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Mission Statement
The Coatings Science International Conference endeavors to be the leading European Conference on
the Science and Technology of Coatings. By creating strong international bonds and by inviting topnotch speakers from around the world, we create a high-quality platform for free exchange of scientific
knowledge between both academic and industrial scientists, which will strengthen the innovation
power of the global coatings community.
Just another Coatings Conference?
Where other Conferences primarily try to reach a broad public and focus on commercial
applications of new technologies, this Conference intends to focus on the scientific backgrounds of
the newest technological developments relevant to Coatings.
In the convenient setting of 5-star hotel on the North Sea beach and with a maximum up to 120
participants, Coatings Science International 2019 will breathe the atmosphere of a Gordon-type
conference, reminiscent of the famous Athens Conferences (1974-2003). High-quality speakers,
ample time for scientific discussions, and every opportunity to establish rewarding contacts are
Conference values we want to uphold.
Organizing Committee CoSI 2019
Assoc Prof Dr Catarina Esteves (chair)
Prof Dr Mats Johansson (co-chair)
Prof Dr Wolfgang Bremser
Prof Dr Rolf van Benthem
Dr Keimpe van den Berg
Prof Dr Stuart Croll
Dr Catherine Dekerckheer
Dr Horst Hintze-Bruening
Dr Matthew Gebhard
Prof Dr Bert de With
Prof Dr Limin Wu
Assoc Prof Dr. Soeren Kiil

Eindhoven University of Technology, The Netherlands
KTH Royal Institute of Technology, Sweden
Universität Paderborn, Germany
Eindhoven University of Technology, The Netherlands
AkzoNobel, The Netherlands
North Dakota State University, USA
Institut Meurice, Belgium
BASF Coatings GmbH, Germany
DSM Coating Resins, The Netherlands
Eindhoven University of Technology, The Netherlands
Fudan University, P.R. China
DTU, Denmark
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Local Organization

Chair: Dr Catarina Esteves
Catarina Esteves received her PhD in 2007, from the Chemistry Department of
University of Aveiro in Portugal. During the doctoral period she was a visiting
researcher at Carnegie Mellon (Pittsburg, USA) and University of Manchester
(UK) working on the grafting of polymers from functionalized inorganic
nanoparticles, via in situ controlled/living polymerizations.
After the PhD, she moved to the Netherlands for a Post-Doc at the Laboratory of
Materials Interface Chemistry at Eindhoven University of Technology (TU/e). In
2009 she became Assistant Professor at the Chemical Engineering and Chemistry
Department of TU/e. In 2015, she moved to the Laboratory of Physical Chemistry
at TU/e and became Associate Professor.
Her current research interests are functional & smart coatings, colloids and
polymers at surfaces & interfaces. At TU/e she teaches courses on Coatings
Sience & Technology and Nanomaterials. She has published more then 50 peer
reviewed scientific pappers, 3 (co)-authored book chapters and a patent.

Co-Chair: Prof Dr Mats Johansson
Mats Johansson obtained his PhD in 1992 at the department of Department of
Polymer Technology, KTH, Stockholm, Sweden on a thesis entitled “Allyl ether
modified polyester resins”. He then moved to a post-doc position at EPFL,
Lausanne, Switzerland before returning to KTH as a researcher in 1993. Mats
Johansson is since 2006 a professor in Polymer Technology at the department of
Fibre and Polymer Technology, KTH. He is also since 2011 head of the
department of Fibre and Polymer Technology, KTH.
The focus of Mats Johansson research is on polymer thermosets for thin film
applications e.g. organic coatings. He has conducted research in this field on
topics ranging from synthesis of new thermoset resins, crosslinking chemistry,
structure – property relationships of coatings, to studies on crosslinking processes.
Mats Johansson has published more than 125 scientific peer reviewed papers and
40 other publications (review papers, peer reviewed conference papers, book
chapters, patents).
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Monday 24 June 2019
20:00 – 22:00 Registration / Reception

Tuesday 25 June 2019

8:45 – 9:00

Opening

Chair: Catarina Esteves

PLENARY SESSION: COATINGS CHEMISTRY (I)

Chair: Mats Johansson

9:00 – 9:30

F. du Prez
University of Ghent, Ghent, Belgium
Novel chemistries for coating resins [O1]

9:30 – 10:00

B. Noordover, N. Looij, J. Kalis, R. Koeken, F. Van Wijk, E. De Wolf, M. Gessner, R.
Brinkhuis, Y. Zhang, T., Buser, F. Lunzer
Allnex, Bergen op Zoom, the Netherlands
2K Michael addition coating systems with enhanced adhesion robustness [O2]

10:00 – 10:30

J. Trzaskowska, J. Kozakiewicz, W. Domanowski, A. Kieplin
Industrial Chemistry Research Institute Warsaw, Warsaw, Poland
Aqueous dispersions with hybrid particle structure containing silicones and acrylic/styrene
polymers [O3]

10:30 – 11:00

Break

PLENARY SESSION: APPLIED COATINGS (I)
11:00 – 11:30

11:30 – 12:00

Chair: Keimpe van den Berg

J. Honzíček, I. Charamzová, J. Vinklárek, I. Císařová
University of Pardubice, Pardubice, Czech Republik
Vanadium-based driers suitable for solvent-borne and high-solid formulations of air-drying
paints [O4]
S. P.W. Govers, L.G.J. van der Ven, G. de With, A. C. C. Esteves
Eindhoven University of Technology, Eindhoven, the Netherlands
Surface segregation of silicon-containing block copolymers in coatings [O5]

12:00 – 12:30

C. J. Brett, L. D. Söderberg, M. K. Johansson, S. V. Roth
KTH, Stockholm, Sweden
In situ X-ray study on roll-to-roll spray deposited nano cellulose thin films [O6]

12:30 – 14:00

Buffet Lunch

PLENARY SESSION: COLLOIDS & POLYMERS DISPERSIONS
14:00 – 14:30

Chair: Mats Johansson

F. Y. de Boer, R.N.U. Kok, A. Imhof, K.P. Velikov
Utrecht University, Utrecht, the Netherlands
Colloidal colorants from water insoluble proteins [O7]
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14:30 – 15:00

15:00 – 15:30

15:30 – 16:00

A.J. Reuvers, H.A. Langermans
DSM Coating Resins, Zwolle, the Netherlands
Emulsifying ionic apolar polymers in water. Understanding the process [O8]
N. Tomozeiu, P. Pandit, E. Schork, S.V. Roth
Océ Technologies, Venlo, the Netherlands
Using micro-GISAXS in studying latex film formation on non-absorbent
substrates [O9]
Break

PLENARY SESSION: FUNCTIONAL COATINGS (I)
16:00 – 16:30

16:30 – 17:00

17:00 – 17:30

19.00 – 22:00

Chair: Catherine Dekerckheer

C.A. Schaumberg, G.J. Patzelt
ACTEGA, Lehrte, Germany
Towards Functional Barriers in Aqueous Coatings via Synthetic Silicates [O10]
A. Féat, P. Taylor, M. Kamperman, W. Federle, J. van der Gucht,
M.W. Murray
AkzoNobel, Slough, United Kingdom
Slippery paints: how tuning polymer and pigment size can prevent insects from
walking on walls [O11]
C. Lemesle, A.S. Schuller, M. Casetta, S. Duquesne, S. Bourbigot, M. Jimenez
Lille University, Lille, France
Design of bio-based self-stratified coatings targeting flame retardant
applications: a systematic approach [O12]
Conference Barbecue
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Wednesday 26 June 2019
PLENARY SESSION: COATINGS CHEMISTRY (II)
8:45 – 9:15

9:15 – 9:45

9:45 – 10:15

10:15 – 10:45

S.V. Roth, C. J. Brett, S. Montani, R.A.T.M. van Benthem, G. Griffini,
M.K.G. Johansson
KTH, Stockholm, Sweden; DESY Deutsches Elektronen-Synchrotron.
Hamburg, Germany.
Unraveling the dynamics of photopolymerization in thin films in real time [O13]
M.G. Unthank, C. Cameron, A. Wright, A. Alam, M.R. Probert
Northumbria University, Newcastle, United Kingdom
Amino-borate complexation for controlling transport phenomena of penetrant
molecules into polymeric matrices [O14]
J.P. Drijfhout, A. Urmanova, P. Buijsen
DSM Coating Resins, Zwolle, Netherlands
Characteristics and properties of imide building blocks in polyester powder
coating applications [O15]
Break

PLENARY SESSION: CHARACTERIZATION & MODELLING (I)
10:45 – 11:15

11:15 – 11:45

11:45 – 12:15

12:15 – 12:45

Chair: Rolf van Benthem

Chair: Stuart Croll

I. Alig, D. Tenzer, D. Lellinger
Fraunhofer LBF, Darmstadt, Germany
Interplay of oxygen inhibition and inhibition by scavengers during
free-radical polymerization of methacrylate resins: Inhibition period and formation
of an unreacted surface layer [O16]
A. Ambarkar, S. Edmondson, K.J. van den Berg
University of Manchester, Manchester, United Kingdom; AkzoNobel,
Sassenheim, the Netherlands.
Exploring AFM-IR in practical polymer coating characterization [O17]
N. Guettler, Q. Ye, P. Knee, O. Tiedje
Fraunhofer Institute for Manufacturing Engineering and Automation IPA,
Stuttgart, Germany A framework for initial droplet conditions in numerical spray
painting by electrostatically assisted rotary bell atomizer [O18]
C.H. Lo, B. Luigjes, S.R. Gibbon, S.B. Lyon, L.A. Fielding
University of Manchester, Manchester, United Kingdom; AkzoNobel,
Sassenheim, the Netherlands Investigation into the role of coalescent and surfactant
additive on the anticorrosive properties of waterborne acrylic coatings [O19]

12:45 – 14:00

Buffet lunch

14:00 – 21:00

Social program
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Thursday 27 June 2019
PLENARY SESSION: DURABILITY & CORROSION (I)

8:45 – 9:15
9:15 – 09:45

09:45 – 10:15

10:15 – 10:45

R. Bongiovanni, S. Dalle Vacche, A.Vitale, G. Mariggiò, M. Corrado
Politecnico di Torino, Torino, Italy
UV-cured coatings for the protection of glass from stress-corrosion [O20]
A. Cervellera-Dominguez, X. Zhou, P. Visser, C. Avendano, S.R. Gibbon
Manchester University, Manchester, United Kingdom; AkzoNobel,
Sassenheim, the Netherlands The effect of the polymeric matrix on the leaching
behavior of corrosion inhibitors for active corrosion protection [O21]
V. Upadhyay, X. Qi, D. Battocchi
North Dakota State University, Fargo, USA
Electrochemical investigation of the effect of blister in organic coating [O22]
Break

PLENARY SESSION: DURABILITY & CORROSION (II)
10:45 - 11:15
11:15 – 11:45

11:45 – 12:15

12:15 - 12:45

12:45 - 14:00

Chair: Keimpe van den Berg

Chair: Stuart Croll

E. Jalilian, G. Van Assche, H. Terryn
Vrije Universiteit Brussel, Brussels, Belgium
Water permeation in coatings [O23]
T. Krawczyk, M. Dornbusch, J.S. Gutmann
Hochschule Niederrhein University of Applied Sciences, Krefeld, Germany
Characterization of water and electrolyte transports in autophoretic corrosion
protection coatings by means of optical spectroscopies and electrochemical
impedance spectroscopy [O24]
E. Bonetti, F.R. Siperstein, G. Scott, S.R. Gibbon
University of Manchester, Manchester, United Kingdom; AkzoNobel, Malmö, Sweden
A Cellular Automata model for the release of corrosion inhibitors from primer
coatings [O25]
N. Ortie, S.C. Rodriguez, C.E. Weinell, H. Bi, B.S. Varela, Á.R. Ruiz,
K. Dam-Johansen
Technical University of Denmark, Lyngby, Denmark
Anticorrosive coatings degradation: Comparison between in-lab accelerated tests
and field exposure [O26]
Buffet Lunch

14:00 – 15:15 Poster Session I
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PLENARY SESSION: Functional Coatings (II)
15:15 – 15:45
15:45 – 16:15

16:15 - 16:45

16:45 – 17:15

Chair: Keimpe van den Berg

S. Joshi, M. Rosso, G.van Ewijk
AkzoNobel, Sassenheim, the Netherlands
Additives approach for universal stay clean coatings and the challenges thereof [O27]
F.H.Blaikie, S.Holberg, R. Losada, F. David
Danish Tehcbology Institute, Aarhus, Denmark
Coatings to induce drop-wise condensation on surface condensers in thermal power
plants [O28]
A. Brinkmann, V. Stenzel, W. Bremser
Fraunhofer Institute for Manufacturing Technology and Advanced Materials
IFAM, Bremen, Germany
Self-structuring materials base on Thiol PDMS PEG Acrylates as anti-bacterial and foul
release coating [O29]
K. Weber, A. Krug, M. Keuerleber
Fraunhofer IPA, Stuttgart, Germany
Influence of polymer additives in polypropylene on coating adhesion [O30]

18:00 – 19:30

Poster Session II, including drinks

19:45 – 22:00

Buffet Dinner
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Friday 28 June 2019
PLENARY SESSION: COLOR & ADDITIVES

8:45 – 9:15
9:15 – 9:45

9:45 – 10:15

10:15 – 10:45

H. Liang, S. Vignolini
University of Cambridge, Cambridge, United Kingdom
Bio-inspired Photonics: from nature to applications [O31]
D. Ressnig, J. Sobczak, M. Westmeyer, J. Vyorykka, J.-P.
Lecompte
Dow Chemical Company, Horgen, Switzerland
Color retention in high PVC silicone-dispersion coatings [O32]
L. Karlson, W. He
Nouryon, Stenungsund, Sweden
Effect of cellulose ethers on the drying and open time of waterborne
paints [O33]
Break

PLENARY SESSION: APPLIED COATINGS (II)

10:45 – 11:15

11:15 – 11:45

11:45 – 12:15

Chair: Horst Hintze-Bruening

Chair: Matthew Gebhard

T.E. Glier, S. Scheitz, L. Akinsinde, B. Grimm-Lebsanft, T. Matsuyama,
K. Schneider, M. Schwartzkopf, S.V. Roth, M. Rübhausen
DESY, Hamburg, Germany
Flexible and Conductive Silver-Nanowire Polymer Composites – Investigating
their Deformation, Electrical Properties and Applicability for 3D Printing -- [O34]
M. Jawerth, M.K.G. Johansson, M. Lawoko
KTH, Stockholm, Sweden
Lignin based thermosets and the effect of fractionation on material properties [O35]
K.M.J. Enekvist, G.M. Kontogeorgis, X. Liang, X. Zhang, K. Dam-Johansen
Technical University of Denmark, Lyngby, Denmark
Property estimation and database of pigment properties for paint design [O36]

12:15 – 13:00

Closing and Awards Presentation

13:00 – 14:15

Buffet Lunch
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Quick Conference Guide
Monday 24 June 2019
20:00 – 22:00 hrs

Registration

Main Entrance Hotel Oranje

Reception

Imperial bar (no. 26)

Tuesday 25 June 2019
8:45 – 10:30 hrs

Plenary Session

Aurora-Kroon Zaal (no. 37, 38)

10:30 – 11:00 hrs

Break

Bentley Bar (no. 36) & Bentley Lounge (no. 35)

11:30 – 12:30 hrs

Plenary Session

Aurora-Kroon Zaal (no. 37, 38)

12:30 – 14:00 hrs

Buffet lunch

Restaurant Het Elfde Gebod (no. 15)

14:00 – 15:30 hrs

Plenary Session

Aurora-Kroon Zaal (no. 37, 38)

15:30 – 16:00 hrs

Break

Bentley Bar (no. 36) & Bentley Lounge (no. 35)

16:00 – 17:30 hrs

Plenary Session

Aurora-Kroon Zaal (no. 37, 38)

19:00 – 22:00 hrs

Conference Barbecue

Beachclub O. (on the beach)

Wednesday 26 June 2019
8:45 – 10:15 hrs

Plenary Session

Aurora-Kroon Zaal (no. 37, 38)

10:15 – 10:45 hrs

Break

Bentley Bar (no. 36) & Bentley Lounge (no. 35)

10:45 – 12:45 hrs

Plenary Session

Aurora-Kroon Zaal (no. 37, 38)

12:45 – 14:00 hrs

Buffet lunch

Restaurant Het Elfde Gebod (no. 15)

14:00 – 14:15 hrs

Arrival coach (Social Program)

Main Entrance Hotel Oranje

Thursday 27 June 2019
8:45 – 10:15 hrs

Plenary Session

Aurora-Kroon Zaal (no. 37, 38)

10:15 – 10:45 hrs

Break

Bentley Bar (no. 36) & Bentley Lounge (no. 35)

10:45 – 12:45 hrs

Plenary Session

Aurora-Kroon Zaal (no. 37, 38)

12:45 – 14:00 hrs

Buffet lunch

Restaurant Het Elfde Gebod (no. 15)

14:00 – 15:15 hrs

Poster Session I

Spiegelzaal (no. 39)

14:45 – 15:15 hrs

Break

Bentley Bar (no. 36) & Bentley Lounge (no. 35)

15:15 – 17:15 hrs

Plenary Session

Aurora-Kroon Zaal (no. 37, 38)

18:00 – 19:30 hrs

Poster Session II + drinks

Spiegelzaal (no. 39)

19:45 – 22:00 hrs

Buffet Dinner

Grand Café`t Elfde Gebod (no. 15)

Friday 28 June 2019
8:45 – 10:15 hrs

Plenary Session

Aurora-Kroon zaal (no. 37, 38)

10:15 – 10:45 hrs

Break

Bentley Bar (no. 36) & Bentley Lounge (no. 35)

10:45 – 13:00 hrs

Plenary Session

Aurora-Kroon zaal (no. 37, 38)

13:00 – 14:15 hrs

Buffet lunch

Restaurant Het Elfde Gebod (no. 15)
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Information Poster Session
On Thursday 27 June there are two poster session scheduled.
 Poster Session (I):
14:00-15:00 hrs (ODD numbers)
 Poster Session (II): 18:00-19:30 hrs (EVEN numbers)
The poster sessions will take place in the Spiegelzaal (no 39 on the floorplan).
All participants and presenters are welcome on both sessions. Presenters are expected to be next to their
poster during their respective session.The posters room will be open for participants to put up their posters
from the first break onwards (Thursday 27 June, 10:15 hrs). Velcro is available in the room.

Poster Session (I): 14:00-15:00 hr (ODD numbers)
[P1] Luisa Cencha
Eindhoven University of Technology, The Netherlands
Analysis of the normal forces between surfaces bearing polymer brushes and its lubricity
properties
[P3] Yin-Yu Chang
Feng Chia University, Taiwan
Influence of Vanadium on the Oxidation Behavior and Tribological Performance of TiVN
Hard Coatings
[P5] Yi-Lung Cheng
National Chi-Nan University, Taiwan
Effect of Post-annealing on Reliability of Cu/Low-k Interconnects
[P7] Jau-Shiung Fang
National Formosa University, Taiwan
2 nm-thick Mn2O3 on nitrogen-stuffed p-SiOCH against Cu diffusion
[P9] Spardha Jhamb
Technical University of Denmark, Denmark
A generic solvent selection methodology for the model-based design of a coating formulation
[P11] Hsin-Yi Lee
National Synchrotron Radiation Research Center, Taiwan
Great optoelectronic properties of ultrathin Al-doped ZnO films grown by a novel atomic
layer deposition
[P13] Masahiro Okumiya Toyota Technological Institute, Japan
Direct gas carburizing using hydrocarbon and nitrogen with water vapour
[P15] Hastyar Rahmani
Mahshahr Pipe Protection Company, Islamic Republic of Iran
Analyzes of acid washing effects on the quality of coating products specially in the field of
long term tests
[P17] Midia Shahabi
Mahshahr Pipe Protection Company, Islamic Republic of Iran
FBE coating and affecting factors on the adhesion
[P19] Ting-Kan Tsai
National Formosa University, Taiwan
Electrical and optical properties of CrSiN thin films deposited by reactive magnetron
sputtering
[P21] Jixiao Wang
Tianjin University, China
Theoretical analysis and application of PANI used to preparation of extremely high
performance protective coatings
14

Poster Session (II): 18:00-19:30 hr (ODD numbers)
[P2]

Chi-Jung Chang
Feng Chia University, Taiwan
Preparation of polymer coated porous membranes for oil-water separation

[P4]

Giin-Shan Chen
Feng Chia University, Taiwan
Cu-metal oxide composite thin films prepared by electroless plating as reliable interconnect
materials for microelectronic applications

[P6]

Ping Sen Choong
Institute of Chemical & Engineering Sciences, Singapore
Bio-based functional non-isocyanate polyurethanes (nipus) for specialty coatings

[P8]

Saman Jannati
Mahshahr Pipe Protection Company, Islamic Republic of Iran
Investigation of electrolyte concentration and temperature effects on the cathodic disbanding

[P10] Li Kezhi
Northwestern Polytechnical University, China
Ablation protection of plasma sprayed LaB6-MoSi2-ZrB2 coating for carbon/carbon
composites
[P12] Siyu Li
Eindhoven University of Technology, The Netherlands
A new hybrid approach towards robust waterborne coatings
[P14] Joeri Opdam
Eindhoven University of Technology, The Netherlands
Drying-induced morphology transitions of micelles
[P16] Guido Sangiovanni IVM Chemicals, Italy
Itaconic acid in unsaturated polyester for wood coating
[P18] Hongfei Shang
Tsinghua University, China
Effect of Ta on thermal stability of TiAlN/Ta multilayer films
[P20] Yung-Pin Tsai
National Chi Nan University, Taiwan
Simultaneous photo-reduction and adsorption of natural organic matters in water by titanium
dioxide, carbon nanotubes and their mixture

15

Abstracts on
Tuesday 25 June 2019
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Coatings Chemistry (I)

Tuesday 25 June 2019

[O1]-Promising novel chemistry platforms for crosslinking resins
F. Du Prez*
*Polymer Chemistry Research Group, Centre of Macromolecular Chemistry (CMaC), Department of Organic and
Macromolecular Chemistry, Ghent University, Krijgslaan 281 S4, B-9000 Ghent, Belgium. Email:
filip.duprez@ugent.be

Within this presentation, a number of chemistry platforms developed in the Polymer Chemistry Research
group (Ghent University) for the design of new generations of films and coatings will be highlighted.
A first part of the presentation will focus on anthracene-based polyurethane materials with tunable thermal
degradation, photochemical cure and stress-relaxation [1,2]. For this, anthracene dimer diols having very
different thermal stabilities have been incorporated in polyurethane networks. The thermal de-crosslinking of
these networks was shown to be dependent on the anthracene dimer used, allowing tunable thermal
degradation. This scission was studied using (HR-MAS) NMR, DSC and rheometry. The tunable thermal
decrosslinking was further validated as a technique to easily remove the coatings at their end-of-life. The UV
irradiation of the thermally degraded materials allows for recuring the coatings to materials having similar
properties. By simultaneous irradiation and heating of (partially) reversibly cross-linked networks, the
networks were able to relief internal stress and adopt a new permanent shape.
Secondly, a straightforward methodology for the synthesis of new polythioether resins and resulting coatings
will be elaborated. The resins were produced via radical stepwise polyaddition of functional bisalkene and
bisthiol monomers to yield self-crosslinkable polythioethers, which can be formulated as one-component
systems. The thermal curing of these self-crosslinking resins is enabled by the presence of both hydroxyl and
blocked isocyanate moieties, thereby resulting in the formation of a urethane polythioether network.
Furthermore, the presence of the thioether functions offered the opportunity to alter thermal and mechanical
properties by oxidation into sulfoxide or sulfone linkages, resulting in polysulfoxide and -sulfone coatings.
Thiol-ene chemistry combined with blocked isocyanate chemistry thus provides a new platform for
functional urethane- and sulfide-containing coatings which can be tailored to a wide variety of applications.

References
[1] J. Van Damme, O. van den Berge, L. Vlaminck, J. Brancart, G. Van Assche and F. Du Prez, European
Polymer Journal, 2018, 105, 412–420.
[2] J. Van Damme, F. Du Prez, Prog. Polym. Sci., 2018, 82, 92–119.

17

Coatings Chemistry (I)

Tuesday 25 June 2019

[O2]-2K Michael addition coating systems with enhanced adhesion
robustness
B. Noordover*, N. Looij*, J. Kalis*, R. Koeken*, F. Van Wijk*, E. De Wolf*, M. Gessner#, R.
Brinkhuis‡, Y. Zhang‡, T., Buser‡, F. Lunzer§
*: Allnex The Netherlands B.V., Synthesebaan 1, P.O. Box 79, 4600AB Bergen op Zoom, The
Netherlands, bart.noordover@allnex.com
#: Allnex USA, 4730 Crittenden Drive, Louisville, Kentucky 40209, USA
‡: Allnex The Netherlands B.V., Corporate Innovation Group, Nieuwe Kanaal 7N, 6709PA
Wageningen, The Netherlands
§: Allnex Austria GmbH, Leechgasse 21, A-8010 Graz, Austria

Recently, 2K Michael Addition-based coating systems were introduced which provide fast drying at room
temperature in combination with tunable open time and very long pot life. Adhesion robustness over a
variety of substrates is an important point of attention for such fast drying and inherently rather apolar
coating systems. Here, we present a study which resulted in new malonated polyester resins facilitating a
significantly improved adhesion performance of the Michael Addition-based coatings over especially epoxyamine and polyurethane primer substrates. Notably, the introduction of hydroxyl groups is an effective way
to improving adhesion, while fatty acid tails lead to enhanced coating appearance.

Introduction
In 2015, a breakthrough high solids 2K coatings system was introduced, based on Real (or: Carbon) Michael
Addition (RMA) chemistry [1]. In this base-catalysed system, malonated polyester donor resins are reacted
with acryloyl-functional oligomeric RMA acceptors (Figure 1) [2]. By using a blocked base catalyst
combined with a kinetic control additive package, the pot life and drying time can be decoupled, meaning
that a long potlife can be combined with fast curing. In addition, the open time of such RMA paints can be
effectively tuned by controlling the amount of kinetic additives present in the formulation. These
developments solved previously identified hurdles towards successful application of this technology [3]. The
first generation of malonated polyester resins developed for the RMA coating technology are now being used
in different application areas and on a variety of substrates, including primers, metals, wood and concrete.
This technology has opened up many opportunities, such as improvements in productivity, energy savings,
an improved EH&S profile and an overall enhanced property profile in terms of chemical resistance,
mechanical performance and durability.

Figure 1: Michael Addition reaction between malonate- and acryloyl functional resins.
A potential disadvantage of fast-drying coating systems, however, is that a robust adhesion performance (i.e.
good adhesion performance over a broad range of substrates) is more challenging to achieve than in slower
drying 2K systems, especially at high solids contents. This is partly due to the limited amount of time
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available for reaction with or interpenetration of primer substrates by the topcoat composition. Furthermore,
the fact that relatively few polar groups are present in the polymer composition may limit the degree of
chemical and physical interactions of the RMA technology with common substrates and/or pretreatments
such as epoxy-amine or polyurethane primers. On some specific substrates, wet adhesion (humidity
resistance) may be lacking in robustness, potentially leading to inconsistent adhesion testing results.
Especially on some epoxy-amine and polyurethane primers dried at elevated temperatures, i.e. having
relatively high conversions, improvements in adhesion robustness can be advantageous. In this paper, we
report on the synthesis and application of novel malonated RMA donor resins with improved adhesion
performance over a range of substrates.

Experimental
All raw materials used in this study are commercial products available in bulk, such as neopentyl glycol,
trimethylolpropane and diethyl malonate. The described malonated polyester resins were synthesized in
common laboratory glassware (round bottom flange reactor fitted with mechanical stirrer, nitrogen inlet and
a packed column with Dean-Stark type distillation set-up) at 1.5 – 4 kg scale. The synthetic procedure
consists of two steps: 1) esterification of anhydride / carboxylic acid-functional monomers with an excess of
hydroxyl-functional monomers at max. 240 °C resulting in oligomeric, OH-functional materials having an
acid value (AV) lower than 1 mgKOH/g; 2) transesterification of the prepolymer with e.g. diethyl malonate
at 170 °C, finishing at reduced pressure to drive conversion.
The white pigmented topcoat formulations are based on MPE1-4 (or mixtures thereof), ditrimethylolpropane
tetraacrylate (DiTMPTA), a carbonate-blocked strong base catalyst, the kinetic additives 1,2,4-triazole and
succinimide and the following additional paint components: Kronos 2310 pigment, Disperbyk 2150, Additol
XL 123N, n-propanol and butyl acetate. The mill base was prepared in DiTMPTA.
Adhesion testing was performed by standard cross-hatch testing according to the ISO/DIN 2409, ASTM
D3359 protocol. Wet adhesion was tested by submitting samples to Quick Condensation Testing (QCT) prior
to the cross-hatch adhesion test.

Results & Discussion
Several factors may influence coating adhesion on a given substrate and adhesion is often classified as being
mechanical (interlocking), chemical (e.g. covalent, ionic, or hydrogen bonds), dispersive (Van der Waals) or
diffusive (interdiffusion / interpenetration between layers) in nature. On substrates such as porous concrete or
wood, mechanical adhesion may play a significant role. On metals and primer substrates, adhesion
performance is typically determined by chemical, dispersive and/or diffusive forces. Wetting of the substrate
by the paint is a qualifier for obtaining good adhesion, but is not sufficient in itself. Similarly, the presence of
e.g. covalent or hydrogen bonds between the coating and the substrate does not guarantee that a coating will
pass adhesion testing, although it is often an important factor. The dissipation of energy in a cured network is
another very important aspect, which governs how effectively cracks propagate through a coating system.
More ductile networks typically have better adhesion performance, while brittle coatings or coatings which
carry high internal stresses due to e.g. shrinkage may adhere poorly [4].
Table 1: Main properties of malonate polyesters used in this study.
Resin
Mn [1]
Ð
Tg
(g/mol)
(-)
(°C)
MPE1
1800
1.8
-15
MPE2
1900
3.2
-43
MPE3
1000
1.8
-36
MPE4
1600
2.2
-27
[1]

OHV
low
high
medium
high

determined by GPC in THF vs. polystyrene standards

For the RMA coating system introduced above, the main potential causes for limited adhesion robustness
were investigated. It was found that shrinkage of these systems is rather limited and does not cause more
stress than in e.g. common 2K PU coatings. Also, wetting of primer substrates by the RMA formulations is
not a critical factor. The polarity of the resin system and the potential for the formation of covalent of
physical bonds to the substrate, on the other hand, does seem to play an important role. The first generation
malonated polyester is a relatively apolar material with predominantly ethyl ester end-groups. In screening
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explain this observation. Separately, positive effects of fatty acids on the coating appearance were observed,
which is attributed to improved flow of the composition.
These different compositional factors were combined using an I-optimal response surface Design of
Experiments, in which the first generation malonated polyester (MPE1, Table 1) was mixed with varying
amounts of an OH-functional, fatty acid containing malonated polyester MPE2 as well as with amounts of a
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Figure 2. DoE responses: Persoz hardness and QCT wet adhesion a.f.o. MPE2 and MPE3 contents
(remainder of donor composition consists of MPE1). Wet adhesion was determined on a representative M&P
type epoxy primer.
From Figure 2, it becomes clear that especially MPE2 has a very positive impact on the adhesion
performance, which is due mainly to its high OH content. Separate studies have shown that the fatty acid
segments do not contribute significantly to improved adhesion on epoxy primer. A disadvantage of the fatty
acid content, however, is the strongly reduced hardness of the resulting paint. Based on the models resulting
from the DoE study, the donor resin composition was therefore optimized for both hardness development
and adhesion. In addition to working with resin mixtures, the features of the optimized donor composition
were translated to a new resin recipe (MPE4, Table 1), which was prepared and compared to the reference
and the optimized mixture of resins (Table 2) in white topcoats on a highly converted epoxy primer.
Table 2: Testing of malonate resins / resin mixtures in a white pigmented RMA curable composition.
Donor resin
TFT Persoz hardness, gloss 20° SW[2] LW[3]
dry adh.
QCT 28 d
(min)
7d, 50 µm (s)
(GU)
(% delam.) (% delam.)
MPE1
50
145
84.1
6.7
2.8
1
85
MPE1/2/3 [1]
53
135
83.9
2.2
1.6
0
10
MPE4
60
152
84.0
3.0
2.6
0
3
[1]

ratio MPE1/2/3 = 65/25/10
short wave as determined by Wavescanner equipment.
[3]
long wave as determined by Wavescanner equipment.
[2]

The three coating compositions in Table 2 show comparable drying times and also hardness build-up after
one week is similar, although the hardness of especially the composition based on MPE4 is consistently
higher than for the other systems. Gloss, coating waviness and dry adhesion performance are quite similar
for all topcoats, but striking differences are observed in wet adhesion as determined by QCT testing. While
the coating based on MPE1 delaminates almost completely, the optimized resin mixture MPE1/2/3 65/25/10
performs much better. When incorporating all features of this mixture into one polymer (MPE4), the
adhesion performance is also very good. The RMA coating based on MPE4 shows the best overall
20

performance profile of the three tested systems. The newly developed malonated polyester resins resulting
from this work have already shown their merit on a range of primer substrates.

Conclusions
The introduction of OH-functionality in the RMA donor resin composition leads to significantly improved
adhesion performance of RMA paints on RT dried and baked epoxy primers. These new RMA donor resins
facilitate the application of this novel coating technology in an expanded range of applications where
humidity resistance is of great importance, such as ACE and Protective applications.
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The aqueous dispersions with hybrid particle structure containing silicones and acrylic/styrene polymers
designed as binders for architectural paints were obtained either by polymerizing acrylic/styrene monomers
in starting silicone resin dispersions or by polymerizing silicone monomers in starting acrylic/styrene
polymer Hybrid particle structure of dispersions was confirmed by TEM and it was found that the properties
(average particle size, minimum film forming temperature, Tg of dispersion solids) of dispersions with
exactly the same composition but obtained using different methods as well as the properties of
corresponding coatings (water resistance, water vapour permeability, contact angle, impact resistance)
differed significantly. The differences were explained by different structure of the dry coats resulting from
different structure of dispersion particles.
Introduction
Aqueous dispersions with hybrid particle structure containing silicones and organic polymers, e.g. acrylic
copolymers were widely studied as shown in an extensive review [1] since it has been proved that in this
case the properties of the corresponding coatings could be enhanced as compared to the coatings produced
by simple blending of two dispersions because of the possibility of synergistic effect [2]. Certain products of
that characteristics have been patented and are recommended mostly as binders for architectural paints [3]
due to specific features of such paints provided by silicone component of the binder , i.e. good water
resistance combined with high water vapour permeability. Based on [4] the methods that may be used in
synthesis of such hybrid dispersions would comprise emulsion polymerization of organic monomers in
aqueous silicone dispersion (method A), emulsion polymerization of silicone monomers in aqueous organic
polymer dispersion (method B) or emulsion copolymerization of silicone and acrylic monomers (method C).
In the study described in part in this paper the effect of applying method A or method B to synthesis of
aqueous hybrid dispersions containing silicone resin and acrylic/styrene polymer on the properties of
dispersions and corresponding coatings was investigated. The full paper is supposed to be published soon
[5].

Experimental
Aqueous dispersions of two acrylic/styrene polymers with different monomer compositions A and B (ACR
A - Tg of dispersion solids = c.a. +17oC ) and ACR B - Tg of dispersion solids = c.a. +32oC) were supplied
by Dispersions&Resins (Poland). Two silicone resins (SIL 1 and SIL 2) with different compositions of
silicone monomers used for their synthesis - vinyltriethoxysilane (VTES), methyltriethoxysilane (MTES)
and octamethylcyclotetrasiloxane (D4) were synthesized by the Authors in emulsion polymerization process
in the presence of dodecylbenzenesulphonic acid acting as emulsifier and catalyst. In the method A hybrid
silicone-acrylic/styrene (SIL-ACR 1A, SIL-ACR 1-B, SIL-ACR-2A and SIL-ACR-2B) dispersions were
obtained by polymerization of the mixture of monomers (butyl acrylate, acrylic acid, methacrylamide, and
styrene) with A or B composition in the silicone resin dispersions with 1 or 2 composition in the presence of
non-ionic and anionic emulsifiers present in ACR A and ACR B. Coatings were produced from dispersions
by drying for 30 min at +50oC and then the coatings were seasoned in a climatic chamber at +23 oC and 55%
R.H. for 72 hours.
Average particle size of dispersions was determined by light scattering method, minimum film forming
temperature (MFFT) of dispersions was determined according to ISO 2115, Tg of dispersion solids was
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determined by DSC and dispersion particle structure was determined by TEM. Certain coating properties
(water vapour permeability, contact angle and impact resistance) were determined according to the relevant
standards, i.e. ASTM F1249, EN 828:2000 and EN ISO 6272-1, respectively while water resistance was
tested using the Authors’ own methodology and then assessed according to EN ISO 4628-2.
Results and discussion
Properties of dispersions
All hybrid dispersions were stable and exhibited lower MFFT than the acrylic/styrene polymer dispersions.
Tg values of SIL and ACR parts of all hybrid dispersion solids where two glass transitions were detected
were significantly lower than Tgs of starting SIL and ACR dispersions solids. Decrease in Tg of ACR part
can be explained by plasticizing effect of modification with silicone resin while the reason of decrease in Tgs
of silicone part could result from unreacted D4 trapped in dispersion particles. Structure of dispersion
particles as revealed by TEM differed significantly depending of the method used for their synthesis - see
Fig. 1. When hybrid dispersion was obtained by method A (SIL-ACR dispersion) the small particles of
silicone resin were surrounded by acrylic/styrene polymer, but a fruit-cake type of structure rather than a
core-shell structure was observed. When hybrid dispersion of exactly the same composition was obtained by
method B the specific structure called „embedded sphere” was observed. These differences in particle
structure were reflected in coating supramolecular structure and resulted in differences in coating properties see the discussion of coating properties further below

a

b

c
Fig. 1. Structure of hybrid dispersion particles settled on the micromesh net as determined by TEM. a –
SIL-ACR dispersion, higher magnification, b – SIL-ACR dispersion, lower magnification, c – ACR-SIL
dispersion, higher magnification. Lighter shade represents silicone resin and darker shade –
acrylic/styrene polymer.
Average dispersion particle size was significantly lower for ACR-SIL dispersions than for SIL-ACR
dispersions what can be explained by formation of bigger particles consisting of few silicone cores
surrounded by acrylic/styrene polymer shell in the process of polymerization of acrylic/styrene monomers in
silicone resin dispersion and lack of formation of such structures with silicone resin shell in the process of
polymerization of silicone monomers in acrylic/styrene polymer dispersion due to high hydrophobicity of
silicone resin.
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Properties of coatings
All coatings made from hybrid dispersions showed higher contact angles than coatings made from
corresponding acrylic/styrene polymer dispersions what confirmed that modification with silicone resulted in
increased hydrophobicity of the coating surface. Consequently, higher hydrophobicity led to very much
enhanced water resistance, especially for ACR-SIL dispersions as shown in Fig. 2.

(a)

(b)

(c)

Fig. 2. Comparison of water resistance of starting acrylic/styrene copolymer dispersion.
ACR A (a), acrylic-silicone dispersion (ACR-SIL A-1) (b) and corresponding silicone-acrylic dispersion
SIL-ACR (c). Samples were kept under water for 6 days. ACR A – deterioration of coating occurred,
ACR-SIL A-1 – coating did not change except for light whitening, SIL-ACR 1-A – coating changed
significantly – numerous small bubbles.
Excellent water resistance of coatings made from hybrid dispersions was combined with high water vapour
permeability as shown in Fig. 3.

Fig. 3. Comparison of water vapour permeability determined for starting acrylic/styrene copolymer
dispersion (ACR A) and hybrid dispersions ACR-SIL A-1 and SIL-ACR 1-A having the same
composition of SIL and ACR parts.
Also mechanical properties of coatings made from hybrid dispersions were much better than mechanical
properties determined for coatings made from corresponding acrylic/styrene polymer dispersions - see Fig. 4
where impact resistances of these coatings are compared. Significantly higher impact resistance observed for
coatings obtained from ACR-SIL dispersions than those obtained from SIL-ACR dispersions can be
explained by the specific supramolecular structure of the former coatings resulting from specific “embedded
sphere” structure of dispersion particles of ACR-SIL dispersions.
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Fig. 4. Comparison of impact resistance (direct) determined for coatings obtained from starting
acrylic/styrene copolymer dispersion (ACR A) and hybrid dispersions ACR-SIL A-1 and SIL-ACR 1-A
having the same composition of SIL and ACR parts.

Conclusions






Aqueous hybrid dispersions containing silicones were successfully obtained using two different
methods: polymerization of acrylic monomers in starting aqueous silicone resin dispersion (method
A) and polymerization of silicone monomers in aqueous acrylic/styrene polymer dispersion (method
B).
Properties of hybrid dispersions of the same composition obtained using different methods as well as
properties of coatings produced from these dispersions differed very much what can be explained by
different supramolecular structure of coatings resulting from different structure of dispersion
particles confirmed by TEM.
Coatings produced from hybrid dispersions showed excellent water resistance combined with high
water vapour permeability and good mechanical properties what indicates good commercial potential
of such hybrid dispersions as binders for architectural paints.
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A series of four oxovanadium(V) dithiocarbamates was synthesized by conventional synthetic procedure and
characterized by analytical methods. Structure of one representative was determined by X-ray diffraction
analysis on single crystal. The initial screening of catalytic alkyd drying, performed on a commercial
solvent-borne alkyd resin of medium oil-length, revealed promising drying activity, which was further proved
on several alkyd formulations including slow drying high-solid binders. The kinetic behavior of the metal
catalyzed autoxidation process, investigated by time-resolved infrared spectroscopy on thin alkyd layer,
revealed a very unusual dependence of induction times on metal concentrations, which probably causes
overdose effect at high metal concentrations.

Introduction
Our research is attended in development of transition metal catalysts for paint-producing industry. We focus
mainly on species accelerating the curing of air-drying paints. These binders fulfil current ecological
requirements due to high content of raw material accessible from renewable sources [1]. The main drawback
of pure air-drying binders is a very slow film-formation process at ambient temperature. After fast solvent
evaporation, the chemical drying proceeds sluggishly as it is based on autoxidation on polyunsaturated fatty
acids originating from modifying plant oil [2]. In practice, the drying is accelerated by elevated temperature
or, more often, by additives known as primary or surface driers [3]. Cobalt(II) carboxylates are currently the
most common driers used for both industrial use and hobby market. It is due to not only low price and high
catalytic power but also because it works as “universal primary drier”. Hence, it performs well in large
variety of commercial paint formulations and its combination with secondary and tertiary driers are well
tuned. The main drawback of cobalt-based driers is toxicity [4], which led to evaluation by European
Chemical Agency. Cobalt(II) carboxylates are classified as “CMR2-Reprotoxic” and ongoing toxicological
scrutiny may result in reclassification to carcinogenic, which would restrict their commercial use
considerably. Many alternatives of cobalt-based driers have been reported in literature [2,3] but only few of
them are commercially successful. The cobalt replacement is currently limited on manganese(II)
carboxylates (e.g. 2-ethylhexanoate and neodecanoate) and iron(II) bispidine complex (known under the
trademark Oxy-Coat) those exhibit very different drying characteristics from cobalt(II) compounds [5],
which embarrasses their large-scale use. In last decade, our research group is focused on replacement of
cobalt compounds in air-drying paints. We described several ferrocene-derivatives with improved activity in
solvent-borne formulation [6] and iron bispidine compound with improved solubility in non-polar solvents
[7]. Nevertheless, our main aim deals with application of vanadium compounds. We scrutinized a large
number of oxovanadium(IV) compounds but only few of them show satisfactory drying activity, usually due
to low solubility in formulations. So far, the promising activity was observed only for oxovanadium(IV)
acetylacetonates [8], 2-ethylhexanoate [9] and species bearing Geodken’s macrocycle [10].
This study is aimed vanadium compounds bearing dithiocarbamates. These S,S-chelating ligands were
chosen for their simple modification as they are easily accessible from sec. amines and carbon disulfide [11].
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Experimental
Synthesis of oxovanadium(V) compounds [VO(S2CNEt2)3] (1), [VO(S2CNBu2)3] (2), [VO(S2CNHex2)3] (3)
and [VO{S2CN(CH2)4O}3] (4) was carried out according to general procedure described elsewhere [12]. The
products were purified by recrystallization and characterized by elemental analysis. Single crystals of 2
suitable for X-ray analysis were prepared by overlayering of dichloromethane solution with hexane. Alkyd
resins CHS-ALKYD S 471 X 60 (S471; OL = 47%, AV = 6 mg KOH/g, solid cont. = 59.6%), CHS-ALKYD
S 622 N 60 (S622; OL = 62%, AV = 7 mg KOH/g, non-volatile content = 58.4%), CHS-ALKYD S 870
(TI870; OL = 87%, AV = 8 mg KOH/g, solid cont. = 98.6%), CHS-ALKYD S 841 (TRI841; OL = 84%,
AV = 10 mg KOH/g, solid cont. = 97.6%) were supplied by Spolchemie.
Performance of driers was tested as follows. Oxovanadium compound was dissolved in mixture of DMSO
(70 μl) and 3-methoxybuthanol (30 μl). The solution was treated with alkyd resin (5 g) and homogenized for
2 min. In case of high-solid binders (TI870 and TRI8741), the formulation was diluted with dearomatized
white spirit to 90 wt.% of solid content. The final formulations were cast on glass strips using frame
applicator of 76-μm gap and drying times were estimated using B. K. Drying Time Recorder (TQC,
Germany) according to ASTM D5895-03. The formulations were then cast on glass plates using frame
applicators of 90-μm gap (TI870 and TRI8741) or 150-μm gap (S471 and S622) and film hardness was
measured using a Persoz-Pendulum Tester (Elcometer, UK) in conformity with ISO 1522.
Infrared spectra were collected on FTIR spectrometer Nicolet iS50 in the range of 4000–500 cm–1 using allreflective diamond ATR. Samples of formulations were spread over the ATR crystal using film applicator
with 25-μm gap. The spectra were registered every 5 min. Collected series of the spectra were integrated
using fixed two-point baseline in the bounds 3025–2990 cm−1 [νs(cis-CH=CH), isolated double bond].

Results & Discussion
Our initial attempt to extend the family of primary driers was focused in oxovanadium(IV) dithiocarbamates
[VIVO(S2CNR2)2]. Several species of this type were successfully synthesized by reaction of
oxovanadium(IV) sulfate with sodium dithiocarbamates but their application in real paint formulations is
questionable owing to their low air-stability even though our preliminary tests on alkyd coatings revealed
promising activity.

