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Dear readers,
new knowledge in the application of these
technologies.
The research in the field of life cycle of graphic
arts packaging and the possibility of using
recycling processes is an up to date topic.
Thermal treatment influence on the printed
textile quality evaluation is the topic of the
fourth research paper. The quality includes
macro non uniformity measurement and
line quality assessment. With the increase in
digitally printed textile market share these
results are valuable for all.

In front of You is the seventh issue of
the Journal of Graphic Engineering and
Design - JGED. When the quality of the
journal is recognized across the planet
and on other continents, the team which
prepares the journal feels very satisfied.
That exactly happened with this issue.
The themes and research topics which
we are presenting are attracting a wider
and broader research community. We
have also broadened our visibility through
referencing in additional journal databases.
The papers presented in this number are
characterized by a variety of research topics.
The comparative analysis of narrow UV flexo
printing with offset printing technology is an
interesting challenge for researchers. The
study of thermal degradation of pigmented UV
inks on special plastic packaging is presenting

To all contributing authors, reviewers and all
who contributed to this issue I sincerely thank.
I am inviting all researchers to contribute
their research results to our next issue.
Prof. PhD Dragoljub Novaković
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Definition of Quality Criteria of
the Technological Process of
Narrow Web UV-Printing
ABSTRACT
The application of Narrow Web UV-flexographic printing has several advantages compared with offset printing. In particular, they are the lack of
the operation of water-ink balance setting in the technological process, the
ability to print on a wide range of materials and so on. Though the imprint
quality is clearly based on standards in offset printing, there are no clearly indicated requirements for Narrow Web UV flexographic printing. The absence
of such requirements on quality parameters of the technological process of
Narrow Web UV-Printing predetermined conducting its analysis with the help
of expert surveys.
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Natalia Gurgal,
Vyacheslav Repeta,
Vsevolod Senkivsky,
Volodymyr Shybanov
Ukrainian Academy of Printing,
Faculty of Publishing, Printing and
Information Technologies,
Lviv, Ukraine
Corresponding author:
Natalia Gurgal
e-mail: uad-pmc@yandex.ru

First recieved: 26.6.2013.
Accepted: 15.8.2013.

Introduction
Over the last decade there has been a transition
tendency of label products manufacturers from offset
printing to Narrow Web flexographic printing. This is due
to new possibilities of imprints design “in line”, the manufactures’ desire to reduce production costs, to respond
effectively to market demands and to provide small
circulation, to reduce capital and maintenance costs for
printing presses (Dorofeev, 1998; Katz, 2009; Parrish,
2010). The technological process of printing can be seen
as a set of elements that are in certain relationships and
connections with each other, they interact with each
other and form certain integrity – the system. To get
qualitative imprints it is necessary to achieve consistency
between its elements, their interaction ensures the
proper technological process of printing. The products

quality of offset, gravure, screen, and flexographic
printing is based on ISO 2846 (chapter 1-7). Unfortunately, the standard has no requirements for flexographic
printing on a wide range of materials using UV-inks.
We have carried out this work to understand the
influence importance of the technological system
elements on the quality of UV-flexographic printing
of labels on Narrow Web flexographic presses.

Methodology and results
To investigate the operations and technological processes the Analytic Hierarchy Process of T. Saaty is
widely used (Saaty, 1980; Saaty, 1991), which solves
the problem of multi-choice alternatives and the
method based on fuzzy set theory (Baranov and
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Ptuškin, 2004; Zaičenko, 2006). Such element of
analysis, as the expert survey in a particular direction
by using the developed questionnaire is widely used.

On the basis of the given graph we design the
binary reachability matrix, the construction of
which is to fill in the table in which the elements
of the binary system are defined as follows:

The survey was carried out in two stages. In the first
stage, the experts were asked to specify the criteria
which influence the quality of label UV-flexo printing on
Narrow Web flexographic presses. Twenty-eight researchers in the field, technologists and operators of different
UV-flexo printing companies were assesed as experts.

(1)

In the first stage, the experts proposed the criteria, often mentioned criteria we have selected:
k1 - the complexity of the label plot (SE);
k2 – the type of the printing material (PM);
k3 – the type and parameters of the anilox roller (AN)
k4 – the optimum viscosity of UV-inks (VI);
k5 – the printing speed (SP);
k6 – the nature of ink transfer (IT);
k7 – the type and parameters of the printing plate (PP);
k8 – the acclimatization of the printing material (AM);
k9 – the deformation of the printing elements (dot gain)
(PED);
k10 – the surface treatment (corona discharge) (CT).
In the second stage, the experts were proposed a
questionnaire for assessing the importance of each
criterion. The set of such criteria can form a set K
= {k1, k2, ..., kn}, from which ten key criteria were
selected. The subset of the selected criteria K1 and
the possible interconnections between them will be
shown in the form of a directed graph (Figure 1).
We will place the elements of the subsets K1 in the vertices of the graph, and the arcs will connect the adjacent
vertices (ki, kj) for which we specified the connection
that points to the dependence of the criterion ki from
the criterion kj. For example, selection of the anilox
roller depends on the complexity of the plot of the
printing products and the lineature of the printing plate.

The vertex kj is reached from the vertex ki if the directed
graph (Figure 1) has a path that leads from the vertex
kj to the vertex ki (in this case, the vertex is reached).
We assume that the subset of such vertices is S (ki),
and the vertex kj is the predecessor of the vertex ki,
when reaching ki from the vertex kj. The subset of
the predecessors’ vertices is denoted as P (ki).
The intersection of the subsets of the reached vertices and the predecessors’ vertices is denoted as
S(ki)∩Р(ki)= R(ki)

(2)

it defines a hierarchical level of the criteria priority that
corresponds to these vertices. This additional condition must be taken into consideration: P (ki) = R (ki).
When the above mentioned actions are fulfilled we
get the first level of the criteria hierarchy. We build
Table 1 to find out its definition. Table 1 shows that
the subset S (ki) is the numbers of individual elements
of corresponding matrix lines, the subset P (ki) is the
numbers of individual elements of the matrix column,
and the subset of S (ki) ∩ P (ki) is the logical intersection of the elements of the subsets of S ( ki) and P (ki).
The equality P (ki) = R (ki), i.e. the coincidence of the
numbers of the criteria in the third and fourth columns is
performed for the criteria k1 (the complexity of the labels
plot), k4 (the ink viscosity), k5 (the printing speed), which
are the criteria of the first level of the hierarchy - the level
of the biggest priority influence on Narrow-Web printing.
According to the structure method [4, 5] we
delete the lines 1, 4, 5 (criteria k1, k4 and k5) from
Table 1, we cross out numbers 1, 4, 5 from the
other lines and we obtain Table 2, which we use
to determine the second level of the hierarchy.

»»Figure 1: The graph of connections between
the criteria of Narrow Web UV-Printing
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In Table 2 the equality P (ki) = R (ki) is performed
for the criterion k2 (the type of printing material)
– the second level of hierarchy. Following the previous algorithm of actions we obtain the criteria k8,

k10, k7 for the third level 3, the criteria k3, k9 for the
fourth level, the criterion k6 for the fifth level.
Table 1
Iterative analysis of the reachability matrix
i

S(ki)

Р(ki)

S(ki)∩Р(ki)

1
2
3
4
5
6
7
8
9
10

1,2,3,6,7,8,9,10
2,6,7,8,9,10
3,6
4,6
5,6,10
6
3,6,7,9
6,8
9
6,10

1.08
1.21
1.08
0.95
1.08
1.29
1.08
1,2,5,8
1,2,7,9
1,2,5,10

1
2
3
4
5
6
7
8
9
10

6. What impact will the optimization of UV-inks
transfer have on the labels quality?
7. What impact will the increase of flexographic
plate resolution have on the labels quality?
8. What impact will the deformation of printing
elements have on the labels quality?
9. What impact will the corona treatment
have on the labels quality?
10. What impact will the acclimatization of the
printed material have on the labels quality?

