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Foreword

Dear readers,

It is my great pleasure to introduce You the research papers of
the Sixth Symposium on Graphic Engineering and Design. With
this proceeding we continue the works of previous symposiums
which have been held biennial since year 2002.

We’re delighted that this international symposium has again a
great number of the papers and participants coming from many
countries.

The papers include the achievements of researches in the field of
technology and scientific areas relevant to graphic technology
and graphic design. Through the work of the symposium GRID
we continued significant scientific cooperation with educational
institutions all over the world, especially with the neighbouring
countries in the region. With them we are continuing good coop-
eration which is the driving force for the creation and display of
new developments, both individual and common.

I want to thank everyone who participated with their paper and
presentation in the symposium. Your contribution is significant for
the improvement of the Symposium on Graphic Engineering and
Design GRID 12. The research achievements here presented are
also valuable to the scientific and professional community and are
highly appreciated.

Prof. PhD Dragoljub Novakovic






Introductory lecture — review paper

LEAN AND GREEN PRINTING ... HIT OR MYTH?

Csaba Horvéth, Obuda University, Rejté Sandor
Faculty of Light Industry and Environmental Engineering,
Institute of Media Technology, Budapest

Corresponding author: Csaba Horvath
e-mail: csaba.horvath@nyt.hu

1. ABSTRACT

On commission of a packaging printing company, the author has launched a research work in
order to find a methodology by which the necessary steps can be explored to turn the
application of this modern technology into a business success. The lean manufacturing studies
have primarily focused on the human—machine environment, analyzing all the activities that are
connected with the operation and servicing of the machines. Step by step, the research has
tried to expose those hindering factors, superfluous or less efficient organizational and
management process elements that now increase costs. Today, profitable printing production is
not feasible by means of price increases; the only expedient way to follow is to cut costs. In this
respect, lean management can be supportive.

Keywords: lean printing, lean and green strategy, improving value chain performance,
sustainability

2. OBJECTIVES OF THE RESEARCH

Even the procurement of brand new equipment or the provision of base materials of the highest
standards is not a guarantee for the printing business to produce printed products of
consistently outstanding quality at a profit. The struggle against electronic communication, the
global economic crisis and the sharp competition with the existence of excess capacities put a
pressure on printers. One should ensure quicker lead times for the products, offer regulated and
cheap prices, and besides steadily excellent quality is to be maintained.

Printers tend to see the source of the growth of production and profit in new investments, which
is mostly not true. It is not enough to buy modern printing machines, but they are to be operated
with high efficiency in order to see the return of the investment. In the conventional approach, if
the printing machine features high printing speed, then it will necessarily boast of significant
efficiency and utilization rate. In fact, however, additional parameters should also be considered
when the utilization rate and efficiency of a printing machine is examined. Such parameters
include the setup time, the time loss, the generation of rejects, the competence level and
certainly the speed of the machine.

It is a legitimate question how a favourable situation can be achieved, how we can generate
more profit from the given production process?

Recently, a company manufacturing packaging materials (cardboard boxes) has purchased and
commissioned new sheet-fed presses with state-of-the-art accessories. However, the expected
profit has not been pocketed.

On commission of this company, we have launched our research work in order to find a
methodology by which the necessary steps can be explored to turn the application of this
modern technology into a business success.

Our studies have primarily focused on the human—machine environment, analyzing all the
activities that are connected with the operation and servicing of the machines. Step by step, we
have tried to expose those hindering factors, superfluous or less efficient organizational and
management process elements that now increase costs.

3. RESEARCH METHODS
The exploration of the human—machine environment principally calls for the methods of
organizational studies.

Google the words “Lean Printing” and you will find a wide range of advice on new manufacturing
techniques and methodologies, which will allow your business to operate more productively,
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more effectively, and more profitably. However, you may be disappointed with how much of
what you find is new, or original — the reason being that the underlying premise of Lean is based
on the principles of sound business sense, and these principles have been around a very long
time. The following research explores what “Lean” is and how applicable. *

Lean management is a systemic methodology that identifies, eliminates all forms of losses, as
well as all such activities that do not represent any added value for the customer, client. Its aim
is to provide the product with ongoing drift and continuous added value. It perfects the process
with which the business is able to satisfy the client's demands; it improves production efficiency,
and thus opens the way to the generation of further profit. In the past few years, the lean work
methodology has been applied by several companies involved in graphic communication.
As these companies have had hardships and witnessed varied successes in adopting the
system, just little published experience is available.

At our printer client manufacturing packaging materials, we got down to implement the lean
work methodology back in 2010. First, we structured the necessary knowledge base. We
elaborated a system for the company as based on the /ean work methodology, and called it the
SBS (step by step) way. This method basically follows the /ean thinking, but in a substantially
simpler design. We considered the simplification of the system to be justified, because the
company had not relied on such organizational methods before that would have at least been
slightly similar to the lean system. We deemed the leap from the actual situation of the company
to the desired position to be too large, and therefore we wanted to walk this considerable
distance in smaller steps in order to avoid failure.

The SBS way program aims at the optimization of the printing process. The goal of the
project is to improve the utilization rate of the printing machines, minimize time losses
(faults, setup times), enhance performance (printing speed) and reduce reject sheets
generated in production.

First, the reduction of the setup time and the number of the reject sheets generated in
production was targeted. These were the fields where the necessity to transform the human-—
machine environment seemed to be the most obvious. In the framework of the investment, the
company purchased such state-of-the-art technology whose application allowed the fastest
possible setup times. Still, the system failed to operate with sufficient efficiency.

To cut setup times, the SMED (Single Minute Exchange of Die) method has been applied.
When the setup process is optimized, in fact the following actions are taken:

* reduction of the number of steps/components to be completed,
* reduction of the number of setups,

+ improvement of the accuracy of setups,

» reduction of the generation of rejects.

To clarify the setup time and unveil the processes, causes of the excess time demand, the
Fishbone/lshikawa Diagram was used (Figure 1).

The SMED makes a distinction between so-called external and internal operations that jointly
form the setup process. Internal operations can be executed when the press is in standstill, for
instance during the replacement of the die plate. External operations can be completed in the
course of the printing of the actual copies, when the printing machine generates marketable
products, for example during the preparations for the replacement of the die plate.

14
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Figure 1: Makeready Fishbone diagram
The optimization of the setup time consists of three main phases:

Phase 1: Separation of internal and external operations.
Phase 2: Conversion of internal operations into external operations.
Phase 3: Harmonization of all the elements of the setup operations.

To separate internal and external operations, the process of changeover was subjected to value
stream analysis by way of making and evaluating a video recording. After the making of the
recording, the video shots were replayed in the presence of the work team, each of the
operations performed was identified, and they were also determined quantitatively (in terms of
time). In addition to the video recording, a motion diagram was also compiled (Figure 2) in order
to visualize and easily recognize losses.

During the conversion of internal operations into external operations, the following questions
need to be answered in the light of the steps that have already been identified.

What is the purpose of the operation?

Why should the machine be in standstill to perform the actions?

Is the operation convertible from internal setup to external setup?
We tried to form the largest possible number of operations in the external setup, as irrespective
of the weight of the operation, thereby minimizing the time loss.

15



Figure 2: Spaghetti map - current

The steps included here are:
e documentation steps (completion of the work dossier),
e preparation of the die plate, bending, checking, preparations for the replacement
of the plate,
uploading, checking CIP3 data,
interpretation of the work dossier,
preparation of the lacquer form,
preparation, unwrapping of the print carrier,
preparation of detergents, materials,
preparation of printing colours, etc.

Once we had a clear view as to which operations should be performed when and where, we
started to harmonize the operations and simplify more complex steps. Conventional tasks, such
as the development of the die plate and the machine washing process, did not result in
considerable challenges, because the printing presses included in the target group feature a
significant level of automation. On the other hand, the synchronization of the work steps of
printing engineers proved to be a more difficult task. It brought about changes, and initially they
were hardly accepted. Nevertheless, they recognized that if they were working as a team, more
steps could be performed concurrently, in parallel. As they also watched the video recording,
i.e. how they had been working, it was easier to convince them. The losses were shown before
their own eyes. During the SMED project, merely joint team work contributed to the success,
because the workers themselves planned work processes, and optimized their operations. Such
difficulties were experienced as the differing competence levels. Certain printing engineers were
capable of performing only certain steps, thereby deteriorating flexibility, but within the
framework of the lean training program the differing competence levels could also be resolved.
We tested the newly framed work processes in practice, with success. The same steps were
taken by the printing engineers, but in a different order, and thus materially cut the time demand
of setup (Figure 3).
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Figure 3: Spaghetti map - optimized
4. SUMMARY OF RESULTS

In 2011, the optimization of the printing process proved to be the key achievement in the life of
the plant. Our aim has been accomplished, as the setup times and the numbers of reject sheets
have been substantially reduced and permanently minimized (Figure 4). This Figure also shows
that the problems associated with the speed of the machine and time losses are still to be
tackled. However, it is again an outcome corresponding to our step-by-step approach. For the
upcoming year, we should make progress in this latter field, as well. Our successes so far
underline the efficiency of the application of lean management, and as a consequence there is
rising trust in our researches and the related, practical organizational work.

Figure 4: Utilization properties of the printing presses taken as the target group
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5. CONCLUSION

Pinting production is not feasible by means of price increases; the only expedient way to follow
is to cut costs. In this respect, lean management can be supportive.

The lean simplification we have elaborated, i.e. the SBS (Step by Step) way method has proved
its efficiency in making the first achievements, which demonstrates that the printing business is
a proper scene for the application of the method, and further cost-cutting solutions can be
expected from the continuation of the work.

6. LITERATURE

(1]
(2]
[3]
[4]
[5]
[6]

[7]
(8]
9]
[10]

18

Cooper, K. - Keif, M. G.- Macro Jr. K. L.: “Lean Printing: Pathway to Success”,
PIA/GATFPress, Pittsburgh, , 2007, ISBN: 0-88362-586-5

Cooper, K.: Lean Printing: “Cultural Imperatives for Success PIA/GATFPress”, Pittsburgh,
2010, ISBN: 9780883626887

Rizzo, K.E.: ” Total production Maintenance: A guide for the printing industry”,
PIA/GATFPress, Pittsburgh, (3rd ed.), 2008, ISBN: 0883626209

Rothenberg, S. — Cost, F.: “ Lean Manufacturing in Small- and Medium-sized printers”
Printing Industry Center, 2004

Wells, N.: “Leaner & Greener, Value Chain” (presentation), Lean & Green, International
Environment Conference, DRUPA, Dusseldorf, May 12, 2012

Weather, J.P.:“Lean & Green, Economic and Environmental benefits of Lean
(presentation)”, Lean & Green, International Environment Conference, DRUPA,
Dusseldorf, May 12, 2012

Behringer, R.: Sustainability as a Success and Competitive Factor (presentation) Lean &
Green, International Environment Conference, DRUPA, Disseldorf, May 12, 2012
Wells, N. (ed.): “PRINT: seen lean & green”, Book 1, PrintCity GmbH & o. KG,
Grobenzell, Germany, 2012

Wells, N. (ed.): “PRINT: seen lean & green”, Book 2, PrintCity GmbH & o. KG,
Grobenzell, Germany, 2012

Keif, M.G.: “Setup Reduction for Printers: A Practical Guide to Reducing Makeready Time
in Print Manufacturing, FLEXO, 2009 September, pp. 49-52.



Introductory lecture — review paper

DRUPA AND POST DRUPA TRENDS IN GRAPHIC ARTS TECHNOLOGY IN
THE TIME OF ECONOMIC CRISIS

Dragoljub Novakovic, Igor Karlovi¢
Faculty of Technical Sciences, Graphic Engineering and Design, Novi Sad

Corresponding author: Dragoljub Novakovic¢
e-mail: novakd@uns.ac.rs

1. ABSTRACT

The world still at financial crisis and many industries are trying to hold their positions. The
printing industry as a service industry especially in Europe was also severely hit by the
shrinking economy and aims to find new markets and possibilities in the changing world.
Drupa as the prime trend show for the graphic arts with shrinking attendances showed some
global megatrends and few surprises. Digitalization is a mega trend with possibilities to print
packaging, RFID tags and personalized low print run jobs. Digital printing systems mainly based
on electro photography and ink jet dominate the field while other sectors aim for maximizing the
efficiency and automation. The main attraction of Drupa was the Landa nanography technology
which promises some new ink application possibilities on a wide variety of substrates. This only
proves that innovation and technological breakthroughs are the main driving forces for
economical growth and problem solving. Also there is a clear trend of diversification of the
printing industry where the written words are more and more reproduced by the digital media
devices like tablets and on the other hand printing is used more and more for model making,
electronic circuit printing and even human body parts printing with 3D bio printers.

Key words: Drupa, nanography, digitalization, future trends
2. INTRODUCTION

The printing and graphic arts industry was always a good indicator of the wider and deeper
changes in our society. The rise of the newspapers with the industry revolution, the proliferation
of books with the rise of literacy and newly the shift from printed to digitalized publications are
best seen through the changes in the technologies used in the media and printing industry. The
paralysation of the global economic system which is nowadays called the Great Recession
(recession is defined as two quarters of consecutive contraction of GDP (Gross Domestic
Products) off all sectors, print is perhaps hit the hardest by recessions. On one front, it is reliant
on consumer confidence, GDP growth and the subsequent advertising investments made by
large companies. On the other it is a manufacturing industry, reliant on bank lending to invest in
equipment. For printers, the financial crisis was a perfect storm (Mitting, 2012). But before the
economic crisis the printing industry had already some turmoil. This was due in part to the
sudden and significant changes that have occurred industrially and economically. Prior to the
current economic crisis, the printing industry had already been facing significant challenges.
This was exacerbated by the fact that the print industry was already suffering when the
downturn hit. Many companies in the sector had reacted slowly to the advent of the Internet and
were operating business models better suited to the heyday of print with high overheads and
often inefficient machinery and internal processes. Since then, advertising levels, retail sales
and the performance of the business services and finance sector have all negatively impacted
the printing industry and, thus, demand for commercial printing machinery. The printing industry
is directly dependent on advertising, and thereby on the overall economy. Advertising products
account on average for over 60 percent of print shop production. A glance at the capacity
utilization of print shops in the US makes clear the considerable extent that companies cut back
on expenditures during the crisis, especially in their advertising outlays. In the industrialized
countries, this resulted in a historic low volume of expenditures. The transition to digital
products has impacted this industry more than any other. Printed advertisements used to be the
major medium. Today, advertisers are transitioning to digital formats, leveraging everything from
the Internet to vending machines. Declining retail sales not only impact demand for the
equipment able to produce full colour catalogues and brochures but also the labels, invoices
and other packaging materials used on the goods themselves. Finally, the troubled state of
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business services and the finance sector means less business forms, preprinted contracts,
annual reports and stationary are needed (AccuVal 2012). The initial findings in the “EU
Manufacturing Industry: What are the Challenges and Opportunities for the Coming Years?”
monitored by the EU Comission (EU, 2010) found that in printing all the subsectors have been
confronted by now to the effects of the crisis. Compared to previous recessions, the decline in
investments during the current recession was particularly huge. It is unlikely that the printing
industry returns to a “business as usual” situation after the crisis. The printing industry did not
benefit from specific State Aid aiming at mitigating the effects of the crisis. Printing companies
continue exploring restructuring developments for their business: the medium and large size
companies continue a merging and acquisition process, which have started several years ago.
SMEs develop further efforts towards specialization and niche markets, where they have a
significant advantage due to their flexibility and adaptability.

Packaging print shops have been able to benefit to a greater extent from the recovery of the
economic situation — and they suffered considerably less from the crisis, even though their
orders also declined in 2009. Due to their extremely low capacity utilization, demand by print
shops in the industrialized countries for consumables was lower than in the past. The
crisis considerably accelerated the trend towards consolidation of the printing industry in
the industrialized countries. The print shops that remained are undergoing a process of
transformation from traditional workshops to modern industrial enterprises. They are
industrializing their processes and specializing in profitable business models. In order to meet
the competition, they are investing in the optimization of their overall processes — for example,
by means of software- based process integration. The crisis has temporarily put a brake on the
growth of the printing industry in most of the emerging markets (Heidelberg ,2011).

3. DRUPA TRENDS

The Drupa print fair was always sending out key impulses for the worldwide print and media
industry and laying down foundations for future trends. Drupa 2012 which held this year while
the Great Recession is still impacting the industry and the whole European society Drupa still
managed to bring some positive signals about a brighter future. The recession impacted mostly
the attendances which totalled at 314,500 and this makes Drupa 2012 figures about 75,000
down from Drupa 2008. In Figure 1. we can see the that from 2000 there is a decline trend with
a sharp drop between the two last Drupas.

