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0. Summary
The coating of cargo holds of bulk carriers constitutes the primary source of protection of the vessel’s structure

against corrosion, while at the same time ensures the proper cleanliness in the holds and thus the protection of
cargoes against contamination. Therefore, it plays a significant role in the vessel’s commercial operation, trading
and lifecycle, making the correct selection of the coating system very important for the shipowner throughout the
lifecycle of the vessels (design and construction and operation) and especially during the scheduled maintenance
and recoating of the vessel’s cargo holds in dry-dockings. The paper herein presents a methodology for ranking
and assessing coatings in a systematic, quantitative and qualitative way in terms of the desired merits of the ideal
coating system. It demonstrates the methodology’s application using three entirely different coatings and
evaluating their performance at both laboratory and full scale.

1 Introduction
Ranking and comparing paint systems and coatings used in a vessel’s cargo hold is a challenge which has not

been systematically addressed in the literature. The paper presented herein aims on providing a multi-stage
procedure utilizing both laboratory scale and full-scale data to assist the decision makers in ranking the available
solutions and making a well-informed selection of the appropriate coating for their needs and priorities. The study
compares a number of commercially available and well established coatings with a newly developed experimental
nanotechnology paint which has not been applied in full scale prior to this study. In Chapter 2 the available
literature as well as the importance and role of cargo hold coatings for bulk carriers is presented and in Chapter 3
an overview of the desired merits is found along with the assessment procedure. In Chapter 4, the Laboratory tests
and subsequent analysis are presented while in Chapter 5, the on board full scale assessment is described. Lastly
in Chapter 6, conclusions are drawn along with suggestions for future work.



2 Corrosion in Bulk Carriers and the Importance of Cargo Hold Coatings
Bulk carriers transport a wide range of bulk commodities. Major Bulks include Iron Ore, Coal and Coking Coal,

Grains (Oats, grain, heavy grain, barley, wheat, corn, maize etc), Agribulks, Sugar (in bulk and bagged), Fertilizers
(phosphates, rock phosphates, fertilizers, urea, ammonium nitrate etc), Metals and Minerals (Manganese ore,
concentrates, pig iron, cement, bauxite, petcoke, coke) and Steel Products (scrap, steel billets, steel coils, steel
pipes) according to Stopford [3]. While large vessels of above 170,000 deadweight tons such as Capesize (175-
182,000 DWT), Newcastlemax (200-210,000 DWT) and Very Large Ore Carriers (VLOCs) (>250,000 DWT) are
employed almost exclusively in the carriage of iron ore and coal, smaller size vessels have a more diversified
cargo list due to the bigger availability of smaller sized cargo parcel. For example, geared vessels such as
Handysize (<40,000 DWT), Handymax (40-50,000 DWT), Supramax (50-55,000 DWT) and Ultramax (60-
64,000 DWT) can carry all of the originally mentioned cargoes from metals and minerals to fertilizers, Sulphur,
Iron Ore to Grains and sometimes even industrialized goods (heavy machinery etc). Similarly, medium sized
vessels with no cranes (gearless) such as Panamax (~75,000 DWT), Kamsarmax (~82,000 DWT) and Post-
Panamax (90-98,000 DWT) are utilized for the trade of coal, grains and metals and minerals (particularly bauxite
and petcoke).

The nature and sensitivity of these cargoes varies substantially. Grain cargoes as they are destined for the food
industry are very sensitive to contamination from the cargo hold surfaces [1]. Coal cargoes create extensive stain
areas on the cargo holds that are difficult to be cleaned while minerals such as bauxite and petcoke induce heavy
damages on the cargo hold coatings during their loading as they are in granular (medium grain) due to the high
loading rates and the corresponding abrasion on the contact areas [2]. Aggressive cargoes like sulphur can damage
severely the cargo hold coating [3] while cement cargoes in case the hold humidity is not monitored and kept low,
build up and stain permanently the hold surfaces [2]. On the other hand, for all cargoes, during discharging the
use of grabs to unload and bulldozers in order to gather and stow the cargo in one place can damage the coating
at the hoppers and stools areas.

Therefore, the medium and smaller sized vessels pose the most challenging environment for the cargo hold coating
system. It should normally be able to withstand the above adverse conditions for its entire lifetime which is
typically about 60 months (5 years) coinciding with the vessel’s special survey and dry-docking cycle. However,
as coating is not a Class item, this interval is subject to the shipowner’s discretion and planning.

Garbatov and Soares have studied the corrosion rate in bulk carriers [4, 5]. Their model assumes that the corrosion
initiation coincides with the coating breakdown and the wastage (corrosion depth) increases exponentially with
time (in years) up to a time it reaches asymptotical to a depth of 60% of the original coating, as the wastage built
on the plate surface acts as a protection from this point. Furthermore, the issue of corrosion and its correlation
with common, “in-service” structural failures in bulk carriers has been addressed by IACS in Guideline No. 76

[6].

The ultimate longitudinal strength of bulk carriers that have corroded structures has been studied by Paik et al.
[7]. They employ different corrosion models (similar to Garbatov and Soares) in order to investigate the
longitudinal strength properties of corroded bulk carriers as a function of ship age and establish acceptance criteria
for heavily corroded structural members. The reduction in the ultimate strength is assessed for the case of uniform
corrosion in the form of plate thickness reduction and local corrosion such as pitting is not taken into account.
The reduction of the section modulus is steeper for the inner bottom structure than the deck and can go up to 20%
after 20 years of operation without taking into account the effect of fatigue on ship’s structure. However, the
ultimate hull girder will be reduced by up to 30% and 10% after 20 years in service in hogging and sagging
respectively. Without steel renewals and after 30 years in operation, the ultimate hull girder strength in hogging
will decrease as much as 45% from the original.

