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Kurzfassung

Diese Arbeit untersucht das Fliissigkeitsverhalten wahrend des High Speed Inkjet (HSI)
Drucks. Es werden hierzu vier Schwerpunkte gesetzt: Evaluierung von Messmethoden,
Einfluss von Viskositdt und Oberflichenspannung der verwendeten Fliissigkeit, Effekt der
Tropfengrofie und Verweilzeit am Papier sowie Einfluss des Papiers auf Fliissigkeitspene-

tration und Benetzung.

Es wurden drei verschiedene Messmethoden evaluiert, die hdufig sowohl in der Pa-
pierindustrie als auch in der Druckindustrie verwendet werden: Messung mit Ultraschall-
Fliissigkeitspenetrationsgerdt (ULP), ebenso Kontaktwinkelmessung und Fliissigkeits-
Absorptionsmessung (Automatic Scanning Absorptometer, ASA) dhnlich einer Bristow
Wheel Testung. Es zeigte sich, dass die Ergebnisse der Ultraschall-Penetrationstestung
gut mit der direkten Messung des penetrierten Volumens mit dem Fliissigkeits-
Absorptionsmessgerdt (Automatic Scanning Absorptometer, ASA) korreliert. Im Gegen-
satz dazu lieferte die Gegeniiberstellung der verschiedenen Benetzungsparameter dieser
Messinstrumente keine gute Vergleichbarkeit und das in der Praxis bereits etablierte Kon-

taktwinkelmessgerit ist daher in der Untersuchung des Benetzungsverhalten vorzuziehen.

In weiterer Folge wurden fiinf Testfliissigkeiten mit Hilfe der Ohnesorge-Zahl und der
Reynolds-Zahl entwickelt, sodass sie als Modellfliissigkeiten mit einem High Speed Inkjet
(HSI) Druckkopf gejettet werden konnten. Diese Testfliissigkeiten wurden so konzipiert,
dass sie einen moglichst grofien Bereich in Bezug auf Oberfléchenspannung und Viskositét
abdecken und trotzdem noch von einem Industriedrucker gedruckt werden konnen. Dies
ermoglicht es die Auswirkung der Fliissigkeitseigenschaften auf Spreitung und Penetra-
tion zu untersuchen. Vier Papiere mit unterschiedlichen Bulk-Eigenschaften und Ober-
flachenbehandlungen wurden analysiert, um die Effekte auf das Fliissigkeitsverhalten am
Papier zu quantifizieren. Ein Allzweck Office Papier mit Masseleimung, eine ungestrichene

High Speed Inkjet Papiersorte, ein pigmentiertes HSI Papier und das Rohpapier dieser drei
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Sorten wurden hierzu verwendet. Die verwendeten Papiere reprasentieren die ungestrich-

enen Papiere auf dem HSI-Markt.

Um den Einfluss der Papiersorte, Fliissigkeitseigenschaft und Tropfengrofie wahrend des
Drucks zu untersuchen, wurden Einzeltropfenmuster mit 30 p/ und 120 pl Volumen und
vollflachige Drucke auf den ausgewdhlten Papieren mit den Modellfliissigkeiten gedruckt.
Es zeigte sich hierbei, dass die Viskositdt der Haupteinflussparameter in Bezug auf Tropfen-
spreitung, Oberflaichenbedeckung (Surface Coverage) und Druckfarbenpenetration bei un-
geleimten Papieren ist. Verwendet man geleimte Papiere, spielt auch die Oberflaichenspan-
nung eine wesentliche Rolle. Eine Verringerung dieser erhoht Tropfenspreitung und Fliis-

sigkeitspenetration auf hydrophobiertem Papier.

Des Weiteren wurde untersucht, inwiefern die apparativen Messmethoden, die im La-
bor zur Verfiigung stehen, in der Lage sind, Spreitung und Penetration des industriellen
Drucks vorherzusagen. Es zeigte sich, dass die Ultraschall-Penetrationstestung die Fliis-
sigkeitspenetration im HSI Druck fiir geleimte Papiere gut vorhersagt. Je starker allerdings
die Absorptionsfahigkeit des verwendeten Papieres war, desto schlechter wurde die erhal-
tene Korrelation zwischen Durchdruck und ULP-Penetrationsparameter. Ein dhnlicher Ko-
rrelationsverlauf wurde beim Vergleich mittels Automatic Scanning Absorptometer ermit-

telten Penetrationsparameter und dem Durchdruck wahrend des HSI Drucks festgestellt.

Die Tropfenspreitung wurde anhand der gedruckten Tropfenflache bei 30 pl/ and 60 pl
gemessen. Dieser Parameter wurde dann mit dem Kontaktwinkel von gleichen Tropfen-
grofien (30 pl und 60 pl) sowie von pl-Tropfen verglichen. Es stellte sich heraus, dass der
Kontaktwinkel der Tropfen aller Groflenordnungen sich in seiner Vergleichbarkeit mit der
gedruckten Tropfenfliche nicht wesentlich unterscheidet. Fiir stark absorbierende Papiere
zeigte der Vergleich zwischen pl-Tropfen-Kontaktwinkel und Druckergebnis sogar die
hochste Korrelation, was darauf hindeutet, dass der Kontaktwinkel an Mikroliter-Tropfen
gemessen werden sollte. Des Weiteren wurde festgestellt, dass der Haupteinflussparam-
eter auf die Vorhersagefdhigkeit des Kontaktwinkelmessgerdtes die Absorptionsfahigkeit
des Papieres ist. Eine erhohte Penetrationsrate zog eine schlechtere Korrelation zwischen
Kontaktwinkel bei beliebiger Tropfengrofie und der gedruckten Tropfenfldche mit sich. Die
hochste Korrelation wurde bei einem Kontaktwinkel unmittelbar nach Tropfenapplikation

am Papier gemessen, unabhédngig von der verwendeten Fliissigkeit-Papier-Kombination.
Abschliefiend wurde der Effekt von Oberflichenspannung und Tropfengrofie in einem

iv



Bereich zwischen 30 pl und 4 ul auf das Fliissigkeitsverhalten auf den verwendeten Pa-
pieren evaluiert. Es stellte sich heraus, dass mit steigender Absorptionsrate und Kon-
taktzeit zwischen Tropfen und Papier die Tropfengrofienabhdngigkeit des Kontaktwinkels
stark zunimmt. Die Ergebnisse zeigen, dass der Kontaktwinkel zur Bestimmung des Benet-
zungsverhaltens an pl-Tropfen gemessen werden sollte, da hier der Einfluss der Penetra-
tion auf die Spreitung minimiert wird. Im Fall einer hohen Absorptionsrate des Papieres
und/oder einer zu kleinen Tropfengrofe sollte der Kontaktwinkel bei gleichem relativ ab-
sorbierten Tropfenvolumen gemessen werden. Dieses erfasst den kombinierten Einfluss der
Kontaktzeit, der Tropfengrofle und der Absorptionsrate des Papieres. Die Untersuchung
der Oberflichenspannung zeigt, dass ein hoher Wert zur Folge hat, dass der Kontaktwinkel

im pl-Bereich hoher ist als im pl-Bereich und fiir niedrige Oberflichenspannung vice versa.



Abstract

This work investigates the fluid behaviour during High Speed Inkjet (HSI) printing. It
focuses on four aspects: evaluation of testing instruments, influence of viscosity and surface
tension on the print result, effect of droplet size and residence time on the paper and

influence of the paper on liquid penetration and wetting.

Three commonly used measurement methods in print- and paper industry are evaluated:
ultrasonic liquid penetration measurement (ULP), contact angle measurement and similar
to the Bristow Wheel, a direct liquid absorption measurement (automatic scanning absorp-
tometer, ASA). The results of the ultrasonic penetration test correlate well with the direct
measurement of the penetrated volume detected with the automatic scanning absorptome-
ter (ASA). In contrast to that, none of the wetting parameters obtained from these measure-
ments provided comparability, thus the popular contact angle measurement instrument is

recommended for the investigation of wetting behaviour.

Furthermore, five model liquids with maximum range in viscosity and surface tension
were developed. The Ohnesorge number and the Reynolds number were employed to
guarantee jetability of the liquids using an industrial High Speed Inkjet (HSI) printhead.
It was thus possible to investigate the impact of fluid properties on the liquid behaviour
on paper. Four paper grades with different bulk and surface treatments were employed
to capture the effect on fluid penetration and wetting during the printing process. These
grades include an all purpose office paper with AKD bulk sizing, an uncoated HSI paper,
a pigmented HSI paper and a base paper, which has been used as the raw material of the
other three papers. The paper vary in surface treatment and sizing, representing the most

relevant uncoated paper grades on the HSI market.

To investigate the influence of paper grade, liquid property and drop size on the print re-
sult, single drop patterns with 30 pl and 120 p! volume and full-tone prints were jetted with

the model liquids. The prints were analysed regarding dot spreading (dot area), surface
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coverage and print through. The results show that viscosity is the main impact factor for all
three unsized papers. An increase in viscosity reduces dot area and print through. Inter-
estingly, for sized papers (fourth investigated paper grade) also surface tension is relevant,

causing a reduction in dot spreading and liquid penetration for higher surface tension.

To evaluate the prediction power of the used laboratory devices we compared the print
through value of the HSI printed sheets with the ULP and ASA penetration results and the

dot area with the measured contact angle using the same paper-liquid combination.

It was found, that the ULP predicts liquid penetration in HSI printing for sized papers
well. However, the stronger the absorbency of the paper, the poorer was the correlation
between print through and ULP penetration parameter. A similar correlation was observed,
comparing the automatic scanning absorptometer imbibition results with the print through

results of the full-tone printed sheets.

The printed liquid spreading was evaluated for 30 p/ and 60 p! HSI printed drops, measur-
ing the dot area. This parameter was then compared with the contact angle of small drops
(30 pl and 60 pl) and ul drops. It turned out, that the comparability of contact angles using
different drop sizes with the printed dot areas did not differ significantly, despite different
absolute contact angle values. The main impact parameter was found to be the absorp-
tion rate of the paper. A reduction of the penetration rate resulted in a better correlation
between the contact angle (at any drop size) and the printed dot area. The highest corre-
lation was found using the contact angle immediately after drop application on the paper,

regardless of the liquid-paper combination and drop size used.

Finally, the effect of absorption rate, surface tension and droplet size in a range between
30 pl and 4 ul on the contact angle measurement was investigated. The contact angle de-
creases with an increase of relative absorbed drop volume, independent of contact time,
absorption rate of the paper and drop size. It is recommended to use the contact angle of
pl drops immediately after drop application to quantify wetting, minimising the influence
of penetration on the spreading process. However, for substrates with a too high absorption
rate and/or small drop volumes the contact angle needs to be measured at same relative
absorbed drop volumes V. V captures the combined impact of liquid volume, paper ab-
sorption rate and contact time. The investigation of the liquid surface tension showed that

in the case of high values, a higher contact angle was observed for droplets in the ul range
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compared to results of the pl range. This behaviour was reversed for liquids with low

surface tension.
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Chapter

Introduction

1.1 Research Project

This doctoral thesis was done in the Christian Doppler Laboratory (CDL) for fibre swelling
and paper performance. Three research groups from different universities (KTH, Uni-
versity of Mines Leoben and Graz University of Technology) and four industrial partners
(Kelheim Fibres, Mondi, Océ-Canon and SIG Combiblock) participated in the project of this
thesis. This collaboration was created to understand the mechanisms behind the industrial
processes. The CDL is separated to three main topics: liquid absorption, dimensional

stability of fibre networks and fibre network mechanics.

1.2 Aim of the Work

The work focuses on liquid absorption and spreading on paper during High Speed Inkjet

(HSI) printing; it can be divided into four main goals.

Laboratory measurements are used to predict liquid behaviour during this industrial pro-
cess, providing insights into wetting and penetration. The first goal of this work was
to understand basic mechanisms of three commonly used laboratory measurement tech-
niques: ultrasonic liquid penetration measurement (ULP), contact angle measurement and
automatic scanning absorptometer (ASA) measurement. This knowledge helps to compare

results of different measurement techniques and creates common ground for discussions.



Chapter 1 Introduction

Five model liquids have been developed to capture fluid property impact on liquid penetra-
tion and wetting. The Ohnesorge- and Reynolds number were utilised to ensure jetability
of the liquids with a HSI printhead, while exhibiting a maximum range in viscosity and
surface tension. The investigated papers had different bulk and surface treatments to cap-
ture the paper impact on fluid spreading and penetration. An all purpose office AKD-sized
paper, an uncoated HSI paper, a pigmented HSI paper and a completely untreated base pa-
per were investigated. The base paper has been used as the raw material of the other three
grades. Importantly, these papers represent the most relevant grades on the current mar-
ket for uncoated HSI printing papers. The model liquids and papers were employed in all

investigations carried out during this work.

The second goal was to capture the impact of drop size, liquid viscosity and surface tension
on HSI prints. The five model liquids were printed as single dots and full-tone areas on the
four utilized paper grades. Dot area, print through and surface coverage were evaluated
to characterise the liquid behaviour during High Speed Inkjet printing. This supports the

ink- and paper grade development in the industrial application.

The third goal was to evaluate the potential of laboratory measurement devices to predict
liquid penetration and wetting during HSI printing. The print through of printed sheets
was compared with penetration measurements from ULP and ASA. Wetting studies were
carried out capturing the contact angle of different drop sizes, ranging from 30 pl to 4 pl.
These contact angles were compared to HSI printed dot areas with a created liquid volume

of 30 pl and 60 pl.

Finally, the impact of paper absorption, liquid surface tension and drop size (ranging
from 30 pl to 4 ul) on the contact angle measurement was investigated. The analysis of
contact angles was conducted using the five self-developed model liquids and water on the
four investigated paper grades with different absorption rates. This investigation aims to
answer the question of how to correctly measure contact angle on absorptive material like
paper. It will highlight the impact of drop size, liquid absorption and the change of contact

angle over time.
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1.3 QOutline

This doctoral thesis is based on publication I to IV and is a cumulative dissertation. These

articles are listed on page v, above, and were written during the work in the CDL project.

Chapter [2| contains a discussion of the fundamentals of liquid penetration and wetting as
well as an overview of impact factors on penetration into porous substrates. Chapter 3
describes the HSI printing process itself and relevant process parameters. Chapter 4 gives
a review of commonly used measurement techniques to quantify liquid penetration and

wetting in the HSI printing field.

Publication I deals with the impact of liquid viscosity, surface tension, drop size and paper

type on the print results.

Publication II provides a comparison of different measurement techniques quantifying lig-
uid penetration and spreading on paper. Ultrasonic liquid penetration (ULP) measurement,
automatic scanning absorptometer (ASA) and contact angle measurement are investigated

and the correlation between the technique outcomes is evaluated.

Manuscript III compares results of inkjet print evaluations to laboratory testing meth-
ods (ultrasonic liquid penetration measurement (ULP), automatic scanning absorptometer
(ASA) and contact angle measurement). Here, the potential of laboratory testing methods

to predict inkjet print results is evaluated.

Manuscript IV quantifies the influence of paper absorption rate, surface tension, relative
absorbed drop volume and drop size on contact angle measurements. The size dependency
of the contact angle is related to the absorption rate of the paper and to the contact time

between fluid drop and substrate.

Finally, the conclusions of the investigations and the main findings are summarized in the

last chapter.



Chapter

Liquid Penetration into Paper

Print quality is one of the most relevant aspects defining the value of printed paper [1].
The quality of HSI prints is determined by the penetration of the ink into the substrate and
ink spreading on it [2]. It can be observed, that fast fluid imbibition causes fast ink drop
drying, accompanied with rapid ink setting. This can be rationalised by an increased liquid
transport of the ink vehicle into the paper bulk [3] 4]. Especially in the High Speed Inkjet
(HSI) field, rapid ink setting is a fundamental requirement [1, 2, 5H8|], as some printing

processes attain a velocity up to 300 m/min [1} 9].

One drawback of fast imbibition is the reduced colour density of the print out [10] [11].
Together with the carrier liquid, ink colourants move into the paper bulk, negatively affect-
ing colour appearance by decreasing colour density and increasing print mottle [1} 2, 12].
High ink penetration can also lead to too low ink spreading, increasing print mottle and
declining the colour density of half tone prints [12-14]. It can be noted, that this effect
is also influenced by other factors, like for example the pigment load of the ink [15]. For
production of high quality prints and fast ink setting during the print process, a well-tuned

combination of liquid spreading and penetration into the paper is mandatory [14)} 16-18].



Chapter 2 Liquid Penetration into Paper

2.1 Wettability

®<90° O >90°

Yiv

Vsv
Vst

Figure 2.1 A liquid drop is applied on a flat substrate, triggering interaction between fluid and
media. A tangent is drawn to the drops outline at the three-phase contact point and the angle
between the tangent and the flat substrate is designated as contact angle O, being a measure for
the interaction of liquid and substrate. The contact angle is controlled by the surface tension of the
liquid (y},), the interface tension between substrate and liquid (ys;) and the surface energy of the
substrate (ysy). High contact angle © (> 90°) can be observed, when bad wetting occurs. Good
wetting, and thus high spreading on the surface is indicated by a low contact angle, ©® < 90°.
Adapted from Yuan et al. [19].

The liquid behaviour on paper is determined by fluid properties (viscosity, density, surface
tension) and paper properties (pore size distribution, roughness, surface energy) [16] 20~
23]. An important parameter to quantify fluid wetting is the contact angle © of a liquid
drop applied on a flat, horizontal substrate, entailing interaction between substrate and
liquid. The contact angle O is defined as the angle between the tangent of the drops
outline in the three-phase contact point and the substrates surface, as illustrated in Figure
left side. O is determined by the liquid surface tension y;,, the interfacial tension vy
between the substrate and liquid in equilibrium and by the surface energy of the substrate

Vsu, surrounded by a vapour phase v (= air).

A contact angle below 90° indicates good wetting, favouring drop spreading on the surface
as depicted in Figure The higher the wetting, the better is the spreading and the lower
is the contact angle of a liquid drop on a substrate (Figure left side). A contact angle
of zero can be observed, when the droplet spreading is so high that a liquid film is created

on the surface of the substrate.

In contrast to that, a high contact angle (© > 90°) can be observed, when the fluid coheres
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on the solid [24] 25]. Here, the liquid does not spread on the surface, creating a (hemi)

spherical shape and bad wetting occurs.

Young [26] described the equilibrium between contact angle and interface tensions/energy
v according to:

cos(@) = Y2 . (2.1)
Yiv

where © [°] is the contact angle between the tangent of the liquid drops outline in the
three-phase contact point and the solid, ys, [N/m] is the surface energy of the substrate,
Vv [IN/m] is the surface tension of the liquid and 7y, [N/m] is the interfacial tension

between liquid and substrate.

The difference between the surface energy of the substrate y,, and the interfacial tension

vs1 between liquid and substrate is denoted as wetting-tension y,,, Equation [24].

Yo = Yso — Vsl = €0s(0O) * vy, (2.2)

A high wetting-tension y;, can be observed, when the liquid drop easily spreads on the

paper surface.

Equation 2.1 and [2.2] assume a three-phase system, exhibiting a thermodynamic equilib-
rium. The drop consists of pure liquid and is applied on a smooth and chemically ho-

mogenous substrate [27].

However, in reality, the surface of a substrate is not always perfectly smooth and homoge-
nous, which influences the drop behaviour. Liquid spreading of structured (=rough) sur-
faces deviates from wetting on idealised substrates [28-30]. Thus, surface roughness affects

liquid wetting and complicates capturing the wettability of a solid.



Chapter 2 Liquid Penetration into Paper

2.1.1 Wetting Dynamics on Rough Surfaces

a.)

Figure 2.2 a.) Illustration of the contact angle © according to Young [26] on a flat and smooth
surface. b.) and c.) illustrate different wetting states on rough surfaces a drop might exhibit.
b.) Cassie-Baxter state wetting assumes, that the wetting liquid entraps air, creating a composite-
like interface [31]. c.) According to Wenzel the liquid fully adopts to the surface topography and
complete wetting takes place. Picture adapted from [32].

Liquid wetting of surfaces, and thus spreading is affected by the interplay between liquid,
solid and vapour phase. Roughness is a measure for the unevenness of a surface. The
higher the unevenness, the rougher is the surface [32], complicating the quantification of

liquid-substrate interaction.

The apparent contact angle is a common parameter for characterising drop spreading on
rough surfaces [30, 33] [34]. It can be noted, that the apparent contact angle differs from the
contact angle predicted by Young’s equation (Equation [2.1), which is only valid for smooth
and homogenous surfaces (Figure a). Researchers tried various approaches
to explain the behaviour that drops on real surfaces exhibit to minimize the system free
energy. Two predominant states of the liquid-substrate system are referred to as: the
Wenzel state [36] and Cassie-Baxter state [35]. Contact angle predicted by Young’s equation

(Equation 2.1) is only valid for smooth and homogenous surfaces (see Figure 2.2 a).
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Wenzel State

The Wenzel state is valid for rough surfaces, which are chemically homogeneous. Here, the
liquid adapts to the topographical variations of the surface, flowing also into the valleys of
the roughness. Thus, the substrate is fully wetted as illustrated in Figure[2.2|c. The increase
of roughness creates a higher effective contact area between liquid and solid, causing an

exaggeration of the substrates wetting properties [32].

A smooth substrate exhibiting good wettability is easier wetted by increasing the rough-
ness. Almost not-wettable surfaces show enhanced wetting resistance for higher uneven-
ness of the surface, causing an increase in contact angle. The reduction of wettability for
almost not-wettable media and rise in wettability of good wettable substrates is based on
the increase of interfacial area, created by the roughness of the media. The apparent contact

angle Oy, of fully wetted and rough substrates can be expressed by the Wenzel equation,
Equation 2.3]

c05(@gpp) = 1 * cos(O) (2.3)

Here, © is the contact angle on the smooth surface of the same substrate (Figure a) and
r is a roughness parameter > 1. This parameter is a measure for the increase in contact
area between fluid and media due to higher roughness. r is obtained by dividing the actual

surface area by the projected surface area of the substrate [31} 36].

The Wenzel state does not explain the liquid behaviour on rough or smooth substrates,
exhibiting inhomogeneities on the surface. Here, the Cassie-Baxter state is often used to

describe the wetting behaviour.
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Cassie-Baxter State

Originally, Cassie and Baxter [35] investigated the wettability of porous surfaces, occurring
when rain drops fall on porous clothing, like feathers or textiles. The liquid wets the
substrate and trapped air between liquid and solid forms air pockets [31]. This hinders
complete contact between liquid and solid, aggravating wetting. Thus, a composite-like

interface (consisting of air and solid) is created [31) 32, 35], illustrated in Figure b.

Further literature review showed, that the Cassie-Baxter state is often applied for explaining
high contact angles on a composite (-like) surface, independent of the origin of the surface

heterogeneity.

This inhomogeneity can be caused by chemical or structural differences of the surface
[31, 37, B9]. A smooth surface, being chemically inhomogeneous [37, [39], is shown in
Figure[2.3|a. Here, the surface consists of hydrophobic and hydrophilic parts impacting the
liquid behaviour. A structural heterogeneity of the surface can be seen in Figure 2.3/b, a

rough spot is surrounded by a smooth region.

The apparent contact angle ©,,,, when a drop wets a composite (-like) surface, according

to Cassie-Baxter state, is determined by Equation

c0s(Qupp) = f1 % cos(O1) + f2 * cos(O3) (2.4)

Here, f; and f, are the composite fractions, whereas f; + f, = 1. The contact angles ©
and O, are measured with the same liquid on each of the two surface components. For
surfaces consisting of x fractions, the equation can be extended by introducing x terms of

f * cos(©) for each surface part [40].

For wetting on a rough surface, entrapping air, a two composite-like surface is created. The
term cos(®) for air becomes cos(180°), and thus is - 1. The fraction f, between air and

liquid can be expressed by 1-f;. Here, the original Cassie-Baxter equation is received [35]:
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c0s(@gpp) = f1%cos(®) + (f1 — 1) (2.5)

The contact area f; between liquid and surface is reduced by the entrapped air, 0 < f; < 1.
O is the contact angle of the liquid drop on a smooth surface of the same material [31]. High
amounts of entrapped air decrease the contact area between liquid and substrate, resulting

in a higher cos(®;,,). Thus, air pockets between substrate and liquid inhibit wettability.

It can be noted, that Cassie and Baxter [35], used the advancing contact angle on the porous
surface, instead of the ® measured on a smooth substrate to calculate the apparent contact
angle () of an advancing liquid drop [35]. For rough surfaces which entrap air between
liquid and solid, the fraction f; can be calculated utilizing the advancing contact angle in

combination with the surface geometry of the substrate [35].

10
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Applicability of Wenzel and Cassie-Baxter Law

Extrand [41] investigated the contact angle and the contact angle hysteresis on chemically
inhomogeneous surfaces. Gao et al. [38] measured liquid wetting on three types of two-
component surfaces. Both encountered deviations between experimental results and pre-
dicted contact angle values, calculated with the Wenzel or Cassie-Baxter equation. Here,
similar size scale of the surface inhomogeneity and the drop contact area was given, as

illustrated in Figure [2.3][37, 38 41].

Law et al. [31]] concluded that realizing and accepting the weaknesses of these equations is a
prominent development in surface science. Furthermore, the thermodynamic investigation

of the contact areas might help finding new models for various wetting phenomena.

Also Marmur [37] investigated the applicability of these equations lately. He showed, that
the prediction of the most stable contact angle using these approaches might be valid,
as long as the drop dimension is larger than the wavelength of roughness or chemical
heterogeneity of the substrate surface [37]. Similar behaviour was found by Yong [42] and

Grzelak [43]).

a b d
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Figure 2.3 a.) Illustration of a hydrophilic area in a hydrophobic region, b.) a rough area sur-
rounded by a smooth region. d is the area diameter and D represents the liquid droplet diameter.
Here, d and D have similar dimensions and the results of the Cassie-Baxter equation are not in
accordance with the experimental data [3§].
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2.2 Substrate Surface Energy v,, Quantification by Contact Angle

Young [26] investigated fluid wetting on solid surfaces and observed, that an angle is
formed at the three-phase contact line as a result of the mechanical equilibrium between
the liquid surface tension yy,, solid surface energy ys,, and solid-liquid interfacial tension

Ys1- Rearrangement of Young’s equation (Equation [2.1) results in:

Yso = €08(0) * Vi, + Ve (2.6)

where s, is the surface energy of the substrate, © is the contact angle between liquid and
substrate, yj, is the surface tension of the liquid and vy is the interfacial tension between
liquid and substrate. Key drawback of this equation is, that only two parameters out of
three, © and vy}, can be experimentally measured. However, there are ways to measure the

other quantities.

Dupre [44] tackled the problem of capturing the surface energy of substrates by introducing

the concept of reversible cohesion work w®" and adhesion work w*® [31] 44].

2.2.1 The Concept of Reversible Adhesion and Cohesion Work

Two liquid columns of the same liquid L; are combined and the change of free energy

AE$S" can be equalled to the negative cohesion work, Equation illustrated in Figure

AEf' = —wi' = —2x v, 27)

71 is the liquid surface tension and —w$J" is the cohesion work between the liquid blocks,

needed to cohere the two columns of L. The work for separating these two columns again

is the positive value of ws".

12
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L, - w || L
A Ly --"-‘-‘h--h*
7 || L 2 )
L, L, )
(@ (b)

Figure 2.4 Illustration of cohesion (a) and adhesion (b) [31]. Two cylinders of liquid L with surface
tension y; are conjunct, the work to cohere the columns is the negative cohesion work —wi‘ih (a).
Combining liquid blocks of L1 and L, with corresponding surface tension y; and y;, the negative
adhesion work —w‘{‘é is the work to adhere these two immiscible liquids (b). 712 represents the
interfacial tension between the two liquid columns.

Two columns of immiscible liquid L; and L, are conjunct and the resulting free energy
change per unit AE% represents the negative of the adhesion work. AES4 can be expressed
by the interface tension 7, of the contact area, subtracted by the surface tensions y; and
7> of the two liquids. This expression is also valid, when replacement of one liquid column
L1 by a solid substrate L; is done, shown in Equation Here, the relationship between

adhesion and wetting can be found.

AE{;% =Ysi — VYsvo —YIv = _wg;i (28)

Here, v}, represents the surface tension of a liquid block L; surrounded by air (= vapour)
and ys, represents the surface energy of the solid block. y; is the interfacial surface ten-
sion between solid and liquid, assuming an equilibrium between the components. The

ad :

reversible work of adhesion w is needed to separate the liquid column from the solid

substrate surface [45].

Substituting the expression (ys, - ¥s) using the Young equation (Equation , it becomes
clear that cos(0) * vy, is directly linked to the adhesion work, shown in Equation [46]).

This is the commonly known Young-Dupre equation [31} 47].

13
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Wl = y3,(1+ cos(©)) 29)

The surface tension of a liquid y, is always positive. Thus, this approach predicts a direct
linear relation between adhesion and the wetting related expression (1 + cos(0)) [45]. For
non-wetting conditions, exhibiting a contact angle ©® of 180°, adhesion work w,; is zero

[46].

This analysis enables the investigation of the substrate surface energy ys, implementing
Equation for adhesion work w® by measuring the contact angle ® between liquid
and paper and the liquid surface tension 7y;, directly. Many approaches try to access the
adhesion work wgld and the affiliated y,; experimentally [48, 49]. The Owens-Wendt-Rabel-
Kaelble (OWRK) method is commonly used in the paper and printing industry, and is thus

described in more detail.

2.2.2 Derivation of the OWRK Equation

The OWRK Method is a development of the Fowkes approach, based on the assumption,
that the surface energy of solids or surface tension of liquids can be divided into partial
components, addressing the impact of various molecular interactions, which are indepen-
dent of each other [50-52]. For example, the liquid surface tensions might be the result of

two contributors, as shown in Equation [2.10]

Yo =V + V], (2.10)

Here, the liquid surface tension y;, is the sum of yfv and ﬁ;, representing the dispersive

and polar interactions.

Following the Berthelot mixing rule, a molecular interaction energy e;; consisting of
molecule species i and j, can be calculated by the geometric mean of their affiliated en-

ergies €; and €;;, Equation 2.11}

61’]' = \/€jj ¥ e]-]- (2.11)

14
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It was thermodynamically proven [51} 53H55], that the effect of dispersive interfacial inter-

actions 7y, between solid and liquid molecules on the interfacial tension can be estimated

by the geometric mean, yg = /¥4, * v .

The forces on the molecules at the interface line are illustrated in Figure For a liquid
surface molecule (Figure left arrows), the liquid surface tension tries to cohere the
liquid molecules, acting as counterpart to the interaction at the interfacial area /y%, * v,
The forces on the solid molecules at the contact line (Figure right arrows), are the
solid surface energy and the interaction at the interfacial area /v, *

", acting against the

solid substrate energy. Thus, the total interaction energy on a liquid surface molecule is

Yio — A/ Ve, * yldv and for a solid molecule ys, — /4, * y;’lv.

i
v ’Y;'f, *yd

Yo =iy
Vst =Vsv + Y — 2% "}‘ga"]-’sf:

Figure 2.5 At the interface region between solid and liquid the molecules are affected by the bulk

attractive forces of each phase. Here, only dispersive forces (y/v4, * )/ldv) act across the interfacial
area. Adapted from Fowkes [51].
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Thus, the total interface tension y;; equals the sum

Vsl = Yoo+ Vio — 2% \/ ng * ’)/ldy' (2.12)

Here, v is the interfacial tension between substrate and liquid, y;, is the liquid surface
tension and s, is the surface energy of the substrate. d indicates the dispersive part of
the surface energy and surface tension. For the case, where also polar forces operate at the

interfacial area [48], Equation can be extended to a more general form:

Vel = Yoo+ Vio — 2%\ V& x Vi, — 26/ v x v}, (2.13)

where d indicates the dispersive fraction and p the polar part of the liquid surface tension

Vv and substrate surface energy vsp.