Figure 1. Drupa fair attendance thousands/year

According to Werner Matthias Dornscheidt the President & CEO of Messe Dusseldorf “This drop
does not come as a surprise for us and the sector as a whole. In Germany alone the printing
industry lost some 3,900 operations with over 61,000 employees between 2000 and 2011. In
the USA over the same period more than 7,700 printing operations closed; However — and this
is the key point — customers now no longer come to drupa as large delegations or on group
corporate trips; it is much more top managers who travel to Disseldorf. Drupa is clearly the
decision-makers’ trade fair and the trade fair for business.” (Messe Dusseldorf, 2012). This
comes as no surprise as, after all, the proportion of top managers amongst visitors has grown
significantly since 2008 (50.8% compared with 44.4% in 2008) according to Drupa officials. Also
according to Drupa final report the dominating themes at Drupa 2012 were automation,
packaging printing, digital printing, hybrid technologies, web-to-print applications and
environmentally sound printing. All previous Drupa fairs had some keyword like the 1990 Drupa
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which was labelled Digital drupa, the improved productivity drupa (1995), the press and
workflow automation drupa (2000), JDF drupe (2004), Inkjet Drupa (2008). This year’s Drupa
has not yet been clearly defined through one label but there are some suggestions as
nanography drupa, hybrid drupa, digitalization drupa and even inkjet drupa again. These labels
show the trends which dominated the fair show. The technology which was maybe the most
amazed and talked about was the Landa nanography. Landa is pushing this new technology
and challenging the mainstream of offset printing in terms of quality and costs and with signed
partnerships with Heidelberg, manroland and Komori makes it a digital printing technology
which impact will be closely observed by all in the industry. One of the several models
presented at Drupa 2012 is shown in Figure 2.

Figure 2. Landa S10 nanographic printing press (Copyright by HSPR media)

At the heart of the Nanographic Printing™ process are Landa Nanolnk™ colorants. Comprised of
pigment particles only tens of nanometres in size (1 nanometer is about 100,000 times thinner
than a human hair), these nano-pigments are extremely powerful absorbers of light and enable
unprecedented image qualities. Landa Nanographic Printing is characterised by ultra-sharp dots
of extremely high uniformity, high gloss fidelity and the broadest colour gamut of any four-colour
printing process. Nanographic Printing begins with the ejection of billions of microscopic droplets
of water-based Landa Nanolnk onto a heated blanket conveyor belt. Each droplet of aqueous
Nanolnk lands at a precise location on the belt, creating the colour image. As the water
evaporates, the ink becomes an ultra-thin dry polymeric film, less than half the thickness of offset
images. The resulting image is then transferred to any kind of ordinary paper, coated or uncoated,
or onto any plastic packaging film — without requiring pre-treatment. The Nanolnk film image
instantaneously bonds to the surface, forming a tough, abrasion-resistant laminated layer without
leaving any residual ink on the blanket. Since Nanolnk images are already dry, there is no need
for post drying. Two-sided printing becomes simple and printed goods can be immediately
handled, right off the press, even in the most aggressive finishing equipment (Nanowerk,2012).
The print results in sharp dots with no bleeding as can be seen in Figure3.

Figure 3. Nanography and other printing technology dot comparison
(Copyright by HSPR media)

Beside these technological benefits the main attraction of the nanographic printing press was
the user interface and console with a large touch screen panel which enables ultra modern user
experience and easiness of using a touch screen mobile phones. Due to the high degree of
automation on Landa Nanographic Printing Presses, a single operator can manage two, three
or even four presses at a time. When the operator leaves the press, the display switches to Vital
Signs Mode, in which key indicators are presented in large fonts that can be easily read from 50
metres away. In addition, the entire user interface is duplicated on a portable touchscreen tablet
that is magnetically attached to the press at any convenient location. According to Benny Landa
the founder of Landa corporation "Landa Nanographic Printing Presses are intended not to
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replace offset printing, but to complement it. For the foreseeable future, offset printing will
continue to be the preferred method for producing run lengths of tens of thousands or hundreds
of thousands,and " But the market is demanding shorter and shorter run lengths — and that's
where Nanography comes in — to enable print service providers to produce those short to
medium run lengths economically — at offset speeds. That's what we mean when we say that
Landa Nanographic Printing brings digital to the mainstream." (Nanowerk, 2012).

4. DRUPA AND POST DRUPA TRENDS IN DIGITAL PRINTING

Beside the nanography there were also some new improvements in other fields of the digital
print sector (Tribute,2012):

» The well-established toner based sheet fed presses are reaching a level of maturity
where progress is slowing up. There were some speed improvements, such as the
Xerox iGen 150 and Konica Minolta bizhub PRESS C1100, and we may be getting to
close to the full speed such dry toner presses using ground or chemically grown toners
can achieve. What we are likely to see in the future with these presses is increased
functionality, such as the longer sheet sizes as shown on the Xerox iGen4 EXP and the
Kodak Nexpress Platform, and extra functionality through extra printing stations, again
as seen on the Kodak Nexpress Platform.

= Liquid toner presses move forward in functionality and speed. This was seen with the
launch of the new HP Indigo Series 3 platform as shown with the HP Indigo 10000,
20000 and 30000 presses. These new presses have an increased imaging width of
nearly 30 inches (75 cm). This width is easier to achieve with liquid toner than with dry
toner. This extra width allows for larger sheet sizes increasing productivity and adding
increased flexibility. It also allows for a reel fed press for the flexible packaging market
to challenge flexo printing, and also a single sided press for the folding carton market.

= The arrival of a number of new high-speed continuous feed inkjet presses to compete
with the range of presses already successfully operating in the market. These included
the KBA Rotajet 76, the Komori Impremia IW20, the Founder EagleJet P5200 and the
Fujifilm Jet Press W. These presses used either Kyocera or Panasonic print heads. Of
these only the Founder and Fuijifilm products are already in the market, the Fujifilm
product having great similarities to some Océ JetStream presses as they all come
via Miyakoshi.

= The B2 sheet fed press market. This is a market that was previewed at the previous
drupa with the Fujifilm JetPress 720, the Dainippon Screen Truepress JetSX and the
Jadason QPress. These presses are now available for sale unlike every other B2 digital
sheet fed press introduced at drupa. For these new introductions is expect that most of
them becoming available for sale after IPEX in 2014. The other new presses that were
previewed were all inkjet based and included the following. The Komori Impremia 1S29
built upon a Komori press chassis with Konica Minolta print heads (also being
introduced as the Konica Minolta KM-1 press); the Delphax Elan press using Memijet
print heads; the Fujifilm Jet Press F folding carton press that uses the same Dimatix
Samba print heads as the Jetpress 720. Most lack true digital functionality like duplex
printing, inline finishing and multiple input paper sources and because of these
imitations will have to compete against the latest very efficient B2 format offset presses
like the Heidelberg SM75 Anicolor for conventional printing work.

Inkjet technology is gaining a new momentum with numerous improvements. The inkjet printing
market is valued at $33.4 billion in 2011 and forecast to grow to $67.3 billion in 2017, according
to Smithers Pira, the worldwide authority on the packaging, print and paper supply chains
(Smyth, 2012). The developments shown at drupa further cement and will accelerate more
widespread adoption. Inkjet printing is not a discrete market, and the technology is used in
many diverse graphics, packaging and industrial applications using very different types of
equipment and materials. Inkjet is used in textile printing, in industrial decoration for glass,
ceramics, flooring and synthetic building materials. It is used in manufacturing display screens,
photovoltaics and some electronic products and there is great potential for inkjet to be used as a
manufacturing process for precisely applying small quantities of material in additive deposition
processes. Inkjet is currently a small proportion of global print and printed packaging. In 2011 it
accounted for some 4.2% of print value and just under 0.5% of the volume. It is attractive to
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suppliers because the sector is growing strongly while conventional print volumes fall. It will still
account for less than 1% of print volume by 2017, but significantly it will be nearly 7% of the
market value. Inkjet is well established in visual communications using wide-format equipment,
but the really dynamic sector is in high-speed inkjet, with many print providers moving away
from high-volume mono laser printing. In 2011 HP reported that the print volume from its inkjet
presses was 459% higher than in 2010, with well over 8 billion pages printed across the year
with volumes accelerating steeply. Inkjet is being used in magazine production, with 300,000
copies of the November edition of Popular Mechanics magazine sent to US subscribers with a
personalized cover. An outsert from HP greeted the subscriber by name and showed a scene
specific to their home town. Inside the issue was a 16-page advertising section, printed by
O’Neil Data, which gave readers locations where they could buy HP products near their homes.
One reasonably new ink jet technology which enables high speed ink jet printing is the already
mentioned Memijet technology. At its base level it is a thermal drop on demand (DoD) system.
However, Memijet delivers an entire inkjet solution to its OEMs for integration into front end and
transport system at a relatively low cost. The base solution includes printheads, control chips,
software, and ink, with optional components available depending upon the individual OEM
need. The ‘Waterfall’ inkjet technology currently centers around the 8.77” wide printhead that
can deliver up to 700 million 1-2 picoliter drops per second. It prints through 70,400 nozzles at
either 6 inches per second at 1600 x 1600 dpi or 12 inches per second at 1600 x 800 dpi,
making it one of the fastest inkjet systems available.

Figure 4. Memjet printhead includes 70,400 nozzles (Copyright by Memijet)

The head includes 11 integrated circuit chips (IC) and five ink channels that can print CMYK +1,
or 5 different spot colors. The fixed head requires minimal warm-up time and prints in one pass
without moving back and forth across the sheet as some other printheads do. The controller
chips are optimized for the system to support delivery of up to 12 inches per/sec., or 60
continuous pages per minute. The ‘total’ solution comes with a software development kit that
minimizes the work required for OEM development and integration into transport and front-end
systems. The basic consumables for all of the OEM devices are the ink and the printheads.
Currently Memijet inks are water-based dye inks that are specifically designed to work with
Memijet printheads. The inks and drop size allow significant ink laydown and quick drying on
inkjet compatible papers. The ink densities and resultant print contrast provide an impressive
production print product. Printhead life expectancy for production print is estimated at up to 4
liters of ink printed at 70% coverage (Zwang, 2012). One other market where digital
technologies are making progress is the folding carton applications. This is a market that was
first previewed at the previous drupa by Xerox working with Stora Enso. Xerox has been
relatively successful in specialized niche carton applications with their technology. The global
market for digital printed packaging and labels is worth $4.8 billion globally in 2011, according to
new research by Smithers Pira (Smyth, 2012). The study The Future of Digital Printing for
Packaging shows the market is growing quickly; by 2016 it will be worth nearly $12.2 billion, a
compound annual growth rate (CAGR) of 20.6% during 2011-16. This equates to 37 billion A4
prints in 2011 and 75.9 billion in 2016. The growth is driven by the changing demands of
packaging buyers — more varieties and pack sizes is fragmenting the market, leading to shorter
runs that digital technology can produce economically. Digital printing and finishing technology
manufacturers are improving the performance of their equipment in terms of speed, quality and
reliability, and these improvements are moving the economic breakeven point of digital ever
higher against conventional printing. The latest HP Indigo and Xeikon narrow-web presses claim
to be more cost effective than flexo up to runs of some 7,000 linear metres; this cut-off
represents an ever growing proportion of the market as runs decline. The new B2 sheetfed
inkjet and toner engines will be aimed at cartons, for example the Fujifilm JetPress F offering a
novel water based UV ink that will significantly push the achievable quality level. Labels have
the greatest penetration, followed by corrugated with small amounts of cartons, flexible
packaging, metals and rigid plastics. Digital has limited penetration in the wider $300 billion
packaging market, with just 1.59% of the value and 0.63% of the print volume in 2011. This will
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grow, but in 2016 it is expected to be still just over 1% of printed packaging volume. Today
electrophotography in high value label applications dominates the digital packaging market. We
forecast inkjet will catch up in both volume and value terms by the end of 2016. Instead of
completing and stocking batches of product for subsequent order, many pharmaceutical
suppliers are producing larger quantities of generic products, than customizing the packs for a
particular application or product. In Europe this is becoming quite common, with blister packs,
cartons or vials being digitally printed in the destination language on bespoke lines. The benefit
is reduced stock in the supply chain, with potential for redundancy and waste as well as
reducing the working capital tied up in stock. In the past couple of years many sectors have
reduced their stock holdings. Inkjet technology is increasingly being added onto existing
packaging lines, replacing slow and limited thermal transfer systems to provide better quality
and flexibility. Digital printing can be useful in brand protection, with clear and UV fluorescent
toners and inks providing covert and overt security features. Variable data capability can provide
unique text and code identifiers resulting in pack traceability across the whole supply chain to
point of use.

5. PRINTED ELECTRONICS AND 3D PRINTING

With price pressure and volume reductions being forecast for print, the industry it is on the
lookout for new opportunities. Adding electronic capability has been on the horizon for many
years. After a hiatus instigated by the global slowdown, there are encouraging examples of how
print might evolve to create new high-value print products. The printing of products like
packaging labels is now incorporating capability for adding electronic functionality directly to the
printed media. RFID technology is gradually turning into an authentic and reliable option for
identification. Applications like item level tagging and supply chain applications are key growth
drivers of this industry, which are increasingly becoming popular. There is still a long way to go
before RFID achieves penetration in the apparel sector, but JCPenney, Wal-Mart and other
companies’ already tagging apparel are considering new categories, including automotive parts,
cosmetics, electronics and jewellery. Also there are reports on using RFID tags to monitor
laboratory samples and as an anti theft tool. The RFID market will continually rise with wider
and wider adaption models. 3D printing is expanding its possibilities and as just one very special
application it can be mentioned that scientists at the Massachusetts Institute of Technology
claim that they are one step closer to creating a synthetic liver using 3D printing to replicate the
human organ and build a network for the blood vessels to grow into. This maybe can’t be
directly connected with graphic arts but the process of printing in definitively evolving in some
earlier unforeseen directions (Inquisitr Ltd., 2012).

6. DIGITAL PUBLICATIONS AND MEDIA TRENDS

Print service providers, like many other businesses, are being impacted by mobile technology.
Smartphones and tablets are now an integral part of peoples’ daily lives; the pervasiveness of
mobile technology continues to influence the “consumerization” of business, and the printing
industry is not immune to this trend. Customers increasingly request access to services via their
mobile devices, and internal business and production operations are going mobile, as well.
Ultimately, the role of mobile technology is going to be increasingly important in business—and
not just when it comes to marketing services. More and more print suppliers are taking
advantage of the digital revolution to add to their portfolio of client services in areas such as
managing mailing lists and customer data, handling stock and fulfiiment, designing and
managing customers’ websites, and running campaigns that integrate all media, new and old.
The traditional print business model, price-driven and product-focused, is no longer fit for
purpose. With the industry’s customers now looking for cost-effective campaigns rather than just
cut-price commodity print, printers can no longer rely solely on manufactured products and low
prices to differentiate themselves: print must adapt if it is to survive. In an Infotrends survey
(Little and Yeager, 2012) which result is presented in Figure 4. it can be seen that more and
more print service provider expand their business to online and mobile platforms.

With the advent of mobile devices and tablet as well dedicated ebook readers some production
volumes of classic printed books and magazines go through changes. There is a steady rise of
sold ebooks in the UK of 366% (Flood, 2012) drawing its data from information provided by 250
publishers, the Publishers Association's Statistics Yearbook put the value of consumer ebook
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sales — fiction, non-fiction and children's digital titles — at £92m in 2011. This is a 366% increase
on the previous year, the Publishers Association said, and consumer ebooks are now equivalent
to 6% of consumer physical book sales by value.