In Ship Design and Construction [2], it is furthermore underlined that from the mid-1990s until 2003 the losses
of lives and cargoes due to casualties of bulk carriers were increasing constantly. Especially in 2006, 2007 and
2008 the casualties have dramatically increased [37] both due to the higher average fleet age and the deteriorated



hull structures of the bulk carrier fleet as well as due to cargo liquefaction accidents. Due to the high number of
newbuilding additions to the fleet in the years 2005-2015 this number has dropped. However, the recent casualty
of the Very Large Ore Carrier (VLOC) “Stellar Daisy” in April 2017 [8] with the loss of the entire ship, cargo
and the 22 lives of its crew is a strong reminder of the need for increased structural reliability in bulk carriers.

It is therefore the belief of the authors that the control of the corrosion of bulk carriers structural members is
directly correlated to the reliability of the latter and thus the safety of the vessel. This in turn should increase the
requirements for better cargo hold coatings that will reduce the occurrence and time of coating breakdown as well
as the transition period from the coating breakdown to the corrosion initiation. A rational methodology which will
help to properly assess and rank the cargo hold coatings is necessary.

Baere et.al. [9, 10] studied the alternative approaches to corrosion protection of ballast tanks. Five different cases
have been ranked in terms of their total lifetime cost (both capital and operational), with variables the structural
steel grade, voluntarily increased scantlings, the paint system, the paint system thickness and quality, the use of
anodes and their lifetime as well as the maintenance strategy (steel replacement, recoating etc.). Heyer et.al. [11]
examined the microbial corrosion and electrochemical phenomena in ballast tanks (without ballast water treatment
systems).

An overview of the current practice of ship painting, elaborating on the various established paint technologies per
ship location (outer hull/ antifouling, cargo tanks, cargo holds, ballast tanks, machinery spaces etc.) along with
the respective challenges and requirements is given by Berendsen [12]. He also has produced a Marine Painting
Manual which is a comprehensive guide for all types of marine coatings and the associated challenges [13], while
typical coating defects illustrated can be found in ‘Fitz’s Atlas of coating defects’ [14], among many other
literature references.

Guidelines for the corrosion protection of ships for ballast tanks and cargo holds have been published by DNVGL
[15, 16], while a guide for choosing correct coatings for the cargo tanks of oil tankers and product/chemical
tankers can has been published by Ackerman [17].

Despite the above, although the painting systems of ballast tanks has been examined and is nowadays also a
regulatory item (IMO MSC.215(82) [18]), the cargo hold coatings of bulk carriers haven’t received such attention,
despite the fact that these coatings are in direct contact with the cargo which as previously described can create a
highly corrosive environment. To date there is no straight-forward methodology that can direct the ship
owner/decision maker on how and what to compare on a technical basis between two different paints constituting
a cargo hold coating system. In addition to this challenge, ship owners and operators are usually reluctant to use
new technology paints due to the high risk of sustaining painting system collapse from an untested system.



3 Cargo Hold Paint Attributes and MADM Methodology
Berendsen [13] indicates that the requirements of a cargo hold painting system should include:

1. Corrosion resistance
2.  Wear resistance

3. Impact resistance

4. Scratch Resistance

Expanding the above, the authors propose the below characteristics that can fully entail all the technical properties
of the paint for such application and used to rank candidate coating systems. In the parenthesis their optimum
value is indicated:

Surface Roughness (minimal),

Surface Glossiness (maximum)

Abrasion Resistance (maximum)

Impact Resistance (maximum)

Carbon Stain Resistance (maximum)

Resistance to Chemicals used for Cargo Hold Cleaning (maximum)
Paint Micro-Structure, content and coherence

Compatibility with existing coating systems (see below)
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Compatibility with grain and other food products (see below).

The compatibility with grain and other food products can be seen from the compliance with the US Food and
Drug Administration and subsequent FDA certification [20] which is common for all available cargo hold paints
in the market. While the commercial paint comparison and point No.8 (compatibility) can be assessed straight
forward, the performance in points No.l to No.7 cannot be determined by the paint material datasheet or safety
datasheets. Instead a comparison method that covers all points and can benchmark all types of cargo hold paints
is required. The method should be both model and full scale based. Thus, it would remove the risk of applying to
large areas of the vessel prior to verification and allow testing in laboratory levelled conditions. On the other hand,
it should be able to capture the performance of different paints under the actual operating conditions on board.
The methodology should be able to capture the multi-attribute characteristics of the decision-making problem.

Based on the above, a multi-attribute decision making (MADM) methodology is presented for cargo hold paints
comprised of the following test scheme:

A. Model Scale Testing at Laboratory Conditions
1. Roughness Measurement as per ISO 4288:1996
Glossiness Measurement as per ISO 2813:2014
Micro Structure Paint Examination with Scanning Electron Microscopy (SEM) [28], [29]

Bl

Micro Structure Paint Chemical Composition with Energy-dispersive X-ray spectroscopy (EDS)

[30]

Abrasion Resistance Test — Rotating/Pulsating Test as per ISO 10545-7:1996 [21]

Abrasion Resistance Test — Constant Pressure Rotating Disc as per ISO 10545-6:2010 [22]

Hardness Test as per DIN 55945:2016 [23]

Impact Resistance Test as per EN ISO 6272-2:2011 [24]

Impact Resistance Test as per ASTM D2794 —93:2010 [25]

10. Stain Resistance Test as per ASTM G20 — 10:2015, modified to the chemicals selection that are
most abundant in the cargo holds of bulk carriers.

