properties of GD2 paperboard. 
- because of the large coating-to-material thickness ratio no major improvement was 

achieved but there was a slight increase in mechanical properties of PCL-SiO2 samples 
in tensile strength (CD direction) and inward bursting strength. 

- the coated samples improved the rubbing resistance, and preserved the print (the 
downside is that the damaged coating can also negatively influence on the esthetical 
perception of the packaging) 

- all nanocomposite coatings improved the lightfastness of the print. The least amount 
of color change was observed in the PCL-ZnO coating because of its absorption 
properties of UV radiation. 

The obtained results can serve as an objective feature of assessing visual durability due to 
color degradation of the investigated coatings. Further research should investigate other 
biopolymers and nanocomposites in order to achieve the best results for durability, 
improvement of mechanical and optical properties as well as sustainability.   
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