Figure 1: Synthesis of oxovanadium(V) species (left) and ORTEP drawing of ethyl derivative (right).
Therefore, our attention was moved to oxovanadium(V) analogues bearing three dithiocarbamate ligands.
The species of the general formula [VVO(S2CNR2)3] were synthesized according to literature procedure [12].
The protocol starts from aqueous solution of oxovanadium(IV) sulfate, which is oxidized in situ by hydrogen
peroxide. Subsequent reaction with sodium dithiocarbamates gives desired products in medium to high
yields (Figure 1). All compounds under the study (1–4) were purified by recrystallization and characterized
by elemental analysis. Structure of the ethyl derivative 1 was determined by single-crystal X-ray diffraction
analysis. Molecular structure of 1 is shown in Figure 1. Coordination sphere of vanadium atom forms
distorted pentagonal bipyramid with oxygen atom O1 and sulfur atom S6 in axial positions. The equatorial
plane is occupied with sulfur atoms S1–S5. The largest distortion from ideal pentagonal bipyramid is caused
by deflection of sulfur atom S6 from axial position, which results in low value of the bond angle O1–V1–S6
[166.22(15)°]. The bond distances between vanadium atom and equatorial sulfur atoms (S1–S5) vary in
narrow range 2.4639(16)–2.5034(15) Å. The bond length V1–S6 is considerably longer [2.6187(15) Å] due
to trans-effect of the oxygen atom. We note that all dithiocarbamate ligands are κ 2-bonded as the difference
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between V–S distances of each ligand do not exceeds 0.1153(15) Å.
Catalytic alkyd drying was tested on solvent borne-alkyd resins (S471 and S622) and high-solid binders
TI870 and TRI841 in concentration range 0.06–0.005 wt.% of metal in dry matter content. Initial screening
was performed on alkyd of medium oil-length modified with soybean oil (S471), which was chosen due to
excellent performance when cured with cobalt(II) 2-ethylhanoate (0.06 wt. of Co: τ2 = 2.2 h, τ3 = 6.9 h, τ4 =
6.9 h) and low tendency to form surface defects.
All synthesized compounds (1–4) exhibit high activity at concentrations 0.06–0.01 wt.% (Table 1) with dryhard time (τ3) lower than 8 h. Cured films of S471 show high relative hardness already ten days after
application (17.5–37.6%). Final Persoz hardness, measured after 100 days of curing, varies between 40.4 and
62.4%. We note that deterioration of drying activity was observed at concentration 0.005 wt.%. The optimal
performance of the driers 1–4 is observed at concentration 0.03 wt.% as total-dry time (τ4) does not exceed 9
h. The substitution on dithiocarbamate ligand has only minor effect on the activity. Therefore, only one
derivative was selected for further scrutiny, which consists of drying tests on slower-drying alkyds and indepth investigation of autoxidation kinetics. Due to high solubility in organic solvents, butyl derivative 2 was
chosen for these tests even through derivative 4 shows slightly better performance in formulations of S471.
We note that hexyl derivative exhibit even higher solubility than 2 but it was excluded from further
examination mainly due to tedious purification process, which embarrasses the higher-scale synthesis.
Table 1: Drying activity of the compounds 1–4 in formulations of S471.
Substances
conc. (wt.%)
τ2 (h)
τ3 (h)
τ4 (h)
0.06
5.0
7.5
8.5
1
0.03
4.6
7.4
8.7
1
0.01
6.9
7.7
>24
1
0.06
3.2
5.4
16.7
2
0.03
3.9
4.4
7.9
2
0.01
4.6
7.4
10.2
2
0.06
3.0
5.4
10.8
3
0.03
2.8
4.6
7.2
3
0.01
4.7
6.2
9.5
3
0.06
1.2
1.7
3.7
4
0.03
1.4
2.2
4.6
4
0.01
3.2
4.9
7.4
4

Hrel,10d (%)
25.9
25.2
24.1
24.3
28.5
25.7
17.5
27.2
19.8
29.3
33.4
37.6

Hrel,100d (%)
50.1
48.1
43.3
51.4
53.8
42.9
47.1
53.2
40.4
51.2
58.6
62.4

The tests on alkyd resin of long oil-length S622 and high-solid binders TI870 and TRI841 revealed very
good performance of the compound 2 (Table 2). As expected, the dry-hard times (τ3) are longer than
observed for S471 at the same concentration but still satisfactory. Optimal concentration of the drier in these
binders is 0.06 wt.% of metal in dry matter content. At this concentration level, S622 gives total dry film
within 8.2 h. In case of TI870 and TRI841, the total-dry time (τ4) nears one day. Although this value seems
to be very long, it is acceptable since cobalt(II) 2-ethylhexanoate performs under the same conditions much
worse (TI870/0.06 wt. of Co: τ1 = 1.0 h, τ2 = 6.6 h, τ3 > 24 h, Hrel100d = 26.9 %)[5a]. We note that the binders
TI870 and TRI841 are, in practice, not used as tested but in combination with common solvent-borne resins
to produce high-solid formulations of 70–80% non-volatile content. Such procedure also solves the
drawback of low Persoz hardness, which usually does not reach 30% of the glass standard.
Table 2: Performance of compound 2 in various slow-drying alkyd binders.
Binder
conc. (wt.%)
τ1 (h)
τ2 (h)
τ3 (h)
τ4 (h)
Hrel,10d (%)
0.06
–
4.0
5.9
8.2
22.0
S622
0.03
–
2.8
6.9
14.3
15.8
S622
0.06
6.2
8.9
11.5
17.1
4.4
TI870
0.03
8.3
12.8
17.9
> 24
4.8
TI870
0.06
6.9
9.2
19.6
20.6
4.4
TRI841
0.03
7.6
11.3
>24
>24
5.4
TRI841

Hrel,100d (%)
48.4
39.6
23.3
21.4
17.7
19.7

Kinetics of metal catalyzed autoxidation process was investigated on formulations of 2 in S471 by time28

resolved infrared spectroscopy using ATR-sampling method. Rate of the process was followed through
development of C–H stretching band at 3008 cm–1, attributed to isolated cis-double bonds, νa(cis-C=C–H).
The evaluation of registered spectra was done according to [6b]. All measurements were done on thin layer
of alkyd resin (wet thickness ~5 µm), where the effect oxygen diffusion is excluded [5a]. The use of thin
layer enables to treat the autoxidation process as a reaction of pseudo-first order since the coating is saturated
with air-oxygen. Rate coefficients (kmax) and induction times (IT), obtained from linear parts of logarithmic
plots are listed in Table 3 together with half-lives of the reaction (t1/2). The value of kmax rises with rising
concentration up to 0.60 h–1 at metal concentration 0.1 wt.%. Interestingly, induction time is also strongly
concentration dependent, which contrasts with previously studied acetylacetonate complex [VO(acac)2],
which gave negligible IT in concentration range 0.05–0.1 wt.% [8a]. In contrast to cobalt(II) 2ethylhexanoate, induction time drops with lowering metal concentration until 4.2 h at 0.01 wt.%. Such
“reverse dependence” is rather unusual and probably causes overdose effect observed at 0.06 wt.%.
Table 3: Kinetic data for autoxidation of 2/S471 at various metal concentration.
conc. (wt.%)
kmax (h–1)
IT (h)
t1/2 (h)
0.1
0.60
9.2
10.2
0.06
0.49
7.0
8.3
0.03
0.36
5.5
7.4
0.01
0.26
4.2
7.1
0.005
0.16
4.9
9.8

Conclusions
This study clearly demonstrated a strong drying activity of oxovanadium(V) dithiocarbamates in solventborne and high-solid alkyd formulations. The species are considerably more stable than oxovanadium(IV)
analogues bearing two dithiocarbamate ligands. Butyl derivative 2 shows a good solubility in organic
solvents, which is an important feature for application in paint industry. Kinetic studies, performed on this
derivative, revealed unusual dependence of induction time of the autoxidation process on catalyst
concentration. This feature is closely related with mechanism of the drier action, which is under our ongoing
investigation. We note that tested species may also serve as antifungal agents due to presence of biologically
active dithiocarbamate ligands. This feature is beyond the scope of this study and will be subject of our
future investigation.
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Levelling additives nowadays find widespread use in industry to improve the surface properties of
coatings and paints. Without such additives, many solvent-borne coating formulations are prone to
excessive defect formation, significantly degrading their functionality and visual appearance. The
origin of these defects can often be traced back to the high surface tension of the applied liquid film,
preventing sufficient flow and levelling. Therefore, amphiphilic block copolymer additives are added
to the formulation. These additives autonomously segregate to the coating surface and reduce the
surface tension of the film [1, 2]. Although virtually every coating and paint formulation contains
these levelling additives, the exact influence of specific properties of the copolymer additive on its
surface segregating behaviour is still relatively unknown and limits its effective use. We report on the
synthesis and application of well-defined linear diblock additives containing an apolar
polydimethylsiloxane (PDMS) and a polar polyether block, which show exceptionally high surface
affinity, fully segregating to the top few tens of nanometres of the coating layer. By changing the
characteristics of the polymer blocks, e.g. their size or chemical nature, the surface affinity and
segregation behaviour of the additive is measurably affected.

Introduction
Surface defects, such as craters, poor film levelling or the “orange-peel” effect, are generally undesired
attributes of many solvent-borne coating formulations. These imperfections can severely degrade final
coating properties, e.g. resulting in poor surface coverage of a protective layer or simply effect the visual
appearance of a decorative paint. The cause of these defects can often be allocated to the high surface tension
(SFT) of the applied liquid film, which hinders sufficient flow and levelling [3]. To improve this, amphihilic
block copolymer additives are added to the coating formulation. These additives contain both an apolar and a
polar block and immediately segregate to the film surface after application, resulting in a reduction of the
SFT and improved flow properties. Due to its extremely high surface affinity, only a small amount of
additive (typically < 0.5 wt%) is required to achieve high surface enrichment [1, 2].

Figure 1: Examples of commonly encountered coating defects: orange peel effect (left) and crater formation
(right). Images represent simplified situations for clarity. Adapted from BYK-Chemie GmbH, Technical
Information L-SI 1: Surface Additives, 2016.
Often referred to as flow or levelling additives, these block copolymers typically consist of polyether30

modified silicones. Polydimethylsiloxane (PDMS) and poly(ethylene oxide) (PEO) are most commonly
employed as the apolar and polar blocks respectively [3]. The surfactant-like behaviour of amphiphilic block
copolymers has been long known and PDMS-PEO additives have already been employed in the production
of polyurethane foams since over fifty years ago [4,5]. Nevertheless, this family of surface additives
nowadays remains a popular and effective choice due to its wide applicability and compatibility, rigid
synthesis pathway and good control over molecular structure and properties [3, 6-10].
Despite this, the exact influence of specific properties of the copolymer additive on its coating matrix
compatibility, surface affinity and segregation behaviour is still relatively unknown and limits its effective
use. Especially in polymer coating formulations, which are generally complex systems containing numerous
different network precursors, there is an intricate interplay between its constituent components (i.e. the
coating matrix) and the additive [11]. In-depth knowledge about block copolymer additive characteristics
(e.g. size, structure, chemical compositions) and the effect on its properties and behaviour is therefore key in
understanding the surface segregation of these components.

Experimental
Linear PDMS-polyether diblock copolymer additives were synthesized in a step-wise method which allowed
excellent control over individual block molecular weight. The synthesis pathway is shown in Figure 2 below.
Mono-hydride-terminated polydimethylsiloxane (1) with varying molecular weight was prepared by anionic
ring-opening polymerization of hexamethylcyclotrisiloxane initiated by n-butyllithium and endcapped by
dimethylchlorosilane. Poly(ethylene oxide) monoallyl ether (2), also with assorted molecular weights, was
synthesized by ring-opening polymerization of ethylene oxide, initiated by allyl alcohol. Poly(propylene
oxide) monoallyl ether was prepared in an analogous way, naturally by using propylene oxide as the
monomer. The remaining hydroxyl end-functionality was then capped using acetic anhydride. Finally, both
blocks were coupled in a hydrosilylation reaction using Karstedt’s catalyst resulting in the final block
copolymer additive.

Figure 2: Synthesis pathway of linear PDMS-PEO diblock copolymer additives
Additives were incorporated in a model polyurethane clearcoat system used for automotive applications, based
on Macrynal® SM 515/70BAC acrylic resin and Desmodur® N75 BA aliphatic polyisocyanate hardener, both
solvent-borne in butyl acetate. The formulation was applied as a thin film and cured at room temperature.
Additive segregation profiles in cured coating formulations were investigated using X-Ray Photoelectron
Spectroscopy (XPS) by making use of both depth-profiling and angle-resolved XPS with up to nanometre-scale
depth resolution. Additive surface affinity was further studied using additional surface characterization
techniques such as contact angle (CA) and surface tension (SFT) measurements of cured and liquid coating
formulations respectively.

Results & Discussion
PDMS-polyether block copolymer additives and (intermediate) synthesis products were analyzed using a
31

range of characterization methods, such as Proton Nuclear Magnetic Resonance ( 1H NMR), Size Exclusion
Chromatography (SEC) and Matrix-Assisted Laser Desorption/Ionization (MALDI-TOF). The synthesis
pathway used allowed for excellent control of individual block molecular weight, high monomer conversion
and production of well-defined final block copolymer additives.
Additive concentration profiles in a cured coating formulation obtained using XPS measurements show
extreme surface segregation, with almost all of the silicon being found in the top few nanometres of the
coating layer, even for relatively high overall bulk concentrations of only 0.1 wt%. Both additive surface
enrichment and concentration profile depth is extended upon addition of a higher bulk content. In addition to
regular XPS depth-profiling to obtain information from the surface towards the bulk of the material, angleresolved XPS was used to analyze the very top surface layer (approx. 2 nm thick). By a combination of both
XPS characterization methods, additive concentration profiles could be obtained with excellent depth
resolution and high surface sensitivity.
Distinct differences in additive segregation can be observed when specific copolymer paramaters (e.g. size or
chemical nature of the blocks) are changed. The enrichment of apolar/hydrophobic PDMS at the surface can
also be clearly seen by an increase of the contact angle and reduction of the surface tension of cured and liquid
coating formulations respectively. By changing specific additive characteristics, interaction with the coating
matrix can be selectively tuned, which in turn results in good control over final coating surface properties
without affecting the bulk specifications of the material itself.

Conclusions





PDMS-PEO block copolymer additives were succesfully prepared in a stepwise fashion, allowing for
excellent control over individual block molecular weight and additive architecture.
These amphiphilic copolymers are extremely surface active, exhibiting high segregation on the
coating surface.
Additive concentration profiles can be obtained with nanometre-scale resolution and high surface
sensitivity by a combination of X-Ray Photoelectron Spectroscopy (XPS) depth-profiling and angleresolved XPS measurements.
Noticeable changes in surface affinity and segregation behaviour can be observed when specific
additive parameters are changed, which allows for sensitive tuning of coating surface properties by
adjustment of additive characteristics.
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Industrial-style airbrush spray deposition is used to facilitate an easily scalable and transferable
technology for industrial applications in various coatings. Understanding the fundamental growth
process in the early stages of drying kinetics of thin film fabrication via airbrush spray deposition in a
roll-to-roll process is of great interest. Cellulose as produced from wood represents a renewable and
sustainable biomaterial has drawn increasing attention in flexible-electronics process technology. By
combining highly scalable airbrush spray deposition and cellulose nanofibrils (CNF), we thus aim for
industrially applicalable, sustainable templates, e.g. for organic solar cells and flexible electronics.

Introduction
Cellulose‐based thin films are excellent templates and coatings for bio‐based applications due to their
renewable and resource‐saving characteristics. Nano cellulose was previously used to form high strength,
bio-compatible, low-density filaments which were found to be stronger than steel [1]. Nano cellulose is used
already in a wide application range from flame-retardants, barrier materials as well as dispergent agent in
pharmaceutics or cosmetics [2]. Understanding the fundamental coating kinetics during spray deposition is
of great interest due to its impact on the final material properties [3]. Hence, we study the layering on the
nanoscale and correlate it with the physical material properties. We previously showed with highly available
enzymatic nano cellulose that we can follow the layer formation during spray deposition and could tailor
thickness and roughness [4]. Nano cellulose paper was shown to be ideal templates for incorporating metallic
nanoparticles for the use in sensor application as well as network for polymer infiltration [5].

Experimental
A custom-made roll-to-roll coater including in-line spray deposition was developed. We studied the layering
during the spray process with advanced surface sensitive X-ray methods in combination with UV-Vis
spectroscopy to study at the same time the optical changes within the film formation.

Results & Discussion
We investigate the CNF layer formation (thickness of 200 mn) on two kinds of substrates. Differently
charged CNF suspensions were used. As substrates, two different kinds were employed. First,
semiconducting silicon substrates are used. Here, the fundamental layering process during spray coating is
investigated, showing clearly the ability of layer-by-layer coating. Secondly, the CNF were coated on
polyimide foils having a thickness of 125 µm in the roll-to-roll coater. On a silicon substrate we found a
decrease in surface roughness of the resulting thin film with increasing surface charge density of the CNF.
Additionally, we present first results of our investigation on the layering of CNF on flexible polyimide foil
substrates in the continuous, roll-to-roll compatible fabrication process.
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Product appearance is an important factor for consumers to determine product quality, and color is one
of the most important factors that contributes to this appearance. Currently, the safety and consumer
acceptance of some colorants used in products, such as titanium dioxide and some synthetic colorants,
are under discussion. Therefore, new ways to use natural colorants as alternatives to these suspect
colorants for more applications are investigated. This project aims to design colloidal colorants

from water insoluble proteins. The protein chosen is zein, a protein from corn. Zein is edible,
renewable, and biodegradable. In addition, zein is soluble in safe solvents, such as waterethanol
mixtures, and it is capable of film formation with good barrier properties. These are
advantageous properties for future applications. This project is divided into two main parts. The
first is to design a colloidal dispersion with a white appearance. To synthesize these white
colloids, zein is purified and converted into stable colloidal particles via anti-solvent
precipitation. The second part, is to entrap colorants via co-precipitation of the colorants with
zein. Both types of particles, white and colored, are characterized on the single particle level
and in concentrated suspensions and experimental data is compared to theory.

Introduction
Nowadays, there is a consumer demand for natural products. This has led to an enormous growth in research
towards hydrocolloids, encapsulation and composite particle formation in which natural or functional
ingredients are used for the application in consumer products. Not only in the food industry, but also in the
pharmaceutical, cosmetic, textile and other industries [1]. Promising types of carriers for such hydrocolloid
systems are proteins from both animal and plant origins. Examples include whey, casein, gliadin, and zein
[2].
Zein is a hydrophobic protein extracted from corn and is classified as a prolamin. It is generally recognized
as safe (GRAS) and is biocompatible, biodegradable, non-toxic, and edible. Moreover, it is soluble in food
safe solvents, such as water-ethanol mixtures [3]. All these properties make this protein a good candidate for
many applications. Over the years, zein has been extensively studied for its use in forming coatings, fibers,
and micro- and nanoparticles. The capability of zein, or any biopolymer, to form particles and to entrap
colorants is influenced by different conditions such as: medium polarity, steric and electronic parameters,
pH and charge of the solute. Encapsulation with zein as a carrier has been investigated for many
applications, such as drug delivery, delivery of essential oils, micro-nutrients, and color. Colloidal particles
with entrapped colorants can be used to tune the color or optical properties of particle suspensions [4, 5] or
even as a white colorant on their own without adding additional colorant [6].

Experimental
This research is divided into two main parts. First, a colloidal dispersion with a white appearance was
designed. To develop a bio-based and renewable alternative for the inorganic titanium dioxide (E171) as a
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white colorant in wet food products [7, 8]. To synthesize these white colorants, zein was purified, by
washing the protein in ethanol, and converted into stable colloidal particles via anti-solvent precipitation [6].
Second, is to entrap colorants via co-precipitation of the colorants with zein. in the case of water soluble
anionic dyes also post-addition of dye to white particles was performed to determine the affinity of the dye
with the zein protein [4]. Both types of particles, white and colored, are characterized.
The spherical particle size was confirmed by scanning electron microscopy (SEM), the particle sizes were
measured using dynamic light scattering (DLS), and electrophoresis was used to determine the charge of the
particles. The color of the particle suspensions was determined using colorimetric analysis.
To make any predictions, or model, the scattering properties of the particle suspensions, the refractive index
of the particles needs to be known. This was found by combining experimental data in the diluted regime
from spectroscopy and light scattering theory. Here, the refractive index was used as a fitting parameter.
This refractive index could then be used in the theoretical model to compare the scattering of concentrated
samples to Mie theory.

Results & Discussion
Prior to particle synthesis, the zein protein was purified via washing in ethanol. Figure 1a shows that 1
washing step was sufficient to remove most of the impurities that absorb in the visible light range. The
necessity of this purification step is illustrated by figure 1b, in which one unpurified and one purified
particle suspension prepared with zein are presented.

Figure 1: UV-Vis spectra of supernatants from the different washing steps from the purification of zein a).
and a photograph of unpurified (left) and purified (right) zein colloids b).
SEM images were taken from purified zein suspensions (figure 2a and b) and colored zein suspensions
(figure 2c and d). It is observed that the particles are spherical, although they are highly polydisperse. This
polydispersity is also visible in DLS measurements (figure 3). Particle sizes can be tuned by changing the
amount of zein in the stock solution prior to anti-solvent precipitation.

Figure 2: White zein colloids after synthesis a) and corresponding SEM image b), and blue zein colloids
after synthesis c) and corresponding SEM image d).
White particle suspensions were used to determine the refractive index of the zein particles. experimental
data from uv-vis spectroscopy was combined with mie theory, using the refractive index as a fitting
parameter. Figure 4a shows the optimal fit for a refractive index of 1.49 ± 0.01. This value was used as an
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input for the model to predict the transport mean free path (l*) in concentrated white colloidal dispersions
(figure 4b) and gives a reasonable match with experimental data.

Figure 3: Particle sizes increase by increasing the concentration of zein in the stock before precipitation
(DLS data), the vertical bars represent the size distribution.

Figure 4: 〈Qext/r〉 versus average particle radius measured on dilute samples (small squares) and calculated
from Mie theory (large circles). Input for the theory is: a particle refractive index of 1.49, a particle density
of 1.1 g cm-3, and the measured particle volume distribution from DLS for each sample. Data are shown for
six wavelengths, shown in colors from blue to red: 450, 500, 550, 600, 650, 700 nm (a). The transport mean
free path, l*, found experimentally by total transmittance spectroscopy (points) and calculated from theory
(lines) of three zein particle suspensions with different mean particle sizes. Sample A had a particle diameter
of 115 ± 41 nm and 1.9 wt%, sample B a diameter of 93 ± 32 nm and 1.6 wt%, and sample C a diameter of
76 ± 41 nm and 2.3 wt% (b).
Colored colloids were prepared using an anionic dye, patent blue V. The amount of dye was varied while
keeping the initial zein concentration the same. Since this dye is water soluble the affinity between the dye
and the particles were synthesized by not only co-precipitation but also by post-addition of the dye to white
zein particles. For co-precipitated samples this resulted in an increase in the particle size, while the particle
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Figure 5: Particle sizes (from DLS) a) and zeta-potentials b) of co-precipitated and post-addition samples,
upon increasing concentration of dye initial zein concentrations were kept constant at 10wt%. The dotted
lines are present to guide the eyes.

size was constant for samples created via post-addition (figure 5a). The zeta-potential showed a similar trend
for samples created via both techniques (figure 5b). Entrapment efficiencies of the colored samples was
determined at above 90% for both techniques, which shows that there is high affinity between this anionic
dye and the zein protein.

Figure 6: Entrapment efficiencies of co-precipitated and post addition samples.

Conclusions
•
•
•
•
•
•

White and colored particles were successfully synthesized from zein
For all, the particle size could be tuned by varying the zein concentration in the stock solution
The refractive index of the particles was found by combining experimental data and theory, using
the refractive index as a fitting parameter
The transport mean free path of light in white particle dispersions was determined and compared to
theory, which resulted in a nice agreement.
Encapsulation efficiencies of both co-precipitated and post-added anionic dyes was above 90%,
which indicates that anionic dyes have high affinity with the zein protein.
It is also possible to entrap colorants that are insoluble in water but soluble in ethanol.

Acknowledgements
This research is supported by the Dutch Technology Foundation STW (grand 13567), which is part of the
Netherlands Organization for Scientific Research (NWO) and partly funded by the Ministry of Economic
Affairs.
38

References
[1] D.J. McClements. Current Opinion in Colloid and Interface Science, 2017, 28, 7-17 [2]
F.Y. de Boer, A. Imhof, K.P. Velikov. Coloration Technology, submitted.
[3] J.W. Lawton. Cereal Chemistry, 2002, 1, 1-18.
[4] F.Y. de Boer, A. Imhof, K.P. Velikov. Colloids and Surfaces A, 2019, 562, 154-160.
[5] A.R. Patel, P.C.M. Heussen, E. Dorst, J. Hazekamp, K.P. Velikov. Food Chemistry, 2013, 141, 14661471.
[6] F.Y. de Boer, R.N.U. Kok, A. Imhof, K.P. Velikov. Soft Matter, 2018, 14, 2870-2878.
[7] A. Weir, P. Westerhoff, L. Fabricius, K. Hristovski, N. von Goetz. Environmental science and
Technology, 2012, 4, 2242-2250.
[8] M.C.E Lomer, R.P.H. Thompson, J. Commisso, C.L. Keen, J.J. Powell. Analyst, 2000, 4, 23392343.

39

Colloids & Polymer Dispersions

Tuesday 25 June 2019

[O8]-Emulsifying ionic apolar polymers in water.
Understanding the process
A.J. Reuvers* and H.A. Langermans‡.
*: DSM Coating Resins, R&T; P.O. Box 615, 8000 AP Zwolle, The Netherlands; bart.reuvers@
DSM.com.
‡: DSM DMSC dept. Colloids & Interfaces; Urmonderbaan 22, 6167 RD Geleen, The Netherlands;
harm.langermans@DSM.com.

To use apolar polymers as binders in water-borne paints or adhesives, they must first be emulsified in water.
To achieve a deeper understanding of the emulsification process, we studied the emulsification in water of an
anionic, apolar polymer dissolved in acetone. The process of emulsification has been mimicked by adding a
step-wize increasing amount of water to a 40 weight% polymer solution. The resulting mixtures were
subjected to different procedures of mechanical agitation. Subsequently, we examined the phase behavior,
turbidity, and viscosity of the resulting samples. We deduced the following conclusions:


Upon adding 8 weight% water or more, emulsification occurs spontaneously.



Up till moderate water content (30-40%), an equilibrium emulsion structure is obtained, being
fully dictated by thermodynamic arguments.



At higher water concentrations however, the emulsification process results into metastable,
arrested emulsion structures, being dependent on the extent of mechanical agitation. We believe
the arrestment of structure is due to lack of solubility of the polymer in the water-enriched phase.
Accordingly, the ‘dynamics’ required for erasing the influence of hydrodynamics on the final
emulsion structure is suppressed.

Introduction
To use apolar polymers as binders in water-borne paints or adhesives, they must first be emulsified in water
[1]. By smart incorporation of (neutralized) acid groups, a substantial fraction of the apolar polymer achieves
an amphiphilic structure and can act as emulsifier. Thus, emulsification in water becomes possible without
employing ‘external’ surfactants. Here we consider the emulsification of very viscous anionic, apolar
polymers. To facilitate pumping and mechanical stirring such polymers must be diluted with a solvent (down
to a solid content within the range of 40-80%). To facilitate emulsification, the solvent is chosen to be
miscible with both water and polymer, such as acetone or butyl glycol [2, 3]. Emulsification is realized by
dosing water to the polymer solution, while gently stirring. The process is stopped upon attaining a water
content of 40-60 weight%. The remaining solvent is either stripped off (acetone) or used as coalescing agent
during film formation of the water-borne paint (butyl glycol).
Although this procedure to emulsify highly viscous polymers is already applied for over 50 years, the basic
mechanisms underlying this emulsification process are not yet fully understood. This study has been
performed aiming to attain a deeper understanding.
In literature, one can identify two fundamentally different scientific approaches to describe emulsification of
oil/water/surfactant mixtures: A ‘thermodynamic’ as well as an ‘hydrodynamic’ approach. A specific class of
oil/water/surfactant mixtures appears to exist for which the resulting emulsion structures are very well
explained, using only (statistical) thermodynamic arguments. Shinoda and Friberg [4] wrote an excellent
review on this field of research. For a complementary class of oil/water/surfactant mixtures on the contrary,
hydrodynamic arguments explain the emulsion structures: Extent of mechanical agitation, interfacial tension,
viscosity- and volume ratios appear to be the decisive parameters for the final structure of this class of
ternary mixtures [5]. At the design of a large-scale emulsification process, it would be very helpful if we
knew the specific characteristic(s) causing an oil/water/surfactant mixture to be member of either the
‘thermodynamic’ or the ‘hydrodynamic’ class of mixtures. Surprisingly, this basic issue is hardly adressed in
literature. Bearing this issue in mind, we address the following questions in relation to our quaternary
polymer-oil/polymer-surfactant/water/cosolvent system:
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1) Does the emulsification in water of the apolar polymer solution take place spontaneously (without
applying external forces)? And if it does, what is the underlying reason?
2) Do we end up in a state of thermodynamic equilibrium? Or do we end up in a meta-stable, arrested
state, being dependent on the externally applied forces? And what could be the underlying reason to
end up in these different states?

Experimental
Here we study the emulsification of an apolar binder containing carboxylic acid groups, neutralized with
TEA and dissolved in acetone. The molecular weight of the polymer is within the range of 50-100 kDalton.
Its apolarity originates from the presence of 40 weight% fatty acid.
The process of emulsification has been mimicked by adding a step-wize increasing amount of water to a 40
weight% polymer solution. Subsequently, the samples containing a varying concentration of water have also
been subjected to different procedures of mechanical agitation. To reveal the processes underlying the
emulsification of the polymer, the following macroscopic properties of the resulting mixtures have been
measured:
-

Phase behavior (number of phases and phase volume ratios);
Turbidity of the phases;
Viscosity as a function of shear-stress.

These properties have been measured as a function of both the amount of added water and the procedure of
mechanical agitation.

Results & Discussion
While raising the amount of water added to the 40 weight% polymer solution, we passed the following five
distinct regimes (see also Figure 1):
Regime 1. Up till 5 weight% water, all added water is absorbed by the polymer solution. A single clear phase
is attained.
Regime 2. At 5-8% water, both a polymer-enriched and a water-enriched phase are formed. Both phases
contain a substantial amount of acetone. Both phases are transparent, indicating that emulsification does not
yet occur.
Regime 3. Starting at about 8% water content, turbidity measurements reveal emulsification to take place in
the polymer-enriched phase, where reversed ‘water in oil’ micelles are formed. Apparently, at this water
content the pKa value of the water-enriched phase is sufficiently reduced to make it energetically favorable
for the acid groups of the polymer to dissociate upon contacting this phase [6]. Because dissolution of the
polymer in the water-enriched phase is prohibited by its apolar nature, (part of) the anionic polymer species
preferably positions at the boundary of the reversed micelles.
At increasing water content, gradually more water-enriched phase turns out to be absorbed by the reversed
micelles in the polymer-enriched phase. Ultimately, at about 14% water, a turbid single-phase emulsion is
left. It consists of a continuous polymer phase, absorbing the complete water-enriched phase within large
reversed micelles.
Regime 4. From 14% water on until about 30% water, the emulsion remains ‘single-phase’, containing
reversed micelles. At that point, viscosity measurements reveal the structure of the emulsion to invert from
reversed micelles into ‘oil in water’ micelles. Apparently, the electrostatic repulsion between the negatively
charged groups pointing into the water-enriched cores of the micelles has become sufficiently high to cause
inverted bending of the micelles [7].
Regime 5. From 30% water on, the emulsion remains ‘single-phase’, containing polymer particles dispersed
in a water (-enriched) phase. Upon approaching 100% water, the particle diameter is within the range of 50–
70 nm.
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Figure 1: Characteristic phase behavior within the different regimes passed upon raising the water
concentration of the quaternary system; 4.0% water: regime 1; 6% water: regime 2; 11% water: regime 3; 15
& 20% water: regime 4; 30% water: transition to regime 5.
Sofar, the results have been interpreted, in terms of thermodynamic considerations, implicitly assuming the
examined mixtures attained their thermodynamic equilibrium state. This would imply that the resulting
emulsions can be referred to by the phrase ‘micro-emulsions’ [4]. Did we indeed obtain micro-emulsions for
our quaternary oil/water/surfactant/cosolvent system? Is the observed inversion from reversed micelles into
oil in water micelles indeed thermodynamically driven and analogue to the results of De Bruyn et al. for a
comparable quaternary mixture, containing low-molecular weight components [7]? Or is the inversion
hydrodynamically driven and, accordingly depending on the procedure of mechanical agitation? To answer
these questions, we also examined the influence of the procedure of mechanical agitation on the macroscopic
properties of the examined mixtures. If thermodynamic equilibrium is really attained, these properties must
be independent on this procedure.
Within the regimes 1-4, phase behavior, turbidity, and viscosity of the mixtures indeed turned out to be
independent of mechanical agitation (or temperature history). Mechanical agitation minimized the time
required to attain equilibrium. But it did not affect the actual equilibrium state. Apparently, the diffusive
displacement of the components towards their equilibrium spatial distribution is not obstructed.
Emulsification also occurred without any mechanical agitation. Apparently, emulsification occurs
spontaneously due to the gain in free energy accompanying the diffusive displacement of ionic polymer
species from the apolar polymer solution towards the boundary with the water-enriched phase.
Within regime 4, this equilibrium distribution corresponds with the binder being dispersed in
thermodynamically stable droplets with an estimated diameter in the range of 40-80 nm! Apparently, both
the concentration and molecular architecture (amphiphilic nature) of the ionic polymer species provide
perfect emulsification of the binder studied here. Since, the complete fraction of apolar polymer species is
absorbed by the micelles! This is not a rule of thumb for newly developed binders. Frequently, even at a
water content of 30%, only part of the binder appears to be emulsified. The remaining part of the binder is
then positioned in a separate, clear phase on the bottom.
Entering regime 5, it took an ever-increasing time to reach thermodynamic equilibrium at increasing water
content. Ultimately, the emulsions turned out to remain arrested in a metastable state, with a turbidity and
averaged particle size distribution depending on the procedure of mechanical agitation.
Why does the emulsion structure become arrested at high concentrations of water? And why is the arrested
structure affected by the extent of mechanical agitation? We propose the following explanation: At
increasing water content, the concentration of acetone dissolved in the water-enriched phase decreases.
Accordingly, the solubility of the apolar polymer in the water-enriched phase also reduces. Ultimately, this
will cause the water-enriched phase to become impermeable for the polymer species. Thus, the spontaneous,
thermal displacement of components required to erase the impact of hydrodynamics on the final emulsion
structure becomes obstructed. Accordingly, we end up with an arrested, metastable structure, being
dependent on the extent of mechanical agitation.
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Conclusions
We studied the emulsification in water of a 40 weight% apolar, anionic polymer solution in acetone, as a
function of the amount of added water.




Upon adding 8% water or more, emulsification occurs spontaneously, due to the gain in free energy
accompanying the diffusive displacement of ionic polymer species from the apolar polymer solution
towards the boundary with the water-enriched phase.
Up till moderate water content (30-40%), an equilibrium emulsion structure is obtained, being fully
dictated by thermodynamic arguments.
At higher water concentrations however, the emulsification process results into metastable, arrested
emulsion structures, being dependent on the extent of mechanical agitation. We believe the
arrestment of structure is due to lack of solubility of the polymer in the water-enriched phase.
Accordingly, the ‘dynamics’ required for erasing the influence of hydrodynamics on the final
emulsion structure is suppressed.
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Inkjet printing with water-based colloidal inks is an important industrial application. Understanding the physical
processes involved in the ink jetting and its drying and colloidal self-assembly is crucial for print outputs (print
robustness and quality).
In this work the process of latex film formation from complex mixtures deposited on hydrophilically cleaned silicon
substrates is investigated. Latexes with different glass transition temperature Tg dispersed in various mixtures of
water, surfactant and glycerol are studied using micro beam grazing incidence small-angle x-ray scattering
(µGISAXS), light microscopy and VIS reflectometry. The µGISAXS method reveals nanostructure formation in
during droplet dryin. The UV-VIS reflectometry performed on thin layers shows quantitatively the water
evaporation, and the particles’ coalescence ending with film formation. Corroborating the results, the low T g latex
shows film morphology (merged particles), while the high Tg latexes reveal a particulate film with ordering.

Introduction
Nowadays, the printing with water-based colloidal inks is becoming the printing technology due to its print
quality / cost / environment care attributes. The physical processes underlying the printing process are
complex non-equilibrium phenomena including convective and diffusive transport during solvent
evaporation, inducing strong gradients [1]. Additionally, the interaction with the underlying substrate defines
the contact angle of the deposited droplet and determines triple-phase contact line movement or pinning.
Understanding theses physical processes involved in the ink drying is crucial for print quality and robustness.

Experimental
In this work, we investigate the latex film formation from complex mixtures deposited as droplets of 5
microliters on hydrophilically cleaned silicon (c-Si) substrates. Soft and hard lateces with different glass
transistion temperature Tg below or above room temperature (RT) and dispersed in various mixtures of
water, surfactant and glycerol are investigated using microbeam grazing incidence small-angle x-ray
scattering (µGISAXS), as well as light microscopy and UV-Vis reflectometry. The the latter, thin fims of
complex liquid mixture have been made on c-Si[2]. The method of µGISAXS is very useful to investigate
the nanostructure formation in aequous colloidal dispersion during droplet deposition and subsequent drying,
mimicking the printing process [3,4].

Results & Discussion
The VIS reflectometry is performed on a special setup where the sample holder allows thin films of liquid
with polymeric particles up to 20
humidity and temperature) are controlled. The sample is probed by a beam in the visible optical range (400800 nm wavelengths). Optical interferences results in a spectrum of reflection with fringes. Recording these
reflection spectra with periodicity (e.g. 1 spectrum per sec) a color-scale 3D like plot can be generated. This
is showed in Figure 1 . As it can be seen, the fringes shift in time towards small values of the wavelength,
which is equivalent with a thinner layer due to water evaporation. When the evaporation ends, the reflection
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spectra are identical in time (t>28sec, in Figure 1 ). Varying the temperature, the coalescence phase of the
latex film formation can be revealed if Tg>Troom, where Troom is the room temperature at which the
evaporation measurement have been performed.

Figure 1. The water evaporation revealed by the Vis reflectometry measurements: the color scale represents the
reflectance value, the Ox axis is the wavelength and the Oy axis is the measurement time.

Via spectra simulation, using the SCOUT program [5], the layer thickness can be calculated, and from here
the evaporation rate. The layer thickness at the beginning of the experiment was 2776.9 nm and at the end it
remains 292.5 nm after about 30 sec, resulting in an evaporationrate 82.8 nm/sec. After 28 sec, the layer
thickness remains constant and is defined by the other components of the mixture, except water that has been
evaporated. More information about the latex particles’ deformation and coalescence in theprocess oflatex
filmformation is obtained with µGISAXS investigation.
µGISAXS shows the phases of latex film formation: (i) water evaporation, where the droplet shrinks, (ii) the
particle deformation (depending on Tg), and (iii) their coalescence (the thin shell made of densely packed
particles collapses). Strong differences in the structure of the formed films between the hard latex (high Tg
latex, Tg>50C) and soft latex (Tg<RT) have been observed, which were revealed by both µGISAXS and
light microscopy. The presence of glycerol into the liquid mixture with hard latex produced profound
changes in the film formation process. Either a softening of the boundaries between the individual colloidal
spheres occured, or glycerol prevents the particles to coalescence.
The coffee-stain ring (torus-shape) is observed on both hard and soft latex dispersed in water with surfactant
after drying. As it can be seen in

Figure 2, where the light microscopy images are shown, the low T g latexes seem to form a more layer-like
film morphology with the colloids being rather merged, while the high Tg latex leads to a strong particulate
film with pronounced colloidal ordering.

(a)

(b)

Figure 2. Optical microscopy images from droplet casting. The film formed from hard latex (a) and soft latex (b)
dispersed in water with surfactant. Images were taken at the edge of the droplet.
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Conclusions




We observe the latex film formation during droplet deposition mimicking the printing process using
light and X-ray scattering
The resulting film formation can be related to mechanical stresses,
The surface morphology of the formed layer are important for printing industry.
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Undesired migration of molecules poses a major issue in many technical applications. Particularly in the
area of food packaging, migration of harmful substances into the packed foodstuff has to be prevented. The
diffusivity of molecules can be reduced by creating a tortuous path. This tortuous path effect is maximized
once impermeable layered materials are incorporated in the polymer matrix. Naturally occurring sheet
silicates with aspect ratios of about 500 improve the barrier properties of polymers to a certain level.
Nevertheless, this is by far not sufficient to create real functional barriers with thin coatings. Recently
synthetic silicates with aspect ratios greater than 10000 have become available. With these types of silicates,
the permeation of small molecules can be reduced by several orders of magnitude! Unfortunately, this only
holds true for certain model binder systems. In conventional industrial coatings, the improvement is limited
to an approx. 10-fold reduction in permeation. In order to unlock the full potential, dispersion and
orientation of the silicates need to be monitored during film formation. Advanced analytical techniques are
employed to investigate the effect of a variety of surface modifications of the silicates and to create efficient
formulation strategies for the barrier coating.

Introduction
Packaging materials have to be cheap, eviromentally benign, and stable under mechanical stress. Often the
packaging also provides information about the packed good and has to have an appealing appearance.
However, the most fundamental task of a packaging is to keep the packed product inside and everything else
outside. The ongoing discussion on the presence of mineral oil saturated or aromatic hydrocarbons
(MOSH/MOAH) in paper based packaging materials show that this is not as trivial as it appears to be.
Recycle cardboard contains mineral oil residues (e.g. from printing inks) which can migrate to the packed
good. In the case of food packaging, this clearly becomes a health risk and has to be prevented. Even the
ingress of otherwise harmless molecules like water and oxygen may lead to the spoilage of the packed
foodstuff.
Metal and glass as packaging material provides excellent protection against any migrating substances.
However, these materials have several disadvantages like for example their weight. In contrast, polymer foils
and cardboard are cheap, lightweight materials but they are susceptible for many substances. In order to
provide a suitable barrier against these substances special barrier foils can be used. Unfortunatly this
increases the production costs and reduces the recyclability. Thus, providing good barrier properties with a
thin coating would be economical and ecological favorable.
The permeability (P) of a (non-porous) material for a certain migrating molecule is given by the product of
the solubility constant (S) and the diffusitivity constant (D): P = S·D [1]. Therefore, a barrier can be achieved
by lowering either S or D. The solubility is closly linked to the hydrophilicity or hydrophobicity of the
material and migrating substances. For example, the rather hydrophobic polyethylene is an excellent barrier
against water but a poor barrier against fats and oils. Thus, several alternating layers of hydrophilic and
hydrophobic materials have to be used to achieve good barrier properties against a broad variety of
substances, as it is needed for food packaging applications. The better option is to reduce the diffusitivity, as
this affects all migrating substances regardless of their chemical nature. The most promising approach for
lowering the diffusitivity is the tortuous path concept [2]. Here an inpermeable, sheet like material is
homogeneously dispersed in a polymeric matrix. This enables remarkable barrier properties without reducing
the flexibility of the coating. Although not formimg a perfectly closed layer, the impermeable sheets
significantly prolong the diffusion path of all permeating molecules. A quantitative description of the
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tortuous path effect is rather complex as many parameters influence the overall permeation. A rather simple
yet very successful model is the one published by Cussler et al. [3]: P0 / P = 1 + (αΦ / 2)2 / (1 - Φ) The
permeation rate without barrier material P0 divided by the permeation with the barrier material P gives the
barrier improvement factor. In the Cussler model, this factor depends on the aspect ratio α of the sheets and
the filler content Φ.
Sheet silicates are promising materials for the formulation of barrier coatings as they have high aspect ratios
if the sheets can be separated. This delamination process has been found to be crucial for achieving the
highest barrier properties. As high shear forces lead to cracking of the silicate platelets the delamination
should be driven by swelling in water. Many sheet silicates have defects in their crystal structure which
leaves the individual sheets to be negatively charged. Sodium cations which counter these negative charges
are located in the intersheet gallays. In water, hydration shells are formed around the sodium ions and the
individual silicate sheets are pushed apart leading to the delamination of the material. However, this is only
possible in a narrow regime of charge density before the coulomb forces getting too strong. Unfortunately,
many naturally occouring silicates have a very inhomogeneous distribution of the charges, leading to an
incomplete delamination. Thus, the theoretical possible aspect ratios are not reached and the actual barrier
performance lags behind the predicted values by the model equations discussed above.
Synthetic silicates can be produced in a much more controlled way than natural silicates. This leads to a
homogeneous distribution of the charges within the silicate layers and therefore to a complete delamination
[4]. The resulting silicate sheets are roughly 1 nm thin. The lateral size of the synthetic silicates can reach
more than 10 µm (while natural silicates seldom reach 0.5 µm or more). Thus, silicate platelets with aspect
ratios of more than 10000 have become available. As the barrier properties are predicted to improve with the
square of the aspect ratio, these synthetic silicates should give extremely low permeation rates. Indeed, the
permeability of coatings containing these synthetic silicates are several orders of magnitude lower compared
to coatings with conventional natural silicates. Yet again, the barrier performance predicted by the model
calculations is not reached. This becomes even more prominent when industrial coating systems are used
instead of highly diluted and optimized model binder systems. This is believed to be caused by a
misalignment and a reaggregation of the silicate sheets during the drying process of barrier coatings. Thus,
the self-organization and the colloidal stability of the silicates have to be investigated in more detail.

Experimental
Synthetic hectorites with the chemical formula Na0.5(Mg,Li)3Si4O10F2 can be independently exfoliated by
osmotic swelling in water. The ability for independent osmotic swelling depends on the layer charge of the
silicate and the charge and hydration enthalpy of the interlayer ions like Sodium. Synthetic Na-hectorites
only exfoliate directly, if the layer charge does not exceed 0.55 per formula unit Si4O10F2 [5].
For Na-hectorites with the chemical formula Na0.6(Mg,Li)3Si4O10F2 a two-step-process was defined to
delaminate the layers. In the first step, the Na-hectorite is converted by partial ion exchange with
n-butylammonium into a one-dimensionally ordered, interstratified heterostructure. This heterostructure
contains strictly alternating interlayers of sodium ions and n-butlyammonium and delaminates spontaneously
into uniform single layers during dispersion in water [6].
The focus for the investigations of improved barrier coatings is on the independently exfoliation synthetic
Na-hectorite with a charge of 0.5, abbreviated with Hec0.5. For a better compatibility with the polymer
material a modification of the Hec0.5 was performed with different organic ammonium ions and quaternary
ammonium compounds like L-lysine, betaine and TRIS according to patent WO 2017/017146 A1 [7].
A reference binder system containing polyacrylic acid and a cationic ethoxylated polymer [7] was compared
with acrylate and styrene-acrylate systems used in the field of food packaging for protective coatings of
cardboards regarding their barrier properties with incorporated unmodified and modified Hec0.5.
Oxygen transmission rates were determined with an Oxtran 20/2 (MOCON GmbH, Germany) at 23 °C and a
relative humidity of 75 %. The reference binder system, an acrylate- and three styrene-acrylate-systems with
modified and unmodified Hec0.5 were applied on ND-plasma treated 50 µm PET-foils (optimont 501).
For dry coating films the investigations of coating layer thickness, exfoliation and orientation of the silicates
in the dry films were performed with the transmission electron microscope (TEM) FEI Tecnai F20 S-TWIN
Microscope (Thermo Fischer Scientific, USA) operated at 200 kV and a field emission scanning electron
microscope (FESEM) of type FEI Helios 600 with DualBeam (Thermo Fischer Scientific, USA). Crosssectional specimens for the SEM observation were prepared by Focused-Ion-Beam (FIB) technique.
The investigations of film formation, silicate exfoliation and silicate orientation in the liquid films were
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performed by cryo-SEM with a Quorum PP2000T preparation-system for the FEI Helios 600 in small tubes
and with special preparation techniques as liquid films on aluminum substrates.
Additionally the orientiation of the silicates was studied with the polarization microscope Zeiss Axio Imager
M1 (Carl Zeiss Microscopy GmbH, Germany) with rotable polarizator to adjust the polarization intensity.
The coating layer was applied with a film casting knife on microscope slides. The rotation of the polarizer
was adjusted at 10 ° for a maximum polarization intensity of the silicates in the coating formulation.

Results & Discussion
Investigation of barrier properties
The oxygen transmission rate (OTR) of homogeneous films without incompatibilities was measured with a
MOCON Oxtran 20/2. The lowest OTR was achieved with unmodified Hec05 in the reference binder
system. For water soluble styrene-acrylate 1, styrene acrylate 2 and acrylate 1 the best barrier has been
achieved with the organic modifier lysine. For the polymer dispersion styrene-acrylate 3 the best barrier was
detected with Hec0.5-betaine. The results of the OTR measurements were summarized in table 1.
Table 1: Oxygen Transmission Rate OTR [cm3m-2day-1bar-1]
Binder System
Hec0.5
Hec0.5-lysine
Reference
0.5
1.0
Styrene-acrylate 1
-*
4.0
Styrene-acrylate 2
-*
3.0
Styrene-acrylate 3** 3.5
7.5
Acrylate 1
-*
2.0
*no homogeneus film possible **polymer dispersion

Hec0.5-betaine
1.5
7.0
-*
3.0
-*

Hec0.5-TRIS
3.0
-*
-*
-*
-*

Investigation of Film Formation via Cryo-SEM and Polarization Microscope
During film formation of barrier coatings the orientation and exfoliation of Hec0.5 are important to achieve
improved barrier properties.
Cryo-SEM investigations showed the orientation of silicates with reproducible results. Distinctions of the
polymer solutions reference coating and styrene-acrylate 1 with modified silicates and the polymer
dispersion styrene-acrylate 3 regarding orientation and agglomeration were visible and a nearly complete
exfoliation of the silicates has also been observed (Figure 1 (a)). Additionally a good compatibility of the
synthetic silicates with the styrene acrylates was detected. For styrene-acrylate 3 the polymer particles show
an agglomeration at the silicate sheets (Figure 1 (b)). Investigations of time dependent film formation of
coating layers, which were applied on aluminum samples, has successfully been performed (Figure 1 (c)).

Figure 1: Cryo-SEM analysis of frozen droplets of the reference coating with Hec0.5-lysine (a), the styreneacrylate 3 dispersion with Hec0.5-lysine (b) and after application of the reference coating layer with Hec0.5lysine on alumnium sample (c).
During the investigations a major interest was, if the orientation of the silicates was influenced by ice
crystals or the freezing process respectively. Unfortunately, it cannot be guaranteed with absolute certainty
that the film building process is not influenced by the freezing process. All polymers show very highly
ordered structures, which could be a result of the very low polymer concentration in the aqueous coating
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formulation and the influence of frozen water structures. Figure 2 (a) shows a cryo-SEM cross-section
analysis of an aqueous solution of unmodified Hec0.5 without a superordinate structure. The reference
system shows a highly ordered structure and the influence ice crystals formed due to a delayed freezing
process at the interphase to the aluminum substrate (Figure 2 (b)). For the combination of the reference
binder system with HEC0.5-lysine the highly ordered structure of polymer and randomly ordered silicates
was obtained (Figure 2 (c)).

Figure 2: Cryo-SEM analysis of aqueous solution of Hec0.5 on aluminum substrate (a), the reference
coating on aluminum substrate (b) and the reference coating with Hec0.5-lysine (c).
In comparison to the Cryo-SEM technique the polarization microscope was used as complementary method
for the investigation of the orientation of silicates during film formation. The principle that was taken
advantage of, was that silicates show an optical anisotropy horizontally to the silicate layers which is visible
in polarized light in comparison to the optical isotropy vertically to the silicate layers [8]. If the orientation of
the silicates is optimal to achieve good barrier properties, the coating layer should be completely inactive in
polarized light or the orientation should change from active to passive during the film building process.

Figure 3: Optical activity of Hec05-lysine in reference coating, styrene-acrylate 3, styrene-acrylate 1 and
styrene-acrylate 2(a - d), Hec0.5-TRIS and Hec0.5-betaine in styrene-acrylate 3 (e and f).