Figure 5. Types of Mobile Interfaces Provided to Clients (Copyright by Infotrends)

The shift from printed to electronic media is also noted in two details from the 9" State of the
News Media 2012 (report which states that more than four in ten American adults now own a
smartphone. One in five owns a tablet). New research released in this report finds that mobile
devices are adding to people’s news consumption, strengthening the lure of traditional news
brands and providing a boost to long-form journalism. Eight in ten who get news on smartphones
or tablets, for instance, get news on conventional computers as well. People are taking
advantage, in other words, of having easier access to news throughout the day — in their pocket,
on their desks and in their laptops. The problems of newspapers also became more acute in 2011.
Even as online audiences grew, print circulation continued to decline. Even more critically, so did
ad revenues. In 2011, losses in print advertising dollars outpaced gains in digital revenue by a
factor of roughly 10 to 1, a ratio even worse than in 2010. When circulation and advertising
revenue are combined, the newspaper industry has shrunk 43% since 2000. One very striking
information is also that Google had revenues ($37.9 billion) of $4 billion greater than those of the
entire newspaper industry in 2011. That gap will keep growing in 2012 and the years to follow.
Accelerated demand from advertisers for internet advertising is having an impact on print
advertising, with revenues from print advertising expected to decline across all media over the
forecast period. New techniques of multichannel communications to engage with consumers are
developing, while the return on advertising expenditure is being monitored carefully. The
developments in communications technology are moving towards a connected world through
computers, tablets and smartphones. Internet usage figures show that the medium is growing
consistently generally resulting in a downward impact on print readership. These changes cause
advertisers to rethink their overall marketing strategies and to devote more resources to
experimenting with electronic media. On the other hand some quite new digital formats like “tablet
only magazines” failed to keep profit for their owners and many of them were shut down this
September (Moses,2012) for several reasons like the lack of support from the advertisers and low
subscription numbers. This does not mean that in the future there is no place for these kind of
publications but that maybe it was too early for a major part of the population.

7. CONCLUSION

Summarizing the presented new hardware’s and software’s which were marketed under the
shadow of the economic crises it can be said that technological innovation like nanography,
smart packaging and intelligent software solution and cloud computing still manages to drive the
printing industry progress. These new applications in combination with some other presented
innovations at the Drupa show that printing has a future, not maybe as we have imagined but in
a much more diversified ways. This proves that only new ideas and solution can provide answer
to the economic challenges of the days. On the other hand as other parts of the technological
devices improve and spread mainly the portable smartphones and tablets with a very wide
interconnection of people through social sites new layers of communication and information
channels are opening. As print evolves and becomes integrated with digital media channels, the
industry as a whole will require individuals to have a holistic understanding of all media types
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and they the roles that they play in supporting one another. As earlier paper was the only
courier of human thoughts and ideas it will be joined by other digital electronic media mainly
online and mobile devices which will partly takeover the task, but printing on paper is still
here to stay.
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1. ABSTRACT

Printed electronics is expected to replace many conventional electronic systems. It is already
used in the manufacture of RFID tags, various sensors, OLED displays, batteries, solar cells
etc. The goal of printed electronic industry is to print electronic systems in roll-to-roll technology,
as cheap as possible.

Printed electronics can be divided into three parts: Wafer part, printed part and hybrid part.
Wafer technology is not classic printed electronics and it is characterised by the procedures
of production which are applied with the classic chip production (vacuum coating,
photolithography, etching, etc.) This technique has the possibility of designing high resolution so
that is applied in OLED displays, electroluminescent films, photovoltaic films, etc.

Printed electronics is based on the additive process of printing (flexo, screen, digital printing...)
where the various substrates were printed with functional inks. This type of printed electronics
can be fully printed by roll-to-roll technology that allows mass production, which significantly
affects the favorable price of products. Hybrid technology of printing electronics combines
the first two mentioned techniques. Flexible materials can be used with printed and
hybrid technology.

This research was focused on printing RFID antennas and sensors on recycled papers,
cardboards and foils. RFID (HF and UHF) antennas, humidity and temperature sensors were
printed with the semi-automatic screen printing machine. Monofilament polyester plain weave
mesh with 120 l/ecm was used. These structures were printed using conductive (thermal
drying and UV drying) and dielectric inks and dried under hot air, UV and Heat&Press drying
conditions to obtain the lowest resistivity.

In the first part of our research UHF antenna was designed according to the chips specification
and printed. The radiation patterns of antennas were evaluated and finally the chips were
integrated onto the printed antennas to produce RFID tags. Measurements showed that tags on
all recycled papers and cardboards operate well.

The second part of our active research has already started. The humidity and temperature
sensors were printed and first analysis for humidity sensors were performed. Results
are optimistic.

Key words: HF, UHF, RFID, antenna, sensor, temperature, humidity, recycled paper,
cardboard, foil

2. INTRODUCTION

Radio frequency identification RFID is rooted in discoveries made by Faraday and discoveries
in radio and radar technologies. The RFID tags can be subdivided into active and passive tags;
active tags have a longer reading/writing range and passive tags a shorter one. The latter are
much simpler and cheaper than active tags and are more widely used [1]. The RFID system
can works at low (LF: 125/134 kHz), high (HF: 13.56 MHz) or ultrahigh (UHF: 860-960
MHz) frequency ranges [2]. The LF and HF tags operate with inductive coupling and have
short reading range, on the other hand the UHF tags use radiative coupling and have longer
reading range [3].
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The integration of RFID tags in different applications is important in order to gain greater
functionality in the products. With traditional manufacturing techniques the integration of RFID
tags may not be technically and economically competitive in mass production. Etching is
typically used in RFID tag manufacturing to produce conductive antenna pattern. Although it
is an efficient process, it has a few drawbacks. It contains many process phases and uses
different chemicals which are not environmentally friendly and are expensive [3]. Because
of that, investigations are focused on the use of conventional printing technologies
for mass production of printing electronics directly on different materials. Among the
printing technologies, the most popular are screen printing [4—6], inkjet [7], flexography [8]
and gravure [9]. The performance of printed RFID antennas was characterized by many
researchers [10-15].

In the first part of our research the goal was to optimize the printing process conditions for
screen printing of passive HF and UHF RFID antenna on coated cardboard, on uncoated
recycled paper and on foil. The UHF antenna was designed regarding to chip specification and
the antenna’s impedance and radiation pattern were simulated with a commercial 3D numerical
solver. The antennas were printed using semi-automatic screen printer. For coated cardboard
and uncoated recycled paper thermal drying silver based conductive ink, and for foil UV drying
silver based conductive ink were used. For HF antenna dielectric, UV curing printing ink was
also used. Drying conditions have been varied in order to obtain good print quality on all printing
materials. The analysed influences of drying conditions of printed conductive layers have been
proven to be significant. After printing and heating the UHF antennas printed on cardboard and
recycled paper were evaluated by a measurements of radiation pattern. In that moment we
didn’t have right results of relevant electrical parameters on the foil, and because of that the
radiation pattern for antenna printed on foil were not performed.

The second part of the research relates to the printed sensors, as part of the printed electronics
that are applicable in wide range of products, but mostly to smart packaging. Smart packaging
can be defined as packaging that contains an external or internal indicator to provide
information about aspects of the history of the package and/or the quality of the product. It may
be devided into three parts: sensors (gas, bio and fluorescence based oxygen sensors),
indicators (integrity, freshness and time temperature indicators) and RFID. [16]

Smart packaging usually involve the ability to sense or measure an attribute of the product, the
inner atmosphere of the package, or the shipping environment. This information can be
communicated to users or can trigger active packaging functions. The goal of the second part
was to be attempted to print moist and temperature sensors directly on the substrate, and to
optimize the printing process conditions. The sensors were printed with semi-automatic screen
printing system, using thermal drying silver conductive ink. As a printing material coated
cardboard, foil and uncoated recycled paper were used.

3. MATERIALS AND METHODS

The research was done according to the procedure presented on Figure 1.

Figure 1: Scheme of research
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3.1 Printing inks

Table 1: Printing inks

Drying (for a moving

belt drier) Printed on: Use for:

Printing inks

Antennas

CRSN2442 Suntronic Silver thermal; 30-90 s on Coated cardboard and (UHF and HF)

280 (Sun Chemical) 110°C-130°C recycled paper
and sensors
i Antennas
DuPont 5064H (DuPont) thermal; 1020 s on Coated cardboard and (UHF and HF)
140°C recycled paper
and sensors
REXALPHA RA FD 076 FS 2 . Antennas
(Toyolnk) UV, >200 mJ/em Foil (UHF and HF)
CFSN6057 Suntronic Coated cardboard and

UV, 650mJ/m? Antennas (HF)

Dielectric 681 (SunChemical) recycled paper

Printing was performed with a semi-automatic screen printing machine “Roku print SD 05”.
Monofilament polyester plain weave mesh with 120 T/cm was used for screen printing process.

3.2 Printing materials

Three types of printing materials were used; conventional coated cardboard and uncoated
recycled paper and foil. Coated cardboard had thickness of 400 microns (grammage 245 g/m?),
recycled uncoated paper had 75 ym and grammage of 80 g/mz. The thickness of the foil was
160 um (grammage 265 g/m°).

3.3 Drying

At first drying conditions were determined. All printed samples were dried under different
conditions in order to determine optimal drying process. Drying (Figure 2), for coated cardboard
and uncoated recycled paper, was performed in hot zone at different temperatures, starting
from 100°C till 170°C with 10°C step, applying the same speed of the moving belt (45 seconds
in hot zone)(l phase). Optimization of drying conditions were achived with two-stages drying
process. While the resistance of prints after first phase was still high, the prints were dried under
Heat&Press (Il phase).

Drying Drying
I phase II phase
Samples Hot zone
[N 115°C ——Hot iron plate 150 °C
Printing B — e a— — ) <
Moving belt Samples under pressure (3 bar)

Figure 2: Schematic representation of two phases combined drying process

By analogy with cardboard and recycled paper, foil was also subjected to two-stage drying. The
difference is in the first stage where instead of heat tunnel UV tunnel was used. The reason for
UV drying is use of hybrid UV ink which is used as printed conductive layer on PETG films. The
problem, which was prevalent during the whole research print electronics on plastic film, was
finding the appropriate UV conductive ink. All previous inks used, before Toyolnk inks, were not
sufficiently conductive, i.e. had a high resistance. At the end of the study was successfully
acquired Toyolnk REXALPHA RA FS FD 076 hybrid conductive ink, which has met all the
necessary criteria. After successfully drying, resistance was measured using the digital
multimeter DT-890G.

3.4 Antenna design

The UHF antenna was designed regarding to SL900A EPC Class 3 Sensory Tag Chip chips
specification. The main terms for the antenna design were the RFID chip impedance (approx.
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20 - j325 Q), and material properties used for the printed antenna. For modification and
simulation of the antenna, as substrate cardboard and recycled paper were used, because in
that moment printed ink on foil did not have good conductivity.

The UHF printed antenna was designed as a resonant planar structure and the type of the
antenna was chosen to be the capacitive-loaded dipole, which fits the standard credit-card size
(Figure 3) at the operating frequency of 868 MHz. The antenna properties (impedance and
radiation pattern) were first simulated with a commercial 3D numerical solver (Ansoft HFSS) and
then also evaluated by a measurement. The relative permittivity of the base of the printed
antenna (paper or cardboard) used for the simulation was 3.2 with a loss tangent of 0.003. The
radiation efficiency of 87% was obtained. The radiation pattern was measured also on printed
antennas on both materials. The foil did not have enough good conductivity results, and
because of that measurements weren’t performed for foil. The measurements were done in
order to find out how the antenna works regarding to printing material.

Figure 3: Design of UHF antenna
3.5 Design of sensors

Humidity content sensor was realised in the form of a parallel plate capacitor. Square electrodes
(1x1cm,2x2cm, 3 x 3 cm) (Figure 4A) were screen printed on both sides of a dielectric
material (paper or cardboard sheet), and thus forming a simple parallel plate capacitor. Since
capacitance of a capacitor is proportional to the dielectric constant (g,) of the dielectric between
its plates, it is possible to indirectly measure humidity content in the dielectric material (printing
material). Capacitance is changing because of a change in g, of the dielectric due to humidity
amount in the dielectric material. Such sensor is able to track humidity level in the material.

Figure 4: Printed sensors A-capacity sensors; B-temperature sensors
Temperature sensor (Figure 4B) was printed as an electrical resistor in the form of long and thin
conducting lines. Resistor in the form of conducting lines exhibits a change in it’s resistance
value due to temperature change, and this can be measured with a simple Ohm-meter.

3.6 Measurements of printed layer resistance
For all substrates resistances measurements were done using the digital multimeter DT-890G,
and applying the two-point method for measurements. Measurements were taken on test

element showed on figure 5 between points 1 and 2 with normal length of L = 22 mm and width
W =3 mm. The nominal number of squares in that print area is Nsq = L/W = 10.3.

Figure 5: Test element for measurments of resistivity
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3.7 Measurements of antenna's radiation pattern

Outdoor antenna measuring polygon was used for radiation pattern measurements in E (electric
field) and H (magnetic field) direction. Measurements of antenna's radiation pattern were done
on printed antennas on coated cardboard and uncoated recycled paper. As mentioned earlier,
the foil at the time of measurement antenna's radiation pattern did not have good enough
conductivity results.

3.8 Analysis of printed sensors

Measurements were conducted in a humidity chamber at constant temperature of 23°C in three
separate series. Prior to each series the samples were conditioned at a specific relative
humidity level for 24 hours. Before the first series of measurement the samples were kept at
50% relative humidity for 24 hours, for the second series they were kept at 43% relative
humidity and for the third series they were kept at 93% relative humidity for 24 hours. First
series was conducted with increasing the relative humidity from 50% to 80% in 10% steps and
waiting time between the steps was 1 hour. Second and third series were made in the opposite
direction from 80% relative humidity to 50% relative humidity in 10% decreasing steps, waiting
time was 1 h between each step. Capacitance was measured every hour with HP LCR-meter
with impedance method at 1 kHz.

4. RESULTS AND DISCUSSION
4.1 Drying

To get the lowest values of resistance and to achieve better conductivity is necessary to provide
optimal drying process. For thermal drying of inks with a moving belt drier the manufacturer
recommends temperature from 100°C to 130°C over 30-90 seconds in the hot zone. We proved
that effective drying — with short drying time can be achived with two-stage drying process,
convencional thermal drying (hot air chanel) and Heat&Press drying. Optimal drying conditions
were different for all printing materials.
e cardboard, 135 seconds thermal drying at 115°C with succesive Heat&Press drying at
150°C (10s)
e recycled paper, 90 seconds thermal drying at 115°C with succesive Heat&Press drying
at 150°C (10s)
o foil, 4 passing trough UV tunnel at about 1200 mJ/cm? with succesive Heat&Press
drying at 150°C (80s), which is equivalent to 60 min thermal drying in oven at 70°C after
UV curing

4.2 Electrical properties
After a successful drying, which consisted of two phases, the resistance between point 1 and 2
of the test structure measured on uncoated recycled paper and coated cardboard was the same

(Figure 6) - final resistivity is very low on both materials, below 100 mQ/sq. Coated cardboard
and recycled paper were printed with SunChemical ink, and foil with Toyolnk.

Figure 6: Resistivity after successful drying on all materials
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4.3 Measurements of radiation pattern

The radiation pattern is nearly the same in E and H directions for simulated UHF antenna and
also for printed antennas on both materials — coated cardboard and uncoated recycled paper
(Figure 7). Prints that were used for the measurements of radiation pattern were printed with
SunChemical ink. The foil did not have enough good conductivity results, and because of that
measurements aren’t performed for foil.

‘e Simulation H plane [dBm]
® @ @ o Simulation E plane [dBm]

@ Cardboard H plane [dBm]

® e e o Cardboard E plane [dBm]
Recycled paper H plane [dBm]
Recycled paper E plane [dBm]

Figure 7: The radiation pattern for simulated UHF antenna and printed on cardboard and
recycled paper materials

4.4 Results of the analyzed sensors

Humidity content sensor exhibits great change in capacitance when recycled paper is used as a
dielectric material as shown in figure 8A for a 2 x 2 cm sensor. Change in minimum and
maximum measured values is of the 10° pF order, this is by far the greatest change for any
material under test. The response is almost flat under 60% relative humidity which is the low
range limit. Thickness of the recycled paper was around 80 um. Figure 8B shows response of a
sensor with cardboard as a dielectric material. Response is more uniform than in the recycled
paper based sensor and is almost linear. Cardboard thickness was around 520 um.

Figure 8: A — Recycled paper based sensor (3 series); B — Cardboard based sensor (3 series)
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5. DISCUSSION

The crucial condition needed to fulfill for printing RFID antennas is lower resistance of printed
layer. In order to achieve this it is necessary to choose the optimal drying conditions that lead to
a reduction of resistance to minimum values - evaporation of solvents (conventional printing ink)
or increased / accelerated cross linking monomer (UV ink).

During the research drying conditions varied to obtain minimum resistance of conductive
elements — antenna. It was concluded that, in addition to various high temperatures in the heat
tunnel, pressure, under the printed samples were exposed after the first phase of thermal
drying, has effect that further reduce the resistance. The optimal dose for each of the drying
material for printing was established, for each material it was different.