11. Chemical Resistance Test as per ISO 2812-1:2007 [26]

A



Following the completion of the above test scheme, a paint test patch has been applied on the hopper areas of a
Post Panamax bulk carrier cargo hold as a means of additional verification and benchmarking of the MADM
results.

Following the completion of the tests, a ranking procedure has been developed, based on utility functions [32].
This has been successfully applied by the authors in ship design optimization studies [33, 34, 35]. Alternatively,
the Analytical Hierarchical Process [36], can be used.

As part of the ranking process the goal set is the choice of the best suiting coating system for painting the cargo
holds of a modern bulk carrier. The focus in the herein presented study is exclusively technical and the following
objectives are set:

Surface Glossiness (maximum) / (SG)

Surface Roughness (minimal) / (SR)

Abrasion Resistance (maximum) / (AR)

Surface Hardness (maximum) / (SH)

Resistance to Chemicals used for Cargo Hold Cleaning (maximum) / (CR)
Impact Resistance (maximum) / (IR)

Carbon Stain Resistance (maximum) / (CSR)

© NN RN =

Paint Micro-Structure, content and coherence / (SEM)

The compatibility with existing painting systems, in other words the requirements of each coating for additional
surface preparation (e.g. Sal.0 or Sa2.0) blasting has not been included in the decision-making objectives as the
coating systems examined herein are all compatible with existing epoxy anticorrosive coatings used as “primer
coats” in cargo holds. The coating price has not been examined in the herein proposed methodology as it is a
commercially sensitive part that varies from paint maker to paint maker and depends on the current repair and
paint market condition as well as the relationship with the potential client. For this reason the price and any other
commercial aspects are taken out of the present comparison as it may distort results in the decision making process
and the latter is focused on the technical aspects only. However, in the future the price of the coating system (not
per liter as other parameters such as spreading rate, volume of solids etc are affecting the consumption) can be
used. Additionally, the cost comparison can be done on a separate basis by each independent shipowner as it
doesn’t require the resources the herein ranking process does and used in conjunction with the results of this study.

Therefore, the utility of each coating system is defined as per below:

Ugpoxy = Wsg * U(SG) + wgg * u(SR) + wyg * u(AR) + wey x u(SH) + weg * u(CR) + wig * u(IR) + wegg * u(CSR) + wggy * u(SEM)
1

In the above formulation, wg; to wg, are defined as the weights assigned to each objective by the decision maker,
are scaled from 0.0 to 1.0 and their summation should equal to 1.0. Furthermore, u(SG) to u(SEM) are defined as
the utilities of each coating with regards to one each attribute. For each test objective, the coating having the result
closest to the optimal (e.g. lowest surface roughness) is assigned a utility of 1.0 which is the maximum that can
be obtained for subject objective. The utility of the each other coating for this objective follow a linear distribution
as per below formula (for the case of example the surface glossiness objective is assumed):

r;(SG) — Topt (SG)

u,(S6) =1 - 56

With 7;(SG) being the surface glossiness result of the i-th coating system, 7,,,(SG) the surface glossiness result

of the coating closest to the optimal value and u;(SG) the utility of the i-th coating system with regards to surface
glossiness.

4  Case study



The method used for obtaining the various properties and characteristics and subsequently ranking a coating is
universal and can be used for n-number of alternative coating solutions. For the sake of comparison, and due to
issues of availability of various paint stocks in Greece, three distinctive coatings of different paint technology and
type were selected:

L Epoxy A: A modified epoxy paint. A hard wearing, surface tolerant, two pack epoxy primer/finish
offering corrosion protection in one coat. It is commercially available.
II.  Epoxy B: A pure epoxy paint. This is a two-component polyamine cured epoxy coating. It is a fast
drying, surface tolerant, hard wearing, high solids, high build product. It is commercially available.
III.  Epoxy N: A pure epoxy paint with nano-particles for increased impact strength, stain, abrasion and
corrosion resistance. It is commercially available.

Epoxy A and Epoxy B are standard cargo hold paints available in the market. Epoxy N is a new paint product that
hasn’t been previously tested in vessel cargo holds. It differentiates from common cargo hold paints by
incorporating silicon elastomer nanoparticles in an epoxy matrix. Their structure is described by a soft, elastomer
core that can adhere on the resin binder. The core competency of the resulting coating is that even though no
abrasion resistance, strength or robustness of the coating is lost, the particles can reversibly act as energy storage
units, absorbing the accute pressure of abrasive loads. The particles are permanently bound to the resin binder
polymers, due to the binding moieties. They act like nano-springs in the coating. Their existence does not modify
the ability of the epoxy coating to adhere on the substrate. The polymer planes and “threads” remain resistant to
impact or abrasion; however, much of the damaging energy is absorbed before the coating cracks, flakes or fails.
The original corrosion resistance is not affected as well.

4.1 SAMPLE PREPARATION

The laboratory tests were conducted at the laboratory facility of NanoPhos SA, at Lavrio, Greece. Samples of the
two commercial available paints were used. All samples were coloured in the Red Brown shade. The paints were
applied on marine steel plates sized 10cm x 10cm, with 2mm thickness of A 131 ABS Grade A material. The steel
plates had been sand blasted following the Brush off Blast SSPC-SP10 (SSI-Sa2 12). At least 95% of total surface
area was set free of all visible residues, and the remainder was limited to very light discolorations. This is very
close to the actual quality of surface preparation expected during maintenance work. Blasting profile was
determined at 60+10 um.