Conclusions


The modified hectorites show a good compatibility with certain conventional acrylate and styreneacrylate binder systems.
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The lowest oxygen transmission rates of acrylate and styrene acrylate solutions could be achieved
with the lysine-modified Hec0.5. For the styrene acrylate dispersion the best results were achieved
with the betaine modified Hec0.5.
A preparation method for Cryo-SEM investigations of cross-sections for liquid films on aluminum
substrates was developed.
Promising results for the analysis of silicate orientation during film formation with the polarization
microscope were obtained.
The complete film formation from the liquid film to the dry coating can be monitored and
differences in the orientation of silicates can be detected.
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Controlling insect pests in buildings is important for reducing disease transmission and structural
damage (termite damage alone is estimated at $40 billion p.a. [1]). To minimise the use of potentially
harmful insecticides [2], new environmentally friendly strategies explore physical rather than
chemical mechanisms to control insects. Many natural plant surfaces (e.g. pitcher plants [3]) reduce
or prevent insect adhesion via (1) multi-scale surface roughness, (2) lubricating layers, and (3) wax
crystals detaching from the surface. The main goal of this project is to formulate environmentally
friendly paint bio-inspired from the inner wall surface of pitcher plants, which provide an antiadhesive mechanical barrier for crawling insects on vertical surfaces. Model waterbone paint systems
containing only polymer binder and pigment have been prepared. It was found that controlling the
following parameters can strongly decrease insect adhesion to paint surfaces: (1) the diameter (< 10
µm) of paint pigment particles; and (2) the particle size (> 100 nm) of the binder. As observed in
pitcher plants, the solid particles at the top surface often detached and adhered to the tacky pads of
insects. In optimised formulations, 75% to 100% of tested Atta cephalotes ants tested slipped and fell
from vertical paint panels.

Introduction
Although insects, such as pollinators and seed dispersers, are essential for most land ecosystems, many
insects are considered pests as they are detrimental to agriculture, forestry, buildings and human health.
Preventing insects from entering buildings could reduce their impact on health and buildings, which cause
yearly millions of deaths and up to $40 billion structural damage, respectively [1, 4]. Possible strategies to
tackle insect pests include insecticides, insect-repellent and low insect adhesion coatings [2,5,6]. The former
however are harmful to the environment and alternative strategies are preferred [2].
In nature, many plants are known to be slippery to insects, e.g. some pitcher plant surfaces covered in microrough lipid epicuticular wax crystals [3]. The wax crystals easily detach from the plant’s inner wall surface
and adhere to the sticky feet of insects. In combination with the micro-rough features of the nectar-lubricated
wax layer, crawling insects fall and get captured in the plant’s trap.
As an eco-friendlier alternative to insecticidal coatings, we have formulated model waterborne paints which
provide a slippery physical barrier for crawling insects on vertical surfaces. The size of latex and pigment
were systematically varied to investigate their impact on the ‘slipperiness’ to insects (Atta cephalotes ants)
using climbing tests. By properly tuning the paint components, the underlying mechanism is similar to the
working principle of wax crystals on the inner wall of pitcher plants.

Experimental
Model paints containing acrylic latex, pigment, dispersant and coalescing agent were formulated at 60% and
70% PVC. Two paint series were prepared in this study: (1) to investigate the effect of the latex particle size
on the paint slipperiness, acrylic latexes of varying particle sizes (65-840 nm) and constant Tg (23°C) were
prepared using anionic surfactants and were used in combination with 1 µm pigment. (2) To assess the effect
of the pigment size on the slipperiness, different pigment particle diameters (1-45 µm) were used with 65 nm
latex (Tg = 23°C). To assess if the paints were ‘slippery’ to insects (Atta cephalotes ants), we performed
climbing experiments as follows: ants were placed on a standard surface (1 cm2 tape) located at the middle of
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the vertically oriented painted panel. Once 4 (out of 6) legs left the standard, the time needed to reach any
edge of the surface was measured. The insect was considered unsuccessful if it slipped or could not reach
any edge of the panel within two minutes. Otherwise, the ant was considered to have successfully climbed
the paint. The paint slipperiness was calculated as follows:

Scanning Electron Microscopy (SEM) was used to analyse both the paint surfaces and the feet of ants after
climbing the paints.

Results & Discussion
We investigated in the paint series 1 if the polymer binder particle size had any effect on the paint
slipperiness (Figure 3). On one hand, the slipperiness increases with the PVC as more pigment particles were
found to adhere to the ants’s feet after detaching, similarly to what has been observed in pitcher plants [3]
(Figure 4).

Figure 3: surface slipperiness measured from 60% and 70% PVC paints containing 1 µm pigment and
varying latex particle size.
On the other hand, the slipperiness was found to increase with the latex particle size and reached a plateau at
about 350 nm. This behaviour is owed to a decrease in the Critical Pigment Volume Concentration (CPVC)
[7]. This allows for more particles to be detached by the sticky feet of Atta cephalotes at PVC 60 and 70.

A

B

Figure 4:SEM pictures of Atta cephalotes ant feet (A) uncontaminated and (B) contaminated after climbing
up a 70% PVC paint formulated with 1 µm pigment and 65 nm latex. Scale bars: (A) 100 µm and (B) 200
µm.
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In the paint series 2, the pigment size ranged from 1 to 45 µm (Figure 5). The slipperiness increased with the
pigment diameter for pigment sized between 1 and 10 µm, and decreased from 10 µm onwards. This
indicates that above 10 µm, the particles are too large to adhere to the sticky feet of ants. This in good
agreement with literature: it has been shown that for dock beetles contaminated by particles, particles having
a diameter of 10 µm were the hardest to remove (self-cleaning), hence impeding their locomotion [8].

Figure 5: surface slipperiness measured from 60% PVC paints containing 1-45 µm pigment and 65 nm latex.

Conclusions
By formulating paints with binders and pigments of varying size, we have shown that paints which
contaminate insect pads via particle transfer were efficient in preventing insects from climbing up vertical
paint panels. This opens the field for new pest control strategies in buildings. Further research should for
instance include the optimisation of paint durability, which should be improved by using ‘small’ latex
particles in combination with 1-10 µm pigment particles.
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Self-stratification is an innovative process providing a multi functional coating. The concept of selfstratifying coating is to bring the primer, intermediate and top coat properties together in a one-pot
formulation. To design a self-stratifying coating, two partially incompatible resins are mixed in a solvent
blend which separates spontaneaously after application and curing. To compare to the traditional multilayer coating approach, self-stratification allows reducing the number of formulation steps, chemicals used
and pollution emission. However, designing a perfectly stratified coating is a challenge, taking into account
the high number of parameters involved (solvents, curing temperature, viscosity, etc.). Moreover, most
already designed self-stratifying coatings use oil-based epoxy resins as thermoset resin, and “greener”
solutions need to be investigated. In this work, bio-based epoxy resins and silicone resins were dissolved in
various solvent blends and cured under different conditions. The stratification degree and the adhesion
properties on a composite substrate were investigated depending on following parameters: (i) resin
properties, (ii) cross-linking epoxy rate, (iii) curing temperature and (iv) solvent evaporation rate.

Introduction
Usually, to design a functional coating, several layers of coatings having specific properties (e.g. adhesive,
fire retardant and hydrophobic) are applied [1] (Figure 1). From an industrial point of view, these
multilayered systems require complex formulation, application and curing steps, implying many constraints
[2]. Self-stratification can be an alternative. Indeed, this eco-efficient process allows the formation, in only
one application, of a multi functional layer film. Moreover, it allows to reduce the amount of energy, the
pollution and waste generation [3][4][5]. Despite these benefits, self-stratification process is very sensitive to
a wide range of parameters, such as (i) resin properties, (ii) cross-linking rate of thermoset resin and curing
temperature or (iii) solvent evaporation rate.
Futhermore, the increase of stringent regulations on toxicological and environmental aspects now encourages
the use of “greener”coatings. In this study, the influence of different process parameters on the selfstratification of coatings based on bio-based epoxy resins and silicon resins will be presented and fully
commented.

Multilayered
coating

- Aesthetic aspect
- Weathering resistance

- Scratch resistance
- Chemical resistance

Self-stratifying
coating

- Specific to application
- Enhancement of coating / substrate adhesion

Figure 1: Self-stratifying concept

Experimental
1. Materials
To formulate self-stratifying coatings, several bio-based epoxy resins and silicone resins were selected: (i)
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ERISYS ISDGE (EEW: 170 g/mol, 100% solids, 40% bio content, from CVC Thermoset Specialties),
Cardolite 514 SG (EEW : 417 g/mol, 100% solids,84% bio content, from Cardolite Corporation) and a lab
scale bio-based Epoxy A (reaction of isosorbide and epichlorohydrin, EEW: 176 g/mol, 100% solids, 70%
bio content), (ii) Silicone S217 (phenyl silsesquioxane, 100% solids from Dow Corning), Silicone S255
(dimethyl, methyl, phenyl silicone resin, 100% solids from Dow Corning) and Silres IC678
(methoxyfunctional phenyl polysiloxane, 100% solid from Wacker). The epoxy resin was crosslinked with a
polyamine (IPDA, Isophorone Diamine from Merck).
A range of commercial organic solvents was tested: Methyl isobutyl ketone (MIBK), Butylacetate (BuAc),
5-methyl-2-hexanone, Ethyl lactate, hexyl acetate, Hexyl acetate and 2-butoxyethyl acetate from Fisher
Chemical.
2. Coating : preparation, application, curing and characterizations
To prepare the coating, each resin was dissolved separately at 30% wt/wt in a solvent blend and then mixed
at a 1:1 ratio. The diamine curing agent was added to the partially incompatible system with respect of the
epoxy number (1:1), and mixed for 5 minutes before the application. Coatings were applied by spraying
(with an air pressure of 200 kPa) onto the composite substrate. Regular spray gun Devilbliss was used to give
a wet thickness around 150-170 µm. Following the paint application, the coating was left for 15 min at room
temperature and then cured in an oven at different temperatures for 2 hours.
Coating cross sections were analyzed by Scanning Electron Microscopy with X-Ray mapping, using a JEOL
JSM-7800F LV at 10 kV. Samples were polished and carbon coated before analyses.
The self-stratified systems can be classified into 4 categories depending on the stratification level: (i) Type I:
perfect stratification with two well distinct layers, (ii) Type II: stratification characterized by a homogeneous
concentration gradient through the film thickness, (iii) Type III: formation of isolated resin spheres (iv) Type
IV: coating composed of large islands of resin. In this work, Type I or Type II patterns are targeted [6].
Cross hatch test is a quick and simple standardized method (ISO 2409 [7]) for the determination of the
coating adhesion on a substrate. The level of adhesion is ranked from 0 for the best ranking to 5 for the
worst.

Results & Discussion
1. Influence of silicone resin properties
The choice of the resin is crucial for the stratification to occur. Properties of each thermosetting and
thermoplastic resins can influence the stratification pattern of the coating. First, the two resins must be
compatible to produce a “one-pot” coating in solvent blend. Following the application and the solvent
evaporation, the two resins must be partially separate to obtain a stratification [1].
Formulations containing Epoxy A and one out 3 different silicone resins (Table 1) were prepared using the
same solvent blend (Ethyl lactate/BuAc) and were cured 15 min at RT follow by 1h at 80°C. Coating cross
sections were analyzed through microscopic analyses.
Coating with Silicone S217 (Figure 2.a) leads to Type I pattern with two distinct layers. Thanks to the
chemical mapping of silicon, separation of the resins is perceptible. The silicone resin is on the top layer, and
the epoxy resin sticks to the substrate. Silicone S255 combined with Epoxy A (Figure 2.b) results in Type
III-IV patterns with a thin epoxy base layer. The separation between these resins are not totally achieved.
Formulation with Silres IC678 (Figure 2.c) shows a well separation beetwen layers. Interlayer adhesion
failures appear between the layers, but this phenomenon is due to the sample preparation method before
microscopic observations.
It can conclud that a high molecular weight of the silicon resin disturbs the stratification process, even if
adhesion properties are good for all systems.

Silicone S217
Silicone S255
Silres IC678
Form
Solid, flakes
Solid, flakes
Liquid
MW
2500
4000
900
Stratification pattern
Type I
Type III-IV
Type I
Cross hatch test
ISO 0
ISO 0
ISO 0
Table 1: Silicone resin properties and stratification pattern results for coatings containing Epoxy A and
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different silicone resins in Ethyl lactate/BuAc solvent blend.

(a)

(b)

(c)

Silicone resin
Epoxy resin
substrate

substrate

substrate

Figure 2: X-Ray mappings of Silicon for the Epoxy A/S217 (a), Epoxy A/S255 (b) and Epoxy A/IC678(c)
coatings in Ethyl lactate/BuAc solvent blend
2. Impact of cross linking epoxy rate and curing temperature
Curing of the thermosetting resin might be a driving force for the stratification process. Indeed, during the
drying step, the molecular weight of the epoxy resin increases. This phenomenom promotes the
incompatibility between resins [8]. In order to explain the impact of curing temperature on the cross linking
rate, DSC measurements were carried out. Cross-linking epoxy conversion is ploted versus the curing
temperature and confronted with the corresponding stratification pattern of the coating (Figure 3).
At room temperature, none of the coating is stratified because the conversion rate of the epoxy resins is too
low (around 10%). For the coating containing Epoxy A, when the curing temperature ranges is between 60°C
and 110°C, the stratification quality is greatly improved, going respectively from type II to type I. For the
system with ISDGE resin, particles rich in epoxy are dispersed in the silicone phase at 60°C. The size of
these particles progressively decreases as the curing temperature increases to achieve a type I pattern at
110°C. In the case of the Cardolite containing coating, the increase of the conversion rate as a function of the
curing temperature is slower than the two other epoxy resins. This is probably due to a higher MW. Thus,
there is no stratification at 60°C however a type I pattern is reached at 110°C.
An increase of the curing temperature leads to an increase of the cross-linking conversion rate of the epoxy
resin, thus favouring the stratification process. In fact, the cross-linking promotes the incompatibility
between the epoxy and the silicone resins leading to better stratification pattern.

Figure 3: Impact of the curing temperature on the cross-linking conversion rate and the stratification pattern
for various epoxy resins with silicone S217 coating formulations.
3. Influence of solvent evaporation rate
Solvent or solvent blend properties are also a crucial parameter. Each solvent can be characterized by its
saturated vapour pressure (high volatility when Tvap > 50 hPa, medium volatility 10 hPa < Tvap < 50 hPa, low
volatility Tvap < 10 hPa) and its boiling point (the higher the boiling point, the lower the volatility).
To obtain a good stratification, the evaporation rate should not be too high so that the system has enough
time to separated [8].
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Depending on the solvent blends used (BuAc combinated with another solvent, 1:1 ratio) different levels of
stratification are obtained with ISDGE/Silicone S217 coatings (Table 2). X-Ray mapping of Silicon were
performed to determine the stratification pattern (Figure 4).
With MIBK/BuAc and 5-methyl-2-hexanone/BuAc (Figure 4.a and 4.b), which are the most volatile blends,
a perfect stratification is obtained for both coating. For Ethyl Lactate/BuAc (Figure 4.c) coating, the degree
of stratification is dual: (i) Type I because a thin epoxy layer is in contact with the substrate and (ii) Type III
because isolated spherical particles of epoxy are dispersed in the silicone layer. With Hexyl acetate/BuAc
(Figure 4.d) solvent blend, epoxy resin is dispersed as isolated sphere particles and large islands in the
silicone phase leading to Type III-IV patterns. With 2-butoxy-ethyl acetate/BuAc (Figure 4.e), the less
volatile solvent blend, no stratification is observed: epoxy and silicone resins are fully mixed. Moreover,
adhesion is worse with this solvent blend compared to previous coatings.
These results show that the higher the solvent evaporation rate, the better the stratification pattern. When the
solvent evaporation rate is too low, the compatibility between the resins increases and the separation does not
occur.

Saturated vapour
pressure (hPa at 20°C)
Boiling point (°C)
Stratification pattern
Cross hatch test

MIBK

Butyl
acetate

5-methyl-2hexanone

Ethyl
lactate

Hexyl
acetate

21

10.4

5.3

3

1.75

2-butoxy
ethyl
acetate
0.38

117
Type I
(a)
ISO 0

126
/

144
Type I
(b)
ISO 1

154
Type I - III
(c)
ISO 1

168
Type III-IV
(d)
ISO 0

193
Type III
(e)
ISO 2

/

Table 2: Stratification pattern and adhesion results for the ISDGE/S217 coating prepared with different
solvent blends (50:50 BuAc/other solvent).
(a)

(b)

(c)

Silicone resin

Silicone resin
Epoxy resin

Epoxy resin

substrate

substrate

substrate

(e)

(d)

Silicone resin

Silicone resin

Epoxy resin

Epoxy resin
substrate

substrate

Figure 4: X-Ray mappings of Silicon for the coating with solvent blend MIBK/BuAc (a), 5-methyl-2hexanone/BuAc (b), Ethyl lactate/BuAc (c), Hexyl acetate/BuAc (d) and 2-butoxy ethyl acetate/BuAc (e).

Conclusion
Several self-stratified coatings containing bio based epoxy resins have been developped. The influence of
epoxy and silicone properties and of the coating preparation conditions have been highlighted. In fact, if the
molecular weight of the silicone resin is too high, the separation of the resins cannot occur.
Moreover, it was shown that the curing temperature and thus the cross-linking conversion rate of the epoxy
resin have a significant impact on the stratification level. The higher the curing temperature, the higher the
conversion rate and the better the stratification pattern.
Finally, the solvent volatility also influences the stratification process: a highly volatile solvent blend favours
stratification. When the solvent is not volatile enough, the compatibility between the resins increases and no
separation occurs.
This study thus shows that designing a type I self-stratifying coating is delicate and that all the above
mentioned parameters must be controlled and investigated to reach the targeted structure.
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Photo-induced polymerization is a widely employed industrial process. Though numerous approaches both
experimentally as well as theoretically have been conducted, many open questions on the evolution of the
network morphology on the nanoscale during photo-induced conversion leading to the macroscopically
observable characteristics remains. In the study presented here, we employ a novel approach, namely in situ
X-ray scattering methods during photo-induced polymerization of thermoset thin films. This approach gives
simultaneous access to surfaces (roughness) and volume morphology (inhomogeneities, correlation lengths)
during the conversion / network formation. Aim of our investigation is to gain fundamental insight into the
photopolymerization process from a nanoscale point of view and to correlate it with the macroscopic
physical properties of the network during formation.

Introduction
Tracking the network evolution in thermoset films quantitatively during photopolymerization is of
fundamental importance in polymer technology. UV light triggers the conversion, and numerous parameters
compete in forming the final structure. For example, the effect of dilution competes with that of coagulation.
The crosslinking drives the formation of inhomogeneities [1]; thus, a phase-separated gel network emerges,
leading to observable inhomogeneities [2]. The morphology of these domains depends on the conversion [3].
One open question is the appearance of a distinct correlation length in the cured system; there still is not a
full understanding regarding the way in which the network develops during the photo-polymerization of
thermosets as thin film on a substrate. In the work presented here, we thus investigate the network formation
via free radical photo-polymerization. The effects of different curing parameters, such as curing time and UV
light intensity are investigated with the aim to describe and follow the main physical and chemical
transformations occurring during the polymerization.

Experimental
Two different resins with different (low/high) glass transition temperatures (Tg) were used. The basis is a
diacrylate which is blended with a photoinitiator. Thin films of these blends were fabricated by spin coating
using Butyl Acetate as additional solvent to reduce viscosity, yielding film thicknesses in the range of 140300 nm. As substrate, hydrophilically cleaned silicon and silica wafers were used due to their low roughness.
A custom-made, sealed polymerization chamber with inert gas atmosphere for in situ photopolymerization
experiments was implemented at KTH, Stockholm, and at Deutsches Elektronen-Synchrotron (DESY),
Hamburg for in situ synchrotron radiation experiments at beamline P03 of the synchrotron light source
PETRA III, Hamburg, DESY [4]. The chamber allows for UV-Vis spectroscopy in the wavelength range
400-1100 nm, while the photopolymerization was initiated by using a LED with a wavelength of 365 nm,
being distinct from the UV-Vis wavelength probing range. The surface of the as-spun and photopolymerized
thermosets were investigated using atomic force microscopy (AFM) and X-ray reflectivity (XRR). The
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evolution of the nanoscale thin film structure was probed by grazing incidence small-angle X-ray scattering
(GISAXS) while radii of gyration of the polymers used were probed using standard SAXS. In addition,
dynamic mechanical analysis (DMA) was performed.

Results & Discussion
Initial surface roughnesses of the thin films made of the low and high Tg were below 0.4 nm. During
photopolymerization, the roughness first shows a sharp increase, followed by a reduction to a value
comparable to the initial one. Full conversion occurred within 30 s of illumination, and the final film
thickness is reduced compared to the initial one. Guinier analysis using standard SAXS shows a reduced
radius of gyration for the high Tg thermoset using a model of random coils. The as-spun films show a
noticeable nanostructure in the thin film. We assume that nanoscale, phase-separated domains are
responsible for this feature. With increasing illumination time, these domains grow in size and indicate the
formation of a network.

Conclusions



We are able to follow quantitatively the development and nanostructure of the network during in situ
photopolymerization in two types of thermosets.
We are able to exploit synchrotron radiation (X-rays) for in situ photopolymerization excluding Xray beam induced changes of the sample.
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The development of new high performance materials, coatings, composites and adhesives relies on
insight into the origin of performance on a molecular level. This research explores a new type of
epoxy-amine-borate (EAB) hybrid material for control of penetrant solvent molecules into crosslinked thermoset polymer networks. The properties of these materials are explored through material
and mechanical testing and model studies are used to probe the mode-of-action through which EAB
materials deliver their improved performance properties.

Introduction
Coatings, composites and adhesives made from epoxy resins are of huge commercial importance supplying a
market predicted to be worth over $14.26 billion by 2024 [1]. Within the research field of epoxy resin
thermoset coatings, controlling and preventing ingress of small molecules through materials is critical in the
development of new, more durable, high performance materials. Advances within the understanding and
application of new technologies in this field can positively impact a wide range of important industrial
applications across the coatings industry.
The absorption of small molecules into cross-linked polymer networks is linked to physical properties such
as free-volume and cross-link density where the relative penetrability of small molecules are related to their
inherent molecular volume (i.e. ability to ‘fit’ into the free volume pores within a polymer network) [2][3]. It
has been previously demonstrated that manipulation of the average free-volume pore size can be an effective
route to preventing solvent ingress into a cross-linked polymeric matrix [4][5]. Small molecule absorption is
also influenced by molecular affinity or ‘solubility’ of the penetrating small molecule within the polymer
network [6]. In this case, solvent uptake rate is related to how favourably solvent molecules interact with the
host polymer matrix (e.g. through hydrogen bonding, dipole-dipole interactions or other intermolecular
force) in addition to molecular volume considerations [7]. The coatings industry is challenged with
achieving broad-spectrum chemical resistance across a wide range of penetrant molecules or cargoes for the
development of new chemical resistant coatings [8].
This paper reports a new hybrid material based on epoxy-amine coating technology that undergoes
modification during and immediately after the primary cure process. These materials are based on the
reaction of exploitable chemical functional groups generated during the cure process (Scheme 1) [9][10].
Exploitation of these functional groups may offer new, unexplored opportunities for control of transport
phenomena of penetrant molecules into coatings, films and membranes.

Scheme 1: The formation of β-amino alcohol functionality from the
reaction of an amine with an epoxide
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Experimental
For the synthesis of epoxy-amine cross-linked polymer networks that are representative of those used in high
performance chemical resistant coatings the following materials were selected. D.E.N. 431 which is a widely
used commercial Novolac epoxy resin was supplied by Olin Epoxy (formally DOW Chemicals) and is a
semi-liquid resin with a number average functionality of ~2.8 [11]. As a reactive partner/‘curing agent’
4,4'methylenedicyclohexanamine (4,4’-MDH) was selected due to its wide commercial use as a curing agent
for epoxy resins in coating applications (Figure 1).

Figure 1: The structure of 4,4'
methylenedicyclohexanamine
(4,4’MDH) and Novolac epoxy resin (D.E.N. 431).

Experimental methods for material characterisation include solvent uptake procedures via immersion
studies, kinetic data obtinaed by near infra-red spectrometry, thermal analysis by DSC, DMTA and TGA,
free volume studies via Position annihilation lifetime spectroscopy and structural characterization of the
molecular network structure by single crystal X-ray diffraction.

Results & Discussion
To explore the concept of post cure network modification of epoxy-amine thermoset coatings, films based
on D.E.N 431 and 4,4’-MDH were prepared. The initial formulation studied (F1) included co-curing
accelerators 1-methylimidazole (1-MI) and 2-ethyl, 4-methylimidazole (2-Et-4-MeI) as is standard practice
in commercial coating compositions [12]. This benchmark epoxy-amine thermoset material was used to
study the impact that trialkylborate esters can have when used to create an epoxy-amine-borate (EAB) hybrid
material. Of particular interest was the solvent uptake behaviour of the EAB hybrid material in comparison
to the epoxy-amine parent system. A homologous series based on trimethyl-, triethyl-, triisopropyl- and
tributyl-borate (i.e. C1 to C4) were prepared, where the borate esters were incorporated at 5 mol% into the
D.E.N 431/4,4’-MDH F1 formulation and cured according standard procedures under controlled conditions.
This resulted in a set of transparent, hard uniform films for each of the 5 test formulations (parent F1
formulation plus four EAB hybrid materials) and resulting films were immersed for 28 days in VAM and
EDC. The penetrant solvent absorption behaviour was evaluated and the results from these five test
materials are illustrated in Figure 2 (left graph). It was observed that the EAB hybrid materials significantly
outperformed the epoxy-amine parent material in this test. The weight percentage (wt%) increase in the
mass of the test samples on immersion in VAM and EDC dropped significantly when trialkylborates were
included in the formulation. This is most clearly exemplified when comparing Entry 1 (parent) with Entries
3 and 4 in Figure 2. This chart shows that the use of either triethylborate or triisopropylborate in the
synthesis of an EAB hybrid material was highly effective at preventing penetrant solvent ingress into the
resulting cross-linked polymer network.
In the highest performing example for the EAB hybrid material based on triethylborate (Entry 3, Figure 2,
left graph), the saturated solvent equilibrium concentration of VAM and EDC dropped to 50.2% and 36.4%
of the values seen with the epoxy-amine parent control. To put result into context, the parent epoxy-amine
control (Entry 1, Figure 2, left graph) was itself selected due to its established excellent performance as a
material for chemical resistant coatings. Further optimisation of this formulation showed that the solvent
uptake performance of the EAB hybrid material could be decreased even further resulting in saturated
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solvent equilibrium concentration for the test solvents VAM and EDC of 40.6% and 26.5% respectively,
compared to the parent epoxy-amine system (Entries 1 and 3, Figure 2, right graph). A further more detailed
study of the coatings immersion behaviour was then conducted to re-enforce this result, the reults of which
are are discussed in the full paper.

Figure 2: The reduction in absorption of VAM and EDC through the use of EAB hybrid materials vs. a parent epoxyamine control (left)

An investigation was conducted in an attempt to understand the mode-of-action by which these new EAB
hybrid materials prevent the ingress of small molecules into epoxy-amine cross-linked polymer networks.
Kinetics studies using near infra-red indicated the absence and any significant acceleration effect from the
Lewis acidic triethylborate through Lewis-acid mediated catalysis of the epoxy-amine reaction. Equally, it
also indicated the lack of significant complexation of the triethylborate with the Lewis basic amine groups on
the MeCHA model curing agent which would result in a deceleration of the reaction rate [13]. Having
established that triethylborate does not interact directly with the epoxide or amine starting materials to any
observable extent, the study focussed on understanding the mechanism through which EAB hybrid materials
are formed and at what stage of the cure process this occurs. To explore this areas a number of model
compounds were synthetized and characterized to structurally represent the functional groups present within
a cured epoxy-amine coating. Cyclohexylamine 1 was used as a model for 4,4’-MDH and reacted with both
1 equivalent and 2 equivalents of phenyl glycidyl ether (a model for a Novolac epoxy resin) to give the
desired model β-amino-alcohol 3 and tertiary-β-amino diol intermediate 5 (Scheme 2).

Scheme 2: The synthesis of model β-amino-alcohol compounds and complexation experiments with trialkylborate

An extensive investigation was then conducted using both these model compounds and the cured EAB
hybrid and epoxy-amine parent thermoset coatings. Using thermal analysis (DSC, DMTA and TGA), free
volume studies via position annihilation lifetime spectroscopy (PALS) and structural characterization by
single crystal X-ray diffraction, a sound and evidenced mechanism for the formation of EAB hybrid
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materials was established and details of the internal network structure elucidated. This allowed a viable
hypothesis for the improved solvent uptake behaviour to be discussed, supported by strong mechanistic
evidence.

Conclusions
In conclusion, we have reported a new epoxy-amine-borate (EAB) hybrid material prepared through the
network forming reaction of trialkylborate esters, an amine curing agent and a Novolac epoxy resin.
Triethylborate has proven to have the ideal chemical reactivity for post-cure modification of a cross-linked
epoxy-amine polymer network, reacting highly selectivity with the emerging -amino alcohol functional
groups in a latent fashion. It has been demonstrated that this chemo-selective reaction does not interfere with
the primary cure mechanism between the epoxy-functional Novolac resin and the amine functional curing
agent. Without this high level of chemo-selectivity the network structure and resulting properties of the
epoxy-amine thermoset material would be significantly compromised. Experimental evidence including
solvent uptake studies, model reactions, single crystal X-ray diffraction and positon annihilation lifetime
spectroscopy, strongly supports the hypothesis that the reduction in solvent ingress in the new EAB hybrid
materials originates from the formation of well defined and structurally characterised complexes that develop
within the curing epoxy-amine network. It is proposed that the removal of both H-bond donor (i.e. OH
groups) and Lewis basic functionality (i.e. NH2 groups) from the polymeric matrix network reduce the
affinity of polar solvent molecules with the EAB hybrid material resulting in an overall reduction in solvent
uptake behaviour.
This discovery could have potentially wide-ranging applications for the development of high performance
materials, composites, plastics and adhesives. This is particularly important in applications where
engineering materials, high performance coatings and adhesives are exposed to aggressive chemical and
where it is critical to prevent loss of material integrity and performance. Applications include Aerospace and
Automotive composites, as well as coatings for the global transport and storage of solvents and chemicals
across the chemical, oil and gas industries can benefit from this insight. Further work to understand the full
scope and potential of this technology is ongoing but it is hoped that the insight into the mode-of-action of
these materials will fuel further exploration of chemo-selective post cure modification of thermoset
materials.
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Improving properties of coatings in order to provide better protection of the substrate and to extend the
lifetime, and thus the use, of the object contributes significantly to the reduction of the carbon footprint and
impact on the limited available resources on our planet. Introducing building blocks with enhanced
properties, like imides, in currently available coatings can contribute to this goal. This research aims to
show that introducing imide containing building blocks into various polyester powder coating resins will
result in improved coating properties after being formulated into a powder paint and applied as a powder
coating.

Introduction
Imides and amide-imides are known and widely used for electrical insulating materials because of their
exceptional mechanical properties, chemical resistant properties, thermal properties (high temperature
resistance) and low conductivity/high capacity. It would therefore be interesting to explore whether the
combination of polyesters and polyimides could result in coatings with good flexibility and chemical
resistance and with a high hardness and corrosion resistance. Therefore, an attempt was made to introduce
this versatile new chemistry (anhydride/amine combination) in coatings to build in additional performance
blocks.
For introducing imides in polyesters mono-imide as well as di-imide building blocks (see figure 1a and 1b)
were studied. The selection of monomers was made based on expected properties, ease of use in upscaled
production and toxicity level. These building blocks were introduced into various polyester resins and in a
series of concentrations. Properties and characteristics were evaluated by means of NMR, titration (acid
value and hydroxyl value), viscosity, GPC, and DSC. Depending on the intended application and
characteristics the polyester resins were formulated with a crosslinker and other components into a powder
coating formulation and applied on test panels for evaluation of coating properties.
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Figure 1a (left): Monoimidocarboxilic acid from trimellitic anhydride and caprolactam;
Figure 1b (right): Diimidocarboxilic acid from 2 parts trimellitic anhydride and 1 part hexanediamine.
Generally primary amines (or caprolactam upon ring-opening) react instantly with anhydrides to form amic
acid (Figure 2). As soon as both components are in the same liquid phase (solved or molten) the reaction
takes place. Upon isolation, amic acid from trimellitic anhydride and caprolactam is a solid crystalline
compound. To perform a one-pot synthesis the amic acid could be synthesized in the glycol which is later
used during the esterification of the polyesterimide resin.
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Figure 2: Formation of amic acid from trimellitic anhydride and caprolactam
It is known that trimellitic anhydride reacts with diols and hydroxyl functional polyesters at temperature of
>120 °C. It is therefore needed to choose conditions in which TMA (with a Tm of 160 °C) will dissolve at
lower temperatures. For this reaction TMA is added to the mixture of caprolactam and diol at <100 °C. Upon
liquification of the components, instantly the amic acid is formed, preventing the formation of the sidereaction with hydroxyl functional components due to the low temperature and thus preferred reaction of the
anhydride with the amine over the hydroxyl moiety. Subsequently, upon increase of temperature to 140 °C
and removal of water the imide is formed (Figure 3). With NMR the absence of side-products (e.g. amides
due to non-imide formations) or free monomer (e.g. amines) in various resins was studied.

Figure 3: Formation of the imide block from amic acid after release of water
The monoimidocarboxilic acid is crystalline solid having melting temperature Tm = 190-200 ºC. It can easily
react with a diol at relatively low esterification temperatures (200-220 ºC). The diimidocarboxylic acid (see
figure 1b for an example) is also a crystalline solid. It has a much higher melting temperature of about 300
ºC. It dissolves limited in the diols during the synthesis and therefore needs higher reaction temperatures and
longer reaction time.
Based on the before described mono-imide or di-imide building blocks acid-functional as well as hydroxylfunctional polyesterimide resins were prepared. Depending on the final application and end-functionality a
suitable crosslinker was selected and a white pigmented powder formulation was prepared, applied, cured,
and evaluated. The acid-functional resins were for example formulated with an hydroxyalkyl amide
crosslinker, a white pigment, a degassing agent, and a flow agent. Analogous, the hydroxyl-functional resins
were formulated with a blocked-isocyanate crosslinker. Depending on the intended application a selection of
coating properties was evaluated like corrosion resistance, impact resistance, barrier properties and chemical
resistance.

Experimental
This paper described the synthesis and characterization of various resins suitable for powder coatings and the
application properties of a series of powder coatings prepared from the beforementioned resins.
Synthesis procedure
The following general synthesis procedure is applicable for the synthesis of an acid functional mono-imide
containing polyesterimide resins:
The polyesterimide resin was prepared via a two-step polycondensation reaction. A reactor vessel fitted with
a thermometer, a stirrer, and a distillation device for the removal of water formed during the synthesis, was
filled with additives (e.g. esterification catalyst), glycols, trimellitic anhydride and caprolactam. The vessel
was heated up to 140°C under a nitrogen flow until the mixture was molten/dissolved. Then the dicarboxylic
acids were added, and the temperature was maintained at 140°C for 2 hours. Gradually the temperature was
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increased to 240 °C while distilling off the reaction water, until the reaction mixture was clear and the acid
value of the precursor of the polyester was between 10 and 15 mg KOH/g; that marked the completion of the
first step. For the second step the reaction mixture was cooled to 180 °C and subsequently the remaining
diols, diacids and additives for the second step were added. The temperature was raised to 240 °C while
distilling off water; subsequently vacuum was applied until the polyester reached the desired acid value
range (35 mg KOH/g). Subsequently, the vacuum was stopped, and the polyester was cooled down to 185 °C
(marking the end of the second step). Prior to being discharged onto an aluminum foil additives were added
and stirring was applied for at least 15 minutes. Upon completion the polyesterimide was characterized as
follows: Tg, acid value, hydroxyl value, viscosity, and molecular weight.
The following general synthesis procedure is applicable for the synthesis of an acid functional di-imide
containing polyesterimide resins:
The polyesterimide resin was prepared via a two-step polycondensation reaction. A reactor vessel fitted with
a thermometer, a stirrer, and a distillation device for the removal of water formed during the synthesis, was
filled with glycols and diamines. The vessel was heated to 100°C under a nitrogen flow until the mixture was
molten/dissolved. TMA was added in portions subsequently to increase the temperature to 140 °C. Upon
addition the mixture was kept for 1 hour at this temperature. Then the dicarboxylic acids and additives (e.g.
esterification catalyst) were added and gradually the temperature was increased to 240 °C while distilling off
the reaction water, until the reaction mixture was clear and the acid value of the precursor of the polyester
was between 10 and 15 mg KOH/g; that marked the completion of the first step. The second step of the
synthesis was performed analogous to the procedure of the mono-imide resin above.
Reference polyester resins were prepared according to the same procedure as the mono-imide with the
exemption of adding TMA and caprolactam for the first step and without maintaining the reaction at 140 °C
after addition of the diacids.
Characterization of the resins
Glass transition temperature (Tg) measurements (inflection point) were carried out via differential scanning
calorimetry (DSC) on a TA instruments DSC Q20, in N2 atmosphere and at a heating rate of 5°C/min.
Viscosity measurements were carried out at 160°C, on a CAP 2000+ apparatus (Brookfield). A CAP-S-05
spindle was used. The applied shear-rate was 70 s-1. The acid and hydroxyl values of the resins were
determined titrimetrically according to ISO 2114-2000 and ISO 4629-1978, respectively. The number
average molecular weight (Mn) and the weight average molecular weight (Mw) were measured via gel
permeation chromatography (GPC). The GPC measurements were carried out on a Waters Alliance system
equipped with: i) an Waters Alliance 2414 refractive index detector at 40 °C, and ii) a Waters Alliance 2695
separation module. The polydispersity (D) was calculated according to the following equation: D=Mw/Mn.
Preparation of the powder coating composition
The ratio resin:crosslinker is chosen 1:1 on mole functional groups. The amount of pigment, degassing agent
and flow agent is calculated in wt% of the sum of amounts of resin and crosslinker. In all powder coating
compositions 50 wt% of pigment (Kronos® 2360), 1.5 wt% of flow agent (Resiflow ® PV5) and 0.75 wt%
of degassing agent (benzoin) is used.
Preparation of the powder coating composition, and application
Upon premixing with a blender, the components were extruded at 125°C using a Prism Twin Screw extruder
(325 rpm, torque > 90%). The extrudate was grinded and sieved; the sieving fractions smaller than 90
microns were used as a powder coating composition. The powder coating compositions were applied with a
corona powder application spray gun on an aluminum ALQ panel and cured at various temperatures for 1015 minutes in a convection oven (Heraeus UT 6120). The applied coating layer thickness was approximately
60 μm.
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Results & Discussion
The reference resin, prepared according to the described procedure, comprises neopentyl glycol (37 wt.%),
terephthalic acid (45 wt.%), isophthalic acid (14 wt.%) and adipic acid (4 wt.%) with properties as presented
in table 1. The 10% MI is a modification of the reference resin in which 10% of the, before mentioned,
diols/diacids were replaced by 10% of mono-imide building blocks (consisting of 1 part TMA and 1 part
caprolactam). The 10% refers to the total content of imide building blocks in the final resin. The same is
applicable for the 25, 60 and 75% resins. In case of DI a di-imide building block (consisting of 2 parts TMA
and 1 part 2-methylpentamethylenediamine) is introduced instead of a mono-imide building block. For resins
DI* and DI** respectively, dimer fatty diamine and 1,2-diaminocyclohexane are used compared to the resins
with DI as indicated in table 1.
Table 1: Overview of resin characteristics
Reference

10% MI

25% MI

60% MI

75% MI

10% DI

25% DI

25% DI*

25% DI**

60% DI

Acid value (mg KOH/g)

34

36

37

37

32

36

37

34

36

37

Hydroxyl value (mg KOH/g)

3

5

4

4

4

5

6

4

6

8

Viscosity (Pa.s at 160 °C)

23

31

29

31

74

45

76

15

403

294

Resin characteristics

Tg (°C)

56

54

50

40

42

59

65

40

80

77

Mn

3474

3820

4262

5576

5853

3584

3296

3770

3643

3263

Mw

8925

10467

12327

19546

26100

9269

9102

10256

11533

8733

2,6

2,7

2,9

3,5

4,5

2,6

2,8

2,7

3,2

2,7

D

Addition of mono-imide blocks (MI) to an acid functional polyester resin resulted in a decrease of the glass
transition temperature (Tg) while an increase in polydispersity (D) was observed.
Upon addition of the 2-methylpentamethylenediamine containing di-imide block (DI) an increase of
viscosity was observed (for subsequently the reference, 10% DI, 25% DI and 60% DI this was 23, 45, 76 and
294 Pa.s). Analogue to this trend also the Tg displayed the same behavior. Depending on the choice of
diamine the glass transition temperature and viscosity increased or decreased as can be seen when comparing
the reference with the 25% DI, 25% DI* and 25% DI**. Introduction of the cycloaliphatic diamine resulted
in an increase of Tg compared to the slightly branched linear aliphatic diamine. The dimer fatty diamine
containing polyesterimide presented a lower Tg.
After preparation of the powder coating composition and application it was found that corrosion resistance
improved for the MI containing resins. Corrosion resistance improved by a factor 2 when using resins with
up to 60% of MI building blocks. The 75% MI displayed a decrease again in corrosion resistance. After
exposing coated panels to boiling water the formulations containing MI of DI building blocks display no or
only a small decrease in gloss which indicates better barrier properties compared to the reference resin.
Detailed application results (based on various crosslink mechanisms) and additional analysis of above
presented acid-functional polyesterimide resins and additionally of hydroxyl-functional polyesterimide resins
will be presented in the full paper.

Conclusions
The work in this paper shows the possibility to prepare polyesterimide resins in a one-pot synthesis suitable
for obtaining powder coatings with improved properties as flexibility, barrier properties and corrosion
resistance. When choosing the proper reaction conditions side-reactions can be prevented allowing the
formation of imides or di-imides and subsequently polyesterimides. By selecting the proper (di-)imide
buildings blocks and its amounts within the polyester resins the properties can be tailored to the need of the
final application.
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For reactive coatings and other resins it is of interest to control the duration of the inhibition period and to
reduce the thickness of the oxygen inhibited unreacted surface layer. To study the interplay of oxygen
inhibition [1] and inhibition by radical scavenger during curing free-radical polymerization and cross
linking of methacrylate resins [2] were studied exemplarily. To investigate formation and thickness of the
unreacted surface layer due to oxygen inhibition the resin was polymerized between two glass plates in air
(Figure 1). The thickness of the unreacted layer and the time of the first occurrence of an interface between
polymerized and unreacted resin were determined by a technique based on light microscopy [3-5]. The
chemical conversion and the polymerization rate were measured for different inhibitors, initiator types and
several initiator concentrations using real-time NIR spectroscopy and differential scanning calorimetry
(DSC).

Figure 1: Schematic representation of the experimental geometry with an oxygen inhibited unreacted layer.
The conversion was measured by NIR spectroscopy in diffuse reflection from above (not shown).
A reaction kinetic model combining oxygen diffusion and diffusion-controlled inhibition was developed to
simulate the peroxide/amine initiated free-radical polymerization of methacrylate resins based on the
elementary reaction mechanism (initiation, propagation, termination as well as inhibition) [6]. This allowed
simulating the concentrations of oxygen, inhibitor, radicals, monomer and polymer as functions of reaction
time and distance from the surface. For simulation of inhibition period and thickness of the oxygen inhibited
surface layer, primary radical termination, radical trapping, secondary initiator chain transfer reactions, and
diffusion-controlled reaction phenomena were neglected (Figure 2 a) as a first approximation. To simulate
the late stages of reaction properly these mechanisms [6] have to be included into the model equations.
Diffusion-controlled polymerization leads to a sharpening of the interface between polymerized and
unreacted region and to a reduced final conversion (Figure 2 b). The simulation results are found to be in
good agreement with the experimental data for different inhibitors and initiators as well as for the initiator
concentrations studied.
In addition, the simulation of reaction kinetics and the simulation of the resulting physical properties of the
thermosetting methacrylate resins have been coupled. Finally, the results of time-resolved DMA, DSC, IR,
ultrasonic and dielectric relaxation measurements are compared to the modeling of the reaction-time
dependence of chemical conversion as well as the complex mechanical modulus and the dielectric
permittivity.
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(a)
(b)
Figure 2: (a) Simulation of chemical conversion for free-radical polymerization of a methacrylate resin as
a function of reaction time and distance from the sureface (xsurface = 5 mm) taking into account
diffusioncontrolled oxygen inhibition. Inhibition period and the thickness of the oxygen inhibited surface
layer are indicated by a sharp increase in conversion with reaction time and distance from the sureface,
respectively. (b) Simulation with additional inclusion of diffusion-controlled polymerization for the same
parameter set.
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Fundamental understanding of organic coating microstructure, may hold the key to understand
failure mechanism in intact coatings. AFM-IR is a technique which allows advanced
characterization of organic coating by mapping their infrared absorptions, revealing the
underlying microstructure. Studies on crosslinked polyesters for food-contact applications
conducted using this technique reveal intriguing results on sub-micron heterogeneity and phase
separation.

Introduction
Organic coating systems play an important role in corrosion protection of metallic surfaces. However, intact
coatings often fail during long term exposure to certain environments [1]. It has been observed that corrosion
usually occurs in specific regions and not uniformly throughout [2]. Studies show film formation is an
inhomogeneous process. This can lead to phase separation of polymers in the formulation during drying, or
variations in crosslink density. This heterogeneity can make certain areas more susceptible to failure than
others [3]. In literature, the evidence of such corrosion susceptible domains in the microstructure has been
reported. Mayne found his coating systems comprised of two distinct regions of varying behavior when he
measured their conductivity in different electrolytic concentration. He accounted this to the inhomogeneity in
crosslinking of the binder [4]. Several FTIR studies on coating water uptake show that the water inside the
coating exists in several chemical states known as bound and unbound water owing to molecular interactions
and the inhomogeneity in the coating network [5-7]. Several studies have reported that the water uptake
occurs inhomogeneously by first diffusing into the hydrophilic regions and then into the network [5,6]. S.
Morsch found that the water uptake in her system was highly dependent on the free volume induced within
the highly crosslinked network [7]. Such corrosion susceptible domains may occupy only fraction of the
volume but impact the properties including corrosion performance of the coating greatly. Evidence suggests
that these domains can range from nanometers to several millimeters depending on the coating system. [4,7].
Despite some of the efforts to characterize the coating microstructure, a direct correlation to its performance
remains limited. This requires advanced characterization tools that allow simultaneous mapping of a
property such as crosslinking, hardness, water uptake etc. on the coating microstructure. Hence, AFM-IR as
a surface characterization technique has attracted much interest. AFM-IR is a hybrid technique between
AFM (Atomic Force Microscopy) and Infrared Spectroscopy. It makes use of photothermally induced
resonance of the AFM probe for spectroscopic analysis, thus overcoming the diffraction limit of light [8,9].
The AFM-IR probe allows one to get lateral distribution of IR intensities on nanoscale while measuring
surface topographical information simultaneously. AFM-IR has been previously applied to observe
nanostructure in polymer blends [10], biological samples [11] and composites [12]. S. Morsch used the
AFM-IR technique to understand the distribution of cross-linking densities in a model system based on
epoxy-phenolic food can coating system. The mapping of epoxy ring peak at 916 cm-1 using AFM-IR
allowed her to map unreacted epoxy across the microstructure. She then investigated water uptake by
chemically mapping the water peak at 3300 cm-1. Thus, she could show water uptake into epoxy-phenolic
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can coating model systems was inhomogeneous and further could correlate the property to areas of
unreacted epoxy indicating local variation in crosslinking density and polymer network free volume [7].
In spite of the popularity, application of AFM-IR on practical organic coatings is ridden with practical
limitations. Unlike model systems, industrial coating systems give a truer picture of microstructure of the
actual coating. However, the raw materials include complex polymers made from industrial grade
monomers, whose exact structure may not be known. This makes their spectral analysis not straight forward.
Hence using AFM-IR in practical coating is one of the areas of interest in this project. Two BPANI
(Bisphenol A non-intended) industrial food can coating systems (courtesy AkzoNobel Packaging Coatings,
Birmingham, UK) were taken as is and investigated using the AFM-IR technique. These BPANI coatings
are solvent based formulation that use polyester resin as the binder material. Apart from polyesters, phenolic
resin is used as co-binder and additional crosslinkers such as benzoguanamine &/or isocyanate are
incorporated in the formulations.

Experimental
The two BPANI coating (system A & system B) formulation were made by mixing the raw material
(polyester, phenolic, catalyst, crosslinkers & solvents). Sample preparation was by bar coating (10µm
thickness) onto tin-coated steel substrates A1 size sheets. The samples were cured at varying peak metal
temperature of 180°C, 200°C, 220°C for duration of 10 min to induce varying degrees of cure.
Bulk characterization was conducted using ATR-FTIR on cured coating. Free-standing films were derived
by applying coating the formulation on PTFE films and curing them at 200°C for 3min, 5 min, 10 min & 30
min. Films were removed by mechanical delamination.
For surface characterization, 1cm x 1cm samples were cut from bar coated sheets and analyzed by Atomic
Force Microscopy using a Multimode 8 (Bruker, Santa Barbara) operating in Peakforce Nanomechanical
tapping mode using a RFESPA-75 probe (Bruker, nominal spring constant 2 N/m, nominal resonance
frequency of 80 kHz). Samples were scanned for height images and adhesion images For local
microstructure and chemical mapping, 1cm x 1cm samples were cut from bar coated sheets. AFMIR was
performed on a NanoIR2 system (Anasys Instruments). Images were obtained in contact mode at a scan rate
of 0.01 Hz using a gold-coated silicon nitride probe (Anasys Instruments, 0.07–0.4 N/m spring constant, 13 ±
4 kHz resonance frequency). An optical parametric oscillator was used as the source of IR radiation incident
on the sample, which was subjected to pulses of 10 ns duration at a repetition rate of 1 kHz. The amplitude of
resulting photothermally induced cantilever oscillations was then mapped for the chosen wavelength using
16 co-averages per 1024 points over 300 scan lines. Samples were scanned for height images and chemically
mapped at selected IR frequencies.