Table 2
The second iterative analysis of binary reachability matrix
i

S(ki)

Р(ki)

S(ki)∩Р(ki)

1
2
3
4
5
6
7
8
9
10

1,2,3,6,7,8,9,10
2,6,7,8,9,10
3,6
4,6
5,6,10
6
3,6,7,9
6,8
9
6,10

1.08
1.21
1.08
0.95
1.08
1.29
1.08
1,2,5,8
1,2,7,9
1,2,5,10

1
2
3
4
5
6
7
8
9
10

»»Figure 2: The hierarchy criteria model of the
influence on Narrow Web UV-Printing

According to the results of the analysis we have
built the hierarchy criteria model of the influence on
Narrow-Web flexographic UV printing (Figure 2).

As the expert survey data in evaluating quality criteria are
based primarily on fuzzy interpretation we considered it
appropriate to apply the analysis algorithm of questionnaire results, which is based on the theory of fuzzy sets.

As a result of the research we have carried out the
simulation (we have obtained the directed graph)
and we have sorted out the criteria by priority of
labels quality of Narrow-Web flexographic printing using modern methods of system analysis, the
system of graph theory and matrix analysis.

The ten experts is proposed to give each such assessment a confidence level that the selected quantitative
assessment is correct. The confidence level can be
quantitatively characterized by the verbal-numerical
scale of Harrington which is shown below (Table 3).

In the second stage of the survey the expert is
proposed to answer the following questions:

Table 3
The scale of Harrington [5]

1. What impact will the complexity of the
printed label have on the product quality?
2. What impact will the transition from coated paper
to polymer materials have on the labels quality?
3. What impact will the increase of anilox
resolution have on the labels quality?
4. What impact will the optimization of UV-inks
viscosity have on the labels quality?
5. What impact will the optimization of printing
speed have on the labels quality?

Confidence level
very high
high
average
low
very low

Value
0.8 – 1,0
0,64 – 0,8
0,37 – 0,64
0,20 – 0,37
0,0 – 0,20
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One of the possible answers to the question:
“What impact will the corona treatment have
on the labels quality?” is shown in Table 4.
Table 4
The answer to the given question
Options

Possible values, %
0

It will not have any influence
It will be slightly improved
It will be improved
It will be considerably improved 0
It will be greatly improved

25

50

75

100

0,3 0,6 0,8 1,0

(3)

μ(u) = [0; 0,3; 0,6; 0,8; 1]
The given example in the table indicates the following:
The expert chose the answer “It will
be considerably improved”
• It is likely to improve the quality by
100% (confidence level 1,0)
• There is slightly less confidence (0,8)
that the quality will improve by 75%.

μ3(u) = [0; 0,8; 1; 0,8; 0,7];

L4 = 0/0+0,6/25+0,8/50+1/75+0,8/100,

μ4(u) = [0; 0,6; 0,8; 1; 0,8];

L5 = 0/0+0/25+1/50+0,6/75+0,3/100,

μ5(u) = [0; 0; 1; 0,6; 0,3];

L6 = 0/0+0/25+0/50+0,8/75+1/100,

μ6(u) = [0; 0; 0; 0,8; 1];

L7 = 0/0+0,2/25+0,6/50+0,8/75+1/100,

μ7(u) = [0; 0,2; 0,6; 0,8; 1];

L8 = 0/0+0,8/25+1/50+1/75+0,8/100,

μ8(u) = [0; 0,8; 1; 1; 0,8];

L9 = 0/0+0,6/25+0,7/50+1/75+0,8/100,

μ9(u) = [0; 0,6; 0,7; 1; 0,8];

L10 = 0/0+0,4/25+0,7/50+0,8/75+1/100,

μ10(u) = [0; 0,4; 0,7; 0,8; 1].

M(Ui) = min [(μ1(ui), (μ2(ui),…, (μn(ui) ]					

(4)

Accordingly, as the result, on the issue of the effect of
film surface treatment by corona discharge, we obtain:
[0; 0; 0; 0,6; 0,3]. The result of the expert survey is the
maximum value of the function:
u*i = arg max μi(ui)										

(5)

Table 6
The results of the survey

The answers to the i-th question are put in the general Table 5. If the level of the experts competence
is the same, the overall fuzzy assessment will be
received at the intersection of fuzzy sets that are
the answers of the respondents. The function quantifies this assessment in accordance with the rule
of intersection of fuzzy sets (Zaičenko, 2006).
Table 5
The experts answer to the given question
Possible values, %
0

25

50

75

100

0
0
0
0
0
0
0
0
0
0

0,3
0
0,8
0,6
0,5
0
0,2
0,8
0,6
0,4

0,6
1,0
1,0
0,8
1,0
0
0,6
1,0
0,7
0,7

0,8
0,8
0,8
1,0
0,6
0,8
0,8
1,0
1,0
0,8

1,0
0,6
0,7
0,8
0,3
1,0
1,0
0,8
0,8
1,0

For example, the members of the expert group of 10
people responded to the above-mentioned question
in a fuzzy set L with the membership function μ:

10

μ2(u) = [0; 0; 1; 0,8; 0,6];

L3 = 0/0+0,8/25+1/50+0,8/75+0,7/100,

Accordingly, u* = 0,6, corresponding to a 75% improvement of the labels quality when processing the polymer films by corona treatment. We have analyzed
the answers to other questions similarly (Table 6).

•

1
2
3
4
5
6
7
8
9
10

μ1(u) = [0; 0,3; 0,6; 0,8; 1];

The functions of the generalized opinion are calculated
by the formula:

According to Table 4 membership function is:

Experts

L1 = 0/0+0,3/25+0,6/50+0,8/75+1/100,
L2 = 0/0+0/25+1/50+0,8/75+0,6/100,

Question
1
2
3
4
5
6
7
8
9
10

The maximum value of the function ,u*
0

25

50

75

100

0
0
0
0
0
0
0
0
0
0

0
0,2
0
0
0
0
0
0
0
1,0

0,3
0,5
0,5
0
0,7
0,5
0
0,8
0
0,2

0,5
0,8
0,8
0,2
0,2
0
0,6
1,0
0,6
0

1,0
0,2
1,0
0,5
0
0
0,8
0
0,3
0

When conducting this survey we have found that the
complexity of the printed products and the anilox
resolution have the greatest importance among
the criteria. Experts with confidently u* = 1 showed
that these criteria improve the quality to 100%.

Conclusion
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ABSTRACT
Packaging industry’s raw material producers face continuous challenges of
sustainable development. Besides raw material and energy consumption
mitigation, essential functions of product protection must be maintained.
Re-use and recycling of waste materials must be provided, which is required
by the European Union directives as well. Multi-beverage carton recycling is
even more difficult due to the use of various materials, due to their diverse
properties and qualities. The introduced paper is part of a complex study,
which aims to prove that utilizing dry-grinding technology and no additives,
semi-finished products can be produced for the packaging industry.
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Introduction

Different layers have different functions. Polyethylene
(PE) separates food from the other layers, and protects
paper layers from moisture, keeping its strength. The
cardboard also protects the product from sunlight and
aluminum (Al) creates an oxygen barrier (Baka, 2013).
This multi-layer laminated packaging material is produced by lamination and coating processes. During lamination a thin layer of glue is used to combine the layers,
while during coating, a liquid phase solvent or solventfree coating is applied onto the matrix that forms a thin
film surface on the surface after drying (Simon, 2012).

The first carton beverage packaging was patented
in 1944 by Ruben Rausing, founder of Swedish company Tetra Pak. This tetrahedron-shaped, plasticcovered packaging from the 1950 was used for dairy
products. Aluminized aseptic packaging in the mid
‘60s allowed longer shelf life (Leander, 1996; Sedig,
2002; Crattenand, 2011). Today, in addition to the
storage of dairy products, other liquid food types
are packaged into similar, multi-layered cartons.
According to the literature, composition of 1 liter beverage cartons, aseptic boxes containing aluminum: box
weight is 28 g (75% paper, 20% PE, 5% Al). In case of
aluminum-free boxes: box weight is 29 g (91% paper, 9%
PE) (European parliament and council directive, 1994).