Figure 1- Shot Blasting Profile of samples

A primer was applied and cured for 24 hours. The application of cargo hold coating systems took place 24h after
the application of the epoxy primer coating, following the exact same equipment and procedure. Each of the
samples was identified by unique identification number for subsequent testing. In total, 14 steel samples of Epoxy



N (IDs ENVI to ENV14), 15 samples of Epoxy A (I1 to 115) and 14 samples of Epoxy B (IDs J1 to J14) were

prepared.

In total 2 coats were applied with a target wet film thickness of 200pm each corresponding to a dry film thickness
of 150um each and a total theoretical dry film thickness of 300um for the cargo hold coat and 450um for the entire

sample including the primer. It should be noted that such comparisons were done with the same Dry Film
Thickness (DFT) for all samples and not at the suggested Dry Film Thickness (DFT) of each paint manufacturer.
The most common coating system thickness in cargo hold applications of bulk carriers is two coats of 125 pm
each. The selected system thickness of 150 pm for each coat. The samples were left for seven days in ambient

temperature to allow full curing. All coatings were easy to apply and there were no problem for the

application/preparation of the samples.

Figure 2- Epoxy B Application

4.2 SURFACE CHARACTERISTICS AND ROUGHNESS ASSESSMENT

The first step in assessing each coating is to examine its surface characteristics and roughness profile. At this

stage, all samples were individually identified and their thickness, roughness and glossiness were determined.

Table [1] summarizes the relevant findings:

Epoxy N Epoxy B Epoxy A
Gloss  Roughness NDFT Gloss  Roughness NDFT Gloss  Roughness NDFT

(@60r) (um) (um) (@60°) (um) (um) (@60°) (um) (um)

ENVI1 55,3 0,475 650 I 19,7 0,788 567 IN1 18,1 0,726 629
ENV2 57,6 0,345 604 J2 22,1 0,797 626 IN2 17,2 0,633 647
ENV3 52,8 0,553 615 I3 19,5 0,863 595 IN3 18,8 0,937 572
ENV4 55,2 0,453 584 J4 20,4 0,864 623 IN4 18,0 0,671 667
ENV5 53,8 0,245 619 J5 21,9 0,631 607 IN5 19,0 0,773 605
ENV6 51,0 0,411 598 J6 20,6 0,741 567 IN6 17,6 0,909 518
ENV7 56,5 0,297 628 J7 19,8 0,849 538 IN7 17,0 0,821 608
ENVS 59,6 0,361 625 13 20,1 0,743 571 IN8 14,5 0,860 555
ENV9 57,5 0,435 585 J9 21,9 0,739 588 IN9 14,8 0,685 657
ENVI10 54,0 0,391 660 J10 21,6 0,808 612 IN10 17,8 0,617 654
ENV11 55,4 0,455 607 J11 20,2 0,774 592 INT1 16,7 0,831 685
ENV12 55,9 0,410 626 J12 20,0 0,792 642 IN12 17,0 0,605 666
ENV13 57,5 0,414 558 J13 21,2 0,941 569 IN13 16,6 0,646 615
ENV14 57,2 0,265 612 J14 21,1 0,838 592 IN14 18,3 0,847 618
IN15 17,1 0,775 617




Average:
Std Dev:

55,7 0,394 612  Average: 20,7 0,798 593  Average: 17,2 0,754
2,2 0,085 27 Std Dev: 0,9 0,074 28 Std Dev: 1,3 0,114

Table 1 - Gloss, Roughness and Nominal Dry Film Thickness of Coating Samples

The Nominal Dry Film Thickness (NDFT, um) indicates the total film thickness of the coating system, including
the EPR primer. Considering that the thickness of each of the coatings was £150 pm (2 x EPR 150 pm & 2 x
Cargo Hold Coating 150 um), the resulting average thickness of the sample was around 600 pm. The experimental
results are in accordance to theoretical surface paint coverage values in the respective paint technical data sheets.
It should be noted that the above observed DFT are achieved in laboratory conditions under much better control
of paint flow when compared to the actual shipyard conditions, especially in the case of maintenance (dry
docking). In real-life, full scale applications the DFT variance is larger with areas of higher and lower DFT
respectively [13]. However, efforts from the attending paint maker representative are always made to minimize
this effect which due to the environmental conditions is unavoidable.

Roughness was determined by using a Surftest SJ-210 instrument, by Mitutoyo. The instrument involves a stylus
tip that follows the roughness profile at a 2cm measuring length [27]. The determined roughness value corresponds
to Ra, which is the arithmetical average value of all absolute distances of the roughness profile from the centre
line within the measuring length. For each of the samples, three measuring lengths were determined and their
average is presented in Table 1.

Roughness curve fix)  pean line / Center line

Z Roughness curve f(x)
J Mean line ! Center line /
Ra"*\n't W r‘h\nmnmw /r =l ' SAA”‘_\MT > X
VWVVV'VV AVA S ,1y“f:1lf_iy"f
) Sampling length (L) Sampling length (L)
1 1 o =
Re=- | 0] ax Re=L (3 ypil <3 Iy1])
L J; 55 i=1
Roughness curve f(x) Mean line / Center line
Roughness curve f(x} )
Zy Mean line / Center ling Zy Smi _Sm2 j Smi Smn

Rzmax )‘ﬂ\ ;j\\«H /\.‘H\Af\ M‘A\dﬁ./x ’A\‘,, /’.\ A‘"‘ > ¥
VW YVV VTV

Sampling length (L) Sampling length (L)

Rzmax= max(f(x)) - min(f(x)) Rsm= 1 E Smi

Figure 3 - Definition of roughness values R ([19]])

The roughness value R, (arithmetic mean deviation of the roughness profile) is always lower than the Rz (average
vertical distance between peaks and valleys). For comparison reasons, the value R, is considered the ideal
parameter as it excludes local imperfections and provides a fair roughness outline value of the surface. Roughness
of the surface is considered a very significant merit, as it is directly linked to the dirt pick-up ability of the surface
itself. Smoother coating surface tends to uptake less dirt and thus require less cleaning effort. The effect of reduced
roughness is also clearly correlated to the gloss level as seen from the respective measurements.