Combining Equation 2.8|and Equation[2.9) which both capture the reversible adhesion work

w™ , the following expression is obtained:

—Ys1 + Vso + Vio = Vip(1 4 cos(©)) (2.14)

Replacing the interfacial surface tension y; between solid and liquid with the expression
defined in Equation for vy, the fundamental equation of the OWRK approach is ob-

tained:

Yip * (14 c08(0)) = 25 /v sy + 25\ /vE v (2.15)

However, there are still two unknown components: the polar part y%, and the disperse part
¥4, of the substrate surface energy. These parameters can be obtained and described in the

following section.
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2.2.3 Application of the OWRK Method

As first step the OWRK equation (Equation [2.15) is rearranged [56], obtaining the following

expression:

* (14 cos(© v
Yor(teos(®) _ S ﬁ 216
2*\/7/71; Yo

The second step is the contact angle measurement of at least two known liquids, on the
same substrate, the surface energy of which is to be determined. The liquids should have
a large difference in polarity. Furthermore, its properties y], (polar fraction of the surface
tension) and )/;iv (dispersive fraction of the liquid surface tension) and their sum y;, =

)/flv + ﬁ; need to be known.

Then, the contact angle ©® and surface tensions 7y;, of the liquids are plugged into

P
Yr(1teos(©)) ang /2, delivering y-value and x-value of two points in an OWRK-plot,
2% V ‘)/;iv Yo
illustrated in Figure Here, the expression 22X(©) i¢ blntted versus Yh and a
' 24/7, Yio

linear regression of the data points is made (third step). The y-intercept is equal to /7%,
and the slope is equal to v/ vh, 48, 556].

Finally, according to Equationm the addition of y%, and %, results in the desired surface
energy Vs, of the substrate. Three liquids with known surface tension and measured contact
angle are used for the regression line in Figure 2.6 those liquids should have large varieties

in polarity (i.e. ylpv) .

17



Chapter 2 Liquid Penetration into Paper

Yip*(1+c0s(9))

VYL

Figure 2.6 Regression line to determine the surface energy ys, of the substrate. Each point repre-
sents another liquid with defined surface tensions yy;,, Vldz; and yfv. The measured contact angle © of
each liquid on the same substrate changes due to the change of surface tension of the three fluids.

The slope and the y-intercept give the polar part vk, and dispersive part y%, of the substrate surface
energy.
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2.3 Capillary Rise

AP >0

2R AP <O

Figure 2.7 Liquid rise in parallel capillaries. © is the contact angle between liquid and wall; R is
the radius of the capillary [25]. For a positive Laplace pressure a contact angle < 90° is observed
(left). A negative Laplace pressure occurs for contact angles > 90° (right) [57].

In a porous paper, liquid travels from the surface into the bulk using pores as pathways.
These pores operate as capillaries and transport liquid from the surface into paper bulk.
The meniscus is the liquid front curvature of a fluid brought into contact with a small tube
(capillary). In capillaries, the angle between liquid meniscus and wall plays an important
role, being a measure for liquid meniscus shape. Figure[2.7]a shows a liquid penetrating
into the capillary, exhibiting a contact angle @ < 90° between wall and fluid. The cohesion
between liquid molecules is lower than adhesion forces between capillary and fluid, caus-
ing the liquid to penetrate into the tube. This behaviour is reversed for the fluid-capillary
combination in Figure[2.7]b, resulting in a convex meniscus (® > 90°). In this case, an
external pressure is required for the liquid to enter the tube. The liquid movement within

a capillary is determined by the capillary pressure, defined by the Young-Laplace equation
(Equation 2.17).

_ 2yp,c05(0O)

AP
R

(2.17)

O [°] is the contact angle between liquid and wall, y;, [N/m] is the surface tension of the
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liquid and R [m] is the radius of the capillary [25]. To compensate the pressure difference,

the liquid moves up- or downwards in the capillary.

Positive AP causes liquid flow into the capillary. If the pressure difference is negative
(AP <0), an external pressure needs to be applied pushing the fluid into the capillary.
Another way to force the liquid into the tube is to generate a negative pressure, sucking
the fluid into the capillary. The smaller the radius R, the higher will be the capillary
pressure AP [25].

2.4 Impact of Pore Geometry on Liquid Penetration

The nature of paper is such that bonding of paper fibres creates pores of different size and
shape throughout the material. These pores operate as capillaries and transport liquid from
the surface into paper bulk. The pores have various shapes, exhibiting also non-parallel
pore walls, causing variations in pore geometry. These changes affect liquid movement
into the paper bulk. In this section, an overview of some pore shapes and their impact on

fluid penetration is given [58, [59].

In a straight, parallel pore liquid penetration takes place as long as the contact angle ©
between capillary wall and fluid is less than 90°, created by a positive Laplace pressure
AP, explained in Section The liquid meniscus is concave and wetting of the pore wall
occurs. Fluid movement stops as soon as the contact angle © is > 90° and capillary pressure

equals zero.

Figure 2.8 Capillaries with non-parallel walls creating pore divergence (left) and convergence
(right). Penetration takes place as long as the contact angle is lower than 90° plus the inclination of
the wall, © < w + 90° [R9].
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® < w +90° (2.18)

In paper, pores can be convex or concave (see Figure [2.8), this affects imbibition into the
substrate. In order to obtain penetration, the contact angle © between pore wall and liquid
needs to be smaller than 90° plus the converging angle w [°] of the wall [59], as described
in Equation This results in a concave meniscus, causing liquid wetting of the pore
wall, and thus penetration into the pore. In contrast to this, diverging pores hinder liquid
imbibition. The increase of the pore radius can decrease the capillary pressure until it

equals zero and penetration stops.

Figure shows a pore exhibiting divergence and convergence of the pore wall, as it
occurs in the paper bulk [61]. Figure shows three time stages of liquid imbibition.
Figure a illustrates initial penetration at © + w; < 90°. The liquid front reaches a
section of the pore with sharp contraction |wy| > |ws| (Figure b), which increases
the capillary pressure and results in a jump of the fluid into the pore. Penetration slows
down for expanding areas and might even stop, if the pore wall divergence is so high that
O + w3z > 90° occurs (Figure 2.9| c) [59, 62]. The different wall slopes occurring in pores,
being randomly distributed within the paper, cause variations in liquid penetration and

travelled fluid distance into every single pore.

2.5 Impact of Pore Network on Liquid Penetration

Researchers [60] 63] investigated the horizontal absorption of fluid into cellulose substrate,
observing that in paper, the local capillary pressure is not only affected by geometry of
single pores but also by the linkage of single pores, and thus by the nature of the complete

pore network.

Figure depicts the pore filling process for small and big pores. Figure a.) illustrates
fibres creating a pore. The liquid imbibition process starts with fluid movement along the

channels created by the fibre overlap or along grooves in the fibre wall, operating as half
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(@)
solid
liquid
(b)
solid
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Figure 2.9 Divergence and convergence [60] in one pore. A high amount of discontinuities can
be expected in the paper network due to fibre bonding [61]. a.) Beginning of penetration for
© + w; < 90°. b.) Imbibition velocity increases for © + w, < © + wy, causing a jump of the liquid
front into the pore. c.) Fluid movement slows down for © 4 w3 and stops if © + w3 > 90°.
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open capillaries (Figure 2.10|b.1). With advancing liquid movement, the fluid fronts of the
two fibre channels emerge, travelling now as one fluid front, exhibiting also one meniscus
(Figure b.2). The liquid enters the created inter-fibre pore as long as the Laplace
pressure AP (Equation is higher than zero, AP > 0 (Figure 2.10]b.3.).

Figure c.) illustrates the filling process of small pores. First, initial wetting of the
pore wall occurs, followed by the liquid bulk movement behind the wetting front. Further
wetting takes place until the two wetting fronts emerge and the liquid bulk of both sides

are joined, completely filling the pore with the liquid.

Figure d.) shows a large pore with the same initial pore wall wetting as observed for
small pores, illustrated in Figure c.). Here, the pore filling is stopped due to too low
Laplace pressure A P (Equation[2.17), and thus a too small curvature of the liquid meniscus.
Only wetting of pore edges can be observed, due to liquid movement along grooves in the

fibre walls and fibre-fibre created channels [20, |64} 65].

Danino [63] focused on radial penetration of non-polar liquids into cellulose porous sheets.
Liquid supply was either a drop or from unlimited liquid reservoirs. Overall, the penetra-
tion rate of a limited amount is slower than for unrestricted quantity of liquid. Here, it is
explained by the redistribution of the fully penetrated liquid drop amount, from bigger to
smaller pores, as smaller ones are favoured in the selection of the pathway (higher capillary
pressure). In comparison, drawing the liquid from infinite reservoirs, once the liquid flows
into small pores, the liquid supply refills the emptied space, and no competition between

big and small pores is given due to liquid oversupply.
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(a) fibres

pore

(b)

(c)

—

(d)

Figure 2.10 (a) Illustration of fibres creating a pore. b.) liquid wetting at three different progress
steps b.1) liquid moves along channels, created by the fibre overlap or along grooves in the fibre
wall, operating as half open capillaries b.2) Fluid fronts of the two fibre channels have emerged,
travelling now as fluid front, exhibiting one meniscus. b.3) The liquid penetrates into the created
inter-fibre pore as long as a curvature of the fluid front is given. c¢) Small pores can be filled by
initial wetting of the pore walls, followed by emerging of the wetting fronts and the liquid bulk,
filling the pore. d.) shows a large pore with the same initial pore wall wetting as observed in
c.). However, in this case the Laplace pressure is too low for further penetration, thus only partial
wetting of pore edges can be observed due to liquid movement along fibres and fibre-fibre created
grooves [20] 64} [65]. Picture adapted from Roberts [20].
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Besides the shape and the size of the pore, also the overall pore volume affects liquid
penetration into the paper 17, 64] 166H68]. The increase of porosity leads to higher
imbibition amounts [10, 17, 67] and deeper ink penetration into paper [10]. Special focus
needs to be put on extremely large pores, stopping fluid imbibition, caused by a capillary
pressure equalling to zero, illustrated in Figure d. This decreases the theoretically
absorbable liquid volume of the paper [20, 59].

Importantly, it can be noted, that the interlinkage of pores, exhibiting various pore sizes
and the degree of this linkage is prominent for liquid movement into the paper. The degree
of linkage is called connectivity. High connectivity results in a high liquid absorption of

the paper due to easy fluid movement into the highly conjuncted pores 68].

2.6 Liquid Movement within Fibrous Layer

Figure 2.11 Water with fluorescent particles moving along a fibrous paper layer [69]. The time
between the pictures is 3 s. First, liquid wets the fibres and moves along grooves between two
bonded fibres, creating a finger-like front. Followed by liquid movement into the pores.

The described impact parameters on liquid penetration into paper focus on pore geome-
try and pore network structure. However, the overall imbibition is also affected by grooves
and furrows of the pore walls and fibre-fibre channels created by fibre-fibre bonding. These
structures operate as half open capillaries, exhibiting a smaller radius than the pores, sup-
porting liquid movement. Fluid imbibition is favoured by high capillary pressure according

to Equation which increases for decreasing pore radius. Thus, the small capillary ra-
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dius from channels created by the fibre-fibre bonding or from grooves in the fibre wall,
helps overcoming barriers, like pore widening. This increases ink penetration into paper

bulk and dot spreading on the surface of the paper [58, 65].

Figure shows water movement along a fibrous layer. Fluorescent particles have been
added to visualise liquid wetting. The liquid front follows the grooves along the fibre walls
and the channels created by fibre-fibre bonding. First, water wets the fibre surface moving
along the fibre surface using wall grooves and channels, created between two bonded fibres,
resulting in a finger-like front. Second, the liquid behind this wetting front moves into the

pores between the fibres, filling them [69].

2.7 Modification of Paper Surface Pore Structure - Coating

Liquid behaviour differs for uncoated and coated papers. Uncoated papers have an ir-
regular pore structure. In such cases, first the liquid flows along the fibre surface and/or
moves into the fibre. Only then, the liquid penetrates into the pores between fibres [69].
Reduction of ink penetration into paper is achieved by applying coatings. The liquid moves
immediately into the coating layer structure. The coating layer creates a homogeneous pore
structure on the paper surface, having a mean pore diameter in the size range of around
hundreds of nm. This causes a more uniform liquid wetting and penetration of the surface

[69, 70

After ink application, the fluid penetrates into the paper and volatile components evapo-
rate, thus the ink dries on the substrate [71]. The drying process shows a huge impact on
the print gloss. High print gloss is created by a smooth ink surface, promoted by slow ink
drying. Whereas fast ink drying increases the print velocity, it hinders levelling out the
surface inhomogeneity using the remaining ink above the surface. This causes ink drying

before a smooth ink dot is created [72, 73]].

Different types of ground calcium carbonate (GCC) used in paper coatings, change the
initial uptake of fluid into the substrate by creating a pore system above the paper bulk. A
refined GCC coating with a broad particle size distribution slows down the initial liquid
uptake. In contrast to that, the standard coatings speed up the fluid penetration due to
their narrower pore size distribution (PSD). A broad PSD causes a lower void volume of

the coating, resulting in lower ink penetration, and thus higher print quality (gloss and
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density) 75]. The comparison between broad and narrow pigment size distribution is
illustrated in Figure showing the effect on dried ink.

The surface homogeneity of the coating itself is crucial for homogenous ink behaviour on
the substrate. Also rough paper surface creates a rough ink surface. Furthermore, local
variations in surface chemistry and surface porosity of the paper create local varieties in
ink setting. Full homogeneity is hard to achieve during industrial processes. For example,
a deviation in surface spreading of latex binders used in pigment coatings can cause an

increase in variation of the surface energy of the coated substrate [76} 77].

Figure 2.12 Ink drop penetration into paper coatings having different size distributions. Coatings
with narrow pore size distribution have more void volume and allow deeper penetration (left)
compared to coatings with high particle size inhomogeneity (right). The rapid imbibition into a
layer of similar sized particles causes a decrease in ink gloss due to reduced levelling [71]].
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2.8 Quantitative Models for Liquid Penetration

In contrast to experiential approaches, considering discontinuities of the paper pores, a
common way to study porous substrates is the introduction of a model system, which
mimics the pore structure, reducing complexity of the system [4, [78-90]. This facilitates the
study of various mechanisms such as penetration and wetting of the paper, being difficult
to investigate on the heterogeneous, cellulose porous sheet. There are numerous studies on
liquid flow into porous systems [91H96] and how to quantify it. Two predominant models
used in the research approaches are the Lucas-Washburn (LW) equation and the Bosanquet

model.

2.8.1 The Lucas-Washburn Equation

The Lucas-Washburn (LW) equation is a popular model for describing liquid flow into
porous paper, based on a simplified capillary model [97]. It is the fundamental equation
of many studies tackling the problem of liquid behaviour characterisation on absorptive
substrates. Despite the simplification of penetration mechanisms, this equation is especially
in the paper engineering field of importance, highlighting main impact factors of liquid

imbibition [984105].

The Lucas-Washburn equation is based on the Poiseuille law:

_dH  APxr?

—- - = 2.1
v dt Hxnx8 219)

Here, the liquid velocity v [m/s], of a laminar flowing fluid into a cylinder with a radius
r [m], exhibiting a defined viscosity n [Ns/ m?] is described, Equation AP [Pa] is the
capillary pressure and pushes the liquid into the capillary, H is the penetration length in
[m] and t is the time in [s]. The lower the viscosity and the bigger the pore radius, the

higher is the imbibition rate.

Assuming that the only driving force for penetration is the capillary pressure and gravity is
neglectable, it is possible to describe AP using the Young-Laplace equation (Equation [2.17).

Thus, substituting the pressure in Equation using the capillary pressure as defined in
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Equation followed by separation of the variables dH and dt and the integration, the

Lucas-Washburn equation is obtained.

Y * 1% cos(0)

H=
n*2

(2.20)

Equation is the Lucas-Washburn equation, describing liquid penetration into cylindri-
cal capillaries. The penetration length H [m] is the distance travelled by the fluid during
penetration time t [s]. H is affected by the capillary radius (pore radius) r [m], surface ten-
sion y [N/m] and viscosity n [Ns/m?] of the liquid. The contact angle 6 [°] between liquid
and substrate is affected by paper and the liquid properties, see section modification

of one part always causes a change in contact angle.

Equation shows, that according to the LW equation the penetration depth H of the
liquid into the substrate is proportional to v/t. This flow regime is caused by the capillary
pressure AP (Equation [2.17), which is working against the viscous drag forces given by the
Poiseuille law (Equation [66, 97].

For penetration times below 1 ms and pore diameters below 1 um the LW equation results
display big variations from experimentally measured values. Addressing these deviations,

the Bosanquet model is adding inertial forces to the Lucas-Washburn equation [17} 21} [106].

2.8.2 The Bosanquet Equation

When applying the LW approach, the prediction of liquid penetration behaviour into
porous media neglects the inertial forces at the beginning of imbibition. Only viscous
drag is counteracting to the capillary pressure. Especially, for large pores and very short

contact times this is not a valid assumption.

In contrast to that, the Bosanquet equation considers the viscous drag as well as the inertial

forces. The inertial force Fortiaqr = % s (m ‘%) is determined by the mass of the liquid m =
7% % % p* H, where p is the density. The friction force F Friction = W, with viscosity

n is based on the Poiseuille law, described in Equation Fuetting = 2% 70% 7 % Y % 05(©)
is the wetting force. If an external pressure P, is applied Fyressure = Pe * 7 * % occurs [21) 58].

The force equilibrium is shown in Equation 2.21}
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Fintertial + Ffriction = LTwetting + Fpressure (2-21)

Introducing the definition of the forces into Equation the Bosanquet equation is re-

ceived:

Z(mszifj) + 87TT]H6;I;I = 27trycos(0) + Prr? (2.22)

Equation gives the Bosanquet equation, describing liquid uptake into porous paper
modelled by cylindrical capillaries. Same symbols represent same parameters as desig-
nated in the LW equation and p is the density in [kg/m®]. The parameter r is the
capillary radius (pore radius) in [m] and P, [Pa] is external pressure forcing a fluid into the

pore network, as e.g. used in the mercury porosimetry [21} 58].

The inertial forces are prominent at the beginning of the imbibition process, but decrease
during advancing penetration to zero [58, 106]. The friction force increases proportional
with the penetration length H, starting at a value of zero, where no liquid is in the capillary.
Thus, the liquid flow is initially determined by inertial forces acting against the movement
of the fluid. The increase of imbibition length H is accompanied with a reduction of in-
ertia impact. The increase of importance of viscous drag causes a transition from inertia
controlled flow to a flow mainly affected by viscous forces. Thus, with increasing time the

Bosanquet equation converges to the Lucas-Washburn equation, see Figure 2.13|

The Bosanquet equation is valid for both flow regimes: inertia controlled and viscous drag

controlled flow.
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The integration of Equation delivers the following expression, introducing the param-

eters a and b, which are constant for one liquid-substrate combination [67]:

> 2xb

ft— % (1= )] (2.23)

with

8x1
a= ox 1 (2.24)

and

_ Poxr+ 2%y xcos(O)
- pxT

b (2.25)

Penetration processes considered in this thesis occur under ambient conditions and without
the application of external pressure. Thus, P, can be equalled to zero. Assuming that the
beginning of liquid movement starts at imbibition length zero, H; can be considered as

% x e~ accelerates the liquid movement until —a *t < 0. Here, the

zero too. The term
Bosanquet equation converges to the Lucas-Washburn equation. Furthermore, looking at

early penetration times (a x t < 1), Equation simplifies to

) 2% Yy *kcos(©) * 12
o pxT

H (2.26)

commonly known as the inertial flow [21]. The inertial flow describes the inertia controlled
part of liquid flow entering a capillary. Here, the penetration height H is proportional to t
(H~t). Whereas having viscous flow, described by the Lucas-Washburn equation, the time

dependency of the penetration length H is proportional to v/t (H ~ /%).

Figure depicts the calculated penetration length H of 1,3-propanediol within capillaries
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of a1l um or 1 mm diameter. The figure illustrates the inertial flow (circle and triangle), the
Bosanquet equation (star and dash) as well as the Lucas-Washburn equation (square and
diamond). The contact angle © of 1,3-propanediol on the investigated substrate was 34.5°

[21].

Equation becomes the LW equation for diameters greater than 1 um and penetra-
tion times above 1 ms. For smaller pores the changeover between Bosanquet and Lucas-
Washburn equation appears earlier than for bigger pores (1 um vs. 1 mm). The beginning
of liquid movement into pores is determined by inertial forces, and thus smaller pores are
filled. In contrast to that, for viscous flow, described by the LW equation, liquid movement

into big pores is faster.
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Figure 2.13 Illustration of 1,3-propanediol penetration length calculated employing Lucas-
Wahsburn equation, Bosanquet equation and inertial flow equation for capillary diameters of
r=1pm and r =1 mm. It shows a changeover for the Bosanquet equation to the LW equation
at different process conditions [21].
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2.8.3 Extension of Lucas-Washburn Equation

Experimental approaches, which were not designed for application of LW Theory, also
show a direct proportional relationship between penetration depth and root of time as pre-
dicted by the LW-equation [66, 97,199, 106]], ignoring the complex structure of pore network.
However, the absolute experimental data often reveal a deviation from the theoretical cal-

culated penetration depth [66, [107].

For liquids consisting of more than one component, during imbibition, they might be sepa-
rated. This separation of fluid components might also cause a deviation from the simplified
theory [86]. Another mechanism, which needs to be considered, especially for small droplet
penetration, is the evaporation. Liu et al. [82] introduced a theoretical approach, explaining

the limited capillary penetration as a result of evaporation.

Demixing, evaporation, the impact of inertia and several other mechanisms neglected by
the LW approach caused the ongoing development of this popular theorem and the un-
derlying experimental work [90, [108-116]. The introduction of new parameters, like the
"mobility parameter” [90] or various attempts to introduce a dynamic contact angle factor
[79, 108110, 112} [113, 115, [116] is extending the commonly used theorem to the apparent

experimental needs.

2.9 Liquid Viscosity and Surface Tension Impact on Penetration

and Wetting

The liquid as counterpart of paper in wetting and penetration processes also plays a
major role during industrial High Speed Inkjet printing. The liquid behaviour is af-
fected by viscosity, surface tension and the contact angle, which is supported by Equa-
tion Researchers tried to capture the impact of these parameters experimentally
[86, 90| 108, 109, 111] and confirmed the influence on the liquid behaviour.

Han et al. [117] found, that an increase in ratio of surface tension to viscosity causes an

increase in penetration. At the beginning of penetration and wetting process, high viscosity

aggravates movement into pores [78-80, 99, 118]. Furthermore, Neogi et al. [119] showed
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that the spreading rate of a liquid drop depends on the surface tension, viscosity and

contact angle, but captured it not quantitatively.

Aslannejad [120] investigated water and an ink-based liquid using simulation. This fluid’s
viscosity and density are twice as high when compared to water, whereas the opposite is
true for the surface tension. He showed, that spreading on paper surface was similar for
both. However, water penetrated faster than the ink-based liquid. It seems, that higher
viscosity and higher density compared to water decrease the absorption velocity, and thus
water reaches the same penetration depth faster [120]. Furthermore, he observed, that low
contact angles promote liquid penetration into paper. The highest penetration was found

for the lowest contact angle.

The combined effect of viscosity, impact velocity and surface porosity has been investigated
by Basit and Asai as well as their respective colleagues [121}[122]. This observation showed
that a maximum spreading on the surface was achieved for a maximum drop velocity,
minimum liquid viscosity and low substrate porosity. Basit [121] concluded that these

findings are also valid for the impact on contact angle.

Alam et al. [123] theoretically investigated liquid viscosities from 0.1 mPas to 100 mPas,
showing an increase of the normalized drop spreading diameter. Revealing an exponential
increase of drop wetting and penetration in the spreading dominated phase, see Figure
The surface tension was set to 50 mN/m for all liquids. He concluded, that for drops
with high impingement velocity (25 m/s and 50 m/s), the contact angle plays a minor
role during the initial phase (until 3 us of contact between liquid and substrate) of drop

spreading.

The change in surface tension from 50 mN/m to 73 mN/m had hardly any effect on the
spreading [124, 125]. Similar behaviour for contact angle and wettability was shown by

Scheller and Zhang [126, 127].
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Figure 2.14 Normalised spreading diameter D, (t) versus penetration length ¢, (t) [m]. (t) indi-
cates, that both parameters change with increasing contact time between drop and substrate. Same
symbols represent the same liquid at different contact times. Both parameters decrease with an
increase of viscosity, showing worse wetting and lower penetration [123].
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High Speed Inkjet-Printing

3.1 Printer

High Speed Inkjet (HSI) printing gains more and more importance in the printing field
[16, 128]. The facile print production, fast production process and the fact that it is a
non-contact method are three of the key advantages of this print-method [62]. The ink
is applied by shooting droplets onto the substrate surface. The drop production is done
either by Drop on Demand (DOD) or the continuous inkjet method (CIJ), they will be
shortly explained below. In the HSI industry, where the printing velocity can be up to 5

meter per second, the DOD method is widely used [3, 9].

3.1.1 Drop on Demand Method (DOD)

The Drop on Demand (DOD) printhead generates drops only when needed, employing
different types of drop production methods. Two prominent methods are the piezoelectric

and thermal jetting, illustrated in Figure

Thermal jetting uses a heating plate to heat up the ink to 300 °C within microseconds,
causing evaporation. A vapour bubble is generated, expanding immediately and squeezing
the ink out of the nozzle. The bubble collapses after temperature reduction and the ink

chamber is refilled by capillary pressure [14].

The second method uses a piezoelectric element. The deformation of a piezoelectric crystal

generates an electric field and an electric field causes a distortion of the crystal. Thus, the
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Thermal Ink Jet (Bubble Jet) Piezo Ink Jet
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Figure 3.1 Illustration of drop on demand print heads. The ink is pushed out of the ink chamber
either by (a) a bubble created by evaporation or by (b) oscillating of a piezoelectric element [62].

application of an electric field creates a deformation of the piezoelectric element, pushing

out the ink.

The DOD method produces prints with high resolution using droplets between
0.1 and 29 pl. The droplet size depends on the firing frequencies (ranging from 5 -
100 kHz), print head settings and liquid properties [15, [129H131].

3.1.2 Continuous Inkjet Method (CIJ)

The CIJ] method generates drops continuously, and liquid is either applied on the substrate
or redirected to a collector. The production of the drops is done by pressure and a piezo-
electric element, as illustrated in Figure Its oscillation squeezes an ink beam out of the
ink chamber, where the liquid beam breaks into individual drops. The generation of the

drops depends on the oscillation wavelength of the piezoelectric element [62].

The CIJ method can be further dived into a binary (Figure 3.2|a) and a multiple (Figure
b) deflected system [132]. Using the binary deflected system, the generated drop is charged
by the charge electrodes, followed by a redirection into the gutter using the high voltage
deflection plates. The uncharged drop passes straight through the high voltage deflection

plates and impinges on the paper surface.

For the multiple deflection method, the uncharged drops are collected in the gutter for
reuse. The charged droplets deviate in their charge, and thus can be redirected to different

areas on the paper using the high voltage deflection plates [62} [130].

This method is used for low resolution prints and high print velocities. A common nozzle
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width is 12 um producing a typical drop size of around 4 - 10 pl. The size is strongly

depended on the nozzle dimensions and the pressure in the nozzle [62} [130].

04...... . . o oo0¢d 0‘...... . . o oo0¢

E@L Q@L

Charge Charge |—|
Drop generator Drop generator
PE electrode J_ P electrode J_
High voltage Gutter L High voltage Gutter -
deflection plate Paper deflection plate Paper
(@) (b)

Figure 3.2 Schematic illustration of a continuous inkjet print head. Droplets are created continu-
ously, either applied on the paper or redirected into a collecting gutter [132]. (a) Illustration of a
binary deflected system. Here, the charge electrodes charge the drop to redirect it into the gutter.
(b) For a multiple deflected system, the uncharged drops are collected in the gutter for reuse. The
droplets exhibit different charges, and thus can be redirected to different areas on the paper using
the high voltage deflection plates [62} [130].

3.2 Drop Formation of High Speed Inkjet Inks

Stable jetting of inks is crucial for high print quality and reproducible print results. The
same amount of ink has to be ejected every time the nozzle fires a drop. The ejection
velocity (v) ranges from 5 to 15 m /s [3] and a drop volume between 1 - 30 p! [1] is typically
created using a HSI print head. Among others, the two following numbers are often used
by ink developers to forecast ink jet ability: Reynolds Number (Re) (Equation and
Ohnesorge Number (Oh) (Equation 3.2).

I inerti
Re = PPL _ inertia forces 3.1)
n viscous forces

] viscous forces
Vypl  inertia x surface tension

Oh = (3.2)
The Reynolds Number (Re) (Equation , relates fluid inertia (density p [kg/m?], velocity
v [m/s], nozzle length 1 [m] and viscous forces (viscosity 1 [Ns/m?]). The Ohnesorge Num-
ber (Oh) (Equation is mainly influenced by surface tension y [N/m] and viscosity 7.
Also the characteristic length 1 [m] and the fluid density p [kg/m?] are used to calculate this
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parameter [3]. Both numbers are dimensionless (balance of two equal entities) [15]. Ac-
cording to literature the Oh should have a value between 0.1 and 1, whereas the Re needs

to be between 2 and 150 for liquids exhibiting stable jetting [133]].

A typical jetting sequence is depicted in Figure First, a liquid beam is squeezed out of
the nozzle and the liquid beam breaks into individual drops [62], resulting in a main drop
and several smaller satellite drops (see Figure [3.3). Those satellite drops can cause severe

problems, if they impinge on different paper regions than the main drop.

L) ] |

.«main satellite

smaller

satellites,
' aerosol

droplets

~20 usec ®

~40 - 50 usec
"—main drop

~70 - 80 usec

Figure 3.3 Drop generation by Drop-on-Demand. Liquid is squeezed out of a print head nozzle.
The fluid beam breaks-up after ejection. The ink is separated into one main drop and several
satellite drops [[134].

3.3 Ink Behaviour on Paper

The HSI print head creates an ink droplet of a volume of ~ 12 pl, depending on its settings.
This drop is shot on the paper surface. As soon as the drop impinges on the substrate
the drop wets the surface and penetration starts. Second, it starts to collapse as the ink
further penetrates into the paper bulk, and finally volatile components evaporate [122].
The ink setting process is depicted in Figure The time intervals of drop penetration
and drying vary with the used ink-paper combination, employed during printing. A drop
may penetrate into a highly absorbing porous medium and dry within 1 - 50 ms, whereas

it takes up to 1 second to evaporate and dry on a non-absorbing substrate [3].

An important parameter to quantify the actual coverage of the liquid drop on the paper is
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the dot gain. It is the ratio of the printed and dried dot area to the spherical jetted drop
before impingement on paper surface [3]. A common dot gain in inkjet printing is ~ 1.5 to

3 [122,135].
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Figure 3.4 Waterbased ink drop behaviour after impact on paper, adapted from [62]. First, the ink
drop spreads on the substrate surface, increasing the dot area. Second, the drop collapses due to
liquid imbibition into the paper, starting drop drying. Finally, volatile components evaporate.

3.4 Ink Components and Properties

In this study only water-based inks are employed, which are mainly used on the HSI
market [130]. This puts the focus on the formulation and properties of waterborne inkjet

inks.