In the European Union approximately 100 million liter
liquid or semi-liquid foods and beverages are packaged
in beverage cartons. This sums up as 977.000 tons of
combined packaging and recycling. This, beyond developments, gives constant challenge for manufacturers.
In the European Union the rate of recovery in beverage
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carton recycling has doubled in the last ten years. Return
rates in Hungary, 19% as of now, are improving. Still
they are below the European average of 39%. Recycling
rate is greater than the average in Germany (65%),
Belgium (62%) and Austria (42%) (Ace, 2011a; 2011b).
Basic separation demands high energy and technology
background, so in many cases high costs are involved.
There are two ways for industrial processing of the
selectively collected boxes. The most widespread
method is the separation of components (Figure 1),
the other, rarely used method is the grinding method
without separation (Figure 2) (Italos Karton Környezetvédelmi Egyesülés, 2010; Tetrapak, 2013a).
Board-products of the dry grinding technology are
utilized by the construction and furniture industries.
These products are sold in many countries around the
world under various brand names Tetrapak (2013b).
For example, in Slovakia Tetra K1, K2, K3, in Germany
Tectan (EVD, 2010), in Argentina T-Plak (Compostar,
2013; TPlack, na), in Brazil Reciplak (Recipak, na;
Ecopack, 2012), in China Chiptec, in Kenya Lamiboard,
in Pakistan Greenboard and in Turkey Yekpan.
Today, ensuring sustainable development is a fundamental requirement for European packaging industry.
The 94/62/EC - No. 1994 of December 20, 2005/20/EC
(9th March 2005) amended EU directive to packaging
manufacturers is committed to the highest possible level
of recycling of packaging waste generated (Ace, 2013b).
Aims of the research to prove that utilizing dry-grinding technology and without additives semi-finished
products for the packaging industry can be produced in the multilayer beverage carton recycling.

Preparation for laboratory testing
Initially, 1L filling volume Tetra Pak of (aseptic) packaging
material containing aluminum or non-aluminum was
studied. Investigated samples were obtained commercially. After the product was removed and the package
was cut up, surfactant and water-surface cleaning
was applied. Before the measurement, samples were
air conditioned for 36 hours in the laboratory, under
conditions of 50 ± 2% relative humidity and 23 ± 1°C
temperature. The equilibrium moisture content of
the samples was at an average of 2.3%. The results of
the laboratory tests we describe in the section 5.

Component determination
Tetra Pak boxes feedstock composition determination
of a newly developed method was applied to determine
the components of Tetra Pak boxes (Simon, 2012). The
accuracy of the method corresponds to our research
purposes, although a very small amount of PE can be
recognized besides the separated cellulose (Figure 3).
Polyethylene (PE) is affecting our experiments, determining its amount by 99.55 v/v% toluene boiling with
subsequent 50 v/v% ethanol and hot water wash.

Grammage determination
Average grammage of the packaging material was
examined according to the ISO 536:2012 standard (1) before further investigations. There were
five parallel measurements of 100x100 mm surface test specimens, with analytical precision.

(1)

»»Figure 1: Recycling with separation of components

»»Figure 2: Recycling without separation
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Where mA - Grammage [g/m2], m - mass of the specimen [g], A - surface area of the test specimen [m2].

Test specimen manufacturing

Thickness determination
Subsequently, test specimen thickness was determined
using semi-automatic Lorentzen-Wettre type thickness
measuring device, with an average of 10 measurements
for each sample, according to the ISO 534:2011.

Apparent Sheet Density determination
The apparent sheet density of packaging value
was determined by calculation (2) these indicates compactness of the structure.

After fractioning, test specimens were produced from
the grinded materials for further analysis. The 1.5 mm
thick test specimen was prepared using COLLIN P 200
E-type heat press. According to the literature upper
and lower face of the press was adjusted to T = 180°C
temperature. 120 mm x 120 mm x 1.5 mm test specimen
plates were prepared. The 1.5 mm metal frame was filled
up by the pulp and placed in the heated press. After
closing of the press, and setting the temperature reheat
to T0 = 180°C, pressure was increased from p0 = 0bar to
p1 = 100 bar, for 5 minutes (t = 300 s). Then cooling the
press heads down to T1 = 40°C, and lowering pressure
to p2 = 0 bar, prepared specimen were removed.

(2)

Where T - Apparent Sheet Density [g/cm3] mA - Grammage [g/m2], s – thickness of the specimen[mm]

Grinding
Preparation for grinding, as described in “Preparation
for laboratory testing“ section, was that prepared
cartons were cut into 20 mm wide stripes, then were
cut up and grinded by a 4 knife FRITSCH Cutting Mill.
The process is shown in Figure 3. Then resulting
powder particle size distribution was examined.

»»Figure 4: P200 COLLIN this heat press

Test specimen
At the preparatory stages of basic and mechanical tests,
specimens were kept at 50±2% relative humidity on T =
23°C±1 temperature. After this experiments took place.

Optical structure experiments
Specimens were examined by Tuxen type BCT-type
stereo microscope with video camera and external light.
TS View was the image processing software used.

»»Figure 3: FRITSCH Cutting Mills

Fractioning
The laboratory fractionation shaker used for fractioning has defined hole size sieve series between Ø3.15
mm and Ø0.063 mm, with an eccentric drive and a
timer. Each sieve has the remaining chips that can be
read by 0.01 g accuracy. In five simultaneous measurements, a 60 seconds shaking timer, 100 g – 100
g samples per raw material were fractionated.
The structure of the grinding was examined
(Figure 7) by Tuxen type BCT-type stereo microscope with video camera and external light. TS
View was the image processing software used.

Grammage determination
The grammage value determined by calculation of
the specimen as described in previous section.

Thickness measurement
Thickness of the test specimen was measured
by Lorentzen Wettre digital thickness gauge
at ten points according to ISO 534:2011.

Mechanical tests
Specimens were measured against resistance by mechanical stress experiments. Aluminum-free, and aluminium
constituent beverage carton specimens, their material
composition, the irregular distribution of their com-
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ponents and on the basis of thickness deviation it was
assumed that during further investigations against the
individual test points, specimens will behave differently
in response to the given mechanical load. We assumed
that the measured data will provide comparable values.
The tensile strength, elongation, flexural rigidity
and tear strength of specimens were determined
during mechanical testing. Assuming that tensile
strength of the aluminum-free specimen is going to
be lower than the aluminum constituent ones.

on the ten test specimens. Before starting the test,
the sector-shaped pendulum is secured in a suitable
position for capturing the specimen, than 63x100 mm
specimens were camped by the clamping jaws and the
affixed knife cut 20 mm into the specimen. To be able
to continue the further tearing process, pendulum
anchorage was released and allowed to swing. Tear
strength was readable on the scale of the device, thus
tear resistance was determined by calculation (6).

(6)

Tensile test
Tensile test was carried out according to ISO 1924-1:0992
in the Frank-type pendulum system Schopper tensile
machine, 50 mm clamping length. Test specimen size
was 15 mm x 70 mm. Tensile strength of specimens
was tested with ten-ten parallel measurements. Using
the readings, tensile strength values determined by
calculation of the specimens tensile strength, which
is 1m wide sample relative tensile strength (3).

Where: STear = Tearing force (mN), FTear = is read from the
scale value (p), n = Number of test specimens examined.
In the formula, the 9.81 multiplier is needed
from read tear force to mN conversion. The tear
strength depends on the grammage of the paper,
so the tear strength of the different papers used
for the comparison is known as tear index (7).

(7)
(3)
Where ST - Tensile Strength (N/m), b - Clamping Length (m)
From the absolute elongated values, read from the
device, knowing the clamping length average linear
strains of the specimens were calculated (4).

(4)
Where ΔL - the Difference Between the Original Length
(L0) and the Elongated Length (L1), L0- Initial Length
(mm).
Specimens with various material composition of are
comparable, due to the Tensile index values. This is
nothing more than tensile strength weighed by grammage. However, this requires the grammage values:
mass of the heat-pressed specimen expressed in grams
per square meter, defined in section “Mechanical tests”
section. As a result tensile index was determined (5).