Results & Discussion
ATR-FTIR was used to follow the curing over time. The evolution of spectrum over time revealed no
appreciable changes from 3 min to 30 min of curing. This indicates the system is a very fast curing system.
As the polyester reacts with phenolic crosslinker, new methylene ether linkages are formed. However, this
vibration is analogous to the C-C-O asymmetric stretch of alcohols found between 1300 cm-1 and 1000 cm-1
[13]. Due to this overlap, no changes in peak intensity was observed during over-cure.
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AFM analysis was conducted to investigate surface morphology where height and adhesion images were
obtained simultaneously. The adhesion images provide a measure of local microhardness. It was observed
that unlike the system A coating, system B coating is highly inhomogeneous. The root cause of
inhomogeneity in system B is under investigation. It can be ascribed to the incompatibility between flexible
polyester and phenolic resin causing polyester to phase separate.

a

b

c

d

Fig 3. AFM images for bar coated 1cm x 1cm polyester-phenolic coatings a). Chemical resistant Height Image b.)
Chemical resistant Adhesion Image c.) Flexible type Height Image d.) Flexible type Adhesion Image

The heterogeneity in system B coating was explored using the AFM-IR. The chemical maps obtained at
frequencies i.) 1610 cm-1 ii.) 1600 cm-1 & iii.) 1590 cm-1 corresponding to the aromatic ring stretch in
polyester, phenolic & benzoguanamine resin respectively have been shown below.

a

b

c

d

The chemical maps provide more evidence that the phase separated domain are rich in polyester. However,
it was observed that AFM-IR signals are highly susceptible to height variation for certain sample thickness.
The correlation between the superimposition of IR signals from height variations is being currently
investigated in this study.

Conclusions
AFM-IR application to practical organic coatings such as BPANI food can coatings is not straight-forward
compared to the study of model systems. The lack of IR information from complex chemistries in industrial
systems may cause problem to obtain direct AFM-IR chemical mapping. There is strong evidence to suggest
that there exists a close correlation between surface height variation for certain sample thickness and the IR
signals. Such a height influence makes any AFM-IR data interpretation subject to height corrections. Hence
the height contribution and the subsequent correction is under investigation for BPANI food can coating
systems.
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In computational fluid dynamics, the modeling of paint application processes by electrostatically
assisted high-speed rotary bell atomizers is mostly performed using an Euler-Lagrange approach.
The initial conditions of the dispersed phase - position, velocity, size and charge of the particles have an essential influence on the resulting film thickness distribution and the total charge
transferred to the object. Typically, so-called injection models are used to model these initial
conditions, whereby the determination of the model coefficients is crucial. In the first part of the
study the experimental methods and uncertainties for the determination of particle size distribution,
film thickness distribution and transferred total charge are investigated. In the second part, the
correlation of injection model coefficients to the calculated film thickness distribution is investigated
by an analysis of variance. The results show that the position of the particle injection is not
significant, whereas the charge and axial velocity of the droplets have a decisive influence on the
shape of the film thickness distribution and the transfer efficiency. Based on the principle
components of the injection model, we present a metamodel-based optimization strategy to efficiently
determine the initial condition of the dispersed phase. Interesting results have also been achieved in
the determination of the electrical charge on the droplets, being only around 1% of the theoretical
Rayleigh limit.

Introduction
Numerical multiphysic simulations of paint applications processes are used for virtual operating trials to
perform paintability studies in early design phases, to optimize process parameters and to reduce the
painting of prototypes. In order to reduce the computational effort and increase the accuracy of painting
simulations, both numerical and painting-specific models and methods must be continuously enhanced.
Especially in spray simulations, the Euler-Lagrange approach requires injection models to determine the
initial conditions (position, velocity, size and charge of the particles) of the disperse phase. Since the
atomization process of the liquid paint phase, as e.g. in Shen et al. 2018 [1], is not directly simulated,
injection models must be able to map this process.
Basic investigations on atomization processes at rotary atomizers viscous fluids have already been carried
out experimentally and were compared with analytical models [2]. Often there is a good agreement with
analytical models using Newtonian fluids, whereas the analytical description of non-Newtonian
atomization processes is often very specific to a case and less general.
In order to achieve a high accuracy by means of injection models, the coefficients of the injection model
have to be determined by a fit to experimental data in a computational fluid dynamic framework. The
investigations in this study therefore refer to the following questions: Which experimental data are needed
to determine the coefficients? Which coefficients of the injection model are significant? How can the main
components be efficiently optimized globally?
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Experimental
The experimental investigations were carried out in an environmentally controlled paint booth at
Fraunhofer IPA with a fixed ambient temperature of 23°C, a relative humidity of 60% and a vertical booth
airflow of 0.3 m/s. The high-speed rotary bell atomizer picoBell HiBlow III of the company
EISENMANN-LACTEC with an unserrated bell-cup was used for the investigation. The coating used is a
2K PU industrial coating with a measured wet density of 1109.5 kg/m³, dry density of 1293.8 kg/m³ and a
non-volatile content of 67.9%. The particle size distribution is determined by means of a SPRAYTEC RTS
5001 from Malvern Instruments. The measurement technique of this device relies on Mie-scattering and
Fraunhofer-diffraction. The particle size distributions were measured in an inclined measurement setup (see
Figure 1a) with an angle of 45° and a distance to the bell-cup of 20 mm.

Figure 1: Setup for the measurement of the particle size distribution (left) and the spraypattern (right)
The paint application is done by a painting robot at a distance of 200 mm to the object, which is horizontal
and planar in the center of a table (see Figure 1).
At the same time, the leakage current is measured by clamps on the background table. The application
process settings are shown in the following table. Table 1: Application Process Setting
Paintflow
Outer shaping air
Inner shaping air
Number of
High Voltage
(cc/min)
(ls/min)
(ls/min)
Revolution (rpm)
(V)
300
300
200
50000
65000

Numerical
For the computational fluid dynamics the commercial software code ANSYSFluent was used, which was
extended with own painting-specific user-defined functions. For the investigation, the atomizer was
positioned in the center above the plate. A velocity of 0.3 m/s is applied above the atomizer, whereby the
side and bottom of the domain are pressure outlets. The volume flow was calculated into a massflow rate
using the standard volume according to ISO2533 and then applied to the shaping air jets as the massflow
inlet. A grid and turbulence study was carried out to obtain stable results with good accuracy using a
computational grid with 12 million cells and the k-omega SST turbulence model. The case is considered as
static and stationary and solved using the Pressure-Based-Coupled-Solver on the High-Performance
Computing Center HLRS in Stuttgart.
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Figure 2: Domain (left) and computational grid (right) of the simulation case

Results & Discussion
In order to set the initial particle conditions, in this framework the measured particle size distribution, spray
pattern and measured leakage current as well as the paint properties density (dry and wet) and non-volatile
content are required. To determine the particle size distribution, different measuring positions were
investigated and the particle size distribution and their characteristic values (d 32, dv50) were compared. In
particular, the evaporation of solvents quickly leads to changes in the particle size distribution. As a result,
it was found that near the bell edge at an angle of 45° produces the most reliable result. It is important to
ensure that the distance is large enough that the atomization process is completed. The results for the above
defined application process settings can be seen in Figure 3(left).
The spray pattern can be taken both statically or dynamically. A conversion using numerical integration or
radon transformation could validate that a static, stationary simulation can be compared with dynamic
painted spray patterns. However, the so-called Magnus effect, which causes asymmetries in the film
thickness peak, is neglected in static, stationary simulations and can be seen from the difference on the
right peak between the green and the orange curve in Figure 3 (center).
The transferred current is recorded during the painting trials for the dynamic spray pattern. From the
recorded data, the stationary state is extracted and an average value for the current, which at the same time
corresponds to Coulomb per second and can thus be directly compared with the results of the simulation, is
obtained. For the defined brush settings the charge per second has a mean value of 11.37e-06 C/s.

Figure 3: Experimental measured particle size distribution (left), spraypattern (center) and transferred
current (right) of the defined process application settings
In the numerical simulation, the air flow field and the electric field without particles are calculated first.
Based on the air flow field, the disperse phase and thus the film thickness distribution on the substrate can
be calculated. The new framework to determine the initial conditions is based on the following steps:
1. Definition of the physical space for the n-dimensional injection model
2. Creation of sample points using Latin-Hypercube DoE
3. Numerical Simulation of the sample points
4. Principle Component Analysis of the simulation results
5. Training of a metamodel - Kriging
6. Global optimization of the injection coefficients using the metamodel 7. Paint application
simulation with optimized coefficients
In this study the physical space was defined over four dimensions and its range is shown in the following
table. For more details of this injection model the reader is referred to Guettler et al. 2017 [3].
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Table 2: Physical space of the four dimensional model
Axial position to
Axial velocity (m/s) Coefficient
bell-edge
Magnitude of
(mm)
vrad and vtan
-0.5 – 0.5
0 - 25
0.2 -0.8

Coefficient
Rayleigh limit
0.0025 – 0.015

In the following step a Latin-Hypercube design with 200 sample points within the boundaries the defined
physical space is created. The simulations are controlled, checked and evaluated in a fully automated
framework. Subsequently, the correlation between the input parameters and residuals between experimental
and simulated spray pattern, total transferred charge and transfer efficiency results were investigated using
an analysis of variance, which results are shown in the following correlation matrix.
The results show that the residuals of the spray patterns are most dependent on the axial velocity followed
by the coefficient of magnitude velocity and show no significant correlation to the axial position and charge
of the droplets. The total charge on the object as well as the application efficiency shows a linear correlation
to the charge on the drops. Based on these results, a reduced order metamodel can now be generated, which
in this study is based on a Kriging model that uses the partial least squares method [4].
The trained metamodel was then used to perform a global optimization, e.g. evolutionary genetic algorithm.
Numerical simulation was then performed again using the optimized coefficients of the injection model. The
results in Figure 5 show a good agreement. Nevertheless, larger deviations can be seen at the peaks of the
film thickness distribution. Uncertainties both in the experimental input data and in the models of the
simulation lead to larger errors at this point in particular. In addition, this peak position is located in a strong
vortex area, which in turn leads to strong flow fluctuations in reality as well as in the simulation.

Figure 4: Correlation matrix

Figure 5: Comparison of experimental and simulated spraypattern after the metamodel-based optimization
process
81

Conclusions
In this study a framework was presented to determine the initial conditions of the disperse phase in painting
simulations. The framework was developed using an electrostatic high-speed rotary atomizer and an
injection model with 4 dimensions. In further steps the injection model will be applied with higher
dimensions in order to study the correlation to the results and to propose a generally valid injection model
with fixed coefficients. Regarding the paint process the results show that the charge and the axial velocity
stemming from the shaping air are the most relevant factors to control the transfer efficiency.
The model can also be used for other types of atomizers to study their coefficients of injection model, which
makes it a versatile framework.
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Formulation additives are essential in waterborne direct-to-metal (DTM) coatings for attainment of
coherent and visible defect-free film formation to prevent premature failures. However, difficulties in
selecting the appropriate additive package often leads to time-consuming experimentation based on
‘trial-and-error’ approaches. In this work, scanning electron microscopy (SEM) and atomic force
microscope infrared spectroscopy (AFM-IR) techniques were used to elucidate the additive-induced
microstructural changes under corrosive environments, and perform nanoscale chemical functionality
mapping to investigate the long-term coating deterioration mechanisms. This knowledge provides
deeper insight into the relationships between binder/additive structures, film morphologies and the
associated anticorrosive properties.

Introduction
Misconceptions regarding the suitability of waterborne coatings for use in corrosion protection applications
are generally due to the early failures associated with improper substrate surface preparation and inadequate
application conditions (e.g. high humidity or low temperature climates). However, with the development of
waterborne resin technologies such as self-crosslinking acrylic dispersions and controlled polymer
architectures, waterborne anticorrosion coatings now find use in a variety of light and medium duty
applications for maintenance, transportation and DIY [1]. It is important to note that the corrosion protection
provided by a waterborne acrylic coating is highly dependent on both the latex and the formulation of the
coating. Appropriate additives and pigments must be chosen based on the intended application and latex
used in the formulation to optimize the performance of the resulting film.
Apart from the intended advantages, additives can also have adverse effects on the final film properties and
are suspected of influencing the coating microstructure development process. In particular, the non-uniform
surfactant distributions in coatings are found to have detrimental effects on coating appearance, adhesion,
viscoelasticity and/or barrier properties [2]. Previous studies have shown that the water permeability of latex
films can be significantly influenced by the type and concentration of surfactants used, and trapped
surfactants are suspected of creating hydrophilic pockets and/or pathways within the film [3-5]. The water
uptake can affect the coatings in several ways including chemical breakdown with weathering interactions,
hygroscopic stress, blistering and adhesion loss, which may all contribute to the deterioration of overall
anticorrosion properties of the coatings [6]. It is important to note that surfactant migration and exudation
can occur in both drying films and exposed dried films. Previous studies have shown that surfactant
exudation can lead to the formation of porous structures in the surface of the films and Texanol (a common
coalescent) was found to promote surfactant exudation [7]. Furthermore, the lateral surfactant
inhomogeneities at the film surface may lead to variations in thickness across the film [8].
There is a general belief in the coatings industry that the use of more hydrophobic additives can have a
positive impact on corrosion resistance. But in a recent study, the compatibility between the latex and
surfactant additive was demonstrated to be more important than the hydrophobicity of the additive [9]. To
provide clarity for future waterborne formulations, it is important to identify the key formulation factors
which can have a negative effect on corrosion resistance and investigate these additive-induced
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microstructural changes which occur under corrosive environments.

Methods
Waterborne DTM formulations were prepared by mixing a model styrene-acrylic latex, ammonia solution,
flash rust inhibitor, silicone defoamer, coalescent (i.e. Texanol or DPnB), hydrophobically modified
ethoxylated urethane (HEUR) thickener and water. Dry films with thickness of 50 µm were prepared by
drying bar coated cold rolled steel (CRS) at ambient conditions for 7 days. Prohesion (i.e. cyclic accelerated
corrosion testing according to ASTM G85 Annex 5) for 750 hours was used to evaluate the corrosion
performance. AFM-IR analysis was performed on a NanoIR2 system (Anasys Instruments) and images were
collected in contact mode at a scan rate of 0.04 Hz using a gold-coated silicon nitride probe (Anasys
Instruments, 0.07–0.4 N m-1 spring constant, 13 ± 4 kHz resonant frequency). An optical parametric
oscillator was used as the source of IR radiation incident on the sample, which was subjected to pulses of 10
ns duration at a repetition rate of 1 kHz. The amplitude of induced cantilever oscillations were then mapped
using 32 co-averages per 1024 points per 300 scan lines.

Results & Discussion

Figure 1 – AFM-IR analysis of a 50 µm styrene-acrylic copolymer film surface prepared using Texanol as coalescent.
(Left) Contact mode height image and (Right) corresponding AFM-IR amplitude map at 1728 cm-1 (corresponding to
C=O stretching vibration of acrylics).

Figure 2 – AFM-IR analysis of a 50 µm styrene-acrylic copolymer film surface prepared using DPnB as coalescent.
(Left) Height and (Right) IR amplitude at 1728 cm-1 (corresponding to C=O stretching vibration of acrylics).

As can be seen in Figures 1 and 2, the surface morphology of the coalesced latex film differs significantly
when different coalescent is used in the formulation. The styrene-acrylic copolymer film prepared with
Texanol exhibited low gloss (60° gloss = 25 GU) due to the presence of micron-sized polymeric patches on
the surface. This is likely a result of micron-scale phase separation occurring during latex film formation,
possibly due to the incompatibility between Texanol and the latex used. Infrared mapping was performed by
monitoring the locally induced infrared amplitude signal at 1728 cm-1 (corresponding to the C=O stretching
vibration of acrylics), but it remained unclear if the fluctuations in the infrared amplitude signal were due to
the topographic effects or uneven distribution of acrylic ester functionalities across the film. In comparison
the film prepared with DPnB achieved more uniform film formation with high gloss (20° gloss = 98 GU),
which was evident from the smaller height variations across the film. In addition, the local infrared signal
showed little variation across the film surface of the coating formulated with DPnB, which can be an
indication of homogeneous network structure formed throughout the film.
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Figure 3 – Styrene-acrylic copolymer film coated CRS panels (left) prepared using Texanol after prohesion for
750 hours, (middle) prepared using DPnB after prohesion for 750 hours and (right) prepared using DPnB and an
additional 1 wt. % of sodium dodecylbenzenesulfonate after prohesion for 70 hours.

Apart from the influence on microstructure development, Texanol was also found to be slightly less efficient
at lowering the minimum film formation temperature (MFFT) of the latex. At 6.6 wt. %, DPnB reduced the
MFFT of the latex from 57 °C to 10 °C, whereas Texanol reduced the MFFT to 13 °C. In addition, it is well
known that Texanol tends to remain within dried films for prolonged periods due to its slow evaporation
rate. As a result, more time is required to achieve similar surface mechanical properties in comparison to
coatings formulated with DPnB [10]. Combining all of these factors, it is noteworthy that the coating
formulated with Texanol provided comparable corrosion protection performance to the coating formulated
with DPnB (see Figure 3). This implies that the different surface morphologies revealed by AFM-IR have no
significant impact on the corrosion protection performance. Moreover, model surfactant additives have been
incorporated to these systems and result in significant deterioration of corrosion protection performance.
These results and analysis of the coatings via AFM-IR both prior to- and after prohesion testing will be
discussed as part of this presentation.

Conclusions
This study demonstrates the capability and suitability of AFM-IR in investigating the microstructure
development and to perform nanoscale chemical functionality mapping in waterborne, latex-based coatings.
Furthermore, the correlation between film microstructure and coating performance in the presence of model
surfactants is investigated.
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The use of glass in buildings is evolving towards structural applications: modern architecture
features glass-made staircases, roofs, walkways and spectacular long suspended bridges. However,
the tensile strength of annealed glass cannot be fully exploited due to the stress corrosion
phenomenon, induced by the presence of water and an applied load. We developed a UV-cured
coating combining hydrophobicity and barrier to water vapor properties with good adhesion to glass,
thanks to a compositional profile. The coating is capable of inhibiting the stress corrosion of glass: in
the coaxial double ring test setup, tests indicated a 75% increase of the mean tensile strength for
glass plates immersed in water.

Introduction
Structural use of glass is a growing trend in architecture, not only for aesthetics, but also for energy saving
and wellbeing reasons, as it maximizes the use of natural light. modern architecture features glass-made
staircases, roofs, walkways and spectacular long suspended bridges. However, the tensile strength of
annealed glass can not be fully exploited due to the stress corrosion phenomenon, induced by the presence of
water and applied load. Stress-corrosion, which decreases the tensile strength over time, is due to the
subcritical growth of cracks during aging under load in a given environment. The currently accepted
interpretation of the phenomenon is that the evolution of micrometric surface defects and cracks is favoured
by the presence of water molecules. These cause the rupture of silicon-oxygen bonds through chemical
reactions that depend on the composition of glass (Figure 1), and for which the activation energy is provided
by the external stress [1–5].
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Figure 1: Stress-corrosion mechanisms: (A) basic stress-enhanced hydrolysis mechanism typical of silica
glass1 and (B) additional mechanism taking place in alkali-lime glass
In order to prevent stress-corrosion we proposed a protective UV-cured coating as polymer coatings are
already used in the glass industry for various applications, such as improving thermal performance of
glazing, anti-fingerprint oleophobic coatings, anti-shatter films. Properties sought for the present problem
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were high water repellency, good barrier to water vapor and simultaneously good adhesion to glass. Finding
the optimum balance between the hydrophobicity and the adhesion property of the coating, two properties
that are often in competition, was the challenge of the present work.

Experimental
50 μm thick coatings were obtained by photopolymerisation of a cycloaliphatic diacrylate resin (Ebecryl 130
kindly given by Allnex SA, Drogenbos, Belgium) added of Fluorolink MD700, a perfluoropolyether
dimethacrylate (Solvay Specialty Polymers, Bollate Milano, Italy). The structures of the resins are reported
in Figure 2.

Figure 2: Structure of cycloaliphatic diacrylate (upper structure) the perfluoropolyether dimethacrylate
(bottom structure
A radical photoinitiator was used at a concentration of 2% w/w (Darocur 1173 BASF, Germany).
The formulations were coated on slides made from extra-white soda-lime glass (Thermo Scientific™ British
Standard Slides by Thermo Fisher Scientific Inc., Waltham, USA). They were irradiated under N2 for 120 s,
light intensity =100 mW/cm2 using a medium pressure Hg lamp. The glass slides were eventually modified
by immersion in different silane solutions (0.2 wt% in ethanol, 2 h, 70 ºC (Se02) or 0.2% in water, 5 min, 25
ºC (Sw02): the chosen silane was acryloyloxy propyl silane supplied by Alfa Aesar (Thermo Fisher GmbH,
Karlsruhe, Germany).
Water resistance was checked by immersion of the coatings in water with daily inspection for failure, for 14
days at room temperature (RT) followed by heating for 4 h at 60 ºC.
Wettability of the coatings was assessed by static contact angle measurements with the sessile drop
technique.by means of a Krüss DSA100 instrument (KRÜSS GmbH, Hamburg, Germany), equipped with
video camera and image analysis software,
Water vapour permeability was tested at 80% RH, 38 ºC by aMultiperm ExtraSolution Instrument; results
were normalized to 25 μm thickness.
Adhesion of the coatings to glass was assessed with tensile tests using single lap-shear specimen (the
instrument was Instron 3366 testing apparatus by ITW Test and Measurement Italia S.r.l. Instron CEAST
Division, Italy, equipped with a 10 kN load cell, with a 5 mm/min cross-head speed). Single lap-shear
specimens were prepared using standard or surface modified glass slides. The joints were made as sketched
in Figure 2.. Polytetrafluoroethylene (PTFE) masks (0.1 mm thick) were used to obtain a circular bonded
area with a 6 mm or 4 mm diameter, adapting the procedure described by Swentek and Wood [6]: a circular
hole was punched on a rectangular portion of PTFE foil, slightly larger than the overlapped area of the two
slides, with four perpendicular cuts; a syringe was used to place a controlled amount of resin formulation in
the circular area, and a second glass slide was placed on top, as shown in Figure 3. Glass spacers were used
to ensure the alignment of the specimens in the dynamometer. After curing the PTFE mask was removed by
tearing it apart with the help of the four cuts.
The effectiveness of the coating in protecting the glass surface against stress corrosion was assessed by
means of mechanical tests, using the coaxial double ring setup, which is commonly used to evaluate,
indirectly, the tensile strength of glass. The coaxial double ring setup consists of a pair of steel rings with
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different diameters. The largest one (diameter equal to 90 mm) is used to support the plate specimen,
whereas the smallest one (diameter equal to 40 mm) is used to apply a normal force on the upper surface,
thus producing a bi-axial bending stress state in the plate (see Figure 4).

Figure 3: Scheme of the preparation of the lap-shear specimens and photo of the Teflon mask.

Figure 4: Coaxial double ring setup

Results & Discussion
The UV-cured fluorinated coatings obtained were copolymers based on a cycloaliphatic diacrylate and a
highly fluorinated comonomer. Films were transparent and fully cured (with a quantitative methacrylic
double bond conversion). The permeability tests conducted at 80% RH, 38 ºC, showed that coatings based
on the cycloaliphatic resin maintained the same WVTR even with addition of the fluorinated comonomer.
Although the fluorinated comonomer concentration was only 1% w/w, the films showed low surface energy
(γ= 19 mNm-1) and hydrophobic behavior, with a water contact angle (WCA) exceeding 102° on the side
exposed to air. According to the results above, films are likely to have a compositional gradient due to the
selective migration of the perfluoropolyether chains to the free surface [6,7]. This allowed the maintainence
of adhesion as shown by the the single lap-shear tests: the adhesion of the fluorinated material was as good
as for coatings without the fluorinated comonomer [8]. However to improve adhesion, the glass substrates
were treated with the adhesion promoter, acryloyloxypropylsilane, which can coreact with the acrylic resins
during irradiation. In the presence of silane, the coatings showed an interfacial shear strength as high as 25
MPa, independently of the silanization procedure adopted (in water or in ethanol).
The adhesion of films coated onto the glass substrates was confirmed by immersing the samples in water
and controlling the failure of the coating: when silanized glass was used the samples survived the entire
immersion test, i.e. 14 days in room temperature (RT) water plus 4 hours in water at 60 °C. The addition of
silane in the formulation was also investigated: it improved the adhesion properties, though less effectively
than glass silanization.
The coating was applied to a set of 20 glass plates that were afterwards tested with the coaxial double ring
setup. A constant loading rate was applied, equal to 0.15 MPa/s, up to complete failure of the plate. The
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failure stress was computed for each specimen, based on the ultimate load. Due to the large scatter of the
results, the experimental data were analysed statistically, according to the two-parameter Weibull
distribution function. The Cumulative Distribution Function (CDF) of the tensile strength obtained for the
coated specimens is shown in Fig. 4 (green triangular markers), were it is compared to the results of
uncoated specimens (red square markers). The effectiveness of the coating is proven by the translation of the
CDF towards higher values of failure stresses. Quantitatively, the increase of the tensile strength due to the
coating is about 75%.

Figure 5: Cumulative Distribution Function of the failure stress for uncoated (red markers) and coated
(green markers) glass plates.

Conclusions
Copolymerising by irradiation a cycloaliphatic diacrylate resin with a low amount of a perfluoropolyether
methacrylate co-monomer, a compositional gradient was obtained due to the selective migration of the
perfluoropolyether chains to the free surface. At the same time the addition of an acrylated silane modified
the network coreacting with the resins and allowed the improvement of adhesion to glass. Preferably the
silane was used as a primer, modifying the glass before applying the coating. The silanization of glass in an
aqueous solution was as efficient as in ethanol, therefore allowing for a more environmentally friendly
process. By applying the coating able to assure hydrophobicity, barrier to water vapor and adhesion at the
same time, protection of glass from stress-corrosion was achieved: quantitatively, the increase of the tensile
strength of the glass protected by a coating is about 75%.
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Abstract
Leaching of corrosion inhibitors from organic coatings is an important property for active corrosion
protection to provide long-term corrosion protection. Previous studies suggest that leaching of the active
species occurs via interconnected pathways in the coating and showed that the leaching behaviour is
strongly influenced by the pigment volume concentration in coatings. However, the influence of
parameters such as the polymeric binder matrix on the leach-rate is not fully understood yet. The
thorough understanding of the effect of the polymeric binder matrix will provide essential knowledge for
the development of coatings with long-term corrosion protection. The work presented aims to correlate
the release rate of active inhibitor from coatings matrix with the properties of the binder matrix and
moisture ingress, coating morphology, corrosion protection. For this purpose, model epoxy-based
primers have been formulated with lithium carbonate as leachable corrosion inhibitor. Moisture ingress
and corrosion properties were measured by electrochemical impedance spectroscopy (EIS) and linear
polarization resistance. The release of lithium carbonate was monitored by ICP.

Introduction
The development of organic coatings with alternative corrosion inhibitors to replace the toxic soluble
hexavalent chromium as active corrosion inhibitor has been pursued for many years. [1]–[3] This has
strongly pushed numerous investigations in corrosion inhibition and coating technology to find promising
candidates. [4]–[7] Ideally, these new compounds should show similar active protective properties as
chromates, i.e. providing corrosion protection to the substrate with the ability to be released from the organic
coating when a damage occurs.[8], [9] This release, more commonly known by the term “leaching”, is the
main active corrosion inhibiting strategy. Control over the leaching rate of the active inhibitor is important to
provide the most efficient use to the soluble corrosion inhibitor and to provide long-term corrosion
protection.
Over the years, various inhibitors have been identified as promising replacement for chromates. These
include oxo-anionic inhibitor salts, such as metavanadates [10], cationic inhibitors which include rare-earth
compounds such as cerium[11], [12], and magnesium-rich coatings for cathodic protection[13], but no
inhibitor showed similar behaviour and effectiveness as chromates. However, since a few years lithium salts
are regarded as promising candidates for replacement of chromates as active corrosion inhibitor in organic
coatings for aerospace applications.[14], [15] Primers loaded with lithium salts provide effective corrosion
inhibition by leaching of active species and the formation of a protective layer on the coating defect when
exposed to neutral salt spray (NSS) conditions, [14], [16], [17]. However, lithium salts are more soluble in
comparison to chromates (i.e. 1.36 g/0.1L for lithium carbonate and 0.12 g/0.1 L for strontium chromate at
15oC). This higher solubility results in a faster dissolution rate of active species and consequently increases
the leach-rate of the organic coating, resulting in a faster depletion of the corrosion inhibiting species from
the coating. Therefore, control over the dissolution of the corrosion inhibiting species from the coating
matrix is essential for long-term corrosion protection.
Leaching of inhibitors from the coating matrix remains a complex phenomenon which is still not completely
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understood yet. The process of leaching involves a number of steps: (i) water transport into the defect and
across the damaged edge of the coating system, (ii) water uptake into the primer, (iii) dissolution of inhibitor
particles, and (iv) transport of active anticorrosive species from the coating into the defected area.[9] From
previous studies, it is postulated that leaching occurs through a network of interconnected pathways of
soluble materials.[18] Hughes et. al. [18]–[20] showed that chromates slow leaching rates at longer exposure
times and uneven depletion zones of inhibitor particles throughout the primer suggest leaching through an
interconnected network. Moreover, Emad et.al[21] studied the influence of the pigment volume
concentration of a model organic coating on the primer microstructure and the leaching rate of active
inhibitor. The authors elucidated an increase of the leaching release when increasing the pigment volume
concentration, which was attributed to the formation of a larger network of interconnected soluble material.
However, the influence of the coating formulation parameters (i.e. polymer binder matrix) on the leach-rate
of active inhibitor has received little attention. Understanding of the coating formulation parameters provides
essential knowledge on the leaching mechanism and for the long-term corrosion protection. For this purpose,
the aim of this work is to study the influence of bulk resin properties on the leaching kinetics and cumulative
release of lithium inhibitor (leaching) and to correlate these parameters with the associated moisture ingress
in the coating and the active corrosion protective properties.
For this study, model coatings were formulated based on epoxy-bisphenol A and epoxy-novolack resin and
loaded with lithium carbonate (Li2CO3) as leachable corrosion inhibitor and applied on AA2024-T3
aluminium alloys. Different chain length bisphenol A epoxy resins and phenolic epoxy resins with varying
functionality were employed for the formulation of the organic coatings. Key properties of the model
coatings such as cross-linking density and Tg etc, were determined using dynamic mechanical analysis.
Moisture ingress into the polymeric layer was monitored as a function of time using electrochemical
impedance spectroscopy (EIS). Cumulative lithium release (leaching) from the primers was followed as a
function of time using Inductively coupled plasma (ICP). The active corrosion protective properties of
lithium-leaching coatings were studied by exposure of artificially damaged primers to neutral salt spray
corrosion test (ASTM B-117) for 7 days. EIS was employed for the quantification of the electrochemical
characteristics of the protective layer formed in the coating defect, and linear polarization resistance (LPR)
was employed to measure the corresponding polarization resistance after NSS exposure. For the first time,
the influence of the epoxy resin bulk properties on the inhibitor leaching mechanism and the overall
corrosion protective performance of the organic coating are studied. The results of this research provide
essential knowledge for controlling the leach-rate of active corrosion inhibitors to ensure long term corrosion
protection chromate-free coating technology.

Experimental
Epoxy model coatings with and without lithium salts as leachable inhibitor were used for this study. The
coatings were applied on AA2024-T3 TSA-anodised aluminium with a high volume low pressure (HVLP)
spray gun at ambient condition (23oC and 55% RH). After application, the coated panels were force cured at
80oC for 1h. The dry film thickness of the coatings after drying was 23-28 µm. The Lithium-salt loaded
coatings with varying pigment volume concentration comprising inorganic pigments and fillers were
formulated in the different model epoxy coatings and applied following same procedure. The pigment ratio
was maintained constant at all pigmentations. The dry film thickness of the pigmented coatings after drying
was maintained within the range of 23-28 µm.
Cross-linking density and Tg of clear coatings were studied by dynamic mechanical analysis (DMA).
Leaching of lithium ions from pigmented samples is followed through immersion of 5x5 cm2 panels into a
3.5% wt. NaCl solution. The panels were kept in an upright position in plastic beakers for 14 days. Two
millilitres aliquots are removed at different time intervals and measured by ICP. Coatings moisture ingress
response of the coatings was measured by monitoring electrochemical behaviour of coated AA2024-T3
samples as a function of time using EIS technique and 3% wt. Na2SO4 as electrolyte. The electrochemical
behaviour of coated AA2024-T3 samples in the presence of a coating defect was also studied with EIS
before and after NSS exposure during 168 h using a 0.05 M NaCl solution. Figure 1 shows the evaluation of
a pigmented and non-pigmented modal epoxy-bisphenol A organic coating. 1a concerns the leach rate, 1b
compares the moisture ingress representing water uptake through the equivalent capacitance, 1c shows the
increased polarization resistance with and without lithium salts, and 1d elucidates the difference in
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impedance of the defect area between Li-pigmented and non-pigmented coatings. The EIS measurements
were performed at OCP using Gamry Interface 1000 computer-controlled potentiostat over frequency range
from 10-2 Hz to 104 Hz, 7 points per decade and sinusoidal amplitude of 10 mV, using a three-electrode setup in a Faraday cage, equipped with a saturated calomel electrode (SCE) as reference electrode, platinum
wire as the counter electrode and a working electrode. Linear polarization is used to obtain polarization
resistance of the protective layer.
a)

c)

b)

d)

Figure 1: Evaluation of the modal epoxy coatings through a) leaching of lithium ions, b) moisture ingress, c)
polarization resistances and d) electrochemical impedances.

Conclusions
In this work studied the effect of the polymeric binder on the release rate of lithium carbonate from the
organic coating matrix and its relationship with the corrosion protective properties. Experiments were
conducted to monitor the lithium release rate, the organic coating moisture ingress, the active corrosion
protective properties, and the coating morphology. These results have been used to formulate hypothesis
with regards how to control the dissolution of corrosion inhibitor from the coating matric to provide the most
efficient use to the active inhibitor and a long-term corrosion protection.
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Abstract
In this work the effect of blisters on the performance of protective coatings was investigated. Artificial epoxy
blisters were generated by potentiostatic DC polarization on an epoxy coated aluminum substrate. Blisters
were characterized using optical microscopy, electronic microscopy, as well as scanning Kelvin probe (SKP)
technique. Impedance measured above blisters displayed high values, typical of an intact undamaged
coating. However, pitting corrosion were observed beneath the blisters, implying that high impedance
measured on a blistered coatings may not always correspond to substrate protection. Scanning vibrating
electrode technique (SVET) measurement is underway to see if it can reinforced impedance results.

Introduction
Coating delamination and blistering are one of the many causes of coating failures [1]. However, whether
such delamination and blisters results in complete protection loss, and the concurrent effect on the substrate
beneath such blistered coating is not well investigated. To investigate such an effect of blister on the
performance of organic coating this work was undertaken. Artificial epoxy blisters were created by the
application of a potentiostatic negative polarization to the coated substrate. Since electrons are supplied in
excess to the substrate during a cathodic polarization, cathodic reactions are promoted at the coatingsubstrate interface that can yield H2 and OH- causing coating degradation, adhesion loss, and blistering [2–
4]. The generated blisters were characterized using optical microscopy, electron microscopy,
electrochemical scanning Kelvin probe (SKP) technique as well as scanning vibrating electrode technique
(SVET).

Experimental
Blister formation, or cathodic delamination of the epoxy coating was accomplished by applying a negative
DC polarization to the coated substrate. A 3-electrode electrochemical set-up as shown in Figure 1 was used
for the DC polarization, as well as for electrochemical impedance spectroscopy (EIS) measurements. Prior to
blister formation electrochemical impedance spectroscopy (EIS) measurements were performed on an intact
coating followed by EIS measurement after blister formation, and impedance comparisons were made.
Blister formed and corrosion beneath it were characterized using optical microscopy, scanning electron
microscopy, scanning Kelvin probe (SKP) technique [5,6]. Scanning vibrating electrode technique (SVET)
work is under progress.
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Figure 1: Schematic of 3 electrode electrochemical experimental set-up.

Results and Discussion
Microscopy results
Figures 2a-b (optical microscopy) and 2c-d (SEM images) corresponds to blisters of two different epoxy
coatings subjected to separate polarizations. Incomplete delamination indicates that the adhesion is not
uniform throughout the coating. It must be noted that the magnitude of DC polarization chosen for blister
formation was arbitrarily selected at -6V, with the assumption that at such potential blister generation would
be faster. Exposure of the same coating constantly in 3.5% NaCl for up to 150 days without the DC
polarization have not yielded any blister.

b
)

a
)

c
)

d
)

Figure 2: a) Optical micrograph of blister in an epoxy coating on aluminum substrate, generated by
applying -6V DC ( vs. SCE) to the coated substrate b) a enlarged c) SEM image showing intact and
blistered region and d) delaminated blister of the epoxy coating.
Scanning Kelvin Probe results
Figure 3a and 3b displays the SKP potential mapping of an epoxy coating with a blister (circled in 2D map
of Figure 3b). As seen from the figures the blistered region displays a lower surface potential compared to
the intact regions outside the circle. The intact region shows higher potential due to the inhibition of
adhesion loss whereas at the blistered region ( circled) lower potential can be observed. Moreover, outside
the blistered region some microscopic areas of potential similar to the potential observed within the blistered
(circled) region are seen, indicating invisible but delaminated regions. The potential profile are not exactly
97

similar throughout the blistered (circled) region and some areas of low potential compared to the rest of the
circled area are also seen, which could be due to localized corroded areas, as has been reported previously
[7], and also observed in this work.
a
)

b
)

Figure 3: Surface Kelvin potential of a blistered coating in a) 3D and b) 2D. The potentials are color coded
with the same color code for both the Figures.
Figure 4 a-b displays impedance results measured for various epoxy coatings, both intact and with blister.
Figure 4a is an impedance Bode plot of an epoxy with a blister whereas Figure 4b is that of an intact epoxy.
Six repeat measurements are made. As seen from the plots both of them display almost similar but high
impedance >107 Ω.cm2 , with the blistered epoxy (Figure 4a) displaying slightly low impedance, but still
high enough to suggest substrate protection. The blister when punctured to expose substrate beneath displays
significantly low impedance, typical of an aluminum substrate. This suggest that a blister can provide barrier
protection to a substrate, especially if the coating does not crack and the delamination results only in
adhesion loss. However, a look into the area under the blister displayed local pitting like corrosion as can be
seen from the SEM pictures in Figure 5a-b, suggesting that such high impedance observed may not always
correspond to substrate protection, whereas beneath the blister local or other corrosion phenomenon may still
be taking place. This also shows that that EIS, or any other electrochemical measurements must always be
performed above an intact, defect free region to ensure more reliable performance results. A flexible coating
can deform without cracking, meaning that the blister generated after delamination is flexible enough that it
can deforms instead of cracking and still restrict access to the outside electrolyte. Result of the conical
mandrel bend test as performed according to ASTM D522 demonstrated high flexibility and no cracks on
the bent coating.
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Figure 4: a) Impedance measured for an epoxy coating with a blister and b) coating without a blister.
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Figure 5 : a) SEM images, magnification x 50 of pitting like corrosion on an aluminum substrate beneath an
epoxy blister (circled in yellow) that had displayed an impedance greater than 107 Ω.cm2 b) magnification x
1000 .

Conclusions
A flexible, delaminated but non-cracked blister may still provide impedance high enough to suggest barrier
protection. The generated blister was confirmed via microscopic and SKP technique. Of more significance
was the observation of pitting like corrosion beneath the blister as was seen from SEM images. These
observations suggests that on performing electrochemical measurements on coatings it must be ensured that
measurements are made above an intact, non-blistered region for reliable performance analysis. SVET
experiments are underway.
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The objective of this work is to develope methodologies with different techniques to quantify permeability,
diffusivity and solubility of water in model system coatings. These properties are of primary relevance in
corrosion protection coating studies. Permeabilities are measured successfully by Microclorimetry,
Gravimetry and Thermogravimetric Analysis (TGA). Solubilities are measured by means of Gravimetry
and Fourier Transfomred Infra-red Spectroscopy (FT-IR) analysis. Both methods to perform sorption
measurements are successful in following water uptake kinetic curves, being complimentary in suitable
thickness range for the measurement. The validity of permeabilities calculated from permeation
measurements, are verified by group contribution methods and reported values in literature. Diffusivities
were measured by using data from the transient region in sorption and permeation measurements, as well
as being calculated by considering the steady state permeation rate and equilibrium solubility in
permeation and sorption measurements, respectively. These diffusivities are verified by values reported in
literature.

Introduction
This work is part of the PredictCor project that focuses on the development of a Knowledge and
Technology Platform for Prediction of Durability and Lifetime of Organic Coated Metals under
Longterm Environmental Corrosion. With a direct annual cost exceeding 1.8 trillion dollars globally,
metallic corrosion takes an average 3-4 % of the GDP of industrialized countries [1]. Corrosion-assisted
failures of sensitive components have resulted in the loss of many lives [2]. It is, therefore, very important
to prevent or mitigate corrosion. Organic coatings, known as the most cost-effective corrosion control
method [3]–[8], are normally consisting of polymeric material, pigments, fillers and additivities. To study
the water transport properties of coatings, model polymer coatings and films, are used as the starting
point. Transport properties of water through model coatings are described by effective diffusion
coefficients, a complex combination of Fickian and non-Fickian phenomena. The diffusivity of water can
be obtained via two types of experiments: sorption and permeation. Unidirectional sorption kinetics of
free-standing coatings are described by formula derived from Fick’s second law [9], [10], given in
Equation 1.

Equation 1

Where

is the amount of water sorbed at time t,

is the maximum amount of water sorbed,

is the

Fickian diffusivity, and
is the thickness of the coating. The diffusivity is calculated by fitting the
above equation to mass sorbed versus time curves recorded in sorption measurements.
The diffusivity can also be estimated from the time lag to reach a steady state permeation flux in

Equation 2
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permeation measurements (Equation 2).

Where is the time to reach the steady state permeation rate, is the Fickian diffusivity, and is the
thickness of the coating. This equation is a derived from Fick’s second law of diffusion as well, assuming
that the concentration at the downstream side is zero and that the film is initially in a dry state [9], [11]–
[14].
As a third method, the diffusivity can be obtained using Equation 3, where the steady state permeability
and equilibrium solubility are used [13].

Equation 3
Where
is the permeability and
is the solubility. To calculate the permeability of water vapor,
Wroblewski [13] proposed the Equation 4, assuming a constant penetrant concentration at the upstream
side, an initially dry coating, a constant diffusion coefficient, and an instantaneous equilibration and mass
transfer at both interfaces.

Equation 4

Where is the permeation flux, is the coating thickness, and
is the pressure difference. The solubility
is a measure of the amount of water present in the polymer network at equilibrium and can be obtained
from sorption measurements. The objective of the present work is to develop methodologies to accurately
and reproducibly measure solubility, permeability and diffusivity of model coatings using different
physicochemical techniques.

Experimental
For sorption measurements, Gravimetry and Fourier Transformed Infrared Spectroscopy (FT-IR) were used.
In gravimetry techniques, coatings submerged in demineralized water were taken out at selected time
intervals and weighed using a digital balance to construct a kinetic sorption curve. A similar curve was
produced using FT-IR by following the absorbance at wave numbers corresponding to vibrations in water.
For permeation measurements, Gravimetry, Thermo Gravimetric Analysis (TGA), and Microcalorimetry
analysis were used to construct time evolution curves of cumulative amounts permeated. In the gravimetric
method, bottles filled with demineralized water and sealed by fixing a coating on top, were kept at 25°C and
weighed at selected time intervals to quantify the amount of water vapor permeated through the coating.
These bottles are kept in a dry environment (about 2% relative humidity). In TGA, the weight of a sample is
followed while it heated. To study permeation, the samples are crucibles containing demineralized water and
having coatings fixed on top. The weight of these samples is followed continuously at 60°C. In this
technique, the TGA furnace is purged by nitrogen and a completely dry atmosphere is maintained. In
microcalorimetry, the heat exchanged between a sample ampoule and a thermostated bath is measured. As
for Gravimetry and TGA measurements, the samples were vials containing water, sealed of using the
selected polymer coating. The heat absorbed to evaporate water from the sample ampoule through the
coating is a measure of the quantity of water permeated through the coating. Experimental set-ups and
sample structures are shown in Figure 6.
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Figure 6. Schematic presentation of set-ups and sample structures used for permeation measurements. From
left to right, Thermogravimetric Analysis (TGA), Microcalorimetry, and Gravimetry.

Results & Discussion
Methods developed for sorption measurements delivered comparable water sorption kinetic curves and
diffusivities. Examples of kinetic sorption curves determined via gravimetry and FT-IR analysis are given in
Figure 7. In both cases, the sorption is initialy rapid, followed by a temporary plateau of equibrium
solubility. The extent of this plateau seems to be thickness dependent, where a higher thickness shows a
more distinguishable equilibrium phase. In a final stage, the samples absorb increasingly more water, which
is attributed to a slow relaxation of polymer network. The water diffusvities are in the same order of
magnitude, being 5.1×10-14 m2/s and 6.2×10-14 m2/s for Gravimetry and FT-IR techniques, respectively.

40 µm thick coating

12 µm thick coating

Figure 7. Kinetic sorption curves recorded from sorption measurement techniques: measured by Gravimetry
(left) and measured by FT-IR analysis (right)
Permeation measurement techniques gave average permeabilitiy values comparable with estimation models
and values reported in literature for coatings with comparable chemical structures [15], [16]. Average values
of permeability are given in Table 1. Analysing the data from various permeation measurements with each
technique, microcalorimetry proves to be the most reproducible, both in data sets for samples having the
same thickness and in sets of samples with varying thickness.
Table 1. Permeabilities measured with developed techniques and a comparison with values obtained by
group contribution models and reported in literature
Source
Microcalorimetry
TGA
Gravimetry
Models
Literature
25
60
25
25
30
Temperature (°C)
Permeability
(
)
The calculated diffusivities from microcalorimetry, TGA, and gravimetry are 3.3×10 -14 m2/s, 1.7×10-12 m2/s
(at 60°C), and 1.4×10-14 m2/s, respectively, for 215 µm films.To get the diffusivity from the time lag to reach
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steady state permeation, the measurement of the permeation flux should start as soon as the sample is
prepared, with signals only indicative of the amount of water permeated through the coating. Since sample
preparation for Gravimetry and TGA techniques are, at this stage, time-consuming compared to that of
microcalorimetry samples, the latter being done on a thick coating samples, e.g. 215 µm, gives a more
accurate measurement of diffusivity using time lag method. Using the temporary equilibrium value of the
solubility from sorption measuremnts and the steady state permeability from permeation measurements,
Equation 3 delivers another measure of the diffusivity. All three individually determined diffusivities
obtained are compared in Table 2. The average diffusivities calculated from permeation time lag and kinetic
sorption curves are an order of magnitude lower than those calculated using steady state permeation and
temporary equilibrium solubility, which can be attributed to the former corresponding to a coating in a dry
state, as opposed to the latter where the coating is already wet. The calculated diffusivities for the wet state
correspond well to the values reported in literature for coatings with comparable chemical structure [16]–
[19].
Table 2. Average diffusivities measured with different methods compared with values reported in literature
From steady state
From
From sorption
permeability and
permeation
Literature
Method/
measurements:
temporary
measurements:
(order of
Source
Water uptake
equilibrium
time lag
magnitude)
kinetic curves
solubility
method
25
Temperature (°C)
Diffusivity
10-14

Conclusions
The focus of this work was to use available techniques to develop methodologies for characterizing the
transport properties of model coatings, i.e., diffusion coefficients. For sorption measurements, both
gravimetry and FT-IR show promising results, while being complimentary in range of thickness of coatings
where they would deliver more accurate and reproducible results, with FT-IR being limited to coating
thicknesses of 10 µm and below. Permeation measurements by all three techniques were successful, given
permeability values close to those estimated by group contribution models and reported in literature, and
with microcalorimetry being the most accurate and reproducible. Diffusivities from permeation and sorption
measurements correspond with one another, further indicating the validity of the values measured by the
various techniques in this work. The methodologies developed in this study will be used to study the effect of
important parameters in every stage of a coating life span: composition, degree of cure, processing
parameters, and service conditions, like temperature and humidity, supporting the development of models for
longterm simulations of the corrosion protection of metals.

Acknowledgements
The authors would like to thank R. Claessens for his kind help in developing instrument accessories. The
PredictCor project is supported by FWO-Vlaanderen.