Driven by economic pressure, inkjet ink is under constant development. The recipe is a
well kept secret as it is one key impact factor for the producers technological and economic

success.

However, there are some basic recipes available in the literature. Water serves as carrier
liquid, and thus is the biggest component with the largest mass percentage of the ink.
Colourants (dyes or pigments) are responsible for the colour of the ink. In commercial
inks, pigments or dyes are present in an amount of 0.5 % to 10 % of the ink. Co-solvents
ease the printing process, as they ensure that the nozzles do not dry out and enhance ink
film formation (5 % to 50 % of the ink). Surfactants (< 2 % of the ink) improve the wetting

behaviour of the ink and ease print head maintenances. Polymeric binder (< 10 %) helps
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to increase the gloss and the rub-off fastness of the prints. Typical values for water based

inkjet ink surface tension are 40 mN /m and 3 mPas for viscosity [3].

The High Speed Inkjet technology uses different drop generation units, ranging from piezo-
electric elements to heating plates. Thus, the ink recipe needs special adjustment, depend-
ing on the application method. Instead of water as carrier liquid also oil, solvent or methyl
ethyl ketone based inks are used in industry. These types of inks and the water based inks
dry via absorption into the paper and subsequent also via evaporation. Beside these inks

there are also hot melt— and UV inks used for printing [3]].

At room temperature, the hot melt ink is originally in a solid state. Before ink application,
the ink is heated, and thus liquefied. After drop impingement on the paper, the liquid
cools down and solidifies. Thus, the quality of the print out is only slightly affected by the
substrate [62] [136].

UV curable inks posses reactive monomers and photo initiators as components [15]. After
ink application, the print out is illuminated with UV-light, thus the reactive monomers
polymerise and create a solid layer. Similar to the hot-melt inks, the print quality is only

slightly substrate dependent [62, [136].

Both inks show very low to zero penetration into the substrate, and thus have a high layer
thickness (> 10 pm). This layer is sensitive to rub-off, due to the height of the ink film
[62]. Printed hot melt- and UV ink dots show a ~ 1.5 higher diameter on the paper as the
diameter of the printer created liquid sphere [62, 137]. However, the normal dot gain is

between 2-3 [15].

The drawbacks of these types of inks are high costs and health, safety and environment
based issues [11]. Figure 3.5 gives an overview of typical ink properties for various HSI
methods. By implementing different inkjet print heads, the drop size can be adapted

accompanied with a change in ink layer thickness on the paper surface after drying [130].
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. . Ink layer
Viscosity . Drop .
Ink type (mPas) thickness volume (pl} Drying
— (um)
Thermal ink jet | Water-based 1-5 <05 1-30 Absorption,
evaporation
Water-, ail-, Absorption
and solvent- 5-20 <05 1-30 ption,
based evaporation
Piezoelectric Solidification
ink jet Hot melt 10-30 12-18 10-30 through
cooling
UV-curing 10-30 10-20 10-30 Radiation
cross-linking
Solvent-,

. water-, MEK .
Continuous | rethyl ethyl 1-5 <05 5100 | Apsorption,
ink jet evaporation

ketone)-
based

Figure 3.5 Summary of process parameters applied in different inkjet printing methods. Depend-
ing on the drop generation viscosity needs to be adjusted. With different drop production methods
the drop size changes, leading to a difference in ink layer thickness on the paper surface after drying
(15, 130].
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Review of Measurement Methods for Liquid

Penetration and Wetting

The product value is a crucial impact factor with regards to the price. The evaluation of
the product value is done by controlling process relevant parameters and achievement of
those requirements. This is fundamental for assessing the suitability of the product [138].
Penetration and wettability are decisive process variables for good print quality and high

product value of the paper or ink.

For the paper- and printing industry, liquid penetration and wetting on paper are crucial
processes with regard to product quality. Thus, a large number of measurement techniques
has been invented to quantify and predict penetration and wetting during the HSI printing.
They try to measure process relevant parameters, providing information about the liquid-
paper interaction during the industrial liquid application. Some of the most widespread
methods are described in this chapter. An overview of these analytical approaches is given
in Figure highlighting the variation in time resolution and the liquid volume applied
by the techniques.

The described methods utilize different measurement principles and apply different liquid
volumes on the substrate. For example, whereas the contact angle measurement device
creates droplets of 30 pl, ultrasonic liquid penetration measurements (ULP) puts the paper

in a test liquid bath, providing an unlimited fluid supply.
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Besides the variation in liquid amount used to quantify liquid behaviour, also a variation
of time between fluid application and first measurement value as well as in time resolution
of the measurement itself is high, see Figure The Cobb method gives insight in water
absorption after 30 seconds of contact time between fluid and paper. The contact angle
device used in this work provides results starting directly after liquid applications giving
information of drop behaviour every 0.5 ms, as this is the duration between single picture
acquisition. It can be noted, that image recordings used in the HSI industry can go up to

us time resolution [15]].

dynamic static

200ml

- .
g Bristow
0 Wheel
g 100ml >10ms
o ASA
= >10ms
—

Ink
Penetration

Contact Test

angle device Dot Analysis
>0.5ms

10ms 1s
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Figure 4.1 Schematic illustration of measurement methods plotted over liquid amount and time
resolution. Static measurements, giving one result value are coloured in red, whereas methods with
high time resolution are pictured in blue. In the case of dynamic methods (blue circles), the last
line contains the time at which the first measurement value is achieved. ULP is used for ultrasonic
liquid penetration test, ASA for automatic scanning absorptometer and HST indicates the Hercules
sizing test.

44



Chapter 4 Review of Measurement Methods for Liquid Penetration and Wetting

4.1 Laboratory Measurement Quantification of Liquid Spreading

and Penetration

411 Cobb Absorption Test

The determination of water absorbing capacity according to Cobb is a traditional method
quantifying surface absorbency of paper. In this approach, water is applied on a surface
area of 100 cm? at one side of paper, measuring the water volume penetrating into the
substrate. Fluid uptake is determined by measuring the sample weight prior and after
water application. The contact times vary from 30 seconds for strong absorbing media
to 1800 s for heavily sized papers [138]. A detailed description of every single process
step accompanied with the required time can be found in DIN EN 20535 [138]. The Cobb
technique is a static method providing information about liquid uptake after the chosen
contact time as illustrated in Figure A high Cobb value can be observed for strong
absorbing papers, indicating a high water uptake. The Cobb method fails if the applied
water penetrates through the bulk to the backside of the paper. Furthermore, it does not
provide results within the High Speed Inkjet (HSI) relevant time scale (up to 50 ms on
paper [3]). Thus, this method is not suited for quantification of liquid behaviour during
the HSI printing.

4.1.2 Ultrasonic Liquid Penetration Test (ULP)

_ Specimen
Testing holder
liquid  ~_ A4 1------- ;

—__ Ultrasonic
receivers

Ultrasonic /

emitter

Paper
specimen

Figure 4.2 Ultrasonic liquid penetration test-principle: ultrasonic waves are absorbed, reflected
and scattered while transmitting through the paper. During the wetting and penetration of liquid,
the signal changes, and thus captures penetration and wetting [[139].
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The ultrasonic liquid penetration test (ULP) provides a measure for liquid penetration into
porous substrates. As shown in Figure an ultrasonic emitter and ultrasonic receiver
are positioned opposite to each other. Between them, the sample is immersed into a testing
liquid, like e.g. water or ink. The transmitter instantly starts to transmit ultrasonic waves
through the sample. These are reflected, scattered or absorbed during the process of liquid
imbibition. As absorption proceeds, the receiver records changes in the signal. A typical
ULP result curve is illustrated in Figure The initial rise of the curve indicates wetting.
The time it takes to reach 100 % of intensity is the wetting time (t [s] in Figure [£.3). High
wetting times can be observed for bad wetting. The slope of the curve after the maximum
(% [%/s] in Figure represents the penetration speed. The faster the liquid pen-

etrates into the paper, the higher is the change in intensity. First values are obtained after

~ 31 ms between first contact of liquid and paper [103| 139]. The ULP provides a signal

value every ~ 4 ms.

The results from publication II and manuscript III show, that the ULP is not suited to

capture the wetting during HSI printing, but delivers reasonable results quantifying liquid

penetration in the HSI related field.
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Figure 4.3 Measurement result curve of ULP, plotting ultrasound intensity over time. The time
tw [s] is a measure for wetting, long wetting times can be observed for bad wetting. The slope

of the curve represents the penetration speed Ai%?ity [%/s], showing a steeper decline for faster
absorption [103].
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4.1.3 Bristow Wheel Absorption Test
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Figure 4.4 a.) The Bristow Wheel uses a nozzle to apply liquid onto a paper stripe mounted
on a wheel [140]. Faster movement of the wheel results in an increased substrate velocity and is
accompanied with a decrease of contact time between nozzle and paper [141]. b.) In the result
curve of the Bristow Wheel absorption test, transferred liquid volume is plotted versus the contact
time between nozzle and paper [140, [142]. The slope of the curve is giving liquid penetration speed.
Figure adapted from Hamada et al. [142].

The Bristow Wheel absorption test is a direct measurement of imbibed liquid over time.
The fluid is applied using a nozzle touching the paper. The adjustment of the contact time
is done by changing the velocity of the sample holder wheel, where the paper is mounted
(see Figure 4.4 a). The time scale ranges from shortly after first contact (~ 11 ms) between
nozzle and paper up to 2 seconds [143]. The underlying model assumes a two-phase
process: wetting the surface and penetration of the liquid into the substrate bulk [144]. The

absorbed liquid is plotted versus contact time as illustrated in Figure £.4b. The higher the
slope of this curve, the higher is the penetration of the liquid into the paper.

The Bristow Wheel was not used to capture liquid behaviour on paper during this Ph.D.
thesis. However, it also employs a direct liquid application method, similar to the utilised
automatic scanning absorptometer (ASA). Thus, the conclusions drawn from the ASA mea-
surements might also apply here. The penetration detected with a direct liquid application
method are suited to capture liquid penetration in the HSI field. The wetting parameter
calculated with the ASA results are strongly affected by penetration and did not correlate
with the contact angle values from the same liquid-paper combinations. Thus, it is not
recommend to use a direct absorption measurement to quantify wettability in the HSI field

(see publication II and manuscript III).
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4.1.4 Automatic Scanning Absorptometry

Optical Sensor

Glass capillary tube O | /Meniscus

AR

Applicator head =)
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| < |
Sample Stage

Figure 4.5 Automatic scanning absorptometer: liquid is applied via a nozzle (applicator head) on
the substrate. The transferred liquid volume is observed by the movement of the fluid’s meniscus in
the glass tube, detected by an optical sensor. The movement of the sample stage defines the contact
time between nozzle and substrate. An increase of velocity, reduces the contact time [103) [145].

The automatic scanning absorptometer (ASA) is based on the same principle as the Bristow
Wheel. A nozzle applies liquid onto paper and the transferred liquid volume is detected.
The contact time is determined by the velocity of the sample stage, whereas an increased
speed reduces the contact time between nozzle and paper. An illustration of the method
is depicted in Figure High fluid imbibition can be observed for strong absorbing

substrates, represented by a higher amount of absorbed liquid volume per unit area. The

first measurement value is obtained after approximately 10 ms of contact time.

The substrates can be chosen freely as long as a sample size of A5 is provided. Liquid
supply of the nozzle is ensured by a tube. High viscosity can prevent liquid movement
in the tube, which restricts the selection of the liquids that can be tested with the ASA.
The transferred liquid volume per unit area is plotted over time in the results curve, Fig-

ure[4.6|a, giving direct information about absorption behaviour. The slope of the curve

ATLV /A [ml/m2
AV Vms
bition rates [103)} (145} [146].

] represents the penetration speed, indicating higher slopes for higher imbi-

The transferred liquid volume per unit area TLV /A [mm] can be considered as the penetra-
tion length of a liquid moving into the paper. Also the Lucas-Washburn equation describes

the fluid imbibition length into the paper.

Knowing the pore diameter D of a paper and the surface tension y;, as well as viscosity n
of the testing liquid, the ASA results can be replotted with the expression € * % *\/t

[mm] on the x-axis, which basically is a rearranged LW equation. The slope of this plot

48



Chapter 4 Review of Measurement Methods for Liquid Penetration and Wetting

is equal to cos(©) according to the Lucas-Washburn approach. This is shown in Figure
b. cos(®)rw is a theoretical contact angle obtained from the ASA measurement and
is a wetting parameter determined from liquid absorption. A detailed description of this

procedure can be found in previous work of our group [103]].

The ASA penetration parameter was found to reliably capture liquid imbibition behaviour
into paper during HSI printing. The comparison between the contact angle from liquid
drops and the calculated ASA wetting parameter cos(®)w from same liquid-substrate
combinations resulted in a low correlation coefficient. This calculated wetting parameter is
highly affected by fluid penetration into the paper, and thus is not recommended for mea-
suring liquid wetting in the HSI related field. For further details, please see publication I

and manuscript IIL
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Figure 4.6 a.) Automatic scanning absorptometer result curve. It plots the transferred liquid vol-

ume per unit area versus the root of contact time. A high slope ATAL\V[{A can be observed for fast

liquid penetration into the paper. b.) Automatic scanning absorptometer result curve with rescaled
x-axis. The rescaling of the curve was conducted via implementation of the Lucas-Washburn equa-
tion. The slope of the curve, which uses one defined paper-liquid system, represents the theoret-
ically calculated cos(©)rw and can be interpreted as a wetting parameter determined from liquid
absorption [103].
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4.1.5 Hercules Size Test (HST)

\ Acid Solution
Sample
; i ‘ ~ ~
Reflectance Meter 2 "
. O @ Light Source

Transducer

Figure 4.7 Illustration of the Hercules Size tester. The paper sample is fixed above a light source
and a transducer. After liquid application, the change in reflectance due to penetration is captured
by the transducer [20], [147].

The Hercules Size test was developed by Price [148] in order to quantify the sizing degree
of papers. HST measures the time required for a formic acid solution to penetrate into the
substrate by detecting the change of brightness due to liquid imbibition. Various formic
acid concentrations are employed depending on the sizing degree of paper. The coloured
testing liquid is put on the paper and a reflectance meter detects changes in paper re-
flectance on the bottom side of the paper, shown in Figure This gives a measure for
resistance of paper against fluid movement into the substrate. The result curve shows the
change in reflectance over time, indicating higher penetration for higher change in signal,
as illustrated in Figure The parameter obtained from the Hercules Size tester is the
HST value [s]. This is the time it takes to reach a reflectance value of 85 % [149].

The HST was developed to quantify fluid transport resistance into sized paper, employing
a time resolution in the second range [20]. Thus, the Hercules Sizing tester is not suited to

capture liquid penetration and wetting in the HSI process relevant time scale.
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Figure 4.8 Result curve of the Hercules Size test is shown in this diagram. Reflectance is plotted
versus time. Fast penetration causes a steep slope of the curve, adapted from [147]. The time at a
reflectance of 85 % is the HST value [149].

4.1.6 Contact Angle Measurement (CA)

t=0.02s V=4.04 ]ll
X =2.66 mm
0=824°
t=04s V=3.14 pl
x =3.08 mm
0=53°
4-—-—-!*'
X
t=34s V=143 ul
x=3.2 mm
0=245°
l< 5l
X

Figure 4.9 A typical picture sequence taken by a contact angle device [103]. The calculation of the
remaining drop volume (V) and drop diameter (x) is implemented for each frame the device has
captured. Furthermore, a tangent is fitted onto the droplets surface at the three-phase contact point,
obtaining the contact angle © between tangent and substrate surface. High contact angle values can
be observed, when bad wetting occurs.

The pico-drop set up of the dataphysics instrument creates drop volumes in the pl size

scale [150]. Once the drop is released onto substrates surface, the instrument starts taking
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pictures, with a frame rate of 2000 frames per second. The device uses each image to fit
a tangent at the droplets surface in the three phase contact point to calculate the angle
© between tangent and substrate surface (Figure [4.9). This angle is commonly referred
to as the contact angle. Thus, one obtains a series of contact angles over time, starting
immediately after the drop-release. Furthermore, also the base diameter x [mm] of the
drop and the remaining liquid volume V [ul] above the paper surface is obtained, see
Figure

The generation of drops from 0.8 to 4 ul is mainly done with a Fibro Dat system [6, [103],
following the same measurement procedure, but with lower frame rate. The results are
plotted in a curve, showing calculated contact angle over time (Figure #.10). The change of
contact angle occurs due to penetration and wetting of the droplet on the paper. Thus, a
high change in contact angle can be observed when the fluid drop exhibits good spreading

and penetration into the paper.

A parameter often used is the initial contact angle ®, which is mainly influenced by spread-
ing and possesses a large value in the case of bad wetting. The initial contact angle for ul
drops is measured after 50 ms of contact time between paper and liquid (publication II).

For pl drops immediately after full liquid contact with the paper (manuscript IV).

Furthermore, drop penetration can be calculated using the results of the contact angle
device. The change of remaining liquid AV on the paper surface is employed to calculate
drop imbibition rates into the paper. Another parameter to quantify drop penetration is
the transferred liquid volume per unit area (TLV/A). Here, AV is divided by the contact
area of the drop. The contact area is assumed to be circular, having the diameter x (= drop
diameter on the paper, see Figure[4.9), obtained from the contact angle measurement. The

higher the TLV/A, the higher is the drop penetration into the paper.

The contact angle measurement captures the liquid wetting on paper and can be used to
predict the spreading of HSI printed dots, as shown in manuscript III. In comparison to
other measurement techniques for liquid penetration and wetting, the contact angle mea-
surement is the only technique providing reliable results for capturing surface wettability
(publication II). For high absorbing papers a drop size in the pl scale should be used to
quantify wetting, minimising the impact of penetration (manuscript IV). Overall, the con-
tact angle method is a very useful instrument for capturing surface wettability and liquid

spreading of drops during the HSI printing.
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Figure 4.10 The result plot shows the observed contact angle over time. The initial contact angle

is a measure for wetting, whereas the slope of the contact angle decay captures a combination of
liquid wetting and penetration into the paper [103].
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4.2 Evaluating Penetration and Spreading of Printed Paper Sam-
ples

4.2.1 Ink Penetration Test

camera camera
paper sample E g paper sample
backside up ink penetration backside up
|
background printing process background

BS TS

[]

Figure 4.11 Illustration of the ink penetration test. First, the backside (BS) of the unprinted paper is
imaged. Second, the top side is printed and finally the same area of the backside of the now printed
sheet is imaged again. The darkening of the paper backside caused by printing is a measure for
ink penetration into the paper. A high print through value, which is defined in Equation is
accompanied with high liquid imbibition [131].

The ink penetration test directly measures the print through, which is a measure for liquid

penetration into paper.

The ink penetration index PT [-] is calculated from the ratio between the gray value [8
bit gray value] of the unprinted sample backside image to the gray value of the printed
sample backside image, as shown in Equation 4.1 [131]. The larger the value, the greater is
the difference between the gray values, and thus the higher is the ink penetration rate. A
failure of the ink penetration test might be caused by too low penetration and/or too high

paper thickness.

pr = &V vefore printing (4.1)
GVafter printing
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4.2.2 Cross Sectioning

The investigation of ink penetration into paper is also done by microtome cross sectioning
using light microscopy. The image of the paper cross section is evaluated and the average
penetration depth of the ink into the paper is calculated. An example picture of a mi-
crotome recording can be seen in Figure Here, black ink was applied on the paper,
penetrating into the paper bulk. The ink coloured regions of the paper are detected by
image analysis [58].

Figure 4.12 Cross section image. The penetration of the black ink can be seen due to colouring of
the paper[58].

Another method for cross sectioning is scalpel cutting [151]. Enzi [152] developed a scalpel
cutting method for full tone printed paper. The method is restricted to uncoated papers
and high ink penetration. The cutting is done manually using a scalpel as shown in Figure
a. The cut is examined using reflected-light microscopy, imaging the cross section.
The imbibed liquid is detected by image analysis and illustrated in white (Figure[4.13]b, B).
The penetration depth is determined using measurement lines with a gap of 5 um between
them, see Figure b, C. Thus, every 5 um a penetration depth value is obtained, also

providing a penetration depth distribution.

However, to achieve reliable and representative results for cross sectioning, several cen-
timetres of paper length need to be evaluated. Furthermore, it is important to take the
paper cross sections at different regions of the paper [58]. The preparation and analysis of
a huge amount of paper cross section to achieve good reliability of the results is very time

consuming, and thus this method is not efficient enough to measure ink penetration into

paper.
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(@) (b)

Figure 4.13 a.) Picture of the scalpel cutting process. b.) Three step evaluation of the scalpel cutted
sample. b.A.) Image of the cross section is obtained using reflected-light microscopy. b.B.) Image
analysis detected the ink coloured paper area b.C.) Measurement lines with a gap of 5 um are used
to detect the penetration depth [152]. Thus, every 5 um a penetration depth value is obtained.
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Short timescale wetting and penetration on porous
sheets measured with ultrasound, direct absorption

and contact anglef

Krainer Sarah?® and Hirn Ulrich

In this study the short timescale penetration and spreading of liquids on porous sheets is investigated. Three

measurement techniques are evaluated: ultrasonic liquid penetration measurement (ULP), contact angle

measurement (CA) and scanning absorptiometry (SA). With each of these techniques liquid penetration

as well as surface wetting can be measured. A quantitative comparison between the methods is carried

out. For our studies we are using model liquids with tuneable surface tension, viscosity and surface

energy which are the governing parameters for pore flow according to the Lucas—Washburn equation.

Scanning absorptiometry turns out to be an adequate tool for direct measurement for liquid penetration.
Ultrasonic liquid penetration showed a stable correlation (R> = 0.70) to SA and thus also gives a suitable
indication on the liquid penetration behaviour. Absorption of individual microliter drops measured in the

CA instrument showed different results than the other two measurements. For characterisation of the

wetting behaviour the measurement techniques gave substantially different results. We thus conclude
that ULP and SA do not capture the wetting behaviour of liquids on paper in the same way as
conventional contact angle measurement, it is unclear if their results are meaningful. Finally we are

proposing two parameters indicating a combination of liquid penetration and wetting, the slope of the

contact angle over time df/dt and a contact angle calculated from SA. These two parameters are

moderately correlated, supporting the idea that they are indeed capturing a combination of liquid

penetration and wetting. While our investigations are restricted to paper, we believe that the methods

investigated here are generally applicable to study liquid absorption in thin porous media like
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microfluidic paper based analytical devices, thin porous storage media, membranes and the like. Our

findings are highlighting the importance to have a match in timescale (time for penetration and wetting)
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1 Introduction

Wetting and liquid absorption in thin, porous materials is
arelevant performance characteristic e.g. for microfluidic paper
based analytical devices, thin porous storage media or
membranes. Also High Speed Inkjet (HSI) printing is influenced
by the penetration behaviour of the fluid into the printing
substrate, often paper.*” There are three main challenges
studying liquid penetration and spreading in paper and other
thin, porous media. First the thickness of the material is low,
typically around 100 pm. Second paper has a high in-plane
inhomogeneity which necessitates testing of either a large

“Institute of Paper, Pulp and Fiber Technology, TU Graz, Inffeldgasse 23, 8010 Graz,
Austria. E-mail: ulrich. hirn@tugraz.at

*CD Laboratory for Fiber Swelling and Paper Performance, Inffeldgasse 23, 8010 Graz,
Austria
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10.1039/c8ra01434e
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This journal is © The Royal Society of Chemistry 2018

and size scale (liquid amount supplied) between the testing method and the actual use case of the
material, when analyzing wetting and penetration on porous materials.

sample area or measurement of many specimen sampled over
a large specimen area.

Finally liquid penetration and spreading in HSI printing are
taking place within a few hundred milliseconds, requiring
measurements with high time resolution. This has lead to the
application of various analytical approaches. Commonly used
techniques in paper and printing industry are ultrasound
measurement (ultrasonic liquid penetration - ULP), scanning
absorptiometry (SA) and contact angle measurement (CA). The
application of these techniques in characterization of penetra-
tion speed and wetting was subject of several studies.>" In our
study we are using these instruments for both, measurement of
liquid penetration and for surface wetting.

The common method to determine the wetting behaviour of
liquids is the contact angle measurement (CA). The contact
angle of a drop, placed on the surface of a substrate, is filmed
and measured from the images. The change of contact angle
over time is influenced by the spreading of the drop and by the
penetration of the liquid into the paper.***¢ Ultrasonic liquid

RSC Aadv., 2018, 8, 12861-12869 | 12861
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penetration (ULP) is delivering a measure for surface wetting by
measuring the time between liquid contact and the highest
signal intensity. Also scanning absorptiometry (SA) can provide
information on the wetting behaviour. The wetting parameter
here is a calculated contact angle, computed from the measured
liquid penetration using the Lucas-Washburn equation.”*

For liquid penetration ultrasonic measurement is available
in different configurations. All of them indicate the liquid
penetration into paper and the wetting behaviour using ultra-
sound intensity.>”*?*?* For example Sharma® showed a corre-
lation of ULP and inkjet print quality parameters for
photographic papers. Liquid penetration is also measured
using scanning absorptiometry. SA evaluates the liquid
absorption per unit area at a specific contact time, it is a direct
measure for the penetration speed. The potential of the SA for
characterising the direct liquid uptake has been studied and
shows good results for measuring penetration.**"” Liquid
penetration of single droplets has been investigated in this
study using the contact angle instrument. The change in drop
volume over time is calculated from an image sequence taken
by the CA instrument.

1.1 Aim of the work

In this study we are comparing measurement of liquid pene-
tration and surface wetting using ultrasonic liquid penetration
measurement (ULP), contact angle measurement (CA) and
scanning absorptiometry (SA). The techniques are investigated
for their potential to measure penetration and wetting at
different time scales, depending on the liquid (e.g. approxi-
mately 200 ms for fast penetration and 1.5 s for slow penetra-
tion). We are reporting results for liquid penetration in paper,
however the findings should also be relevant for liquid
absorption and wetting into other thin, porous materials.

For testing we are using 4 HSI inks and 5 water based model
liquids with defined surface tension, viscosity and polarity in
terms of Hansen solubility parameters. As discussed in Section
2.6 these three parameters are the governing features for liquid
capillary penetration. The model liquids have been designed for
decoupled tuning of these key liquid characteristics. The testing
liquids are applied to four different papers with different
degrees of liquid absorption and spreading. The chosen
combination of papers and liquids are representative for the
spectrum of the materials in the high speed inkjet printing
process.

A quantitative comparison of the results from the different
test outcomes is carried out in terms of linear regression and
the suitability of the three methods to measure liquid pene-
tration and wetting behavior is evaluated. The influence of time
scale and size scale of penetration and wetting will be discussed
with respect to the different measurements techniques and
their results.

2 Materials and methods

All measurements have been conducted in a climate room
under defined temperature (23 °C) and humidity (50% relative

12862 | RSC Adv., 2018, 8, 12861-12869
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humidity) according to ISO 187:1990. The papers were then
stored in the climate room for at least 24 hours to ensure they
have reached equilibrium moisture content, as indicated in ISO
standard 187:1990.

2.1 Papers

The paper grade significantly influences the penetration
process. Therefore we investigated the performance of all
liquids on four different wood free fine papers from an indus-
trial supplier. These are an unsized HSI treated paper grade
(DNS High Speed Inkjet CF by Mondi), an HSI unsized, pig-
mented paper (NEUJET Matte by Mondi) and an AKD sized
paper (IQ ALLROUND by Mondi). The fourth paper, the unsized
and untreated grade, is basically the unsized HSI paper grade
(DNS High Speed Inkjet CF) without the surface treatment. The
paper types are differing in terms of sizing (hydrophobisation)
and surface treatment, covering the commercially available
papers for office- and high speed inkjet printing papers.

The papers were characterized in terms of composition and
pore structure, see Table 1. All of them are made of industrial
bleached hardwood pulp. The common method for determi-
nation of grammage is the EN ISO 536. Filler content refers to
the amount of CaCO; filler particles in the paper. The filler is
a commercial PCC (precipitated calcium carbonate) grade, filler
content is measured according to DIN 54370. The pigmented
paper grade has a low grammage surface sizing, about 3 g m ™2
per side, consisting of a mixture of starch and clay. HSI surface
treatment is a surface application of CaCl, to trigger precipita-
tion of the ink pigments on the paper surface and reduce
penetration of the pigments into the bulk of the paper. The
porosity and the pore diameter was obtained from mercury
intrusion porosimetry, a standard method to characterize
microscale pore size distributions.*** We utilized an Autopore
IV 9500 from Micromeritics Instrument Corp.>”*

2.2 Testing liquids

Five water based model liquids have been prepared with respect
to their viscosity, surface tension and polarity. The polarity is
defined through three Hanson solubility parameters.> The
parameters are coordinates in a three dimensional coordinate
system, the HSP space. dD describes the dispersion forces
between molecules, dP the dipolar forces and dH the forces
from hydrogen bonds. The tested model liquids are DI water,
80% water/20% glycerin, 80% water/20% glycol, 50% water/40%

Table 1 Properties of the papers used: grammage, filler content,
surface pigmentation, HSI-surface treatment, and porosity

Unsized &
Properties AKD sized Unsized Pigmented untreated
Grammage [g m 7] 77.2 78.5 79.89 97.2
Filler content [%] 13.52 21.51 22.98 21.51

Pigmentation [g m 7] 0 0 4 0

HSI surface treatment  No Yes Yes No
Porosity [%] 20.6 38.8 23.6 40.3
Avg. pore diameter [pm] 4.9 2.6 3.2 3.9

This journal is © The Royal Society of Chemistry 2018
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glycerin/10% hexanediol and 60% water/30%glycerin/4% hex-
anediol/6% diacetone alcohol. Their properties are listed in
Table 2. Glycerin and glycol influence the viscosity of the liquid.
Hexanediol adjusts the surface tension and diacetone alcohol
changes the polarity. Furthermore 3 different grades of High
Speed Inkjet (HSI) ink have been tested, 2 inks of each grade.
The first type is a dye ink, where the colourants are in molecular
dispersion. The second one is a pigment ink, which uses
dispersed pigments as colourants. The third ink is a latex
pigment ink, which contains pigments for the colouring and
latex particles to enhance the ink fixation on the surface of the
paper. Every measurement has been performed with two
colours of each ink-type: yellow and magenta.

2.3 Ultrasonic liquid penetration measurement (ULP)

The Emtec Penetration Dynamics Analyser 2.0 was used for all
ultrasonic measurements. Measurement frequency was set to 2
MHz. The paper samples were cut to a rectangle of 7 cm x 5 cm
and fastened to the sample holder with a two sided adhesive
tape. In the measurement cell an ultrasonic emitter and an
ultrasonic receiver are placed to the opposite of each other,
shown in Fig. 1. When the sample is released into the testing
cell filled with liquid, the transmitter instantly starts to send
ultrasonic waves through the sample. The receiver measures the
intensity of the ultrasonic signal. Sensor area is a circle with
a diameter of 35 mm. The ultrasonic waves are reflected, scat-
tered or absorbed during the process of liquid penetration,
represented through the red lines in Fig. 1. As penetration of the
liquid in the substrate proceeds, the receiver records the
changes in the signal. The result is the ultrasound intensity over
time.’

A typical measurement result is shown in Fig. 2, it is from the
AKD sized paper with one dye ink. The curves are results from 5
specimen of the same paper (grey) and their mean value (red).
The wetting is represented as the wetting time, which is the time
between liquid contact and the highest intensity (wetting time
tw in Fig. 2). The longer it takes to reach 100% intensity, the
lower is the wetting. The penetration speed is calculated
between the time at the highest intensity and approximately 200
ms for unsized papers and around 1 s for hydrophobized papers

RSC Advances

Liquid Paper Adhesive Tape  Sample Holder

Ultrasonic Receiver

Received Signal

Ultrasonic Transmitter Transmitted Signal

Fig. 1 Measurement principle of the ultrasonic liquid penetration
(ULP) measurement, drawing not to scale.®

after this time. The faster the liquid penetrates into the paper,
the higher is the change in ultrasound intensity and the steeper
Aintensity

is the slope of the curve Az

(Fig. 2).