Gloss is the attribute of surfaces that causes them to have shiny or lustrous, metallic or matte appearances [19]. It
is attributed to the reflection of incident light. A gloss meter is an instrument which is used to measure specular
reflection gloss of a surface. Gloss is determined by projecting a beam of light at a fixed intensity and angle onto
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a surface and measuring the amount of reflected light at an equal but opposite angle. For this study, GL0030 TQC
PolyGloss 60°/20 °/85° gloss meter was used. The incident light beam was set at 60°.

Even by naked eye, the Epoxy N sample appears glossier compared with Epoxy A and Epoxy B samples. Table
1 indicates that the gloss level of Epoxy N samples are 300% glossier than Epoxy A samples and 250% glossier
than Epoxy B samples.

Figure 1 - Gloss mechanism on coatings — correlation with surface roughness

The gloss level of a paint is defined by two critical factors (Fig. 15): a) The particle size of the fillers and pigments
contained within the paint and b) The ratio between the binder (polymer, epoxy resin) and the solid
fillers/pigments. The richer the paint in binder, the glossier the end coating. The surface glossiness is a merit
heavily correlated to the roughness as should be considered as a product characteristic of the roughness. It can be
used straight forward to assess the stain resistance and more importantly, the easiness of cleaning of a cargo hold
coating system since the increase of the gloss level reduces the intensity of “valleys” and “mountains” that can
accumulate dirt and enhances the practical, easy-cleaning characteristics of the coating. From table [1] it is evident
that Epoxy N is 70% glossier (as also witnessed by visual inspection) due to the use of nanoparticles and a highly
binded paint matric.

4.3 MICROSCOPIC ANALYSIS

The prepared samples of the cargo hold coatings were examined by a Scanning Electron Microscope (SEM), in
order to evaluate the micro-structure and the surface characteristics of the resulting coatings [28], [29]. The SEM
analysis was performed on fully cured samples that had not undergone any testing (e.g. abrasion, impact, chemical
attack, etc.). Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS), sometimes called energy dispersive
X-ray analysis (EDXA) or energy dispersive X-ray microanalysis (EDXMA) was also applied, as an analytical
technique used for the elemental analysis or chemical characterization of a sample. It relies on an interaction of
some source of X-ray excitation and a sample [30]. Its characterization capabilities are due in large part to the
fundamental principle that each element has a unique atomic structure allowing a unique set of peaks on its
electromagnetic emission spectrum (which is the main principle of spectroscopy).
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Figure 3 - SEM Image of Epoxy A (x800)



Figure 8 - SEM Image of Epoxy B (x800)



Figure 4 - SEM Image of Epoxy N (x800)
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Figure 11 - Epoxy A EDS Analysis on the purple frame
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Figure 12 - Epoxy A EDS Analysis on the purple frame
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Figure 13 - Epoxy A EDS Analysis on the whole SEM image
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Figure 14- Epoxy B EDS Analysis on the purple frame
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Figure 15- Epoxy B EDS Analysis on the whole SEM picture
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Figure 16- Epoxy B EDS Analysis on the purple frame
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Figure 17- Epoxy N EDS Analysis on the whole SEM image
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Figure 18- Epoxy N EDS Analysis on the purple frame
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Figure 19 - Epoxy N EDS Analysis on the whole SEM image

Based on the principles of SEM analysis, the bright areas of all images are inorganic particles. Those crystalline
or semi-crystalline particles reflect or deflect X-rays much more intensely comparing to the organic, non-
crystalline binder content. In other words, all bright areas consist of fillers or pigments (Calcium carbonate CaCO3
filler, Iron Oxide Fe O3 pigment, Aluminium Oxide Al,O; additive), whereas the dark image areas are mainly
attributed to the polymeric, organic, binder, resinous epoxy content. Microscopic analysis of the samples revealed
some very interesting qualitative results.



Epoxy A presented extensive micro-cratering and surface flaking (figures 16 and 17). This is a clear indication of
incompatibility between the inert content of the coating (i.e. fillers and pigments) and the resinous system. The
cratering cannot be attributed to inadequate mixing between the base and the hardener, as in such a case extensive
cracking due to improper curing would appear. The craters affect the performance characteristics of the coating,
as they pose dirt accumulation points. Apparently, cratering diminishes the performance against corrosion and the
mechanical durability of the coating to withstand abrasive and impact loads. Furthermore, Epoxy A did not appear
homogeneous in comparison to the microscopic analysis of the rest of the samples and the size distribution of the
fillers was broad, as particles of up to 20um were observed.

On the other hand, both Epoxy B and Epoxy N samples presented a uniform appearance without any craters on
the surface. Even though the size distribution peak of inorganic particles (bright areas) on Epoxy N appeared
slightly higher (bigger particles) than the respective of Epoxy B (Fig. 19 & 21), Epoxy N coating was slightly
more uniform and packed (Fig. 18 & 20). This was attributed to the narrower size distribution (i.e. the particles
lay between narrower size margins) and therefore better packing of them takes place. For a better understanding
of the above observation, a classical mechanics equivalent could be the laying of marble spheres on a floor surface:
The more uniform their size, the more even they pack. Non-uniform packing resulting from an uneven size
distribution among marble spheres ends up with elevated roughness and poor surface characteristics.