Cardboard and recycled paper were selected for antenna simulation. At the time of simulation
and measurement antenna's radiation pattern — the foil did not have enough good conductivity
results, and because of that measurements aren’t performed for foil. The measurements
mentioned at last were done in order to find out how the antenna works regarding to printing
material and to determine antenna quality factor and its resonant frequency.

Capacitance is increasing with increasing content of humidity in the dielectric material
(paper/cardboard). Repeatability of measurements in a recycled paper based sensor is poor.
Both types of sensor have memory for humidity and it is very important for the measurement
how the samples were conditioned prior to the start of the measuring cycle and as well as
the starting relative humidity level. Resolution is better in measurements going from high
relative humidity values (80% relative humidity) to low, that is in a material with a higher
humidity content.

6. CONCLUSION

Acceptable electrical properties of screen-printed conductive layer require optimization of drying
process, in order to have the lowest resistance. The main benefit of two-stages drying is shorter
drying time and energy savings.

The resistivity of conductive ink based on silver is very low and is independent of printing
material. This statement is also proved by measurements of radiation patterns. Printed
antennas on both printing materials show very similar radiation pattern. The design of UHF
antenna is appropriate for cardboard and recycled paper — no differences on radiation pattern
were shown between simulated one and antennas printed on those printing materials.
Unfortunately parallel plate sensor suffers from humidity accumulation between the electrodes
and it's response is not in accord with actual level of humidity present in the dielectric at given
time. Improved designs have already been completed and manufacture (printing) is currently
under way. This will improve the response and prevent humidity to accumulate in the sensor
itself. One idea of such improvement is to perforate the electrode plates or use a comb variant
sensor, or some other geometry of electrodes to allow for better passing of humidity to and from
the dielectric material.

The sensor at this stage is able to distinguish between three levels of humidity (< 60%; 60%—
75%; > 75% relative humidity), which could be satisfactory for simple applications, where for
example only levels over 75% relative humidity are critical for product or opreation.
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1. ABSTRACT

Thermochromic printing inks are different from conventional ones, since they change colour with
temperature. At low temperatures they appear in a coloured state but at high temperatures they
become transparent. The decolouration and the re-colouration don’t occur at the same
temperature; therefore the ink exhibits a colour hysteresis loop. For the development of
thermochromic inks and their use in precise applications, it is necessary to carefully analyse the
dependence of their dynamic colour on different extrinsic parameters which could influence the
colour response of the complex system inside functional pigment capsules. Research work was
focused on two commercial screen printing thermochromic inks. The dynamic colour was
characterized by five parameters — the total colour contrast, the openness and the width of the
colour hysteresis loop, yellowness and the area of the hysteresis loop described by the
corresponding colour change in the CIELAB colour space. The dependence of the parameters
on the layer thickness, the repeatability of the colour hysteresis loops of 3 consecutive heating-
cooling cycles and the influence of storage conditions of the sample prior to measurement were
studied. The results show that variation in ink film thickness has an effect on all parameters.
The starting temperature of the measurement can impact the colour hysteresis loop, i.e. if the
sample is firstly heated or cooled. The hysteresis loop in the first heating-cooling cycle in some
cases differs from those obtained in the second and third consecutive cycle. The analysis shows
that some parameters could influence the colour of thermochromic samples as a function of
temperature. These results are important for every advanced application of thermochromic inks.

Key words: thermochromism, thermochromic inks, hysteresis loop, dynamic colour, physical
parameters, characterization.

2. INTRODUCTION

Thermochromic (TC) inks are different from conventional once, since they change colour with
temperature (White and LeBlanc, 1999). Because of their dynamic colour they are frequently
applied on security printed matter, innovative packaging and promotional products (Phillips,
2000; Kerry and Butler, 2008). Most frequently used TC inks are microencapsulated organic TC
composites mixed in a suitable binder. Most TC organic composites are mixtures consisting of a
colour former (leuco dye), a colour developer and a solvent (Seeboth and Létzsch, 2008). Their
colour change is reversible and depends on two competing reactions; the one between the dye
and the developer, which prevails below the melting point of the solvent, and the other between
the solvent and the developer when the solvent melts (MacLaren and White, 2003; MacLaren
and White, 2003). The complex chemistry of the organic TC composite provides materials
with a unique dynamic colour that can be easily recognized by the naked eye and is
difficult to reproduce.

TC inks typically discolour at higher temperatures than they recolor. Between the totally
coloured and fully discoloured states, the colour of a TC sample depends on the temperature
and also on the thermal history, which results in a colour hysteresis (Kulcar, Friskovec et al.,
2010). The loops of commercial TC inks have varying widths and shapes — some of them are
approximately symmetrical but highly asymmetric ones also exist (Kul&ar, FriS8kovec et al., 2009;
Gunde, FriSkovec et al., 2011).

Changes to the colour hysteresis might be important in any advanced application of a TC ink
where the dynamic colour is of considerable importance. Important issues to be addressed are
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the repeatability of the coloury hysteresis, the influence of storage conditions and ink layer
thickness of the sample on the colour hysteresis. These are the research subjects of our
present work.

3. EXPERIMENTAL PART
3.1. Materials

Two commercially available UV based screen printing TC inks printed on OBA-free gloss coated
paper (150 g/m2) were tested (Table 1). Prints were made with the SD 05 machine (RokuPrint,
Germany) employing a SEFAR PET 1500 monofilament polyester mesh 120/34Y. Both inks
were printed in one, two and three layers. Corresponding thicknesses for Sicpa green samples
are 12, 23 and 36 ym and for the TCX blue samples 16, 28 and 43 ym as measured with
micro-TRI-gloss p machine (BYK Additives & Instruments). Each layer was cured with energy
of ~400 mJ/cm2.

Table 1: Selected data of applied inks: sample name, producer, drying method, activation
temperature (T,), the size of the largest pigment particles (grindometer value) and specular
gloss evaluated at 60° (gloss units, GU).

drying Ty grindometer | gloss

ST eI method (°C) value (um) (GU)
TCX blue Coates Screen, Germany UV curing 31 11 35
SICPA green Sicpa, Switzerland UV curing 33 1,5 63

3.2. Measurements

Spectral reflectances were measured with the i1 Pro spectrophotometer (X-Rite). The CIELAB
values were calculated with the KeyWizrad (X-Rite) software using 2° standard observer and
D50 illuminant. The colour differences were calculated according to the CIEDE2000 colour
difference equation (CIE-Publication, 2004).The samples were heated/cooled on the Full Cover
water block (EK Water Blocks, EKWB d.o.0., Slovenia). Temperature of its flat copper plate
surface was varied by circulating thermostatically controlled water in channels inside the water
block. Three consecutive heating-cooling cycles were measured for every sample in a
temperature range from 5 to 50 °C. The results were recorded continuously in 1 °C steps
without stopping the heating-cooling processes. The average heating and cooling rates were
around 2.6 °C/min and 2.2 °C/min, respectively.

Firstly the samples were measured from low to high temperatures and then cooled back again
(HC cycle) and then they were measured in revers cycle; from high to low temperatures and
then heated back again (CH cycle). For these measurements the samples were stored at room
temperature (21 °C) then placed on the cooled/heated copper plate and immediately measured.
These measurements were done on samples with a single ink layer.

Secondly the samples were left at low temperature (5 °C) for one hour and 24 hours prior to the
measurements and compared to the sample measured from the room temperature. Here only
three consecutive HC cycles were made.

Thirdly samples with different layer thickness were measured. One, two and three ink layers
were used. Here only three consecutive HC cycles were made.

3.3. Evaluation of the dynamic colour

The dynamic colour of TC samples was analysed through the corresponding colour hysteresis.
Each colour hysteresis has two different sigmoidal-like curves which represent the heating and
cooling of the sample. Five parameters were applied to describe the most important properties
of the hysteresis loops and of the colour trajectory described during the heating-cooling cycle in
the CIELAB space. The parameters TCC, Y, O, W and Area o, of a typical colour hysteresis
loop are shown on Figure 1.

The total colour contrast (TCC), yellowness (Y) and openness (O) are defined for the static
states. The TCC is the colour difference between the completely coloured and totally
decolourised states of the sample, Y represents the colour difference between the totally
decolourised sample and the substrate and O represents the colour difference between the first
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and last measurement of one measuring cycle. The width of the hysteresis loop (W) describes
temperature-dependant states. W is the temperature difference between the decolourisation
and colouration of the sample and is given only for the L* value, since values for a* b*and C*
are approximately the same.

During the entire measuring cycle, the sample’s colour describes two trajectories in the CIELAB
colour space, one on heating and another one on cooling. They are, in general, not the same
but are usually connected at both ends (in the totally coloured and fully decolourised states, see
Figure 1, right). The area of the surface between the colour trajectories provides a measure of
difference in colour obtained during heating and cooling of the TC sample. We named this
parameter Area, ., it becomes zero when both colour trajectories are the same. The Area,
was calculated using the equation:

i+1™7i i+]Ci ><CiHi| (1)

Area, ., :%Z|HiHm xH,,,C.,| +|C

Hi and Ci represent colour points in the CIELAB space at i-th temperature during heating and
cooling, respectively. H;H,,, is the vector between the colours Hi and Hi+1. The size of each

vector product is used to express the corresponding area.

Figure 1: The parameters used for colorimetric characterisation of the dynamic colour of TC
inks: total colour contrast (TCC), yellowness (Y), width of the loop (W), openness (O) (left). The
colours describe two different trajectories in the CIELAB space, as shown by a projection on the

(a*,b*) plane (right).

4. RESULTS & DISCUSSION

The paper deals with repeatability of the colour hysteresis loops, the influence of storage
conditions of the sample prior to measurement on the hysteresis loop and dependence of the
colour hysteresis parameters on the layer thickness. Results are represented in the form of
colour hysteresis loops and values of the corresponding parameters.

4.1. Repeatability of the colour hysteresis loop

For this research only samples with a single layer of ink were measured. We tested how the
starting measuring temperature affects the colour hysteresis and its repeatability. One
measurement started at the lowest temperature, 5 °C (HC cycle) and the other at the highest
temperature, 50 °C (CH cycle). Prior to the measurements the samples were at room
temperature (21 °C). To see the repeatability of the colour hysteresis we measured three
consecutive cycles. All corresponding L*T) hysteresis loops for SICPA green sample are
represented in Figure 2 and for TCX blue in Figure 3.

39



Figure 2: The L*(T) hysteresis loops of three consecutive HC cycles (left) and CH cycles (right)

for the SICPA green sample.

Figure 3: The L*(T) hysteresis loops of three consecutive HC cycles (left) and CH cycles (right)
for the TCX blue sample.

It can be seen from the results in Figure 2 and Figure 3 that all the loops are almost identical
when the sample is first cooled and then heated (CH cycle). When measuring HC cycles
sometimes the first loop differs from the second and third one which are always the same or
very similar. The difference in the first cycle in comparison to other two is large for the SICPA
green sample and insignificant for TCX blue sample. Parameters describing the properties of
the loops are represented in Table 2.

Table 2: Values of the parameters used to evaluate the dynamic colour of SICPA green and
TCX blue samples measured in three consecutive HC and CH cycles.

parameter
cycle type

1. cycle
2. cycle

1. cycle
2. cycle

40

TCC Y w Area .y
HC | cH HC | cCH HC | cH HC CH HC | cH
SICPA green
34,7 1331 84 | 86 | 69 | 54 | 14 | 0,2 | 230 | 163
343 1333 | 82 | 84 [ 52 | 53 | 01 0,1 | 163 | 170
344 1332 79 | 85 | 49 | 56 | 01 0,1 | 158 | 172
TCX blue
39,0 1388 | 41 | 44 | 54 | 59 | 04 | 0,2 | 133 | 165
394 1386 | 41 | 42 | 52 | 60 | 0,3 | 0,1 | 146 | 157
39,1 1384 | 41 | 45 [ 53 | 59 | 00 | 0,1 | 142 | 154




TCC and Y parameters are the same regardless the cycle type and number. O can vary for the
first loop in the HC cycle, but differences are small. W and Area,,, are the parameters with the
most significant difference between consecutive cycles. For the SICPA green sample they are
larger for around 35 % for W and 45 % for Areaap.

4.2. Influence of exposure time at low temperatures on the colour hysteresis loop

Effect of exposure to low temperatures before the measurement on the colour hysteresis loop
was evaluated. We compared the hysteresis loops of the sample that was put on the cooled
cooper plate and measured immediately (0 h), the sample that was on the cooled copper plate
for one hour before the measurement (1 h) and the sample that was placed in the refrigerator
for 24 hours at 5 °C and then measured (24 h). For this test only samples with a single layer of
ink were measured and only HC cycles were done. All corresponding L*(T) hysteresis loops for
SICPA green sample are represented in Figure 4 and for TCX blue in Figure 5.

Figure 4: First (left) and third (right) colour hysteresis loops for the sample SICPA green
measured after different exposures to low temperatures.

Figure 5: First (left) and third (right) colour hysteresis loops for the sample TCX blue measured
after different exposures to low temperatures.

Longer exposures to low temperature have an effect on the hysteresis loops. SICPA green
sample has narrower loops (no more the so-called “first cycle effect’) while TCX blue has
slightly wider ones. Otherwise the shape of the L*/T loop remains the same.
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Table 3: Values of the parameters used to evaluate the dynamic colour of SICPA green and
TCX blue samples measured after different exposure to low temperatures.

parameter TCC Y W o Area, .,
cycle 1. | 3. 1. | 3. 1. | 3. 1. | 3. 1. | 3.
SICPA green
Oh 34,0 | 331 8,5 8,4 6,9 4,9 1,3 0,1 227 160
1h 349 | 325 | 8,1 8,2 4,5 4,6 1,2 0,2 180 146
350 | 33,5 | 8,2 8,3 4,8 4,5 1,3 0,2 152 154
TCX blue
Oh 38,1 | 380 | 4,2 4,2 5,6 59 0,4 0,1 102 129
1h 370 | 384 | 43 4,2 6,3 6,3 1,0 0,2 124 150
37,6 | 376 | 4,3 4,1 6,7 6,8 0,4 0,1 142 146

TCC and Y parameters are the same regardless the exposure to low temperatures and number
of cycle. O can be slightly larger for the first cycles but differences are small. W and Area ., are
the parameters with the most significant difference between various measurements. Parameters
are most similar between consecutive cycles for the sample that was left at 5 °C for 24 hours.

4.3. Influence of layer thickness on the colour hysteresis loop

For each TC ink samples with one, two and three ink layers were measured. Only HC cycles
were performed. The corresponding hysteresis loops for SICPA green and TCX blue are
represented in Figure 6.

Figure 6: Colour hysteresis loops for SICPA green (left) and TCX blue samples (right) with
different ink layer thickness.

Layer thickness has a big influence on the hysteresis loops. Thicker samples have bigger and
wider loops and lower discoloration ability in comparison to samples with thinner layers. Values
for the parameters of the hysteresis loops are given in Table 4.
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Table 4: Values of the parameters used to evaluate the dynamic colour of SICPA green and
TCX blue samples with different ink layer thickness.

| TCC | Y | w | o |  Areai.

SICPA green

34,4 7.9 4,9 0,1 158

2 layers 47,3 12,4 54 0,1 486

3 layers 53,7 14,2 5,9 0,1 794
TCX blue

39,1 41 53 0,0 142

2 layers 54,3 59 6,6 0,0 580

3 layers 59,3 7,6 6,6 0,1 946

All the parameters increase with layer thickness apart from O. From the Y results it is obvious
that SICPA green has lower discoloration ability then TCX blue sample. SICPA green has also a
bit narrower loop then TCX blue, which means that the difference (in °C) between discoloration
and re-colouration is smaller.

5. CONCLUSION

Dynamic colour of TC inks is represented with the colour hysteresis loop and characterized with
five parameters: the total colour contrast (TCC), yellowness (Y) openness (O) and width (W) of
the hysteresis loop and the surface area between the heating and cooling colour trajectories in
the CIELAB space (Area o). In this paper it was evaluated how different physical parameters
influence on the colour changing properties of TC inks.

We researched the repeatability of colour hysteresis loop within three consecutive measuring
cycles. We measured two different cycles, one from the lowest to the highest temperature and
then back to lowest one (HC cycle), and the other from the highest to the lowest temperature
and then back to the highest one (CH cycle). It was found out that repeatability is better for the
CH cycle.

Effect of exposure to low temperatures before the measurement on the colour hysteresis loop
was evaluated. Longer exposures to low temperature have an effect on the hysteresis loops,
especially on the width of the loop. For some inks the loop can become narrower, but for others
slightly wider. Otherwise the shape of the L*/T loop remains the same.