2.4 Contact angle measurement (CA)

The contact angle measurements were performed using a Fibro
DAT 1100 instrument.*® All measurements were carried out with
4 pl drop size. Once a drop is released onto the substrate's
surface, the instrument starts taking pictures of the drop, as
shown in Fig. 3. A tangent is fitted to the drop's outline at the
contact point between paper and liquid using digital image
analysis, and the contact angle (Fig. 3, red lines) is calculated.
Also the width of the drop is measured and the drop volume on
the surface is calculated. This is done for every picture the
camera has taken. Three pictures of the same drop and their
resulting values for contact angle, volume and width are shown
in Fig. 3. The contact angle is plotted over time (Fig. 4). It is also
possible to evaluate the total absorbed liquid volume per unit
area (TLV/A). This is done by calculating the volume difference
of a drop between different pictures and dividing it by the area

Table 2 Testing liquids used in this study and their properties: viscosity, surface tension and polarity

Viscosity Surface tension
Liquids [mPa s] [mN m™] dp dp dH
Water 1.004 72.4 15.5 16 42.3
80% water/20% glycerin 1.6 65 15.9 15.6 39.3
80% water/20% glycol 1.7 71 15.8 15 39.4
50% water/40% glycerin/10% hexanediol 6.2 27.3 16.36 13.2 33.74
60% water/30% glycerin/4% hexanediol/ 3.45 33.2 16.1 13.75 42.9
6% diacetone alcohol
Dye ink yellow 6.3 37 — — —
Dye ink magenta 6.3 35 — — —
Pigment ink yellow 6.3 36.9 15.8 13.8 35.6
Pigment ink magenta 6.3 37.4 15.8 13.8 35.6
Latex pigment ink yellow 5 32.8 15.8 13.8 35.6
Latex pigment ink magenta 5.3 334 15.8 13.8 35.6

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The ultrasonic measurement results show the change of
ultrasound intensity over time. Time at the highest intensity t,, [s] is
defined as wetting time of the liquid and the slope of the curve as the
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Fig. 3 Drop at different times (0.02 s, 0.4 s, 3.4 s) and the resulting
values for contact angle 6, width x and volume V.
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Fig. 4 The contact angle plotted over time. Initial contact angle is

measured after 0.05 s and the slope is measured between 0.05 s and

0.2 s. The initial contact angle is a measure for the liquid wetting of the
Al

surface. The slope E[s’l] is a parameter describing the combination

of wetting and liquid penetration of the drop.

the drop is covering. For calculating the volume of the liquid on
the surface the drop shape is assumed to be spherical. The
width of the drop is used to determine the area of the droplet on
the substrate surface. The change of contact angle and contact
area is caused by liquid flow into the substrate (penetration)
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and spreading of the drop on the surface (wetting). Evaporation
can be neglected at this drop size.*** The initial contact angle
is defined as the contact angle measured at 0.05 s after the drop
has been put on the surface. A high contact angle is indicating
bad wetting of the liquid on the surface. The higher the change
of the contact angle over time, the faster is the liquid spreading
and liquid penetration, and the steeper is the slope of the
contact angle plotted over time as displayed in Fig. 4. The slope
was calculated between 0.05 s and 0.2 s for the papers with
treatments. The slope for the unsized & untreated paper was
calculated between 0.05 s and 0.09 s, due to the fast penetration
and wetting of the liquids.

2.5 Scanning absorptometer (SA)

The scanning absorptometer measurement, performed with
a KM500win Automatic Scanning Absorptometer instrument
from KRK Kumagai (Japan), provides quantitative information
about the liquid absorption as a function of time on time scales
of 10 ms up to 10 s.*** During an SA measurement, liquid is
supplied from a scanning head which moves along a spiral path
on the paper. In Fig. 5 one can see the head on the paper sample
surface, it is supplied with the liquid via a tube. The speed of the
head moving over the paper surface is kept constant over
a certain part of the track, then it accelerates stepwise to
a higher speed which is then again kept constant. By increasing
the speed the system measures the liquid penetration for
different times of contact between the nozzle and the paper. The
SA measures the total absorbed liquid volume per unit area. The

ATLV/A
———— of the
AVE

curve. The steeper the slope, the higher the penetration speed
(Fig. 6). The slope of this curve is calculated within the same
time range as the slope of the ultrasonic liquid penetration
measurement is calculated i.e. a contact time between approx-
imately 0.031 ms and 0.200 ms after contact between liquid and
paper was made. This is done for every single liquid/paper
combination. Also a parameter indicating the wetting
behavior is evaluated, it is the contact angle cos(#).w calculated
from the liquid penetration result as described in 2.6.

penetration speed is represented by the slope

Optical Sensor

[ Meniscus

T

Glass capillary tube

Applicator head a
Paper sample

| — |
Sample Stage

Fig.5 The scanning absorptometer set up. The applicator head on the
paper sample is moved over the paper, ink is supplied with the liquid via
a glass tube. The meniscus sensor follows the receding meniscus and
computes the amount of liquid, which is absorbed in the paper.
Adapted from Enomae et al.*?

This journal is © The Royal Society of Chemistry 2018
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2.6 Contact angle calculated from scanning aabsorptiometry
(SA) and the Lucas-Washburn equation

There are numerous theoretical studies on liquid flow into
a porous system.“>®'%*>3%3% Two models are often used: the
Bosanquet model and the Lucas-Washburn (LW) equation. The
LW approach is a quite simplified model system, assuming
straight, circular capillaries with steady state liquid flow. It
describes the flow regime where the driving forces, ie. the
pressure difference caused by the capillary forces of the liquid
in the pore, are equal to the friction forces (the viscous
forces).**® For penetration times below 1 ms at a pore diame-
ters below 1 pm the LW-equations results differ from the
measured values. Steady state flow is there not a valid
assumption and inertial force needs to be considered for these
conditions.>*”** The Bosanquet model is adding the inertial
forces to the Lucas-Washburn equation.* It has no restrictions
in terms of time and pore size. However, Schoelkopf'® and
Ridgway*” showed that the Lucas-Washburn is valid for our
liquids and the pore system that we have in our papers, namely
penetration times larger than 10 ms, and pore size diameters
between 2.6 um and 4.9 um. Also earlier the Lucas-Washburn
approach has successfully been used to describe the liquid flow

into paper.>*
[vD cos(@
H Y 1’><(4)LW\/E 1)

Eqn (1) gives the Lucas-Washburn equation, describing the
liquid uptake into a porous media modeled by cylindrical
capillaries. The penetration length H [m] is the distance traveled
by the fluid in time ¢ [s]. The parameters that influence H are the
capillary diameter (pore diameter) D [m], the surface tension vy
[N m~']and the viscosity [N s m~?] of the liquid and finally the
contact angle 6y [-] between the liquid and the pore material.
Eqn (1) shows that according to the LW equation the penetra-
tion depth H of the liquid into the substrate is directly
proportional to v/£. Fig. 7 shows the results for 1 SA measure-
ment plotted over ¢ on the left side. On the right side of Fig. 7 the
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Fig. 7 Comparison of SA results plotted over t (left side) and over v/t
(right side). The right diagram shows that H is proportional to v/% as it is
the case for Lucas—Washburn flow, eqgn (1).

same results are plotted over V/t. A linear relation between H
and /¢ can indeed be observed.

Please note that according to eqn (1) we can calculate the
contact angle 6y when we know all the other parameters H, D,
v and 7. This is exactly the idea of our analysis, as a measure for
surface wetting we are calculating the contact angle according
to the Lucas-Washburn equation 6w from the scanning
absorptometer measurement results.

Eqn (2) defines the volume uptake of a porous medium
consisting of several parallel capillaries with the pore diameter
D [m]. The number of pores within an area A is N, , = N/A [m™]
(0?)
4

and each capillary has the volume V; = s [m®]. The number

of capillaries (pores) N multiplied with the volume V; [m?®] of
each capillary is the total volume uptake V:'7**

D? nD?
. . Vpores
Defining porosity ¢ as —— we find
total
nD? U D>
. Viores 4 _ 4 3)
Vtotal AH A

v
It follows that the total absorbed liquid volume per unit area —
is equal to the porosity multiplied with the penetration length:

% =¢H (4)
The travelled distance of the liquid flow into the porous

oo . . 14
media H is described by the LW equation. Therefore the term 1

is determined by substituting H, eqn (1), into eqn (4). Rear-
ranging the resulting expression leads to

% = y/cos(0) w1 ,177—><D48\ﬁ' (5)

Eqn (5) can be re-written as a linear equation y = kx with
|4 vD
—E.

y:zyx:\/tandtheslopeask=\/m n x4

. 14 .
By plotting the result of the SA measurement L on the y-axis

D
and 4/ 7>< JEon the x-axis we thus find \/cos(f);,y, as the slope
n
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Fig. 8 The scanning absorptopmetry (SA) results are plotted over

\ /fly>< 48\/5. The result is a straight line, indicating that the assumption

of Lucas—Washburn flow is justified. The slope k of the line is equiv-

alent to k = y/cos(f),y. i.e. the square root of the contact angle.

in the resulting diagram, compare Fig. 8. The values for ¢ are
taken from the SA measurements. The surface tension vy [Nm™"]
and the viscosity 7 [N s m~?] of the liquid have been measured
for each fluid, Table 2. The parameters capillary diameter D [m]
and the porosity ¢ [-] for the pore system have been measured for
each paper, Table 1. Evaluating the slope of each SA penetration
measurement it is possible to obtain a value for wetting,
cos(f)rw, for each combination of liquid and paper from the SA.
This value cos(f).w can be interpreted as the paper-liquid
contact angle measured from the liquid penetration into the
paper, under the assumption of Lucas-Washburn flow.

3 Results

3.1 Penetration speed

Fig. 9 shows the penetration speed measured by the ultrasonic
measurement (ULP) plotted against the penetration speed
detected by the scanning absorptometer (SA). The absorption of
the model liquids water, water/glycerin and water/glycol into
the untreated & unsized paper was too fast and could not be
detected by the scanning absorptometer. Both measurements
show for the unsized papers and the liquids without hexanediol

500
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- >
g 200
g5 ¢ 7% g v
5" 100 i \
4 % <«
2 0 wro st e «x
= R?=0.70156
-100
-1 0 1 2 3 4 5 6 7
slope [ATAL\Z/ A] - scanning absorptometer

Fig. 9 Penetration speed from the ultrasonic measurement and the
scanning absorptometer. For detailed description of the symbols refer
to the ESI.t
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Fig. 10 Penetration speed from contact angle measurement and
scanning absorptometer. Symbols are described in ESI.t

the fastest liquid uptake, followed by the liquids with hex-
anediol and the inks. Looking at the results for the AKD sized
paper the model fluids which have a water content of 80% and
100% penetrate really slowly into the paper which is found by
both techniques (Fig. 9). So, despite the totally different
measurement principle, ULP and SA are delivering fairly similar
results.

The penetration speed calculated from the contact angle
measurement (CA) is neither correlating well to the SA, nor to
the ULP data (Fig. 10 and 11). We believe the main reason is that
the supplied liquid volume is comparably small (4 pl) and for
the contact angle device the contact area where penetration
takes place is influenced by drop spreading. In the literature* it
has been shown that penetration into paper is considerably
slower for a limited supply of liquid than for an unlimited
supply. We thus believe that the differences in the measure-
ment results represent the different penetration behavior
between large amounts of liquid and small drops.

3.2 Wetting

The parameter for wetting from the ULP measurement is the
wetting time ¢, see Fig. 2. The wetting parameter from the
contact angle measurement is cos(6)so ms the cosine of the
initial contact angle measured after 50 ms, Fig. 4.
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Fig. 11 Penetration speed from ultrasonic measurement and contact
angle measurement. Symbols are described in ESI.{
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Fig. 12 and 13 show that the ultrasonic measurement is not
able to capture the wetting of unsized papers. For most results
the measured wetting time is zero, it cannot be determined
because it takes place too fast to be detected by the ULP
instrument. Also for the papers with lower wetting (AKD and
pigmented paper) no correlation between ULP and the other
instruments can be found. We can thus conclude that the ULP
instrument is not suitable for capturing the wetting behavior of
these liquids on paper.

The parameter for the spreading of the liquid measured by
the SA is cos(f).w, the contact angle calculated from the liquid
penetration into the paper according to Section 2.6. It is found
that the cosine of the initial contact angle directly measured by
the CA instrument does not correlate well to cos(f)w calculated
from the SA liquid penetration measurement (Fig. 14). It seems
that the contact angle can not be calculated correctly using the
Lucas-Washburn model. That comes somewhat surprising
because the relationship between time and absorbed liquid
volume was shown to have a /¢ proportionality, like predicted
by the Lucas-Washburn equation, compare Fig. 7. Also others
have found Lucas-Washburn behavior for liquid penetration in
paper.>*® A likely reason for the deviating results is the gross
simplification of the pore system as a bundle of circular capil-
laries with one constant diameter. The pore system in paper has
a complex geometry and a wide distribution of pore sizes.”® It
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Fig. 13 Ultrasonic wetting time compared to the wetting parameter
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seems that while overall the penetration is following a Lucas—
Washburn type time dependency, for our substrate we need
a more complex pore model than the one in the Lucas-Wash-
burn equation to successfully calculate wetting from the liquid
penetration.

In conclusion we found that ULP and SA did not deliver
results for the wetting behaviour that can be compared to
standard contact angle measurements.

3.3 Combined measurement parameter for penetration
speed and wetting

A combined parameter for liquid penetration and wetting is the
slope of the contact angle curve. It reflects the wetting and the
liquid penetration of the drop, which takes place during the
time range of 0.05-0.2 s (0.05-0.09 s for fast absorbing liquids),
compare Fig. 4. This parameter fits better (R*> = 0.35) to the
cos(f)w value calculated from the scanning absorptometer
(Fig. 15) results. The correlation indicates that cos(6).w is in fact
also a combined parameter which is reflecting both, the wetting
on and the penetration of the fluid into the substrate. Consid-
ering that cos(f).w is the contact angle which has been calcu-
lated from the liquid penetration measurement, this
interpretation seems plausible. The correlation between the
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Fig. 15 The slope of the contact angle curve compared to the value
for cos(6)_w calculated from the scanning absorptometer. Symbols are
described in ESI.{
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measurements is low (R> = 0.35), still they somehow seem to
capture similar aspects of liquid-paper interaction.

4 Conclusions

Ultrasonic liquid penetration measurement, contact angle
measurement and scanning absorptometer are all measuring
liquid penetration and surface wetting, using totally different
measurement principles. In this study parameters for surface
wetting and liquid penetration speed have been defined for
each measurement technique and the results of the measure-
ments have been compared. For our studies we have developed
and used model liquids to independently control surface
tension, viscosity and polarity of the testing fluids.

The penetration speed measurement from ULP and scan-
ning absorptiometry showed similar results, indicating that
both measurements, despite their entirely different measure-
ment principle, are capturing the liquid penetration speed into
the paper. In contrast to that liquid penetration speed
measured from individual drops on the surface of the substrate
gave results that differed from the other two techniques. We
think that the reason might be that for the individual drops the
liquid absorption is influenced by the drop spreading on the
surface, while for the other two analysis techniques the contact
area where penetration takes place is not influenced by wetting.
We thus conclude that the penetration of small drops thus
exhibits a fundamentally different penetration behavior than
large amounts of liquid applied to the substrate.

For the surface wetting behaviour all three measurements
techniques gave different results. We thus conclude that the
well established contact angle measurement remains the most
useful approach, and that ULP and SA did not provide mean-
ingful results here.

Finally we have defined a combined parameter describing
wetting and liquid penetration, it is the change in contact angle
of a drop over time. This parameter is driven by both, spreading
of the drop and penetration of the liquid into the substrate. A
moderate correlation was found to a parameter derived from
scanning absorptiometry, namely the contact angle calculated
from liquid penetration using the Lucas—-Washburn equation. It
seems that both parameters are describing a combination of
wetting and liquid penetration.

4.1 Implications for measurement of contact angle and
liquid penetration on thin porous materials

The results have demonstrated that for measurement of wetting
and liquid penetration on thin, porous materials the timescale
and the size scale of the measurement is highly relevant. The
time scale for all measurements was controlled it was 200 ms for
fast penetration and 1.5 s for slow penetration. The size scale
was differing between the measurements, excess amounts of
liquids are being applied in the ultrasound measurement and
for scanning absorption measurements, 4 pl drops for the
contact angle measurement. Accordingly the absorption
measurements of ULP and SA agree but the CA absorption is not
correlated to the others. For evaluation of surface wetting only

12868 | RSC Adv., 2018, 8, 12861-12869

Paper

contact angle measurements are providing reasonable results.
However on absorbing materials the contact angle is always
a combined measurement of wetting and liquid penetration,
compare Fig. 3 and 4. Thus it is particularly relevant to take
drop size and measurement time into account.

The interpretation of wetting and penetration measure-
ments on thin porous materials always has to consider the time
scale of penetration and the size scale of the drop/substrate
system. In the case of ink jet printing these are picoliter drops
penetrating within milliseconds. In the case of other absorbing
media it might be liters taken up within days. The difference in
the results between the methods evaluated in this work are
demonstrating the importance to carefully select the measure-
ment method for wetting (contact angle) and liquid penetration
in such a way that it reflects the time scale and size scale of the
industrial application to be analyzed.
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In this study, we investigated the effect of liquid viscosity and surface tension for inkjet printing on porous
cellulose sheets. We used five model liquids, representing the operational field of an industrial high speed
inkjet printer, as specified by Ohnesorge- and Reynolds number. Drops with 30 pland 120 pl drop size were
jetted with a commercial HSI printhead. We printed on four uncoated papers representing the most relevant
grades on the market in terms of hydrophobisation and surface treatment. We are presenting a quantitative
analysis of viscosity and surface tension on the print outcome, evaluating dot size, liquid penetration (print
through) and surface coverage of the printed dots. The most important finding is that for liquids within the
jetting window the variation of the liquid viscosity typically has a 2—3 times higher impact on the print
outcome than variation of the liquid surface tension. Increased viscosity in all cases reduces dot area,

liquid penetration and liquid surface coverage. Surface tension plays a smaller role for liquid spreading
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1 Introduction

Inkjet printing on porous substrates covers a wide field of
applications, from printing on paper* and other flexible
substrates®™ to fields like metal patterning,*® film creation for
solar cells,>*® printing polymer solutions droplets****> or hydro-
phobisation of surfaces.” When printing on porous substrates
the resulting printing dot is affected by two competing
processes, the spreading of the drop on the substrate, and the
penetration of the drop into the substrate, hence both are
relevant for inkjet printing.****

Capillary penetration of liquids is often taken as a model for
liquid imbibition into porous sheets. The Lucas Washburn equa-
tion'® and the Bosanquet equation” are commonly employed,
where the latter is a generalization of the former. While the Lucas
Washburn equation only considers capillary and viscous forces,
the Bosanquet equation also takes inertial forces into account,
a detailed analysis provides e.g. Schoelkopf.'* However, the abso-
lute experimental data reveal huge quantitative and also qualitative
deviations from the calculated penetration.” Hence, there is
ongoing refinement of these models, e.g. by introduction of
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presented, in terms of viscosity, surface tension and surface coverage of the liquid.

modification factors,”>* like the dynamic contact angle.*?>
Anyway, the pore system in sheet material like paper is much more
complex in terms of geometry and interconnectivity than the
circular tube geometry assumed for the above mentioned model
equations. This is the reason why numerical simulation of pore
flow is a highly relevant and increasingly important approach
here.?**

Analysis of drop spreading and penetration for inkjet
printing is challenging due to several factors. First, the relevant
drop size is in the low picoliter range, with a drop diameter
around 24 pm. Yet it is common to use microliter drops®**** for
analysis of contact angle and liquid penetration, a size scale
larger by the factor 10°. Also evaporation plays a big role, due to
the small inkjet drop size, it is limiting capillary penetration.*
In high speed inkjet printing, a technology that is increasingly
important for industrial printing, the ink setting on a porous
media also happens very fast, usually within 30-100 millisec-
onds.*® Capturing the relevant time- and size scale in the
experimental investigations is very relevant, evaluating too large
drops results in a gross oversupply on liquid on the sheet
surface and in the sheet bulk, which results in unrealistic drop
spreading and much too slow penetration.

Several investigations were addressing the influence of
viscosity as well as surface tension on ink penetration and
wetting, without capturing it quantitatively.>*** Here, viscosity
and surface tension play a role in evaporation and penetration.
An effective, increased viscosity of a water/glycerol mixture leads
to a deviating penetration behaviour* and slows down the

This journal is © The Royal Society of Chemistry 2019
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liquid flow.*® Han and coworkers®*® found, that the higher the
ratio of surface tension to viscosity is, the higher is the filling
rate. The viscosity also plays a major role in the inertial selection
of pores at the beginning of penetration®** and during the
surface wetting process.'****' Furthermore, Neogi et al*
showed that also the spreading rate of a liquid drop depends on
the surface tension and viscosity.

Not only the liquid properties are responsible for wetting and
penetration, but also the substrate. A lot of experimental
research was done evaluating the influence of pore-size and the
surface properties of liquid behaviour on cellulose material.
The porous media bulk property (porosity and average pore size)
plays a major role in penetration,'®*****%* the bigger the initial
pore diameter the stronger is the influence of inertia. Also the
surface chemistry of the substrate has a large influence.
Matching polarity of the liquid and the substrate as well as
a high surface energy of the sheet material lead to stronger
wetting, i.e. it promotes drop spreading and liquid penetration.
Both of that is indicated by a lower contact angle between drop
and sheet.*

Penetration of the color into the paper bulk reduces color
density and increases print through. Hence in surface treatment
for inkjet printing a common goal is to retain the coloring
material on the surface, while it is necessary that ink vehicle
penetrates to the paper bulk to immobilize the ink layer. This
may be achieved by treating a paper surface with bivalent salts
which breaks down the dispersion of pigment inks and leads to
precipitation of the pigments on the surface.”” Another
approach for surface treatment is application of cationic
material. This has been shown to decrease the ink penetration,
but also reduces bleeding of an ink droplet.****

2 Aim of the work

As outlined in the introduction there are several important
factors determining drop spreading and drop penetration in
inkjet printing. Those are viscosity and surface tension of the
liquid, pore system of the substrate, and the wetting behavior
(contact angle) of the liquid on the substrate, which is defined
by the interplay of cohesion forces in the liquid and its adhesion
to the surface. The literature in the field has been addressing
some of these influence factors. However, in order to draw valid
conclusions for the inkjet printing process it is necessary that
the research is

e considering the correct size scale, i.e. picoliter drops like in
actual inkjet printing

o considering the correct time scale, i.e. setting of the liquid
within the first second after drop impact

e considering liquids within the actual window of operation
for inkjet printing

e considering relevant substrates.

While most of the work in the literature is considering
one or maybe two of these requirements, a systematic study
of the driving factors on inkjet print outcome under real
process conditions is missing. This paper is aiming to fill
some of that gap. It addresses the influence of liquid
viscosity and surface tension on the print outcome for the
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industrial high speed inkjet (HSI) printing process. We are
evaluating drop spreading, liquid penetration and light
absorption of dots, the printing has been carried out on
a test setup employing commercial high speed inkjet (HSI)
printheads. We use drops in the relevant size scale, which is
in the low picoliter range (30 pl and 120 pl), having liquid
setting in the HSI printing time scale. This is a specific
advantage of our approach in comparison to other state of
the art measurement techniques. The printed liquids have
been developed in such a way that viscosity and surface
tension is varied as much as possible within the operating
window of the printhead. As test substrates, we are using
papers representing the most relevant paper grades in the
market for uncoated inkjet printing papers. In this way we
are able to quantify the influence of liquid surface tension
and viscosity on the printing result for realistic inkjet
conditions.

3 Materials and methods
3.1 HSI printhead and drop volume

For our print tests we employed a commercial inkjet print-head,
like it is used in the Océ Varioprint i300 printer. It is a piezo-
electric printhead, which shoots the drops on demand (Drop-
on-demand method) and has a resolution of 600 dpi.*® The
model liquid drop size can be set up to a volume of 29 pl. The
printhead employs frequencies of up to 30 kHz. In this work all
printing tests have been carried out with 30 pl drops and 120 pl
drops. We generate droplet volumes of 120 pl by shooting 4-6
droplets in a row, which coalesce to one drop before they
impinge on the paper surface. For detailed information on drop
volume please have a look in the ESL}

3.1.1 Operational field of the HSI printhead. The Ohne-
sorge number (Oh), eqn (1), and the Reynolds number (Re), eqn
(2), are dimensionless parameters, which can be used to indi-
cate the jettability of a liquid. Those numbers set up the oper-
ational field of the printhead, see Fig. 1.*>*° More information is
available in the ESL

Oh= —1_ )
ol
vl
Re = — 2
" (2)

The parameters, which have the main impact on the Oh are
viscosity 7 [Ns m~?] and surface tension vy [N m™~'] of the liquid.
The density p [kg m*] is roughly the same for all liquids, see
Table 1, and the length ! [m] is the nozzle width (which is also
the same for all liquids).

To take advantage of the whole operation window of the
print head we tried to design liquids that possibly cover the
entire printable fluid window in Fig. 1. For example, the upper-
left corner has a Oh number of 1 and a Re number of 2, surface
tension and viscosity of the testing liquid were chosen to best
possibly obtain those values. The final testing liquids were at
the very limit of (good) jet-ability, in terms of surface tension
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Ohnesorge Number, Oh

Reynolds Number, Re

Fig. 1 Ohnesorge number plotted over Reynolds number, indicating
the printable fluid window.*® The dots indicate the position of the
testing liquids used in this work.

and viscosity, indicating that the actual jetting window (dots in
Fig. 1) for the employed printhead is somewhat shifted from the
region indicated in ref. 49.

3.2 Testing liquids

In order to find the actual operating window of the printhead
the corner points of Fig. 1 were used as starting values. These
fluids did not achieve stable jetting and showed the appearance
of satellite drops and also severe nozzle blocking. Therefore an
adjustment of the liquid composition, was necessary. This fine
tuning was done iteratively by jetting new liquids with adapted
properties followed by a visual evaluation of the printed pattern
in terms of missing dots and dot splashing, done by the oper-
ator. Finally five water-based model liquids have been chosen
with maximum range in viscosity and surface tension, while still
having good jettability and dot quality. The dots in Fig. 1 and 2
show the actual operational window of the print-head.

Viscosity was measured at 25 °C with a Thermo Fisher Haake
Rheostress 6000 instrument. The gap width was 0.5 mm, the
sample amount was 2 ml and the shear rates were 10, 120, 230,
340, 450, 560, 670, 780, 890 and 1000 Hz.

Surface tension was measured at 25 °C with a Sita science
line t60 tensiometer, which uses a bubble pressure method. The
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Fig. 2 The five testing liquids used in this work, with viscosity (n)
plotted over surface tension (y). In the labeling of the test points
arrows are indicating low () or high (1) values. Printing of these liquids
achieved stable jetting (no severe nozzle blocking, low drop splashing).

bubble lifetime was from 0.05 to 2 seconds. Liquid density was
determined using a pyknometer with 25 cm? total volume.

The testing liquids were chosen to have a similar composi-
tion like HSI inks. These have water as a main component and
also contain larger amounts of higher order alcohols.”* We are
using glycerine to adjust liquid viscosity and hexanediol to set
the surface tension.*” 0.1 weight percent of naphthol blue black
(98%) were used to colour the model fluids, adding the dye,
showed no impact on the liquid properties. It was found out by
simple paper chromatography, that the dye travels with the
liquid front into the porous media and does not separate from
the liquid. Using the dye, drop spreading and penetration can
be measured with image analysis. The composition of the
liquids is summarized in Table 1.

3.3 Papers

There is a wide range of paper grades for inkjet printing avail-
able. We investigated four different wood free, fine papers from
an industrial supplier, the paper properties are summarized in
Table 2. The chosen substrates represent the commercially
available papers in the digital printing paper market for office -
and HSI papers. The papers’ main component is industrial
bleached hardwood pulp. The filler used in the papers is sca-
lenohedral PCC (precipitated calcium carbonate).

e Paper. A plain paper only consisting of pulp and filler. It
has no treatment and can be considered as the raw paper, which

Table 1 Testing liquids used in this study and their properties: viscosity (1), surface tension (y) and density

Hexanediol Viscosity n Surface tension Density p
Liquid Water [wt%)] Glycerin [wt%)] [Wt%] Dye [wt%)] [mPa s] v [mMN m ] [kg m 7]
High (1) n-low (1) v 41.9 48 10 0.1 7.2 27.5 1.12
Low (1) n-low (1) v 64.9 25 10 0.1 3 26.8 1.06
High (1) n-high (1) v 42.4 57.5 0 0.1 7.99 67.6 1.14
Low (1) n-high (1) v 74.9 25 0 0.1 1.7 70.5 1.06
Center (®) n-center (®) vy 53.4 45 1.5 0.1 4.23 43.5 1.12
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Table 2 Properties of the papers used in this study

RSC Advances

Paper & Paper & primer Hydrophobized
Properties Paper primer & pigments & starch paper & starch
HSI surface treatment (primer) [g m 2] ] 0 ~0.25 ~0.25
Pigmentation [g m 2] 0 0 4 0
Surface starch [g m 2] 0 0 ~1 ~1
Hydrophobisation (AKD sizing) [kg t '] 0 0 0 1
Filler content [%] 22 22 23 14
Grammage [g m %] 97.2 78.5 79.89 77.2
Porosity [%] 40.3 38.8 23.6 20.6
Average pore diameter [um] 3.9 2.6 3.2 4.9
Roughness [ml s7'] 321 50 78 191.5
Dispersive surface energy [mJ m ] 44 42 43 33
Polar surface energy [mJ m?] 27 23 22 0.1
Total surface energy [mJ m™?] 71 65 65 33.1

is the base material for the following three commercial paper
grades.

e Paper & primer. This paper has a layer of bivalent salt
(=primer) on the surface. This causes faster precipitation of the
ink pigments on the paper surface and minimises the travelling
of the pigments into the paper bulk.

e Paper & primer & pigments & starch. This coated paper has
a low surface pigmentation (4 g per m?* per side) of starch and
clay. It also has a primer on the surface for better ink setting and
a starch layer.

e Hydrophobised paper & starch. The hydrophobised paper
has a very low surface energy due to the AKD sizing (see Table 2).

camera camera

g g paper sample
ink penetration backside up

printing process background
. .
Fig.3 Measurement principle of the print through test. Animage ofa 5
x 5 cm? area is taken of the backside (BS) of the paper. Then the print is
applied on the topside (TS) of the paper. After printing, the exactly

same 5 x 5 cm? area of the BS of the now printed sheet is imaged. The
difference in gray value before and after printing is the print through.

paper sample
backside up

background

BS

[]

O

¥ A & 5 9

i g & 9 e N
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Fig. 4 Picture of the printed dot pattern. The variability of the drop
area is generated by the heterogeneity of the paper.
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On the surface, starch was applied. In this article the words
sized and hydrophobised are used as synonyms.