References
[1] M. Meng, M. J. Rizvi, H. R. Le, and S. M. Grove, “Multi-scale modelling of moisture diffusion coupled
with stress distribution in CFRP laminated composites,” Compos. Struct., vol. 138, pp. 295–304, 2016.
[2] Nederlands Aviation Safety Board, “Aircraft Accident Report - El Al Flight 1862.,” pp. 1–79, 1992.
[3] G. H. Koch, M. Brongers, N. G. Thompson, Y. P. Virmani, and J. H. Payer, “Corrosion Costs and
Preventive Strategies in the United States.”
[4] G. P. Bierwagen, “Reflections on corrosion control by organic coatings,” vol. 9440, no. 95, 1996.
[5] D. Nguyen Dang, B. Peraudeau, S. Cohendoz, S. Mallarino, X. Feaugas, and S. Touzain, “Effect of
mechanical stresses on epoxy coating ageing approached by Electrochemical Impedance Spectroscopy
measurements,” Electrochim. Acta, vol. 124, pp. 80–89, 2014.
[6] R. G. Hu, S. Zhang, J. F. Bu, C. J. Lin, and G. L. Song, “Recent progress in corrosion protection of
magnesium alloys by organic coatings,” Prog. Org. Coatings, vol. 73, no. 2–3, pp. 129–141, 2012.
[7] G. P. Bierwagen, “Corrosion and its Control by coatings,” p. 332, 1995.
[8] S. Morsch, S. Lyon, and S. R. Gibbon, “The degradation mechanism of an epoxy-phenolic can coating,”
103

Prog. Org. Coatings, vol. 102, pp. 37–43, 2017.
[9] J. Crank, “The Mathematics of Diffusion, 2nd Edition,” J. Am. Chem. Soc., vol. 79, no. 5, pp. 1267–
1268, Mar. 1957.
[10] M. Karimi, “Diffusion in Polymer Solids and Solutions,” Mass Transf. Chem. Eng. Process., 2011.
[11] E. C. Suloff, “Permeability, Diffusivity, and Solubility of Gas and Solute Through Polymers,” Sorption
Behav. an Aliphatic Ser. Aldehydes Presence Poly(Ethylene Terephthalate) Blends Contain. Aldehyde
Scav. Agents, no. 1, pp. 29–99, 2002.
[12] J. C. Shah, “Analysis of permeation data: evaluation of the lag time method,” Int. J. Pharm., vol. 90, no.
2, pp. 161–169, 1993.
[13] V. Stannett, “The transport of gases in synthetic polymeric membranes - an historic perspective,” J.
Memb. Sci., vol. 3, no. 2, pp. 97–115, 1978.
[14] H. L. Frisch, “The time lag in diffusion,” J. Phys. Chem., vol. 61, no. 1, pp. 93–95, 1957.
[15] D. W. W. van Krevelen, Properties of Polymers. 1997.
[16] J. Feng, K. R. Berger, and E. P. Douglas, “Water vapor transport in liquid crystalline and non-liquid
crystalline epoxies,” J. Mater. Sci., vol. 39, no. 10, pp. 3413–3423, 2004.
[17] J. B. Enns and J. K. Gillham, “Effect of the extent of cure on the modulus, glass transition, water
absorptio, and density of an amine‐cured epoxy,” J. Appl. Polym. Sci., vol. 28, no. 9, pp. 2831–2846,
1983.
[18] P. Nogueira et al., “Effect of water sorption on the structure and mechanical properties of an epoxy
resin system,” J. Appl. Polym. Sci., vol. 80, no. 1, pp. 71–80, 2001.
[19] L. Li, Y. Yu, Q. Wu, G. Zhan, and S. Li, “Effect of chemical structure on the water sorption of aminecured epoxy resins,” Corros. Sci., vol. 51, no. 12, pp. 3000–3006, 2009.

104

Durability & Corrosion (II)

Thursday 27 June 2019

[O24]-Characterization of water and electrolyte transports in
autophoretic corrosion protection coatings by means of optical
spectroscopies and electrochemical impedance spectroscopy
T. Krawczyk*, M. Dornbusch‡, J.S. Gutmann§.
*: Hochschule Niederrhein University of Applied Sciences; Adlerstr. 1,
47798 Krefeld, Germany; tobias.krawczyk@hs-niederrhein.de
‡: Hochschule Niederrhein University of Applied Sciences; Krefeld, Germany
§: University Duisburg-Essen; Essen, Germany

In this work the transport processes of water and electrolytes through a commercially available autophoretic
coating system for steel is examined. For this purpose, coated samples are treated with water or electrolyte
solutions for a defined period. After this the penetration depth of water and the electrolyte itself can be
determined by means of different spectrometric methods like UV/Vis, IR, and Raman spectroscopy.
Additional electrochemical impedance spectroscopy and scanning Kelvin probe gives another way to
observe the samples water-uptake. All these methods in combination are used to receive a clearer image of
the transport processes inside the bulk and at the coating/substrate interface and the coatings influence on it.
Furthermore, the spectroscopic methods can be used to detect changes in the coatings structure or
composition during the experiment. By analyzing the speed of water and electrolyte uptake with Fickian and
Non-Fickian approaches a model for the transport of these corrosion supporting substances through a
coating can be developed.

Introduction
Corrosion is a well-known issue in every region and every industry of the world. Despite it is hard to
determine exactly it is estimated that in the industrialized countries corrosion destroys between 2.5% and
4.5% of the gross domestic product per year [1]. One possibility to prevent these damages is the use of
organic corrosion protection coatings. If this coating is not damaged corrosion will be slowed down
dramatically. But even an intact coating can be penetrated by water, electrolytes and other corrosion
supporting substances which can cause corrosion under the coating.
To avoid corrosion processes, it is fundamental to understand these transport processes of water and
electrolytes through a coating and along coating/substrate interfaces. In this work a commercially available
autophoretic coating system for steel is examined. The challenge is the pigmentation of the coating, because
it makes it hard to receive valuable spectroscopic results. For this purpose, coated samples with varying
pigment concentrations are treated with water or electrolyte solutions e.g. 3% NaCl in water for a defined
period of time. After this the penetration depth of water and the electrolyte itself can be determined by means
of different spectrometric methods like UV/Vis, IR, and Raman spectroscopy. Additional electrochemical
impedance spectroscopy and scanning Kelvin probe gives another way to observe the samples water-uptake.
The methods are combined in new ways to receive parallel measured real-time results which verify each
other. This will lead to a clearer image of the transport processes inside the bulk and at the coating/substrate
interface and the coatings and in particular its pigment concentrations influence on it. Furthermore, the
spectroscopic methods can be used to detect changes in the coatings structure or composition during the
experiment. By analyzing the speed of water and electrolyte uptake with Fickian and Non-Fickian
approaches a model for the transport of these corrosion supporting substances through a coating can be
developed.

Experimental
Firt of all the coating samples must be prepared. Samples with varying pigment concentrations 0%, 50%,
100% and 200% according to the standard concentration of the commercially available product are used. The
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samples are coated on steel panels by dip coating like the industrial process with thickness of layer around
20 µm. The variation of the coatings binder-system can also be tested, but until now only pure acrylic
systems are investigated. Figure 1 gives a general overview of the performed experiments on the coated
samples. In the center of all experiments stands the exposure of the coated samples to solutions of
electrolytes in water (3% NaCl).

Figure 1: Schematic overview of the used techniques, their combinations and interaction
Electrochemical impedance spectroscopy gives results concerning the transport of water and electrolytes, the
coatings swelling and the diffusion constants. To verify the results water is observed via FTIR and Raman
spectroscopy and electrolytes are observed with UV/Vis spectroscopy and scanning electron microscopy
with energy-dispersed X-ray analyses. Variation of the exposure time gives further information on the
kinetics of the transport.

Results & Discussion
During the experiments EIS spectra are received as seen in figure 2. The spectra are fitted to the model of
Brasher and Kingsbury [2] and using the capacity the water uptake can be calculated:

Another way to determine the water uptake is from the FTIR spectra shown in figure 3. The region between
3100 and 3700 cm-1 wavenumbers shows the content of water in the coating. Both methods show a water
uptake by the coating.

Figure 2: Electrochemical impedance spectroscopy results of a sample with 0% pigment concentration, left:
Bode-plot with impedance (blue) and phase (red), right: capacity increase over exposure time
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Figure 3: FTIR spectra of a sample with 0% pigment concentration before (blue) and after (red) exposure
There is shown a good correlation for these different methods, but this is not the case for all the used
methods. Because of this some of the experiments in this work has do analyzed in more detail.

Conclusions
The correlation of coating composition, electrolyte transport through this coating, its structural changes and
the observed corrosion processes can be analyzed. The received information is used for predicting favorable
coating compositions and optimization of the resin/pigment ratio. This helps to create a coating with higher
barrier effect against corrosion supporting substances, so that the corrosion is slowed down extremely.
To fulfill these purposes for this ongoing work are some investigations are planned for the future to complete
the shown methods and the correlation of all results.
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A Cellular Automata approach is proposed to model the dissolution and release of corrosion
inhibitors from polymeric coatings exposed to a liquid phase. The definition and implementation of the
model is first presented. Some preliminary results obtained from testing the model show the feasibility
of this approach and the possibility to use it to investigate the relationship between microstructure and
properties of organic coatings.

Introduction
Primer coatings are commonly used to protect metallic materials from corrosion. They consist of a polymeric
binder which contains particulate additives, known as “pigments”, which fulfil different purposes [1]. Active
corrosion protection is achieved through the use of anti-corrosion pigments, or inhibitors [2, 3]. The
protection mechanism is based on the dissolution of the inhibitor particles, triggered by the penetration of
water that follows, for example, a damage of the coating. The ionic species released from the inhibitors
diffuse through the water path and interact with the exposed metallic surface, forming a protective layer on
the corroding areas [4]. The process of leaching and transport of the active species is fundamental for the
functioning of a primer coating. However, the mechanism of leaching and the influence of the structural
characteristics of a coating on the overall process are still not completely understood [5]. It is believed that
the mechanism of leaching involves the dissolution of the inhibitor particles, starting from those at or near
the coating surface, and the subsequent diffusion of the released species through the cavities left after the
dissolution. This hypothesis is supported by evidences from experimental studies that showed the presence of
clusters of connected particles and their progressive dissolution when the coating is immersed in a leaching
solution [6, 7, 8]. Moreover, the low concentration of active species found in the polymeric matrix suggests
that the diffusion of the ions through the polymer is not the main mechanism of release [9]. Recent works
[10] suggest that controlling the structural characteristic of a coating, such as the particle distribution and the
clusters formation, would allow control on the leaching of the inhibitors, thus on the protective performance
of the coating.
A few authors attempted to model the process of leaching of corrosion inhibitors from primer coatings.
Furman et al. [11] employed a power law model, a polynomial model and the shrinking core model to fit
experimental data. The authors reported a non-Fickian diffusion kinetic for the release of chromate ions from
epoxy coatings and suggested that the release of inhibitors is affected by a first order kinetic process, such as
dissolution. Using a similar fitting method, Prosek et al. [12] found a logarithmic dependence with time for
the release of chromate ions and divided the leaching process in three stages: the initial stage involves the
dissolution and release of the inhibitor particles at the interface with the external environment; the second
stage starts when water permeates the coating and the number of inhibitor particles in contact with the liquid
phase within the binder increases; the third stage is reached when a steady state between the dissolution and
transport through the coating is created. Although the fitting method may help in understanding the
fundamental mechanism of release, it cannot be used to simulate the process of leaching and has limited
predictive capability.
Some models based on the solution of differential equations with the FEM were also proposed [13, 14].
However, this approach is usually limited due to computational costs, requires parameters that are not
commonly available and does not take into account the possible effect of the structural features of a coating.
In this work, a 3D Cellular Automata (CA) model for the release of corrosion inhibitors is presented. The
model simulates the dissolution and diffusion of the soluble pigments and allows the generation of virtual
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coatings with controlled parameters to investigate the influence of the microstructure on the leaching.

Cellular Automata model
The Cellular Automata (CA) approach is a relatively simple method to represent reality and to simulate
physical phenomena. A cellular automaton is a discrete representation of reality, built from discrete “blocks”
or cells [15]. An automaton evolves in time according to a set of rules, which model real phenomena. The
rules are applied locally, that is, only between adjacent cells, and the type of rule applied depends on the
state of the cells. The set of states that are assigned to the cells can be used to represent the components of
the real systems.
Polymeric coatings are complex systems, consisting of several elements. For simplicity, only two
components were considered in the implementation of the CA model, namely the polymeric binder and the
inhibitor particles. Three states are defined, one for the polymer and two (“solid” and “dissolved”) for the
inhibitor. In addition, a state for the water in contact with the coating is also introduced.
The model is based on the simplified assumption that only two phenomena take place during the release
process, namely the dissolution of the solid particles and the diffusion of the dissolved species through the
cavities left after the dissolution, therefore two rules are defined and applied to the automaton. Other
processes, such as interaction between the polymer phase and the inhibitor species, are neglected.
A simulation is performed by repeatedly applying the rule set to the cellular system and updating the state of
the cells after each iteration.
The virtual coatings used for the simulations are 3D arrays containing integer numbers, which represent the
states of the CA. A layer of liquid cells is added on top of the matrix at the beginning of a simulation (Figure
8, left).

Figure 8 – Cellular Automata representation of a polymeric coating containing corrosion inhibitors, in
contact with a liquid phase (left) and sample system showing the presence of clusters of connected particles
(right). Each colour identifies a cluster, with the largest cluster highlighted in red
The inhibitor particles are created by cutting a sphere with random planes, following an algorithm developed
to generate virtual samples of asphalt concrete [16]. The particles are sequentially placed at random locations
in an empty matrix until the target value of volume fraction of inhibitor pigment is reached. The remaining
matrix is set to “polymer” state. This method allows the creation of systems with a specific pigment volume
concentration (PVC), a parameter that is commonly used in coating formulation. The virtual coatings show
the presence of clusters of connected particles, similar to those observed experimentally (Figure 8, right),
which will dissolve and create paths for diffusion during the simulation of the release.

Results & Discussion
To demonstrate the capability of the CA approach, the model was employed to simulate the release from
coatings with different values of the PVC (Figure 9). The simulated release shows a trend similar to the
experimental curves. The initial stage of the leaching process, caused by the dissolution of the particles in
direct contact with the liquid phase, is followed by a change in the release kinetic. After this change, the
process is mainly dominated by the diffusion of the dissolved cells through the voids left after the dissolution
of the soluble particles. Moreover, the simulated release shows a non-Fickian kinetic, analogously to the
experimental data, except for high value of PVC (≥30%). This is postulated to be due to the inability of the
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model to effectively represent the microstructure of high PVC coatings.

Figure 9 – Simulated release curves for systems with various values of the PVC
The model was used to reproduce experimental data of the leaching of lithium carbonate from epoxy
coatings [17]. Using microstructures with different characteristics, it was possible to obtain a relatively good
fit of some data sets (Figure 10). The lack of fit between the simulated and experimental release for the
systems with PVC = 30% and PVC = 37.5% confirms that the microstructure of coatings with high PVC
may be different from the representation used in this implementation of the CA model or that a different
transport process may be important at higher PVCs.

Figure 10 – Simulated and experimental release curves for the leaching of lithium from epoxy coatings
containing lithium carbonate

Conclusions
A Cellular Automaton (CA) model for the release of active inhibitors from primer coatings was developed.
The results of simulations show the influence of the PVC and of the microstructure of coatings on the release
process, similarly to what has been observed experimentally. Together with the simplicity and versatility of
the model, these results prove the feasibility of a CA approach to the study the release of corrosion
inhibitors. However, the discrepancy between some experimental data and the simulations suggests that
further work is needed to improve the virtual representation of the microstructure of real coatings and
possibly transport mechanisms within coatings.
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While the role of anticorrosive coatings is to protect a structure from its environment, they themselves
degrade over time facing that very harsh environment. The lifetime of anticorrosive coatings is usually
assessed by means of accelerated tests in laboratories. However, such tests do not always reflect real life
conditions, and field exposure tests are still needed. There is therefore an important need of finding
accelerated tests that could emulate the condition of a real site exposure. In this work, results of the
degradation of the epoxy coated samples exposed in different environments have been compared. Exposure
environments include in-lab acceleration tests by adopting the accelerated ageing method (ISO 129449:2018) combining UV, condensation, salt spray and freezing conditions, and immersion tests in salt water
as well as cyclic exposure. Additionally, field exposure was carried out in a marine exposure site in Centro
Tecnologico CTC, Santander (Spain). The degradation of the samples was evaluated by means of
electrochemical impedance spectroscopy and profilometry.

Introduction
The impact of corrosion on the performances and longevity of structures is important in terms of economical
and ecological impact. Anticorrosive coatings have long been used in different fields to solve this issue and
protect metallic surfaces from their environment [1]. However, these solutions are also prone to fail
eventually, which can come from a bad application or formulation of the paint, the creation of defects in the
coatings by mechanical impacts, but most of all by physical and/or chemical phenomena fostered by the
environment. It is therefore crucial to know how such coatings degrade in different settings.
Usually, the lifetime of a coating is evaluated by exposing it to a natural environment. However,
such tests take a very long time before witnessing negative effects on the coating. Consequently, so-called
accelerated tests have been designed to solve this issue by using harsher environmental conditions [2].
Nevertheless, not even these accelerated exposure tests can show coating breakdown within their exposure
time. Besides, there is usually no correlation in coating degradation between accelerated ageing tests and
field exposure. There is therefore a need of having laboratory tests that could accurately emulate natural
exposure in a short amount of time. These will be used to assess the anticorrosive properties of coatings
better and faster, as well as help the development of new formulations.
The literature is rich with comparison between standardized accelerated tests and field exposure [2-4].
Coated samples have been examined with electrochemical and physical methods to obtain quantitative data
on the degradation of the coating. The influence of specific environmental parameters have been assessed
this way in order to design new ageing tests. The cyclic ageing test designed for offshore conditions
described in ISO 12944-9:2018 [5] will be used and compared with other laboratory and field methods
including marine field exposure in atmospheric and splash zone levels in order to get a broader scope of
types of exposure.

Experimental
Carbon steel panels (150 mm [L] x 75 mm [W]) were coated with a two-components, aliphatic amine adduct
cured epoxy coating at two different thickness labelled as Low Dry Film Thickness (LDFT, 93 ± 17 µm) and
High Dry Film Thickness (HDFT, 216 ± 34 µm). Three samples of each DFT were tested under each
environmental condition. An electrical wire was soldered to the samples for electrical connection. In
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addition, the coated samples were scribed (50 mm [L] x 2 mm [w]) according to ISO 12944-9:2018.
The samples were exposed to seven different types of environments, two of which being natural exposure.
The laboratory tests were run at CoaST and Centro Tecnologico CTC while natural exposure tests were run
at the Marine Corrosion Test Site “El Bocal” (MCTS El Bocal) of the CTC in collaboration with the Spanish
Institute of Oceanography (IEO), located near Santander in Spain.
 The first test, also known as the NORSOK M501 test, follows the ISO 12944-9:2018 cycle, and is
composed of an alternate UV/condensation, neutral salt spray and low temperature exposure. The
standard is a 25 cycle-long exposure, adding up to 4200 h.
 The second test is a static immersion in 3.5 wt% NaCl solution during 4200 h. Due to the dispersion
of rust in the bath over time, the samples were transferred to a clean new bath every two weeks.
 The third test is an alternate dry-wet testing (3.5 wt% NaCl solution).
 The fourth test is a cycle of alternate immersion in 3.5 wt% NaCl solution and QUV exposure.
 The fifth test is based on accelerated cyclic electrochemical technique (ACET).
 The sixth and seventh tests are field exposure to at atmospheric and splash levels.
The degradation of the samples was monitored by means of profilometry and Electrochemical Impedance
Spectroscopy (EIS). A Keyence VR-3000 profilometer has been used to acquire surface imagery. EIS
measurements were performed using a Gamry Reference 600+ potentiostat in a 3-electrode setup,
comprising a graphite auxiliary electrode (AE), saturated calomel reference electrode (RE) and the coated
sample as the working electrode (WE). The impedance was measured from 100 kHz to 10 mHz at 10 points
per decade with a 20 mV perturbation.

Results & Discussion
The results after 4200 h of exposure are presented in the poster. The evolution of the electrochemical
impedance of the coating under different environments is compared as well. The data are correlated with
observations from microscopy techniques, as well as with the study of rust creep, to get a full picture of the
coating breakdown over time. This will also provide information about the rapidity of each test to arrive at a
same state of degradation, and their accuracy in emulating marine atmospheric or splash environments.
Besides, the specific influences of UV, salt spray, water exposure or freezing on the coating degradation
shows values in order to tune existing tests.

Conclusions
Comparing coating degradation in laboratory and natural exposure environments is crucial to design a
method to assess a coating’s lifetime in a fast and reliable way. The information gathered for the different
environments is also useful to develop a coating degradation monitoring solution by identifying
electrochemical signatures of coating breakdown common or specific to each exposure conditions.
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Stay clean is a popular claim in coatings as it allows maintaining the aesthetics of the coatings for longer
time. Additives are often seen as an easy and universal solution to many functional applications including
stay clean. There are different strategies reported in the literature to obtain stay clean behavior with focus
on using additives that render the paint surface hydrophilic, hydrophobic, hard or photocatalytic [1-4].
In this paper, we report on the understanding we have gained from investigating the behavior of additives in
coatings.
A hydrophilic approach is chosen because stay clean in exterior coatings applications mainly relates to dirt
pickup resistance. One of the reasons why hydrophilic coatings are useful is that dirty water spreads out and
is removed from the surface. The spread-out dirt can also give an appearance of a cleaner surface.
Furthermore, dry dirt would be washed off by subsequent rain. Hydrophilic surfaces are also better against
hydrophobic dirt such as carbon and better in terms of re-coatability compared to hydrophobic coatings.
Hydrophilic nanoparticles, amphiphilic surfactants and amphiphilic polymers were studied based upon
claims of providing hydrophilic surfaces. In addition to the effect of these additives on dirt pickup resistance,
surface analysis was used to understand the surface behavior of additives in dry films. Advancing water
contact angle and surface free energy were used as a measures of surface hydrophilicity and an indirect
indicator of the presence and orientation of the additives at the surface. Transmission electron microscopy
(TEM) coupled with energy dispersive X-ray spectroscopy analysis (EDX) was used to visualize the
distribution of the additives.
The additives were chosen due to their interesting chemical composition. They consist of a hydrophobic
moiety that potentially leads to surface enrichment due to incompatibility with the system and a hydrophilic
part that could align upon enrichment towards the surface to give surface hydrophilicity. In the first trial, one
of the amphiphilic polymers showed surface hydrophilicity (contact angle of 40o) and corresponding stay
clean behavior. However, in a second trial with the same additive, an opposite effect was seen. The surface
was hydrophobic (contact angle of 90o) and showed worse dirt pickup resistance. The differences in surface
free energy (52 mN/m for the first versus 14 mN/m for latter), was a further proof of the different orientation
of these polymers at the surface. Several conditions including drying time after application/leaching,
humidity, recipe preparation and removal of formulation components (binder, co-solvents) were tested to
understand the conditions for hydrophilicity. However, the hydrophilicity obtained in the first trial could not
be reproduced. Upon further analysis of the surface using TEM-EDX, it was found that the amphiphilic
polymers are present around the pigments (Figure 1a) and not enriched at the surface. Even in the absence of
pigments, the polymer was distributed throughout the sample and not present exclusively at the surface
(Figure 1b).

Figure 1. TEM-EDX images of a sample a) containing pigments (Ti, blue) and amphiphilic fluoropolymer
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surrounding the pigments (F, green) and b) without pigments where the amphiphilic polymer is present
throughout the sample and not enriched at the surface.
In case of the hydrophilic nanoparticles, surface enrichment, an important step for surface hydrophilicity,
was found to be dependent on the formulation components as well as viscosity. Analysis of a pigmented
high viscosity formulation with nanoparticles, revealed that the nanoparticles were present in agglomerates
throughout the sample and not enriched at the surface (Figure 2a). Surface enrichment was only seen in case
of a low viscosity and a non-tinted formulation (Figure 2b).

Figure 2. TEM images of top and bottom of a coating containing hydrophilic nanoparticles as an additive in
a) a pigmented high viscosity product and b) a non-pigmented low viscosity product. Only in the latter case,
surface enrichment (red circle) is observed.
The additive approach is attractive as it would require minor changes to exisiting formulations, allow easy
transferability to other formulations and better understanding of the stay-clean mechanism. Controlling
surface behavior was, however, challenging when using additives in realistic paint formulations. Some of the
challenges of obtaining hydrophilic surfaces, mainly related to surface enrichment and surface wettability
after enrichment, are demonstrated schematically in Figure 3.

Figure 3. Possible scenarios for additives in a paint formulation during drying. No surface enrichment a)
due to competition with other surface-active additives or b) as polymers are adsorbed onto pigments. After
surface enrichment, c) hydrophilic part is not exposed to the surface, d) surface hydrophilicity is seen or e)
additives leach into water as they are too hydrophilic or small.
Additives are often used in small amounts and need to compete with other components to migrate selectively
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to the surface (Figure 3a). As seen from the TEM analysis, high viscosity and high pigment concentration
can hinder surface enrichment. The effect of the pigment is particularly severe in the case of amphiphilic
polymers which behave like a pigment dispersant and are present around the pigment (Figure 3b). Once at
the surface, the additives need to be aligned such that the hydrophilic part is facing the surface. This requires
a carefully designed polymer where the hydrophilic part can readily orient (e.g. block polymers with
hydrophilic tails). In case of amphiphilic molecules, the surface exposed to air might favor the hydrophobic
part to align towards the outside and therefore result in hydrophobic surface (Figure 3c). An environment
with water might be necessary to show hydrophilicity (Figure 3d). On the other hand, if the hydrophilic
component is dominating as seen for pure PEG additives, the additives can simply leach into the water thus
losing the initial hydrophilicity (Figure 3e). Besides the hydrophilic component, the overall molecular weight
of the polymer also plays an important role as small molecules easily leach out. This is evident in the case of
low molecular weight amphiphilic surfactants that show initial hydrophilicity which is lost after leaching in
water. It was seen that a very specific balance of hydrophobicity/hydrophilicity as well as molecular weight
is required to allow surface enrichment and hydrophilicity but at the same time avoid leaching of the
hydrophilic additive.
Our study has shown that hydrophilic surfaces (advancing water contact angle below ±50°) is required for
stay clean exterior coatings. Such an initial hydrophilicity was however obtained with only pure hydrophilic
additives (PEG), small amphiphilic surfactants (able to migrate to the surface) and amphiphilic polymers
with dominant hydrophilic moiety. For exterior applications, the retention of the initial contact angle after
leaching (imitating rain in outdoor exposure) or weathering was found to be the most critical aspect: in all
tests, the low contact angle was lost over time. As no additive could deliver a long-lasting hydrophilicity
applicable to several formulations, further work is being performed.
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Hydrophobic surfaces can change the condensation mode of surface condensers in thermal power plants
from film-wise to drop-wise condensation. Drop-wise condensation increases heat transfer and thus power
plant efficiency. The requirements for coatings to provide drop-wise condensation are discussed. Various
coatings were tested for their ability to maintain hydrophobicity when exposed to condensation of water over
two months. Among these, organic-inorganic hybrid coatings comprising 1-2% PDMS
(polydimethylsiloxane) as surface active additive provided the most durable hydrophobic surfaces under test
conditions. These coatings improved the overall heat transfer of a model surface condenser by 5 to 10% as
compared to an uncoated condenser.

Introduction
Thermal power stations produce the majority of the electricity consumed worldwide. The plants consist of a
turbine driven by steam produced by the respective heat source, ie. coal, oil, gas, waste, biomass, nuclear
fission or geothermal energy. A surface condenser, such as a shell & tube heat exchanger with horizontal
tubes, condenses steam from the turbine and creates a low backpressure. Generally, condensation is expected
to form a continuous water film on the tubes, called film-wise condensation, and steam condenses on top of
this film. The low heat transfer through the film is a drawback due to the low heat conductivity of water.
Studies have shown that hydrophobic surfaces can provide drop-wise condensation, where water either
nucleates on the free surface between the drops or condenses at the edges of existing drops. Compared to
film-wise, drop-wise condensation increases the heat transfer by a factor of 10 to 20 [1] in the absence of air,
which is the case for surface condensers, and when only considering the condensation process and not the
overall heat transfer including tube walls and cooling water. Increased heat transfer allows for lower
backpressure or smaller heat exchangers, and therefore less pumping power. Due to the giant energy
turnovers of power stations, small improvements have large ecological and economic significance. Large
surface condensers in power plants may require several tens of thousands of tubes, each of several meters in
length, thus an interesting challenge for coating applicators.
Drop-wise condensation has been demonstrated in the laboratory by various surfaces, [2] but has not
graduated to industrial application, supposedly due to lack of durability [3]. Coatings should maintain
hydrophobicity in contact with water at 27 to 50°C, adhere and not release any substances. Film thickness
should be few µm, preferably less than one µm to avoid heat transfer resistance [4]. Since few new power
plants will be built, retro-fitting of existing plants is of interest, requiring application to a mounted tube
bundle and curing around room temperature. Herein, we investigated the durability of various hydrophobic,
organic-inorganic hybrid coatings compared to reference coatings and surfaces. Selected coatings were
evaluated on a model surface condenser. The coatings achieve hydrophobicity by comprising 1-2% reactive
PDMS (polydimethylsiloxane) which forms, upon curing, an ultrathin PDMS-layer on top of the coating,
which cross-links to the rest of the coating matrix [5].

Experimental
Coatings were applied by spraying to test coupons (AISI 316 steel, 7.6 x 2.5 x 1.5 mm) and by dipping of the
outer diameter of tubes (EN 1.4462 steel, a typical condenser material, 1.5 m length, 20 mm diameter and 0.5
mm wall thickness,). 316' steel: Either cleaned with acetone or cleaned by sonication in an alkaline, silicate
cleaner (Tickopur TR 13). Reference coatings: Phenolic: Phenolics are applied in corrosion protection of
heat exchangers, 5 parts Beckopox 307 (Epoxy resin, Cytec), 2 parts Phenodur PR411/75B (Phenolic resin,
Cytec) plus solvents, cured 1h at 200°C, thickness 6-8 µm. 2K-PU: Commercial anti-graffiti coating based
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on 2K-PU system, cured a room temperature. bulk PDMS: Silicone rubber, 4 parts silanol-terminated PDMS
(MW 18000), 1 part Bis(triethyoxysilylpropyl)amine, plus Dibutyltin dilaurate as catalyst plus solvents,
cured 2 d at 20°C, 10-18 µm. Developmental organic-inorganic hybrid coatings: Sol-Gel 1, 2 & 3 and
MoistCure HT & RT are all combining organosilanes with isocyanates. Sol-Gel 1 & 2 were published [6]
cured 1h at 200°C, 3-7 µm on coupons, 1-3 µm on tubes. Sol-Gel 3 was published [7], cured 1h at 185°C, 2
µm, MoistCure HT is proprietary, cured 1.5h at 200°C, 1-3 µm on coupons, 1-2 µm on tubes. MoistCure RT
is proprietary, cured 24h at 20°C, 5-10 µm. All Silazane coatings were prepared from Cyclosilazanes,
dimethyl, methyl hydrogen, polymers with dimethyl, methyl hydrogen silazanes, reaction products with 3triethoxysilyl)-1-propanamine (CAS [475645-84-2], Durazane 1500 rapid cure, Merck) plus solvent, cured
20 min at 240°C, ~1 µm. For Silazane 2 & 3, 100 parts resin were stirred with 2 parts silanol-terminated
PDMS (MW 1500 and 18000, respectively) for 20 h at 20°C.
Contact angles (CA) were measured with a Krüss DSA 10 at ~20°C, based on two samples with five
measurements each. For receding contact angles under condensation, a cooling plate was mounted as sample
support to induce condensation, these values were taken at ~0.5°C. A condensation chamber was built to
investigate durability. Coupons were mounted with the backside attached to the inside of a sheet-metal hood.
The hood was placed on a thermostat water bath. Samples were at 45° slope, front side facing the water bath,
cooled from the back through the hood by ambient air. With the bath at 50°C, the samples were at ~40°C
with water continuously condensing and running off. After two months exposure in the condensation
chamber, CA of samples were investigated again. Inside the chamber, the horizontal diameter of the largest
drop Dmax (excluding drops in contact with the coupon edge) was determined from photographs by
comparing drop size with coupon width, as mean of four measurements within 2-3 days on each two
coupons.
The heat transfer was investigated on a model condenser consisting of 35 tubes as described above (3-4 tubes
in 10 rows, see Figure 1). Sensors for temperature, flow and power allow calculation of the heat transfer,
values are based on the average of three experiments. Steam was provided by a boiler at about 70°C, without
non condensable gas, the cooling water flow was 50 m3/h and 35 m3/h. Desired condensation pressures of 4
to 10 kPa were adjusted by setting the cooling water temperature at the inlet accordingly, resulting in cooling
water outlet temperatures of about 24 to 42°C. These conditions allow comparisons to real power plants.

Results & Discussion
To select coatings without actual heat transfer tests, we considered two parameters: the receding water
contact angle (rec) and the maximum drop diameter Dmax, based on the following assumptions. On the top
rows of the condenser, drops nucleate and grow until they are big enough to slide or fall. It has been reported
that the smaller the drops are before they start sliding, the higher is heat transfer [8]. The critical diameter
Dcrit, at which a drop starts to slide, can be calculated from advancing and receding contact angles [9], small
Dcrit require low contact angle hysteresis (CAH) and/or high rec. We measured rec both in standard mode on
dry surfaces and under condensation. The values were similar for some surfaces, while for other surfaces, rec
was significantly lower under condensation. For the present work, rec under condensation was more
meaningful. The differences may be due to changes at the surface by water contact or to microscopic drops
nucleating in valleys/cavities of rough/textured surface that would remain air pockets in a standard
measurement. We could not determine adv under condensation as coalescence with nucleated drops
generates false values that are too small.
Dcrit can be estimated from the largest drop Dmax observed on a large-enough sample. We assume the number
of drops on our samples was statistically large enough that at any time during condensation, there is at least
one drop that has almost reached the size where it would start to slide down. Observed D max and Dcrit
calculated from CA are generallly in the same order of magnitude. The tubes that are not at the top of the
condenser are additionally exposed to water falling from the top rows (inundation). The thicker the water
layer on the bottom rows, the harder it is for a surface to disrupt the film and create holes of free surface. The
maximum film height, that can still be disrupted, increases with an increasing contact angle  [10]. As any
part of the tube surface eventually can be wetted by condensation and the water should recede, we
considered the relevant CA again to be rec under condensation.
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The performance of the investigated surfaces before and after exposure to condensation at 40°C for two
months is shown in Table 1. In general, exposure has a stronger impact on rec than on adv. Regarding bare
steel, the alkaline cleaner provides hydrophilicity compared to ethanol cleaning, by better cleaning, or by
deposition of silicates. The reference coatings degrade by condensation. The commercial PU anti-graffiti
coating maintained, however, showed some hydrophobicity and was the best room-temperature curing
system, more hydrophobic than the developmental MoistCure RT system.
Regarding the hybrid coatings, two systems: Sol-Gel 2 and MoistCure HT, preserved most of their
hydrophobicity. We do not know which properties are decisive for that effect. We do know that both
coatings provide a very smooth, pore-free surface, they are both flexible enough to be crack-free, but harder
than silicone rubber, the organic coatings or Sol-Gel 3. This might prevent re-orientation at the surface in
contact with water. They provide bonds that theoretically can react with water (eg Si-O-Si). The polysilazane
systems with PDMS (Silazane 2 & 3) were severely affected by condensation, and the increased adv and
decreased rec can be explained by an increased surface roughness due to degradation. Silazane 1 without
PDMS shows a rather low drop size Dmax after condensation exposure, lower than expected from CA data.
Thus, a surface that is not very hydrophobic might also provide a low D max. We speculate that adv decreases
in the condensation chamber, as compared to the CA measured in dry conditions, and provides lower CAH
and lower Dmax.
Table 1: Shift from initial surface properties (left of the arrows) to properties
exposure to condensation at 40°C (right of the arrows).
Coating
Water contact angles
adv (°)
rec under
condensation (°)
Reference surfaces
316' steel (ethanol cleaned)
90±5  88±7
27±9  15±8
316' steel (alkal. silicate cleaner)
63±7  87±2
0±0  0±0
Glass
19±2  35±6
11±2  0±0

observed after a two-month
Largest observed
drop Dmax (mm),
samples at 45° slope
-  7.1±1.5
4.0±1.1  4.6±1.4
4.1±0.8  4.6±0.8

Reference coatings
Phenolic resin
2K-PU (Anti-graffiti)
Silicone rubber (bulk PDMS)

81±3  69±4
105±1  105±2
106±2  105±3

47±4  19±4
85±3  72±1
91±3  15±8

-  4.6±1.0
-  3.7±0.5
2.3±0.6  3.0±0.7

Organic inorganic hybrid coatings
Sol-Gel 1
Sol-Gel 2 (w. PDMS)
Sol-Gel 3 (w. PDMS)

88±1  80±4
104±2  103±1
104±2  104±1

67±1  49±4
90±4  87±6
87±1  77±6

-  3.4±0.5
1.7±0.2  2.2±0.3
-  2.9±0.2

MoistCure HT (w. PDMS)
MoistCure RT (w. PDMS)

110±3  109±1
104±2  95±3

88±6  88±4
90±2  54±8

2.4±0.5  2.2±0.2
--

Silazane 1
Silazane 2 (w. PDMS)
Silazane 2 (w. PDMS)

87±1  82±2
104±5  113±1
108±1  121±3

65±2  55±6
83±3  0±0
73±1  39±4

3.0±0.6  2.5±0.4
2.1±0.6  4.5±0.7
2.6±0.4  4.5±0.7

The two most promising coatings Sol-Gel 1 and MoistCure HT were evaluated on a model surface
condenser, where they provided a 5-10% increase of the overall heat transfer of the heat exchanger.
Differences between the two coatings may be due to different coating thickness. The increase due to dropwise condensation is actually higher than 5-10%, but the coatings provide at the same time a decrease due to
the heat transfer resistance of the coating itself. We do not know the exact heat transfer resistance of the
coating films. A rough estimation according to ref. [4] indicates that without the effect of the drop-wise
condensation, a coating with a thickness of 1.5 µm, a thermal conductivity k of 0.2 Wm-1K-1 (typical value
for polymers) and an overall heat exchange coefficient of the uncoated heat exchanger of about 4000 W m-2
K-1 (average value for the model condenser) would decrease the overall heat exchange coefficient by about
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3%.

Figure 2 (left): Side face of the tube bundle of the model surface condenser
Figure 3 (right): Relative increase of the overall heat transfer of the model surface condenser (35 tubes (EN
1.4462 steel) of 1.5 m length, 20 mm diameter and 0.5 mm wall thickness, cooling water flow rate 50 m3/h).

Conclusions




Coatings to achieve drop-wise condensation on surface condensers in thermal power plants are of
scientific, ecological and economic interest. Especially the hitherto less investigated durability of the
coating's hydrophobicity in contact with water is of interest, as the initial effects on model
condensers are sufficient to justify the coatings' application.
Organic-inorganic hybrid coatings comprising PDMS are an interesting solution, they can provide
durable hydrophobicity over two months of condensation exposure. The factors that ensure
durability are not well understood. Thus, further research might address different coating systems,
including systems curing at room temperature, and longer exposure times
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Materials IFAM, Wiener Str. 12, 28359 Bremen e-mail: andreas.brinkmann@ifam.fraunhofer.de
‡: Coating technology department, Fraunhofer Institute for Manufacturing Technology and Advanced
Materials IFAM, Wiener Str. 12, 28359 Bremen
§: Department Technical Chemistry - Research Group, Universität Paderborn, Warburger Str. 100
33098 Paderborn

Worldwide effective biocides against biofouling are subject to restrictions, which became increasingly
stricter. Hence, new biocide free coatings are needed. One approach for the development of those coatings is
based on thiol-acrylate chemistry. Due to the various reactions of this chemistry, it provides the opportunity
to create self-structuring surfaces. This presentation deals with coating material based on thiol-acrylate
chemistry, which creates self-structuring surfaces in combination with special polydimethylenesiloxanes and
polyethyleneglycole monomers. Amphiphilic surfaces with hydrophobic and hydrophilic areas could be
produced, which show geometric structures as well as different material compositions on a micrometer
scale. Various structured surfaces were tested in laboratory and field tests and show interesting fouling
release properties depending on structure. The results show not only an effect of coating composition but
also of manufacturing and curing type on surface structure and resulting fouling release properties

Introduction:
Basically two different strategis exist to protect a surface from biological fouling. One incorporates biocides
into the coating which can be released via different mechanisms. These coatings are called anti-fouling
coatings in maritime applications [1]. Another model aims the formation of specific surface properties which
are identified by organisms as unsuitable for settlement or enable only weak adhesion. These are called
fouling relase coatings in maritime technology. As more and more biocides banned, these coatings are
increasingly becoming focus of research and form an interesting starting point also for further applications
outside the maritime application [2].

Figure 1 Self-structured coating surface using microphase separation
The target of the following work was to create coating surfaces with physical properties that prevent the
growth of biomaterials such as biofilms, bacteria, higher organics such as barnacles or even cells but do not
toxicly damage them. The aim of the strategy was to generate surfaces which have a locally changing
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polarity. These surfaces suggest an unclear surface to the organism. This means the organism cannot
unambiguously identify them and cannot build up any special adhesion strategy to adhere on the surface. The
microphase formation of copolymers based on polydimethylsiloxanes (PDMS) and polyethylene glycols
(PEG) or other hydrophilic building blocks is used as a basic tool Figure 1. Due to the different polarities of
the individual building blocks, mircophase formation results. These phases are formed both in the material
and at the interfaces. Depending on phase size, a structure forms on the coating surface. This results in local
regions, which are not only topographically different, but also have different properties, e.g. polarity or
strength.

Experimental
For the production of the coating materials bi or higher functional acrylates and bi or higher functional thiols
were used, which were synthesized or cross-linked by Michael addition. This reaction takes place under mild
conditions and is known from literature [3], [4]. Various amines were used as catalysts for this reaction [5].
Different chain lengths of the individual hydrophobic (PDMS) and hydrophilic (PEG) building blocks were
used to produce different self-structured surfaces. It was possible to create different surfaces with different
hydrophilic or hydrophobic localities in different sizes Firgure 2.

Firgure 2 Different microphase formation with increasing chain length of a raw material

Results & Discussion
Within the scope of this work, variously structured coating surfaces were produced. These were then
evaluated regarding their bacteria-repellent, cell-repellent and fouling relase properties in various tests. In the
maritime application the surfaces produced a minimal growth rate, which was less than 20% of the test area.
Firgure 3. The test period was over one year (2016/2017) in the North Sea on the island Norderney and was
under static conditions. Also for bacteria and cell growth reduced rates could be achieved.
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Figure 3 Field test Norderney 2016/17 fouling rating ASTM 6990-05 two samples with different
Polyethylene glycole blocks
In the following years these results could be validated Figure 4.

Figure 4 test samples after 5 month in static field north sea
In the further process of the development the materials in their production quantity could be upscaled as far as
the particular test surfaces on ships could be coated. For this purpose a transport ship and a research vessel were
coated on specific test aereas Figure 5.

Figure 5 field tests on ships
In practical use, the coating materials produced in this way showed good protection against fouling over 8
months, after that the protection performance decrease. Figure 6.
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Figure 6 Testfield on the ship Wega
In the further course of the project, the selection of storage sites in the North Sea and further storage sites in
the Mediterranean Sea and in the South China Sea off Sigapure was expanded. In this field study, the
protective effect of surfaces structured in this way could be demonstrated once again.

Conclusions
The micophase systems produced by Thiol-ene reaction have a self-structured surface. The size of the
structure can be influenced by monomer chain lengths. Coatings produced this way showed a protective
effect against fouling in field tests. The crosslinking reaction can be processed and applied not only in the
laboratory but also under real dock conditions. In practical tests a protective effect up to 8 months could be
achieved. This microphase model coating system wih the thiol-ene reaction as a crosslinking reaction shows
an interesting new approach for fouling release coatings and other applications.
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We report a detailed study on early indicators for a weakening of the coating adhesion due to the type and
critical amount of additives used in polypropylene substrates. An analytical approach for the detection and
the determination of the surface load of polymer additives such as stabilizers, flow additives and release
agents is presented.

Introduction
Polypropylene-based polymers gain in importance for exterior applications. When it comes to high quality
applications, e.g. for the automotive sector, the plastic parts have to be coated. As a result of the required
steam jet test (DIN EN ISO 16925:2014-06) in connection with a climatic change test, an increase of
adhesion failure is observed in quality tests. It is anticipated that polymer additives have a significant
influence on the coating adhesion because of their migration to the substrate surface. However, systematic
investigations of this effect are not yet publically available. We therefore report a detailed study on early
indicators for a weakening of the coating adhesion due to the type and critical amount of additives used in
the PP-substrate. An analytical approach for the detection and the determination of the surface load of
polymer additives such as stabilizers, flow additives and release agents is presented. The aim is to derive
knowledge of the critical amount of additive migration to the surface for different additive types.
Furthermore, we address the question of how different cleaning and activation processes can reduce the
additive coverage on the PP-substrate and thus improve the adhesion. Surface cleaning and pretreatment
processes such as dry ice snow cleaning, powerwash, flaming and plasma activation will be compared
systematically.

Experimental
Additives can migrate to the surface of the polypropylene substrate and cause adhesion and wetting problems
upon coating. One way to characterize their amount on the surface is to flush with a solvent auch as
dichloromethan, which shows low discrimination between the different additives in solubility. The flush
residues can be characterized e.g. by weight (gravimetry), infrared spectroscopy and gas chromatography.

Figure 1: Infrared analysis of the dichloromethane (DCM) flush residue from the polypropylene surface

Results & Discussion
The results to date indicate that the increase of the release agent is most critical for both the coating adhesion
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and the overall appearance of the coating due to wetting problems of the base coat. Analytical evidence of
the release agent migration up to the primer surface was found via infrared spectroscopy. An analytical GCMS method for the detection of different additive components with the perspective for quantitative analysis
in combination with solvent rinsing of the PP-surface is presented. All analytical results are linked to the
corresponding adhesion tests. A critical amount of the releasing agent in the PP substrate cannot be cleaned
off with usual industrial cleaning procedures since the releasing agent will migrate back to the surface
shortly after cleaning.

Figure 2: Wetting problems of the base coat due to high amount of releasing agent in the PP subtrate

Conclusions




The releasing agent is the most critical additive in polypropylene in terms of its coatibility.
Critical amounts of the releasing agent in PP cause severe adhesion and wetting problems.
Critical amounts of the releasing agent in PP cannot be cleaned off by usual standard cleaning
procedures since the releasing agent migrates back from the bulk to the surface of PP shortly after
cleaning.
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[O31]-Bio-inspired Photonics: from nature to applications
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Department of Chemistry, University of Cambridge Lensfield Road, Cambridge UK
sv319@cam.ac.uk
The most brilliant colours in nature are obtained by structuring transparent materials on the scale of the
wavelength of visible light. By controlling/designing the dimensions of such nanostructures, it is possible to
achieve extremely intense colourations over the entire visible spectrum without using pigments or colorants.
Colour obtained through structure, namely structural colour, is widespread in the animal and plant kingdom
[1]. Such natural photonic nanostructures are generally synthesised in ambient conditions using a limited
range of biopolymers. Given these limitations, an amazing range of optical structures exists: from very
ordered photonic structures [2], to partially disordered [3], to completely random ones [4].
In this seminar, I will introduce some striking example of natural photonic structures [2-4] and review our
recent advances to fabricate bio-mimetic photonic structures using the same material as nature. Biomimetic
with cellulose-based architectures enables us to fabricate novel photonic structures using low cost materials
in ambient conditions [6-7]. Importantly, it also allows us to understand the biological processes at work
during the growth of these structures in plants.
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We discuss color fade kinetics in silicone-containing high PVC (Pigment to Volume Concentration)
coatings that are based on acrylic co-polymer emulsion binders. We studied structure-performance
relations and the complex interplay between emulsion polymer, silicone content, water management and
pigment type. The discussion governs parameters specific to fading mechanisms based on accelerated
ageing data (QUV, Weather-o-meter) and complementary characterization of the surface with different
techniques. We conclude that specific polymer modifications and the type of silicone used strongly affect
the color retention in silicone-containing high PVC coatings with high potential for improvements.

Introduction
Silicone chemistry is gaining significant market share in high PVC (Pigment to Volume Concentration)
coatings such as exterior thermal insulation composite systems (ETICS) top-coats. Here, service lifetime
expectations are particularly high because they are integral parts of complex high performing systems that
are usually provided with extended waranty periods. The durability and long-term performance of the
protective coatings is therefore critical. Durability of ETICS can be improved by a well working water
management, meaning that water vapor or humidity is easily released while water uptake is low. 1,2 Classical
binder systems perform well in either water uptake or water vapor permeability (dispersion, silicate binders).
Dispersion binder-based renders contain just enough binder to provide good water uptake resistance but this
level is typically too high to allow for good water vapor permeability. Increasing PVC enables improving
moisture transport but results in higher water uptake which has a drastic impact on durability. In practice the
dispersion binder is therefore compensated with silicone emulsion for an integral hydrophobic effect or
booster to increase surface contact angle and water repellency. It is known that color retention is a challenge
for high PVC coatings with low binder levels.
On structure facades, this is not only an aesthetic issue but directly relates to long-term durability. This can
be studied by looking at parameters that impact color retention in high PVC coatings:
Binder content, façade plasters and paints are normally above critical PVC, resulting in:
1- Faster pigment wash-out and thus whitening and chalking.
2- Lower pigment protection by the binder which makes it accessible to moisture and ozone leading to
accelerated decomposition due to the high mobility of photoactive species.
Durability of the binder: Ageing due to photooxidation in combination with temperature changes
leads to micro cracks.3,4
1- Change in refraction: color becomes greyish, milky and unclean.
2- Chalking/binder loss.
Tendency to water uptake and hydrophobicity, alkalinity/alkaline support & dirt pick-up:
129

Water easily enters the open porous structure and has a drastic impact on durability and color either by
allowing reactive species to enter the coating, accelerating micro crack formation, or washing off soluble
substances. ETICS top-coats are often applied on a cementitious, alkaline support, which accelerates
polymer/dye decomposition.
UV deterioration of pigments and chemical changing stability of pigment on its own (organic
pigments) and leading to:
1- Color fade due to photo-initiated reactions.
2- Color fade due to reactions with singlet oxygen, OH-radicals, or ozone.
Photocatalytic activity of TiO2: TiO2 is a photocatalyst that produces oxygen radical species that can attack
other components in the coating. Dyes may directly interact with TiO2 to accelerate this effect. Beside
UVabsorbers and excited-state quenchers (reduce number of active photons), radical scavengers and HALS
(Hindered Amine Light Stabilizers) are most effective to reduce the destructive impact of photo-activated
species (radicals, singlet oxygen, ozone), and both may be used in combination.5,6
Water is a source of reactive oxygen species, especially when TiO2 is present (water splitting mechanism).7
The destructive effect of moisture can be seen in the form of chalking that results from degradation of binder
material which releases fillers and TiO2. These particles form a grayish layer on the surface which may be
removed. Little chalking occurs in dry atmospheres.