Layer thickness has a big influence on the shape of the hysteresis loops. Thicker samples
have bigger and wider loops and lower discoloration ability in comparison to samples
with thinner layers.
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1. ABSTRACT

Change of optical properties is often the most obvious characteristic during paper ageing. The
decrease of brightness or the increase of yellowness occurs because of sunlight, high humidity
and high temperature. The moist heat and light treatments of accelerated ageing were applied
to investigate the ultraviolet/visible (UV/VIS) spectroscopy of non-recycled, recycled, uncoated
and coated papers. In addition to spectroscopy, the optical properties were measured to
evaluate cellulose and paper degradation. The results reveal different stability of aged papers.
The effect depends on the type of accelerated ageing and on paper characteristics.

Key words: recycled paper, accelerated ageing, moist heat treatment, light fastness, UV/VIS
spectroscopy, optical properties

2. INTRODUCTION

Papers are susceptible to colour changes during storage. This is easily seen as a yellowish or
brownish colour of old printed materials, such as old books and newspapers (Jaaskelainen,
Liitia, 2007). The loss of brightness during ageing is attributed to the presence of chromophores
that are formed by the degradation of paper components (cellulose, hemicelluloses and lignin).
Paper yellowing depends to the paper structure and surface coating (Debeljak, Gregor-Svetec,
2010). The speed of paper ageing depends especially on its fibre components, and increases
with rising lignin contents. Organic additions used as optical brighteners are also chemically
unstable and have a negative influence on the oxidation reaction. Recycled papers are less
stable compared to papers made of virgin fibres because of the different recovered paper rows,
which can have poor quality and unwanted components. Moreover, chemical agents are used
during the deinking process. This process can result in shorter cellulose fibres and worse
chemical and mechanical paper properties (Cerni¢, 2010; Grilj et al., 2012).

UV/VIS spectroscopy enables the measuring of reflectance and transmittance of solid or liquid
materials. The measurements are performed using collimated beam; when it is detected in
collimated form, specular reflectance or directional transmittance is measured. The integrating
sphere enables the collecting of the light emerging from the sample in arbitrary direction; thus,
the diffuse reflectance or diffuse transmittance could be obtained. Such analysis enables the
surface characterisation of glossy or rough solids or the photometric analyses of turbid,
colloidal, transparent and translucent samples in solid or liquid forms. Most common are the
measurements of textiles, dyes, papers and glass. The spectra give information about electronic
shells of the material in the investigated sample, which is of great importance in many
applications in the material science and in several applications (Perkinelmer, 2010; Grilj et al.
2011). UV/VIS reflectance spectroscopy is also a practical method to study the chemistry of
pulp yellowing (Jaaskeldinen, Liitid, 2007).

The main reason of this research was to investigate paper changes during two different
accelerated ageing. We analyse optical properties and UV/VIS spectra of non-recycled,
recycled, uncoated and coated papers.

3. MATERIALS AND METHODS

In the research, four different commercially produced papers with similar grammage (100 g/mz)
were analysed. Slovenian paper mill Papirnica Vevée supplied two wood-free papers: uncoated
(VUP) and matt-coated (VCP) papers made of virgin fibres. The other two papers were bought
from the Danish paper manufacturer Dalum Papir A/S. These papers were 100 % recycled,
uncoated (RUP) and matt-coated (RCP). Paper properties were determined according to the
appropriate standards and are presented in Table 1.
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Papers were exposed to the two different accelerated ageing methods for 12 days. A
conditional chamber was used for the moist heat treatment (ISO 5630-3, 1996), where the
specimens were exposed to a temperature of 80 °C with 65 % relative humidity without light
exposure. A Xenotest Alpha (Atlas) was used for the light fastness (ISO 12040, 1997) analysis.
The specimens were exposed to the xenon arc light at a temperature of 35 °C with 35 % relative
humidity. The temperature of the black standard was 50 °C. A Xenochromo 320 nm filter and
turning mode illumination were used.

Untreated papers and papers treated with both mentioned accelerated ageing methods were
evaluated using spectrophotometric measurements.

A Color Digital Swatchbook (X-Rite) spectrophotometer with UV light was used to measure ISO
brightness (ISO 2470, 1999) of papers under standard light D65 and 2° observer. Instrument
was calibrated on white standard. ISO brightness was measured as reflectance of opaque sheet
wisp at 457 nm wavelength 6 times for each sample.

The yellowness index was calculated as follows:

YIE313 = —100(‘:";“622) )

where X, Y, Z are the CIE tristimulus values, and Cyx and C; are coefficients (D65/10°: Cy =
1.3013, Cz= 1.1498) (Debeljak, Gregor-Svetec, 2010).

An Eye-One Pro (X-Rite) spectrophotometer was used to measure the L*a*b* values of papers
under the following condition: D50 illumination, 2° observer, density standard DIN, absolute
white base, no filter and reflectance measuring mode. Measurements were repeated 3 times for
each sample.

Using the UV/VIS spectrometer Lambda 800 with PELA-1000 integrated sphere accessory
(PerkinElmer), we measured the reflectance values in the wavelength region 200-900 nm. The
measurements of all samples were conducted in 5-nm steps, preparing 5 specimens for each
sample, the average values of reflectance and transmittance of which was calculated with
software UV WinLab 6.0.2.0723.

Optical properties and UV/VIS spectra of the papers were determinate at the upper side of the
papers only.

Table 1: Properties of the papers

Properties Standard Treatment VUP VCP RUP RCP
Grammage [g/mz] ISO 536 - 99.6 96.5 97.3 101.7
Thickness [um] ISO 534 - 126 88 106 92
Specific volume [cms/g] ISO 534 - 1.26 0.91 1.08 0.90
Roughness, Untreated 156 44 213 91
Bendtsen [ml/min] ISO 5636-3 | Moist heat* 184 47 215 87
Xenon lamp* 217 50 252 106
] Untreated 865 <5 335 9
Air permeance,
Bendtsen [ml/min] ISO 5636-3 Moist heat* 883 <5 282 11
Xenon lamp* 930 7 420 15

*After 12 days of treatment
4. RESULTS AND DISCUSSION

4.1. Optical properties
Reduction of ISO brightness due to different accelerated ageing is shown in Figure 1. 1ISO
brightness for moist heat treatment reduces the least for paper VUP (4 %), followed by RCP (5
%), RUP (7 %) and VCP (8 %). Differences for light ageing are higher in comparison with moist

heat treatment. Papers VCP, RCP and VUP have at light ageing similar reduction (about 20 %).
Meanwhile ISO brightness for paper RUP reduces for 33 %.
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Figure 1: Reduction of ISO brightness

Figure 2 shows the rising of paper yellowness according to accelerated ageing. Yellowness
index for moist heat treatment increased 5 units for paper VUP, following by RCP (6), RUP (7)
and VCP (8). Yellowness index for papers VCP and RCP increased 12 units, for RUP 22 units
and for VUP 24 units at light ageing. Trend for moist heat treatment is similar to those of ISO
brightness; meanwhile for light ageing the difference between uncoated and coated papers can
be detected because the change for the first one is larger. Coated papers are subject to
yellowness a bit less than uncoated papers. Figure 3 supplements the findings in Figure 2.
Paper colours shift from blue to yellow region for papers made of virgin fibres (VUP and VCP)
and from neutral to yellow region for recycled papers (RUP and RCP).

Increasing yellowness and decreasing ISO brightness of aged papers occurs due to
degradation of optical brighteners. Substrates without optical brightener agents can achieve
better light fastness performance (Chovancova-Lovell, Fleming Ill, 2006). Paper yellowing is the
natural ageing process because of sunlight, high humidity and high temperature. The loos of
brightness during ageing is attributed to the presence of the chromophores formed by the
degradation of paper components (cellulose, hemicelluloses, lignin) (Debeljak, Gregor-Svetec,
2010). Such effect partly occurs also because of increased air permeance and roughness
during ageing which can be seen in Table 1. Differences in surface properties happened due to
larger holes, spaces between fibres and fillers, and therefore different light scattering.

Figure 2: Increasing of yellowness
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Figure 3: Change of CIE a*b* components
4.2. UVIVIS spectroscopy

Figure 4 show the reflectance of untreated and treated papers in dependence of the
wavelengths. Particularly interesting are the reflectance values of papers made of virgin fibres,
the values of which exceed 100 %. This is a typical phenomenon of papers which contain
optical brighteners, due to which paper emits light even more in the UV spectral region. The
phenomenon is the strongest at uncoated paper made of virgin fibres (VUP), where the
maximum reflectance value equals 240 %. The coating on paper partially suppress the effect of
brighteners. Maximum reflectance value for coated paper made of virgin fibre (VCP) equals 105
%. Recycled papers have smaller reflectance value which mean less optical brighteners in
paper surface.

Degradation of optical brighteners during ageing is visible also from reflection in the UV spectral
region (Figure 4). A small degradation of optical brighteners occurs at moist heat treatment and
large at light treatment. Different papers have almost the same spectra after ageing with light
treatment which indicates that their optical brighteners completely degrade.
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Figure 4: Change of UV/VIS spectra

5. CONCLUSIONS

The article presents optical properties and UV/VIS spectra of aged papers. The results reveal
the different stability of papers. The effect depends on the type of accelerated ageing and
paper characteristics. Moist heat ageing has less influence on optical properties and UV/VIS
spectra than light ageing. The better light fastness of coated papers in comparison with
uncoated ones has been indicated from yellowness index and CIE a*b* components.
Meanwhile the reflectance at UV spectral region reveals larger amount of optical brighteners
in papers made of virgin fibres than in recycled papers and therefore greater decrease of
reflectance during ageing at those papers.
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1. ABSTRACT

This paper reviews the different mechanisms of UV inks curing (free radical, cationic and hybrid
polymerization). The advantages and disadvantages of these various types of UV inks are
discussed together with their applications areas. Next, the various UV sources used for curing of
these inks are outlined. The text describes mercury lamps, doped mercury lamps, excimer
lasers and also UV LEDs. UV LEDs are potentially very interesting UV source, which may in the
future replace existing sources in some applications. The last part is focused on EB inks. In the
text the curing mechanism, applications areas and their comparison with UV inks are explained.

Key words: UV ink, EB ink, UV source, cationic polymerization, radical polymerization
2. INTRODUCTION

Photoinitiated polymerization (mostly by UV radiation) of multifunctional monomers and
oligomers is one of the most efficient methods to produce highly cross-linked polymer networks.
The beginning of UV curing industry can be found in the 1960. [1] Since then much effort was
given to develop these systems (photoinitiators, monomers and oligomers, additives,
optimization of formulations, UV sources, reflectors, etc.). In these days this technology has
many commercial applications (printing inks and varnishes, coatings, adhesives, dielectric
layers, etc.), because of its unique advantages. The most important advantages are:

—Rapid curing time (fractions of a second) with obvious production benefits in today’s high
speed production lines. The final product can be further processed immediately after printing.

—Low operating costs, lower energy consumption.

—Enhanced material properties that allow manufacturers to make their products more attractive
and durable. Finished products exhibit very good abrasion and solvent resistance coupled with
superior toughness. Another important benefit is that the UV inks and varnishes allow
toachieve the highest gloss not attainable by any coating method.

—Low VOCs (volatile organic compounds) is certainly the most discussed aspect of UV curing
(not always the most important). UV inks and coatings release virtually zero VOC, although
photoinitiators may have some solvents and the formulations contain some volatiles (weight
loss of the applied cured film is usually in the range from 1 to 3 % versus 70 % and higher for
low solids and even waterborne systems).

—Pot life. Because the inks and coatings do not contain volatiles, evaporation of the inks in
inking unit does not occur. This in turn leads to increased stability on the press, reduction of
downtime for cleaning, faster set ups and job changeovers, etc. [2, 3]

In the printing industry are UV systems used mainly as printing inks and varnishes. They are
often used in offset printing, flexography, inkjet and screen printing.

3. THE UV CURING PROCESS

UV formulations generally contain five types of substances (monomers, oligomers,
photoinitiators, pigments and additives). Monomers are low molecular weight materials and their
main function is to adjust required viscosity of final formulation. Oligomers are higher molecular
weight materials with higher viscosity. Usually, the type of oligomer backbone determines the
final properties of cured film such as flexibility, toughness, etc. Photoinitiators are substances
that initiate the polymerization process. The UV curing process requires a radiation source (UV
or visible light). Photoinitiators absorb this radiation and decompose onto reactive species (free
radicals or cations). These reactive particles start polymerization reaction of monomers and
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oligomers that they are quickly (in fractions of second) converted from a liquid formulation into a
solid, cured film. Pigments are substances that provide given colour and additives modify the
inks properties (surfactants, defoamers, light stabilizers, etc.) or modify properties of final cured
film (waxes, etc.).

There are three different UV curing systems: free radical, cationic and hybrid polymerization. UV
curing systems are dominated by acrylate chemistry and free radical polymerization with many
various types of binders and photoinitiators for precise setting of final properties of cured
materials and are relatively well known. The cationic curing is alternative curing technology and
is not as widespread as free radical polymerization, but it offers several advantages over more
commonly used free radical polymerization. Hybrid polymerization, which combines the
advantages of free radical and cationic polymerization, is currently very limited.

3.1.Free radical polymerization

Photoinitiators exposed to an UV radiation spontaneously decompose into free radicals initiating
polymerization reaction. These radicals react with double bond of oligomers or monomers
resulting in further growing macroradicals. A quickly growing chain is finally stopped by chain-
breaking reaction. The polymerisation results in three-dimensionally cross-linked, insoluble and
rigid macromolecules. All this happens within fractions of second so immediately after curing a
highly resistant film is obtained.

The disadvantage of these systems is mainly oxygen inhibition that is carried out in air (oxygen
reacts with radicals and not reactive peroxyradicals are produced). The oxygen inhibition is
manifested by an induction period, lower rates and lower degrees of polymerization producing
partially cured film. This effect is most pronounced in the curing of thin layers, where high
surface area to volume ratio supports fast oxygen diffusion into film. Therefore some UV-driers
are equipped by inert gas (mostly nitrogen) what results in significantly increased production
speed of printing machines or amount of photoinitiators in ink formulation can be reduced.
Another disadvantage of these systems is volume contraction during polymerization (shrinkage).
The result of this shrinkage is lower adhesion of inks to some substrates (especially to plastic
foils and metals) and also “edge curl effect” (mainly for thin materials like labels). Systems that
polymerize by free radical polymerization have typically shrinkage about 5-15 %. [4]

3.2. Cationic polymerization

Catatonically curable inks have quite a different reaction mechanism. The monomers and
oligomers are based on epoxides, vinylethers and other electron-rich vinyl compounds. Cationic
formulation can contain also alcohols in combination with epoxides (alcohols act as chain
transfer agent). The initiating species is in this case the Lewis or Broensted acid. This acid is
produced by decomposition of cationic photoinitiator after UV exposition. The proton contained
in the acid induces opening of the epoxide ring with a continuous chain growth. Contrary to
polymerisation initiated by free radicals here the breakdown products of the photoinitiators are
long-lasting and reaction continues after exposure. The average lifetime of cationic active
centres has been found to be in order of tens of minutes in comparison to free radicals which
have very high termination rate constant and subsequently short lifetimes of active center—
typically less than second [5]. First curing takes place mainly at the surface, and then slowly
continues. The acid can diffuse through the still liquid layer and cure layers that had not yet
been directly exposed by UV radiation. This process can be of advantage when highly opaque
inks are printed, as the UV radiation does not penetrate all the way to the substrate (this cause
the insufficient curing of inks cured by free radical polymerisation).

Shrinkage of cationic formulations is much lower and usually is about 3—5 %. [4] Low shrinkage
minimizes internal stress and this is one of the reasons why cationic formulations have excellent
adhesion to a wide variety of substrates. The combination of epoxides with polyols or vinyl
ethers allows large-scale adjustment of film properties from rigid to flexible depending on
individual requirements. Additions of polyols also increase depth of cure of thick coatings.
Another important advantage of cationic formulations is that there is no inhibition by air oxygen,
because it involves positively charged species and not radicals. Generally cationic inks have
lower potential for skin and eye irritation or sensitization than radical curing inks and also odor of
liquid and cured ink is very low. The cationic inks are also characterized as inks with enhanced
barrier properties. All mentioned aspects are mainly important for food packaging.
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Despite these certainly excellent properties there are following limitations. The curing speed is
lower and final properties of catatonically cured inks are developed up to 24 hours or more after
UV curing (referred as dark cure). Amines or other basic materials, including some pigments
and additives tend to neutralize the initiating acid, resulting in poor cure response and
subsequently by poor adhesion or micro-wrinkling (or both). The inks cured by cationic
polymerization are negatively affected by high ambient humidity. This can be suppressed by
infrared dryers that decrease relative humidity and on the other hand increase cure speed due
to increased temperature of ink. Advantages and disadvantages of these two types of inks are
summarized in Table 1.