Grammage was measured according to EN ISO 536 and filler
content using DIN 54370. The mean pore diameter and the porosity
were evaluated with a mercury intrusion porosimetry, a common
technique to characterize microscale pore size distributions.**** We
used an Autopore IV 9500 instrument from Micromeritics Instru-
ment Corp.* The roughness was measured according to Bendtsen
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tn-dy In-4v tTn-T7v In-t7v ®n-®7y
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[paper
0.04 Bpaper & primer
. Fpaper & primer & pigments & starch
€003 Bhydrophobised paper & starch
&
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Fig. 5 Inkjet printed dot area for 120 pl (top) and 30 pl (bottom) drop

size. A large dot area indicates more intense spreading of the liquid
drop. The printing liquid has high (1), medium (®) or low () viscosity
(n) and surface tension (y) as described in Table 1. For details on the
printing substrates see Table 2. Bars are 95% confidence limits. Low
viscosity increases the spreading. Surface tension plays a minor role as
long as the substrate is not hydrophobised. Here, low surface tension
eases spreading.
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method ISO 5636-3:2013. The surface energy was measured with 3.4 Print through test (PT)

a Kruess contact angle device applying the OWRK equation using The print through method is used to evaluate the print ink

5 57,58
diiodomethane and water. penetration into the paper. It measures the colour difference
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Fig. 6 Contour plots of printed dot area (in % of mean area per dot size) over dimensionless surface tension and viscosity. Each plot represents
one of the papers from Table 2. The contour lines represent combinations of y and 7 resulting in equivalent dot area. The almost horizontal lines
illustrate a predominant impact of viscosity on the dot area. The surface tension effect plays a minor role except for the sized sheet (bottom,
right), indicated by the changing slopes of the contour lines into a more vertical direction.
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before and after printing on the backside of the paper, see
Fig. 3. Before and after printing same area of the paper is
investigated. The higher the difference, the higher the ink
penetration into the paper. A more detailed description of
this method can be found in the ESI. GV denotes the mean
gray value [8 bit grayvalue] of the measurement area.

GVbefore printing
PT= ——M[— 3
GVafter printing [ ] ( )

3.5 Image analysis of printed dots

The ImageXpert set up uses an overhead camera with a manual
stage for repeatable sample positioning.

Image analysis of the printed dots was carried out using the
ImageXpert image analysis system. It records images of the
print and provides fully automated digital image analysis of the
printed dots. A picture of such a dot pattern can be seen in
Fig. 4. For further information on image analysis and experi-
mental error please read the ESI.T We used the parameters dot
area (A), gray average (GA) and axis ratio (AR). Gray average GA is
the mean gray value [8 bit GV] of the dot. The darker the drop,
the lower is the gray average. The area of the droplet is
a parameter for drop spreading. The second parameter analysed

paper

|

paper & primer

paper & primer & pigments & starch

hydrophobised paper & starch BAA,

§A4,
-40 -30 -20 10 0 10
40 30 20 10 0 10
paper

_-

paper & primer

——

paper & primer & pigments & starch

hydrophobised paper & starch I A A’y

104,

Fig.7 Average effect of viscosity (AA,, orange bar) and surface tension
(AA,, blue bar) on printed dot area A for 120 pl drops (top) and 30 pl
drops (bottom). Positive values indicate an increase of the printed dot
area for higher surface tension y and viscosity 7 (negative values
indicate a decrease), compare egn (5) and (6).
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from the prints is the light absorption LA of the individual
printing dots.

LA = AGA x A4 [8 bit grayvalue mm?] (4)

We calculate the light absorption using the difference AGA
between the (higher) gray average of the paper and the (lower)
gray value of the dot, the unit of AGA is 8 bit grayvalue]. AGA is
multiplied with the measured drop area A, which defines the
unit of LA as [8 bit grayvalue mm?®]. Digital cameras are linear
sensors, when the gamma value vy of the camera is set to y = 1.
Hence AGA is linear proportional to the light remission of the
dot, and LA = AGA x A is the amount of light absorbed by the
printed dot.

4 Results

4.1 Drop spreading and dot area

Fig. 5 shows the dot area for two drop sizes, 120 pl (top) and 30
pl (bottom). A larger dot area indicates more drop spreading.
Generally, it can be observed that the results of 120 pl and 30 pl
are very similar, indicating good repeatability and statistical
significance of the measurements. The liquid, which exhibits
low surface tension y and low viscosity n shows the highest
spreading. However, the fluid with high v and low 7 also reveals
high dot area, indicating that a low liquid viscosity is the rele-
vant factor for drop spreading. Surface tension seems to play
a much smaller role, except for the hydrophobised paper. The
effect of viscosity and surface tension is much higher for the 30
pl drops, where the difference in drop size is 300% between the
lowest and highest values, whereas for the 120 pl drops the
maximum difference is 200%.

Contour plots were generated, where the dot area is plotted
over surface tension (x-axis) and viscosity (y-axis), Fig. 6. Values
between the 5 measurement points were interpolated linearly.
All points with the same dot area are connected to a contour
line, which represents the same dot area for different combi-
nations of surface tension and viscosity. The impact of viscosity
and surface tension on the dot area can be seen by the partial
derivative (i.e. the slope) of the surface in x- and y-direction. A

1.2
Bpaper & primer
115 Bpaper & primer & pigments & starch
Bhydrophobised paper & starch
- 1.1

0 1.05
1 i . .
0.95
tn-4y In-dv Tn-Ty In-T7 ®n-®7y
Fig. 8 Print through index PT of papers with the same grammage. A
high value represents a strong penetration of the liquid into the paper.
The liquid properties can be found in Table 1. Low viscosity n increases

the penetration. For the hydrophobised samples also low surface
tension vy favours strong imbibition into the paper.
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high slope in x-direction indicates a high influence of surface
tension, a high slope in y-direction indicates a high influence of
viscosity. Also in this plot the main effect on dot area is liquid
viscosity, represented by the almost horizontal contour lines. In
Fig. 6 one can better see that for the hydrophobised sheets,
surface tensions has a stronger influence, as indicated by the
change of contour line slopes which are more tilted towards the
X-axis.

In order to quantify the impact of surface tension and
viscosity, we calculated the mean partial derivative, with respect
to viscosity, eqn (5), and surface tension, eqn (6), for each point
in the contour plots.

1 <~ dArea
AA, = -
n n P an (5)
1 << dArea
AA, = — 6

i=1

The mean of the partial derivatives is plotted in Fig. 7. As
expected higher viscosity leads to lower dot area, indicated by
the negative values. Surface tension reduces dot area, except for
the plain paper, where it has a very small opposite effect. The
change in viscosity has a stronger impact on the final dot area,
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Fig. 9 Contour plots of print through value over surface tension y and
viscosity n. Each plot illustrates one substrate from Table 2. The
contour lines represent combinations of v and n resulting in same print
through. The horizontal lines show a strong influence of viscosity for
the unsized papers. The sized sheets are influenced by both param-
eters, viscosity and surface tension (bottom), indicated by the
changing slopes of the contour lines into a less horizontal direction.
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than surface tension. This holds for both droplet sizes, except
for the hydrophobised paper. Here, the surface tension plays
a more important role than viscosity.

The values for surface tension and viscosity in Fig. 6 are
mapped to a range from —1 to 1, representing the respective
minimum/maximum values in the jetting window as shown in
Fig. 2 and Table 1. The mean partial derivatives A4, and AA, in
eqn (5), (6) and Fig. 7 thus give the impact of surface tension
and viscosity on dot area in terms of the variation possible
within the jetting window. That means that e.g. a value of —30
for dA/dn indicates a twice as high influence when changing
viscosity from the center point to the maximum value than e.g.
avalue of —15 for dA/dvy giving the influence of changing surface
tension from the center point to the maximum value.

Three main findings for high speed inkjet printing can be
derived from these results. First, viscosity has the main impact
on final dot area of the printed drops, high viscosity causes low
dot area. Second, surface tension plays a minor role except for
liquids which are used for jetting on a hydrophobized substrate
(sized paper). This reveals, that special focus needs to be put on
surface tension, when printing on hydrophobised materials.
Finally, the change of liquid property has an affect of up to
a factor of 200% between the area of low and high surface
tension and viscosity values. So by adjusting the liquid prop-
erties, a 2 times higher printed dot area can be achieved for 120
pl droplets. This effect gets even more pronounced for smaller
droplets, for the 30 pl drops there is a factor of 300%.

4.2 Liquid penetration

The stronger the penetration into the paper, the higher is the
print through (PT) value, as described in Section 3.4. Fig. 8
shows, that the liquids with low surface tension and low
viscosity show the highest penetration. Especially for the
hydrophobised paper, low surface tension causes a deep pene-
tration of the liquid. The liquids with high viscosity have the
smallest print through for all three substrates, indicating that
low viscosity aggravates liquid penetration.

paper & primer

paper & primer & iiiments & starch

hydrophobised paper & starch

i 1 T
JAPT,

-2 15 -1 [_]

Fig. 10 Mean impact of viscosity (APT,, orange bar) and surface
tension (APT,, blue bar) on penetration into the paper. The bigger the
bar, the stronger the influence of the represented property. Negative
values show a decrease of the print through value for higher surface
tension y and viscosity n (positive values show an increase), compare
egn (8) and (7).

-0.5 0 0.5
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Again a contour plot was generated, now with liquid pene-
tration over viscosity on the y-axis and surface tension on the x-
axis, see Fig. 9. In a similar manner, like above, the mean partial
derivative of print through APT, with respect to viscosity (eqn
(7)) and APT, with respect to surface tension (eqn (8)) was
calculated from the contour plots

z JoPT )

APT, =

APT, Z oPT. (8)

The mean partial derivatives are plotted in Fig. 10, quanti-
fying the influence of viscosity and surface tension change on
the print through. The viscosity has a strong influence on
penetration for all papers as indicated by the high slope in y-
direction in the contour plots, Fig. 9. Low viscosity leads to high
ink penetration, which is plausible. The impact of surface
tension is inconsistent for the unsized papers, the contour lines
are pointing upwards and downwards in these graphs, indi-
cating a contradictive effect on liquid penetration. Conse-
quently the mean partial derivative 0PT/Jy is low, as no
systematic effect of surface tension can be found. The hydro-
phobised substrate shows a high impact from both parameters.
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Fig. 11 Light absorption for 120 pl (top) and 30 pl (bottom) drop size.
The printing liquid has high (1) or low (]) viscosity () and surface
tension (y) as described in Table 1. The ® sign represents viscosity and
surface tension value from the center point. For details on the printing
substrates see Table 2. Bars are 95% confidence limits. The viscosity
has a major impact on all substrates and droplet sizes. Low viscosity
favors high LA.
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Lower surface tension and lower viscosity cause an increase in
penetration and thus a higher PT value.

In summary, for all substrates liquid penetration is strongly
promoted by low viscosity. For hydrophobised papers, surface
tension is equally important, low surface tension promotes
liquid penetration.

4.3 Surface coverage

In order to evaluate surface coverage we measure light absorp-
tion (LA). LA of individual printing dots is calculated as the
product of the area of the printed dot and the difference of the
gray average (GA) between paper and printed dot, eqn (4). A high
LA value corresponds to a darker colour and/or higher area of
the dot. In this way LA provides information on the degree of
liquid surface coverage, ie. good liquid spreading with little
liquid penetration.

The highest light absorption is obtained by liquids with low
viscosity and high surface tension, see Fig. 11. This is valid for
big and small droplet sizes. For the small drops high viscosity
and high surface tension causes an extremely low light
absorption. For light absorption, the substrate influence is of
lower importance, the values are fairly similar for all investi-
gated papers.

Also here contour plots were made, see Fig. 12. For all
different paper treatments and the drop sizes the shape of the

contour plots is similar, the lines are fairly horizontal,
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Fig. 12 Contour plots of light absorption over surface tension y and
viscosity 5. (120 pl dots top, 30 pl dots bottom) Each plot illustrates one
of the papers from Table 2. The contour lines represent combinations
of y¥ and n resulting in equivalent light absorption. The fairly horizontal
lines show a strong impact of viscosity on the light absorption.

RSC Aadv., 2019, 9, 31708-31719 | 31715



RSC Advances

indicating the predominant influence of viscosity on dot light
absorption. Again the mean partial derivatives with respect to
viscosity (eqn (9)) and surface tension (eqn (10)) of the data
points in the contour plots were computed.

1 ~dLA

ALA, = - ——
n n pam an (9)

1 (~JLA
ALA, = — —_- 10

Fig. 13 gives the mean values ALA, and ALA,, quantifying
the impact of viscosity and surface tension on dot light
absorption. All substrates show the predominant influence of
the viscosity, Fig. 13, ALA,, is at least by the factor 3 higher than
ALA,. However, the surface tension still has an impact on the
light absorption, especially for the bigger droplet size. A
decrease of viscosity causes an increase of light absorption,
whereas an increase in surface tension results in a light
absorption increase. This observations hold for all four
substrates, irrespective of the surface treatment of the paper.

For increasing color density in low and medium printing
tone values in HSI printing reduction of liquid viscosity (and to

paper

paper & ﬁrimer
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Fig. 13 Average influence of viscosity ALA, and surface tension ALA,
on the light absorption for 120 pl (top) and 30 pl (bottom) drops. Light
absorption is a measure for good surface coverage. The positive values
for ALA, indicate a moderate increase of dot light absorption for
higher surface tension v, especially for the larger drops. The negative
values for ALA, demonstrate a considerable negative impact of
viscosity on dot light absorption.
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a lower extent increase of liquid surface tension) is a promising
strategy. In order to develop the full tone density, however our
results suggest to increase viscosity, and for sized papers also
increase surface tension, as this will reduce liquid penetration.
In terms of print gamut, our results suggest that liquid viscosity
governs a tradeoff between higher gamut in the light and
middle tones (low viscosity) and higher gamut in the full tones
(high viscosity).

In summary, the liquid surface coverage (light absorption) is
mainly influenced by viscosity, to some extent surface tension is
also relevant, especially for larger drops. Higher LA is achieved
by reducing viscosity and increasing surface tension. The
substrate plays a minor role, especially for small droplets. It is
remarkable that, irrespective of surface treatment (hydro-
phobisation - paper sizing, pigmentation and inkjet surface
treatment with salt) the effect of viscosity on dot light absorp-
tion is stable and nearly equally strong.

5 Conclusions

In the current work we have investigated the influence of liquid-
and substrate properties on high speed inkjet printing
outcome. We have chosen representative process conditions
within the inkjet operating window in terms of picoliter drop
size, liquid surface tension and viscosity.

Three main characteristics of the resulting inkjet printing
have been analyzed: drop spreading on the surface (dot area),
liquid penetration (print through) and the surface coverage of
the individual printing dots, measured by light absorption.

5.1 Drop spreading

Altogether, the measured dot area showed that for both picoliter
droplet sizes, the viscosity is the main impact factor. Lower
viscosity results in higher spreading and thus a larger dot area.
Only for the hydrophobised substrate (sized paper), the surface
tension has a considerable influence. Here, the decrease of
surface tension causes an increase in spreading.

5.2 Liquid penetration

The print through shows a strong dependence on viscosity,
except for the hydrophobised sample which, again, is heavily
influenced by surface tension. Similar to dot spreading, high
viscosity causes low penetration of the liquid.

5.3 Surface coverage

Surface coverage is the combination of good liquid spreading
with little liquid penetration into the substrate, we measured it
with light absorption. Again viscosity turned out to be most
important, it reduces the surface coverage. However, also
a decrease in surface tension was found to cause a decrease in
surface coverage. These findings are equivalent for all four
substrates and for all drop sizes, however the influence of
surface tension is less for smaller drops.

The surface coverage (light absorption) is a result of two
competing processes, dot spreading and liquid penetration. As
shown above both of these factors are promoted by the same

This journal is © The Royal Society of Chemistry 2019
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liquid properties, mostly low viscosity but also low surface
tension. Considering that low viscosity is also the driving factor
for surface coverage of the printed dot it becomes clear, that the
increase in dot spreading is clearly dominating over the
increase in liquid penetration for the investigated dot sizes.
That means that in order to obtain a good surface coverage in an
inkjet printing process on porous substrates, reducing the
viscosity and increasing the surface tension is a promising
strategy. These findings can also be transferred to other inkjet
applications on porous surfaces like printed electronics,®
patterning of microfluidic sensors,** or membrane
functionalisation.®

5.4 Surface tension and viscosity

We would like to point out, that our results provide a quantita-
tive analysis of viscosity and surface tension impact on HSI
print. The most important general finding here is that for
liquids within the jetting window the variation of the liquid
viscosity typically has a 2-3 times higher impact on the print
outcome than variation of the liquid surface tension. Viscosity
in all cases reduces dot area, liquid penetration and dot surface
coverage. Surface tension significantly reduces dot spreading
and liquid penetration of hydrophobised substrates, however it
consistently increases dot surface coverage for all papers and
drop sizes.
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Sarah Krainer,** Louis Saes,” and Ulrich Hirn*#*

Predicting Inkjet Dot Spreading and Print Through from Liquid
Penetration- and Picoliter Contact Angle Measurement *

In this study we have evaluated the suitability of laboratory testing methods to predict inkjet printing results. We have developed and
used testing liquids that are spanning the operational window of industrial High Speed Inkjet (HSI) printers while still covering the
maximum possible range of viscosity and surface tension. First we correlated liquid penetration measured with ultrasound (ULP)
and direct absorption (ASA) to print through from HSI prints. The best correlation (R* ~ 0.7 ) was found for the sized paper. For
papers with increasing liquid penetration speed we found a decreasing ability of both testing methods to predict print through, for
the strong absorbing paper the correlation drops to R? =~ 0.2. Second we correlated contact angle and drop diameter to the dot area
from HSI prints. Contact angle turned out to be a better predictor for printed dot area than drop diameter. Evaluating the change
in contact angle over time we found the highest correlation to the dot area in the print when measuring the contact angle as soon
as possible, in our case 1ms after deposition of the drop on the paper. We also compared contact angle with microliter drops to
picoliter drops, which are in the size scale of the actual inkjet droplet. To our great surprise correlations for microliter drops were
equal or better than for picoliter drops, particularly for highly absorbing papers. Thus in order to predict dot spreading on paper our
results suggest to measure the contact angle with microliter drops. Overall we found that, using laboratory testing methods, print
through and dot spreading for HSI printing can be quite well predicted for slow absorbing papers but not very well for fast absorbing
papers.

Keywords: inkjet, paper, wetting, penetration, contact angle, ultrasonic liquid penetration

1 Introduction

The relevance of High Speed Inkjet (HSI) printing is rapidly
growing in the publishing industry. While the overall printing

market is declining, the HSI sector is expanding !#. The method Ultrasonic liquid peBeLtEation Contact ang'i
. o . o . t

combines the advantages of digital printing, e.g. no print form measurement ( _: measuremen

and flexible change of the print subject, with increasing print

speed 23>, Preferred applications thus are products that are time Z ?' ,ﬁ,ﬁg;;f;ﬁjgf?ﬂg& -
.. . . . . [&8I|
critical or require only a small amount of copies. With higher LR
Hcal or require only uat of coples. With hig i . -
printing speed increasingly large print runs are becoming prof-
itable, making HSI a more and more relevant printing technique. PRRRRSECR
HSI is a non-contact printing method®. Industrial produc-
tion of droplets is achieved using the drop on demand method versus

(DOD). Here, droplets are created only when actually printing — _—

a dot on the paper, as opposed to continuous inkjet where a
permanent stream of drops is created, but not all of them are BS

deposited to the paper:6-8. An ink droplet created by an HSI
printhead has a typical volume between ~1pl and ~29pl de-
pending on printer settings and printer design®1°. Once the
droplet has been applied onto the paper surface, an ink setting Print through test Printed dot analysis

time of 30-100ms is achieved!!, depending on the absorption

Fig. 1 In this work we are predicting ink penetration (print through) and
dot spreading (dot area) for industrial High Speed Inkjet (HSI) printing.
First we are evaluating the ability of laboratory liquid penetration tests
(ULP and ASA) to predict HSI print through. Second we are evaluating
the ability of picoliter- and microliter contact angle measurements to
predict spreading of HSI printing dots.
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rate of the paper®. HSI print applications attain print velocities
up to 300 meters per minute -19. This requires fast ink drying to
prevent smearing or ink transfer to the backside of other prints.
Thus, rapid ink setting constitutes a fundamental necessity in
HSI printing 101216,

Generally it can be assumed that with faster liquid penetra-
tion, drop drying and ink setting will also be faster. This can
be explained by faster transport of the ink solvent into the pa-
per bulk®17. Fast imbibition of the ink vehicle also leads to ink
colourants travelling with the carrier liquid into the paper bulk.
This usually deteriorates colour density in the full tones18:1® and
may lead to an increase in print mottle 1%13, Another drawback
of high penetration rates is low drop spreading due to rapid
liquid absorption to the paper bulk. This reduces print quality
by increasing print mottle and reducing colour density in the
light tones2%21, Thus, good HSI print results require a well-
tuned combination of liquid spreading and penetration, provid-
ing good ink setting and at the same time strong ink drop spread-
ing on the surface while preventing excessive printing ink pene-
tration 2123,

A key paper treatment for inkjet printing is aiming to improve
ink colourant fixation to the paper surface in order to prevent
penetration of the dyestuff into the paper. For pigment inks a
widespread approach is to apply a layer of bivalent salt on the
paper surface. This treatment causes a destabilisation of the ink
particle suspension, it leads to rapid agglomeration of the pig-
ments on the paper surface2+2>, For dye inks, cationic polymers
applied to the paper surface are used to fixate the anionic dye
molecules from the ink to the paper surface 12, Both approaches
also lead to a decrease in colour bleeding, in addition to the re-
duced ink penetration.

Inkjet printer developers seek for methods enabling to print
faster using less ink. This leads to changes in HSI-printer design
but also modifications of the inks>1%. One possibility for ink
adjustment is adding latex particles to enhance the ink rub-off
resistance on paper %20,

Changes in surface energy and polarity of both, paper and
ink, are affecting surface wetting and liquid penetration. Con-
sequently it is the combination of both factors that controls drop
spreading and penetration?7-28, Thus, for good runnability print
quality modifications of ink or paper always require an adaption
of the other component. As a consequence continuing, exten-
sive print trials are performed to tune paper-ink combinations
fulfilling the necessary quality requirements with respect to ink
penetration and spreading.

Laboratory measurements are aiming to mimic the HSI print-
ing process providing insights into relevant penetration and wet-
ting behaviour. For example, ultrasonic liquid penetration test-
ing captures the penetration of a liquid into the paper by measur-
ing the change of ultrasonic intensity during fluid wetting and
penetration into the substrate. Fast attenuation of the signal,
reflected by a steep slope of the result curve, can be observed
for papers with strong absorption230. Also direct liquid ab-
sorption measurements are often used to quantify fluid penetra-
tion into paper. Here liquid is applied to the paper via a noz-

zle for different contact times and the absorption rate is mea-
sured. The transferred liquid volume per area is plotted versus
the contact time and provides information about liquid pene-
tration behaviour2%-31-32, Surface wetting is typically quantified
by measuring the contact angle of a drop on the paper, where
a high contact angle indicates bad wetting29-33:34, Mielonen
et al.2%3> investigated the impact of paper treatment on print
outs printed with ink, analysing print density, mottling, bleeding
and wicking of the printed sheets. The change of paper sur-
face wettability was investigated by contact angle measurement
with ul droplets, using deionized water, ethylene glycol and di-
iodomethane. The measurement of the contact angle was done
using different fluids than utilized for printing and printout anal-
ysis. Thus, the results capture the variation in liquid behaviour
due to paper adjustment, but do not provide a quantitative com-
parison between contact angle and print results.

Our work provides a direct relation between print results and
lab testing. First, we are investigating the direct correlation
between liquid penetration speed and print through. Second,
we are studying the correlation between contact angle measure-
ments and dot spreading. In order to provide a direct relation to
the printing process we designed testing liquids that are cover-
ing the jetting window for an industrial inkjet printhead. Those
testing liquids are having a maximum variation in viscosity and
surface tension, while still being jettable with an industrial HSI
printer. It is the aim of the work to clarify how well the labora-
tory testing methods (liquid penetration and contact angle) can
predict the actual inkjet print result (in terms of print through
and dot area).

Figure 1 provides an overview of the printed analysis and the
lab testing instruments. The printed dot area is measured to
capture the drop spreading during the industrial process. Labo-
ratory devices commonly use the contact angle of droplets in the
1l size scale to predict liquid wetting of HSI printed pl droplets,
the actual inkjet printing droplets are smaller by a factor 10°
than pl drops. We are utilizing both, picoliter and microliter
drops, for contact angle measurement. We compare the contact
angle of 2ul and 4ul as well as 30pl and 60pl drops to the dot
area of HSI printed 30pl and 60pl dots. This experiment clarifies
if contact angle measurements with picoliter drops can better
predict HSI drop spreading than microliter drop contact angle
measurements.

The investigation of liquid penetration during the industrial
process is done by analyzing full-tone HSI printed sheets, eval-
uating the print through. The fluid imbibition using labora-
tory conditions is quantified utilizing ultrasonic liquid penetra-
tion measurements (ULP)2936:37 and a direct absorption mea-
surement device (similar to the Bristow Wheel), called Auto-
matic Scanning Absorptiometer (ASA). The outcome of the print
through method is compared to the ULP and ASA result, provid-
ing information about the ability of laboratory measurements to
forecast liquid penetration during the HSI printing.

In summary, our study investigates the applicability of labo-
ratory methods to predict ink spreading and penetration during
industrial HSI printing.



2 Materials and Methods

All contact angle, ultrasonic liquid penetration and direct imbi-
bition measurements have been carried out in a climate room
under defined temperature (23°C) and humidity (50% relative
humidity). The substrates have been stored in the climate room
at least 24 hours to reach equilibrium moisture content, as re-
quired by ISO 187:1990.

2.1 Papers and paper properties

The papers used in this study exhibit different bulk and surface
modifications to capture the effects of paper treatments on liquid
behaviour during HSI printing. The paper grades are represent-
ing the most relevant paper grades on the market for uncoated
HSI printing papers. We use an all purpose office paper (AKD
sized paper), an uncoated HSI paper (paper & primer) and a
pigmented HSI paper (pigmented paper & primer). The fourth
grade can be seen as the raw material of the others, it is an un-
treated and unsized office base paper. The absorption tendency
of the papers varies, ranging from very strongly absorbing (plain
paper) to hardly absorbing (AKD sized paper). All papers are
made of fully bleached eucalyptus hardwood pulp. The filler is a
scalenohedral precipitated calcium carbonate, it is the same type
in all four papers. All papers have been produced in an industrial
papermill.

e Plain paper. Plain office base paper made of pulp and filler,
being the raw material of the other papers. It has the
strongest absorption.

e Paper & primer. A layer of bivalents salts (=primer) is ap-
plied on the paper surface causing faster precipitation of
ink-pigments. The layer thickness is approximately ~ 0.25
g/m>. This reduces the colourant movement into the paper
bulk resulting in a higher colour density2438. This paper
has neither internal nor surface sizing and fast liquid pene-
tration can be observed.

e Pigmented paper & primer. This paper is slightly pigmented
in a size press using a surface coating of 4 g/m> per side
consisting of starch and clay for improved surface quality.
Better ink setting is achieved applying ~ 0.25 g/m? of biva-
lent salt primer to the paper surface 2438,

e AKD sized paper. The sizing of the paper causes hydropho-
bization and a reduction in the surface energy of the paper
(see Table 1). Additionally size press surface starch is ap-
plied. The sizing results in the lowest liquid absorption of
all evaluated papers.

A full summary of the relevant paper properties can be found
in Table 1. Grammage was measured according to EN ISO 536,
filler content according to DIN 54370. The porosity was de-
termined via mercury porosimetry3%40 using an Autopore IV
9500 from Micrometics Instruments, which is commonly used
in the paper industry*1=43. The roughness was evaluated us-
ing a Bendtsen tester following the ISO 8791-2:2013 standard.

Surface energy was captured using Kruess contact angle mea-
surement set-up, employing the OWRK equation and 4u/ drops
of diiodomethane and water%*>. The transferred water vol-
ume in Table 1 was quantified using the ASA direct absorption
tester 2?32 which is described below.

2.2 Printing liquids and liquid properties

Ohnesorge Number, Oh

Reynolds Number, Re

Fig. 2 Ohnesorge Number versus Reynolds Number, representing the
inkjet jettable fluid window*®. The dots illustrate the position of the
model liquids employed in this study®.

We have been aiming to vary the liquid properties within
the operational window of an industrial inkjet printer, Figure 2,
which is defined by Ohnesorge and Reynolds Number to predict
jettability of liquids ®#%47. The model liquids have highest possi-
ble variation in viscosity and surface tension, while still printable
in an HSI printer. The liquids are based on deionized water, vis-
cosity was adjusted by addition of glycerol and surface tension
was tuned by adding hexanediol. To ease print analysis, naph-
thol blue black was added as a dye, travelling with the liquid
front and facilitating print out evaluation. Simple paper chro-
matography showed that the dye travels with the liquid front
into the paper. The corner points of Figure 2 were used as start-
ing values for the development of the test fluids. However, these
model liquids were not suitable for jetting in practice, showing
drop splashing and missing dots. For this reason, further exper-
imental liquid development with test prints utilising the print
head was carried out. Finally, five water-based test fluids with
maximum range in viscosity and surface tension have been se-
lected, Figure 3, which have good jettability and high printing
dot quality, Figure 4. For detailed description of liquid develop-
ment, please refer to our earlier work?. A summary of the fluid
properties can be found in Table 2 and Figure 3.

Liquid viscosities were obtained using a Thermo Fisher Haake
Rheostress 6000, using a gap width of 0.5mm. The liquid vol-
ume was 2ml and the shear rates were 10, 120, 230, 340, 450,
560, 670, 780, 890 and 1000 Hz at 25°C. Surface tension was
determined using a Sita Science Line T60 tensiometer, employ-



Table 1 Properties of the four papers investigated in this study.

plain paper pigmented paper AKD sized

paper & primer & primer paper
primer (primer) [g/m?] - - ~ 0.25 ~ 0.25
Pigmentation [g/m?] - - 4 -
Surface starch [g/m?] - - ~1 ~1
Hydrophobisation (AKD sizing) [kg/t] - - - 1
Filler content [%)] 22 22 23 14
Grammage [g/m?] 97.2 78.5 79.89 77.2
Porosity [%] 40.3 38.8 23.6 20.6
Average pore diameter [um] 3.9 2.6 3.2 4.9
Roughness [ml/s] 321 50 78 191.5
Dispersive surface energy [mJ/m?] 44 42 43 33
Polar surface energy [mJ /m2] 27 23 22 0.1
Total surface energy [mJ /mz] 71 65 65 33.1
absorbed water volume [ml/ m2100ms] 71 48 37.9 0.6

ing the bubble pressure method. The bubble lifetime lasted from
0.05 to 2 seconds. Liquid density was determined using a pyc-
nometer, which had total volume of 25¢m?.
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Fig. 3 The five model fluids employed in this study, covering the maxi-
mum HSI jettable range in terms of viscosity (1) versus surface tension
(7). Low property values are indicated with an arrow pointing down-
wards (|), high values with (1)°.