Description of Experiments, Results & Discussion
The challenge in high performing, high PVC silicone plasters is that color retention is reduced compared to
pure emulsion binder coatings. Figure 1 shows the drastic impact of replacing acrylic emulsion binder with
silicone emulsion on delta E values. The color loss is around four times higher in the silicone-containing
coating after 2000 h WOM exposure. This can be tackled only by getting a better understanding of the color
fading mechanisms and tailored design of emulsion binders.

Figure 1. 2000 h weather-o-meter (WOM, Xenon lamp) data of coating with different acrylic/silicone
emulsion ratios with an organic, phtalo-blue dye.

In a systematic approach we varied parameters to study the impact of silicone emulsion addition on high
PVC coatings. Firstly, color fading has been tracked by varying the following factors: 1) organic and
inorganic pigments, 2) the presence and absence of moisture, 3) co-polymer composition and 4) in pure
acrylic or silicone-acrylic ETICS top coat formulations. Figure 2 shows an example of results obtained with
a standard acrylic dispersion binder.
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Delta E values were recorded of UVA-aged samples that contain organic or inorganic red pigments. (Figure
2 A, B). The small delta E values obtained with the inorganic pigment and absence of change in water
contact angle (B) indicate that the polymer is relatively stable under these conditions. The color fade seen
with the organic red pigment (A) can therefore be assigned mainly to direct photo-oxidative discoloration
through photon excitation and interaction with UV-activated ozone and appears as zero order reaction in the
acrylic and silicone emulsion containing coating.8,9 The delta E values are higher for silicone formulations.
Both features can vary a lot as a function of the acrylic dispersion binder. Different co-polymers have been
synthesized to study the impact of physico-chemical parameters on the color retention performance. These
examples will be presented.
Once moisture enters the system, color fade is accelerated due to the increase in pH and the number of
reactive oxygen species in the coating (Figure 2 B, C). After approximately 1000 h, tint loss gets
accelerated and the impact on silicone containing coatings is stronger. Interestingly we found that the
addition of silicone at low concentration can help improve long-term tint retention. In parallel water contact
angles have been tracked and sample surfaces have been analyzed with different techniques including XPS,
FTIR, and microscopy to follow chemical changes of the surface and gain a better understanding of factors
influencing color retention in high PVC silicone coatings.

Figure 2. High PVC ETICS plaster coatings have been exposed to either 100% UVA or 8 h UVA with 4 h
condensation over a period of 5000 h. Color loss is reported as delta E values and tests have been performed
with acrylic or silicone-acrylic emulsion coatings and different dyes according to the graph headings. 10 The
insets show water contact angles at a given stage with the Si/Ac 40/60 formulations.

Conclusions
Among others we draw the following conclusions:
• The ratio of silicone to acrylic emulsion has a strong impact on tint retention and goes through a
maximum.
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•
•

Specific polymer modifications and the type of silicone used strongly affect the color retention
performance in silicone-containing high PVC coatings with high potential for improvement.
In presence of moisture fading can be divided into two different regimes, indicating that accelerated
testing of > 1000 h is recommended to assess the long-term performance of high PVC coatings.
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Wet-edge and open time are the two measures assessing the workability of waterborne paints, which are
crucial for painters working in dry and hot conditions. Here, we examined how the properties of cellulose
ether (CE), e.g. dosage and chemical substitution, affect these measures. Six types of CE, namely EHEC,
HM-EHEC, MHEC (two substitution level), MEHEC and HEC were compared in flat formulations
(including an exterior formula relevant for Latin America). In-house M-ASTM and Roller methods were used
to measure wet-edge and open time. Other techniques were employed to get a clearer picture behind:
including Fluorescence Recovery After Photobleaching (FRAP) to assess diffusion rate in the aqueous
domain of paints; Turbidity and dynamic light scattering to study the CE/latex interaction in dilute systems;
and gravimetric measurements to follow evaporation along drying. A clear correlation between CE dosage
and wet-edge/open time was detected. Among CE grades tested, MHEC seem to benefit paint open time,
while HM-EHEC showed the worst results.

Introduction
Waterborne paints provide an environmental friendly solution to both residential and industrial applications,
as the release of volatile organic compounds (VOCs) is greatly minimized. Comparing to traditional solvent
borne paints, waterborne paints generally have shorter wet-edge and open time. This limits the paint
workability for certain applications. Additives used to alleviate this problem usually increase the VOC
levels. Therefore, it is vital to find alternative solutions to increase open time while keeping VOC low.
Cellulose ethers (CE), with ability to retain water and bring a suitable rheology profile to paints, could
potentially retard the drying process and enhance workability. The current study aims to identify the key
properties of CE, by looking into how the chemical substitution, molecular weight and dose could impact the
drying and paint workability. The information gained would enable the development of CE based products
for enhanced paint workability in zero/low VOC paint formulations.

Experimental
Three CE grades, namely a high viscosity EHEC, a low viscosity EHEC and a high viscosity MHEC were
compared in a PVC 57 paint formulation. The CE dosage was adjusted according to the target Stormer
viscosity of the paint (80, 100 and 130 KU) and low, medium and high viscosity paints were prepared (see
Figure 1-lower chart for CE dosage as well as Stormer and ICI viscosities). The wet-edge time of paints were
measured as an indication for the paint workability. A method modified from ASTM standard test (ASTM
D7488-11) [1] was adopted (noted as M-ASTM method), where 200μm thick paint drawdown was applied
instead of 75μm and the test was done under room environment with relative humidity (RH) and temperature
(T) recorded for the entire measurements. To approximate the diffusivity of water in paint, Fluorescence
Recovery After Photobleaching (FRAP) technique was adopted. Briefly, the aqueous domain in paint was
“labeled” by a small amount of fluorescent probe, which enabled the visualization using a Confocal Laser
Scanning Microscope (Leica SP2 AOBS). High intensity laser beam was applied at the region of interest
(ROI) in paint so that the probe molecules in ROI were bleached (appeared dark in microscope). With time,
the bleached area could be recovered due to the diffusion of probe molecules. From the fluorescence
recovery profile, the probe diffusivity was obtained. Two setups allowing the measure of bulk/initial
diffusivity (D0) as well as real time diffusivity during paint drying (Dt) were adopted (see reference [2] for
method details).
Six CE grades (1% solution viscosity: 2800-4000 cP) with varied chemical substitution (noted as 1 EHEC, 2
HM-EHEC, 3 MHEC, 4 MHEC’, 5 MEHEC and HEC) were selected and compared in a PVC 45 paint
formulation (both pure acrylic and vinyl acrylic binders were tested). An adapted version of a popular quality
flat formula from Latin America (LATAM) was chosen as drying-too-fast can be a typical problem for
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exterior paints in the region. The CEs were dosed at 0.5-0.7% to reach a target Stormer of 105 KU (noted as
Paints I). Additional paints were prepared with 1% HEUR thickener Rheolate 212 added to reach higher ICI
viscosity (>1,1 P) as required for quality paints. Diluted paints (with 15% H2O) were also tested as this was
commonly done in the region before the paint job. As-prepared paints were compared with a HASE
thickened paint and four reference paints including ProMar 400 from Sherwin-Williams. The Stormer and
ICI viscosity of the paints were measured using respective viscometers and flow curves were measured using
an AR-G2 rheometer (TA Instruments). The wet-edge and open time of paints were measured using MASTM and Roller test method. The latter shared the same principle as ASTM D7488-11) [1], but employed
roller with fixed amount of paint to apply both base layer (instead of paint drawdown) and top layers (instead
of brushing), so that the impact of ICI on base layer thickness was accounted, hence closer to reality.
To investigate the possible interaction between CE and latex particles, the turbidity of dilute acrylic latex
suspensions (5x10−4 mg/ml) were measured using a HP 8453 UV-Visible Spectrophotometer while a small
amount of CE solution (2x10−3 mg/ml) was added step-wisely. The formation of aggregates via stronger
association would result in higher UV-Vis absorbance since a larger portion of incident light will be
scattered/absorbed. In addition, Dynamic Light Scattering (DLS) was done on dilute latex/CE suspensions
for obtaining hydrodynamic radius of possible aggregates presented in the system. While for concentrated
latex/CE mixtures (formula relevant to paint), Gravimetric measurements and M-ASTM tests were
conducted to assess the drying time as well as open time of the applied films, respectively.

Results & Discussion
CE dosage affects wet-edge time and water diffusion in paint: Figure 1 (1)-lower chart shows the wetedge time (colored bars, tested by M-ASTM method) of the paints thickened with three CE grades (high
viscosity EHEC, low viscosity EHEC and high viscosity MHEC) at three dosage levels. Increasing CE
dosage led to an apparent reduction of the paint wet-edge time, as-observed for all three CE grades. This can
be linked to the shift of the paint rheology profile, as reflected by the higher Stormer and ICI viscosity
(Figure 1 (1)-lower chart) with increasing CE dosage. One explanation could be that a higher CE dosage,
hence a higher paint ICI viscosity would mean a higher resistance when brushing during M-ASTM test that
negatively impacts the wet-edge time. While as shown in Figure 1 (1)-upper chart, the bulk diffusivity of
probe (D0) from FRAP measurements reflect approximately how fast water moves in the paint aqueous
domain. Interestingly, an inverse correlation between CE dosage and D0 was observed, implying that the
presence of CE molecules would help “immobilize” water. Diffusivity studies were also conducted along
paint drying using FRAP, where real-time diffusion rate (Dt) in paint was monitored to examine the impact
of CE dosage. For all three CE grades (data for high viscosity EHEC is shown in Figure 1(2)), paints with
higher CE dosage showed smaller slope of the Dt vs. time curves, especially at the latter part of the curve.
This suggests a slower water evaporation at the later stage of paint drying and it is more pronounced when
more water-retaining CE molecules were presented in the paint.

Figure 1: (1) Comparison of PVC 57 paints with varied CE doses: Paint Stormer – red square and ICI
viscosity – green triangle; Wet-edge time tested by M-ASTM method – colored bar; Bulk diffusivity (D0) of
probe in paint tested by FRAP – blue circle. (2) Impact of CE dose on the real-time diffusivity (Dt) during
paint drying. Dt values were measured at 120μm depth for 200μm layer thick paints.
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CE’s chemical substitution affects wet-edge and open time: To investigate the impact of CE’s chemical
substitution on paint wet-edge and open time, CE grades with similar thickening efficiency were selected and
compared in a durable exterior flat formulation relevant for LATAM region. Paints I thickened by six
medium viscosity CE grades (1 EHEC, 2 HM-EHEC, 3 MHEC, 4 MHEC’, 5 MEHEC and HEC; 1%
solution viscosity 2800-4000 cP) were compared with that thickened by a HASE and other reference paints
(results shown in Figure 2-left). The six CE-thickened paints exhibited rather similar Stormer and ICI
viscosity (Figure 2 upper-left chart) as well as flow curves (data not shown), therefore the influence of paint
rheology on workability are minimized. Roller test that accounts the impact of paint ICI viscosity is a more
suitable method for assessing wet-edge and open time. Paints I were tested using Roller method by two
people and the results are shown in Figure 2-lower-left chart. Four reference paints were also tested, where
zero VOC paints ProMar 400 and SAT-282-1 showed wet-edge time of less than 1 min and open time of 4-5
min. The addition of 3.4% propylene glycol increased the open time of SAT-282-2 to 5-6 min. While with
the addition of 3% Optifilm OT1200, the open time of SAT-282-4 is improved to 10-12 min. Yet the
Stormer viscosity is much lowered due to co-solvent addition, which also contributes to the increase of open
time. For CE-containing paints, 3 MHEC paint with open time of 8-10 min seems to stand out, followed by
the paints thickened with 1 EHEC and 4 MHEC’. Whereas 2 HM-EHEC paint showed the lowest open and
wet-edge time. In some Latin American countries like Mexico, most paints are diluted before painting. To
test the impact of dilution, Paints I post-added with 1% HEUR were diluted with water by 15%. The wetedge and open time of diluted paints were tested as shown in Figure 2-right. Paints thickened with 3 MHEC
and 4 MHEC’ stand out among others with open time on par with SAT-282-4. Note that these two paints had
lower KU due to dilution, which also contribute to the results observed. CE grades from other viscosity
ranges (1% solution viscosity 4700-5400 cP; 6200-8400 cP) were also tested in the formulation with acrylic
and vinyl acrylic binders (data not shown). Similar trends were observed, where MHEC grades seem to stand
out in terms of open time, while HM-EHEC grades generally showed lowest wet-edge and open time among
CEs in the same viscosity group.

Figure 2: The wet-edge and open time of PVC 45 paints with acrylic binder (Paints I) containing varied CEs
and reference paints as tested by the Roller method. Left - Paints I (contain 1.2 wt% Texanol); Right – Paints
I added with 1% HEUR and 15% water. Paint Stormer – mustard bar and ICI viscosity – white triangle;
Wet-edge time – red markers and Open time – blue markers. Test conditions: RH 21-23% T 21.7–22.2°C.
CE’s interaction with latex particles: To further understand why the substitution pattern of CE could affect
paint open time, the interaction between CE and latex particles were studied in dilute systems. Figure 3 (1)
shows the change of UV-Vis absorbance of dilute latex suspension when a small amount of CE solution was
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added step-wisely to the system. Three CE grades were compared––1 EHEC, 3 MHEC and 2 HM-EHEC.
The absorbance data for 1 EHEC and 3 MHEC showed similar trend of first increase and then decrease. The
increase of absorbance implies the formation of loose aggregates of latex particles, while the decrease of
absorbance is caused by the further dilution of the system by adding more CE solution. However, 2 HMEHEC seem to interact differently as the absorbance goes up and then become steady, suggesting the
formation of aggregates via a stronger interaction between HM-EHEC and acrylic latex particles. The size of
aggregates in the three systems were monitored by DLS. As expected, much larger aggregates were formed
in HM-EHEC/latex suspension than in the rest suspensions (data not shown). The 2 HM-EHEC molecules
possess hydrophobic alkyl chains grafted to the cellulosic backbone, which could attract hydrophobic acrylic
latex particles and form aggregates. A possible scenario of such association is shown in Figure 3 (2). In
addition, drawdown of concentrated latex/CE mixtures (formula relevant to paint) were prepared. The water
loss along the film drying process was monitored gravimetrically. After the initial stage of constant rate, the
evaporation rate of latex/2 HM-EHEC film was much slower than those of latex/1 EHEC and latex/3 MHEC
films, where latex reference showed the slowest evaporation rate (observed in three CE dosages, data not
shown). The discrepancy in evaporation rate at the later stage maybe linked to skin formation, where
coalescence seems to be much promoted in the latex/HM-EHEC system due to the formation of larger
aggregates. This is also confirmed by M-ASTM testing, where the open time of latex/2 HM-EHEC mixture
was significantly shorter than the other two mixtures (Figure 3 (3)).

Figure 3: (1) Interaction strength between different CE (viscosity 1%: 2800-3600 cP) and latex (100%
acrylic) in dilute system from Turbidity measurements. (2) A possible scenario shows the association
between HM-EHEC and latex particles. (3) Open time of latex/CE mixtures in concentrated system.

Conclusions
Though being water retaining molecules, Cellulose ether (CE) with a high dosage seem to negatively affect
wet-edge time as a result of increased paint viscosities. CE’s chemical substitution was found to impact paint
wet-edge and open time. Among the grades with similar thickening efficiency, MHEC thickened paints
showed the best open time, while HM-EHEC grades generally showed lowest wet-edge and open time. The
interaction between HM-EHEC’s hydrophobic side chains and latex particles may lead to the aggregation of
latex particles, thus promoting coalescence and paint skin formation that negatively impact open time.
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We have investigated the fabrication and functional behavior of conductive silver-nanowirephotopolymer
composites for prospective use in 3D printing. Silver-nanowires with an aspect ratio of up to 1000 were
synthezised via the polyol route and were embedded in a flexible and UV-curable polymer matrix. Silvernanowire-polymer multilayers with a layerthickness between 100 and 200 µm were fabricated in a step by
step process. The multilayer systems serve as prototypes for 3D printing. In the composite, sheet resistances
down to 13 Ω/sq and an optical transmission of about 90 % were accomplished. The use of a flexible
polymer matrix enables the fabrication of bendable and stretchable electrodes. We studied the morphology
of the silver-nanowire networks as well as the deformation of our flexible electrodes. For this purpose,
conductivity measurements in dependence of tensile strain and in situ grazing incidence small angle X-ray
scattering measurements during stretching were carried out. Furthermore, we report on the application of
the material system for 3D-printed flexible electronics.

Introduction
Nowadays, transparent conductive films are of great interest because of their various electronic and optical
applications in for example solar cells and OLEDs [1]. Today, the key material for transparent electrodes is
indium tin oxide (ITO) [2]. Nevertheless, the shortage of indium, the brittleness of ITO and its expensive
fabrication process restrict its future large scale applications [3]. Silver-nanowire-polymer composites are a
promising alternative to indium tin oxide. Silver-nanowire (Ag-NW) electrodes can be realized by various
routes, including printing and spray-coating [4–7]. They offer a scalable processes for large scale, flexible,
conductive media, as used in e.g. integrated photovoltaics, touch screens, and flexible electronics [8–14].
3D printing is a promising alternative additive fabrication process, which enables rapid prototyping and high
design flexibility. Additive manufacturing of components has developed over the last 25 years to be an
important and innovative part of the industrial process [15]. From a scientific point of view the limited
physical properties of polymers used mainly for 3D printing represent one of the largest challenges [16]. For
electronic applications, conductive layers with good printability are of key importance. 3D-printable flexible
Ag-NW composites enable the fabrication of flexible electronic devices with complex geometric shapes,
rapid prototyping, and high design flexibility due to the 3D-printing approach [15,17].

Experimental
Silver-nanowires were synthezied using the polyol route at 155 °C [18,19]. As solvent ethylene glycole
(Sigma Aldrich, 99.8 %, anhydrous, 11 mL, 0.20 mol) was used. Silver nitrate (AgNO3, Carl Roth, >99.9 %,
0.03 g, 0.18 mmol) was reduced in the presence of polyvinylpyrrolidone (Sigma Aldrich, 55000 MW: 0.03
g, 0.55 µmol; 260000 MW: 0.06 g, 0.17 µmol) and a copper chloride solution consisting of copper(II)
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chloride dihydrate (Sigma Aldrich, 99.999 %) and ethylene glycole (c = 0.0519 mol/L, 3 µL, 0.156 µmol).
After 235 min the reaction was quenched with 16 °C water. After synthesis, the Ag-NWs were washed with
acetone (Carl Roth, ≥ 99.8 %) and isopropanol (Emsure, ≥ 99.8 %) and stored in isopropanol.
Flexible Silver-nanowire-polymer composites were produced via coating of a silver-nanowire percolation
network with a flexible photopolymer (Formlabs, USA). Networks consisting of randomly orientated
silvernanowires were produced by drop casting of the Ag-NW suspension on top of a glass (VWR,
transparent float glass) or silicon (Si-Mat, <100>, p-type, doped with boron) substrate. Via doctor blading
the Ag-NW layers were coated with the uncured resin and the samples were cured in an illumination setup
consisting of a laser driven light source EQ-99X (Energetiq, USA, 185-2100nm, 100-25 mW) and an 1 cm2
illumination mask. The resulting layers had adjustable thicknesses between 100 and 200 µm, which
correspond to the typical layer thickness for 3D printing. For the scanning electron microscopy
measurements, a commercial field emission scanning electron microscopy (FE-SEM) equipment (Zeiss,
Germany) was used. Resistivity was determined in Van der Pauw [20] geometry by utilizing a four probe
measurement setup with DPP 105-M/V-Al-S positioners (CascadeMicrotech, USA). GISAXS [21–23]
measurements were performed at the beamline P03 at PETRA III (DESY) [24] with a wavelength of 0.951
Å, sample-to-detector distance (SDD) SDD = 5335 mm and an incident angle of around 0.4°. The films were
stretched and relaxed during the scattering experiment by a home-made tensile machine, developed by the
Leibniz-Instutut für Polymerforschung Dresden, Germany. For detection, a 2D Pilatus 1M (Dectris Ltd.)
detector was used (981 × 1043 pixels, pixel size 172 µm). The flight path between sample and detector was
evacuated to reduce scattering. Data reduction was performed using the software package DPDAK [25].

Results & Discussion
Fig. 1 (a) shows a pure Ag-NW percolation network recorded with a scanning electron microscope. For
silvernanowire-photopolymer composites with an optical transmission of 90 % we found sheet resistances
down to 13 Ω/sq. This shows that the presented composite material is competitive to ITO [26]. The
influence of a polymer coating on the sheet resistance of the presented nanowire layers was investigated by
measuring the sheet resistance before and after polymer coating. We found an enhancement of the
conductivity in the composite in comparison to pure Ag-NW layers due to the compression of the resin
during the curing process. The results are shown in Fig. 1 (b). A 3D printed flexible capacitor was prepared
made of several layers consisting of Ag-NWs and photopolymer as depicted in Fig. 1 (c). A capacitance of 7
pF and 7.5 pF was reproducibly measured at 1 kHz and 100 kHz, respectively. This result is in good
agreement with the estimated capacitance of 5 pF, which was calculated using equation (1), where ε0 is the
vacuum permittivity, εr is the polymer permittivity, which was chosen to about 4.5, A is the area of the
capacitor and d is the layer thickness of the intermediate polymer layer.
𝐶 = 𝜀0𝜀𝑟 × 𝐴𝑑

(1)

Figure 1: (a) SEM image of silver-nanowires, deposited by drop casting on top of a silicon substrate. (b)
Sheet resistances of pure Ag-NW networks and composites for 3 Ag-NW densities. Due to the compression of
the resin during the curing process, a decrease in sheet resistance can be observed after coating with
polymer. (c) Sketch and photographs of the 3D printed flexible capacitor. The capacitor was bended over a
glas rod to demonstrate its flexibility.
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In order to investigate the behavior of the material under tensile strain, the sheet resistance was measured at
different elongations, and in situ grazing incidence small angle X-ray scattering (GISAXS) measurements
were carried out. Fig. 2 shows the GISAXS patterns at selected elongations for stretching (top row) and
relaxation (bottom row). At the direct beam (DB), flares in angles of 36° ad 72° to the vertical axis occurs,
which have their origin in the reflection of X-rays at the {100} facets of the pentagonal structured nanowires
[27,28]. In order to analyse the scattering intensities in vertical direction, vertical cuts at qy=0 are shown in
Fig. 3 (a). The so-called Yoneda peak (Y) of the used polymer is located between αf = 0° and αf = 0.1°. This
peak is characteristic for the density of the materials present in the thin film [29]. A second peak shifts from
0.1° to around 0.2° during stretching, resulting in a sharp double peak structure at 20 % elongation. This
peak seems to be indicative of the Ag-NWs, which are compressed vertically and pulled apart in the x-yplane during stretching. Double peak structures in vertical direction typically indicate thin-layered structures
(see arrows in Fig. 3 (a)). The peak below the sample horizon (αf = 0°) at low elongations may be due to
multiple reflexions at the upper and lower sample-air interface. Furthermore, a peak at high q, which shifts
to lower q, can be observed. The described features are reversible by compression of the sample back to 0%,
demonstrating a strong connection of Ag-NWs and polymer matrix, which allows for transmitting the
macroscopic strain on the AgNW network, and a smoothening of the polymer-air interface during stretching.
Fig. 3 (b) shows an exemplary result of the conductivity measurements in dependence on elongation. The
investigated sample exhibited a sheet resistance of 7.5 Ω/sq before stretching and at an elongation of 30 %
the point of rupture was reached. The sheet resistance is smaller than 100 Ω/sq up to an elongation of 15 %.
At an elongation of 20 %, the sheet resistance increases drastically and large error bars indicate significant
fluctuations during the measurements.

Figure 2: GISAXS patterns of the flexible silver-nanowire composite at different elongations. In the top row
the sample was stretched from 0 % to 20 %. In the bottom row, the patterns recorded during compression
are shown. DB denotes the direct beam and Y the Yoneda peak of the polymer.
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Figure 3: (a) Vertical cuts at qy=0 of the GISAXS patterns shown in Fig. 2. (b) Sheet resistance of a flexible
Ag-NW composite during stretching. The dashed line depictes an exponential fit (𝑦 = 𝑦0 + 𝐴 × 𝑒𝑥𝑝(𝑥/𝑥0)).

Conclusions
We have manufactured and investigated flexible silver-nanowire-photopolymer composites for use in 3D
printing. We demonstrated the application of the highly conductive composite in a 3D printed capacitor and
studied the behavior of the material under tensile strain. GISAXS measuremenrs and conductivity
measurements were presented and discussed.
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Using lignin as a constituent in thermosetting material is of interest since it is the largest source of naturally
occurring aromatic compounds. Technical lignin can be fractionated to gain less heterogeneous fractions
with different molecular weights. Modifying these fractions and introducing an allyl functionality provide the
possibility to use a thiol crosslinker to form thermosets. Depending on what fraction is used, different
thermosets with different properties are formed. This show that the properties of lignin based material from
technical lignin can be tailored.

Introduction
The drive to find new thermosetting material constituents based on renewable resources is increasing to
address the environmental issues the society are facing. Aromatic building blocks for such systems are
however not that common in large amounts in nature. One exception is lignin, an aromatic constituent in
wood, that is removed from woody biomass in pulp and paper production. Due to its ominous heterogeneous
structure it has been considered a waste material and used as an energy source through incineration. The last
decade however, the interest to utilize this resource for other things than as an energy source have exploded. 1
In our work Lignoboost Kraft lignin is used as a source for renewable aromatic constituents for
thermosetting materials. Different fractions are produced using a solvent screening fractionation procedure
develop by Duval et al in 20152 to achieve less heterogeneous and more easy to handle materials.3 This
procedure also introduces the possibility to work in organic solvent solutions and homogeneous reaction
conditions.
Lignins aromatic nature has the potential to be used in polymeric materials and provide rigidity to the
molecular backbone.4-5 Such high Tg materials can be used in various different applications ranging from
coatings to composite matrices.

Experimental
5 different fractions are achieved by the solvent fractionation. These fractions are one ethyl acetate soluble
fraction (KLEtoAc), one ethanol soluble fraction (KLEtOH), one methanol soluble fraction (KLMeOH), one
acetone soluble fraction (KLAcetone), and one fraction that is not soluble in these solvents (KLInsoluble).
Selective allylation is performed using allyl chloride in ethanol/water (60/40) using Na2CO3 as base to
deprotonate carboxylic acids as well as phenols of the lignin. This was performed on the four fractions that
was retrieved through the solvent fractionation and yielded allylated product with conversions above 90%
(A-KLfraction). The dried product is later mixed with Trimethylolpropane tris(3-mercaptopropionate) (3MP3
TMP) to make up a resin (R-KLfraction) and cured by a heat induced thiol-ene reaction at 125 °C over night to
form the different thermosets (T-KLfraction).
Following this procedure different thermosets has been produced using four different fractions of lignin and
their mechanical properties has been compared and evaluated using dynamic mechanical analysis (DMA).

142

Results & Discussion
Technical Kraft lignin has been selectively allylated on the phenols 4. The reaction was confirmed using 31PNMR as well as 1H-NMR, Figure 1.

Figure 1: 31P-NMR (Right) and 1H-NMR (left) of the allylated product based on the ethanol soluble fraction
of the technical Kraft Lignin. The peaks corresponding to the phenolic moieties are gone in while the
aliphatic and carboxylic hydroxyls remain and peaks corresponding to the allyl ether are present.
The curing reaction was evaluated using FT-IR as both the peak corresponding to the thiol as well as for the
ene disappears suggesting that the the thiol-ene coupling is the dominant reaction, Scheme and FT-IR spectra
found in Figure 2.

Figure 2: The allylated lignin is mixed with Trimethylolpropane tris(3-mercaptopropionate) and the resin
solvent casted in silicon molds. The reaction was confirmed using FT-IR where the peaks corresponding to
the thiol as well as the ene disappears over the course of the curing.
Mechanical testing shows four different materials exhibiting different T g, storage modulus and loss modulus
as determined by DMA. The results are summarized in Table 1.
Table 3: Material properties of the cured thermosets as determined by DMTA.

T-KLEtoAc
T-KLEtOH
T-KLMeOH
T-KLAcetone

Tg [°C]
44 ± 3
95 ± 3
103 ± 9
94 ± 3

E´max [MPa]
2300 ± 50
1840 ± 230
2800 ± 490
4940 ± 1480

E´´min [MPa]
1.4 ± 0.7
6.5 ± 1.5
19.6 ± 7.1
13.7± 0.7

Crosslinking density [mol/m3]
140 ± 70
700 ± 60
1750 ± 600
1230 ± 75
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Conclusions





Through solvent screening fractionation lignin fractions with different properties are obtained.
These fractions can be selectively allylated on the phenols to achieve allyl funtionalized lignin
fractions.
These allylated fractions can be used in thermally induced thiol-ene resins as thermosetting
constituents.
4 different thermosets can be produced using the fractions and the properties of these materials will
differ greatly.
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The current method of developing new paints is highly practical in nature, built on the knowledge of
experienced formulators and a general understanding of interactions within the paint system. Instead of
testing and revising samples until the target needs are met, computational tools and methods could help by
significantly reducing the time and resources necessary. The aim of this project is to develop a knowledge
base and group contribution based property estimation methods for pigments as a step in creating a
computer-aided product design system for coatings. In addition to reducing development costs, a model for
chemical substitution to less harmful alternatives could also reduce the environmental impact of paints.

Introduction
Paints are complex systems where the final characteristics of both the liquid product and solid film is a
function of the many ingredients and their interactions within the system. The pigments, defined as particles
that are effectively insoluble in the rest of the coating, can be used either decoratively or functionally, for
example as anticorrosive or magnetic pigments. While the primary purpose might be to impart color, the
pigments also affect many of the paint characteristics that might have to be within certain specifications,
depending on the intended use. These include the perceived color, lightfastness, resistance to weather, heat,
and corrosion as well as important aspects of paint production and storage like wetting, dispersibility and
paint stability [1]. Most of these characteristics are currently determined through experiments and graded
visually, which offers low predictive capability. Finding the related pigment properties, some of which are
highlighted in table 1 below, and creating a computational framework for finding pigments that meet the
required needs could provide formulators with a tool to significantly reduce the search space.
Table 1. Paint characteristics and related physical pigment properties
Paint Functionality
Pigment Properties
Tinting strength
Whitening power
Hiding power and reflectance
Bleeding
Wettability
Dispersibility and stability

Heat resistance

Light resistance

Absorption index
Refractive index
Refractive index
Absorption index
Solubility (binder, solvents)
Surface tension
Hansen solubility parameters
Specific gravity
Molecular weight
Zeta potential
Melting point
Boiling point
Decomposition temperature
UV absorption
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Discussion
Chemical product design includes a number of steps where a methodical approach with the help of scientific
principles can help in finding the optimal product [2].


Defining needs and goals



Generating alternatives meeting the needs



Selection and verification of the alternatives



Manufacturing and testing the product

Computer-aided product design consists of a combination of computational tools, algorithms, databases, and
predictive methods for estimation of product properties with the purpose to systematize these steps. An
integrated approach for paints means to combine as many considerations as possible to a system that is both
flexible and practical. For this system to be possible, one of the most important tasks is to identify the
performance criteria of paints from the properties in table 1, and to set constraints on the physical pigment
properties.
While some of the pigment properties are highly product specific, such as the oil adsorption, particle size
distribution, and particle shape, others are a function of the structure or surface chemistry. Depending on the
availability of data for each property as well as project needs, either databases or new models for property
prediction will be created, as it is not feasible to measure the properties of large groups of compounds. For
this purpose, group contribution methods are preferred due to their high predictive capabilities. The choices
of property models is of high importance, as the model strongly affects the reliability of the design, as well as
availability of model parameters and uncertainties in the property estimations [3].
The databases and property estimation methods are designed to be included in the design and verification
work-flow of the virtual Product Process Design laboratory which currently includes algorithms for design
and stability testing of binary solvent mixtures [4]. Addition of paint-specific components can extend the
software to handle both design of new paint formulations, and modification of existing products while
retaining compatibility between the constituents.

Conclusions
While a number of group contribution methods are available for relevant properties such as solubility
parameters, surface tension, refractive indexes, melting and boiling temperatures, they need to be extended to
work for pigments. This work is a part of the framework necessary for a computer-aided product design
system, which together with earlier work by Conte [4] and current work by DTU PhD Spardha Jhamb can
approach formulation of paints in a more methodical way.
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In recent years an increased number of experimental and theoretical studies appeared regarding the
structure-properties relation of anchored polymers. A key property of interest is the lubricity of surfaces
bearing polymer brushes. It is of great interest to understand how to tune friction coefficients and how to
apply this knowledge for the design of low friction surfaces. In this work self-consistent mean-field
computations have been performed to study the normal forces arising when a polymer brush is confined
between two solid surfaces, or when two opposite polymer brushes interact with each other. The aim is to
gain insights on the underlying mechanisms affecting the normal forces, and as a result, affecting the friction
coefficients of the surfaces bearing the brushes. In order to compare with experimental results from
literature, two kinds of attached polymer chains have been studied: free and looped anchored polymers,
having one and two ends attached to a solid surface, respectively. Our results shows that the necessary
forces to compress looped brushes are bigger than in the case of free brushes having comparable chain
lengths and grafting densities. This is in agreement with previous experimental results of the Young modulus
and with the normal trends observed: anchored polymers which are looped and cyclic exhibit lower friction
coefficients than free ones.

Introduction
Polymer brushes (PB), consisting of polymer chains densely grafted to a surface, have been widely used to
generate coatings with high lubricious and antifouling properties [1]. The characteristic of high lubricity
makes PBs of great interest for many industrial applications, where low frictions coefficients are normally
desired in order to minimize energy consuption during processing. Furthermore, the ability of polymer
brushes to improve colloidal stability[2] and the race to mimic the surface of bones and synovial joints –
covered by natural protein brushes– having extremely low friction coefficients[3], has resulted in an
increasing quantity of experimental and theoretically related work.
Besides grafted free topologies also other structures of anchored polymers have been used. Grafted polymers
forming loops, for example, have shown an improved ability with respect to free brushes to decrease the
friction coefficient [4-6]. However, other experimental results show an opposite trend, the friction being
smaller in case of surfaces covered with free brushes [7].
The friction response of PB depends on several factors, including the grafted chain size and topology,
grafting density (number of chains per unit area), solvency and polydispersity. Moreover, the friction
behavior of the brush can be influenced by the applied shear rate to which the chains are subjected. A finite
shear rate is normally used in tribology measurements of surfaces bearing PB. Shear effect have been shown
to be significant in the regime of hydrodynamic lubrication [8]. The equilibrium brush height does not change
significantly (~5%) under high shear conditions [9]. As a result, the influence of shear surface forces can be
neglected in many cases, while the normal forces determine the friction behavior mediated by the polymer
brushes. The normal force required to compress a PB is proportionally related with its stiffnes, and
consequently, with its ability to minimize the contact between solid surfaces. Higher normal forces will
provide lower friction coefficients and a resultant higher lubricity. Experimental studies using surface force
apparatus and atomic force microscopy to measure normal forces have been performed with surfaces bearing
PB [6, 10]. Therefore a theoretical study of the normal forces could be helpful to interprete these kinds of
experimental results.
Through self-consistent field (SCF) calculations, a theoretical analysis of the normal forces between surfaces
bearing grafted chains and grafted loops have been done. Particularly, the approach of Scheutjens and Fleer has
been used (SF-SCF) [11] through the program SFbox (developed by F.A.M. Leermakers and J. van Male from
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Wageningen University, the Netherlands). The cases of a free brush and a looped brush against a solid surface
(see Figs. 1a and 1c, respectively) have been analyzed. Moreover, two opposite free brushes (Fig. 1b), and two
opposite looped brushes (Fig. 1d) have been also studied.

Figure 1. Schematic picture of the polymer brushes considered with brush height h 0. Free (a) and looped (c) polymer
brush against a solid non-adsorbing countersurface. Opposite free (b) and looped (d) brushes. In each case the distance
between surfaces is given by h.

The configurations of grafted polymer chains at a solid surface depend strongly on the grafting density σ:
mushroom and brush [11] configurations are obtained at respectively low and high σ. The mushroom case is
satisfied for σRg2<1 [11], where Rg is the radius of gyration of the polymer chain. The isolated mushrooms
adopt a coil-like configuration of comparable size to Rg. On the other hand, for a brush-like configuration
(σRg2>1) the chains interact strongly with each other causing chain stretching away from the solid surface.
The effect of the grafting density on the polymer architecture and hence in the friction response was studied
through the calculation of the forces for a range of σ values around the predicted mushroom-to-brush
transition.

Results & Discussion
The SCF calculations were performed using a planar lattice composed of z lattice sites, where z=0 corresponds
to a solid surface. Moreover, in all the present calculations a Flory-Huggins interaction parameter χ=0.5 was
used between the polymer chains and the solvent (Θ-solvent condition). On the other hand, a χ=0 parameter was
used to account for the athermal segment-segment and segment-solvent interaction between the polymer and the
solid surfaces. One or both ends of the polymer chains were pinned at the solid surface (z=0) in order to
generate the free and loop brushes, respectively. Through SCF the free energy of interaction W between the
plates per unit area was obtained as a function of the distance h (see Fig. 1). Then, the pressure or force per unit
area PN was calculated from -∂W/∂h. All length scales are given in units of the segment length.

1. Free brush against a solid surface
The first system considered is the one schematized in Fig. 1a, a free brush at a solid surface compressed
against a solid non-adsorbing countersurface. Polymer chains composed of N=600 units grafted by one end
were used. The distance h was varied between 10 and 500, with the following grafting densities σ: 0.002 –
0.004 – 0.008 – 0.01 – 0.015 – 0.02 – 0.035. In this case, the transition between the mushroom and the brush
regime is expected to be around σ = 0.01.
Local polymer segment volume fractions are shown in Fig. 3 (black curves) for three different σ values
(0.002-0.01-0.035) as a function of the distance z from the grafting surface, and as a function of the distance
h between the two solid surfaces. A transition from a parabolic to a block profile can be observed in the case
of high compressions (small h and high σ), in agreement with other results that show the same behavior for
higly compressed brushes [12].
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The force per unit area as a function of the normalized distance h/h0 is shown in Fig. 4. The unperturbed
brush height h0 was calculated as h0 = N (12σ/π2)1/3 [13, 14. It can be seen that the necessary force to compress
the brush increases with the grafting density and with the compression degree (lower h/h0).

2. Looped brush against a solid surface
Next the situation sketched in Fig. 1(c) is studied. In order to compare the cases of looped and free brushes,
the number of polymer segments per surface area θ was fixed. In the SCF approximation, the number of
segments per surface area is defined as θ=σN. Since both chain ends were grafted to make a
loop, the number of units N in the chain must be twice the equivalent free case to keep θ
constant, leading to a grafting density equal to a half of the free case,

θ = σfree Nfree = σloop Nloop = σloop (2Nfree)
 σfree /2 = σloop

Fig. 2

Fig. 2 schematizes this choice of θ and N. Then, the following values were used: N=1200 and σ=0.001 –
0.002 – 0.005 – 0.01 – 0.0175.
In the case of a loop with chain length N, the equilibrium height h0 in a good solvent is expected to be
equivalent to that of a free brush having the same grafting density but with a chain length N/2[6,15,16], so the
following expression was used for a looped brush: h0 = (N/2)(12σ/π2)1/3. A comparison of some illustrative
polymer segment density profiles for the case of a free and looped brushes can be seen in Fig. 3. For all the
analyzed distances h and grafting densities σ it is found that both profiles are similar. This indicates the
chosen definition of the systems (N and σ) is suited to relate the normal forces for the different structures.
The pressure PN for the free PB as a function of h/h0 are shown in Fig. 4. It can be seen that the force
increase with σ and with the compression degree (lower h/h0). A comparison between the forces calculated
for both cases is shown in Fig. 5. As expected, the same trend as for the free brush case was obtained: the
force increases with σ and decreases with h/h0. It is noted also that the necessary forces to compress the
looped brushes are always higher than for free brushes.

Figure 3. Polymer segment density profiles ϕpol as a function of the distance z from the solid surface to which the
polymer chains are grafted, and as a function of the distance h between z=0 and the location of the solid
countersurface. The dark solid curves correspond to the free brushes and the dashed ones to the looped brushes. The
profiles for three different grafted densities are shown, where σloop=σfree /2 in each case.
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Figure 4. SCF normal force per surface area for a free PB compressed against a solid surface calculated for grafting
densities between 0.002 and 0.035 as a function of the normalized distance h/h 0. It can be seen that the repulsive forces
become evident at a compression degree of h/h0 ~ 0.5. The force increases with increasing of the grafting density.

Figure 5. SCF normal force per surface area calculated for grafting densities between 0.002 and 0.035 (black curves,
free brush) and between 0.001 and 0.0175 (red curves, looped brush) as a function of the normalized distance h/h 0. It
can be seen that the repulsive forces become evident exceeding P N=10-4 at a compression degree of around h/h0 < 0.5
for the free brushes case, and at a compression degree of around h/h0 < 0.6 for the looped brushes.

3. Opposite free and looped brushes
The case of two opposite brushes was studied grafting one end of free polymer chains to two opposite solid
non-adsorbing surfaces, see the sketches of Figs. 1(b) and (d). In Fig. 6 examples of polymer segment
density profiles for two opposite free brushes composed of N=600 units are shown for different h values
(between 50 and 450) and for three different grafting densities (0.002, 0.01 and 0.035) (black curves). In this
case, the mushroom to brush transition is expected to be around σ=0.01. In Fig. 6(a) it can be seen typical
mushroom profiles for σ=0.002, while a clear deviation of the parabolic profile is observed in Fig. 6(c). Fig.
6(b) corresponds to the mushroom-to-brush transition σ value, where a deviation from the parabolic profile is
only noticed at high compression (h=50). A comparison of the polymer segment density profiles with the
lopped brushes is also provided in Fig. 6. Despite the profiles are quite similar, a remarkable characteristics
is the lower interpenetration found for the looped PB in each case. Here, the area delimited by the
intersection of opposite PB profiles is considered as a measure of the degree of interpenetration (shaded
areas in Fig. 6).
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Figure 6. Polymer segment concentration profiles of opposite free (N=600) and looped PB (N=1200) (black and red
curves respectively). The segment polymer density is plotted as a function of the normalized distance z/h for different
solid surfaces separation h (50,150,200,350 and 400). The segment profiles for three different grafted densities are
shown, where σloop=σfree /2 in each case.

The interaction forces were calculated for five different N values around the mushroom-to-brush transition
grafting density, given by σRg2=1. In order to compare with the looped brushes the calculations were also
done using free chains with its both ends grafted to the same solid surface to generate the loops. The chain
units were calculated as Nloop=2Nfree and the grafting densities as σloop=2σfree in order to make both systems
comparable, as mentioned. Results are presented in Fig. 7 for the free opposite brushes and in Fig. 8 for
looped opposite brushes. A comparison between both can be found in Fig. 9.

Figure 7. SCF normal forces for free brushes composed of (from left to right) N=50,100,250,600 and 1200 units as a
function of h/h0 for different grafting densities above and below the mushroom to brush transition.

Figure 8. SCF normal forces for looped brushes composed of (from left to right) N=100, 200, 500, 1200 and 2400 units
as a function of h/h0 for different grafting densities above and below a half of the mushroom to brush transition
expected in the equivalent free PB case.

152

Figure 9. Comparison of figures 7 and 8 for the case of a free (black curves) and a looped brush (red curves). In each
case the necessary force to compress a looped brush is higher than in the free case.

Results presented in Fig. 9 show that, for all compression regimes studied here, the normal forces required to
compress the polymer brushes are higher in the case of a looped brush compared with its free equivalent
brush. This is in accordance with the fact that the interpenetration of looped PB appears to be lower than for
free brushes, as can be seen in Fig. 6. Other authors suggested that looped brushes provide stronger
repulsions against compression due to its higher compactability when compared to their free counter parts [4].
In other words “interdigitation between surfaces bearing loop brushes is expected to be highly unfavourable,
due to the topological necessity for polymer loops to double up, forming a hairpin configuration through a
counter surface presenting analogous loop grafts” [5].

Conclusions
Theoretical self-consistent mean-field lattice computations using the approach of Scheutjens and Fleer were
applied to the study of the forces arising between surfaces bearing polymer brushes. The behavior of free and
looped brushes were compared. According to most of the experimental results reported in the literature, it
was found that the necessary forces to compress looped brushes are in general larger than in the case of free
brushes. However, to understand why sometimes free brushes behave better than the looped ones in terms of
friction it is necessary to include extra parameters in the calculations. With that aim, an analysis of the effect
of the Flory-Huggins interaction parameter, as well as the effect of polydisperse brushes and adsorbing solid
surfaces will be performed.
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During the metal piercing and cutting operation, the workpiece material and mechanical glide at high
velocity relative to the tool surface under the action of high pressure, causing abrasive wear. On the other
hand, high temperatures, which act simultaneously with strong forces, cause a sticking of the workpiece
material on the tool's surface, leading to adhesive wear. In order to reduce both the wear rate and the
friction coefficient at high temperatures, the properties of the hard protective coating are important. VNbased coatings are known with combination of high hardness and toughness and the possibility to form a low
friction Magnéli phase, promoting low friction coefficient in sliding contact, and consequently these coatings
are of interest for sliding contact tribosystems. In this study, TiVN coatings are deposited using a new
electro-magnetic controlled cathodic-arc evaporation (CAE). An optical emission spectroscopy (OES) was
employed to identify the species present in the plasma during deposition. The deposited TiVN possessed
different microstructures, oxidation behavior and mechanical properties by controlling the different ion
energies. By optimizing the bias condition of the deposition, the deposited TiVN coatings are anticipated to
improve both the hardness and tribological performance. Influence of vanadium on the oxidation behavior
and tribological performance is studied. Field emission transmission electron microscope (FEG-HRTEM) is
used to investigate the microstructure of the deposited coatings. For the high temperature oxidation
experiment, the TiVN coated samples were annealed at high temperature (>500 deg.C) in oxygen
atmosphere. A ball-on-disc wear test was conducted to evaluate the tribological properties of the deposited
coatings. Surface element distribution and chemical bonding of wear tracks was measured by X-ray
photoelectron spectrometer (XPS). The optimized TiVN coating by CAE is expected to possess the selflubrication and wear resistance, and make the coating suitable for high speed tribological applications.

Introduction
Hard coatings reduce the tool temperature by reducing the friction between chip and rake face of a tool.
Additionally, low chemical reactivity of coatings with workpiece materials protects against welding and thus
reduces the adhesive wear. The result of all these effects shows that coated tools can operate at higher cutting
speed and higher feed rate. Thus hard coating expands the safe zone of cutting tools by minimizing the builtup edge (BUE) formation and crater wear. From the previous studies, they have shown that adding V to TiN
leads to an improvement in mechanical and tribological properties. The ternary TiVN coating is formed due
to the total miscibility of the Ti and V system, which creates a solid solution while preserving the crystalline
structure B1 of TiN. The addition of vanadium into TiN and TiAlN to form TiVN and TiAlVN provided
improved tribological performance in the increasingly severe working conditions, such as the high working
temperatures through the possible formation of lubricious surface oxides. The charge distribution is induced
in the crystal by the substitution of Ti with V atoms and by the effect of weaker V–N bonds. Ternary TiVN
exhibits hardness values comparable to those of TiN as well as enhanced ductile characteristics. In this study,
TiVN coatings are deposited using a new electro-magnetic controlled cathodic-arc evaporation (CAE)
system. An optical emission spectroscopy (OES) was employed to identify the species present in the plasma
during deposition. The deposited TiVN possessed different microstructures, oxidation behavior and
mechanical properties by controlling the different ion energies.

Experimental
The TiVN coatings were synthesized using cathodic-arc evaporation (CAE) system equipped with a new
electro-magnetic controlled assembly, as shown in Fig. 1. Pure Ti and TiV (40 at.% of Ti and 60 at.% of V)
alloy targets with diameter of 100.5 mm were used for the deposition. The samples were placed on a
movable sample holder, which was fixed perpendicular to the target kept at a distance of 170 mm, and the
rotation speed was 4 rpm. Before deposition, a combination of rotary and turbomolecular pumps were used
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to achieve a base pressure of ∼1 × 10−3 Pa in the vacuum chamber. Substrates were cleaned again by Ar ion
bombardment using a bias voltage of −800 V. The cathode current of the targets was 70~90 A to control the
deposition rate and composition of the coatings. For the deposition of TiVN coatings, Ti and TiN was
deposited as interlayers. The total N2 pressure was maintained at ~3 Pa, and applied bias voltage was −100
V~120 V. An optical emission spectroscopy (OES) was employed to identify the species present in the
plasma during deposition. The relationship between processing conditions and specific chemical reactions
led to film growth in plasma is identified by OES to simplify the optimization process of film properties.
Influence of vanadium on the oxidation behavior and tribological performance is studied. Field emission
transmission electron microscope (FEG-HRTEM) is used to investigate the microstructure of the deposited
coatings. The crystallography of TiVN coatings was characterized by X-ray diffraction (D8 Discover, Bruker
Inc.) using Cu Kα radiation (λ = 0.154 nm). It was performed at a low glancing incidence angle of 2°
allowing identifying the coating structure. The adhesion strength of the coated samples was evaluated using
the Rockwell C indentation test with an applied load of 150 kg according to the ISO 26443 standard. For the
high temperature oxidation experiment, the TiVN coated samples were annealed at high temperature (>500
o
C). A ball-on-disc wear test was conducted to evaluate the tribological properties of the deposited coatings.
Surface element distribution and chemical bonding of wear tracks was measured by X-ray photoelectron
spectrometer (XPS). The optimized TiVN coating by CAE is expected to possess the self-lubrication and
wear resistance, and make the coating suitable for high speed tribological applications.