(5)
Where IT - Tensile index (Nm/g) ST - Tensile
strength (N/m), mA – Grammage (g/m2)

Tearing strength test
Tearing strength of the specimens is used to determine
the Elmendorf machine according to ISO 1974:2012.
Tear resistance, the mean force required to continue
the tearing of an initial cut, was parallel measured
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Where ITear = Tear index (mNm2/g), as a base for STear
= Tear strength (Nm) mA = Grammage (g/m2).

Bending stiffness test
The specimen stiffness was measured with the Lorentzen type of instrument according to ISO 5628:2012.
The device measures the force required for the 15
degree bending of the specimen, in case of a 25 mm
lever arm. The received data is in pond units that
needed conversion and summary to mN. During the
experiments, 38 x 70 mm sized specimens were used.
The two kind of specimens was tested with tenten parallel measurements. Using the readings,
bending force values were determined by calculation of the bending stiffness (Koltai, 2013).

Results
Results of component determination
Applied to the component determination process
described in “Component determination“ section, the results are presented in bone dry test
sample. As results concluded, the PE content of
the 1-liter aluminum-free Tetra Pak carton is at an
average of 11.43%, while carton with aluminum
is at 16.61%, with 5.61% aluminum content.

The polietilene was detectabled with Fourier transform
infrared spectroscopy (FTIR). The result shows a Figure 5.

mm and 1.6 mm sieve diameter. The Ø1.6 mm sieve for
aluminum-free particles had 36.1%, while aluminium
constituent had 46.1% of the particles remained. In the
Ø1.0 mm sieve, there were approximately the same
amount, aluminum-free 26.7% and aluminum constituent 25.5%. The Ø0.63 mm sieve had aluminum-free
22.8%, and 19.4% of the aluminum constituent particles. On the 0.071 mm sieve there were typically scrabs
of cellulose fiber, while on the Ø1.6mm one beverage
carton pieces were found. The results shows Figure 6.

»»Figure 5: Control after toluene boiling with FT-IR
equipment: there are detectable polyethylene traces

Results of grammage determination
The Grammage was determined by calculation as
described in “Grammage determination” section. These
values are Tetra Pak aluminum-free mA = 132g/m2, Tetra
Pak with aluminium mA = 145 g/m2.

»»Figure 6: Grinding chip size distribution

Results of the thickness measurement

The structure of the grinding

The thickness of test sample was determined as
described in “Thickness determination” section. These
values are Tetra Pak aluminum-fre s=466 μm, Tetra Pak
with aluminum s= 444 μm.

Investigating structure of the grinding as described in
“Fractioning“ section, it can be clearly observed that the
associated packaging material’s most significant components are cellulose fibers that are greatly separated from
each other, due to dry state grinding effect. Bundles were
observed adhered to PE foil pieces, and the associated
aluminum (Figure 7).

Results of apparent sheet density
The apparent sheet density was determined from
thickness, surface area and weight values as described
in “Apparent Sheet Density determination” section.
These values are Tetra Pak aluminum 0.32 g/cm3
and the aluminum-free sample was 0.28 g/cm3.

Fractioning
»»Figure 7: Below 0.315 mm particle microscopes,
CS stereomicroscope TS view

After grinding - what we described in “Grinding”
section - we performed fractionation as described
in “Fractioning “ section. It can be concluded that
the largest fraction was between 1.6 mm and 3.15
mm range. There was fractionated chips of the aluminum-free sample of 4.61 g, which is 46% of the
total fraction, while from the aluminum ones 3.61 g
was that the total fraction of 36% into this range.

Results of test specimens
Optical structure examination results

Based on the average of the measured values diagram, it
is observed that although both show about the same size
distribution of raw materials, the aluminum-containing
granules of the Tetra Pak Ø 1.6 mm sieve had 1.00 grams,
while the Ø 0.063 mm sieve had 0.37 grams more. For
both aluminium constituent and aluminum-free Tetra
Pak particle diameter was mostly in the range of 0.63

The recordings made as described in “Optical
structure experiments“ section. On these pictures
aluminum, molten polyethylene (PE) and cellulose fibers can be well recognized. (Figure 8)
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This difference may be due to irregular material distribution that various components react differently for
heating at T = 180°C. There was no detectable difference between the aluminum-free, and the aluminumcontaining specimen thickness deviation (Figure 9)

»»Figure 8: Surface image, BTC stereo microscope TS view

Despite the mechanical strength of the recordings, it can
be concluded that the structure has a specific incoherence. Due to the three material components, specific
cavity system can be observed on the surface of the
sample. This structure shows the structure of fiber-reinforced composites, wherein the PE is matrix material, the
reinforcing material in the cellulosic fiber and aluminum. The molten polyethylene (PE) is able to keep the
structure of the sample. Problematic structural element
is the aluminum (Al), as compression occurred below
the melting point of aluminum so that, in areas where
a greater surface area (2-3 mm) aluminum veil, the elements can connect to a lesser extent compared to areas
where only cellulose and polyethylene (PE) is present.

Results of grammage determination
Grammage determination as defined in “Mechanical
tests “section. These values for Tetra Pak aluminum-free
mA = 94g/m2, Tetra Pak aluminium mA = 128 g/m2.

Results of tickness measurement
The thickness value of the specimen was read
with the method described in “Thickness measurement“ section. The average thickness is calculated from the measured values was s = 1.46 mm.
The measured values compared to s = 1.46 mm
average thickness, showed a 12% difference.

Results of mechanical tests
Results of tensile test
We measured in the present experiment, with presented
at “Tensile test “ section instrument, and calculated
using the formula number 3. These values are Tetra Pak
aluminum-free ST = 987N/m, Tetra Pak with aluminium
ST = 2396 N/m. The average elongation of hot-pressed
specimens was determined with the reading values and
the formula 4. These values are Tetra Pak aluminum-free
specimen ε = 0.05, for the Tetra Pak aluminium specimen
ε = 0.055.
The tensile strength index was calculated as formula 5.
The values of grammage was using, what was presented
in “Results of grammage determination“ section. In the
present study, tensile index of the analyzed specimens
for Tetra Pak aluminum-free were IT = 10.49 Nm/g and for
Tetra Pak aluminium IT = 18.7 Nm/g.
It can be concluded that there is almost 44% difference
between the two specimens. The higher tensile index of
the aluminum containing specimen is mainly due to the
higher PE content, so 30% increase in the polyethylene
ratio a 44% increase can be achieved in the value of Tensile index. The result is important because when lower
PE content is associated with the packaging material, it
can be processed using this technology, by addition of
relatively little waste PE. There is significant difference
between test specimen tensile indexes depending on
their raw materials, even if they have the same grinding
conditions, the same production temperature and the
same thickness ratio. According to our prior assumption
tensile index of the Tetra Pak test specimens containing
aluminium than the aluminium-free ones.

Results of tearing strength

»»Figure 9: The average thickness of 1.5 mm
thick frame made as the specimen
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The test method described in “Tearing strength test“
section and formula 5 was determined using the average
tearing strength. These values of an aluminum-free Tetra
Pak is STear = 386.899 mN, while in case of aluminium
Tetra Pak it is STear = 596.454 mN. Then the tear index was
calculated to using the formula 6. The tear index for aluminium-free Tetra Pak is ITear= 4.116 mNm2/g, while the
Tetra Pak containing aluminium is ITear = 4.660 mNm2/g.
The tear index of specimens containing aluminium was
11.67% higher than the aluminium-free test specimen.

Results Bending stiffness experiment
3.
The test method described in “Bending stiffness test“
section determined using the average force required
to bending. We have found that the average bending
strength is the following: for aluminum-free Tetra Pak FS
= 32.57 mN, while aluminium Tetra Pak FS = 66.97 mN.
This value is 51.37% higher in the case of the specimens
containing aluminum, the stiffer structure is due the PE
content.

4.

5.

6.

Conclusion

7.

Sustainable development, as EU requirement introduce
it, takes the whole life cycle into account and it is an extremely important area. Our research is a new alternative
for beverage carton packaging recycling of dry grinding
technology.

8.