The EDS analysis of all samples was mainly occupied by picks that correlate to calcium (Ca) and Iron (Fe). This
was expected as epoxy paints were prepared with calcium carbonate fillers and iron oxide pigments [19]. It is
interesting to note on Fig.23 which focuses on the fillers area of Epoxy A that there is an absence of a calcium
peak, and instead an intense silicon peak can be observed. Most probably, Epoxy A does not contain calcium
carbonate fillers, but instead fumed silica or other similar filler types are used.

Finally, the level of microscopic analysis did not allow the nanoparticles contained within Epoxy N to be revealed.
The maximum zoom level (x 800) sets the resolution at 80 pm which was at least three orders of magnitude larger
than the relevant nanoparticles of Epoxy N. Nevertheless, the appearance of silicon modified nano-elastomers can
be noticed as a peak in Figure 29 of the EDS spectrum. Furthermore, the amorphous structure of the elastomeric
nanoparticles would make it much difficult to appear on SEM, and other imaging techniques such as Transmission
electron microscopy (TEM) or Atomic Force Microscopy (AFM) should be employed.

From the microscopic analysis, the coating micro-structure in space and its chemical content can be fully assessed
which are the basis for assessing the mechanical properties of the coating [19]. The Epoxy B and Epoxy N are
more uniform coatings as both belong to the pure epoxy family in contrast to Epoxy A which is a modified epoxy
paint. The microstructure and EDS analyses furthermore validate the roughness and glossiness observations thus
making the overall comparison more reliable.



4.4 ABRASION RESISTANCE ASSESSMENT

The abrasion resistance assessment took place at the premises of Materials Industrial Research & Technology
Center S.A. (MIRTEC SA), Chalkida, Greece, on Friday, 23" September 2016. Despite the fact that the abrasion
testing methods applied were developed for ceramic tiles and not epoxy coatings, the authors’ strongly support
that the results are still valuable.

4.4.1 Pulsating Abrasion Test

The first method of surface abrasion testing is based in ISO 10545-7:1996 (Ceramic tiles -- Part 7: Determination
of resistance to surface abrasion for glazed tiles) [21]. The test is based on the visual inspection of test specimens,
after subjected to the erosion caused by steel balls of three different diameters and distilled water, as it rotates
with a certain eccentricity (22.5mm) at 300 revolutions per minute. The abrasive load in contact with the coating
surface is contained in metal holders with rubber seals, clamped to the platform. The rotating device stopped at
10,000 revolutions, in order to allow extraction and examination of specimens. This method intends to simulate
the abrasion of the cargo on the cargo hold paint from the relative cargo movements induced by the global vessel
movements.

Figure 20 - Pulsating Abrasion Tester, based on the erosion caused from metallic spheres.

Figure 33 reveals the outcome of the testing in two samples for each of the coating type. For Epoxy A, IN6 and
IN7 were assessed; for Epoxy B, J1 and J9 were assessed and for Epoxy N, ENV5 and ENV7 were assessed.
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Figure 21 - Cumulative results on abrasion testing on pulsating abrasion tester

For all samples tested, 10,000 rounds revealed a circular pattern of abrasion, with a gradual abrasion damage
increasing closer to the outer perimeter. This pattern is justified by the rotational (eccentric) move of the tester
and the centrifugal forces applied to the metal spheres. However, while the level of damage is clearly observed
on Epoxy A and Epoxy B samples, Epoxy N marginally reveals the abrasion pattern. Both samples of Epoxy N
exhibit very light abrasion patterns. This is associated with the inherent ability of the coating to absorb the impact
energy of the incoming steel spheres. On the other hand, both Epoxy A and Epoxy B reveal higher signs of
abrasion, being more intense on the first one. This might have been caused by the cratering existing on the surface
of the Epoxy A, which acts as delamination nuclei promoting further abrasion damage.
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Figure 22 - Epoxy A IN7 sample after 10.000 rounds of abrasion testing on pulsating al.)rasion tester.
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Figure 23- Epoxy B J1 sample after 10.000 rounds of abrasion testing on pulsating abrasion tester.



Figure 24- Epoxy N ENV7 sample after 10.000 rounds of abrasion testing on pulsating abrasion tester.

The abrasion testing revealed that the damage induced on the Epoxy A and Epoxy B samples increased the surface
roughness characteristics. Therefore, staining and cleaning effort are expected to increase after the coatings are
exposed to abrasion loads. It should be noted at this point that in order to produce edible results that can form a
solid comparison basis between coatings with this method a high number of revolutions is required due to the
small magnitude of each one.

4.4.2 Pulsating Abrasion Test

The second method of surface abrasion testing is based in ISO 10545-6:2010 (Ceramic tiles -- Part 6:
Determination of resistance to deep abrasion for unglazed tiles) [22]. The concept for this test is based on the
determination of the abrasion resistance by measuring the length of the groove produced by means of a constant
pressure, rotating steel disk, in the presence of abrasive material (white, fused aluminium oxide) between the disk
and the coating. The testing apparatus consists of a rotating disk, a storage hopper with a dispensing device for
the abrasive material, the specimen support and a counterweight to assure the constant pressure of the rotating
wheel (see Figure ). The second method in contrast to the first, intends to simulate the effect of the high abrasion
forces the cargo holds are subject to and more specifically the hopper and stool areas, which are subject to the
impacts and abrasion of bulldozers used by ports during the cargo discharging as well as the abrasion from the
granular cargo high velocity impact on the hopper, stool and bulkhead surfaces during loading operations.
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Figure 25 - Constant pressure, Rotating Disk Abrasion Tester

Subjecting the specimens in the rotating disk abrasion test, revealed a similar pattern. It must be noted that this
method of abrasion testing was found to be extremely harsh for epoxy coatings resulting into direct loss of mass
from the surface of the coatings. However, the testing method reasonably simulates the abrasion load from grabs
impacting the cargo holds surface. As a comparison between the samples, Epoxy N presented the least mass loss,
as compared to the rest of the samples. In order to quantify the results, the volume of coating loss was calculated.
The results were obtained on the testing areas after five (5) and twenty (20) revolutions of the rotating disk.