Figure 1: A configuration of the CAE system and Coating design of TiVN.

Results & Discussion
It revealed columnar microstructure of the TiVN coatings. The columnar microstructure is typical for the
coatings deposited at low gas pressures and low temperatures compared to melting point. Columnar gains are
oriented in a way that the longer axes of the grains are parallel to the growth direction of the coating. All the
samples are composed of typical cubic B1-NaCl structures. The diffraction peaks of TiVN corresponded to
(111) (200), (220) and (311) planes. Ball-on-disc tribological tests were performed to evaluate the friction
and wear properties of the TiVN coatings with different bias voltages. Fig. 2(a) shows the relationship
between the coefficient of friction (COF) and the sliding distances under dry sliding conditions. All friction
curves exhibit running-in and steady state stages. During the running-in, the COF increase with increasing
sliding distance, as a result of the contact stress variations and the coated surface. The coatings showed
similar trends in the evolution of friction coefficient from the beginning until the initial rapid running-in
resulting in rapid increase in COF and then a steady-state wear regime. The highest average COF was
obtained for the uncoated sample with a value of ~0.8. V addition successfully reduced the wear rate and
friction coefficient of TiVN system. In this study, the tribolayer consisting mostly of vanadium oxides was
formed on the surface of TiVN coating, as shown in Fig. 2(b). Lower COF was obtained for the TiVN-50V,
TiVN-100V and TiVN-200V coating with a value of ~0.33~0.38.
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(a)

(b)
Figure 2: (a) Friction coefficient curves of the TiVN coatings. (b) V2p XPS spectra of the wear track of TiVN
coatings after the tribological test.

Conclusions
 In this study, TiVN coatings were synthesized by cathodic arc evaporation (CAE). Pure Ti and TiV alloy
cathodes were used for the deposition of TiVN coatings. By controlling the different bias voltage, the
deposited TiVN coatings possessed different mechanical properties and plasma characteristics.
 The result showed that monolayered TiVN-200V coating possessed the B1-NaCl structure and the fewest
microparticles. It possessed the highest hardness (25.8 GPa) and the best adhesion strength (class 0).
 The residual stress of TiVN coatings increased as bias voltage increased.
 The best tribological performance of TiVN coatings is TiVN-200V. It possessed low friction coefficient
(0.38) and the lowest wear rate (7.5×10-7 mm3/Nm).
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This work investigates the effect of post-annealing on the time-dependent-dielectric-breakdown (TDDB)
and electromigration (EM) reliability of Cu/low-k interconnects. Dense and porous low-k dielectrics without
or with SiCNH capping layers were compared. After post-annealing, TDDB lifetimes were reduced for dense
and porous low-k dielectrics. With the SiCNH capping layer, 400°C annealing did not degrade TDDB
lifetime by the suppression of Cu-induced breakdown. However, as the annealing temperature increased to
600°C, both dense and porous low-k dielectrics displayed a significant TDDB lifetime reduction. The SiCNH
capping layer is crucial for EM lifetime improvement by the reduction of Cu surface migration. With a
SiCNH capping layer, the post-annealing influencing EM lifetimes depends on the direction of the electron
flow. In the case of electron up-flow, EM lifetimes remained unchanged for both dense and porous low-k
dielectrics upon annealing at 400°C. While in the electron down-flow, EM lifetime was reduced by postannealing at 400°C, and was pronounced in the porous low-k dielectrics.
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A robust ultrathin barrier against Cu diffusion is needed for fabricating Cu interconnects associated with
porous low-k dielectrics. This study investigated the reliability of Cu film on a 2-nm-thick Mn2O3/nitrogenstuffed porous low-k dielectric. The formation of Mn2O3-xNy after stabilized annealing at 450oC/60 min
increase the effectiveness in preventing the diffusion of Cu through the Mn2O3 barrier. The Cu/Mn2O3-x(N)/pSiOCH(N) structure exhibited low leakage current after long-term reliability tests, depicting that their
applicability in Cu interconnects.

Introduction
Cu metallization system normally involves a sputtered Ta/TaN diffusion barrier and a porous carbon-doped
organosilica or SiO2 film as the intermetal dielectric layer. Many investigators have performed nitrogen,
oxygen or argon stuffing the diffusion paths of the metallic barriers to enhance the barrier’s effectiveness [1].
On the other hand, self-forming process of Cu alloys is an emerging Cu-barrier technology that eliminates
the use of conventional Ta/TaN barrier [2]. In particular, Mn oxide barriers with a thickness of < 2 nm selfformed from a Cu(Mn) film is highly effective in preventing Cu diffusion into SiO2 layers [3]. However,
little information is available on cutting-edge Cu/Mn oxide/p-SiOCH systems. The nanopores in p-SiOCH
offers a fast diffusion path for Cu penetration [4]. As stimulated by the aforementioned concepts, we go a
step further by using a forming gas to stuff the nanopores of p-SiOCH, in conjunction with an ultrathin Mn
oxide over-coating. The effectiveness of the various Mn-derived films in increasing reliability will be
evaluated.

Experimental
A 300 nm-thick p-SiOCH layer was deposited on a Si(100) substrate using carboxysilane and hydrocarbon
porogen by an Applied Materials plasma-enhanced chemical vapor deposition reactor. Nitrogen stuffing of the
p-SiOCH layers was then performed at 450oC for 3 min in a nitrogen ambient of 4 atmospheres; the samples
were denoted as p-SiOCH(N). After that, a Mn2O3 film with a thickness ranging from 1 to 4 nm was deposited
by sputtering under controlled Ar and O2 flow rates onto the p-SiOCH(N) films by a separate-biased sputtering,
followed by a 450oC for 15 min or 60 min stabilization annealing in an Ar/H2 (5%) ambient, forming Mn
oxynitride (abbreviated Mn2O3-xNy). (See [4c] for the details of the separate-biased sputtering and phase
identification.) Then, a 50-nm-thick Cu film was deposited on the substrate by thermal evaporation, followed by
isothermal annealing of the Cu/MnOx/p-SiOCH(N) stacked samples at 450°C for 30 min in an Ar/H2 (5%)
ambient. The reliability of the Cu/Mn2O3 [or Mn2O3-xNy]/p-SiOCH(N) stacked metallization samples were
evaluated.

Results & Discussion
Alternations of surface topographies of the p-SiOCH(N) films after coating of 1-, 2-, and 4-nm-thick Mn2O3
films were examined by atomic force microscopy. Fig. 1a shows the p-SiOCH(N) film has a surface
roughness (Ra) of 0.327 nm. Deposition of 1-nm-thick Mn2O3 increases the surface roughness to an Ra of
0.399 nm (Fig. 1b), possibly because the 1-nm-thick Mn2O3 is in the stage of nuclei coalescence into clusters
and does not form a continuous film. Thicker Mn2O3 film (2 nm) results in a smoother surface with a
significantly reduced Ra (0.227 nm; Fig. 1c). However, Ra slightly increases again to 0.280 nm for the
Mn2O3 with 4-nm thickness (Fig. 1d), probably because of the conformal deposition on the existing nuclei
roughing the surface topography. Evidently, the Mn2O3 (2 nm)/p-SiOCH(N) stacked layers have the
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smoothest surface, and thus, was used for further evaluations.

(b)

(a)

(d)

(c)

Figure 1: Surface morphology changes of the Mn2O3/p-SiOCH(N), in which the Mn2O3 has a thickness of (a)
0 nm, (b) 1 nm, (c) 2 nm, and (d) 4 nm.
In a time dependence dielectric breakdown (TDDB) test, a constant potential from 48 V to 55 V was
applied and the leakage current was monitored with stressing time to evaluate the long-term reliability of the
Cu/Mn2O3/p-SiOCH(N) films, as shown in Fig. 2. For the Cu/Mn2O3/p-SiOCH(N) that has been stabilizeannealed at 450oC/60 min, the leakage current significantly increases with stressing time. Abrupt increase in
the leakage current (breakdown) corresponds to the barrier fails to prevent Cu diffusion during stressing. As
shown, leakage current exhibited relative stable before the breakdown for the Cu/Mn2O3-xNy/p-SiOCH(N)
film that has been stabilize-annealed at 450oC/60 min. The results was then lead to the development of
effective ultrathin barrier for Cu metallization by stabilizing annealing the Mn 2O3/p-SiOCH(N) at 450oC for
60 min.
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Figure 2: TDDB tests of the post-annealed Cu/Mn2O3/p-SiOCH(N) at 450°C for 30 min with an applied
potential of 48 V, 50 V, and 55 V.

Conclusions
This study examined the dielectric properties of the p-SiOCH that has been nitrogen-treated and coated with
a Mn2O3 film as a barrier to prevent Cu from diffusion. The stabilized annealing of the Mn 2O3/p-SiOCH(N)
can further increase the reliability of Cu metallization due to the formation of Mn2O3-xNy.
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It is known that solvents account for one third of the cost in coating formulations and are extremely
important in order to deliver the active ingredient (pigment and binder) of the formulation. They are vital
in conferring the final aesthetic and functional properties of the coating [1]. Therefore, the selection of
the solvent mixture is a critical step in coating formulation design.
A generic solvent selection methodology for the model-based design of coating formulations is developed
in order to aid a formulation chemist to quickly arrive at a solvent mixture with the desired physicochemical and environmental, health and safety (EH&S) properties. Such a model-based methodology is
useful as it can reduce the search space for the solvent mixture. The applicability of this algorithm has
been tested via a case-study on solvent mixture design for an acrylic-based organic coating.

Introduction
Selection of the right ingredients including solvents and calculation of their amounts and composition in the
final formulation, is a critical step in coating product design. To perform this task efficiently, if the potential
of model-based computer-aided tools that can perform a fast screening of numerous candidates can be used,
then the amount of resources required for experimentation can be spared. However, the computer-aided
procedures cannot suffice by themselves. They are required to be supplemented with verification using
experimental procedures. Hence, the computer-aided stage is used only to speed-up the formulation design
process and serve as a guidance for a formulation chemist.

A Generic Model-based Methodology for Solvent Selection
A generic model-based methodology for solvent selection has been developed. The steps in the methodology
are shown in Figure 1. In this methodology, first the problem is formulated wherein the constraints on
solvent-related physico-chemical properties are set. A binary solvent mixture is then designed using a
database of solvents containing pure component properties, group-contribution property models and mixing
rules. The UNIFAC activity coefficient model is used to determine the miscibility of two solvents.
Next, the compatibility of the designed solvent mixture with the polymers is checked using the ‘Hansen
Solubility Sphere’ calculations. The Hansen Solubility Parameters of the polymer (δd,pol, δp,pol, δh,pol) can be
retrieved from polymer database and used to calculate the ratio of solvent – polymer distance in Hansen
space, Ra,pol to polymer radius of interaction, Ro,pol. This ratio is denoted by REDpol and is given by Eq. 1. A
REDpol value less than 1, indicates a good polymer-solvent solubility.

(1)
Similarly, the REDpig is given by Eq. 2. The REDpig value is required to be greater than 1 denoting that the
solvent mixture is a poor solvent for the pigment particles and hence will facilatate the dispersion of the
pigment particles.

(2)
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Figure 1: Model-based Solvent Selection Methodology
Additionally, the total HSP of the pigment must lie in between the total HSP of the polymer and the solvent
mixture, in order to yield a stable coating formulation [2]. Therefore, if all the conditions to test the
compatibility of the designed solvent mixture (from Step 2) with the polymer and the pigment are satisfied,
the solvent selection is deemed appropriate and the end of the methodology is reached.

Results and Discussions
It is desired to design a water-insoluble binary solvent mixture for an acrylic paint containing an organic
pigment. Three property databases have been compiled using handbooks and peer-reviewed articles [2-4].
The solvent database consists of 31 water insoluble solvents which can yield 465 binary solvent mixtures.
The acrylic polymer database contains the properties of two polymers namely polymethyl methacrylate
(PMMA) and polyethyl methacrylate (PEMA). The pigment database contains the HSP and the radius of
solubility, Ro,pig for six organic pigments.
The first step of the methodology is to formulate the problem. This is done as shown in Table 1.
Considering the constraints shown in the ‘Solvent’ section of Table 1, binary solvent mixtures are designed
using the ProCAPD tool [5]. 41 binary solvent mixtures satisfied the constraints on viscosity, molar volume
surface tension and the Gibbs energy of mixing. Additionally, only four out of the 41 designed binary solvent
mixtures also satisfied the constraints on the HSP.
Thereafter, the REDpol was evaluated using Eq.1. When using PMMA as the polymer only one solvent
mixture namely, ‘Acetic acid, butyl ester + butyrolactone’ yielded a REDpol value of less than 1. While, when
using PEMA as the polymer, the following four solvent mixtures gave a REDpol value of less than 1.
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Table 1: Problem Formulation
Target
Need
Properties
Solvent
Hansen
Solubility
Solubilize
1.
Parameters of
polymer
solvent, δd,pol,
δp,pol, δh,pol
Easily
2.
Viscosity, η
flowable
Molar
Good
Volume, Vm
3. spreadability
Surface
on surfaces
Tension, σ
Good
Gibbs Energy
4.
Stability
of Mixing
Solvent-Polymer Mixture
Solubility
Parameter
Solvent –
Distance,
1. Polymer
Ra,pol
Solubility
Radius of
Solubility,
Ro,pol

Constraints
δp,pol - 3 < δp,sol (MPa½) < δp,pol + 3
δd,pol - 3 < δd,sol (MPa½) < δd,pol + 3
δh,pol - 3 < δh,sol (MPa½) < δh,pol + 3
0.6 < η (cP) < 0.9
100 < Vm (l.kmol-1) < 130
26.5 < σ (mN.m-1) < 29.5
ΔGmix/RT < 0

The four identified solvent mixtures are,
i) Acetic acid, ethyl ester (1) + cyclohexanone (2), x1 = 0.72
ii) Acetic acid, hexyl ester (1) + dichloromethane (2), x1 = 0.52
iii) Dichloromethane (1) + Ethanol, 2-butoxy-, acetate (2), x1 = 0.67
iv) Acetic acid, butyl ester (1) + butyrolactone (2), x1 = 0.78
Further, the REDpig value using Eq.2. is also calculated. Considering that the total HSP of the pigment must
lie between the total HSP of the polymer and the solvent mixture, the suitable solvent - polymer mixtures for
three out of the six organic pigments in the database are found. The results are summarized in Table 2.
Table 2: Suitable Binary Solvent Mixtures and Polymer for three Organic Pigments
Sr.
Organic Pigment
Binary Solvent Mixture and Polymer
No.
1.

Palitol Gelb L1820 BASF

Solvent Mixture iv) and PMMA polymer

2.

Heliogen Blau 6930L BASF

Solvent Mixture i) or iii) and PEMA polymer

3.

Perm Lackrot LC Hoechst

Solvent Mixture iv) and PMMA polymer

Conclusion and Future Work
Therefore, a generic model-based methodology for the design and selection of solvents for coating
formulations has been developed. The methodology has been applied to select the solvent for an acrylic
coating. However, the methodology needs to be improved in order to account for the interactions in a
practical formulation. Besides, rigorous thermodynamic property models must be used to verify the final
properties. Also, the EH&S properties should be checked, in order to arrive at safe and sustainable coating
solutions.
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The effects of growth temperature on the microstructure, transport and optoelectronic properties of a series
of Al-doped ZnO (AZO) films with thickness of 20-30 nm deposited on polished silicon-(100) and glass
substrates by the atomic layer deposition (ALD) were investigated. Effective Al-doping was achieved by an
in-situ doping-growth scheme with the growth temperature ranging from 100 °C to 300 °C. Experimental
results showed that, in general, increasing the growth temperature would result in much improved film
crystallinity and carrier mobility, with the average transmittance in the visible wavelength range being
exceeding 95% in all cases. In particular, for AZO films grown at 300 °C, although the resistivity of 6 10-4
Ω-cm is still slightly higher than that of some highly-doped ZnO (  2410-4 Ω-cm) prepared by sputtering
method, an unprecedented mobility of 136 cm2V-1s-1, comparing to the typical values of 50-60 cm2V-1s-1
reported previously, was obtained. The secondary ion mass spectroscopy (SIMS) analyses revealed that
hydrogen incorporation is the key in reducing the charge trap density and, hence, resulting in much
enhanced carrier mobility. The present results promise a keen competitiveness of AZO with the indium tin
oxide (ITO) film for thin-film-transistor (TFT) as well as in photovoltaic device applications.

Introduction
Al-doped ZnO (AZO) stands out as one of the most commonly cited alternative materials for replacing ITO
because of its abundance, non-toxicity, and low cost. Atomic layer deposition (ALD) with low growth
temperature is more advantageous for depositing high-quality AZO thin film because of its viability of
controlling the film thickness and composition at the monolayer level, as well as the capability of obtaining
large-area uniformity and satisfactory reproducibility. Here, we report the electrical-optical properties of
AZO films obtained with a novel in-situ doping ALD method.

Experimental
The AZO films were grown on polished silicon-(100) and glass substrates by ALD method at temperatures
varying in the range of 100~300 °C. In each ALD cycle, 5 layers of Zn-O were deposited followed by adding
1 layer of Zn-Al-O, to serve as the in-situ doping layer for promoting the uniformity of Al-doping in the ZnO
matrix. All samples were obtained with a total of 30 ALD cycles. The total thickness of the films varies from
~ 20-30nm depending on the growth temperature.

Results and Discussion
Fig. 1 shows the representative cross-sectional high-resolution transmission electron microscopy (XHRTEM) images and cross-sectional height profile for the AZO films grown at 150°C and 300°C,
respectively. It can be seen that all films are essentially growing on a native SiO x
-thick.
Nevertheless, at the growth temperature of 300 °C, the SiOx layer appears to be much blurred, presumably
due to the enhanced inter-diffusion at elevated temperatures. Moreover, it is also evident from the Xnm) with no discernible crystalline structures. Fig. 2 (a) shows the resistivity and mobility as a function of
deposition temperature for the AZO films. The resistivity of the AZO films with thickness ranging from 2030 nm drops progressively from 410-2 to 610-4 cm as the growth temperature is increased from 100
to 300C. According to the Burstein-Moss effect, the bandgap energy should increase with the carrier density
at a rate of n2/3, where n is the carrier density. Since the carrier density due to Al-doping is insensitive to the
energy band gap, one can assume that in-situ doping has been effective even at very low deposition
temperatures and the changes in resistivity are mainly resulted from the microstructures. Fig. 2 (b) shows the
optical transmittance spectra taken in the wavelength range of 280-800 nm for AZO films grown at different
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temperatures show that all samples have a strong absorption in the UV region and high transmittances in the
visible region. The average transmittance in the wavelength range between 400-800 nm exceeds 95 %. The
seemingly scattered behaviors near the absorption edge of 360~370 nm for films deposited at various
temperatures are attributed to the interfacial roughness between the film and glass substrates and the
differences in the film microstructure.

Fig 1. High-resolution cross-sectional transmission electron microscope (HR-XTEM) images of the AZO
thin films grown at (a) 150 °C and (b) 300 °C.
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Fig 2. (a) The electrical properties of the AZO films grown at the various temperatures. (b) UV-Vis spectra
of the AZO films grown on glass.

Conclusions
A series of ultrathin Al-doped ZnO films were prepared at various growth temperatures by atomic layer
deposition with an in-situ doping deposition scheme. The film microstructure showed a progressive
transition from amorphous to equiaxed polycrystalline to (001)-oriented columnar structure as the growth
temperature was changed from 100
-Vis measurements revealed that all samples
are having above 95% transmittance, which are higher than that of most ITO films. More importantly, the
AZO film grown at 300 °C displayed an unprecedented high mobility of 136 cm2V-1s-1 and a resistivity of
-4
Ω-cm, which have significant implication for serving as the transparent conducting oxide in oxide
thin-film-transistors (TFTs) applications. In particular, the advantages of monolayer-control and high aspect
ratio unique to ALD process offer outstanding opportunities in overcoming the size effect expected for future
TFTs.
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Abstract
Direct carburizing which introduced hydrocarbon gas and carbon dioxide gas in atmospheric pressure can
reduce the source gas and energy in comparison with the gas carburizing using the endothermic gas
generator. However, it has been only slightly used in the surface heat treatment because it has some
problems, for example, the difficulty of atmosphere control and the prevention of soot generation. Soot is
generated from hydrocarbon gas. If soot deposition is occurred on the oxygen sensor, which controls the
carbon potential, the sensor can’t work correctly. Thus, the prevention of soot generation is important. The
author already presented that the hydrocarbon gas and nitrogen with water vapour were introduced directly
into carburizing furnace, the water vapour prevented the soot generation, the internal oxidation was
confirmed in this study, and carbon concentration after carburizing treatment was not affected with or
without water vapour. In this study, the several gas concentrations in the furnace were analysed and the
carbon potential was tried to control by atmosphere gases concentration. Carbon potential was able to
calculated by methane and another gases.

Introduction
Gas carburizing is an important heat treatment method as a steel surface hardening of automotive and
aerospace components. Carburizing produces a surface, which has good wear resistance with toughness of
the core [1]. Essentially, carburizing method is needed carbon addition on the surface of low carbon steels at
appropriate temperatures. The case depth of hardened-surface depends on the treatment time and carbon
concentration on the surface during the carburizing. The carburizing method with endothermic gas
carburizing (Endo.g. method) has steadied reproducibility in quality, cost and productivity, and it was used
widely in industry. However, by problem of global warming, carburizing technology should be made a
saving resource and energy [2]. The Endo.g. method consumes large quantity of energy and resource,
because it uses two furnaces, which are endothermic furnace and carburizing furnace. Recently, carburizing
method without endothermic furnace is attracted. It is called direct carburizing (D.C. method). This method
can be reduced energy and resource during carburizing because the endothermic furnace doesn’t use [3].
Nitrogen (N2) and hydrocarbon gases are directly introduced into the furnace during carburizing method.
One of problems in this method is soot deposition. If soot deposition is occurred on the sensor that controls
the carbon potential, the sensor can’t work correctly. The quality and repeatability in the treatment are lacked
by the problem of soot formation. In addition, the furnace need be burning out to remove soot. Thus, the
prevention of soot generation is important [4].
In this study, hydrocarbon gas (for example CH4, C3H8 or Natural gas ) and N2 gas with water vapour are
introduced directly into the furnace, and steel is carburized. The effects of water vapour were investigated in
process parameters with the introduction amount of water vapour. The carbon concentration and the gas
composition inside the furnace are studied. Also how to calculate the carbon potential from the gas
composition of the atmosphere in the furnace was constructed.

Experimental
The specimen of JIS SCr420 was used which have cylindrical shape of the dimensions 15x2 mm. Figure 1
is a schematic diagram of experimental equipment used in this study. The N2-H2O mixture was produced by
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bubbling N2 in water bath held at fixed temperature. The retort type furnace, which was heated the resistance
heating elements, was used for heat treatment. N2 and hydrocarbon gas were introduced. Mass flow
controllers controlled the each flow rate of gases. N2 gas was introduced inside the furnace, N2 or N2-H2O
gas as carrier gas and hydrocarbon gas as carburizing gas are introduced directly into the furnace. In
addition, N2-H2O was inserted for the prevention of soot depositions. Firstly, N2 was introduced to the
furnace so as to replace the atmosphere. After that, hydrocarbon gas and N 2 or N2-H2O were introduced
there. The specimen could not be cooled rapidly from an elevated temperature for the structure of furnace.
Thus hardness test is not tried. The furnace atmosphere was analyzed using a gas chromatograph. The
surface C is checked after carburizing by the electron probe X-ray microanalysis.

Figure 1: Schematic diagram of carburizing furnace, humidification and atmosphere analysing systems

Results & Discussion
1)Using a methane for carburizing gas
1.1) Effect of CH4 concentration on carbon potential
It was considered to carbon potential measurement using the methane for carburizing gas. In using the
methane, the carburization is performed by the following reaction.(1)
CH4 → C + 2H2

(1)

Equilibrium constant of equation (1) is calculated from the following equation.
𝐾𝑝 =

𝑎𝑐 ∙ 𝑃[𝐻22]
𝑃[𝐶𝐻4 ]

(2)

KP : Equilibrium constant of equation (1)
ac : Activity of carbon
𝑃[𝐻2 ] : Partial pressure of hydrogen
𝑃[𝐶𝐻4 ] : Partial pressure of methane (Retained methane in the furnace)
Equilibrium constant is calculated from the following equation.
𝐾𝑝 = 𝑒

−∆𝐺
𝑅𝑇

(3)

R : Gas constant
T : Absolute temperature
G : Gibbs free energy
From equation (1)
𝑎𝑐 = 𝐾𝑝 ∙

𝑃[𝐶𝐻4 ]

(4)

𝑃[𝐻2 ]2

Activity of carbon in carburizing reaction is calculated from the following equation.
𝑎𝑐 =

𝐶𝑠
𝐶𝐴𝑐𝑚

(5)
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Cs
CAcm

: Surface carbon concentration
: Carbon concentration of Acm line of Fe-C phase diagram

The following equation is derived with equation and (4) and (5).
𝐶𝑠 = 𝐶𝐴𝑐𝑚 ∙ 𝐾𝑝 ∙

𝑃[𝐶𝐻4 ]

(6)

𝑃[𝐻22]

The H2 is mainly generated by the thermal decomposition reaction of CH4. CH4 and water react by the steam
methane reforming. The cracked CH4 moles can be calculated from the difference between the introduction
moles of methane (VCH4in) and the residual moles of methane (VCH4out). The generated moles of H2 is two
times of the cracked CH4. H2 is also generated by steam methane reforming, so this amount must be also
considered. The dew point of the furnace atmosphere, the dry N2 and the moist N2 with water vapor were
analyzed. Table 1 shows the dew point of each gas. Most of the water is consumed by steam methane
reforming, and the volume fraction of water vapor in the furnace is about 0.01 vol%. So, the effect of water
vapor concentration is negligible for calculating the methane concentration and hydrogen concentration.
Table 1: Dew point of the furnace atmosphere, the dry N2 and the moist N2 with water vapor.

dry N2
wet N2
Furnace atmosphere

Dew Point (oC)
-48.9
15.5
-48.6

Water concentration (g/m3)
0.03
12.9
0.03

Carbon potential is calculated using equation (6) from using CH4 concentration, which was measured by
infrared analyzer, and the H2 concentration, which was calculated from the difference between VCH4in and
VCH4out. Each constant and variable was using the following values, T:1203.15 K, G:-42190.0 J mol-1,
R:8.3145 J K-1 mol-1, KP : 67.87005, Atmosphere pressure : 101325 Pa
In the equation (6), the carbon potential is surface carbon concentration. Figure 2 shows the relation ship
between the carbon potential, which is estimated by carbon concentration of carburized specimen, and the
carbon potential which is calculated using equation (6) with several methane concentration.

Figure 2: Relation ship between the carbon potential, which is estimated by carbon concentration of
specimen, and the carbon potential, which is calculated using equation (6) with several methane
concentration.
The carbon potential, which is estimated by carbon concentration of carburized specimen and the carbon
potential, which is calculated using equation (6) shows almost equal, the calculation method of the carbon
potential is reasonable.
1.2 )Effect of total gas flow on carbon potential
Methane takes time to decompose in the furnace. Therefore, the methane flow rate per unit time increases,
the retained methane concentration in the furnace is increased. The effect of total gas flow on the carbon
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potential was investigated. Table 2 shows the relation ship between the carbon potential, which is estimated
by carbon concentration of carburized specimen, and the carbon potential which is calculated using equation
(6) with several total gas flow.
Table2: Relation ship between the carbon potential, which is estimated by carbon concentration of
carburized specimen, and the carbon potential which is calculated using equation (6) with several total gas
flow (Temperature: 930 oC, Treating time: 120 min, Natural gas volume fraction: 10.0 %)

Total gas flow
2.0 L/min
3.0 L/min
4.0 L/min

Carbon potential calculated
by equation (6) (mass%)
0.54
0.87
1.11

Surface carbon
concentration (mass%)
0.63
0.81
1.04

2)Using a natural gas for carburizing gas
2.1) Effect of natural gas concentration on carbon potential
Natural gas includes methane, ethane, propane and butane. Estimation of H2 concentration by residual
hydrocarbon concentration becomes difficult, because each gas thermal decomposed reaction is complicate.
However each gases crack to methane, therefore H2 concentration can be estimate the residual methane.
Actually both H2 concentrations which is measured the atmosphere in the furnace by gas chromatography
and calculated by residual methane is nearly equal. Relation ship between the carbon potential, which is
estimated by carbon concentration of carburized specimen, and the carbon potential, which is calculated
using equation (6) by residual methane with several natural gas concentration is investigate. Table 3 show
these results. Each value is almost equal.
Table 3: Relation ship between the carbon potential, which is estimated by carbon concentration of
carburized specimen, and the carbon potential, which is calculated using equation (6) by residual methane
with several natural gas concentration is investigate (Temperature: 930 oC, Treating time: 120 min, Total
gas flow: 4.0 L/min).

Natural gas volume %
5.0
7.5
10.0

Carbon potential calculated
by equation (6) (mass%)
0.41
0.66
1.11

Surface carbon
concentration (mass%)
0.40
0.55
1.04

Conclusion
In this study, the endothermic gas was not used, the hydrocarbon gas and wet nitrogen were introduced
directly in carburizing furnace, and the following results were obtained.
The carbon potential, which is estimated by carbon concentration of carburized specimen and the carbon
potential, which is calculated by equation using equilibrium constant and activity of carbon, shows almost
equal, the calculation method of the carbon potential is reasonable.
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[P15]-Analyzes of acid washing effects on the quality of coating products
specially in the field of long term tests
H. Rahmani*, S. Jannati
Mahshahr Pipe Protection Company
h.rahmani74@gmail.com*

The process of coating includes different steps and the necessity of every step will be effective on the quality
of final product, one of the main steps which has been mentioned in the different respective Standards is Acid
Washing step. In some points experts believe that the impact of Acid Washing on the quality of coating is due
to removing dust of the steel by the Phosphoric Acid, whereas the existence of phosphor on the combination
of acid would may have another result. In this article we want to clarify and compare the quality of coating
specially in the field of long term tests by concentrating on the shown results which has been tested in both
condition with using Acid washing and not.Also we will explain the main feature of Acid on the substrates.
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[P17]-FBE coating and affecting factors on the adhesion
M.Shahabi*, R. Eskandari.
*midia.sh93@gmail.com

One of the most important factors in the effectiveness of anti-corrosion coatings is the adhesion between the
coating and substrate. In this paper, we have reviewed the types of adhesion mechanism for FBE coating and
the effect of surface preparation factors on the final adhesion result. We have also analyzed the coating
application and curing conditions to achieve the best coating adhesion.
For this purpose, the dry adhesion X-Cut, pull off adhesion and hot water adhesion test has implemented
onto:
1- Single-layer FBE (Normal temperature coating with an anti-corrosion as stand-alone)
2- Dual layer FBE coating (normal temperature coating with an anti-corrosion as primer and a gouge
resistance top layer)
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[P19]-Electrical and optical properties of CrSiN thin films deposited by
reactive magnetron sputtering
T.-K. Tsai*, H.-C. Chang‡, C.-H.Tsai‡, Y.-T. Ye‡
*: Department of Materials Science and Engineering, National Formosa University
64, Wun Hua Rd., Huwei, Yunlin, Taiwan, 632
e-mail: dktsai@nfu.edu.tw
‡: Department of Materials Science and Engineering, National Formosa University

The incorporation of Si into transition metal nitrides leads to the formation of nanocomposite MSN
coatings (M=Ti, Cr, W, etc.), in which MN nanocrystallites are surrounded by amorphous phases [1-3]. By
controlling the ratio of the nanocrystalline and amorphous phases, the microstructure and properties of the
nanocomposite coatings can be tailored. In this work, the effect of Si concentration on the electrical and
optical properties and thermal stability of CrSiN films was investigated. CrSiN films with 0, 5 and 15 at.﹪ Si
contents were deposited by reactive magnetron sputtering using the co-deposition of Cr and Si targets in
Ar+N2 atmospheres. XRD analysis of the films indicates a grain refinement with increase in Si content
during deposition of films, as shown in Fig. 1. Hall effect measurement reveals that introduction Si content
in the CrSiN film decreases the carrier concentration decreases from 1.94ⅹ1022 to 1.46ⅹ1017 cm-3 and
increases the resistivity from 2.2ⅹ10-6 to 5.4 Ω-cm. According to the formula (αhν)r = B(hν-Egopt) [4], the
optical energy gap can be obtained by measuring the absorptance (α). Figure 2 shows the optical energy
gaps of CrSiN films with different Si contents. The optical energy gap of CrSiN film increases from 1.99 to
2.73 eV as increasing Si concentration from 0 to 15 at.﹪. Comoared to CrN film, less amount of Cr2O3 was
presented in CrSiN films after annealing at 600 ℃ in air, indicating that adding Si in CrN film can improve
its thermal stability.
Keywords: CrSiN, transition metal nitride, optical energy gap, thermal stability

Fig.1 XRD patterns of CrSiN films
with different Si contents.

Fig.2 Optical energy gaps of CrSiN
films with different Si contents.
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[P21]-Theoretical analysis and application of PANI used to preparation
of extremely high performance protective coatings
J. Wang*a, b, c, S. Song‡ a, b, c.
*: a. Chemical Engineering Research Center, School of Chemical Engineering and Technology,
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As an important additive to prepare protective coatings, polyaniline (PANI) has been intensively investigated
for more than 30 years. Here, the size and shape effect of PANI on their protective coating’s performance
are theoretical analyzed. The theoretical analytical result indicates that the no defective PANI nanosheet
should be the most effective additive. The thinner the PANI nanosheets are, the higher that protective coating
do. And then the extremely high performance protective coatings containing PANI nanosheets were prepared
and characterized by immersion test. The protective engineering applied in a second-colling-chember of
steel plant demonstrates that the mentioned coating has extremely high performance. The investigation
results are very helpful for design and preparation of additives used to formulation of protective coatings. In
order to make PANI nanosheets have high contact area with basic metals, PANI nanosheets encapsulated
magnets should be suitable to preparation of protective coatings.

Introduction
Corrosion of metals may cause enormous economic losses and disaster accidents, which threatens the safety
of humans. Organic coatings should be the most suitable choice and were widely used to protect metals
against corrosion under harsh environmental conditions. To achieve their versatile functions that can be
applied under wide range of conditions, various functional additives, resins and curing agents were designed
and applied. Epoxy resins are the most used coatings attributed to their advantages on excellent scratch
hardness, good adhesion properties, etc. However, these coatings might cannot meet the requirements under
harsh environmental conditions, especially for a long term service life. This may be ascribed to the
impossibility to form a pin hole free protective film over the metals, which protect metals from corrosion
completely. So, formation of dense uniform passivation film to protect themselves from corrosion under the
condition of reaction of passivation agents with metals is important thing. Because of its passivation, barrier,
shift of electrochemical interface, corrosion inhibitors and bipolar characters, PANI, as an effect additive,
has been widely investigated for more 30 years1-4. Coatings incorporated with PANI displayed high
protective performance for metals5,6. Here, we will present the effect of PANI nanosheets on the performance
of protective coatings.

Experimental
Preparation of PANI nanosheets
A procedure for the synthesis exclusive PANI nanosheets is described as follows: aniline was dissolved in
5.0mL ethanol solution containing 0.1M p-toluene sulphonic acid.To this solution, another 5.0mL ethanol
containing 0.121 g benzoyl peroxide was added rapidly under stirring condition. The mixture was left
undisturbed at room temperature for the growth of PANI nanosheets. The precipitated PANI nanosheets was
filtered by a filter membrane with pore size of 0.22μm, and washed with ethanol to remove the byproducts.
The sample was dried under vacuum condition at room temperature and their SEM, TEM picture are
presented in figure 1.
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Figure 1. The SEM and TEM picture of PANI nanosheets.
Preparation of epoxy coatings containing PANI nanosheets
Epoxy blend was prepared by adding epoxy to ethyl acetate. Cardanol-based phenalkamine was first added
to absolute alcohol to form a solution. Then, PANI nanosheets were well dispersed in amine solution by
ultrasonic dispersion. Epoxy blend was mixed with amine solution to prepare epoxy coatings containing
different amount of PANI nanosheets. Coatings were brushed onto the finely polished mild steel plates and
cured at 30oC for one week. The thickness of all coatings was 115 ± 10 μm.
Evaluation of the protective performance of the coatings
The effect of PANI nanosheets on protective performance of epoxy coatings was characterized by immersion
test in 12 wt% NaCl solution at 95 oC under aerated condition. At different immersion time, electrochemical
impedance spectroscopy (EIS) was conducted on an electrochemical workstation (Gamry Interface 1000,
USA) at room temperature over the frequency range of 105-10-2 Hz. The three-electrode electrochemical
configuration was used with 12 wt% NaCl solution as electrolyte. Graphite electrode, saturated calomel
electrode and the coated sample with an exposure area of about 1.00 cm2 were used as the counter electrode,
the reference electrode and the working electrode, respectively.

Results & Discussion
Theoretical analysis the effect of particle size on passivation film formation
As it is well known that, corrosion media can arrive at metallic substrate by diffusion process through pin
holes, dissolve process or adsorption process. So, it is impossible to protect metals from corrosion
completely. In order to improve the protective performance, passivation agents usually added into the
coating formulation, which ascribed to formation of a uniform dense passivation layer protect themselves.
Here, first we presume that passivation agents have the same density with other components and 1.0 percent
passivation agents are added in the coating formulation. Also in order to consider the problem simply, we
presume that all passivation agents are in cube morphology, the length of cube is the same as that of coating
thickness, and they all contact with metallic substrate with one side. The other presumes is the spread rate of
the passivation dense layer is all the same and is from the contact point of passivation agent with metals.
Under above mentioned condition, the coverage of passivation agents over the metal can be present as figure
2a. When we cut the passivation agent at its original thickness of 1/10, the coverage of passivation agents
over the metal can be present as figure 2b. Further more when we cut the passivation agent at its original
thickness of 1/100, the coverage of passivation agents over the metal can be present as figure 2c. As shown
in figure 2, the coverage percentage of passivation agent over metallic substrate is get higher with particle
size get smaller. So, the formation time of a uniform dense passivation layer under the condition of small
size passivation agent particle will much less than that of huge size passivation agent particle. From above
analysis, it is concluded that the protective coating containing small size passivation agents will have higher
protective performance than that of huge ones. So, small size passivation particles shoud be used to prepare
protective coatings. The most effective passivation agents should be at the form of molecular form.
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Figure 2. The coverage percentage scheme of passivation agent varied with their particle size (form left to
right a, b, c respectively).
In fact, conditions just as above described can not be realized. The morphology of passivation agent might be
sphere, wire, sheet, and other morphologies (for example diamond). Passivation agent particles may contact
with metallic substrate by as point, wire of surface. Also, many particles can not contact with metallic
substrate (they dispersed in the coatings), especially with particle size is very small. The contact form of
passivation agent with metallic substrate may be varied according to their shape, which is summarized in
table 1.
Table 1: The contact form of passivation agent with metallic substances
Shapes of passivation Piont contact
Line contact
Surface contact
agent
Sphere
√
Wire
√
√
Sheet
√
√
√
Tetrahedron
√
√
√
Octahedron
√
√
√
Others
May be varied
Protective performance of coatings containing PANI nanosheets
Corrosion process of the metals is a typical electrochemical process, it is appropriate to evaluate the
protective performance of organic coatings by electrochemical technique. EIS technique is one of the most
popular methods to study of coatings. In particular, the impedance modulus (expressed as |Z|) at low
frequency (0.01Hz) can be used to reflect directly protective performance of coatings. Bode plots of 27
samples at different immersion period were shown in Figure 3 (left), and the picture presented in figure 3
(right) is the samples which are immersed in 12 wt% NaCl solution at 95 oC under aerated condition for 74day. It is found that the impedance of coatings containing PANI nanosheets is very high and very stable.
12

0(5) days
2(10) days
4(15) days
6(18) days
16(28) days
39(53) days
60(75) days

Resistance Log(Ohm)

11
10
9
8
7
6
5
4
-2

-1

0

1

2

3

4

5

Frequency Log(Hz)

Figure 3. The bode plots (left) of coatings containing PANI nanosheets after being immersed in12 wt% NaCl
solution at 95 oC under aerated condition, and the picture of coatings after being immersed for 74-day.

178

Engineering application of the coatings
The coating was applied in an engineering. The equipment of the engineering was under the condition of
temperature is higher than 85 oC, relative humidity is 100%, salt maybe as high as saturation, and the
equipment usually stopped once a week for investigation. Picture appeared in figure 4A is the erosion state
of a H-type steel with 10mm thickness. The erosion rate is 60-fold higher than that of C5 appeared in
ISO9223-2012, also 17-fold higher than that of CX appeared in ISO9223-2012. Figure 4B presented the state
of coating after 10-month application, which indicates that the steel structure was covered by salt and has no
obvious corrosion. The engineering application of the coating demonstrate that the coating has the
extraordinary high protective performance.

Figure 4. The erosion state of H-type steel with 10 mm thickness in one year and the coatings after 10-month
application.

Conclusions
Theoretical analysis demonstrate that PANI with nanosheet morphology can passivize basic metals
effectively which significantly improve the performance of protective coatings. The laboratory experiments
and protective engineering also demonstrate that the coatings containing PANI nanosheets have very high
protective performance. In order to make PANI nanosheets have high contact area with basic metals, which
is helpful formation of dense uniform passivation layer, PANI nanosheets encapsulated magnets should be
prepared and used in preparation protective coatings
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[P2]-Preparation of polymer coated porous membranes for oil-water
separation
C.-J. Chang*, Y.-J. Chen, H.-T. Weng, P.-Y. Chao
*: Department of Chemical Engineering, Feng Chia University, 100, Wenhwa Road, Seatwen, Taichung 40724,
Taiwan, ROC
* e-mail: changcj@fcu.edu.tw (Chi-Jung Chang),

The surface of porous substrate including stainless steel mesh and rayon cloth was modified with hydrophilic
epoxy layers by coating the aqueous solution containing polyethylenimine (PEI) and poly(ethylene glycol)
diglycidyl ether (PEGDE) and then being baked for solvent removal and thermal curing reaction. The
surface chemistry and surface morphology of the epoxy coated porous membranes were investigated by
static water contact angle test, underwater oil contact angle test, XPS spectra, and field emission scanning
electron microscope. The effects of surface chemistry and surface morphology of the epoxy coated porous
membranes on the separation rate and separation efficiency will be investigated.

Introduction
Large amounts of oily wastewater are produced from the petrochemical, food, metallurgical and chemical
industries everyday. Besides, the fast growths in world population results in urgent need for the supply of
clean water. Therefore, developing the technology to treat the oily wastewater becomes more and more
important. Effective oil-water separation can decrease the threat of oily wastewater and facilitate the reuse of
water. Membranes are good candidates for the large-scale and continuous oil-water separation process. [1-3]
The preferred substrates for oil-water separation are metal meshes, fabrics, sponges, and foams. [4-7] The
surface wetting property of the membrane depends on its surface energy (surface chemistry) and surface
geometrical structure [8]. The substrates were modified to enhance the performance for their oil-water
separation test. Gohari et al. [9] studied the influence of adding hydrous manganese dioxide nanoparticles
into the polyethersulfone membrane matrix. Hydrophilic hydrous manganese dioxide can improve not only
the surface hydrophilicity but also anti-fouling resistance against oil. Vatanpour et al. [10] investigated the
performance of titanium dioxide nanoparticles decorated multiwalled carbon nanotubes with
polyethersulfone membranes for the treatment of oily wastewater. Ahmad et al. [11] prepared the SiO 2
nanoparticles modified PSf mixed matrix membrane with functionalized to improve the PSf hydrophobicity.
Mixed matrix membranes have demonstrated better impact in oily wastewater treatment.
The goal of the study is the preparation of a mechanically stable porous filter membrane for efficient
oil-water separation. The hydrophilic PEI-PEGDE based epoxy was coated on stainless steel wire-mesh and
rayon cloth. The modified membranes was stacked as the filter for the oil-water separation tests.

Experimental
Materials
Poly(ethylene glycol)diglycidyl ether (MW:526 g/mol) was supplied by Aldrich. Polyethylenimine
(MW:1200 g/mol) was purchased from Alfa-Aesar.
Coating of polymer on porous substrates
PEI and PEGDE were dissolved in water at different mole ratios. The porous substrate was immersed in the
above-mentioned solution for 30 minutes. The hydrophilic PEI-PEGDE based epoxy coated gauze was
heated at 120 °C for for 60 min to carry out the thermal curing reaction. The polymer coated porous filter are
obtained. The thermal curing reaction is shown in Figure 1.
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Figure 1. The thermal curing reaction of PEI and PEGDE for the fabrication of hydrophilic epoxy coatong.
Characterization of porous filter membrane
Surface morphologies and elemental analysis for the PEI-PEGDE based epoxy coated porous filter
membrane were monitored with a field emission scanning electron microscope and Energy Dispersive
Spectrometer (FESEM, HITACH S-4800 FE-SEM). The surface chemistry of the porous filter membrane
was investigated by XPS (ULVAC-PHI, PHI 5000 Versa Probe). The surface wettability of the polymer
coated gauze was monitored by the contact angle (CA) measurements using a contact angle meter (CAM100, Creating-Nanotech Co.). For the underwater oil contact angle test, the edible oil droplet is injected on an
inverted sample surface which is fixed on a support plate and immersed in a transparent water reservoir
(Fig.3a).

Oil water separation by porous filter membrane
The hydrophilic epoxy coated porous filter membrane was placed between two glass fixtures by a clamp and
O-ring seals. A mixture of 8 mL water and 2 mL dyed edible oil was poured down the column. Water can
flow through the filter membrane under the gravity force.
Water recovery tests
A clean glass beaker was placed on a balance. The oil-water separation unit was placed above the beaker.
The water-oil mixture was poured into the separation. The permeated liquid can be collected by the beaker.
The total weight change of the collected liquid was recorded for 40 min.

Results & Discussion
Without applying the hydrophilic epoxy coating on the surface, water cannot permeate through the pristine
stainless steel wire-mesh. The surface of pristine stainless steel wire-mesh is hydrophobic. As shown in Fig.
2a, the water contact angle is about 131o. Afetr being modified by coating the PEI-PEGDE based epoxy on
the surface, it becomes hydrophilic. As shown in Fig. 2b, the water droplet can permeate through the filter
membrane under the gravity force.

Figure 2. The optical image of a water droplet (a) on pristine stainless steel wire-mesh (b) sits on
hydrophilic PEI-PEGDE based epoxy coated porous filter membrane.
The underwater oil contact angle is an important property for oil-water separation. It should be monitored to
predict the separation property of the filter membrane. Figure 3a presents the experimental setup used for the
underwater oil contact angle measurements. After polymer coating, the underwater oleophobicity reaches
141o (Fig.3b). It is proved to be an underwater oleophobic surface.
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Figure 3. (a) Experimental setup for underwater oil contact angle measurements and (b) optical image of an
underwater edible oil droplet on inverted hydrophilic epoxy coated porous filter membrane.
There is phase separation for oil and water mixture. Because of the lower density of oil, an upper oil layer
and bottom water layer were observed. Without applying the hydrophilic epoxy coating on the surface, water
cannot permeate through the filter membrane under the gravity force. The oil phase also stay at the top
because water locates between the oil layer and the filter membrane. The results changes when the
hydrophilic epoxy coated porous filter membrane was used for the separation test. Figure 4 presents the timesequence images of separating layered edible oil-water mixture using hydrophilic epoxy coated porous filter
membrane. The hydrophilic epoxy coated porous filter membrane was placed between two glass fixtures by
a clamp and O-ring seals. An oil-water mixture l was poured down the column. Water can flow through the
filter membrane under the gravity force. After all the water layer passed through the membrane, the oil layer
was stopped by the filter membrane (as shown by the magnified image). No dyed red edible oil passed
through the membrane. The hydrophilic PEI-PEGDE based epoxy coated porous membranes can act as
effective filters for the oil-water separation application.

Figure 4. Time-sequence images of separating layered edible oil (dyed red)-water mixture using hydrophilic
PEI-PEGDE based epoxy coated porous filter membrane.

Conclusions
The surface of porous substrate including stainless steel mesh and rayon cloth was modified with hydrophilic
PEI-PEGDE based epoxy layers. Synergistic superhydrophilic-underwater superoleophobic surfaces were
obtained. The surface chemistry and surface morphology of the epoxy coated porous membranes can be
modified by changing the chemical compositions of the epoxy coating layer and tuning the coating
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conditions. The rate of oil-water separation operation (flow rate per unit filter area) can be measured for
different filters. The effects of surface chemistry and surface morphology of the epoxy coated porous
membranes on the separation rate and separation efficiency can be investigated to find the optimized coating.
The hydrophilic PEI-PEGDE based epoxy coated porous membranes can act as effective filters for the oilwater separation operation.
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Vacuum-based deposition is the leading-edge technology to fabricate thin films of ‘self-forming’
solidsolution Cu-alloy layers with alloying elements of ≥ 1 wt% and a final resistivity value of ≥ 2.5
µΩ -cm. In this study, an all-wet electroless-plating process is proposed as an alternative to vacuumbased methods, which fabricates Cu nanowires with a uniform distribution of dilute (0.1 %) MnO. It is
observed that annealing causes concurrent segregations of the incorporated MnO (a) as a ring
encapsulating Cu grains and (b) as dispersed nanocrystallites dispersed along dielectric/Cu
interfaces. While the amount of MnO is negligible, the impact of the two-way segregation is immense,
leading to ‘self-stuffing’ of a Cu film matrix, ultimately exhibiting significantly enhanced thermal
stability (retarding Cu diffusion).