Table 1: Comparison of cationic and free radical systems

Parameter Free radical Cationic

Cure speed High Moderate to high
Initiation UV radiation UV radiation and heat
O, sensitivity Yes No

Humidity sensitivity No Yes

Base sensitivity No Yes

Shrinkage Large Low

Adhesion Moderate to good Excellent

Post cure Limited Strong

Chemical resistance Good Moderate to good

3.3.Hybrid polymerization

Relatively new are hybrid systems that combine the advantages of free radical and cationic
polymerization. The main advantage of hybrid systems is that they often synergistically combine
the properties of the two constituent homopolymers (glass transition temperature, melting
temperature, strength and toughness, etc.) [6] Another important advantages of the
radical/cationic hybrid systems is that they reduce oxygen and humidity sensitivity in the
respective free radical and cationic polymerization, favourably affect shrinkage as well as stress
development (in comparison to free radical systems), improved film-forming properties,
increased cure speed and final properties are developed much faster. [6, 7] In work [8] a
positive effect of epoxide monomer on polymerization of acrylate monomers in hybrid system
was proved. The reaction rate of free radical polymerization was much faster in the presence of
epoxides (against pure free radical system) and also higher conversion of acrylate monomers
was reached (free radical polymerization is faster than cationic and due to the cationic
monomers act as a plasticizers during early polymerization of acrylate monomers). The reached
conversions of acrylate double bonds were about 15 % higher in monomer mixture than in pure
acrylate monomer. The conversion of cationic monomer was only slightly lower (few percent) in
hybrid mixture than in pure epoxide system. The using of hybrid polymerization in coatings and
printing inks is currently very limited and is mostly subject of research. In future, it could be a
powerful tool to achieve tailor-made properties, in particular to produce hard and flexible
polymeric materials well suited for coating applications.

4. UV SOURCES

For UV curing is important not only UV radiation, but also near visible spectrum from 400 to 450
nm (mainly for pigmented systems). The UV region can be split into to three parts: UVA (400—
315 nm), UVB (315-280 nm) and UVC (280-100 nm). Selecting the right UV source (spectral
output, power, heat, input power, lifetime, etc.) is crucial for efficient UV curing performance.
Each photoinitiator has its unique spectral absorption pattern. Additionally, other compounds in
the ink or coating (such as oligomers, diluents, and mainly pigments) have their own impact on
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the overall absorption characteristics of the cured system. Besides the above mentioned
parameters are for successful curing also important some other aspects: production speed, type
of printed material (paper, polymer foils, etc.), type of reflectors, thickness of cured ink, rheology
of ink, etc. Short wave UV around 250 nm has little penetrative power and is mainly used to
provide surface cure. Long wave UV and near visible light penetrate much further and is more
useful for depth cure. [1]

4.1. Medium pressure mercury lamp

The most common used UV source for UV curing is medium pressure mercury lamp. Besides
medium pressure mercury lamps, there are also low and high pressure mercury lamps. Mercury
lamps provide significant advantages over other approaches, such as lower cost, faster process
speed and higher UV power. On the other hand they have some fundamental limitations such
as, high electrical power, relatively short lifetime, use of mercury which is now considered
environmentally hazardous, high production of infrared radiation and also production of ozone.
The mercury vapour may be energised by an electric arc discharge or by microwave radiation
(the lamp output in both cases is similar). Parameters of these two types of mercury lamps are
summarized in the Table 2. Typical spectrum of medium pressure mercury lamp is shown on
Figure 1 (often marked as H-bulb). For pigmented systems is better to use doped mercury
lamps due to shift of spectral output to longer wavelengths (D-bulb is doped by iron, V-bulb by
gallium, Figure 2 and 3).

Table 2: Comparison of medium pressure mercury lamps (arc and microwave lamps)

Arc lamp Microwave powered lamp
Power (W/cm) 80-300 120-240
Length (cm) up to 180 25 (max)
Start-up time 2—-3 minutes 10 seconds
Lifetime (hour) 1000 3 000

200 300 400 500 600
wavelength (nm)

Figure 1: Spectrum of medium pressure mercury lamp (H-bulb)

Figure 2: Spectrum of medium pressure mercury lamp (D-bulb)
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200 300 400

wavelength (nm)

500 600

Figure 3: Spectrum of medium pressure mercury lamp (V-bulb)

H-bulb has strong output in the UVC (200-280 nm) and the UVB (280-320 nm). It is typically
used for curing offset inks and overprint varnishes. D-bulb has much higher percentage of its
output in the UVA (320—400 nm) and this lamp is used where deeper penetration is required.
Applications include thick pigmented inks and very thick clear coatings. V-bulb has strong output
in the violet region of the visible spectrum (400-420 nm) and it makes this lamp well suited to
cure white pigmented coatings.

In addition to mercury lamps also xenon lamps are used, which are characterized by lower heat
production and are supplied in smaller sizes.

4.2.Excimers

An excimer laser is a form of ultraviolet laser. The term excimer is short for “excited dimer”.
Excimers can be formed by noble gases and noble gas/halogen mixtures, for which the term
excimer is incorrect (since a dimer refers to a molecule of two identical parts/atoms). The
correct but less commonly used name for noble gas/halogen mixture is exciplex laser. Under
the appropriate conditions of electrical stimulation and high pressure, a pseudo-molecule called
an excimer (or exciplex) is created. The excimer state is of short duration. When the excimer
breaks up, UV radiation is emitted in a very narrow, quasi monochromatic spectral range.
Depending on the used gas, different narrow-band UV spectrums are emitted, mainly in a single
spectral line (Table 3). An excimer laser typically uses as noble gas argon, krypton, or xenon
and as halogen fluorine or chlorine. [9]

Table 3: The wavelength of an excimer lasers

Excimer Wavelength Excimer Wavelength
(nm) (nm)

(ArAr)* 126 (KrF)* 248

(KrKr)* 146 (CICH* 259

(FF)* 157 (XeBr)* 282

(XeXe)* 172 (XeCl)* 308

(ArF)* 193 (XeF)* 351

(KrChH* 222 (NN)* 337

Company Heraeus Noblelight produces excimer lamps under the name Bluelight with

emission maximums of 172, 222, 282 and 308 nm [9]. The most used wavelength is 308 nm

(excimer XeClI*). [10]

Using excimer UV sources provide a number of indisputable advantages:

— no heating of the printed substrate as radiation does not involve any infrared radiation
(important mainly for polymer foils),
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—  better utilization of electrical power for drying process and effective curing process,
because only activating radiation is emitted (no visible or infrared radiation) and
wavelength can be chosen to match the maximum of photoinitiator absorption,

—  no ozone generation (excimers with emission bands in UVA or UVB region),

— the presence of inert gas prevents the quenching process caused by atmospheric oxygen
and thus significantly increases the yield of polymerization and the degree of conversion,

—  suitable combination of excimer lamps can create matt surfaces without special matting
additives (for example short wave excimers with emission bands at 172 or 222 nm cure
only thin layer on the top and this fast-curing surface film cracks and causes diffuse
scattering of light. Consequently the excimer with longer wavelength (308 nm) cures the
rest of the varnish.

Between disadvantages belongs:

— higher purchase costs,

— excimers power (up to 50 W/cm) that is still considerably lower than the power of
mercury lamps,

— the ink photoinitiator system needs to be adapted to the particular wavelength of excimer.
Conventional UV lamps are polychromatic and therefore cover a greater bandwidth
of photoinitiator. [10]

4.3.UV LED

Over the past few years the irradiance of commercial UV-LED (light emitting diode in UV range)
devices increased from a few hundred mW/cm? to approximately 10 W/cm?. [11] This leads to a
wide range of UV-LED applications (printing inks and varnishes, curing adhesives, coatings etc.)
Due to fundamental semiconductor material processing issues, present LEDs are limited to
wavelength longer than 355 nm (commercially available UV LEDs operating at 365, 385, 395
and 405 nm). [12] UV-LEDs can offer substantial benefits, such as, instant on-off, mercury free,
longer lifetime (> 20 000 hours), low energy consumption, lower production cost, no generation
of ozone and heat, maintenance free, etc. Main disadvantages of UV-LED systems are): lower
UV power in comparison with mercury lamps and the lack of suitable chemistry. Over the past
ten years, most UV chemistry has been formulated to react with broad band mercury spectrums.
Not all systems from previously formulated UV chemistry is compatible with monochromatic UV-
LEDs and has to be reformulated to react and accomplish similar cure results as are achieved
with mercury lamps. UV-LED inks and coatings require specific photoinitiator types that absorbs
at longer wavelengths. Only three groups of commonly used photoinitiators absorbed at long
wavelengths (Phosphine oxides, Thioxanthones and Ethyl Michlers ketone). It is also important
to choose much more reactive oligomers and monomers to achieve suitable reactivity levels.
[13] With reformulation another disadvantage of these inks is connected, the higher price. With
longer wavelengths and lower power of UV-LEDs often relates insufficient surface cure due to
oxygen inhibition (better full cure results can still be achieved with a broad-spectrum mercury
lamps). Oxygen inhibition can be eliminated by using of inert gas (nitrogen), but is connected
with increased running costs.

In the graphic arts industry are UV-LEDs used mainly in inkjet printing and it could be soon the
preferred choice compared to mercury lamps. UV-LEDs are also used in offset printing (narrow
web presses) and flexography, but they are not as widespread as in inkjet printing. An example
of offset printing machine with UV-LEDs can be Ryobi 525GX LED-UV from a Japanese
company Ryobi. With existing LED sources, careful optimisation and high photoinitiator loadings
the offset inks can be cured at 100 m/min. [13]

5. EB INKS

EB is the abbreviation for electron beam curing. Electron beam is an ionizing radiation of such
high energy that molecules of monomers and oligomers of printing inks or coatings are ionized,
thus causing the release of free radicals. In principle, the same monomers and oligomers can
be used for EB and UV curing. Owing to high energy, a sufficient number of initial radicals are
released and therefore there is no need to add expensive photoinitiators. [10] The absence of
photoinitiator has three major advantages. 1) economical aspect due to elimination of expensive
photoinitiators from formulations, 2) environmental aspect, because photoinitiators are usually
variously modified aromatic substances that can migrate from cured film and 3) better storage
stability of the inks.
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The use of EB curing for printing inks and varnishes, particularly in the packaging industry is
growing rapidly (mainly in the USA, Western Europe, but also in emerging markets of China,
India, etc.). The driving forces are ecology, economy and development of low voltage EB
systems operating in the 80—125 kV range (these low voltage EB equipments were introduced
in early 2000). The electron energy of these systems is lower and more efficiently deposited to
the thin layers to be cured. Low voltage EB systems are thus smaller and more compact than
traditional EB equipment and, due to their effective generation of energetic electrons, they also
consume considerably less energy. In Table 4 there is shown a comparison of energy
consumption of web offset press equipped with UV and EB drying (UV: IST 6 lamps, each 200
W/cm, 3 chill drums; EB: ESI EZCure | EZ110/90/1200 DF, no chill drum). [14]

EB systems are due to their high penetrating power of electrons especially well-suited to cure
thick, multiple and heavily pigmented layers of inks and coatings. EB curing enables wet-on-wet
curing of several layers of inks at the end of printing machine with just one EB station. EB curing
of inks and varnishes is very fast (printing speed can be up to 600 m/min) and due to high
penetrative power of electrons a “100%” cure is achieved without residual uncured monomers
and oligomers. This high effectiveness of printing process favours using of EB systems mainly
in web offset and flexo printing. Other areas, where these low voltage systems are used, are for
the curing of overprint varnishes and high gloss lacquers on gravure and flexo printed materials
and in applications where lamination is replaced by an EB cured varnish. [14] For food
packaging is also important that during the curing any microorganism in the substrate is
destructed by electrons. Main drawbacks of EB curing are higher investment costs, radiation
inside a protective atmosphere (e.g. nitrogen) and higher cost for printing inks.

Table 4: Energy consumption UV vs. EB (web offset press) [14]

Item uv EB

Electric power 215 kW 58 kW
Cooling capacity 113 kW 21 kW
Cooling water 9750 I/h 3660 I/h
Exhaust air 1940 m°/h Not required
Inert gas 100-120 m°/h 80-100 m*/h

6. CONCLUSIONS

The use of UV inks and varnishes in printing industry is growing up due to their obvious benefits
such as rapid curing time and possibility of further processing immediately after printing,
enhanced material properties (high gloss, excellent scratch and chemical resistance), low VOC,
etc. Today, most of UV cured inks and coatings are based on free radical polymerization, but in
future, with continuing development proportion of cationic systems (better adhesion, no oxygen
inhibition, more flexible cure film) or hybrid systems will increased.

Still the most widespread UV source is mercury lamp, but in close future can be the preferred
choice LEDs (for example in inkjet printing). LEDs are probably the most promising UV source
(low energy consumption, instant on/off, longer lifetime, environmental aspect, etc.) and with
continuing development it can be assumed, that their main drawbacks witll be overcome.(lower
radiation intensity and need to reformulate existing UV systems designed for mercury lamps).
Alternative method to UV curing is system cured by accelerated electrons (EB curing). With
development of low voltage EB sources increased number of print houses using EB inks (EB
systems have been installed and are now in operation mainly in the USA and Western Europe).
Due to the obvious advantages of EB curing (absolute and very fast drying, lower energy
consumption) and with decreasing prices of EB units a larger expansion of these systems to
other parts of the world it can be expected.
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1. ABSTRACT

The ultraviolet-visible spectroscopy was used to determine the absorption characteristics of
magenta sheet-fed offset printing ink. Two samples of printing ink, fresh and used, after 20,000
printed sheets, were investigated. The recorded spectrum showed the maximum absorption in
regions characteristic for Lithol Rubin B pigment. The intensity changes of the absorption
maximum is due to the energy shifts to lower values, while an increased band with occurs at
higher temperatures of printing processes associated with an increasing resonance energy. This
phenomenon could be useful as an indicator of ink ageing process.

Keywords: UV-VIS, Lithol Rubine B, sheet-fed offset printing, pollution
2. INTRODUCTION

The most common carriers of color for magenta inks are typically acid or alkaline salts of iron,
barium, calcium and copper [1, 2]. The Lithol Rubine B is commercial name for organic dye,
calcium (4Z)-4-[(4-methyl-2-sulfonatophenyl)hydrazono]-3-oxo-2-naphthalenecarboxylate, which
is widely used in production of sheet-fed offset printing ink. Lithol Rubine B is a reddish
synthetic azo dye (Figure 1) in form of red powder.

CHa
S0a(12Ca)
N
" '\-\.H
= S0a(YCa)

Figure 1: Lithol Rubine B pigment (LRB)

It is slightly soluble in hot water, and insoluble in cold water and ethanole [3, 4]. LRB is used as
dye for plastics, paints, printing inks, and textile printing. When it is used as a food dye, LRB has
E number E180 in the EU. Beside in food, sodium and calcium salt as red pigment are generally
use in cosmetics and printing. In the US both salts are approved for usage in drugs and
cosmetics (with the exception of eye area use). Similar, in Japan both salts are approved for
OTC-drugs (Over-the-Counter Drugs) and cosmetics for external application. According to FDA
(Food and Drug Administration) a maximum daily dose of 5 mg is considered to be safe and a
group ADI (Acceptable Daily Intake) of 0.15 mg/kg bw/day was established (FDA 1982). In the
EU an ADI of 0-1.5 mg/kg was deduced by the SCF (Scientific Comity for Food) in 1983 (EG
Doc 111/9280/90) [5].

None of the available studies for magenta ink, either sodium or calcium salt, gave any indication
that the azo dye might be a reproductive toxin up to the highest dose tested. Although none of
the reported studies is in line with current guideline requirements and the available information
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is rather limited for all reported studies, including a 3-generation study and teratogenicity studies
in 2 species support the overall conclusion, that Lithol Rubine B does not have to be considered
as a reproductive toxic substance [5].

The main source of environmental exposure to Lithol Rubine B pigment would occur through the
treatment and disposal of waste paper, particularly recycling. During the recycling process,
some of the pigment may be discharged in the aqueous waste from recycling plants. However,
only small amounts are to be used annually, and it is therefore unlikely that toxic concentrations
would result, even before dilution of any discharges by the receiving water [6].

In this paper magenta printing inks were investigated in order to determine differences in
chemical composition and physical structure of pigment particles after 20,000 printed sheets, as
an indicator of early ink ageing.