2.3 Measurement techniques

Ultrasonic liquid penetration measurement (ULP) is com-
monly used in the paper industry to measure liquid penetra-
tion2930, For our experiments, an Emtec PDA 2.0 was used.
The instrument measures the attenuation of ultrasound waves
transmitted through the paper sample while liquid is penetrating
into the paper. The faster the liquid penetration the faster is the
change in the ultrasound transmittance. Ultrasound transmit-
tance is recorded over time while the liquid penetrates into the
paper, the slope of the recorded curve provides a value for the
penetration rate. The faster the observed signal change, as re-
flected by the slope, the higher the penetration speed. The slope
was calculated from the curve segment starting from the high-
est ultrasound intensity till the following 3s or to the end of the
measurement time. For a detailed description of the measure-
ment please refer to the electronic supplementary information

(ESD) or to earlier publications 29,

The Automatic Scanner Absorptometer(ASA) is also utilized
to quantify liquid penetration2?32, The ASA instrument mea-
sures the absorption of liquid delivered to the paper surface via
a nozzle moving over the paper surface, similar like the Bris-
tow Wheel. Contact time between paper and liquid is varied by
changing the speed of the moving sample stage. The transferred
liquid volume is than plotted versus the square root of contact
time. The faster the liquid imbibition into the paper the higher
is the observed slope of the result curve. For a detailed descrip-
tion of the measurement please refer also here to the electronic
supplementary information (ESI) or to earlier publications2®.

The contact angle measurement (CA) is the standard
method for determining the wetting of a given liquid - sub-
strate combination. The typical measurement procedure in-
volves putting a drop of liquid on the substrate and recording
images of this droplet over time. The angle between the outline
of the drop in the contact point and the substrate represents the
contact angle. The higher the contact angle, the worse is the
wetting of the liquid on the surface. In this work we are produc-
ing drops on two size scales, picoliter and microliter.

First we utilize a dataphysics instrument with a picoliter head
to generate droplets with a size of 30pl and 60pl, the spread-
ing and penetration of the drops is imaged at a frame rate of
2000 frames per second. The test liquid is sucked through a
orifice into a cartridge using a standard micro-pipet combined
with a special dataphysics attachment. The cartridge is than in-
serted into the dosing head of the picoliter head. This dosing
element is positioned on the membrane cap of the cartridge, en-
abling to create a pulse which squeezes out the liquid through
the orifice of the cartridge (Figure 6 in the ESI). The diameter of
this opening can be adjusted by using cartridges with different
sized orifices. The parameters pulse amplitude, pulse duration
and pulse frequency of the pulse can be varied for the individual
dosing processes, depending on the used testing fluid and drop
size. The sensor treshold is a measure for the applied negative
pressure, in the cartridge to prevent liquid leakage through the
orifice. The higher this value, the higher will be the negative
pressure in the nozzle, being zero for ambient conditions in the
cartridge. The parameters are adjusted in order to guarantee a



Table 2 Liquid composition properties: viscosity (1), surface tension (y) and density.

Liquid water glycerol hexanediol dye viscosity n surface density
tension y p

(W] (W] [w%] (W] [mPas] [mN /m] [kg/m?]
High (1) 1 - Low (1)) v 41.9 48 10 0.1 7.2 27.5 1.12
Low (1) n -Low (}) ¥ 64.9 25 10 0.1 3 26.8 1.06
High (1) n - High (1) v 42.4 57.5 0 0.1 7.99 67.6 1.14
Low ({) n - High (1) ¥ 74.9 25 0 0.1 1.7 70.5 1.06
center(®) 1 - center(®) y 53.4 45 1.5 0.1 4.23 43.5 1.12

stable drop production. The optimal settings can be found in the
ESI Table 1-5 for each liquid. The paper, 90 mm x 50 mm in size,
is clamped centrally on the self-built specimen holder using four
magnets to fixate it, illustrated in Figure 7a in the ESI. Here, it is
important that the paper area, were the liquid is applied on the
surface, is not in contact with the sample holder (Figure 7b).

Second we are employing a standard instrument used in the
paper industry, the Fibro DAT 1100 instrument“®. It generates
droplets with a liquid volume of 2u/ and 4ul, a size scale larger
by the factor of 10° compared to HSI printed droplets. Both
instruments evaluate the contact angle over time, starting with
the first image where the entire drop is deposited on the paper
surface.

The Fibro and the dataphysics instrument employ different
time resolution, whereas the Fibro has a logarithmic frame rate
starting with a frame rate of 100 frames per second for the first
100ms, the dataphysics instrument takes pictures every 0.5ms.

The print through test is a measure for the penetration depth
of the printing liquid into the paper. For this purpose, the back-
side of the unprinted sheet is imaged behind a coloured back-
ground. This background has the same colour as the print. Sub-
sequently, the sheet is full-tone printed on the top side. Finally,
the exact same position of the backside of the printed paper is
imaged again, measuring the mean gray value [8 bit grayvalue]
of the measurement area. The difference of the gray values
before- and after printing represents the print through value.
The measurement procedure is described in detail elsewhere?
and the electronic supplementary information.

The printed dot analysis is used to evaluate the printed dots
with regard to drop area [mm?] and the aspect ratio [-]. The
dot area captures the liquid spreading during the industrial HSI
printing. A high dot area, indicates high spreading of the lig-
uid drop. In our study, the ImageXpert Stand-Alone Audit Sta-
tion was used, taking pictures of the dot pattern and measuring
the relevant parameters of the detected dots using digital image
analysis. Dots originating from drop splashing, satellite drops or
a combination of both are distorting the overall result and need
to be excluded from the evaluation. The aspect ratio (AR) of the
dot is used as a filter and is a measure for the roundness of the
drop. A perfectly circular dot has an AR value of 1. We are fil-
tering out all dots with a value below 0.85, which are produced
by bad jetting or insufficient detection from the measurement
device. A typical dot pattern is shown in Figure 4, discarded
dots are circled red. For detailed explanation of the dot analysis
please have look at Krainer et al.”.
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Fig. 4 Printed dot pattern for dot area measurement. The red circled
dots have an aspect ratio below 0.85, being excluded from evaluation.

2.4 High Speed Inkjet printing

Liquid application on paper was done utilizing an industrial HSI
printhead in a laboratory printing setup. Such a printhead is e.g.
built in the Océ VarioPrint i300 HSI printer from Canon*®.

3 Results and discussion

3.1 Penetration speed

Figure 5 illustrates correlations between ULP penetration speed
and print through for the five used model liquids on two differ-
ent papers. The papers are a pigmented, medium absorbing HSI
paper grade (Figure 5a) and plain paper without any treatment,
exhibiting very strong penetration (Figure 5b). The same sym-
bols represent the same liquid, but tested on top side and bottom
side of the paper. Figure 5a shows a coefficient of determination
R? =0.68, representing a reasonable ability of the ULP to predict
liquid penetration into the pigmented paper during HSI printing.
Figure 5b for the untreated paper exhibits R2 = 0.18, ULP fails to
predict HSI-print penetration.

The coefficient of determination for each paper between ultra-
sonic liquid penetration measurement and print through test for
all five liquids is shown in Figure 6a. The sized paper with very
low absorption, results in the highest R? = 0.71, similar like for
the pigmented paper with R2 = 0.68. The paper with only primer
treatment has higher absorption and a significantly lower coef-
ficient of determination. For the paper with the strongest pene-
tration, the completely untreated one, the correlation R? = 0.18
is the worst. With increasing absorption tendency of the paper,
the correlation between penetration behaviour during the indus-
trial process and the ULP measurement decreases. Looking at
the correlation between the ASA penetration parameter and the
print through of HSI full-tone printed sheets, Figure 6b, we find
similar results, the prediction power of the ASA measurement
decreases for increasingly strong absorbing paper. Thus, it can
be concluded, that the stronger the observed liquid penetration
into the paper, the less the laboratory tests have been able to
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Fig. 5 ULP value for penetration speed plotted versus print through
measured on full tone HSI printed sheets. The symbols represent the
model liquids, using same symbols for top and bottom side of the paper.
The papers are a pigmented, medium absorbing HSI paper grade (a)
and a plain paper without any treatment, having strong absorption (b).
The correlation in Subfigure (a) indicates a good prediction of HSI liquid
penetration by the laboratory test ULP. In contrast to that, part (b) shows
a low correlation, revealing a failure in forecasting HSI-print penetration
by ULP for the high absorbing paper.

predict fluid imbibition during the HSI print process.

This can be rationalized assuming, that ULP and ASA mea-
surements apply a virtually unlimited amount of liquid, for pen-
etration into the paper. In contrast to that, during HSI printing
thousands of tiny drops in the lower picoliter range are shot onto
the paper, providing a very limited fluid supply on the paper sur-
face. For papers exhibiting low absorption tendency, the liquid
oversupply is not so prominent as they saturate with a smaller
amount of liquid. This causes less difference in imbibed liquid
between printing and laboratory measurement. For the highly
absorbing, completely untreated paper, the difference between
the imbibed liquid during ULP or ASA measurement und printing
is high. This causes an enormous difference between absorbed
liquid during the HSI process and ULP or ASA measurement, re-
sulting in a low prediction potential.

Another reason for the low prediction power of the untreated
paper might be the 20% higher grammage compared to the other
three grades. The print through might be not sensible enough to
capture liquid penetration in high grammage paper due to too
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Fig. 6 Coefficient of determination R? between print HSI print through
values and liquid penetration measured by (a) ultrasonic liquid penetra-
tion ULP and (b) automatic scanning absorptometer (ASA) values. Both
show that the slower the liquid penetration into the paper, the higher is
the observed ability of the instrument to predict fluid imbibition during
HSI printing, as indicated by increasing R?. The laboratory tests can
quite well predict HSI liquid penetration for low absorbing paper, but not
for high absorbing paper.

low relative penetration depth. Overall the ULP showed slightly
higher correlations to print through than the ASA measurement.

3.2 Wetting

Figure 7 shows the contact angle plotted versus the HSI printed
dot area, in both cases for 60pl drops. The contact angle was
measured immediately after the complete liquid was deposited
on the paper surface. The symbols represent the five model lig-
uids, same symbols indicate top- and bottom side of the paper.
The substrates in Figure 7 are the pigmented HSI grade with
moderate small absorption (a) and the untreated paper with fast
imbibition (b). The slower absorbing pigmented paper exhibits
a better correlation coefficient R? = 0.64 between contact angle
and printed dot area than the fast absorbing untreated paper
R?=0.22.

The penetration and wetting of picoliter droplets during the
printing process is completed after 30-100ms of liquid applica-
tion!! and thus the final dot shape is achieved shortly after the
printhead. The measured contact angle is highly affected by the
contact time between fluid and substrate, it changes due to pen-
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Fig. 7 Contact angle vs. HSI printed dot area for 60pl droplets mea-
sured immediately after drop deposition. The symbols represent the
model liquids, using same symbols for top and bottom side of the paper.
The contact angle predicts liquid spreading quite well on pigmented,
medium absorbing paper (top, R? = 0.64), but not so well for untreated,
high absorbing papers (bottom, R? = 0.22).

etration and spreading of the liquid on the paper. This contact
angle change over time is particularly relevant for small (picol-
iter) drops, which is aggravated for highly absorbing papers2°.
Most commonly microliter drops are used for contact angle mea-
surement. These big drops are often evaluated after longer con-
tact times between fluid and paper>?, due to drop oscillation
after liquid deposition. Thus it is relevant to evaluate the op-
timal moment for contact angle measurement when trying to
correlate the contact angle to the spreading behavior of the HSI
drops. The coefficients of correlation using contact angle at dif-
ferent measurement times and the HSI printed dot area (which
is always the same as it is measured on the HSI prints) are il-
lustrated in Figure 8, 10 and 11. The first point in each graph
is around 0.5ms which is the first image after drop deposition
which is delivered by the contact angle instruments, later values
are measured from subsequent images. Each dot in the graph is
the R? value from a similar correlation plot as shown in Figure
7.

3.2.1 Correlation between picoliter drops for printing and
contact angle measurement

Figure 8 shows the correlation coefficient R> between contact
angle and dot area over different measurement times, using
droplets of identical size. That means that both, contact angle
and dot area, were measured and printed with the same volume
(squares are 60pl and triangles are 30pl). The correlation gener-
ally decreases from little absorbing (AKD sized paper) to highly
absorbing (unsized and untreated) papers. For the former the
contact angle quite well predicts HSI printed dot area, the latter
has only a low correlation between these parameters. In Figure 9
we see the correlation coefficient between the base diameter of
the contact angle drop and the final printed dot area. The idea
behind this is that the drop diameter in the contact angle mea-
surement should directly reflected drop spreading, which could
be a better predictor for the dot area of the actual HSI print.
Comparing Figures 8 and 9 however reveals that the base diam-
eter of the contact angle in every case predicts the final printing
dot area not as good as the contact angle. Both measurement
parameters (contact angle and drop diameter) have less corre-
lation to printed dot area when paper absorption is increasing.
By calculating the volume of the remaining drop on the surface
we also found that for the fast absorbing paper in the first image
(after 0.5ms) already ~ 65% of the total drop volume has pen-
etrated into the paper, highlighting the influence of penetration
on the measurement.

Drop size has an influence on the correlations, in every case
the 60pl drops have a significantly higher correlation between
contact angle measurements and printed dot size. Interestingly
the difference between the correlation coefficients of 30pl con-
tact angle and 30pl printed area and 60pl contact angle and 60pl
printed dot area is small for the sized paper and the raw pa-
per, whereas, the papers exhibiting moderate penetration (pig-
mented paper & primer and paper & primer) show a higher gap
between the R? values of 30pl and 60pl drop sizes (compare
triangles and squares Figures 8 and 9). This suggests that for
papers exhibiting either very low penetration or rapid imbibi-
tion the drop volume is not so relevant. Another explanation
might be the fact that 30 picoliter drops are so small (they have a
height of about 10 micrometers) that surface roughness is start-
ing to play a role. A considerable amount of the drop volume
disappears in the surface roughness, which leads to variations
in the apparent contact angle. Furthermore the influence of
absorption on the contact angle measurement is larger for the
smaller drops, which is likely to also decrease the correlation to
printed dot area.

In summary, it can be concluded that stronger penetration and
lower liquid volume on the paper surface makes picoliter con-
tact angle measurements less suitable to predict spreading of
HSI printed picoliter drops. Contact angle is a better predictor
for printed dot area than the drop diameter in the contact an-
gle instrument, also 60pl drops have clearly higher correlations
than 30pl drops. Also it can be concluded that the correlation be-
tween contact angle and dot size is the best at 1ms after drop ap-
plication, thus it is recommended to measure the contact angle
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immediately after the drop’s impact oscillation has dampened
out.

3.2.2 Correlation between picoliter drops for printing and
other drop sizes for contact angle measurement

Finally we studied the effect of varying the drop size for the
contact angle measurement and analyzing the effect on the cor-
relation between contact angle measurements and the spread-
ing (printing dot area) of inkjet printed dots. Correlations to
30pl printed dots are plotted in Figure 10, correlations to 60pl
printed dots are shown in Figure 11. Due to differences between
the measurement instruments, microliter droplets are recorded
at lower frame rates than picoliter drops, leading to different
measurement times.

It can be observed that the first (for unsized papers) or second
(for sized papers in combination with dot area of pl drops) mea-
surement value exhibits the highest coefficient of determination,
see Figure 10 and 11. This is the case for all drop sizes, picol-
iter like microliter drops. Apparently the initial contact angle, or
at least the earliest measurable contact angle, is best suited for
predicting the area of the final printing dot.

One key finding is that contact angle measurements from
small (picoliter) drops are not working better than large (mi-
croliter drops). Small and large drops have similar R? values
in Figures 10 and 11. For the highly absorbing untreated paper
the microliter drops are even clearly better suited to predict the
printing dot area, indicated by the higher R2. We had expected
that contact angle measurement on the same size scale like in
the inkjet process, i.e. in the low picoliter range, could lead to
a better prediction for the actual inkjet print. Microliter drops,
having the size of several times the paper thickness, clearly are
hardly effected by e.g. surface roughness and liquid penetration,
whereas the picoliter drops are highly affected by both. Never-
theless correlations between drop area of picoliter printed dots
and contact angle of various drop volumes from 30pl, 60pl, 21!
and 4u! show similar coefficients of determination for all drop
sizes. Our results suggest no benefit of using picoliter contact
angle measurement over microliter measurements. In fact large
drops are much easier to handle, the measurement instruments
are simpler and cheaper and measurement standards have been
established (e.g. Tappi T558). Anyway we would like to point
out that in the current work we have covered the full range of
jettable liquids, it would be interesting to investigate if similar
results can be found for smaller variations in the liquid proper-
ties.

Finally we have also evaluated if the drop diameter measured
in the contact angle instrument is a suitable predictor for the
area of the printed dot. It turned out that the correlation of the
drop diameter is in all cases lower than for the contact angle, the
contact angle is the better predictor. For detailed plots on these
results please refer to the electronic supplementary information
(Figures 8 and 9).

4 Conclusions

In this study we have evaluated the suitability of laboratory test-
ing methods to predict inkjet printing results. We have devel-
oped and used testing liquids that are spanning the operational
window of industrial HSI printers while still covering the maxi-
mum possible range of viscosity and surface tension. In order to
find correlations between test prints and laboratory tests, both
were performed with these testing liquids. We tested four papers
representative for the uncoated high speed inkjet paper market,
these papers exhibited large differences in terms of water ab-
sorption. First we correlated liquid penetration measured with
ultrasound (ULP) and direct absorption (ASA) to print through
from HSI prints. Second we correlated contact angle and drop
diameter to the dot area from HSI prints.

Print through and liquid penetration. The print through
measurements capturing liquid penetration in HSI printed sheets
were first correlated with liquid penetration speed measured by
ultrasonic liquid penetration (ULP). The best correlation (R* =
0.71 ) was found for the sized paper. For papers with increasing
liquid penetration speed we found a decreasing ability of the lab-
oratory testing methods to predict print through, for the strong
absorbing paper the correlation drops to R? = 0.18. Similar re-
sults, although with somewhat lower correlations, were found
for the direct absorption tester (ASA). We can thus conclude that
the investigated liquid penetration measurement techniques can
well predict the print through for little absorbing papers but not
so well for highly absorbing papers.

Dot spreading and contact angle. We compared the dot area
of HSI printed 30pl and 60pl drops to contact angle measure-
ments from picoliter- and microliter drops. Also here better cor-
relations were found for little absorbing paper than for strongly
absorbing papers. Contact angle turned out to be a better pre-
dictor for printed dot area than the diameter of the drops on the
paper. A key finding is that the correlation between contact an-
gle and dot size is the best at about 1ms after drop deposition,
thus it is recommended to measure the contact angle as soon as
possible after application.

Furthermore, the contact angle of picoliter drops (30pl and
60pl) and microliter drops (2u/ and 4u!) drops was compared
to the dot area of 30pl and 60pl HSI prints. Surprisingly, contact
angle measurements from small (picoliter) drops were not better
able to predict inkjet dot spreading than contact angle measure-
ments with large (microliter) drops. Correlations for microliter
drops were equal or better than for picoliter drops, particularly
for highly absorbing papers. Thus in order to predict dot spread-
ing on paper our results suggest to measure the contact angle
with microliter drops. This is a highly unexpected finding. We
had assumed that picoliter measurements, being in the same size
scale like the drops in the inkjet printing process, would deliver
better results, particularly because picoliter drops are highly af-
fected by paper surface roughness and liquid absorption and mi-
croliter drops, being one million times larger, are not.
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Fig. 10 Correlation between the contact angle measured with 30pl, Fig. 11 Correlation between the contact angle measured with 30pl,

60pl, 2ul and 4ul drops and the dot area printed with 30pl droplets. The
R? of dot area versus contact angle is plotted over measurement time.
The contact angle measured with large (microliter) drops is equally or
better suited to predict printed dot area than small (picoliter) drops. Low
absorbing papers (AKD sized) have much better correlation than high
absorbing papers (unsized and untreated).
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60pl, 2ul and 4ui drops and the dot area printed with 60pl droplets. The
R? of dot area versus contact angle is plotted over measurement time.
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Contact Angle Measurement on Porous Substrates: Effect of Liquid Absorption and
Drop Size

Sarah Krainer':2, Ulrich Hirn'2*

Abstract

Hypothesis: Liquid absorption has a strong impact on the contact angle © measured on absorptive substrates. Hence
liquid absorption rate, drop size and contact time are relevant influencing factors on the measured contact angle. We will
demonstrate that the impact of these three parameters is fully captured by the relative absorbed drop volume i.e. the
percentage of the drop volume penetrated into the substrate.

Experiments: The wetting studies were carried out applying a wide range of drop volumes between 30 pl to 4 ul (spanning
a factor 10°) using water. Furthermore, the effects of surface tension (26.8 mN/m - 73 mN/m) and the substrate absorption
rate (0.6 ml/(m?100ms) to 71 mi/(m?100ms)) have also been tested. We employed non-contact drop deposition methods.

Findings:

We observed three regimes of liquid penetration impact on ©, determined by the absorption rate of the substrate and drop
size. Here, strong, low and no reduction of the drop volume takes place corresponding to high, low and no penetration impact
on the contact angle. Investigation of liquid surface tension impact shows, that for high values the average contact angle of
the pl sizes is 10° to 15° lower than obtained from ul drop contact angles. Our results suggest the measuring of the contact
angle with large droplets and immediately after the drop application to minimize the impact of penetration on the wetting
process. Independent of drop size, absorption rate and measurement time the contact angle decreases between ~0.5° to ~1.2°
for each percentage of relative absorbed drop volume V. Thus, V fully captures the combined effect of drop size, contact time
and substrate absorption rate.
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1. Introduction

Liquid behaviour on porous substrate is determined simul-
taneously by spreading on the substrate’s surface and pen-
etration into the bulk of the absorptive substrate [1, 2]. A
parameter, affected by both, fluid and substrate, is the con-
tact angle © of a liquid drop applied on the flat, horizontal
substrate [3]. The © is defined as the angle between the drops
outline tangent at the three-phase contact point and the sub-
strate. It is affected by the liquid surface tension ~;,, the in-
terfacial tension between liquid and substrate 7, and by the
surface energy of the substrate 7, [4], surrounded by a vapour
phase v (= air). Young [5], described the equilibrium between
contact angle and these parameters for a three-phase system,
exhibiting a thermodynamic equilibrium, according to:

COS(@) — Ysv — ’Vsl.

Vv (1)

O is used for capturing the wettability of fluid-substrate sys-
tems in many applications. In the High Speed Inkjet field, the
contact angle measurement of ul drops of, for example, water
is employed to quantify liquid behaviour during the printing
process [6]. Furthermore, for wetting studies in the coating
field [7, 8] the water contact angle is utilized to capture the
change of surface characteristics by coating. Here, the water
repellent behaviour is proven if water droplets exhibit a high
O on the treated surface. In characterisation of membrane
separation efficiency [9, 10] or for capturing membrane fouling
[11, 12] the contact angle is a widely used and very popular
parameter to quantify liquid-substrate interaction. A low ©
of a liquid drop on the membrane is observed for components,
desired to move into the membrane. A high contact angle of
fluids indicates low penetration tendency into the membrane.
Also in quantification of liquid behaviour in and on powder
packages this parameter is used to capture the interaction,
showing sensitivity to powder compact preparation [13, 14].

Surprisingly, various drop sizes and measurement times are
employed and this, following no strict regulations, during
quantification of © in both industry and research. The vari-
ation of drop size, contact time between liquid and substrate
and the deposition method of the liquid drop is given even
within one research field. For example, liquids and drop sizes
differ greatly in the characterisation of metal surfaces [15, 16].
Wettability studies using different drop sizes showed a size im-
pact on the contact angle ©. Kumar et al. [17] gave insights in
volume influence between ~ 21 ul and ~ 35 ul observing, that
contact angle change on porous substrate is slightly slower
for bigger droplets. Wang et al. [18] provided information
about higher volume variation, ranging from ~ 1nl to 6 ul on
textured substrate. He investigated rough surfaces showing
prominent volume impact on © below pl size scale, confirmed
by results from Drelich et al. [19]. Thus, direct and quantita-
tive comparison using the results of various drop sizes might
deliver deviating characterisation of the wetting behaviour and
will therefore need to be considered.

Furthermore, the absorption behaviour of the substrate with
regard to the used liquid also affects © [13, 3, 20]. Researcher
captured the substrate absorption impact on the contact an-
gle by changing the porosity [21], pore diameter [22] or the
effective permeability [23] of the absorptive substrate. They
showed, that the higher these parameters are the higher was
the contact angle decrease and liquid imbibition into the sub-
strate. However, for deviating surface morphologies (isotropic
open-porous structure, anisotropic structure, array of pillars,
et cetera), the liquid behaviour changes, despite similar poros-
ity or pore size [24, 25]. Thus, the porosity, pore diameter and
the permeability are not suited to capture the absorption im-
pact on ©.

Furthermore, surface tension affects the liquid when spread-
ing on solids [26, 27]. Previous studies have carried out exper-
iments to quantify the impact of this property on the liquid
behaviour [28]. The investigation of surface tension impact
was done between 50 mN/m and 73 mN/m, indicating only
minor effect on drop spreading within this range [29, 30].

It can be noted, that the substrate surface roughness af-
fects © [31, 32]. Soltman et al. showed that an increase of
roughness causes sharper drop corners, and thus impacts ©
hysteresis [33]. Also single contact angle values are affected
by surface inhomogeneity. It was demonstrated, that lower
substrate roughness leads to a decrease of the contact angle,
measured from water droplets [34]. Thus, an increased hy-
drophobicity can be observed for higher roughness [35]. A
common equation taking the unevenness of the substrate into
account is the Wenzel law [31]. Here, the contact angle of the
liquid is measured on the same surface, but being perfectly
smooth. The cosine of this angle is then multiplied with a
roughness parameter r, whereas r > 1. High r indicates high
unevenness of the solid. The substrate roughness exaggerates
the wetting properties [36]. The Wenzel equation is valid as
long as the surface pattern dimension is lower than the liquid
drop scale [37, 38, 39]. In our study, all substrates exhibit sim-
ilar roughness parameter S, and thus roughness effects can
be considered as similar on each of the used porous sheets.

1.1. Aim of the Work

This study provides information about how to correctly cap-
ture the contact angle on absorptive substrates studying wet-
tability. It highlights the influence of droplet size, fluid ab-
sorption, change of © over time and surface tension.

The particular advantage of our work is the investigation of
an especially wide range of drop volumes covering three size
scales of magnitude, from picoliter (pl) over nanoliter (nl) to
microliter (ul) volume. This provides a quantitative analysis
of drop size impact on contact angle.

Furthermore, the drop volumes are studied on four sub-
strates with different absorption rates. Starting from al-
most non-absorbing (0.6 ml/(m?100ms)) to strongly absorb-
ing (71 ml/(m?100ms)), capturing the impact of absorption
behaviour on ©.



The wetting studies were carried out utilising liquids,
which cover a surface tension region between 26.8 mN/m and
73 mN/m to capture the impact on liquid behaviour. The
contact angle is investigated comparing an average contact
angle for the pl drop size range (©,;) and an average contact
angle in the ul size scale (0 ;). This is especially helpful, since
different liquid volumes are employed during industry liquid
application and laboratory wettability quantification, captur-
ing the impact of fluid quantity and surface tension on ©.

Furthermore, our approach provides an estimation of the
contact angle change caused by increasing relative absorbed
drop volume, capturing the combined effect of contact time,
absorption rate and drop size.

2. Material and Methods

2.1. Testing Liquids

We studied the impact of droplet size from 30 pl to 4 ul and
substrate property with deionised water to capture the effect
of drop size and fluid imbibition on the contact angle. The
impact of surface tension was investigated, providing insights
of drop size and surface tension impact on the contact angle.
Five model fluids on a water base have been developed, cov-
ering a viscosity range from 1 mPas to 8 mPas and surface
tension from 26.8 mN/m to 73 mN/m. The liquid viscosity
was adjusted using glycerol, surface tension was decreased uti-
lizing hexanediol [3, 40]. 0.1 weight percent of naphthol blue
black (98 %) were added to colour the liquids, showing no im-
pact on liquid properties. For detailed liquid properties please
have a look at Table 1.

A Thermo Fisher Haake Rheostress 6000 instrument was
used to measure viscosity at 25°C, with a gap width of 0.5mm.
2ml were used at different shear rates: 10, 120, 230, 340, 450,
560, 670, 780, 890 and 1000 Hz. Surface tension was measured
at 25 °C with a Sita science line t60 tensiometer, utilizing
bubble pressure method. The bubble lifetime was from 0.05
to 2 seconds. A 25 cm?® pyknometer was utilised to measure
density.

2.2. Substrates

In this study, the absorption rate is used to characterise
the substrate, providing direct information about the liquid
uptake. Four types of cellulose sheets are employed ranging
from almost non-absorbing (0.6 ml/(m2100 ms)) to strongly
absorbing (71 ml/(m?100 ms)) to capture the impact of ab-
sorption rate on the contact angle. Substrate properties are
presented in Table 2, a more detailed description can be found
in Table 1 in the electronic supplementary information (EST).
The quantification of the absorption rate is explained in sec-
tion 2.2.1. The four cellulose sheets are classified in:

e strongly absorbing, the absorption rate is 71 mi/m? of
water within 100 ms.

e Moderately absorbing, the substrate shows reduced liquid
absorbency, due to lower porosity [41]. Water imbibition
reduces to a value of 47 mi/(m?2100 ms).

e Weakly absorbing. Surface modification decreases the wa-
ter uptake to 39 ml/m? per 100 ms.

e Almost non-absorbing.  This substrate was heavily
treated employing sizing agents, reducing the surface free
energy (see Table 2). This bulk sizing causes a hydropho-
bisation of the cellulose sheet. The absorption rate of wa-
ter was 0.6 ml/m? within 100 ms. The word hydropho-
bised is used as a synonym for sized in this publication.

The pore size distribution was measured with mercury
intrusion porosimetry, commonly used to characterize mi-
croscale pore size distribution [42, 43]. We employed an Auto-
pore IV 9500 instrument from Micromeritics Instrument Corp
[44]. Surface free energy was calculated applying the Owens-
Wendt-Rabel-Kaelble (OWRK) method utilizing a Kruess de-
vice [45, 46] measuring droplets with a volume of 4 ul. The
liquids used for the surface energy determination were di-
iodomethane and water. The roughness parameter S, cap-
tures the quadratic mean height of the substrate surface and
was evaluated using an IFM alicona roughness measurement
device, capturing the size scale of surface roughness. A fast
Fourier transformation (FFT) - highpass filtering was used,
applying a threshold wavelength of 3.5 mm.

2.2.1. Liquid Absorption Rate

The absorbing tendency of the investigated substrates was
quantified employing a direct absorption measurement device,
the automatic scanning absorptometer (ASA) [47]. Liquid is
applied through a nozzle onto the substrate, detecting the
direct transferred liquid volume into the substrate at different
contact times between nozzle and porous sheet. The contact
time between nozzle and substrate was reduced by the increase
of the sample stage velocity. The liquid uptakes within 100 ms
are shown in Figure 1. Further measurement description can
be found in the electronic supplementary information or in
previous work of our group [3].
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Figure 1: The absorbed water volume was measured with a direct absorp-
tion measurement device. The transferred liquid volume within 100 ms
is plotted for each substrate. The strongly absorbing sheet shows the
highest liquid uptake. By contrast, the almost non-absorbing substrate
exhibits a very low imbibed water volume within 100 ms.




Table 1: Properties of liquids used in this study. The surface tension () of the liquids covers a value range from 28.8 mN/m to 73 mN/m.