Introduction
In a conventional Damascene metallization process, Cu is deposited by electroplating, and Ta/TaN barrier
and Cu seed layers are filled by advanced sputtering process [1]. A self-forming Cu-alloy thin-film process
greatly simplifies the Cu-metallization structure due to the elimination of Ta/TaN barrier layers [2]. The vast
majority of works use vacuum-based methods to fabricate thin films of solid-solution Cu alloys, highlighting
high contents of alloying elements (> 1 at%) [3–5]. As it is difficult to drive the alloying elements
completely out of a Cu matrix, the films after annealing have a high resistivity of typically > 2.5 µΩ-cm.
Electroless plating is advantageous over the conventional vacuum-based methods in the fabrication of
selfforming Cu-alloy nanowires, as it can be integrated into the Cu-Damascene process in an all-wet manner.
Here, electroless plating is proposed to fabricate Cu thin films with dilute MnO inclusions, showing a
distinct two-way segregation behavior, which leads to strengthen of the depositd Cu film matrix against
thermal diffusion.

Experimental
A 600 nm-thick SiO2 layer was deposited on Si wafers by thermal oxidation. An all-wet activation process
was used to seed the surface of a sample for electroless plating of Cu-Mn or Cu [6]. Briefly, the sample
surface was silanized with an NH2-terminated monolayer (APTMS-SAM), and a basic aqueous solution was
used to treat the APTMS-SAM, yielding seed-adsorbing Si-O– groups. A NaBH4 aqueous solution was used
to reduce the adsorbed cations (e.g., Ni2+) into 2-nm-sized metallic particles, subsequently serving as a
catalyst to trigger the deposition of Cu-Mn (or Cu) films. The thickness of all the films was 60 nm.
The deposition of Cu films was performed by soaking the seeded dielectric samples in a CuSO 4-HCHO
solution. Adequately adding MnSO4 to this Cu-plating solution resulted in the deposition of Cu-MnO
composite films with 0.1 % Mn(O), as procured by inductively coupled plasma atomic emission
spectroscopy (OPTIMA 2000DV, PerkinElmer). Top-view sacnning electron microscopical imaging, along
with secondary ion mass spectrometry (SIMS), was used to evaluate the annealing-induced alternations of
microstructures and degree of Cu diffusion of the deposited Cu-MnO films, using Cu films as reference
samples.
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Results & Discussion
The top-view SEM micrograph in Fig. 1a indicates that the average grain size of the pristine Cu films was
approximately 60 nm. After 450 °C/30 min of annealing, the films were still continuous, and the grains had
grown considerably to an average size of 300 nm (Fig. 1b). The set of top-view (Fig. 1c) and cross-sectional
(Fig. 1d) SEM micrographs reveals the agglomeration of the Cu films after 450 °C/30 min annealing, which
lead to the exposure of the SiO2 underlying substrates.
By contrast, the grain structure of an as-deposited Cu-MnO film is not clearly identified (Fig. 2a).
Subsequently after 450 °C/30 min annealing, crystallinity of the film was improved. A 500 °C/30 min
annealing caused grain growth of the film to sizes of typically 100 150 nm (Fig. 2b). The annealed film was
still continuous, free of agglomeration, and absent of any defect or pinhole.
We are currently using depth-profile SIMS to analyze the aforementioned sample films which would allow
for the identification of the whereabout of the Cu induced by thermal annealing. Preliminary results show
that annealing causes concurrent segregations of the incorporated MnO (a) as a ring encapsulating Cu grains
and (b) as dispersed nanocrystallites dispersed along dielectric/Cu interfaces. The interplay between the
segregation and strengthening of the deposited films is under investigation.
(a)

(b)

(c)

(d)

300 nm
Fig 1. Top-view SEM micrographs showing grain structure of the pristine Cu films (a) and the behaviors of
annealing-induced grain growth (b; 450 °C/30 min) and Cu agglomeration (c; 500 °C/30 min); the spatial
structure of the islands in (c) was related to the cross-sectional SEM micrograph, (d).

(a)

(b)

300 nm
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Fig. 2. Top-view SEM images of the Cu-MnO films before (a) and after 500 °C/30 min annealing (b).

Conclusions
We propose an all-wet seeding/electroless-plating process to deposit dilute Cu-MnO composite films. The
added MnO acts effectively as a barrier against high-temperature diffusion of Cu into the underlying
substrate; it also performs as an adhesion promoter in order to prevent the Cu films from agglomeration
during the annealing process. We are currently using SIMS and transmission electron microscopy to
investigate the segregation behavior of the Cu-MnO films.
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This presentation discusses the development of novel biobased functional polyurethanes via less hazardous
and isocyanate-free route and their potential applications in various industry sectors such as consumer and
personal care. The non-isocyanate polyurethanes (NIPUs) were prepared from polyaddition reaction
between bis(cyclic carbonate)s and diamines. The presence of primary and secondary hydroxyl groups on
NIPUs results in their distinctive properties as compared to convntional polyurethanes (PUs), such as
solubility and dispersibility, and mechanical property. Various strategies were utilized to give NIPUs with
versatile chemical structures in effort to obtain desired properties. In this work, we highlight our efforts on
developing functional NIPUs especially utilizing bio-derived diamines and bis-cyclic carbonates and their
potential applications in coatings.[1] Bio-based NIPU smart coating with self-/thermo-healing property is
demonstrated.

Introduction
PUs are one of the most versatile polymers having a wide range of applications such as furniture, packaging,
coatings, electronic appliances, and footwear. Global market for PUs coatings is currently valued at USD
30.2 billon with cumulative annual growth rate of 5.2%.[2] Traditional PUs are derived from highly toxic,
carcinogenic and unstable isocyanates which are in turn made using highly toxic phosgene,[3] rendering the
production of PUs potentially hazardous. This demands rigorous safety precautions causing inconvenience
and high production costs. Recently, more stringent regulations in the manufacturing and new applications of
PUs are being instigated in view of consumer safety and environmental protection. Therefore, there is a
growing interest for alternative routes to PUs such as NIPUs or polyhydroxyurethanes (PHUs) via
polyaddition reaction between diamines and bis-cyclic carbonates, thus eliminating completely uses of
phosgene and isocyanates from the entire production process.[4] The demand for bio-based monomers is
rapidly rising due to the fast depletion of fossil oils and increased awareness for environmental sustainability.
The main challenge is to expand the range of bio-based monomers that allows polymers to have more
versatile chemical structures and to provide improved properties for coatings.[5] We have developed
efficient and scalable processes for novel bio-based monomers and functional NIPUs for potential
applications as demonstrated in Figure 1. In this presentation, one of the applications in thermo-/self-healing
coatings will be emphasized.
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Figure 1: Potential applications of NIPU/PHU.

Experimental
In general, equivalent amount of bis-cyclic carbonate and bis-amine was mixed and subjected to
polymerization at room temperature or elevated temperature and were formulated, coated, and allowed to
cure at elevated temperature on metal/glass substrate. Their thermo-/self-healing properties were studied.

+

Scheme 1: Protocol for novel NIPU based smart coating

Results & Discussion
The NIPUs coating showed good hardness and adhesion strength to the substrates as summarized in Table 1.
In addition, the NIPUs coating is able to self-heal at room temperature when it is scratched or scraped
(Figure 2).
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Table 1: Summary of properties of NIPUs.
NIPU
Substrate
Dry Film thickness
NIPU-1
NIPU-2
NIPU-3

Steel/Glass
Steel/Glass
Steel/Glass

32.8 µm
33.6 µm
31.2 µm

Pencil Hardness
(ASTM D3363)
2B
2B
3B

Adhesion Pull-off strength
(ASTM D4541)
7.10 MPa
0.52 MPa
7.22 MPa

Figure 2: Microscope images of self-healing NIPU-1 coating on a glass substrate.

Conclusions




Novel bio-based functional NIPU and formulation are based on our patented technologies.
NIPU-based coating showed good mechanical and self-healing property, which could be attractive
alternative to conventional isocyanate-based PUs coating.
Future works on optimizations of NIPUs with improved mechanical/chemical properties for
industrial coatings or cosumer care products.
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[P8]-Investigation of electrolyte concentration and temperature effects
on the cathodic disbonding
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Cathodic disbondment test is the key to having the best coating resistance against electrochemical corrosion
and coating destruction. Understanding the mechanism of disbonding and affecting factors can be helpful in
optimizing designing activities and increasing efficiency. In this paper, we have tried to investigate the effect
of two factors (electrolyte concentration and environment temperature) on the cathodic disbondment test
results. Analyzing the behavior of two types of coating including three layer polyethylene and two-layer FBE
by performing cathodic disbondment test in different temperature and by different electrolyte concentration
was performed. We have tried to provide a reliable result for the development of coating systems to protect
pipelines against destructive effects and reduce operating and maintaining costs.
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To improve the high-temperature thermal stability of carbon/carbon (C/C) composites, a LaB6-MoSi2-ZrB2
(LMZ) coating was deposited on SiC-encapsulated C/C composites by supersonic atmospheric plasma
spraying. The sprayed LMZ coating showed a significant improvement of ablation protective abilities
relative to single MoSi2 and ZrB2 coating, which could protect C/C composites for more than 60 s above
2000 K with a very low mass loss under dynamic oxyacetylene flame. During ablation process, La and Zr
acted as the role in accelerating the liquid phase sintering of SiO2-based oxides, forming a compact and
continuous Si-Zr-La-O compound scale to enhance the thermal adaptability of applied coating.

Introduction
Carbon/carbon (C/C) composites are dedicated to heating protection applications in aggressive working
environments due to their salient properties [1, 2]. However, the oxygen sensitivity of C/C composites above
723 K greatly degrades its mechanical properties, and then limits their widespread application. Si-based
ceramic (SiC, MoSi2, etc.) coatings have been considered efficient to elevate the anti-oxidant properties of
C/C composites, which possess good compatibility with carbon matrix and oxygen permeability in the
passive layer of SiO2 glass scale was low at elevated temperatures. Nevertheless, several drawbacks for Sibased ceramic coatings are demanded to be considered. Firstly, above 2000 K, the inherent limitations of SiC
are quite obvious due to the transition from passive to active oxidation that proceeds around 1923 K. Also,
the pest disintegration of MoSi2 easily occurs near 773 K [3], which against the development of SiO2 glassy
scale. Production of bubbles and microcracks in the SiO2 glass scale caused by thermal mismatch and
gaseous escape will weaken the oxidative protection of Si-based ceramic coatings at elevated temperatures.
Therefore, the introduction of high melting point substances into MoSi 2 is regarded as an appropriate way to
elevate their oxidation resistance.
Featured with high melting point (above 3000 K), stable chemical properties, low oxygen permeation rate
and excellent ablation resistance, ultra-high temperature ceramic (UHTC) is regarded as a potential addition
for silicide coating [4, 5] when their thermal expansion mismatch can be tailored. As one of the most
important UHTC, ZrB2, possesses the unique properties of UHTC. The addition of ZrB2 can significantly
improve the oxidation resistance of Si-based ceramic coatings by forming the stable compound silicate glass.
Furthermore, long-term ablation behavior of ZrB2-MoSi2 coating fabricated using atmospheric plasma
spraying was studied, and the results showed that the better anti-ablative performance was achieved due to
the formation of SiO2-ZrO2 composite oxide scale relative to MoSi2 and ZrB2 coatings. However, owing the
occurrence of phase transformation of ZrO2 during thermal cycling as well as the volatilization of SiO2
during lasting oxidation and ablation, the oxide glass scale is easy to form porous structure and increases the
oxygen permeability.
The unique 4fn5d16s2 electronic structure of rare-earth elements with high valence state and large radius
make it have a special dense structure, which play an important role in structural ceramics [6, 7]. Meanwhile,
the rare earth cations (La3+) possess a certain solubility in ZrO2, which can replace part of zirconium ions and
form the substitutional solid solution. In addition, the rare earth compounds can react with UHTC oxides to
develop zirconates with a high melting point and low volatilization at elevated temperatures, which have
lower oxygen diffusivity relative to pure UHTC oxides. Inspired by previous studies, it is feasible to achieve
the performance improvement of Si-based ceramic coatings by co-doping of UHTC and rare earth elements.
In the present work, a LaB6-MoSi2-ZrB2 (LMZ) composite coating was prepared through the high-speed and
efficient supersonic atmospheric plasma spraying (SAPS) method. The microstructural evolution, phase
composition and ablation resistance were systematically investigated.
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Experimental
Cubic and cylindrical specimens used as substrates were cut from bulk C/C composites, which were first
grit-blasted using SiC sandpapers, then cleaned ultrasonically with ethanol and dried at 353 K for 4 h. A SiC
buffer layer was prepared on these specimens first by pack cementation (PC) [1]. Commercially available
MoSi2 with 50-60 wt.%, ZrB2 with 30-40 wt.% and LaB6 with 10-20 wt.% powders were selected as raw
coating materials. Before spraying, these powders were dry-mixed and roller milled to ensure their
uniformity. Then they were agglomerated using a spray dryer to improve the flow ability of particles for
spraying. Agglomerated powders were then sprayed on SiC-coated specimens to form LMZ coating with
appropriate parameters [7].
Ablation behavior of the coated specimens was measured using oxyacetylene flame according to GJB323A96. Linear ablation rate (Rl) and mass variation rate (Rm) were applied to evaluate the ablation resistance of
the coated specimens. Phase analysis and crystalline structure of the coated specimens was analyzed using
X-ray diffraction. Morphology details and elemental distribution characteristics of the coated specimens
were investigated by scanning electron microscope (SEM) combined with energy dispersive spectroscopy
(EDS).

Results & Discussion
(a1)

(a3)

(a2)

SiC
MoSi2
C/C

(b1)

100μm

10μm

100μm
(b2)

(b3)

C/C
ZrB2
SiC

(c3)

(c2)

(c1)

100μm
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100μm

SiC
LMZ
C/C
100μm

10μm

100μm

Figure 1: Surface and cross-section morphologies of the coated specimens:
(a1-a3) MoSi2/SiC coating; (b1-b3) ZrB2/SiC coating; (c1-c3) LMZ/SiC coating.
Surface and cross-section SEM images of the coated specimens are displayed in Figure 1. Clearly, similar
surface morphologies were observed for three kinds of sprayed coatings including MoSi 2, ZrB2 and LMZ.
All the sprayed coatings were relatively rough and numerous homogeneously distributed small protuberances
on the coating surface, and no apparent surface defects with holes and cracks were detected, as shown in
Figure 1(a1, b1, c1). The enlarged images in Figure 1(a2, b2, c2) revealed that the molten regions and
incompletely melted particles were intertwined, exhibiting the typical structure characteristics of plasmasprayed coating. The dense structure of molten region in the sprayed coating related to the uniform spreading
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of molten particles on the substrate surface with high kinetic energy. However, numerous pinholes were
detected in the insufficient molten region, due primarily to the stacking of un-melted particles and the escape
of gaseous by-products. Furthermore, some tiny cracks originated from residual intrinsic stress during the
spraying were produced. The above factors are important reasons for high porosity in the spraying coating.
In addition, the cross-section morphologies of coated specimens are exhibited in Figure 1(a3, b3, c3), which
all display distinct dual-layer coating structure including sprayed layer and SiC buffer layer. Thickness of the
sprayed coatings was nearly 150 μm, and the sprayed coatings tightly adhered to the SiC buffer layer.
Meanwhile, no obvious defects developed at the junction of sprayed layer and SiC layer, showing a good
bonding between them, playing a positive role on the high-temperature stability of the coating.

Figure 2: Comparison of mass ablation rate (Rm) and linear ablation rate (Rl) of three specimens coated with
SAPS-LMZ, SAPS-MoSi2 and SAPS-ZrB2 after ablation for 60
The actual ablation involves oxidation, mechanical scouring and gaseous evaporation, which inflict together
on the specimens. Figure 2 compares the ablation rates (Rm and Rl) of the specimens with MoSi2, ZrB2 and
LMZ coatings under the oxyacetylene flame. Clearly, the ablation rates (R m and Rl) of all specimens after
ablation for 60 s were positive, indicating that the mass loss and thickness reduction occurred due to the
combined action of mechanical souring and gaseous evaporation during the ablation process. For the single
MoSi2 and ZrB2 coatings, the values of their ablation rates were 1.042±0.034 mg•s-1 (Rm, MoSi2),
1.453±0.032 μm•s-1 (Rl, MoSi2), 0.762±0.026 mg•s-1 (Rm, ZrB2) and 1.089±0.029 mg•s-1 (Rl, ZrB2),
respectively. However, the ablation rates of ablated LMZ coating were merely 0.284±0.018 mg •s-1 (Rm,
LMZ) and 0.403±0.022 μm•s-1 (Rl, LMZ), which were significantly lower than that of the MoSi2 and ZrB2
coatings. Therefore, it can be speculated that the LMZ coating possesses better anti-ablative properties.
Surface center SEM images of the specimens with MoSi2, ZrB2 and LMZ coating after ablation for 60 s are
illustrated in Figure 3. As previously reported, the ablation behavior was mainly dominated through
physical-chemical effect between thermal oxidation, gaseous volatilization and mechanical erosion, hence
the development of ablation area could be disclosed by associating the ablation microstructures with the
physical-chemical effect [8]. From Figure 3(a, b), the surface of ablated MoSi 2 coating was severely
destructed with some discrete MoSi2 particles, exposing the underlying coating with a glassy-like structure.
In addition, many thermal cracks and pores were inevitably generated due to the thermal mismatch between
coatings, mechanical scouring and volatilization of gaseous products. The surface of ablated ZrB 2 coating in
Figure 3(c, d) revealed that a few large-size crack penetrating through the surface glass scale were observed
along with numerous holes around it. Mechanical denudation during ablation and thermal stress propagation
during cooling are the main reasons for the above morphologies. Compared with the ablated MoSi2 and ZrB2
coatings, the LMZ coating after ablation was relatively compact with some microcracks in small size (Figure
3(e)). The enlarged view in Figure 3(f) showed that the surface scale was composed of numerous small
particles sintered together and the micropores in this scale appeared to be the trail of gaseous escape during
ablation, but these pores were much smaller in size and less in quantity, where should have sufficient viscous
and effective in preventing the inward diffusion of oxygen in the coating.
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Figure 3: Surface center SEM images of the specimens after ablation for 60 s:
(a, b) SAPS-MoSi2; (c, d) SAPS-ZrB2; (e, f) SAPS-LMZ.

Conclusions
The LMZ/SiC composite coating was successfully fabricated on C/C substrate by SAPS/PC combination.
The obtained LMZ/SiC coating possessed a good ablation protection capability for C/C composites. After
ablation for 60 s, the LMZ/SiC coating showed positive values in both ablation rates of Rm and Rl, which
were merely 0.284±0.018 mg•s-1 (Rm) and 0.403±0.022 μm•s-1 (Rl), far lower than single MoSi2 and ZrB2
coating. The improved ablation resistance of LMZ coating was attributed to the positive effect of rare earth
La, which pinned in the glassy scale and reacted with ZrO2 to form La2Zr2O7, and stabilized SiO2 by
developing continuous and compact Si-Zr-La-O compound scale. The compound scale possessed low
vaporization rate and oxygen permeability as well as good self-healing ability and adherent strength to LMZ
coating, ensuing the minimum damage to the coating under dynamic ablation environments.

Acknowledgements
The authors would like to thank their collegues Qinchuan He and Caixia Huo. Helpful for their kind help in
the experiments and interesting discussions, Foundation for financial support to publish this paper.

References
[1] Y.H. Chu, H.J. Li, Q.G. Fu, et al. Oxidation protection of C/C composites with a multilayer coating of
195

SiC and Si + SiC + SiC nanowires, Carbon, 2012, 50, 1280-1288.
[2] P. Chowdhury, H. Sehitoglu, R. Rateick. Damage tolerance of carbon-carbon composites in aerospace
application, Carbon, 2018, 126, 382-393.
[3] J. Sun, Q.G. Fu, G.P. Zhang, et al. Melting index of plasma sprayed molybdenum silicide characterized
by constitutions and its effect on oxidation kinetics, J. Alloys Compd., 2018, 766, 95-103.
[4] L. Zhuang, Q.G. Fu. Bonding strength, thermal shock and oxidation resistance of interlocking (Zr,Hf)CSiC/SiC double-layer coating for C/C composites, Surf. Coat. Technol., 2017, 315, 436-442.
[5] L. Wang, Q.G. Fu. F.L. Zhao. A novel gradient SiC-ZrB2-MoSi2 coating for SiC coated C/C composites
by supersonic plasma spraying, Surf. Coat. Technol., 2017, 313, 63-72.
[6] M.M. Opeka, I.G. Talmy, J.A. Zaykoski. Oxidation-based materials selection for 2000 °C + hypersonic
aerosurfaces: Theoretical considerations and historical experience, J. Mater. Sci., 2004, 39, 5887-5904.
[7] C.C. Wang, K.Z. Li, C.X. Huo, et al. Evolution of microstructural feature and oxidation behavior of
LaB6-modified MoSi2-SiC coating, J. Alloys Compd., 2018, 753, 703-716.
[8] Y.J. Jia, H.J. Li, L. Feng, et al. Ablation behavior of rare earth La-modified ZrC coating for SiC-coated
carbon/carbon composites under an oxyacetylene torch, Corros. Sci., 2016, 104, 61-70.

196

[P12] - A new hybrid approach towards robust waterborne coatings
S. Li*‡, L.G.J. van der Ven* A.C.C. Esteves*,
*: Laboratory of Physical Chemistry, Eindhoven University of Technology, Department of Chemical
Engineering and Chemistry, P.O. Box 513, 5600 MB Eindhoven, The Netherlands.
‡: E-mail: s.li.1@tue.nl

Abstract
Water-borne coatings are currently in high demand for their environmental and health advantages over
organic solvent-borne coatings, stimulated by the restrictions imposed to volatile organic compounds
(VOCs) in coatings formulations. However, achieving a good balance between the timing of crosslinking and
drying processes remains a challenge for water-borne systems. By rethinking the purposes of the essential
components in future waterborne coatings, a new hybrid approach will be developed to overcome this
challenge and ultimately enhance the coatings performance. Through fabricating inorganic nanoparticles,
functionalized with specific chemical groups, they can be used with a combined role of Pickering stabilizer,
instead of traditional surfactants, crosslinker and filler. Furthermore, the dynamics and kinetics of the
different mixtures and components will be investigated in depth, to understand the effects playing a role
during the different stages of the film formation and relate it to the control of the system.

Introduction
Waterborne paints have become very attractive regarding health and ecological considerations. Compared to
traditional organic solvent-borne coatings, they have much lower organic emissions into the environment.
However, the unique physical-chemical properties of water-borne systems also lead to great challenges. For
example, one of the major issues for water-borne coatings is to achieve a good balance between the timing of
crosslinking and the film drying processes which will determine the final film properties, i.e.
chemical/physical resistance and good mechanical properties.
The incorporation of inorganic nanomaterials into colloidal polymer coatings has become one of the most
promising approaches for water-borne systems, leading to high-performance nanocomposite coating
products. One of the typical nanocomposite particle morphologies is latex core/silica nanoparticles shell
structure for which in situ Pickering emulsion polymerization routes have been developed. [1-4] The major
disadvantages of these polymerization routes are the relatively poor silica incorporation efficiency. This
means that a significant fraction of the original silica nanoparticles typically remains in the aqueous phase
and there is less control over the individual packing of the silica particles in the nanocomposite films.
Alternatively, silica-latex colloidosomes can be prepared by physical methods, namely heterocoagulation or
heteroflocculation. Balmer et al. reported the adsorption of 20 nm silica particles onto both 463 and 616 nm
Mono-methoxy-capped poly(ethylene glycol) methacrylate stabilized poly(2-vinylpyridine) latexes by
heteroflocculation. [5] This physical absorption is however weak and in equilibrium, meaning that it can still
exchange between latex particles, e.g. by Brownian motion.[6] The mobility of the silica nanoparticles and
possible aggregation during film formation may also cause undesired defects on the final properties of
coatings.
In our designed approach, modified silica nanoparticles will play multiple roles in the film formulation. They
can be used to stabilize latex particles after heterocoagulation by the Pickering effect, and will also provide
functional groups at the surface which can be used to “fix” the silica nanofillers on the latex surface,
providing crosslink sites (Figure 1). With this method, the silica nanoparticles, together with crosslinkers,
will guide the crosslinking and densification process during film formation, by assisting the particles
sedimentation to form a dense honeycomb structure during the drying process. These silica nanoparticle
honeycomb skeletons are plausible to enhance the final mechanical properties, such as hardness and strength
of waterborne films.
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Figure 1 Schematics of the prefixed functional silica/latex particles via a Pickering colloidosome structure.

Experimental
Silica nanoparticles modification
The silica nanoparticles modification with functional groups has been previously reported. [7] Ludox TMA
silica nanoparticles suspension were received in acidic conditions with 34 wt.% solid content from SigmaAldrich. Before reaction, the suspension was diluted to 20 g·L with 140ml water/enthanol mixture (2:1).
0.33g (3-Mercaptopropyl)trimethoxysilane (MPTMS) dissolved in 3ml enthanol was add dropwise to 20 g·L
silica suspension. After adjusting the pH to 9.5 with ammonium hydroxide solution, the suspension was
stirred magnetically at ambient temperature and allowed to equilibrate for 19 hours. Dialysis membranes
were used to remove the excess MPTMS and ethanol in the reaction suspension, and finally the purified
suspension was centrifuged at 9000 rpm for 30 minutes to remove sediments and coagulated silica
nanoparticles.
Hydrodynamic radius measurement
Dynamic light scatting (DLS) was used to characterize the hydrodynamic radius of particles and micelles in
water. The measurements were performed on Antonpaar litesizer instrument. Results are expressed as the
mean value of five measurements.
FTIR and Raman spectroscope
Attenuated Total Reflectance (ATR) Fourier Transform-Infrared (FT-IR) Spectroscopy was performed on a
Varian 670IR FT-IR spectrometer with DTGS detector, collecting an average of 32 scans in the frequency
range from 600 to 4000 cm-1. Raman spectrum were acquired at room temperature by using a confocal Witec
alpha300 R Raman spectrometer with 40 mW laser at 532 nm wavelength, averaging of 10 accumulations by
5 seconds integration time.
Quantutating of MPTMS grafting density on silica nanoparticle
The method for the titration of the thiol groups as developed by Ellman in 1959 [8] was used. A Calibration
curve was built as follow: 13.9ml MPTMS was diluted to 25ml with boric acid/sodium
hydroxyl/hydrochloric acid buffer solution(pH=8). The Ellman’s reagent solution was prepared by 100mg
5,5’-dithio-bis(2-nitrobenzioc acid) (DTNB) in 25ml buffer solution. 200µl Ellman’s reagent solution and
30, 45, 60, 75 and 90µL of MPTMS solution were added into five different cuvettes respectively. The buffer
solution was added into every individual cuvette to achieve the final volume to 3mL. A blank cuvette was
made consisting of 2800µL buffer solution and 200µL Ellman’s reagent. 100 µL of each modified silica
suspensions was added into a clean cuvette with 2700µL buffer solution and 200µL Ellman’s reagent. All the
absorbances were measured at 412 nm using a UV-vis spectrophotometer. The thiol concentration Cassay in
the sample cuvettes was compared to calibration curve. And the final thiol group concentration Csample in
silica suspension could be defined as:

The MPTMS garfting density σSH is calculated according to solid content:
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Results & Discussion
Figure 2 illustrates the FTIR(a) and Raman(b) spectra of bare and thiol modified silica nanoparticles. For
both, the Si-O-Si symmetric and asymmetric vibration bands located at 1050 and 795 cm-1, respectively can
be clearly identified. However, the vibration bands of Si-C, C-H and S-H bonds cannot be recognized in the
spectra of the modified silica nanoparticles in Figure 2(a), which is attributed to rather low surface weight
fraction of the functionalizing molecule, as compared to high intensity of O-Si-O bond vibrations in the bulk
of the nanoparticles. Compared to FTIR, Raman spectroscopy is more active for symmetric chemical bond
strencthing, so that the signals related to the silica networks are less intensive in Raman spectra, even with
high weight fraction. [9] In Figure 2(b) the Raman spectra of bare and thiol modified silica nanoparticles and
MPTMS are shown. The band at 2576 cm-1 corresponding to -SH groups appear after the MPTMS
modification, which provides evidence that thiol groups are effectively incorporated on silica surfaces. The
stretching vibration band of the alkyl groups at 2925 cm-1 is identified in the MPTMS and thiol-modified
silica nanoparticle spectra.

(a)

(b)

Figure 2 FTIR spectra(a) and Raman spectra(b) of bare and modified silica nanoparticles
Purified thiol functional silica nanoparticles have an average hydrodynamic diamenter of 25.3 nm with
polydispersity of 0.25. The thiol grafting density and the hydroxyl modified ratio are shown in Table 1 and
will be futher adjusted to obtain stable aqueous suspensions of stable thiol-modified nanoparticles to besued
for the heterocoagulation procedures.
Table 1 Quantification of thiol modified silica nanoparticles
Solid
OH group
CSH
σSH
Efficiency
content
density*
(Quantification/addition)
1.1wt.%
1.14mmol/g
1.26mmol/L 0.115mmol/g 20.0%
*obtained from literature[10]

Modified OH
group ratio
10.0%

Conclusions
Thiol modified silica nanoparticle aqueous suspensions have been successfully synthesized and well
quantified by Ellman’s method. The grafting density will affect surface charge density and the absorption
energy of the silica nanoparticles, as well as, the stability of Pickering colloidosome structure. Furthermore,
the grafting density will also play an important role, together with crosslinker, during film drying procedure
and final film properties. Since the method for surface modification has now been well established and
characterized, the grafting density can now be further adjusted on demand, to achieve and optimal
heterocoagulation with latex particles and formation of Pickering colloidosomes.
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Studying the processes that occur during drying of coatings is of fundamental interest in coating science, due
to their influence on the properties of the film that is obtained after drying is completed. Coatings often
contain amphiphilic block copolymers that can function as surfactants or binder particles, which results in
the presence of micelles in coatings. Micelles are association colloids and properties like aggregation
number and the morphology can change during drying. Self-consistent field theory is a useful tool to study
the equilibrium properties of self-assembled micelles and also interactions between micelles. Here we show
that self-consistent field theory can be used to predict morphology transitions that occur when coronas of
micelles start to overlap. Also we demonstrate that the micelle concentrations where these transitions occur
depend on the properties of the block copolymers of which the micelles consist.

Introduction
Amphiphilic block copolymers are often used as additives in coating formulations to reduce the interfacial
tension of the coating/air interface [1] or as stabilizers for binder particles [2]. In most cases, the critical
micelle concentration (cmc) of these block copolymers is very low, resulting in the presence of micelles in
coating formulations. Micelles consisting of amphiphilic block copolymers are also used as binders in
waterborne coatings [3]. Micelles are association colloids and can adapt their structure depending on the
environment, therefore the properties of micelles can change during the drying process of the coating. It has
been shown that the aggregation number of micelles changes very rapidly as a function of the micelle
concentration after a certain threshold concentration is reached [4,5]. This threshold concentration is related
to the overlap concentration of the micelles and the rapid change in aggregation number can be related to a
morphology change of the micelles.
Little is known on the influence of micelles on the final properties of coatings and therefore it is of
fundamental interest to study the drying of micelles. Here, we take a first step and theoretically study the
drying of a model micelle suspension, without the presence of additional interfaces in the system, using self
consistent field computations. We study the interactions between micelles and changes in aggregation
number and micelle morphology as a function of micelle concentration and look at the effect of the
properties of the block copolymers on these changes. A schematic overview of a possible drying-induced
morphology transition is shown in figure 1.

Figure 1: Schematic overview of a possible drying-induced transition in micelle morphology.

Methodology
Self consistent field theory (SCF) [6,7] was used to determine the free energy and the aggregation number of
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micelles of different block copolymers. SCF is a mean-field lattice theory that takes into account excluded
volume effects via the lattice-filling constraint and also interactions between different components using
Flory-Huggins interaction parameters. By using three different lattice geometries, flat, spherical and
cylindrical, the free energies of micelles with different morphologies can be compared. Interactions between
micelles were studied by moving micelles closer together and looking at the change in the free energy of the
system.

Results & Discussion
Figure 2 shows an example of the free energy of micellization (ΔF/kBT), normalized by the aggregation
number (g), as a function of the micelle volume fraction (φ). Results are shown for two block copolymers
(poly(ethylene oxide)-poly-ε-caprolactone) with different hydrophobic block lengths and two different
micelle morphologies. At low concentrations there are no interactions between the micelles and the system is
at the lowest free energy where each micelle has an aggregation number corresponding to the equilibrium
micelle (coexisting with a bulk solution at the cmc). When the micelle concentration increases, the coronas
of the micelles start to overlap resulting in a steric repulsion and an increase in the free energy of the system.
As observed in figure 2, there is a certain concentration where the free energy of micellization per
polymer is lower for a cylindrical micelle than for a spherical micelle, indicating a change in the preferred
morphology. This is because cylinders have a higher maximum packing fraction than spheres, resulting in a
larger distance between cylindrical micelles than the distance between spherical micelles at an equal volume
fraction and thus, a decrease in steric repulsion. Finally, it can also be seen that the volume fraction where
this morphology transition occurs depends on the nature of the block copolymers. In [8], it was shown that
the equilibrium micelle morphology of PEO-PCL polymers is spherical for short PCL blocks, but when the
length of the PCL blocks increases, the equilibrium micelle switches to a cylindrical morphology. This
indicates that the free energy difference between the spherical and cylindrical micelle decreases as the PCL
block length increases, and as a result the morphology transition occurs already at lower volume fractions.

Figure 2: Free energy of micellization (ΔF) per polymer as a function of the micelle volume fraction (φ) for
spherical micelles (black) and cylindrical micelles (gray). Results are shown for two polymers with different
hydrophobic block lengths (left: PEO45PCL9 and right: PEO45PCL25). The volume fractions where the
changes in preferred micelle morphology occur are indicated with arrows.

Conclusions
The morphology of copolymer micelles during drying was studied using SCF. It was found that the overlap
between the coronas of micelles leads to a change of a spherical micelle morphology to a cylindrical
morphology. This morphology transition is induced by the reduction in steric repulsion that compensates the
loss in free energy related to the morphology change. The volume fraction where this transition occurs
depends on the properties of the amphiphilic block copolymers.
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[P16]-Itaconic acid in unsaturated polyester for wood coating
G. Sangiovanni*, M. Vitale‡, I. Lombardi‡.
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In this study itaconic acid was investigated as a substitute for unsaturated acid building blocks in
polyesterification. This substance was introduced into well-known resins, normally used as binder in wood
coating, in order to obtain products with higher renewable carbon content.
The main goal was to identify the best synthetic strategies that can be compatible with the normal production
processes of resin producers and with other substances already available.
The choice to focus on UV-type binder is related to the scope of LIFE-BIOPAINT project, for which IVM
Chemicals obtained European Union funding, aiming to implement a highly sustainable, innovative and
safer continuous process for the production of novel bio based paints (BBPs).

Introduction
Wood coating manufacturers have been using unsaturated polyesters for a long time, both for redox and UV
systems. For those products in the last few years the general demand for greater environmental sustainability
unfortunately did not get adequate answers.
Only a part of these needs has been satisfied by water-based products, while a real increase in the content of
bio-based raw materials has not achieved equal success. The greatest difficulty of this route is the lack of
availability of unsaturated building blocks. Bio-based saturated glycols, acids and anhydrides are readily
available, but bio-based versions of already used unsaturated monomers for esterification are not [1].
In this study our efforts have been devoted to itaconic acid, the only unsaturated bicarboxylic acid from biosource available with industrially suitable quantity and price.

Experimental
The first step of the study was to determine the conditions of safe esterification, because it was reported that
early gelation can occur in case of synthesis of polyester containing large amount of itaconic acid.
It is not well-defined if increasing branching is due to thermal induced radical reaction on itaconic double
bond. Sometime it was suggested that, during esterification, itaconic acid can undergo addition of water on
the double bond (Ordelt reaction) [2, 3].
In any case, small quantity of inhibitor (HQMME, 4-Methoxyphenol) was added to the reaction mass during
the synthesis. Poly-itaconate were prepared at different temperatures, with or without azeotrope distillation
of inert solvent to improve the removal of formed water.
As suitable process conditions were determined, several resin formulations, produced as usual, were tested
by substituting maleic anhydride or fumaric acid with itaconic acid.

Results & Discussion
The test synthesis of simple polyesters were performed with diethylene glycol (OH/COOH excess R = 1.3)
and toluene as reflux solvent. A temperature of 180°C was reached without any gelation.
In Table 1, conversion percentages are listed, calculated from acid number, depending on the reaction
temperature for the same reaction time
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Table 1: Conversion rate (R = 1,3)
Substances
Temperature
(°C)
Sample 1
130
Sample 2
140
Sample 3
150
Sample 4
160
Sample 5
170
Sample 6
180
Sample 7
180

Final acid number
(mgKOH/g)
180
142
97
79
62
48
25

Conversion rate
(%)
58
67
78
82
86
89
95

It is remarkable that few samples had gelation overnight at room temperature. It suggests that the main
contribution to side reactions is not due to Ordelt reaction.
To be reassured that the water emerging during the reaction was not the most important cause of gelification,
the higher temperature syntheses were repeated without solvent reflux.
The results were very similar.
Moreover it was possibile to push the reaction to even higher conversion rates by stripping with nitrogen
(Table 1, Sample 7).
In order to test formulations similar to normal industrial processes, the OH excess has been tuned up to R =
1.1. Once again no gelation occurred. The conversation rate decreased, but it is consistent with the
stoichiometric ratio (Table 2).
Table 2: Conversion rate (T = 180°C)
Substances
R (OH excess)
Sample 7
Sample 8
Sample 9

1.3
1.2
1.1

Final acid number
(mgKOH/g)
25
30
33

Conversion rate
(%)
95
94
93

The same synthetic conditions were applied to resins currently produced, replacing maleic anhydride or
fumaric acid with itaconic acid. The involved formulations have different other building blocks, both
saturated and unsaturated substances.
In several cases it was possibile to verify possibile interaction between itaconic acid and different kind of
unsaturation, coming from DCPD (dicyclopentadiene), tetrahydrophthalic anhydride, trimetilolpropane
diallylether.
Most of the syntheses were performed without any issue.
The time of the reaction is obviously longer in comparison to normal production because of lower
temperature, but it has non consequence on stability during the synthesis.
The most interesting aspect is that, in almost every case, the viscosity in reactive monomer (styrene,
DPGDA, HEMA, etc) and inert solvent (butylacetate) is lower compared to the reference resin. In Table 3
we report an example of these values
Table 3: Viscosity of modified and reference resin
Substances
Reference viscosity
Modified resin viscosity
(mPa·s)
(mPa·s)
Resin 1
700 - 900
505
Resin 2
1000 - 1300
560
Resin 3
2600 - 3000
780
Resin 4
1600 - 2000
630

Conclusions
The use of itaconic acid proved to be less problematic than expected and allowed for the preparation of some
resins similar to those commonly used. Their application evaluation is in progress, but preliminary data are
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positive and allow to foresee the possibility of optimizing what has been obtained to make available products
suitable for marketing.
At the time of the presentation of this abstract, we are still evaluating some peculiar characteristics, such as
the low viscosity, to be sure that this behavior depends on a better solubility and not to low molecular
fractions of the polymers due to secondary reactions. If this hypothesis were confirmed, itaconic acid could
give environmental advantages not only for its sustainable origin but also for the reduction of
solvents/monomers in application.
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[P18]-Effect of Ta on thermal stability of TiAlN/Ta multilayer films
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TiAlN films have been widely used in cutting tools. To meet the increasing requirements for high hardness
and good thermal stability in high speed and dry cutting application, research work has been focused on
TiAlN/metal multilayer films. As a thermally and chemically stable VB element, Ta is used in many superalloys to improve the oxidation resistance.
In this paper, Ta was introduced to TiAlN film as the sub-layers to produce TiAlN/Ta multilayer film. The
TiAlN/Ta multilayer film was deposited by an ion beam assisted deposition system. The ion beam assisted
deposition system has the merit to control energetic particles precisely by adjusting independently the beam
energy, beam current and ion flux. Effect of Ta on thermal stability of the TiAlN/Ta multilayer film were
studied.
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This study used multi-walled carbon nanotubes (MWCNTs), TiO2 and their mixture (TiO2/CNT) to remove
humic acids (HA) in water. The thermodynamic parameters with respect to the adsorption of MWCNTs,
including free energy of adsorption (ΔG0), enthalpy (ΔH0), and entropy (ΔS0) changes, are further calculated
in the study. The ΔH0 data showed the adsorption of HA onto MWCNTs is an endothermic physisorption. The
ΔG0 data indicates the adsorption of HA onto MWCNTs was spontaneous and thermodynamically favorable.
Photocatalytic experiments showed 60 mgl-1 of HAs were completely degraded and mineralized as CO2 after
5 h UV irradiation by 0.8 gl-1 of TiO2, indicating the efficiency of TiO2 for the removal of HA is better than
CNTs. The experiments of TiO2/CNT indicated the photocatalytic efficiency of TiO2 in the presence of CNTs
was not improved, even worse than TiO2 alone. However, the photocatalytic efficiency of TiO2/CNT mixture
became better than TiO2 alone due to the supply of oxygen by aeration, ascribing to the reason that the
provided oxygen might be adsorbed on the surface of CNTs and accept e- as well as form •O2-, which also
leads to the formation of •OH- in the system.

Introduction
Carbon nanotubes (CNTs) have come under intense multidisciplinary study since their discovery [1]. The use
of CNTs as an adsorbent to remove organic and inorganic pollutants, such as heavy metals and recalcitrant
pollutants, have been widely studied in this decade [2]. Titanium dioxide (TiO2) is also a feasible
nanomaterial for the degradation of organics [3]. UV light illumination of TiO2 can produce hole-electron
pairs on the surface of the photocatalyst. If the hole-electron pairs are separated by energy excitation, the
isolated holes may result in oxidation of organics. In the absence of CNTs, the excited hole-electron pairs
from TiO2 have a greater chance of recombining without chemical reaction. Typically, only a small number
of electrons (<1%) and holes are trapped and participate in photocatalytic reactions, resulting in lower
reactivity [3-5]. On the other hand in the presence of CNTs, the relative position of the CNT conduction
band edge permits the transfer of electrons from the anatase (TiO2) surface, allowing charge separation,
stabilization, and hindered recombination [3,5]. Thus, it is possible for the photocatalytic reactivity to be
enhanced. A few recent studies have shown the advantage of composite TiO2 and CNTs on the
photocatalysis of organics [6-8].

Method
Commercial MWCNTs (Nanotech Port Co., Shenzhen China) and TiO2 (P25, Degussa Co.) were used in the
study. Their physical and chemical characteristics can be referred to Tsai et al. [3]. The commercial
MWCNTs were purified by heating at 400℃ for 30 min to remove amorphous carbon. HA was analyzed by a
high performance liquid chromatography (HPLC, Agilent 1200, USA). The study tried to evaluate the
efficiencies of TiO2 alone, CNT alone, TiO2/CNT mixture, and TiO2/CNT mixture with extra aeration. The
analysis of total organic carbon was used to trace the minieralization of HA.

Results & Discussion
Thermodynamic analysis.
The adsorption isotherm of CNTs used in the study has been analyzed in Tsai et al. [9]. To provide in-depth
information about inherent change of energies with respect to the adsorption of CNTs, the thermodynamic
parameters, including free energy of adsorption (ΔG0), enthalpy (ΔH0), and entropy (ΔS0) changes, are
further calculated using Langmuir isotherm data and are shown in Table 1.
ΔG0 = -RT ln(b)

(1)
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Ln(b) =ΔS0/R -ΔH0/RT

(2)

where b is the Langmuir equilibrium constant (Lmg-1); R is the gas constant (8.314×10-3 kJmol-1K-1);
ΔH0 and ΔS0 were determined from the slope and intercept of the van’t Hoff plots of ln(b) versus 1/T
[10,11]. Table 1 shows the thermodynamic parameters at various temperatures for the MWCNTs used in the
study. The result suggests the adsorption of HA onto heated MWCNTs is a physisorption because the ΔH 0
(12.6 kJmol-1) was less than 40 kJmol-1, as suggested by Kara et al. [12]. Positive ΔH0 value indicates the
adsorption of HA onto MWCNTs is endothermic, which fact is supported by the increase in the adsorption of
HA with temperature [9]. Furthermore, the positive ΔS0 in the study implied the degrees of freedom
increased at the solid-liquid interface during the adsorption of HA onto MWCNTs. The ΔG0 values were
negative at all of the tested temperatures (10-40℃), indicating the adsorption of HA onto MWCNTs was
spontaneous and thermodynamically favorable. Noteworthily, the ΔG0 values became highly negative when
the temperature increased from 10 to 40 ℃, revealing the adsorption was more spontaneous at high
temperature. Table 2 shows the thermodynamic parameters of past studies. Lu et al. [13] used MWCNT to
adsorb trihalomethanes and the results showed the ΔH0 value was negative, whereas others showed opposite
results, indicating the ΔH0 value of the adsorption of organic compounds onto CNTs might be positive or
negative depending on their characteristics of the organics.
Photocatalytic experiments. To understand the adsorption of the TiO2 without irradiation and the degradation
of humic acids under UV irradiation in the absence of TiO2, the background experiments were conducted and
the results are shown in Fig.1. Apparently, the degradation of humic acids under UV irradiation in the
absence of TiO2 and the adsorption of TiO2 without irradiation could be ignored in the subsequent
photocatalytic experiments. Further photocatalytic experiments using TiO2 to degrade HA under the
irradiation of UV were conducted and the results are shown in Fig.2. To understand the mineralization of HA
after photocatalysis, TOC was analyzed in the study. Two kinds of TiO2 dose were tested, including 0.6 and
0.8 gl-1. Figure 2 shows 60 mgl-1 of HAs were completely photodegraded after 5 and 6 h UV irradiation by
0.8 and 0.6 gl-1 of TiO2, respectively. Based on TOC data also shows 60 mgl-1 of HAs were also completely
mineralized as CO2 after 5 h UV irradiation by 0.8 gl-1 of TiO2.
Efficiency comparison of TiO2 and CNTs.
The experimental data about removals of HA by TiO2 and CNTs are shown in Fig.3. The removal of HA
using TiO2 as photocatalyst was reaching 100% after 5 h UV irriadation, whereas only 60% removal
achieved after 24 h while using CNTs as adsorbent, indicating the effency of TiO2 for the removal of HA is
better than CNTs.
Removal of HA by mixture of TiO2 and CNT.
Past studies show the photodegradation of TiO2 can probably be enhanced by the presence of CNTs. This
study tried to mix TiO2 with CNTs for promoting the degradation rate of HA. The experimental results in
Fig.4 showed 60 mgl-1 of HA was completely degraded within 6 h at TiO2 alone case, whereas only 93% of
HA was degraded at TiO2/CNT mixture case after 7 h UV irradiation, indicating the photocatalytic efficiency
of TiO2 in the presence of CNTs was not improved, even worse than TiO2 alone. The reason of deterioration
might be ascribed to the shelter of UV light due to the presence of CNTs. This study further tried to test the
photocatalytic efficiency of TiO2 in the presence of CNTs with extra aeration. The result showed the 60 mgl-1
of HA was completely degraded after 5 h UV irradiation, indicating the photocatalytic efficiency of
TiO2/CNT mixture was significantly improved due to extra aeration. The reason of improvement could be
ascribed to the supply of oxygen. The provided oxygen may be adsorbed on the surface of CNTs and accept
e- as well as form •O2-, which also leads to the formation of •OH- in the system [7].

Conclusions
This study used multi-walled CNTs, TiO2, and their mixture to remove HAs in water. Results showed the
photocatalytic efficiency of TiO2/CNT mixture became better than TiO2 alone due to aeration, ascribing to
the reason that the provided oxygen might be adsorbed on the surface of CNTs and accept e- as well as form
•O2-, which also leads to the formation of •OH- in the system.
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Table 1: Adsorption isotherms data and thermodynamic parameters
Model or Parameter
constants
10℃
Qmax (mgg-1)
94.3
-1
Langmuir model
b (Lmg )
0.16
2
R
0.979
ΔG0 (kJmol-1)
-5.9
Thermodynamic
ΔH0 (kJmol-1)
12.6
parameters
0
-1 -1
ΔS (Jmol K )
65.4

25℃
105
0.076
0.912
-6.5

conentration (mgl-1)

Table 2: Thermodynamic data in some past studies with respect to CNTs
ΔH0
Adsorbate
ΔS0 (J/mol K)
ΔG0 (kJ/mol)
(kJ/mol)
278K: 12.4
278K: -5.36
288K: 12.6
288K: -5.54
Trihalomethanes
-1.90
298K: 12.6
298K: -5.66
308K: 12.4
308K: -5.72
278K: 90
278K: -19.0
DCB (As-grow CNT)
5.95
288K: 89
288K: -19.7
298K: 90
298K: -20.8
278K: 132
278K: -20.4
DCB
(Graphitized
16.4
288K: 133
288K: -21.8
CNT)
298K: 132
298K: -23.0
281K: -29.79
291K: -31.45
Procion Red MX-5B
31.6
217
301K: -33.18
321K: -38.49
283K: -5.90
Humic acid
12.6
65.4
298K: -6.85
313K: -7.86

40℃
119
0.127
0.961
-7.1
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