S revs test Epoxy A Epoxy B Epoxy N

Average Values INS, IN13 Sample J6, J7 Sample ENV10, ENV12 sample
Damage Length (mm): 15,4 16,3 5,0
Damage Width (mm): 9,5 9,7 9,2
Damage Depth (mm): 0,242 0,194 0,084
Volume loss (mm®): 354 30,7 3,9

Table 2 - Quantification of Rotating Abrasion Testing results @ 5 revolutions

Epoxy A Epoxy B Epoxy N
20 revs test IN5 Sample J6 Sample ENV12 sample
Damage Length (mm): 20,0 21,1 15,0
Damage Width (mm): 10,0 10,0 9,2
Damage Depth (mm): 344 264 178
Volume loss (mm?): 68,8 55,7 24,6

Table 3 - Quantification of Rotating Abrasion Testing results @ 20 revolutions

Figure 26 - Epoxy A samples, after rotary abrasion testing.



Figure 28- Epoxy N sampls, after rotary abrasion testing.

After five revolutions Epoxy N volume loss was almost an order of magnitude lower than Epoxy B and Epoxy A.
Increasing the number of revolutions, Epoxy N still exhibits 50% to 66% less volume loss. It is indicative that
although the performance specs of both Epoxy A and Epoxy B are not much different, the Epoxy B sample
presented a larger surface area of damage.

Even though that the abrasion testing procedures were not designed to assess epoxy coatings, the gradient in
performance among specimens proved that the abrasive energy was successfully delivered and the testing outcome
is in accordance to artificial ageing of cargo hold coatings. The steel spheres assessment can successfully resemble
repetitive cycles of loading/unloading and the rotary disk test can resemble the abrasive force of grabs scratching
the walls of cargo holds. Therefore a realistic ranking of the relative “in-service” performance between cargo hold




coating systems can be seen, with Epoxy N having a better performance than Epoxy B and Epoxy A, due to its
ability to absorb abrasion forces due to the nano-particle structure. Epoxy A and Epoxy B although different
technologies (modified and pure epoxy respectively) had a very similar performance which cannot create a straight
forward answer on which has the best performance.

4.5 HARDNESS ASSESSMENT

Hardness is a material’s (surface) ability to resist plastic deformation, by impact or sliding [16]. Most coatings
are viscoelastic, and hence will indent to some extent. Therefore, German standard DIN 55945:2016 [23] defines
hardness as follows: Hardness is the resistance of a coating to a mechanical force. For determining hardness on
cargo hold coatings, the pendulum method (Kdnig Pendulum) was applied [19]. This method evaluates hardness
by measuring the damping time of an oscillating pendulum. The pendulum rests with two (2) stainless steel balls
on the coating surface. A physical relationship exists between oscillation time, amplitude and the geometric
dimensions of the pendulum. The viscoelastic behaviour of the coating determines its hardness. The softer the
coating, the more the pendulum oscillations are damped and the shorter the time needed for the amplitude of
oscillation to be reduced by a specified amount.

Epoxy A Epoxy B Epoxy N
IN5 Sample J6 Sample ENV10 sample
Oscillations to dampen: 52 60 43

The above results indicate that the Epoxy N is the softer coating. A closer understanding of Epoxy N properties
indicate that the elastomeric nanoparticles contained therein can absorb the oscillation energy. Just like the
mechanical analogue of a steel plate of thickness x and a set of y steel plates of thickness x/y interconnected with
springs, Epoxy N exhibits the mechanism that energy can dissipate from the pendulum to dynamic/thermal energy
in the coating. Therefore, it takes less oscillations to dampen.

4.6 IMPACT RESISTANCE ASSESSMENT

The aim of this method is to determine relative resistance to damage from impact of objects that fall, are dropped,
or from operation of equipment under normal shipboard operating conditions. The methodology is following
standards EN ISO 6272-2:2011 [24] (Paints and varnishes - Rapid-deformation (impact resistance) tests - Part 2:
Falling-weight test, small-area indenter) & ASTM D2794-93:2010 [25] (Standard Test Method for Resistance of
Organic Coatings to the Effects of Rapid Deformation (Impact)). According to the testing procedure, the test
specimen is fixed into position by the quick release clamp. The weight is lifted to the predetermined height and
can be set by the adjustable collar device. The weight is then released and the resulting deformation is observed.
There are two impact test methods: either a weight with a hemispherical punch attached falls on a coated metal
sheet (direct) or a weight falls on to a hemispherical punch which is resting on the coated metal sheet (indirect).
Both EN ISO 6272-2:2011 and ASTM D2794-93:2010 employ the indirect method as more accurate for
determining the impact resistance. The weight was set at 1 kg, the lift height was set at 1m and hemispherical
punch diameter at 12,7mm. Essentially, 9.8] of energy are distributed over a surface area of 127mm?.