Liquid surface viscosity density water glycerol hexanediol dye
tension y n p
[mN/m] [mPas| [kg/m"] [w%] [w%] [w¥%) [w%)

Vi 26.8 B 1.06 64.9 25 10 0.1
27.5 7.2 1.12 41.9 48 10 0.1
43.5 4.23 1.12 53.4 45 1.5 0.1
67.6 7.99 1.14 424 515 0 0.1
70.5 1.7 1.06 74.9 25 0 0.1

Yhigh 73 1 1 100 - - -

Table 2: Properties of the used substrates, classified by the absorption rate.
Properties strongly moderately weakly almost
absorbing absorbing absorbing non-absorbing

Absorbed water volume [ml/(m?*100ms)] 71 47 39 0.6

Porosity [%)] 40.3 38.8 23.6 20.6

Average pore diameter [um] 3.9 2.6 3.2 4.9

Roughness parameter Sg [um] 3.6 2.4 3.1 4

Dispersive surface energy [mJ/m?] 44 42 43 33

Polar surface energy [m.J/m?] 27 23 22 0.1

Total surface energy [mJ/m?] 71 65 65 33.1

2.3. Contact Angle Measurement

The contact angle measurement is the standard method
for determining the wettability of a given liquid-substrate com-
bination. The typical measurement procedure involves putting
a drop of liquid on the substrate and recording images of this
droplet over time. The angle between the tangent of the drop
outline in the three-phase contact point and the substrate rep-
resents the contact angle. The higher ©, the worse is the wet-
ting of the liquid on the surface. In this work we are creating
drops of three size scales, picoliter (pl), nanoliter (nl) and mi-
croliter (ul). This provides information of drop size impact
on contact angle utilizing a huge range of fluid volumes ac-
companied with a high size resolution. We employ different
measurement setups for each of the three size scales in this
study, always using a non-contact deposition method.

e Picoliter drops: The pl contact angle measurements were
performed using a dataphysics OCA200. The picoliter
setup of this instrument creates drops of different sizes:
30pl, 60pl, 120pl, 240 pl, 480 pl and 960 pl. Generation
of 960 pl drops was done shooting two droplets in a row,
coalescing before impingement on the surface of the sub-
strate. A cartridge is filled with the test liquid and in-
serted into the dosing element of the pl head. The dosing
head creates a pulse, which squeezes out the liquid. The
parameters pulse amplitude, pulse width and pulse fre-
quency of the pulse can be varied, depending on the used
testing fluid and drop size. The optimal settings can be
found in the ESI in Table 2-7 for each used liquid. Fur-
ther to this, a more detailed description of the pl drop
production is also available in the electronic supplemen-
tary information, section 3 and section 4.

e Nanoliter drops: nl drops are created employing the
OCA200 nanoliter setup. We create drops with a vol-
ume of: 5nl, 15nl, 30 nl, 60nl, 120nl, 240nl and 480 nl.
This setup utilizes a tube with a shutter, generating a
falling liquid beam. For detailed description please see
ESI, section 3 and section 4.

e Microliter drops: The measurement of ul drops was car-
ried out with a Fibro DAT 1100 instrument [48], often
used in industry. It generates droplets by pushing the
liquid out of a tube with defined void volume creating
volumes of 1pul, 2ul or 4 ul. The collected fluid at the
end of the tube creates a hanging drop and is slashed off
with a spring, falling on the substrate. A detailed de-
scription of this procedure can be found in the previous
work of our group [3].

All three measurement setups employ a camera recording
images of the drop and use the same approach to evaluate
the pictures: Once the liquid is released onto the substrate
surface, the instrument starts image acquisition of the drop at
different time rates, depending on the used device and drop
size. The frame rate per second is 2000 for the lower pl droplet
sizes, 1000 for the nl drops and 100 frames per second for the
ul volumes.

For each liquid, substrate and drop size combination, 40-
95 drops were investigated with a distance of roughly 1 cm
between them, utilizing at least four different sheets of the
same substrate.

Furthermore, the image analyse of a contact angle measure-
ment device also calculates the drop volume on the substrate
over time. Thus, not only the contact angle is evaluated for
each frame taken, but also the remaining quantity of liquid on
the substrate.



3. Results

3.1. Impact of Drop Size and Absorption Rate

® ©) ®

instant & instant no volume reduction
ongoing volume
volume reduction
reduction
Oy, > O10ms

i

Figure 2: The contact angle on absorptive substrate for droplets within
the pl scale is affected by instant and ongoing volume reduction, regime
1. Instant absorption reduces the originally created liquid volume Vj
(dashed line) already during liquid impingement on the porous sheet,
and is thus not recorded. In the nl scale, © is only affected by instant
volume reduction, regime 2. For pl drops, regime 3, the imbibition does
not influence the contact angle. The penetrated liquid quantity is so
small in comparison to the applied volume, that it does not impact the
contact angle.

Our results show three regimes of absorption impact on the
contact angle. The liquid behaviour in each of these regimes
is illustrated in Figure 2.

e Regime 1: In this liquid penetration regime, the drop is
affected by instant absorption and ongoing penetration.
Instant volume reduction is caused by roughness filling
and liquid movement into the pore structure of the cel-
lulose sheet during liquid arrival on the substrate. Thus,
the originally applied/created volume (dashed line, Vj in
Figure 2) is not recorded. The moment at complete lig-
uid application on the substrate is referred to as 0 ms.
In regime 1 the ongoing drop penetration into the sub-
strate strongly impacts the contact angle. The higher the
absorption rate, the higher the fluid movement into the
paper and the higher is the difference in absorbed drop
volume between different contact times (red-part of liquid
in Figure 2, regime 1).

Drop sizes showing similar relative absorbed drop vol-
umes for different contact times indicate regime 2.

e Regime 2: In this region, only instant volume reduction
affects the contact angle. The theoretical contact angle
Oy, of a created volume Vj without penetration impact
is bigger than the contact angle ©1¢,,s, determined after
10 ms of contact time (see Figure 2). The bigger the ap-
plied drop volume, the more alike is the recorded drop
volume on the substrate compared to the originally cre-
ated volume V.

e Regime 3: Droplet volumes with a relative absorbed drop
volume of around zero, even after longer contact, indicate
regime 3. Here, no absorption impact on the contact angle
occurs.

The absorbed drop volume over the originally produced lig-
uid quantity Vp is illustrated in Figure 3. Here, the absorbed
volume [%] is the imbibed volume, normalised by initially cre-
ated drop volume. The results immediately after full con-
tact between substrate and liquid are represented by magenta
squares (=0 ms). The relative imbibed liquid after roughly
10 ms of contact time between substrate and fluid is illustrated
by red diamonds. The higher the absorption rate and/or the
longer the contact time, the smaller the quantity of fluid on
the absorptive substrate, and thus the higher is the relative
absorbed volume.

As long as the relative absorbed drop volume between 0 ms
and 10 ms shows a difference, the instant and ongoing vol-
ume reduction affects ©, regime 1. The liquid penetration
regime 2 shows the same relative absorbed drop volume for
0 ms and 10 ms of contact time. Here, only instant volume
reduction impacts the contact angle. Big drop volumes show-
ing no detected instant and ongoing volume reduction, and
thus no penetration effect on ©, indicate regime 3.

It can be observed, that the smallest droplet size (30pl),
exhibits the highest relative absorbed drop volume (~ 55 %)
(Figure 3) and the lowest contact angle (Figure 4) for all four
substrates compared to other volumes. This is valid for each of
the tested sheets, regardless the absorption rate. The similar
size scale of the substrate roughness ( S; ~5 pm) and the
drop (sphere diameter ~ 38 um) might cause the high relative
absorbed drop volume due to levelling out the inhomogeneity
of the substrate surface.

Figure 4 shows the contact angle of water plotted over ini-
tially generated drop size on each of the four investigated sub-
strates. The two signs illustrate two different contact times
between substrate and liquid drop. 0 ms (blue square) repre-
sents the moment at drop impact, when the complete liquid is
collected on the absorptive substrate surface. 10 ms (green di-
amond) reflects the results at a contact time of roughly 10 ms
between sheet and fluid.

Interestingly, in the case of a great change in the relative
absorbed drop volume, also a great difference in the contact
angle can also be observed, decreasing with less relative ab-
sorbed volume. The absorbed liquid quantity of the different
contact times converge for higher drop volumes with increas-
ing absorption rate of the porous sheets.

The volume reduction can be neglected for pl drops in com-
parison to the originally created volume. Here, the contact
angle of all three pl drop sizes is not affected by penetration
within the first 10 ms of contact time. However, the contact
angles differ between ~ 2° and ~ 10° for the three droplet
sizes, showing that also additional effects, which are not cap-
tured e.g. the application method, causing a change in contact
angle.

3.2. Contact Angle of pl and pl Volumes - Impact of Surface
Tension on ©

Figure 5 shows the average contact angle ©,,; of the pl range
(60 pl - 480 pl, black circle immediately after impact and grey
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Figure 3: The absorbed drop volume [%] is the imbibed volume nor-
malised by the created drop volume. This figure shows the absorbed
drop volume at first full liquid contact with the sheet (0 ms) over gener-
ated drop size, represented by magenta squares. The errorbars represent
a 95% confidence interval. Regime 1, regime 2 and regime 3 indicate
three different absorption impacts on the contact angle, illustrated in
Figure 2. The absorbed fluid quantity after roughly 10 ms is represented
by the red diamonds. The higher the absorption and/or the longer the
contact time, the smaller is the fluid quantity above the substrate surface.
And subsequently, the higher the relative absorbed drop volume. For the

Figure 4: Contact angle at drop impact (0 ms, blue square) and after
10 ms of contact time (green diamonds) are plotted versus created drop
volume on each of the four investigated substrates. The errorbars repre-
sent a 95 % confidence interval. The absorption rate has a great impact
on the change of contact angle with increased liquid volume. The longer
the drop is in contact with the substrate, the higher the absorbed volume
and the lower is the contact angle. For the strongly absorbing substrate
the 30 pl - 240 pl are completely absorbed after 10 ms, thus no © can be
measured and the values are set to zero. Regime 1, regime 2 and regime
3 indicate three different absorption impacts on the contact angle, illus-

strongly absorbing substrate the 30 pl - 240 pl are completely absorbed 6 trated in Figure 2.

after 10 ms, resulting in 100 % imbibed liquid volume.



square after 10 ms of contact time) and the average value ©
for the pl region (1 pl - 4 pl, dark blue triangle pointing left di-
rectly after drop application and green triangle pointing right
after 10 ms of contact between fluid and substrate). Look-
ing at Figure 5, the results show a higher ©,; in comparison
to ©,,, focusing on liquids with low surface tension. Inter-
estingly, the behaviour is reversed for liquids exhibiting high
surface tension. The O values and 95 % of confidence interval
values for ul and pl region are listed in the ESI, Table 9-12.

After 10 ms of contact time, the behaviour of all liquids
show the same tendency. The pl contact angle is smaller than
the pl parameter ©,,;. This might be caused by the highly in-
creased relative absorbed drop volume of the pl drops, leading
to a decrease in the contact angle.

3.3. Impact of Relative Absorbed Drop Volume on the Contact
Angle (Time Independent)

The contact angle is plotted versus the relative absorbed
drop volume for all used substrates in Figure 6. The symbols
coloured in blue are illustrate the contact angle of 4 ul drops
and symbols in black 60 pl droplets.

It can be noted, that the same absorbed drop volumes are
captured at different contact times between sheet and liquid.
For example, the 4 ul drop on the strongly absorbing substrate
is observed for roughly 30 s and the relative absorbed volume
V reduces from 0 % to 60 % within this measurement time. In
contrast to that, the first contact angle of the 60 pl droplet is
measured at V ~ 30 % and is fully absorbed after ~ 10 ms.

The slope k [%] of the contact angle decay is expressed in
Equation 2.

A©

N

(2)

Here, the difference in contact angle A© [°] is divided by
the change of the relative absorbed drop volume AV [%], grey
lines in Figure 6.

V captures the combined effect of absorption rate, drop vol-
ume and contact time om ©. R? is the coefficient of determi-
nation for the regression line used to obtain k, showing high
values (> 0.95). The exact values for each drop size-porous
sheet combination can be found in Table 3. The drop volumes
and contact times for the slope k are similar for the investi-
gated absorption rates. Independent of drop size, absorption
rate and measurement time the contact angle decreases be-
tween ~ 0.5° and 1.2° for an increase of 1 % in relative ab-
sorbed drop volume.

4. Conclusion

Drop Size and Absorption Rate Impact on Contact
Angle. The main goal of this study was to investigate the
impact of droplet size and substrate absorption rate on the
contact angle ©. We use drop sizes spanning a factor 10° in
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Figure 5: Effect of surface tension on contact angle change due to drop
penetration. Average contact angle ©,,; of 60 pl, 120 pl, 240 pl and 480 pl
(black circle) and average contact angle ©,; of 1 ul, 2 ul and 4 pl drops
(dark blue triangle pointing left) immediately after liquid application
(0 ms) are plotted for liquids with different surface tension (v). Also ©p;
(grey square) and ©,; (green triangle) are plotted after 10 ms of contact
time. Low surface tension causes a lower @pl in comparison to the @;m
whereas for high surface tensions, this behaviour is reversed. For 10 ms
of contact time between liquid and substrate the ©,,; is for all liquids
lower than ©,,;.



Table 3: The contact angle decay exhibits a slope k [%], similar for all investigated drop size-porous sheet combinations. R? is the coefficient of

determination for the regression line used to calculate k.

created drop volume

strongly absorbing ‘

moderately absorbing

‘ weakly absorbing ‘ almost-non absorbing

parameter kol | R[] kgl | R[] kgl | RH | k3| R
60 pl 0.53 0.99 0.61 0.97 0.81 0.96 0.51 0.997
4 ul 0.43 0.99 1.11 0.95 1.40 0.95 - -
absorption rate of the substrate is the underlying impact fac-
120

®60pl - almost non - absorbing
@4, -almost non - absorbing
mG0pl - weakly absorbing

m4,l - weakly absorbing
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*4ul - moderately absorbing

A60pl - strongly absorbin
o %, * p gly g
“&! .I - A A *"‘ * *g’ A4, - strongly absorbing
e N
"t %4 4
. A
20
0
0 20 40 60 80 100

absorbed drop volume V [%]

Figure 6: The contact angle © is plotted versus the relative absorbed drop
volume V. The higher V, the lower is the contact angle, independent of
the absorption rate, drop volume and contact time.

drop volume, starting from 30 pl to 4 ul. © is measured imme-
diately after first contact and after 10 ms of contact between
liquid and substrate.

Three regimes of liquid absorption impact can be observed.
Regime 1, where the contact angle is affected by instant and
ongoing volume reduction. Here, instant volume reduction is
caused by roughness filling and liquid movement into the pore
structure of the cellulose sheet during liquid arrival on the
substrate. This regime can be observed for small droplets and
high absorptive sheets. In regime 2, © is only affected by the
instant volume reduction. Here, either the liquid penetration
is so small or the liquid volume is so large that no visible loss
in drop volume can be observed. In the case of big droplets
(ul) the drop volume is so large, that the contact angle is not
affected by absorption, regime 3.

The wetting studies are carried out on four substrates ex-
hibiting different water absorption rates, ranging from al-
most non-absorbing (0.6 ml/(m?100ms)) to strongly absorb-
ing (71 mi/(m?100ms)). Several researchers studied © on ab-
sorptive substrates tuning the absorption behaviour by chang-
ing the porosity [21] and pore diameter [22]. They showed,
that the higher these parameters are the greater the con-
tact angle decrease and liquid imbibition into the substrate.
However, for deviating surface morphologies, bulk and surface
chemistry treatments, the liquid behaviour changes, despite
similar porosity or pore size [24, 25]. Our results suggest,
that the quantification of the absorption rate captures the
substrate impact on the liquid behaviour very well. Consid-
ering the strong relationship between relative absorbed drop
volume and contact angle, one of our conclusions is that the

tor on the measured contact angle, which explains the earlier
observed influence of pore size distribution and surface chem-
istry.

Surface Tension Impact on Contact Angle for pl and
pl Drops. We investigated the average pl contact angle ©,, of
60 pl, 120 pl, 240 pl and 480 pl and the average ul contact an-
gle ©,; of 1 pl, 2 pl and 4 pl drops. Whereas investigation of
surface tension within 50 mN/m and 73 mN/m showed slight
differences on contact angle [29, 30], we noticed for a property
window between 26 mN/m and 73 mN/m strong influence.
For high surface tension we find a ~ 10° to ~ 15° higher con-
tact angle for pl drops than for pl droplets. This behaviour
is reversed for low surface tension values. Our results show a
~ 10° to ~ 15° lower contact angle for ul drops than for pl
droplets using a liquid with low surface tension.

Impact of Relative Absorbed Drop Volume on the
Contact Angle Independent of drop size, absorption rate
and measurement time the contact angle decreases between
~0.5° to ~1.2° for each percentage of relative absorbed drop
volume V. Thus, V fully captures the combined effect of drop
size, contact time and substrate absorption rate. An increase
of 10 % absorbed drop volume cause a contact angle decrease
of ~5° to ~12°, which is a considerably quantity.

In summary our results show, that the drop volume as well
as the absorption rate of the substrate affect the contact angle,
highlighting the importance of liquid penetration impact.

Thus, for a correct and stable measurement of the contact
angle, it is necessary to use high drop volumes and capture ©
immediately after drop application, eliminating the penetra-
tion impact. If the absorption rate is too high or the drop size
is restricted to a specific value, however we recommend calcu-
lating the relative absorbed drop volume V and obtaining the
contact angle always at same values for V. Thus, the relative
absorbed drop volume fully captures the combined effect of
drop volume, contact time and substrate absorption rate.

Outlook. We wish to further investigate the liquid polarity
impact on contact angle, on self hydrophobised substrates.
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Chapter

Conclusions

Liquid penetration and wetting on paper during High Speed Inkjet (HSI) printing was

investigated in this work. Four main findings have been reported.

Laboratory measurements were employed to quantify liquid behaviour during industrial
printing processes, providing valuable insights into the determining process parameters of
wetting and penetration. Three commonly used measurement methods have been com-
pared: Ultrasonic liquid penetration measurement (ULP), contact angle measurement and
automatic scanning absorptometer (ASA) measurement. These techniques also implement
three different measurement principles, and thus render the comparison of the predic-
tive quality among these devices a challenging task. Parameters for liquid spreading and
absorption speed for each of the three methods have been introduced. The penetration
parameter detected by the ultrasonic liquid penetration measurement and the automatic
scanning absorptometer are similar to each other. In contrast to that, the penetration speed
of single 4 ul drops showed no correlation to the ULP values, neither to the ASA results. A
possible reason for this might be the difference of applied liquid quantity. A limited drop
volume is used for the contact angle measurements, whereas the ASA and the ULP use a
virtually unlimited liquid supply. Thus, it is concluded that the penetration behaviour of
droplets and unlimited liquid supply follow different mechanism, also found by Danino
[63]. Regarding the wetting, we did not find any correlation between the three measure-
ment techniques. The ULP is not able to detect the fast wetting of unsized papers. Further-

more, the ASA wetting parameter calculated from the imbibed liquid volume is strongly
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influenced by penetration, affecting the spreading quantification. Thus, the very popular
contact angle measurement seems to be the best choice capturing the wettability. Subse-
quently, we also introduced a parameter analysing wetting and penetration, the contact
angle curve decay. Here, a moderate correlation between the calculated wetting parameter

from the ASA measurements and the slope of the contact angle curve is obtained.

Five model liquids with different surface tensions and viscosities were created. Their de-
velopment was guided by the Ohnesorge number and the Reynolds number to ensure that
these fluids can be used for jetting with a HSI printhead. Four paper grades, which posses
different bulk and surface treatments were investigated with regard to the impact of liquid
imbibition and wetting during the HSI printing. These four grades were an all purpose
office paper with AKD bulk sizing, an uncoated HSI paper, a pigmented HSI paper and a
base paper. The base paper grade has been treated as the raw material of the others. The
papers varied in surface treatment and sizing, representing the uncoated paper grades on

the market for HSI printing papers.

The investigation of wetting and spreading during the HSI printing process was done
by evaluation of printed single dot pattern and full-tone printed sheets. The impact of
liquid property, paper property and two droplet sizes (30 pl and 120 pl) on the High Speed
Inket (HSI) print was evaluated. Dot area is a measure for drop spreading and the print
through of full-tone printed sheets quantifies the liquid penetration. The evaluated light
absorption captures the surface coverage of printed dots. Our results show that viscosity
is the parameter of highest impact for drop spreading, penetration and surface coverage.
An increase of viscosity results in a reduced value for these parameters. When dealing
with sized paper, surface tension is important as well due to the changed surface energy
of the sized paper. Here, an increase in surface tension reduces dot spreading and liquid
penetration. In terms of surface coverage, not only viscosity but also surface tension had
an effect on the results of all papers. Increased surface coverage was achieved for higher
surface tension, independent of drop size and paper grade. The observations made are

valid for 30 pl and 120 p! droplet sizes.

The prediction power of laboratory devices in terms of wetting and penetration was quan-
tified by direct comparison of results achieved from the print analysis and the laboratory

measurement results. The dot spreading was evaluated by comparing the dot area of
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printed 30 pl and 60 pl drops to the contact angle of 30 pl, 60 pl, 2 ul and 4 ul volumes.
Here, the correlation between p! drop contact angle and the printed dot area and pul drop

contact angle and dot area were similar.

It can be observed that the predictability decreases with an increase in absorption rate of
the paper and longer contact times. The penetration during HSI-printing was quantified
with the print through value and compared to the penetration speed measured by the
ultrasonic liquid penetration measurement and the automatic scanning absorptometer. A
high correlation was found for sized papers, decreasing with increasing absorption rate of

the paper.

Finally, the impact of droplet size, surface tension and paper absorption rate was inves-
tigated. Therefore, the water contact angle between 30 pl and 4 ul was evaluated. The
higher the absorption rate of the paper, the bigger was the observed drop size impact on
the contact angle. The liquid surface tension impact was screened by calculating an aver-
age pl contact angle and an average ul contact angle. This study (manuscript IV) showed
how to correctly measure the contact angle on absorptive media, highlighting the impact of
fluid absorption and contact angle change over time. It is recommended to use the contact
angle of ul drops immediately after drop application to quantify wetting, minimising the
influence of penetration on the spreading process. However, for substrates with a too high
absorption rate and/or small drop volumes the contact angle needs to be measured at the
same relative absorbed drop volume V. V captures the combined impact of liquid volume,

paper absorption rate and contact time.

Furthermore, for high values of liquid surface tension, a higher contact angle was observed
for ul droplets compared to results of the pl range. This behaviour was reversed for liquids

with low surface tension.

107



Chapter 1 O

Appendix

108



Electronic Supplementary Material (ESI) for RSC Advances .
This journal is © The Royal Society of Chemistry 2018

WAKD - Water
WAKD - 80%Water/20%Glycerin
WAKD - 80%Water/20%Glycol
<4AKD - 50%Water/40%Glycerin/10%HD
PAKD - 60%Water/30%Glycerin/4%Hexanediol/6%Diacetonalcohol
@®AKD - dye ink yellow
*AKD - dye ink magenta
»*AKD - pigment ink yellow
+AKD - pigment ink magenta
®AKD - latex pigment ink yellow
BAKD - latex pigment ink magenta
Unsized - Water
Unsized - 80%Water/20%Glycerin
Unsized - 80%Water/20%Glycol
Unsized - 50%Water/40%Glycerin/10%Hexanediol

Unsized - 60%Water/30%Glycerin/4%Hexanediol/6%Diacetonalcohol
Unsized - dye ink yellow

Unsized - dye ink magenta

Unsized - pigment ink yellow

Unsized - pigment ink magenta

Unsized - latex pigment ink yellow

Unsized - latex pigment ink magenta

WPigmented - Water

WPigmented - 80%Water/20%Glycerin

WPigmented - 80%Water/20%Glycol

4Pigmented - 50%Water/40%Glycerin/10%Hexanediol
PPigmented - 60%Water/30%Glycerin/4%Hexanediol/6%Diacetonalcohol
®Pigmented - dye ink yellow

*Pigmented - dye ink magenta

»Pigmented - pigment ink yellow

+Pigmented - pigment ink magenta

#Pigmented - latex pigment ink yellow

BPigmented - latex pigment ink magenta

4Unsized & Untreated - 50%Water/40%Glycerin/10%Hexandiol
PUnsized & Untreated - 60%Water/30%Glycerin/4%Hexanediol/6%Diacetonalcohol
®Unsized & Untreated - dye ink yellow

#¥Unsized & Untreated - dye ink magenta

*Unsized & Untreated - pigment ink yellow

+Unsized & Untreated - pigment ink magenta

#Unsized & Untreated - latex pigment ink yellow

BUnsized & Untreated - latex pigment ink magenta
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Electronic Supplementary Information to
”The Effect of Viscosity and Surface Ten-
sion on High Speed Inkjet Printed Pico-
liter Dots”

1 DMaterials and Methods

1.1 HSI printhead and drop volume

Evoked from the different viscosity and surface tension of the liquids, the pro-
duced droplets have some deviation in their volume when using the same print
head settings as frequency and electric wave form. Therefore it was necessary
to measure the exact drop volume at each print setting. 500 sheets were printed
with a defined dot pattern. The difference in reservoir liquid before and after
printing divided by the amount of droplets was used to calculate the actual
average drop volume for each setting. The deviation from the target drop size
was at maximum 5% for the 30pl drops and 3.3% for the 120pl drops.

1.1.1 Operational Field of the HSI printhead

The Oh number helps to predict fluid flow break up and thus droplet forma-
tion. It is the ratio between viscous forces to surface tension and inertia. A
higher value indicates a danger for nozzle blocking due to e.g. a too viscous
liquid (Figure 1 in the main article, blue region), where as a too low Oh might
cause drop splashing and satellite drops (Figure 1 in the main article, red region
and area between dashed line and right corner)). According to literature, fluids
with an Ohnesorge value Oh between 0.1 and 1 are jetable in HSI printing. The
Reynolds (Re) number relates the inertial to the viscous forces. The character-
istic length 1 [m] is the nozzle width (0.02 mm). The speed of the droplets was
constant at circa 8m/s. Above the critical Re number the laminar flow turns
into a turbulent flow, the critical value for a tube flow is around 2300. In the
HST field, the Re number is stated to be between 2 and 160 to have a printable
fluid (see Figure 1 in the main article) [1]. A too low Reynolds number can
result in a continuous liquid jet without separation of the drops, see Figure 1 in
the main article, green region, in the main article.

1.2 Print through test (PT)

First a quadratic 5x5cm? square on the backside (BS in Figure 3 in the main
article) of the unprinted paper is imaged in front of a coloured background. It
is important that the colour of this background is identical to the colour of the
test ink. This image gives the pure shine through of the coloured background
without any ink penetration. Then the paper is printed on the top side (TS
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Figure 1: Picture of the printed dot pattern. The dots with an axis ratio below
0.85 are excluded and marked with a red circle. The variability of the drop area
is generated by the heterogeneity of the paper.

in Figure 3 in the main article) and the same 5x5cm? area of the backside of
the now printed paper is imaged again (shown on the right side of Figure 3 in
the main article). The images are taken using a microscope (Alicona Infinite
Forcus) with diffusive illumination to eliminate surface shading effects due to
the paper roughness. The final image of size 5x5cm? is stitched together from
10x10 overlapping images taken by the instrument. Illumination artifacts were
removed by frequency domain image filtering.

The ink penetration index PT [-] is calculated from the ratio between the
gray value of the unprinted sample backside image to the gray value of the
printed sample backside image, Equation 3 in the main article.

1.3 Image analysis of printed dots

The used papers have a gray average of around 220. Axis ratio AR is a shape
descriptor of the dot, where two perpendicular axes are fit to the dot area and
AR [-] is the ratio of the shorter axis length to the longer axis length. A value of
1 describes a perfectly round object, increasingly lower values indicate a more
and more elongated shape.

A printed drop pattern is shown in Fig. 1. Despite detailed evaluation of
the printed dot pattern for developing liquids with good jetability, there is still
some drop splashing. Another point, which needs to be considered is, that due
to small droplet size and low color density of the dots, the dot area on the paper
surface is not always detected correctly. Thus we decided to only evaluate dots
with an aspect ratio higher than 0.85. This filter eliminates all dots which are
fragmented due to image segmentation problems or exhibit drop splashing (i.e.
dots with satellite drops), which are diluting the measurement results. Figure 1
shows the dots as printed in the trial. The picture also indicates drops with AR
below 0.85 (red circles), which are not included in the evaluation. The area of
the droplet is a parameter for drop spreading.

Please note that liquid penetration and liquid spreading have the opposite
effect on light absorption, LA increases with drop spreading (higher dot area A)
and decreases with liquid penetration (lighter dot, hence lower AGA).



1.3.1 Experimental Error

Local variation of paper properties within one sheet is large, leading to large
variations in the local print appearance [2], which has e.g. been shown for local
print density [3] and local printing ink penetration [4]. Thus for quantitative
evaluation of print results it is mandatory to test a large enough specimen area
or several smaller areas sampled from different regions of the paper. We printed
each liquid on 6 different sheets from the same paper grade and analysed 3 to
7 regions of this printed area with at least 1.5 centimeters space between these
regions. Excluding droplets with an aspect ratio less than 0.85, we ended up
with an average amount of 200-600 droplets per liquid paper combination. The
difference is caused by the droplet size itself, bigger droplets need more area
than the smaller ones and thus less drops can be printed in one region with
one nozzle firing. We computed 95% confidence limits for each test result by
counting each evaluated region as one specimen, the number of independent
samples per test point therefore was between 18 and 42, considering that we
tested 6 sheets with 3-7 regions each.
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Electronic Supplementary Information to
”Predicting High Speed Inkjet dot spread-
ing and penetration from ultrasonic and
direct absorption testing and picoliter
contact angle”

1. Ultrasonic Liquid Penetration Measurement (ULP)

Liquid Paper Adhesive Tape  Sample Holder
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Figure 1: Measurement principle of the ultrasonic liquid penetration (ULP) measurement,
drawing not to scale [1, 2].

The Emtec Penetration Dynamics Analyser 2.0 was used for all ultrasonic
measurements. Measurement frequency was set to 2 MHz. The paper samples
were cut to a rectangle of 7Tcmxbem and fastened to the sample holder with a
two sided adhesive tape. In the measurement cell an ultrasonic emitter and an
ultrasonic receiver are placed to the opposite of each other, shown in Figure 1.
When the sample is released into the testing cell filled with liquid, the transmit-
ter instantly starts to send ultrasonic waves through the sample. The receiver
measures the intensity of the ultrasonic signal. Sensor area is a circle with a
diameter of 35mm. The ultrasonic waves are reflected, scattered or absorbed
during the process of liquid penetration, represented through the red lines in
Figure 1. As penetration of the liquid in the substrate proceeds, the receiver
records the changes in the signal. The result is the ultrasound intensity over
time [1].



— 100
=t
Py
‘»
S 95
c L . .
5 sample 1 A intensity
= —sample 2
2 90 *sample 3 At
n
© sample 4
= sample 5
C ]
g5 “mean , |
0 0.1 0.2 0.3 0.4 0.5 0.6

time [s]

Figure 2: The ultrasonic measurement results show the change of ultrasound intensity over

time. Time at the highest intensity t,,[s] is defined as wetting time of the liquid and the slope

of the curve as the penetration speed [%]of the liquid into the paper in [1] [2].

A typical measurement result is shown in Figure 2, it is from the AKD
sized paper with one dye ink. The curves are results from 5 specimen of the
same paper (grey) and their mean value (red). The wetting is represented as the
wetting time, which is the time between liquid contact and the highest intensity.
(wetting time t,, in Figure 2). The longer it takes to reach 100% intensity, the
lower is the wetting. The penetration speed is calculated between the time at
the highest intensity and approximately 200ms for unsized papers and around
1s for hydrophobized papers after this time. The faster the liquid penetrates
into the paper, the higher is the change in ultrasound intensity and the steeper
is the slope of the curve m’ﬁ#’f“ (Figure 2). This is also available in previous
work of our group [2].