3. MATERIALS AND METHODS
Two magenta printing inks were sampled from a offset printing facility of Novi Sad, Serbia. A
fresh sample was taken from the original ink packaging and a used magenta was taken after

20,000 printed sheets from the ink unit of Heildelberg SM 74 2-P-H offset machine. Physico-
chemical and fastness properties of Lithol Rubin B are presented in Table 1.

Table 1: Physical, chemical and fastness properties of Lithol Rubine B pigment [7]

Property Value

Molecular formula C18H12N,OgSCa

Molecular weight 424.46 g/mol

pH value 7-8

Density 1.8 g/lcm®

Oil Absorption 45-55 ml/100g

Heat Resistance 180 °C

Printing resistance Light Full Shade (5-6), Light Tint Shade
(3-4), Water (3), Acid (1-2), Alkali (1),
Paraffin Wax (2-3)

Solvent Resistance Ethanol (3-4), Butanol (3), Ethyl
Acetate (3), Isopropanol (2), M.E.K.(3-
4), Toluene (4-5), Linseed Qil (4)

Synonyms: C.I. Pigment Red 57:1; C.l. 15850:1; Lithol Rubine BK; 3-hydroxy-4-
[(4-methyl-2-sulfophenyl)azo]-2-naphthalenecarboxylic acid, calcium salt (1:1); 3-
hydroxy-4-[(4-methyl-2-sulfophenyl)azo]-2- naphthalene carboxylic acid, calcium
salt; 3-hydroxy-4-[(2-sulfo-p-tolyl)azo]- 2-naphthalene carboxylic acid, calcium salt

(1:1)

Absorption spectra were recorded using UV-VIS spectrophotometer SPECORD 205,
Analytik Jena. For this purpose, the ink samples were prepared by dilution in appropriate
organic solvent.

The elemental composition of magenta ink was determined by AAS method (PerkinElmer’s
AAnalyst 300 Spectrometer), Table 2.

Table 2: The AAS elemental composition of magenta printing ink

Element amount (mg/kg)

Sample Pb Cr Zn Cu Fe Ni Al Co Mn
Fresh magenta <0.1 | <01 ] 029 | 040 | 0.54 | 0.02 | 19.79 6.48 25.90
Used magenta 024 | 0.00 | 982 | 0.88 | 219 | 0.34 | 28.45 | 103.78 | 4.18

The granular structure and composition is confirmed by using SEM/EDS JEOL JSM 6460LV
operating at 20 kV, Figures 2 and 3.
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Figure 2: EDS spectra of magenta ink samples: a) fresh and b) sample after 20,000 printed
sheets

a) b)

Figure 3: SEM image of magenta ink samples (x 100,000):
a) fresh and b) sample after 20,000 printed sheets

A granular red pigment contains calcium present as an oxide, Figure 3, with the primary particle
diameter of 50 nm.

4. RESULTS AND DISCUSSION

Absorption or emission of ultraviolet or visible light by a molecule depends on electron
transitions between molecular orbital energy levels, just as absorption or emission of
electromagnetic radiation by an atom is determined by electron transitions between different
energy levels in the atom and the difference in energy, DEs, for those transitions [8].

Molecular orbital theory provides a model for the way electromagnetic radiation interacts with
molecules. An electron in the n bonding molecular orbital (MO) of an organic part of Lithol
Rubine B can be excited to an = antibonding MO. This is described as a © - =n* transition.
Molecular orbital theory predicts that the energy difference, DE, between levels will decrease if
the double bond is conjugated with another double bond. Conjugation exist when series of
alternating double and single bond.

High surface area in the presence of ca® ions proved efficient hosts for bulky dye molecules of
Lithol Rubine B [9]. A mechanism involving the dual interaction of CaO particles with the acidic
sites located on dXe molecule. Any high temperature of the CaO substrate generates Ca silicate
islands where Ca“" ions are more completely surrounded by oxygen ligands and therefore less
available for any particular interaction with the dye molecules, Figure 3.

Also, there are two important properties of dyes that are paramount in controlling their oxidation.
The first property to note is that reactivity of dyes is frequently controlled by one of its tautomeric
forms. Indeed, dyes that adopt the hydrazones tautomeric form tend to be most sensitive to
oxidation and are characterized by their deeper colors. Thus, it is commonly assumed that the
hydrazones tautomeric form is the reactive dye species. However, dye tautomeric equilibrium is
of fundamental importance to oxidation/reduction. In particular, tautomeric equilibrium is set up
when there is a naphthenic hydroxyl group conjugated with the azo linkage. The equilibrium
mixture of two tautomeric forms, azo or hydrazones forms has characteristically different visible
spectra: azo absorbing typically at 400-440 nm and hydrazones at 475-510 nm [10].
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The recorded spectra of magenta ink samples showed the maximum absorption in regions
which are characteristic for Lithol Rubin B pigment (255, 345, 402, 540 and 552 nm). The
characteristic band of & - n* transitions, with absorption maximum at 255 nm, in both samples of
magenta ink (fresh and used) splits into two bands with maxima at ~220 and 270 nm, which
confirmed the presence of Ca®* ion with absorption maximum at 239.9 nm, Figure 4. The other
absorption maxima of Lithol Rubin B pigment in magenta inks are shifted at 325, 402, 527 and
575 nm. These maxima could be attributed both to the = - =n* and n - =* transitions of
the imino, carboxylic and aromatic functional groups present in magenta dye structure,
respectively (Figure 4).

Figure 4: UV-VIS spectra of sheet-fed offset magenta ink

The intensity changes of the absorption maximum is due to the energy shifts to lower values,
while an increased band with occurs at higher temperatures of printing processes associated
with an increasing resonance energy. However, wider bands would indicate a particle growth
with increasing of the processing temperatures above 60°C, Figure 3b. Also, the obtained
changes in absorption spectrum are useful as an indicator of ink ageing process which can
produce an inconvenience of ink usage as a prevention step of environmental protection.

5. CONCLUSION

Magenta (Lithol Rubine B) as sheet-fed offset printing ink was investigated using UV-VIS
spectroscopy in order to determine the start of aging process. The obtained spectra showed the
typical absorption profile of Lithol Rubine B as a main structure of magenta ink. The spectra of
the fresh and used inks were similar but with different intensity of absorption maxima and
quantity of particles. The characteristic band of = - ©* transitions, with absorption maximum at
255 nm, splits into two bands with maxima at ~220 and 270 nm, which confirmed the presence
of Ca®* ion with absorption maximum at 239.9 nm. The intensities of absorption maxima are
smaller after 20,000 printed sheets, and the phenomena could be the indicator of magenta ink
aging process starting. With increasing the printing process the maximum of the UV peak is
shifted to higher wavelengths.
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1. ABSTRACT

Paper is the most common graphic material because of their traditional sustainability and
biodegradability. Coatings and surface treatment with natural components and additives can
replace unfriendly and more expensive synthetic materials, normally with special properties.
However, special properties can be obtained with surface functionalization by chemical or
surface geometry maodification. Surface geometry modification can be achieved by the
application of the pigments and coating formulations with appropriate properties, granulation,
particle size distribution and particle shape. The ground calcium carbonate (i.e. GCC) usage in
papermaking industry is more and more widely used. Beside optical properties, the trends of
lightweight materials, i.e. reducing grammage by using nano materials and products (i.e. NMP),
lower specific energy requirement and costs, forces increasing of pigments usage. After all, as
everything has its own limits, the resemblance happens with GCC pigment. Following the stated
above, the pigment engineering appears with the idea of particles modification to increase its
applicability and particularity. Modified GCC particles, e.g. TCC (i.e. treated calcium carbonate)
enable wide range spectrum of the GCC raw material application. In the article, the right
technological procedure to treat wet grinded GCC and the effect on the changes of the particle
geometry, that at the same time, influence on increased functional properties, i.e. paper
structure and its surface are presented. Results of survey showed that properties of GCC
coated printing paper, required for ink-jet printing with water-based inks had improved.

Key words: GCC, modified pigments, coated paper, ink-jet printing, bleeding, wicking
2. INTRODUCTION

The paper industry has realized high-speed inkjet printing as a vast new business opportunity.
To provide high goals the R&D activities are going into a new, i.e. modified coating pigments,
mostly on the bases of GCC development with special properties as the answer on the
increasing market demands. [1, 2, 3] Ink-jet printing is non-contact printing technique. The only
contact is in the moment of ink transfer on the paper surface. For good reproduction and print
quality, the coated papers are used, where the coated layer serves as micro-porous substrate.
Dye in ink penetrates into the micro-porous substrate along the capillaries and the depth of the
penetration is the criteria for the printout quality. [4, 5] An ink-jet printing test for the vaterite-
coated papers resulted in high print quality, without bleeding or wicking problems because of
the good wettability tendency (similar with silica). In the paper coating substrate, the fixing
agent, i.e. poly-DADMAC was added. [6] For liquids, e.g. ink or printing color, their penetration
into the paper is more important than flow through the paper structure. Liquid penetration
takes place by capillary flow in capillaries between particles in coated layer structure.
The penetration flow is expressed by the Lukas-Washburn (Equation 1) and Young-Laplace
equations (Equation 2). [7, 8]

Liquid transfer on/in paper surface is represented with Young-Laplace equation:

1
Ap =2y, cos(0)— (1)
r
while wettability or liquid penetration is expressed by Lukas-Washburn — equation:
2
rt(2ycosé
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where is:
A p — external pressure difference,
¥, — surface tension,

0 - contact angle between the liquid and the capillary wall,
r — pore radius,

n- fluid viscosity,

p — liquid pressure in the nip, and

h — distance travelled.

Solely surface tension and gravity effects drive the flow of the liquid. In printing and converting
processes the nip pressure forces liquid to penetrate into the paper. Regarding printing process,
we can talk about liquid transfer and wettability of the printing substrate. On the other hand, in
printing and converting processes the nip pressure forces liquid to penetrate into the paper.
Further, surface tension is small compared to external pressure. Lucas-Washburn equation
(e.g. Equation 2) can be rewritten in Equation 3, where, p, is liquid pressure in the nip.

he = 2r’tp
kn
The Kozeny constant, k, is included to account for irregular and tortuous pores. Kozeny-Carman

equation (e.g. Equation 4) gives a quantitative relation between permeability and porosity. The
model assumes a uniform bed of packed particles that have an effective particle diameter (deg).

®dg
e (4)
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where is:

® —porosity,

der — effective diameter (influence on pore volume and shape), and
k — Kozeny constant.

Equations 3 and 4 express the phenomena of liquid transfer in to the printing substrate. The
Lukas-Washburn equation predicts the depth of liquid penetration. In converting process, e.g.
calendaring, paper surface, mostly coated surface, the external pressure compresses paper
structure, which reduces pore volume and consequently reduces liquid penetration.

3. EXPERIMENTAL PART

In laboratory scale some trials of preparing and coating colour with modified GCC pigment were
done. The main purpose of all trials was to find out the procedure of pigment modification to
encounter the market demands for the ink-jet printing papers and paperboards. Cationic
treatment captures the anionic dye and keeps it from spreading and wicking. The GCC, with
special procedure, the charge as well as the shape and size of the pigment particles were also
modified. The specific surface area increased and at the same time, the particles charge
increased from 17 to 12 mV at pH 7.85. With the addition of weak and/or strong acids, we
changed the specific surface area from 8 to 33 m?/g (i.e. table 1).

Table 1. Modified pigment preparation

Trials, No. Modification procedure Addition BET [m2/g]

/ Raw material — dry 8.10
5 Material with 10 % s.c. + weak acid Ca(OH)2 CO2 29.10
8 -TCC2 Material with 10 % s.c. + weak acid Ca(OH)2 002 32.93

The trials of coating base wood free paper with three coating colours, with standard wet grinded
GCC pigment quality, modified pigment TCC2 and reference pigment, were done. The main
differences between used materials, like specific surface area and mean particle diameter are
shown in the table 2.
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Table 2. Pigments characteristics

Pigment D50 [%] BET [m2/g]
sample

standard 0.686 um 12.24
quality

TCC 2 1.241 ym 32.93
Ref. 1.353 ym 60.74

The following SEM pictures (i.e. Fig 1-3) of calendared coated paper surface show the effect of
the particles shape and size on micro porosity of the coating layer.

Fig 1. Standard product. Fig 2. Modified product TCC2.

Fig 3: Reference product.

Coated papers were tested on inkjet printing. Pre-presses were done on the printer HP Officejet
6000 Printer (thermal 4800 x 1200 dpi, dye-based inks, min 1.3 pl). In the table 3, 4 and 5 are
presented results of bleeding and wicking, determined by image analysis. The effect of the
pigment particles modification on micro porosity and successful capturing anionic dye showed
significantly clear, so spreading and wicking, evaluated by image analysis was minimized.

Table 3. Bleeding of black 8 on yellow

Specimen Picture of Area Increment Share

P bleeding [%] [%] [%]
standard 8 38.95 -5.72 - 12.81
TCC2 8 55.56 10.89 24.38
reference 8 44 .68 0.01 0.02
ideal 8 44.67
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Table 4. Bleeding of yellow 8 on black

Specimen Picture of Area Increment Share

P bleeding [%] [%] [%]
standard 8 38.16 1.86 5.12
TCC2 8 36.37 0.07 0.19
reference 8 36.29 -0.01 -0.03
ideal 8 36.30

Table 5. Wicking

Increment of

Specimen Picture of Area Perimeter Perimeter Share
P wicking [mm?] [mm] [%]
[mm]
standard E 21.82 60.50 -2.80 -4.42
TCC2 E 24.68 63.93 0.63 1.00
reference
24.13 63.86 0.56 0.88

ideal
23.30 63.30

4. CONCLUSION

Ground calcium carbonate (GCC) is the main component in the coating color. The successful
pigment engineering, like finer particle size distribution, effective dispersing system and other
procedures that are reflected in modified specific area, charge etc., provide a satisfactory high
values of significant properties of the coated paper surfaces that are used as a main graphic
material in many different printing technics. Results of development work are studying the
impact of modified GCC pigment on micro-porosity of the coated paper surface and effect on
capturing anionic dye in ink-jet printing technique.
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1. ABSTRACT

Significant progress can be expected in the field of the production of high quality and varied
printed products thanks to nanotechnology, which exploits their new properties. Our work
focused on the measurement of the electric conductivity of nanocomposites. For the
experiments we prepared flexo inks with special composition, which contained multi-walled
carbon nanotubes. In the inks, we varied the % ratio of short and long nanotubes and the layer
thickness. According to the results of the examination the presence, length and percentile
distribution of nanotubes in the composite have a fundamental effect on conductivity. We also
analysed pictures of carbon nanotubes made with Genetic digital microscope and high-
resolution CM10 transmission electron microscope. Due to their very strong density these inks
not need other black pigments.

Key words: nanotubes, nanocomposits, electric conductivity
2. INTRODUCTION

Nanotechnology has been slowly seeping into our day-to-day life almost imperceptibly, and is
becoming part of our life. The research of atomic sized objects started in earnest during the last
decades of the 20th century. It was at that time that the devices (electron microscopes) that
made possible the observation of nanometric or even smaller objects for the human eyes
became available. Moreover, in 1981 Swiss scientists developed a new device which operated
on the basis of a completely different principle than the electron microscope or the optical
microscope. This device was the scanning tunneling microscope, which has a resolution in the
order of a tenth of the atomic dimensions. There are basically two nanotechnologies. One of
them is the evolution, the other the revolution nanotechnology. The revolution (or bottom-up)
nanotechnology is the ,bottom-up view, where complete functional plants and complete
manufacturing systems are built from atom to atom, from molecule to molecule. The evolution
(or top-down technology) nanotechnology covers the field of technological procedures already
in existence, where material particles in the nano order of magnitude were already used.
Nanotechnology includes the production, accurate handling, and planned arrangement of
materials smaller than 100 nanometres. The 100 nanometres threshold is important, because
this is the threshold where effects that cause new kinds of properties in comparison to the
traditional macroscopic size became dominant in the behaviour of the materials.

Most products are manufactured using silver nano-particles or fullerene and carbon nanotubes.
The fullerene and carbon nano-objects have special mechanical and electronic properties, and
these products exploit those properties.