Experiments reported in this article start with this technology, along with new method of using no additives,
only mechanical and thermal energy is made using
specimens were examined. Our experiments show that
our previous hypothesis is true and the polyethylene (PP)
affects the specimen structure.
Present study packaging specimens are made of aluminum and non-aluminum beverage cartons. We confirmed
in our experiments, that preliminary working hypothesis
that the polyethylene (PE) ratio in the sample speciment
are affected by the structure of the bodies and the mechanical properties.
Specimens containing aluminium comprise a polyethylene (PE) volume 33% greater than aluminium-free
ones. Their tensile strength was greater by 44% and their
bending stiffness was 51.37% higher than the aluminumfree ones. However, tear strength difference between the
two specimens was only 11.67% for the benefit of the
aluminium and more polyethylene containing Tetra Pak
specimen. The two types of specimens had nearly the
same elongation.
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Introduction
The contemporaneous society has paid special attention to packages constituted of plastic materials. By
this way, manufacturers are examining processes which
are environmentally friendly, cost effective, and energy
efficient. As mentioned by some authors (Onusseit et
al, 2010; Drobny, 2010; Salleh et al, 2010; Bauer et al,
2009), one such technology that has become more
popular and more economically feasible around the
world is ultraviolet (UV) and electron beam (EB) curing
technology. In this technology, conversion of liquid
compositions to solid films is designed to occur when
radiation interacts with matter, where either high-energy electron penetrates or photons cause only surface
effects. Consequently, this will lead to formation of
a polymeric network with high molecular weight.

Sallet et al. (2010) say that EB cured coatings are usually
uniformly cured due to the full-depth penetration of the
accelerated electrons. This renders the EB cured coatings
to be hard but brittle. Meanwhile, its UV counterparts
tend to be less “cured” due to the photoinitiators which
absorb more of the UV radiation being at the surface,
resulting in the surface having the highest radical concentration. By this way, both techniques are indicated
for curing varnishes, inks, adhesives and coatings.
Another important factor described by Takahashi et
al. (2010) is that UV radiation needs the incorporation
of photoinitiators which are then capable to induce
polymerization. As reported by Bardi and Machado
(2012), a higher degree of curing to take place as a
result of enhanced molecular mobility, resulting in
a more homogeneous crosslinked network, as well
as decreased material cure shrinkage after gelation,
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and improved substrate adhesion due to lower stress
inside the cured film. Additionally, UV equipments are
more accessible and less costly than EB ones, which is
a leading factor on industry and market nowadays.
Although it is widely known that radiation curing do
not emit volatile organic compounds (VOC), once
compositions are solvent-less (Drobny, 2010; Bauer
et al, 2009; Calvo et al, 2012; Eldred, 2008), the high
degree of crosslinking of the cured films makes the
products to last longer when discharged at the environment, sometimes even increasing the lifetime of
plastic substrates (Wilke, 2008). By this way, Chen
et al. (2011) say that the coatings industry has to be
transformed into a “greener” industry by incorporating more alternative renewable raw materials and
“greener” technologies into their formulations, once
legislation on different countries requires that plastic
materials be both degradable as well as biodegradable after their discharge at the environment.
Mechanisms about degradation processes for UV/
EB cured inks have been proposed by some authors
(Bénard et al, 2008; Chen et al, 2010). Bénard et al.
(2008) reviewed some results of photodegradation
phenomena of resins cured under UV and EB radiations
and suggested that, among the many possible candidates, extrinsic chromophores chemical groups formed
during processing and curing of samples are the most
probable ones to initiate the oxidation of the polymeric
matrix. It was observed that radicals are produced via
absorption of chromophoric species present in the film
and, as the residual acrylates are consumed, there is
a concomitant densification of the network through
crosslinking reactions. At the end of the process, it is
noted that oxygen permeability remains more or less
constant and oxidation kinetics becomes almost linear.
Another experiment was performed by Chen et al.
(Chen et al, 2010) through synthetizing soy-based
thiols and enes to be cured by UV radiation. It was
observed their incorporation to acrylate resin has
caused an increasing on the photopolymerization
conversion and coating film properties, such as solvent
resistance, modulus and elongation, glass transition
temperature and thermal degradation temperature.
As discussed by Magagula et al. (2009), photodegradation processes can aid rapid disintegration of polymers
into a powdery residue with a much-reduced visual
impact, especially when prodegradant additives are
used to enhance their oxo-biodegradation. The central element responsible for the pro-oxidative ability
usually belongs to the first transition metal series such
as manganese, iron and cobalt as stearates, all of which
have the capability to exist in both +2 and +3 oxidation states [(Roy et al, 2009). In this context, transition
metal carboxylates are particularly suitable in which
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cobalt-, iron-, manganese and cerium-based products
have been commercialized (Magagula et al, 2009).
Additionally, it is known that the catalytic effect is
stronger for pro-oxidants based on metal combinations
capable of yielding two metal ions of similar stability
and with oxidation number differing by one unit only
(Pablos et al, 2010). The photodegradation is initiated
with the formation of radicals due to the breakup of
chemical bonds in the polymer chain. UV radiation in the
range of 290 nm to 320 nm is equivalent to the energy
required to dissociate C–C and C–H bonds to induce free
radicals. The free radicals formed by this cleavage act
as initiators for polymer degradation Kumanayaka et al,
2010). This abiotic degradation phase increases the biodegradability of the polymer in soil, wastewater, sludge
and compost, such as reported by Roy et al. (2008).
By this way, this paper aims to investigate the behavior of different UV print inks containing cobalt and
cerium stearate under accelerated degradation by
means of thermo-analytical methodologies.

Material and Methods
The following materials were applied for the preparation of the UV-curable clear formulation:
1. Bisphenol A epoxy diacrylate resin (EBECRYL®
3720-TP25, Cytec Industries Inc.) diluted
25% by weight with tripropylene glycol diacrylate (TRPGDA, Cytec Industries Inc.);
2. Trimethylolpropane triacrylate
(TMPTA, Cytec Industries Inc.);
3. Blend of photoinitiators 4,5/3,5/2,0 1-hydroxycyclohexyl phenyl ketone (Irgacure 184, Ciba-Geigy
Co.) / 2-hydroxy-2-methyl-1-[4-(1-methylvinyl)
phenyl] propanone (Esacure KIP 150, Lamberti
Co.) / 2-dimethylamino-2-(4-methyl-benzyl)-1(4-morpholin-4-yl-phenyl)-butan-1-one (Irgacure
379, Ciba Specialty Chemicals Inc.), respectively;
4. Talc (Nicron® 674, Luzenac America, Inc.);
5. Polydimethylsiloxane (Pure Silicone Fluid
100,000cSt, Clearco Products Co., Inc.);
6. a, b) Polyethylene/polytetrafluoroethylene wax
(CeraSPERSE® 164, Shamrock Technology, Inc.).
In order to obtain coloured print inks, pigments have
been added to the clear coatings, such as the following: carbon black (Printex® 45 powder, Evonik Degussa
GmbH), yellow pigment derived from diarylide m-xylidide (Irgalite® Yellow LBIW, Ciba Specialty Chemicals
Inc.), blue pigment derived from phtalocyanine (Hostaperm Azul B2G 01-BR, Clariant Pigmentos e Aditivos Ltda.) and ruby pigment derived from monoazo
calcium salts (Rubide 4B, Hongyan Pigment Chemical

»»Figure 2: The thermal behavior of the studied uncured
print ink samples as a function of the temperature

Co., Ltd.). The ratio pigment/clear coating was kept
constant (21/79 w/w) in order to investigate only
the influence of each pigment under UV curing.
It was also used cobalt stearate (CoSt), supplied as
pellets by Strem Chemicals Inc. (Newburyport, MA,
USA), and cerium stearate (CeSt), supplied as powder
by Strem Chemicals Inc. (Newburyport, MA, USA).
Tests of thermal analysis for cured and uncured print ink
samples were performed using simultaneous thermogravimetric analyzer and differential scanning calorimeter SDT Q600 from TA Instruments, New Castle, DE,
USA. Around 5 mg pieces thin layer from different parts
of the each samples were was finely placed into the
bottom of a platinum crucible and heated at a constant
rate of 10 °C min-1 from room temperature up to 700
°C under air atmosphere at flow rate of 50 mL min-1.