2. Automatic Scanning Absorptometer (ASA)

Optical Sensor

Glass capillary tube - Meniscus

Applicator head A
Paper sample

Sample Stage

Figure 3: The automatic scanning absorptometer set up. The applicator head on the paper
sample is moved over the paper, ink is supplied with the liquid via a glass tube. The meniscus
sensor follows the receding meniscus and computes the amount of liquid, which is absorbed in
the paper. Adapted from Enomae et al. [3, 2]

The Automatic Scanning Absorptometer measurement, performed with a
KM500win Automatic Scanning Absorptometer instrument from KRK Kuma-
gai (Japan), provides quantitative information about the liquid absorption as a
function of time on time scales of 10 ms up to 10 s.[3, 4] During an SA measure-
ment, liquid is supplied from a scanning head which moves along a spiral path
on the paper. In Figure 3 one can see the head on the paper sample surface, it
is supplied with the liquid via a tube. The speed of the head moving over the
paper surface is kept constant over a certain part of the track, then it accelerates
stepwise to a higher speed which is then again kept constant. By increasing the
speed the system measures the liquid penetration for different times of contact
between the Orifice and the paper. The ASA measures the total absorbed liquid
volume per unit area. The penetration speed is represented by the slope AZL\YZ/ A
of the curve. The steeper the slope, the higher the penetration speed (Figure 4).
The slope of this curve is calculated within the same time range as the slope of
the Ultrasonic liquid penetration measurement is calculated i.e. a contact time
between approximately 0.031ms and 0.200ms after contact between liquid and
paper was made. This is done for every single liquid /paper combination [2].
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Figure 4: ASA - Measurement results show the absorbed liquid volume (Total Transferred

Liquid Volume per unit Area TLV/A) over time. The slope of the curve [ATAL—\}/Z/A] represents

m

the penetration speed in [ﬁ] [2].
3. Print through test

The print through test can be used as a measure for the penetration depth of
the printed liquid into the paper. For this purpose, the backside of the unprinted
sheet is imaged behind a coloured background. This background has the same
colour as the liquid used for the printing. Subsequently, the sheet is fully printed
on the top side. Finally, the exact same position of the backside of the printed
paper is imaged again. The difference of the grey values between the images
represents the print through value. The measurement procedure is illustrated
in Figure 5.

camera camera

ink penetration

backside up backside up
L A N I
orinting on topside

bs ts bs

Figure 5: print through test: first the backside of the sample is imaged. Second, the topside
of this paper sheet is fully printed. And third, the same area location of the backside, from
the now printed sheet is imaged again. The higher the penetration depth is, the higher is the
difference in gray value of those two images.



4. Sample Preparation for the Ppicoliter Head Contact Angle Mea-
surement

Figure 6: The cartridge is inserted into the dosing head of the picoliter head. This dosing

element is positioned on the membrane cap of the cartridge, enabling to create a pulse which
presses the liquid through the orifice of the cartridge.

(a)

Figure 7: The paper, 90 mm x 50 mm in size, is clamped centrally on the specimen holder
using four magnets to fixate it (Subfigure a). The outer diameter of the plexiglas cylinder is

lem. Importantly can be noted, that the region of the paper where the liquid is applied, is
not in contact with the sample holder (Subfigure b).



5. Picoliter Head Settings for Contact Angle Measurement

Table 1: The settings for the pl dot - production vary with viscosity (7), surface tension (v)
and drop size. Picoliter head settings for droplet generation using the liquid High (1) n - Low
(J) ~v are listed in this table.

dropsize 30pl 60pl
Orifice diameter 30um 50um
Pulse amplitude 92 70
Pulse width 55 52
Pulse frequency 100 100
Sensor treshold 3 3
Number of drops 1 1

Table 2: The settings for the pl dot - production vary with viscosity (n), surface tension (v)
and drop size. Picoliter head settings for droplet generation using the liquid Low (}) 7 - Low
(J) v are listed in this table.

dropsize 30pl 60pl
Orifice diameter 30um 30um
Pulse amplitude 85 100
Pulse width 40 50
Pulse frequency 100 100
Sensor treshold

Number of drops 1 1

Table 3: The settings for the pl dot - production vary with viscosity (n), surface tension ()
and drop size. Picoliter head settings for droplet generation using the liquid High (1) n - High
(1) v are listed in this table.

dropsize 30pl 60pl
Orifice diameter 30um 50um
Pulse amplitude 100 100
Pulse width 100 100
Pulse frequency 100 100
Sensor treshold 0

Number of drops 1 1




Table 4: The settings for the pl dot - production vary with viscosity (7), surface tension (v)
and drop size. Picoliter head settings for droplet generation using the liquid Low (]) n - High
(1) v are listed in this table.

dropsize 30pl 60pl
Orifice diameter 30um 30um
Pulse amplitude 30 30
Pulse width 65 39
Pulse frequency 100 100
Sensor treshold 0

Number of drops 1 1

Table 5: The settings for the pl dot - production vary with viscosity (7), surface tension (v)
and drop size. Picoliter head settings for droplet generation using the liquid center(®) 7 -
center(®) v are listed in this table.

dropsize 30pl 60pl
Orifice diameter 30um 30um
Pulse amplitude 85 90
Pulse width 40 60
Pulse frequency 100 100
Sensor treshold 0

Number of drops 1 1

6. Correlation between Base Diameter of the Drop and HSI Printed
Dot Area
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Figure 8: The coefficient of determination of 30pl HSI printed dot area compared to the base
diameter of 30pl, 60pl, 2ul and 4ul drops at advancing contact time between drop and paper
of the contact angle measurement device.
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Figure 9: The coefficient of determination of 60pl HSI printed dot area compared to the base
diameter of 30pl, 60pl, 2ul and 4ul drops at advancing contact time between liquid paper.
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Electronic Supplementary Information to
”Contact Angle Measurement on Porous

Substrates: Effect of Liquid Absorption
and Drop Size”

1. Detailed Substrate Description

Liquid behaviour is studied on a wide field of substrates [1, 2, 3]. In this
study four types of cellulose sheets are used ranging from strong absorbency to
poor absorption ability, capturing the impact of substrate absorption on liquid
behaviour. Those medias are woodfree papers from an industrial supplier and the
raw material of these. Detailed paper properties are shown in Table 1. The papers
consists of industrial bleached hardwood pulp mainly, filler is scalenohedral PCC
(precipitated calcium carbonate).

e strongly absorbing. Plain paper made of pulp and filler, having no treatment.
This strongly absorbing media is the raw material of the following three
cellulose sheets, being commercial available.

e moderately absorbing. This paper shows reduced liquid absorbency, due to
densification of the bulk by passing the sheet through rolls compressing the
sheet (calendaring). This causes a more closed surface [4]. Bivalents salts
(=primer) have been applied on the substrate surface, increasing ink-pigment
precipitation. Thus, reduction of ink particle movement into media bulk can
be observed [5, 6].

e weakly absorbing. 4 g/m? per side of starch and clay were applied to create a
more homogeneous surface, reducing and uniforming liquid penetration into
paper [7, 8]. A primer was applied too, increasing ink quality due to improved
ink-particle fixation on substrate-surface [5, 6].

e almost non-absorbing. This substrate was heavily treated employing sizing
agents, reducing the surface free energy (see Table 1). This bulk sizing hy-
drophobised the paper. Furthermore, a layer consisting of starch was put
on the substrate surface. The words hydrophobised and sized are used as
synonyms in this publication.

For determination of grammage and filler the EN ISO 536 and the DIN 54370
were followed. Roughness was determined using the Bendtsen Method ISO 5636-
3:2013. The mean hight of ten highest points within the measured area was evalu-
ated using a IFM alicona roughness measurement device, capturing the size scale
of surface roughness. A fast fourier transformation (FFT) - highpass filtering was
used, applying a threshold wavelength of 3.5 mm.



Table 1: Properties of the used substrates, similar to [9].

Properties strong moderately  weakly almost
absorbing absorbing absorbing non
-absorbing
Bivalent salt [g/m?] - - ~ 0.25 ~ 0.25
Pigmentation [g/m?] - - 4 -
Surface starch [g/m?] - - ~ 1 ~1
Hydrophobisation [kg/t] - - - 1
(AKD sizing)
Filler content [%] 22 22 23 14
Grammage [g/m?] 97.2 78.5 79.89 77.2
Porosity [%] 40.3 38.8 23.6 20.6
Average pore diameter [um] 3.9 2.6 3.2 4.9
Roughness [ml/s] 321 50 78 192
Roughness parameter S, [pm] 3.6 2.4 3.1 4
Mean height of ten highest
peaks in evaluated area[um] 35 46 35 40
Dispersive surface energy [m.J/m?] 44 42 43 33
Polar surface energy [m.J/m?] 27 23 22 0.1
Total surface energy [mJ/m?] 71 65 65 33.1
absorbed water
volume [ml/(m2100ms)] 71 48 38 0.6




2. Automatic Scanning Absorptometer (ASA)

Optical Sensor

Glass capillary tube O |  Meniscus

AR

Applicator head A
Paper sample

Sample Stage

Figure 1: The automatic scanning absorptometer set up. The applicator head on the paper
sample is moved over the paper, ink is supplied with the liquid via a glass tube. The meniscus
sensor follows the receding meniscus and computes the amount of liquid, which is absorbed in
the paper. Adapted from Enomae et al. [10].

The Automatic Scanning Absorptometer measurement, performed with a KM500
win Automatic Scanning Absorptometer instrument from KRK Kumagai (Japan),
provides quantitative information about the liquid absorption as a function of time
on time scales of 10 ms up to 10 s [10, 11]. During an SA measurement, liquid is
supplied from a scanning head which moves along a spiral path on the paper. In
Figure 2 one can see the head on the paper sample surface, it is supplied with the
liquid via a tube. The speed of the head moving over the paper surface is kept
constant over a certain part of the track, then it accelerates stepwise to a higher
speed which is then again kept constant. By increasing the speed the system mea-
sures the liquid penetration for different times of contact between the nozzle and
the paper. The ASA measures the total absorbed liquid volume per unit area. The
penetration speed is represented by the slope ATAL\YZ/ A of the curve. The steeper the
slope, the higher the penetration speed (Figure 3).

The highest slope is observed for the absorptive media exhibiting the highest ab-
sorption rate. The hydrophobised media shows almost no liquid uptake, regardless
of the contact time, reflected by the very low absorbed water volumes.
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Figure 3: The transferred liquid volume is plotted versus the contact time between applicator
head (nozzle) and substrate. The strongly absorbing sheet shows the highest liquid uptake,
independent of the contact time. In contrast to that, the almost non-absorbing media exhibits a
very low imbibed water volume.



3. Sample Preparation for the Picoliter Head and Nanoliter Setup Con-
tact Angle Measurement

Figure 4: The cartridge is inserted into the dosing head of the picoliter head. This dosing element
is positioned on the membrane cap of the cartridge, enabling to create a pulse which presses the
liquid through the orifice of the cartridge.

Figure 5: The paper, 90 mm x 50 mm in size, is clamped centrally on the specimen holder using
four magnets to fixate it (Subfigure a). The outer diameter of the plexiglas cylinder is 1 cm.
Importantly can be noted, that the region of the paper where the liquid is applied, is not in
contact with the sample holder (Subfigure b).



4. Detailed Description of Drop Production

e Picoliter drops: The pl contact angle measurements were performed using a
dataphysics OCA200. The picoliter setup of this instrument creates drops
of different sizes: 30 pl, 60 pl, 120 pl, 240 pl, 480 pl and 960 pl. Generation of
960 pl drops was done shooting two droplets in a row, coalescing before im-
pingement on the surface of the substrate. The test liquid is sucked through
an orifice into a cartridge using a standard micro-pipet combined with a spe-
cial dataphysics attachment. The cartridge is then inserted into the dosing
element of the pl head. This dosing element is positioned on the membrane
cap of the cartridge, enabling to create a pulse which squeezes out the liquid
through the orifice of the cartridge (Figure 3). The diameter of this opening
can be adjusted by using cartridges with different sized orifices. Any liquid
can be used for pl droplet generation as long as it can be sucked and squeezed
out of the cartridge. The parameters pulse amplitude, pulse width and pulse
frequency of the pulse can be varied for the individual dosing processes, de-
pending on the used testing fluid and drop size. The sensor threshold is a
measure for the applied negative pressure, in the cartridge to prevent lig-
uid leakage through the orifice. The higher this value, the higher will be
the negative pressure in the cartridge, being zero for ambient conditions.
The parameters are adjusted in order to guarantee a stable drop production.
The settings are varied as long as the desired drop volume applied on a non-
absorbing aluminium foil is achieved, without having liquid volume reduction
by absorption. The optimal settings can be found in Table 2-7 for each used
liquid. The paper, 90 mm x 50 mm in size, is clamped centrally on the self-
built specimen holder using four magnets to fixate it, illustrated in Figure
4a. Here, it is important that the paper area, were the liquid is applied on
the surface, is not in contact with the sample holder (Figure 4b).

e Nanoliter drops: nl drops are created employing the OCA200 nanoliter setup.
We create drops with a volume of: 5nl, 15nl, 30nl, 60nl, 120 nl, 240 nl and
480nl. This set up utilizes a tube with a shutter, generating a falling liquid
beam. The longer the pulse time [ms], and thus the longer the valve is open,
the bigger is the liquid volume released by the nl-setup. The liquid volume
is applied on a non-absorbing aluminium foil to obtain the corresponding
settings, without having liquid volume reduction by absorption. This system
only operates with water. The settings for the individual drop sizes are
listed in Table 8. The substrate sample is put on the same sample holder
as utilized during the pl measurement, illustrated in Figure 4a in the ESI,
also guaranteeing no contact between liquid application area on the sheet and
sample holder (Figure 4b).



e Microliter drops: The measurement of ul drops was carried out with a Fibro
DAT 1100 instrument [12], often used in industry due to the easy drop pro-
duction. It generates droplets by pushing out the liquid drop of a tube with
defined void volume, now filled with the tested fluid. Thus, a liquid drop
of 1ul, 2l or 4 pul is created. Detailed description of this procedure can be
found in previous work of our group [13]. Any liquid can be used for drop
production in the lower pl range as long as it does not clog the tube. The
collected fluid at the end of the tube creates a hanging drop and is slashed
off with a spring, falling on the substrate. Also here, the region of paper were
the liquid is applied is not in contact with the sample holder.



5. Picoliter Head Settings for Contact Angle Measurement

Table 2: Picoliter head settings for droplet generation using water are listed in this table.

Drop size [pl] 30 60 120 240 480 960
Orifice diameter [pm | 30 30 70 70 100 100
Pulse amplitude 83 66 65 93 88 88
Pulse width 27.5 30.6 294 38.8 41.5 41.5
Pulse frequency [Hz| 100 100 100 100 100 9500
Sensor treshold 0 0 0 0 0 0
Number of drops 1 1 1 1 1 2

Table 3: The settings for the pl dot-production vary with viscosity (n), surface tension (v) and
drop size. Picoliter head settings for droplet generation using the liquid with the lowest surface
tension v = 26.8 [mN/m)] are listed in this table.

Drop size [pl] 60 120 240 480
Orifice diameter [pum | 30 100 100 100
Pulse amplitude 100 80 95 100
Pulse width 50 45 68.5 88
Pulse frequency [Hz| 100 100 100 100
Sensor treshold 2 3 3 3
Number of drops 1 1 1 1

Table 4: The settings for the pl dot-production vary with viscosity (7)), surface tension (v) and
drop size. Picoliter head settings for droplet generation using the liquid with a surface tension ~y
of 27.5 [mN/m)] are listed in this table.

Drop size [pl] 60 120 240 480
Orifice diameter [pm | 50 50 100 100
Pulse amplitude 70 85 87 87
Pulse width 52 60 50 70
Pulse frequency [H z] 100 100 100 100
Sensor treshold 3 4 3 3
Number of drops 1 1 1 1




Table 5: The settings for the pl dot-production vary with viscosity (7)), surface tension () and
drop size. Picoliter head settings for droplet generation using the liquid with a surface tensions
of v = 43.5 [mN/m)] are listed in this table.

Drop size [pl] 60 120 240 480
Orifice diameter [pm | 30 30 100 100
Pulse amplitude 90 95 95 95
Pulse width 60 86 50 53
Pulse frequency [H z] 100 100 100 100
Sensor treshold 0 0 0 0
Number of drops 1 1 1 1

Table 6: The settings for the pl dot-production vary with viscosity (1), surface tension (v) and
drop size. Picoliter head settings for droplet generation using the liquid with a surface tension of
v = 67.6 [mN/m)] are listed in this table.

Drop size [pl] 60 120 240 480
Orifice diameter [pm | 50 70 100 100
Pulse amplitude 100 100 90 90
Pulse width 100 70 60 55
Pulse frequency [Hz| 100 100 100 100
Sensor treshold

Number of drops 1 1 1 1

Table 7: The settings for the pl dot-production vary with viscosity (n), surface tension (v) and
drop size. Picoliter head settings for droplet generation using the liquid with a liquid surface
tension of v = 70.5 [mN/m] are listed in this table.

Drop size [pl] 60 120 240 480
Orifice diameter [pum | 30 30 70 100
Pulse amplitude 30 5 95 85
Pulse width 39 50 30 35.5
Pulse frequency [Hz| 100 100 100 100
Sensor treshold 0 0 0 0
Number of drops 1 1 1 1




6. Nanoliter Dispenser Settings for Contact Angle Measurement

Table 8: The settings for the nl dot-production vary with drop size. Nanoliter head settings for
droplet generation using water are listed in this table.

Drop size [nl] ) 15 30 60 120 240 480
Pulse time [ms] 0.988 1.5 3 6 12.5 26 52

7. Values of the Mean pl and pul Contact Angle

Table 9: Contact angle of mean pl and mean pl and the corresponding 95 % confidence intervals
of the used liquids, scaling with the surface tension () on the almost non-absorbing substrate.

time [ms] 0 0 0 0 10 10 10 10

°] Op 95% CI O 95% CI Oy 95% CI O, 95% CI

Yiow 55.81 9.24 47.35 13.1 21.1 5.9 474 9.10
79.00 7.31 66.63 15.70 30.80  5.99 66.6 15.70
73.91 7.40 94.10 7.75 63.4 15.9 94.1 7.80
95.92  5.80 116.04 4.76 85.00 12.1 116.04  4.70
71.85 19.58 107.63 4.80 66.40 13.5 107.6 4.80

Yhigh 78.77  5.37 94.00 9.20 74.10  2.00 94 9.20

Table 10: Contact angle of mean pl and mean pul and the corresponding 95 % confidence intervals
of the used liquids, scaling with the surface tension () on the weakly absorbing substrate.

time [ms] 0 0 0 0 10 10 10 10

] O, 9%Cl O,  95%Cl O, 9%Cl ©,  95%CI

Yiow 63.26 13.21 37.53 8.00 16.38  4.30 37.53 8.00
80.50  9.50 60.10 13.20 2248 6.43 60.10 13.20
54.50  26.89 79.63 7.50 35.84 21.16 79.63 7.45
94.65 11.13 100.67 1.80 71.10 4.55 100.67 1.75
73.85 16.61 90.52 6.70 66.10 16.20 90.52 6.73

Vhigh 63.12 4.86 77.08 7.30 38.00 7.53 77.10 7.23
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Table 11: Contact angle of mean pl and mean ul and the corresponding 95 % confidence intervals
of the used liquids, scaling with the surface tension () on the moderately absorbing substrate.

time [ms] 0 0 0 0 10 10 10 10

°] Op 95% CI O 95% CI Oy 95% CI O, 95% CI

Yiow 63.94 8.10 35.10 9.850 15.56  3.46 35.10 9.85
79.65 14.15 68.24 12.22 20.50 5.43 58.24 12.22
77.62 16.70 80.38 8.92 38.85 47.06 80.38 8.92
89.70  12.50 105.23  1.90 70.15  3.56 105.27  1.90
77.86 17.72 91.01 5.23 60.13 8.19 91.01 5.23

Yhigh 60.40 1.76 74.44 11.02 3447  6.96 17.44 11.02

Table 12: Contact angle of mean pl and mean pul and the corresponding 95 % confidence intervals
of the used liquids, scaling with the surface tension () on the strongly absorbing substrate.

time [ms] 0 0 0 0 10 10 10 10

] O, 9%CI ©,  9%CI O, 95%Cl ©, 95%CI

Viow 56.37  7.70 35.10  9.850  14.72 1.92 37.70  9.14
73.55 11.09 68.24 9.22 23.10 5.87 60.85 9.54
62.45 42.29 80.38 8.92 17.30 491 71.76  6.67
81.19  20.36 105.23  1.90 50.30 28.96 88.08 4.00
62.97 18.03 91.01 5.23 20.77  6.74 60.29 6.11

Vhigh 47.20  3.98 74.44 11.02 10.04 8.74 4795 9.64
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List of Figures
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A liquid drop is applied on a flat substrate, triggering interaction between

fluid and media. A tangent is drawn to the drops outline at the three-phase

contact point and the angle between the tangent and the flat substrate is

designated as contact angle O, being a measure for the interaction of liquid

and substrate. The contact angle is controlled by the surface tension of the

liquid (y4,), the interface tension between substrate and liquid (y,;) and the

surface energy of the substrate (ys,). High contact angle © (> 90°) can be

observed, when bad wetting occurs. Good wetting, and thus high spreading

on the surface is indicated by a low contact angle, © < 90°. Adapted from

Yuanetal. [19]| . . . . . . . .

)

a.) Illlustration of the contact angle © according to Young [26] on a tlat and

smooth surface. b.) and c.) illustrate different wetting states on rough sur-

taces a drop might exhibit. b.) Cassie-Baxter state wetting assumes, that

the wetting liquid entraps air, creating a composite-like interface [31]. c.)

According to Wenzel the liquid fully adopts to the surface topography and

complete wetting takes place. Picture adapted from [32[.] . . ... ... ...

23

a.) lllustration of a hydrophilic area in a hydrophobic region, b.) a rough

area surrounded by a smooth region. d is the area diameter and D repre-

sents the liquid droplet diameter. Here, d and D have similar dimensions

and the results of the Cassie-Baxter equation are not in accordance with the

experimental data [B8].] . . ... ... ... ... ... oo

!

MMMustration of cohesion (a) and adhesion (b) [B1]. Two cylinders of liquid

L; with surface tension y; are conjunct, the work to cohere the columns is

the negative cohesion work —w$$" (a). Combining liquid blocks of L; and L,

with corresponding surface tension y; and y,, the negative adhesion work

—w? is the work to adhere these two immiscible liquids (b). Y1, represents

the interfacial tension between the two liquid columns.|. . . . . ... ... ..
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o5

At the interface region between solid and liquid the molecules are aftected

by the bulk attractive forces of each phase. Here, only dispersive forces

(\/ i x yf ') act across the interfacial area. Adapted from Fowkes [51].

15

06

Regression line to determine the surface energy s, of the substrate. Each

point represents another liquid with defined surface tensions vy, y;iv and ylpv.

The measured contact angle © of each liquid on the same substrate changes

due to the change of surface tension of the three fluids. The slope and the

y-intercept give the polar part yi, and dispersive part 1%, of the substrate

surfaceenergy. | . . . .. ...

p.7

Liquid rise in parallel capillaries. O is the contact angle between liquid and

wall; R is the radius of the capillary [25]. For a positive Laplace pressure a

contact angle < 90° is observed (left). A negative Laplace pressure occurs

for contact angles > 90° (right) [67]] . . . . . . ... .......... . ...

P38

Capillaries with non-parallel walls creating pore divergence (left) and con-

vergence (right). Penetration takes place as long as the contact angle is lower

than 90° plus the inclination of the wall, © < w +90° [59]]. . . . .. ... ..

P9

Divergence and convergence [60] in one pore. A high amount of disconti-

nuities can be expected in the paper network due to fibre bonding [61]. a.)

Beginning of penetration for © 4 w; < 90°. b.) Imbibition velocity increases

for © + wy, < O + wq, causing a jump of the liquid front into the pore. c.)

Fluid movement slows down for © + w3 and stops if © + w3 >90° . . . . .

.10

(a) Illustration of fibres creating a pore. b.) liquid wetting at three different

progress steps b.1) liquid moves along channels, created by the fibre overlap

or along grooves in the tibre wall, operating as half open capillaries b.2) Fluid

fronts of the two fibre channels have emerged, travelling now as fluid front,

exhibiting one meniscus. b.3) The liquid penetrates into the created inter-

tibre pore as long as a curvature of the fluid front is given. c) Small pores

can be filled by initial wetting of the pore walls, followed by emerging of the

wetting fronts and the liquid bulk, filling the pore. d.) shows a large pore

with the same initial pore wall wetting as observed in c.). However, in this

case the Laplace pressure is too low for turther penetration, thus only partial

wetting of pore edges can be observed due to liquid movement along fibres

and fibre-fibre created grooves [20] 164, 65]. Picture adapted from Roberts
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pIT

Water with fluorescent particles moving along a fibrous paper layer [69]. The

time between the pictures is 3 s. First, liquid wets the tibres and moves along

grooves between two bonded fibres, creating a finger-like front. Followed by

liquid movement into thepores. | . . . . ... ... ... ... o000

P12

Ink drop penetration into paper coatings having ditferent size distributions.

Coatings with narrow pore size distribution have more void volume and

allow deeper penetration (left) compared to coatings with high particle size

inhomogeneity (right). The rapid imbibition into a layer of similar sized

particles causes a decrease in ink gloss due to reduced levelling [71]] . . . . .

P13

Hlustration of 1,3-propanediol penetration length calculated employing

Lucas-Wahsburn equation, Bosanquet equation and inertial flow equation

for capillary diameters of r =1 um and r = 1 mm. It shows a changeover for

the Bosanquet equation to the LW equation at ditferent process conditions

LRI e

P14

Normalised spreading diameter D, (t) versus penetration length ¢, (f) [m].

(t) indicates, that both parameters change with increasing contact time be-

tween drop and substrate. Same symbols represent the same liquid at dif-

ferent contact times. Both parameters decrease with an increase of viscosity,

showing worse wetting and lower penetration [123]]. . . . . .. ... ... ..

B

Iustration of drop on demand print heads. The ink is pushed out of the ink

chamber either by (a) a bubble created by evaporation or by (b) oscillating of

a piezoelectric element [62]| . . . . . ... oo o oo

B2

Schematic illustration of a continuous inkjet print head. Droplets are cre-

ated continuously, either applied on the paper or redirected into a collecting

gutter [132]. (a) Illustration of a binary detlected system. Here, the charge

electrodes charge the drop to redirect it into the gutter. (b) For a multiple

detlected system, the uncharged drops are collected in the gutter for reuse.

The droplets exhibit different charges, and thus can be redirected to different

areas on the paper using the high voltage deflection plates [62,130]. . . . . .

38

B3

Drop generation by Drop-on-Demand. Liquid is squeezed out of a print

head nozzle. The tluid beam breaks-up after ejection. The ink is separated

into one main drop and several satellite drops [134] . . ... ... ... ...
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B4

Waterbased ink drop behaviour after impact on paper, adapted from [62].

First, the ink drop spreads on the substrate surface, increasing the dot area.

Second, the drop collapses due to liquid imbibition into the paper, starting

drop drying. Finally, volatile components evaporate. | . . . . . ... ... ...

B5

Summary of process parameters applied in different inkjet printing meth-

ods. Depending on the drop generation viscosity needs to be adjusted. With

different drop production methods the drop size changes, leading to a dif-

ference in ink Jayer thickness on the paper surface after drying [15, 130].

Schematic illustration of measurement methods plotted over liquid amount

and time resolution. Static measurements, giving one result value are

coloured in red, whereas methods with high time resolution are pictured

in blue. In the case of dynamic methods (blue circles), the last line contains

| he Rich the T i 15 achieved ULD ] I l

ultrasonic liquid penetration test, ASA for automatic scanning absorptome-

ter and HST indicates the Hercules sizing test. | . . . .. ... ... ... ...

E2

Ultrasonic liquid penetration test-principle: ultrasonic waves are absorbed,

retlected and scattered while transmitting through the paper. During the

wetting and penetration of liquid, the signal changes, and thus captures pen-

etration and wetting [139]. . . . ... ... ... o o oo

%

Measurement result curve of ULP, plotting ultrasound intensity over time.

The time t,, [s] is a measure for wetting, long wetting times can be observed

for bad wetting. The slope of the curve represents the penetration speed

Aintensity

A [70/s], showing a steeper decline for faster absorption [Im]l .....

46

Bz

a.) The Bristow Wheel uses a nozzle to apply liquid onto a paper stripe

[ mounted on a wheel [140]. Faster movement of the wheel results in an in- |

creased substrate velocity and is accompanied with a decrease of contact time

between nozzle and paper [141]]. b.) In the result curve of the Bristow Wheel

absorption test, transferred liquid volume is plotted versus the contact time

between nozzle and paper [140, 142]. The slope of the curve is giving liquid

penetration speed. Figure adapted from Hamada et al. [142]| . . .. ... ..
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E5

Automatic scanning absorptometer: liquid is applied via a nozzle (applicator

head) on the substrate. The transterred liquid volume is observed by the

movement of the fluid’s meniscus in the glass tube, detected by an optical

sensor. The movement of the sample stage defines the contact time between

nozzle and substrate. An increase of velocity, reduces the contact time [103,

i

a.) Automatic scanning absorptometer result curve. It plots the transterred

liquid volume per unit area versus the root of contact time. A high slope

ATAL\‘;EA can be observed for fast liquid penetration into the paper. b.) Auto-

matic scanning absorptometer result curve with rescaled x-axis. The rescal-

ing of the curve was conducted via implementation of the Lucas-Washburn

equation. The slope of the curve, which uses one defined paper-liquid sys-

tem, represents the theoretically calculated cos(©)w and can be interpreted

as a wetting parameter determined from liquid absorption [103]]| . . . . . . .

49

a7

[lustration of the Hercules Size Tester. The paper sample is fixed above a

light source and a transducer. After liquid application, the change in re-

tlectance due to penetration is captured by the transducer 147[ ... ..

i3

Result curve of the Hercules Size test is shown in this diagram. Reflectance

is plotted versus time. Fast penetration causes a steep slope of the curve,

adapted from [147]]. The time at a reflectance ot 85 % is the HST value [149] |

d9

A typical picture sequence taken by a contact angle device [103]. The calcula-

tion of the remaining drop volume (V) and drop diameter (x) is implemented

for each frame the device has captured. Furthermore, a tangent is fitted onto

the droplets surtace at the three-phase contact point, obtaining the contact

angle © between tangent and substrate surface. High contact angle values

can be observed, when bad wetting occurs. | . . .. ... ... ... ...,

E10

The result plot shows the observed contact angle over time. The initial con-

tact angle is a measure for wetting, whereas the slope of the contact angle

decay captures a combination of liquid wetting and penetration into the pa-

per [103].f . . . . . . . .
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BT

[lustration of the ink penetration test. First, the backside (BS) of the un-

printed paper is imaged. Second, the top side is printed and finally the same

area of the backside of the now printed sheet is imaged again. The darken-

ing of the paper backside caused by printing is a measure for ink penetration

into the paper. A high print through value, which is defined in Equation 4.1}

1s accompanied with high liquid imbibition [131]| . . . . ... ... ... ...
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E12

Cross section image. The penetration of the black ink can be seen due to

colouring of the paper[58]. | . . . . .. ... ...

E13

a.) Picture of the scalpel cutting process. b.) Three step evaluation of the

scalpel cutted sample. b.A.) Image of the cross section is obtained using

retlected-light microscopy. b.B.) Image analysis detected the ink coloured

paper area b.C.) Measurement lines with a gap of 5 um are used to detect

the penetration depth [152]. Thus, every 5 um a penetration depth value is

obtained. | . . . . . .. e
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