Carbon has been well known for a long time. Other forms of carbon with different properties are
diamond and graphite. The difference in properties is caused by the difference in the bond
between carbon atoms. The third form, the fullerene type material was discovered in 1985.
During spectrometric mass measurements Sir Harry Kroto and his co-workers discovered that
there is a perfectly spherical molecule with a diameter of 1 nm, consisting of sixty atoms, the
fullerene, C60. [1] Within nanotechnology, one of the fastest developing trend focuses on the
carbon nanotubes (Figure 1). This increased interest is due to the promising electric and
mechanical properties of the carbon nanotubes. The tensile strength of a carbon nanotube is a
hundred times of that of an equal sized steel flament, while only weighting one sixth as much. It
is convenient to think of the mono-walled carbon nanotube as a single atom thick graphite sheet
rolled up to form a perfect tube, with a diameter in the one nanometre scale while it could be
tens of micrometres long. Multi-walled carbon nanotubes consist of mono-walled nanotubes
concentrically nested into each other, and the distance between tube walls is equal to the
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distance measured between the graphite layers (0.34 nm). Nanotubes have potential use in
reinforced composites, nanoelectronics, sensors, and nanomechanical devices.

The most recent member of the carbon nanomaterial group is the ,graphene”. Graphene, which
was discovered in 2004, is a flat, one atom thick carbon sheet [2].
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Figure 1: Carbon nanotube - a) Rolling one atom thick graphite (grapheme layer)
b) Mono-walled carbon nanotube capped with fullerene half spheres.
c¢) Open-ended multi-walled nanotube [1]

3. MATERIALS AND METHODS

To treat flexo inks as nanosystems has by now become everyday practice. In the examination
part, we too have studied the novel properties of a new nano-composite. Composites are also
called associated materials. Composites are compounds made of two or more materials with
different structures and different macro, micro, or nano dimensions in order to emphasise
advantageous and reduce disadvantageous properties, because the base material of the
composites gets better properties with the aid of the reinforcing phase. Base materials are
called matrix, the other elements are called second (or reinforcing) phase. [3]

The purpose of our examinations was to determine the effect of the use of multi-walled carbon
nanotube on the conductivity of flexo inks. In the course of the experiments we have used the
method of frequency response analysis in two ways: in the case of the special flexo inks we
have measured mass resistance, while in the case of the materials applied to thermo paper
surface resistance was measured.

In the course of the analysis, we have examined in detail a new nano-composite system. Since
carbon nanotubes have good electric conductivity, a significant increase of electric conductivity
was expected for the flexo inks used in the experiments.

The flexo ink samples used for the examinations were prepared with the aid of a laboratory size
VMA-GETZMANN type bead mill. (Figure 2) During the preparation of the ink, the carbon
nanotubes were added directly to the binding material, and were dispersed into the binding
material with the aid of the bead mill. The product used in the bead mill was Sigmund Lindner
GmbH “SiLibeads” brand, type “S”, article number 40505, size between 1.25-1.55 mm.
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Figure 2: VMA-GETZMANN GMBH D-51580 Reichshof type bead mill

We noted that the nanotubes behave as black pigments in the binding material, though this was
not the reason why no additional pigment was necessary (Black pigment e.g.: black, black iron
oxide, bone coal) [4] in the nanocomposite, what we wanted to examine after the addition of the
nanotubes was the conductivity of the ink system as this was the objective of the experiment.
The samples were prepared using special flexo ink into which short (50-150 nm) and long (500-
1500 nm) carbon nanotubes were mixed in the rate of 2-5%, which was applied to the thermo
paper in 12 and 24 um thick layers. (Table 1)

Table 1: Properties of samples

Number Concentration of nano parts thickness Other
of sample (um)

1 2,5% long carbon, 20% Silver 12
2 2% long carbon 20% Silver 12 20% dilution
3 2% long carbon, 16,2% Silver 12 20% dilution
4 4% long carbon 12 cross-linking
5 3,4% long carbon 12 cross-linking
6 4% long carbon 12
8 3,39% long carbon 12
9 5% short carbon 24
10 5% short carbon 12
11 1% short carbon 24
15 Silver 24
16 Wersnitt 12
17 Wersnitt 24

Since carbon nanotubes are not easily wettable, it is very difficult to mix them with the base
materials; they settle in the finished ink, do not bind to the other components, therefore they
must be made hydrophilic by adding hydroxyl groups, to make them wettable and processable.
It was necessary to vary short and long nanotubes in the ink, because the wettability of the
shorter nanotubes is better. The concentration had to be varied, because the higher the
percentage of nanotubes the more it settles later in the ink. The goal was to avoid the
sedimentation of the nanotubes in the ink but still improve conductivity. Silver pigment was
actually aluminium powder, not spherical in form, but irregular plates with a diameter of 0.5-1
micrometre. Wersnitt is a dispersed system, where synthetic resin is dispersed in water media.
Samples 16 and 17 were made by applying wersnitt in layers of 12 ym and 24 uym respectively.
Inks no. 1, 2 and 3 contain silver pigment and all three samples contain long nanotubes in 2 and
2.5%, the thickness of the ink layer is 12 ym. The layer thickness of samples 4, 5, 6 and 7 is
identical but the concentration of long nanotubes is around 4%. Samples number 9, 10, and 11
contain short nanotubes and the layer thickness is 12 ym and 24 ym. Samples number 4 and 5
contain cross-linking agent. Print number 15 is a simple silver ink with an ink layer thickness of
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24 ym. Samples number 9 and 10 contain 5% nanofibre but their layer thickness is different.
Short nanotubes have a higher percolation threshold; therefore, bigger amounts must be used
to improve the conductivity of the prints.

In the case of long nanotubes, we could not use 5% pigment concentration, because at that
concentration the ink would agglomerate in the bead mill, adhere to the glass beads and
became unsuitable for use. We should use 20% dilution in this case.

The purpose of preparing prints samples was to examine the conductivity and resistance of the
ink samples in dry condition too with Frequency response analysis method. The prints were
prepared using standard sample holders and ink squeegee wand. The prints were made on
909/m2 topcoat quality thermo paper. The threaded cuts in the wands were of different depths;
therefore ink samples they squeezed, after settling made layers of different thickness. The layer
thickness was 6 micrometres made by wand number 1, 12 micrometres by wand number 2 and
24 micrometres by wand number 3.

4. RESULTS AND DISCUSSION
4.1. Microscopic results

For examination of carbon multi-walled nanotubes microscope pictures were taken of the
nanotubes used in the ink. The pictures show the twisted multi-walled carbon nanotubes and
the contour of the nanofibres. During the preparation of the samples and the microscope
pictures, we noted that the carbon nanotubes have very good coverage properties and behave
as excellent black pigments. Pictures made with Genetic digital microscope show the structure
of the nanotubes and how the nanofibres look like in mass. The nanotubes are clogged and are
difficult to process in the course of ink preparation. (Figure 3)

Figure 3: The structure and density of the nanotubes
(Genetic digital microscope, 1000x)

The fibres shown in the picture are the transluminated multi-walled carbon nanotubes. There
are some regular circles at different spots; these are pictures of the cross sections of the
nanotubes. The clogged structure of the nanotubes and that shorter and longer nanotubes are
present together can be observed. (Figure 4)

Figure 4: The structure of the nanotubes
(Philips CM10 electron microscope, scale 200nm, 100nm)
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4.2. Results of conductivity measurement of the samples

The inks were measured in a homemade liquid cell fashioned after a Novocontrol BDS1307
sample holder. This is a concentric cylinder condenser with earthed protective electrodes. The
electrodes were made of stainless steel, the insulating components of Teflon. The measurement
was aimed at determining the capacity of this special condenser. [5]. In the course of
preliminary measurements we have established that when the relative humidity of the ambient
increases so does the water content of the sample, and thus conductivity as well. Therefore, it
is to be expected that humidity will have a significant effect on the results of electric
measurements. For this reason, we have measured the resistance of the bare thermo paper in
ambient with 9%-100% relative humidity. The 7 samples were kept in stable humidity conditions
at 25°C for one week, and then we measured the dependence of their conductivity from the
water content with impedance spectroscopy. (Figure 5)

Figure 5: The change of the impedance spectrum of the thermo paper with ambient humidity

The resistance of the samples decreased by several orders of magnitude with the increase of
the water content. In the case of the samples kept at low humidity, especially at high
frequencies we were able to measure only the spectrum resulting from the inner structure of the
instrument. At lower frequency ranges, this converted to ohm-ic behaviour: the samples
measured as simple resistors. With the increase of the water content, this transition range
moves towards higher frequencies. (Figure 6)

Figure 6: Frequency dependence of the phase angle with increasing humidity
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The samples were measured with both direct current (DC) and alternating current (AC) method.
We were able to carry out more accurate measurements with direct current at the lowest and
highest relative humidity. An exponential function was laid on the data series measured. The
resistance of the paper used changed by more than six orders of magnitude with the change in
the relative humidity of the ambient. The AC and DC resistances measured in the thermo paper
can be shown in Figure 7 and Table 2.

Figure 7: The change in the resistance of the thermo paper
with the relative humidity of the ambient

Table 2: The AC and DC resistances of thermo paper

RH |R/A DC [Ohm/cm?] | RIA AC [Ohm/cm?]
9 |[1.786E+12 6.800E+12
22 [ 1.412E+11 1.656E+11
38 |1.587E+10 1.641E+10
53 |8.726E+08 9.245E+08
69 |8.635E+07 1.002E+08
84 |8.354E+06 1.262E+07
100 | 4.970E+05 9.050E+04

Since part of the samples has such high resistance that they can only be measured at very low
frequencies, we used direct current measurement method. [6] (Table 3)

Samples number 15, 16, and 17 have the highest resistance. These three samples are the
silver ink, and two wersnitts with different layer thickness. So their conductivity is the lowest.
Their resistance is higher than 6.4 GQ/cm?. The values measured for samples number 9, 10
and 11, which contained type A short, nanotubes was close to that measured for silver and
wersnitt. Samples 9 and 11 had the same thickness, but there was a 4% difference in nanotube
contents between them, still their resistance value was not significantly different. We found the
same thing in the case of samples number 9 and 10. Though the concentration of nanotubes
was 5% in both samples, layer thickness was reduced from 24 ym to 12 ym.

A significant difference can be observed between samples number 10 and 8 at identical
thickness of 12 ym. Sample number 8 contains long nanotubes, as opposed to sample 10.
Resistance changed between the two samples by four orders of magnitude, which is a very
significant. The big difference can be explained by the fact that sample 8 contains long
nanotubes which causes lower percolation threshold. This is the critical concentration which, if
exceeded, will result in the sharp decrease of resistance of the composite (e.g. ink containing
carbon nanotubes) in consequence of the adjoining (percolating) conducting fibres.

Examining sample 5 and 8 we have made the same observation, namely that the resistance of
sample number 5 exceeds the resistance of sample number 8 by two orders of magnitude. Both
samples contain about 4% of long, type B nanotubes, with a difference between the samples of
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only 0.01% and both have a thickness of 12 ym. The difference between the two samples is in
the cross-linking agent present in sample number 5 but absent in sample number 8. Thus, the
cross-linking agent causes the relatively big difference in resistance. Similar tendency has been
observed between samples number 4 and 6. Both samples contain about 4% of long
nanotubes, and both have a thickness of 12 um. The only difference is the cross-linking agent
present in sample number 4, which caused a one order of magnitude difference in the
measured value.

Table 3: The AC resistance of the special prints

Number . thickness 2
of Concentration of nano parts Other R/A [Ohm/cm?]

sample (um)
1 2,5% long carbon, 20% Silver 12 1.093E+08
2 2% long carbon 20% Silver 12 20% dilution 1.510E+07
3 2% long carbon, 16,2% Silver 12 20% dilution 1.944E+07
4 4% long carbon 12 cross-linking 1.724E+06
5 3,4% long carbon 12 cross-linking 5.556E+07
6 4% long carbon 12 6.556E+04
8 3,39% long carbon 12 1.185E+06
9 5% short carbon 24 2.857E+09
10 5% short carbon 12 4.464E+09
11 1% short carbon 24 4.445E+09
15 Silver 24 8.001E+09
16 Wersnitt 12 6.452E+09
17 Wersnitt 24 1.429E+10

The data showed a difference of three orders of magnitude between samples number 1 and 6.
Sample number 1 contained only 2.5% of long nanotubes; as compared to the 4% nanotube
concentration in sample number 6 but in addition, it also contained 20% silver pigment. Actually,
the silver pigment is aluminium powder, which is not spherical in shape but irregular, 0.5-1
micrometre pellets. Aluminium has good conductivity but at this concentration with the shape
described above, it will not change conductivity significantly, that is, its concentration in the
sample was below the percolation threshold. When comparing samples number 6 and 10 it
becomes evident that there is a significant difference in the capacity of short and long
nanotubes to affect conductivity. Sample number 10 contains 5% short nanotubes, sample
number 6 contains about 4% long carbon nanotubes, and still there is approximately a
difference of five orders of magnitudes between the resistances of the two samples. The best
conductivity was observed with sample number 6m where we have measured a resistance of
6.556x10" Q. We can safely state that at these concentrations short nanotubes hardly change
the conductivity of the ink in comparison to the wersnitt, as the shorter fibres have a higher
percolation threshold. (Figure 7)
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Figure 7: The AC resistance of the special prints (samples 1-17)

75



Based on the differences it can be inferred that the presence, concentration and length of
nanotubes affect conductivity fundamentally.

However, the results of the examination also indicate that the traditional wersnitt currently used
in flexo inks is not suitable for the preparation of conductive inks. To prepare the composite
required to achieve proper conductivity the binder used should display a measure of
conductivity in itself after drying. In its present form the composite is not yet suitable to control
electronic processes, but with some development work and experiments it could be used
through printed electronics as useful element in electric circuits.

As a result of their good covering capacity, multi-walled short and long carbon nanotubes are
suitable to be used as pigments; therefore the future study of their printing properties would also
be advantageous.

5. CONCLUSIONS

For the experiments we prepared flexo inks with special composition, which contained multi-
walled carbon nanotubes. In the inks, we varied the % ratio of short and long nanotubes and the
layer thickness. We also analysed samples of carbon nanotubes made with Genetic digital
microscope and high-resolution CM10 transmission electron microscope. We prepared the ink
samples we have made for the surface resistance measurement tests. The measurements were
carried out with the thermo papers printed with the nanocomposite. We obtained the following
results. The conductivity of the samples prepared with inks that contained short nanofibres was
low; the measurement results were in the order of GQ. Better results were obtained with long
carbon nanotubes. In these samples it could be observed that cross-linking agents reduce the
electric conductivity of the material to a great extent. The best result was achieved with sample
number 6, a resistance of 6.556x104 Q. According to our classification, this value was classified
as semiconductor. In the course of examining surface resistance the examined samples proved
that the presence of nanotubes in the composite increases conductivity. According to the results
of the examination the presence, length and percentile distribution of nanotubes in the
composite have a fundamental effect on conductivity. Nevertheless, more experiments are
necessary in order to prepare a binding material, which will display certain conductivity in itself
after drying. This wersnitt is not suitable for the production of conductive inks. Further
experiments and tests in this direction could lead to far better results than the above and to the
preparation of a flexo ink with good conductivity.
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1. ABSTRACT

The aim of this work was to create patterns consisting of two parts. One part is a selected
combination of CMY frational area coverage with full overprint of thermochomic (TC) offset ink
and second part is a computed CMY simulation to match the first part in colour appearance. As
first, different binary combinations of C, M, Y were printed with overprint of TC ink with full area
coverage. The patches were measured by spectrophotometer to obtain reflectance spectra and
consequent colorimetric parameters. To be able to simulate the overprints with TC ink just by
CMY combination, simple colorimetric Neugebauer model, simple spectral Neugebaur model,
and also their Yule-Nielsen modifications were used. By iteration techniques, fractional area
coverage of CMY simulations was obtained. In second step, security patterns consisting of CMY
combination with TC ink overprint and their computed simulation were printed and evaluated in
terms of colour difference. For the study coated and uncoated paper and two TC inks (green
and red) were used. The results show, that spectral Neugebauer model with Yule-Nielsen
modification was in average the best predicting model in case of uncoated paper. The results
for coated paper show, that simulations computed by simple colorimetric Neugebauer model
resulted in lowest colour difference. However, the colour differences of simulations were above
4, regardless of computing method of CMY dot area coverage of the simulation.
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2. INTRODUCTION
2.1. Thermochromic inks

By applying dynamic colours to the print, visual impact on customer’s attention is increased.
Such an added value can be done by using special inks, like reversible thermochromic. These
inks change their colour by temperature change. The pigments, which are used in offset
reversible thermochromic inks work on principle of a leuco-dye based thermochromic system.
The system is encapsulated in polymeric envelope, and particles of size several micrometres
are incorporated in to the binder (Seeboth, Létzsch 2008, Small, Highberger 199