Results

»»Figure 3: The thermal behavior of the studied uncured
print ink samples as a function of the temperature

In order to achieve more details about this thermal behavior, simultaneous DSC/TG (SDT) curves were obtained
for pristine pigments and studied uncured print inks,
which are shown on Figure 4.

Figure 1 depicts the non-isothermal thermogravimetric (TG) curves of the print inks components.

»»Figure 1: The non-isothermal thermogravimetric (TG) curves of the print inks components

Figure 2 and Figure 3 present the thermal behavior of
the studied uncured print ink samples as a function of
the temperature.

»»Figure 4: Curves for pristine pigments
and studied uncured print inks

Figure 5 presents the thermal degradation behavior from
white print ink, thermally cured as function of linear increasing of temperature inside the SDT furnace, and UVcured at 200 mW cm-2, without or with cobalt stearate or
cerium stearate.
Table 1 presents the values for the onset degradation
temperature measured by tangent method associated to
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the second event of the TG curves from thermally-cured
and UV-cured white print ink samples.

»»Figure 5: thermal degradation behavior from
white print ink, thermally cured as function of
linear increasing of temperature inside the SDT
furnace, and UV-cured at 200 mW cm-2, without or with cobalt stearate or cerium stearate

Table 1
Toluene boiling component determination
of aluminum-free Tetra Pak packaging

According to Figure 5, the presence of CoSt or CeSt
has not influenced the thermal curing behavior of the
studied print ink, probably due to the thermal decomposition of the metallic stearates, as illustrated in Figure 6.

Discussion
By analyzing Figure 1, it can be seen that some components suffer thermal degradation simply by heat
influence, whereas some others undergo chemical
reactions before being thermally decomposed. As it
can be observed on curve 2, the first step of mass loss
occurs at the range of 1500C up to 2000C. Under this
temperature, the monomer suffers fast polymerization,
exothermic reactions, which induce a deformation
on the TG curve around 2000C. The enthalpy of this
reaction is high enough to promote the volatilization
of a fraction of the sample, inducing a deformation on
the TG curve around 2000C. Additionally, it is important
to point out that the studied resin has itself diluted on
25% of monomer, according to supplier information.
So, the same thermal behavior can be observed on the
curve 1 from the epoxy-acrylate resin, as in the supplied
form, in the range of 1700C up to 2300C. On the other
hand, the product from the thermal curing reaction
of the resin is different from the product derived from
the thermal curing reaction of the monomer, as it
can be observed by the differences between curves 1
and 2 (Figure 1). An addendum has to be made about
the mass loss from talc sample (curve 4). According
to Sánchez-Soto et al. (1997), this mass loss may be
attributed to water release at lower temperatures, after
some grinding time. This result is in accordance with
particle size diminution and surface area evolution. It is
also discussed that a reaggregation process takes place
and probably avoid the water elimination by dynamic
thermal treatment throughout larger particles, and
thus it causes that water diffusion is more hindered.
By analyzing Figure 2, it can be seen that the compositions present different profiles of mass loss which
can be clearly attributed to the different origins of the
pigments once the ratio clear coating/pigment was let
constant for all samples. Additionally, all studied uncured
samples present at least three different thermal events:
in the range of 1500C up to 2900C, which corresponds to volatilization of components, mainly
photoinitiator and monomer, during thermal
curing reaction, as previously described. This
event just occurs because these compositions
are proposed to be cured by radiation technology, more specifically UV light, not by heat,
which state-of-art says that no volatile components are produced during UV curing reaction.
• from 3100C up to 4500C, corresponding to the
thermal degradation of the so-formed crosslinked network by thermal curing, as suggested
by Alves et al. (2009) and Kim et al. (2011).
• from 5000C up to 5800C due to the conversion
of carbonaceous residue to carbon dioxide.
•

»»Figure 6: Curves for pristine pigments
and studied uncured print inks
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Concerning the steps of thermal degradation of the
studied print inks, the idea of mass loss during thermal
curing can be proved if we also analyze Figure 3 on
the temperature range of 150-2900C. It can be seen
that each composition presents an exothermic peak
on this temperature range, resulting from concomitant
exothermic thermal curing reaction and endothermic
volatilization event, which extension is dependent on the
pigment chemical family. Some more detailed discussion about the influence of thermal curing on UV-curable compositions is presented by Ruiz et al. (2002).
SDT analysis presented of Figure 4 allows us to observe
that, in fact, thermal degradation is greatly influenced
by the pigment incorporated to the clear coating. If we
note, for example, that yellow pigment already presents
an exothermic peak at the aforementioned temperature
range, so it is necessary to subtract this enthalpy in order
to obtain the real curing enthalpy. As this is not accurate,
we choose to continue our discussion just based on the
white print ink, which corresponding pigment has higher
thermal stability. So, two pro-degradant additives were
incorporated to the white print ink in order to evaluate a
possible increasing on the accelerated degradation rate
of the samples before/after UV curing. Furthermore, the
samples containing pro-degradant agents, which were
previously cured by UV light, presented a meaningful
reduction (around 300C) on thermal stability when compared to the stability of thermally-cured and unmodified
sample (without pro-degradant agent). It is observed
that the thermal stability for the cured white print ink
remains roughly the same as the uncured one. As discussed by Wei et al. (2012), the auto-oxidation reactions
are initiated by thermal or photochemical energy input.
Alternatively, metal oxides and other salts present in pigments can have a notable effect on varnishes and media
as they promote light-induced oxidation reaction. These
oxidants are usually chemical elements or substances
with elements in high oxidation numbers or highly electronegative substances/elements that can gain one or
two extra electrons by oxidizing an element or substance.
The most remarkable changes are observed for the onset
degradation temperature corresponding to the degradation of the polymeric network (Table 1), as it was previously discussed. If we consider that both components
resin and monomer have an average onset degradation
temperature around 3750C, we will note that this value
is roughly the value for the onset degradation temperature of the thermally-cured white print ink. When this
composition is UV-irradiated, it is observed a reduction on this temperature, indicating that the sample is
more susceptible to accelerated degradation. The same
behavior is observed for formulations containing CoSt
and CeSt, but in a highlighted way, indicating the pro-activity of the agents to catalyze the thermal degradation
of the UV-cured white print ink studied samples.

Conclusions
The accelerated degradation by temperature has shown
to be able to activate the catalytic ability for chemical bonding rupture of the polymeric components in
the studied print inks after UV curing, as it happens
when applied to more conservative polymer systems,
especially polyolefins. Additionally, the use of additives aimed to accelerate the thermal degradation of
polymers has shown to be efficient when coupled with
the inks composition substances. This effect is remarkable seen by the reduction on both degradation onset
temperature and oxidation onset temperature for the
samples containing the pro-degrading additives.
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Thermal Load Effect on Print Quality
of Ink Jet Printined Textile Materials

ABSTRACT
Printed textile materials are often exposed to certain external impacts. One
of the most common impact, these materials are subjected to, is thermal
load. This effect causes certain changes in textile fibers as well as changes of
ink colour reproduction printed on these materials. In this paper is presented
an investigation of the series of thermal loads effects on print quality parameters of digitally produced impressions on textile substrates. The research
includes basic print quality attributes: colour reproduction, macro non-uniformity and quality of line reproduction. Investigation results indicate that by
increasing number of thermal loads, bigger changes in colour reproduction
occur. Also, the influence of the series of thermal loads on mottle and line
reproduction variations is confirmed, as well as the influence of printing
substrate characteristics on print quality.
KEY WORDS
digital printing, textile, thermal load, print quality, colour reproduction, mottle, line quality
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Introduction
Today, an aspect of graphic industry that is becoming more and more interesting is printing of textile
materials. Printing of textile materials can be the most
appropriately described as an art and a science of
desired design transfer onto textile material surface
(Tippett, 2002). Some estimates indicate that more
than 27 billion m2 of textile material substrates are
printed every year (Onar Çatal et al, 2012). Also, it is
considered that printing of textile materials has annual
growth of 2% (Momin, 2008). Most textile materials are
printed using rotary screen printing technique. Besides
rotary screen printing, textile materials are possible
to print using digital printing techniques as well as

thermal transfer printing (Novaković et al, 2010). Screen
printing has certain advantages in terms of expences
of higher circulation printing and also in respect of its
productivity (Lee et al, 2008; Krebs et al, 2009). But,
this printing technique has also certain disadvantages.
Textile printing community is changing rapidly. Trends
such as: circulation reduction, higher printing quality
requirements, fast job change and short delivery time
of customer orders, unique and personalized printing
become more important. Because of these reasons, and
because of new technology development, a presence of
digital printing is more and more growing on the market
(Majnarić et al, 2010). Digital printing provides time and
cost reductions when production of smaller circulations is considered. Using this printing technique, faster
printing of new jobs, printing with a large number of inks,
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and flexibility in substrate format selection is enabled
(Stančić et al, 2013). Impressions produced using this
printing technique possess better visual attributes, good
contrast and consistent quality (Kašiković et al, 2012).
Generally, textile printing quality depends on structure,
texture as well as production technology of substrates
(Vilar et al, 2013). Textile materials are often exposed to
external impacts such as: thermal load, washing process,
friction, UV radiation etc. One of the most influential factors is a thermal load process. Heat affects both printed
ink and textile fibers of the substrate. As a result of this,
reproduced colour gamut changes as well as structural
changes of textile substrate happens (Novaković et al,
2010). Textile materials transfer heat in three ways: by
conducting, convecting and via electromagnetic radiation
(Mao & Russell, 2007), and that can lead to structural
changes of the fibers (Michalak et al, 2009). Thermal
load effects on material changes can be investigated
using several standards. ISO 105-X11 is one of them,
whereby thermal load is measured at temperatures of
110 °C, 150 °C and 200 °C (Kašiković et al, 2011). Printing
process control mostly consists of colour reproduction
monitoring. The color reproduction can be characterized
using the CIE L, a, b colour coordinates and spectral
reflectance curves. CIE L, a, b coordinates enable colour
differences estimation between samples, or between
samples and standards. Colour differences determination is based upon calculations of the differences of
colour space coordinates (ΔL, Δa, Δb) (Kočevar, 2006).
Spectral reflectance curves provide visual representations of the colour’s spectral data. Spectral data give an
accurate colour description of an object, and show how
reflected light is transformed due to the reflection from
the observed object, and also provide percentage of incident light that is reflected at each wavelength or range
of wavelengths (Beretta, 2008). The relative reflectance
term denotes the ratio of reflected light energy from a
surface and emitted, incident light energy on that surface, which is only a part of the reflected light spectrum
that reached the observer. Analysis of slope and shape
of the spectral reflectance curve also provides information on the amount of light absorption (Beretta, 2008).
Series of experiments proved that colour reproduction
itself, is not sufficient parameter to define overall printing quality (Fedorovskaya et al, 1993; De Ridder, 1996;
Fedorovskaya, 1997; Pedersen, 2009). Quality attributes
such as: contrast, sharpness, macro non-uniformity are
not connected to the colour reproduction, but certainly
affects print quality. As the essential quality attributes
are considered: contrast, print sharpness, image noise,
line raggedness, resolution, text quality, micro and macro
non-uniformity, gloss uniformity etc. (Pedersen, 2009).
Many researchers were investigating and admitted the
importance of quality attributes, however, there were
no common conclusion in terms of which attributes are
the most important. In study which conducted Lindberg,
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it was concluded that the greatest influence on print
quality have: mottle, colour gamut, print sharpness and
colour differences (Lindberg, 2004). This conclusion
is in accordance with conclusions Engeldrum came to,
which is that observers will not perceive more than five
quality attributes at the same time (Engeldrum, 2004).
In this research, beside colour reproduction as an
important print quality attribute, attention is also paid
to mottle and line quality. Mottle or macro non-uniformity presents undesirable inequalities in perceived print
optical density. One of the causes of this effect is uneven
ink absorption into the printing substrate, which leads to
smearing or „cloudy“ areas of the impression (Dhopade,
2009). Line quality estimation can be performed via
measuring of line raggedness. This parameter indicates
shape deviation of printed lines from the ideal geometric shape, and represents unwanted line feature which
leads to lower print quality. This can be characterized
by measurements of the line perimeter. Excessive
line raggedness, results in lower print sharpness, and
can also cause text to become unclear or thicker.
The aim of this research is to investigate the effect
of thermal load on digitally printed textile materials quality. Thereby, tests were conducted on the
substrates of different material composition. Print
quality assesment included analysis of basic impression quality: spectrophotometric analysis of colour
reproduction, motle and line quality. Analysis of the
above mentioned attributes were performed after
printing and subsequent exposing to thermal loads.

Methods and materials
Three types of textile materials were tested in the
research, two knitted textile materials and one weaved
textile material. Material composition of the tested
materials was determined according to ISO 1833 standard, grammage according to ISO 3801:1997 and density
according to ISO 7211-2:1984 standard. Basic characteristic of tested materials are presented in Table 1.
For the needs of this research, a special test target
was developed with the aid of Adobe Illustrator CS
5. Generated test target format is 297 x 420 mm
and contains different elements for print quality
analysis. In presented research, solid patches of
2.54 x 2.54 mm and 1 pt thick and 1.5 cm long lines,
printed with black process ink, were analysed.
Ink jet printer Polyprint TexJet performed printing of test
target. Printing process was done in two passes using
water-based inks (Artistri Pigment Ink- P5400 Black),
with the resolution of 720 x 720 dpi. Components (% by
weight) in Artistri Pigment Ink are presented in Table 2.

Table 1
Characteristics of materials used in research

Table 2
ARTISTRI™ P5400 BLACK PIGMENT INK composition
Material
Water

CAS Number
7732-18-5

%
After printing and ink fixing, test target was digitalized
using flat scanner Canon CanoScan 5600F. Scanning
resolution was 600 dpi without application of auto-correction functions. Important image elements were
saved as separate TIFF files, and ordered by equally
rasterized test target elements (ideal image generated
by the computer, with the resolution of 600 ppi).

55-95

Aliphatic Alcohol **

1-10

*Ethylene Glycol 107-21-1

1-10

Polyglycol Ether

1-10

**

the temperature of 150 ºC for 15 seconds per load
(pressure was 850 DaN). Thermal load was performed using Opremakv industrial iron tp 4040s.

Polymers

**

1-10

Carbon Black
Pigment

1333-86-4

1-5

*Disclosure as a toxic chemical is required under
Section 313 of Title III of the Superfund Amendments
and Reauthorization Act of 1986 and 40 CFR part 372.
**The specific identity for each component not
identified by a CAS Registry Number is withheld as a
trade secret.

Fixation of the printed ink was done under the temperature of 140 ºC for 90 seconds. Printed and fixed
samples were subjected to five thermal loads under

Spectrophotometric analysis of the colour reproduction
was done via CIE Lab coordinates measurements of the
black ink solid tone, through the estimation of color
reproduction differences (∆E) between reproduced
colour of printed sample, and colour after each of five
thermal loads, as well as via measurements of spectral
reflectance curves. CIE Lab coordinates are determined
using diffuse spectrophotometer HP200 (illuminant D65,
standard observer 10º, measuring geometry d/8, measuring aperture 16 mm), while the spectral reflectance
curves were measured by Techkon SpectroDens spectrophotometer (illuminant D50, standard observer 2º,
measuring geometry 0º /45º, measuring aperture 3 mm).
Line quality was determined by perimeter measurements of 1 pt thick lines and by comparison of obtained
printed samples’ results to the results of samples which
were subjected to thermal loads. Mottle estimation
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was done by determination of non-uniformity index,
both on only printed samples and samples, which were
afterwards subjected to thermal loads. Line perimeter
measurements were performed using ImageJ software, and non-uniformity index was measured using
its plug-in, developed by Muck et al. (2009). During
testing all quality parameters, there were a total of 10
measurements, and as a representative value, average of those 10 measurements were calculated.

Results and discussion
Colour reproduction analysis
CIE Lab colour coordinates were measured spectrophotometrically, after printing process, and after
exposing the samples to thermal load. Obtained
values are presented in Table 3. As the reference
values, during colour difference calculation (ΔE), were
taken only printed samples values, and colour difference values were calculated in relation to them,
after series of thermal loads for each material.

Table 3
CIE Lab colour coordinates and colour differences after
printing and series of thermal loads applied
Sample

L

a

b

Material 1 P

27,806

0,968

-0,936

ΔE
/

Material 1 T1

27,73

1,13

-1,00

0,19

Material 1 T2

28,098

1,106

-1,23

0,44

Material 1 T3

27,64

1,19

-1,3

0,46

Material 1 T4

27,36

1,03

-1,03

0,46
0,69

Material 1 T5

27,19

1,11

-1,21

Material 2 P

29,892

0,922

-0,782

/

Material 2 T1

29,492

0,562

-1,086

0,62

Material 2 T2

28,78

0,88

-1,01

1,14

Material 2 T3

28,42

0,83

-1,05

1,5

Material 2 T4

28,3

0,81

-1

1,61

Material 2 T5

28,23

0,64

-1,14

1,72

Material 3 P

32,53

0,616

-1,352

/

Material 3 T1

32,596

0,616

-1,466

0,13

Material 3 T2

33,19

0,71

-1,57

0,70

Material 3 T3

33,51

0,60

-1,29

0,98

Material 3 T4

33,63

0,72

-1,43

1,11

Material 3 T5

33,67

0,62

-1,46

1,15

Remark: Letter P indicates solely printed material; T1
denotes sample after first thermal load, T2 denotes
sample after second thermal load, T3 denotes sample
after third thermal load, T4 denotes sample after fourth
thermal load, T5 denotes sample after fifth thermal
load.
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Analysing results in Table 2, as a common conclusion
for all materials, it can be drawn out that by increasing
the number of applied thermal loads, a rise of colour
differences in relation to solely printed samples occurs.
After analysing the results of the Material 1, it can be
noted that differences of reproduced colour are not
significant and that generally, human eye cannot perceive
them. Observing obtained results for Material 2, it can be
noted that after first thermal load there was a difference
in reproduced colour that cannot be distinguished by
the human eye. Re-exposing Material 2 to thermal load,
results in bigger colour differences that can be spotted
by the “trained” eye. Considering Material 3 results, it
is clear that series of three thermal loads lead to slight
changes in colour reproduction, i.e. producing colour
differences that human eye cannot generally detect.
Further expositions of this material to thermal loads,
generates colour differences that can be perceived by
the “trained” eye.
Simultaneously using CIE Lab colour coordinates and
colour differences determination, spectral curves analysis
were also conducted after printing and applying thermal
load. In this way, the fashion of how thermal load affects
surface reflectivity was monitored. Comparison of the
spectral reflectance curves before and after thermal
load is presented in Figures 1, 2, and 3. The figures
clearly show that thermal load leads to higher relative
reflectance values of the tested samples, whereas
spectral curve shapes and the maximum spectral
sensitivity remain the same for each material used. It
must be pointed out, that neither relative reflectance
values increases nor the values of colour differences are
significant.

»»Figure 1: Spectral reflectance curves after printing and series of thermal loads - Material 1

Spectrophotometric analysis of the results, give an
assumption that thermal load causes partial evaporation and penetration of ink, from the surface of
textile material into the structure of the material,
between fibers. This means that certain ink quantity, that was previously situated on top of the
fibers, must have been reduced, which caused differences in colour reproduction, as well as higher
light amount reflection off the material surface.

Thermal load caused partial ink evaporation and penetration of the ink from the surface of textile materials in
to the structure of materials (Novaković et al, 2010). That
could be the reason for noticed colour difference as well
as change in spectral reflectance of printed materials.

»»Figure 2: Spectral reflectance curves after printing and series of thermal loads - Material 2

From the analysis of macro non-uniformity index values,
it can be noted that after first two thermal loads, the
macro non-uniformity index value rise comparing
to samples that were only printed. Further thermal
loads application produce lower macro non-uniformity
values. Presented trends were noticed amongst all
tested materials. This phenomenon can be explained
by the thing that initial thermal loads cause uneven
ink absorption from the surface to the structure of the
printing material, which cause ink gathering on certain
areas of the impression. Further thermal loads make
the ink penetration into the structure of the material
more even, which gives more uniform ink deposition on
the material surface. It is also confirmed that material
characteristics affect macro non-uniformity values, under
all thermal loads. Therefore, it can be seen that the
highest non-uniformity values were recorded within the
prints made on Material 3, while the lowest non-uniformity values were recorded on the prints of Material 1.

Line reproduction analysis

»»Figure 3: Spectral reflectance curves after printing and series of thermal loads - Material 3

Mottle analysis
Mottle analysis was done by macro non-uniformity
index determination. Degree of macro non-uniformity
is defined by non-uniformity index. Figure 4 presents
measured non-uniformity values, obtained on test
materials after printing and series of thermal loads.

»»Figure 4: Macro non-uniformity values after
printing and series of thermal loads

Line reproduction analysis was done by perimeter
measurements of 1pt thick lines. Obtained results are
presented in Figure 5. Measured values indicate that
printing on all materials produces lines with lower
perimeter in comparison to ideal value (line perimeter on the computer-generated image). Thermal loads
cause the increase of the line perimeter values. By this
perimeter increase, lines lose its sharpness and an ideal
line shape, also line raggedness rise, which is an undesirable effect. In addition, this perimeter increase can
be considered as a direct consequence of ink transition
from the surface to the material structure. Measurement
results indicate that material characteristics also affected
the values of this print quality parameter. Reproduced
lines on Material 2 have the perimeter values nearest to ideal values. On the other hand, thermal loads
were the cause of the biggest changes in line perimeter values, comparing to line perimeter after printing.
This was expected, given that the Material 1 is made
of cotton fibers and has good absorbency properties.

»»Figure 5: Perimeter values of 1pt thick lines
after printing and series of thermal loads
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Conclusion
Spectrophotometric analysis showed that increasing
number of thermal loads, leads to bigger differences of
reproduced colour, comparing to colour of the samples which did not undergo series of thermal loads.
However, it needs to be pointed out that changes of
the samples’ quality, still, were not very pronounced,
so the maximum value for colour difference was ΔE =
1,72, which is considered to be very small difference
that can be noticed by only „trained“ eye. From the
analysis of spectral reflectance data, it was concluded
that with increasing number of thermal loads, spectral reflectance values of the samples rise. The cause
of this phenomenon is partial ink penetration from
the surface to the structure of fibers during thermal
load. In that way, the ink volume that had been on a
material surface reduced, and surface of printed area
becomes smoother which increases its reflectivity.
Mottle analysis confirmed that this printing quality
parameter also changes under series of thermal loads.
Samples exposition to initial thermal loads, leads to
uneven penetration of the ink portion, from the textile
material surface to the material structure, and rising of
prints macro non-uniformities. By incrasing the number
of thermal loads, deformable changes are generated
which is the consequence of pressure applied during
thermal loads, and leads to lower macro non-uniformity
values, but they still stay above the values recorded
on only printed samples. As well, it is confirmed that
material characteristics have certain affect on macro
non-uniformity values under all thermal loads.
Number of thermal loads also affects the line reproduction. It is noticed that thermal loads lead to the
increase of line perimeter values. These line expansions cause the loss of line sharpness and an ideal
geometric shape and increase of line raggedness.
Considering research results, it can be concluded that
application of thermal load process on textile materials
as well as its frequency have effects on print quality
change on tested materials. Beside this parameter,
material characteristics also affect print quality of
tested samples. In order to gain new facts and deepen
knowledge about this field of research, it is planned
to investigate how various temperatures and pressure
levels for thermal load tests affect print quality on the
textile materials. Also, the way of how other external influences affect print quality should be investigated, first of all washing and rubbing processes.
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