Figure 30- Epoxy B (J10) sample after impact testing



Figure 31- Epoxy N (ENV9) sample after impact testing

On the Epoxy A sample, the impact craters have an average size of 7.9+0.3mm. Two of the impact points have
delaminated. On the Epoxy B sample, the impact craters have an average size of 6.4+1.4mm. Only one impact
point has delaminated, but with a complete loss of adhesion between the primer and the application surface. On
Epoxy N the impact craters have an average size of 4.1+1.0mm. Three of the impact points have delaminated.

Overall, rapid deformation testing (indirect impact) suggests that Epoxy N performs better than the other coatings,
as the deformation size is smaller. Delamination was not considered an alarming fact as it took place next to the
sample’s edges. Those points have a limited ability to absorb impact energy, as there is less coating mass
surrounding the impact point. However, the size and intensity gradient among samples is visible in Fig. 42-44,
with Epoxy N exhibiting the best performance and the Epoxy A the worst one.



4.7 STAIN RESISTANCE ASSESSMENT

The staining test consists of the application of a pigment rich coating (stain) on top of the cargo hold’s coating
surface, in order to assess the effort needed for removing the stain. The stainability of a coating may be interpreted
as the difficulty of removing any substance or product in contact with the surface, without reacting with the surface
(in which case chemical attack would be involved).

For the staining assessment of the cargo hold coatings, a solvent based stain was formulated by 10% w/w
micronized carbon (graphite type; i.e. carbon black), 10% w/w an acrylic solvent based resin and 80% w/w an
appropriate organic solvent (xylene, butyl acetate mixture). The stain formulation was applied by a brush,
producing a thick coating (£300um). The stained samples were placed in an oven at 60°C to fully cure, before

stain resistance testing.

Figur 32 - Stain resistance assessment of the selected ca oldcoatings. On left, ComPainA, middle ComEpoxy B and right Epoxy N sample

After staining, curing and conditioning of the samples at room temperature, all samples were put under running
water to examine stain removal. None of the samples showed any marks of stain removal. However, when water
was wiped off by means of absorptive paper towel, pieces of the stain were delaminating and removed from the
Epoxy N sample. Light abrasion cleaning eliminated stains from Epoxy N’s surface. Epoxy A and Epoxy B did
not present any signs of stain removal. Using a hard-abrasive cleaning medium (metal sponge) on Epoxy A and
Epoxy B did result partial cleaning but only with mass loss of the underlying coating. The difference of stain
resistance between coatings is directly correlated to the different roughness properties. For rougher coatings, the
stain fails to be entrapped in surface irregularities, resulting to coatings that can be cleaned easier.?

4.8 CHEMICAL RESISTANCE ASSESSMENT

The chemical resistance of a coating can be determined using ISO 2812-1:2007 Part 1 [26]. Under this method, a
material or surface is exposed to the chemical substance for certain time and the relevant area is then inspected
microscopically. Possible alternations include discoloration; softening; alteration in the degree of shine; swelling;
detachment of coatings and blistering.

On completion of the defined test period, any residues of test liquid are removed and the material surface assessed
and analysed for visible alterations in accordance with DIN EN ISO 4628-1 to -5. To ascertain a possible
regeneration time, the assessment is made once immediately after removal of the test liquid and again one hour

later. The test procedure proves whether a material or surface is “resistant”, “partially resistant” or “not resistant”
to a specific chemical over a defined period of time.

For the assessment of cargo hold coating samples, the following chemicals were selected: a) Sulphuric Acid
H>SOy4 solution in water (pH = 2.0); b) Hydrofluoric Acid HF solution in water (pH = 2.9); ¢) Brine (10% w/w of
sodium chloride) and Sulphuric Acid H2SO4 solution in water (pH = 2.9); d) Muriatic (Hydrochloric) Acid



solution in water (pH = 1.0); e) Brine (10%w/w of sodium chloride in water) and f) DeSalin K, a commercially
available acidic cleaner comprising of Muriatic (Hydrochloric) Acid, Formic Acid and 2-butoxyethanol detergent
(pH=0.15).

Six plastic tubes of 2.5cm in diameter were firmly affixed on the surface of each of the testing specimens, by
means of silicone glue. After silicone glue was cured, the plastic tubes were filled with the “chemically
aggressive” solutions (test liquids) for 28 days (4 weeks). Even though weekly assessment took place, depicted
results represent the test completion (28 days). Samples assessed were IN11, J4 and ENV2.

Figure 33 - Testing arrangement for the determination of chemical resistance of cargo hold coatings.
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Figure 34 - Appearance of the Epoxy A (IN11) after subjecting to 28days of chemical resistance testing
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Figure 35 - Appearance of the Epoxy B (J4) after subjecting to 28days of chemical resistance testing



Figure 36 - Appearance of the Epoxy N(ENV2) after sub]ectlng to 28days of chemical resistance testing

Testing results are summarized in the following table:

Sulphuric Acid
H2S04
pH=2,0

Acid HF
pH=29

No Change

No Change

No Change

No Change

Discoloured

No Change

No Change

No Change

No Change

Discoloured

Discoloured

Hydrofluoric

Brine 10%
H2S04
pH=29
No Change
No Change
No Change
No Change

No Change

Muriatic

Hydrochloric

Acid
pH =1,0

No Change
No Change

No Change
No Change

No Change
No Change

No Change
No Change

Table 3 - Summary of Chemical Resistance testing

Brine 10%

No Change

No Change

No Change
No Change

No Change
No Change

DeSalin K
Muriatic &
Formic Acid

No Change

No Change

No Change
No Change



Based on the above results, it is evident that epoxy coatings are susceptible to the action of hydrofluoric acid.
Epoxy N remain unaffected for the first seven days of exposure; however prolonged action of HF resulted to
failure by discolouration. Epoxy B presented an unexpected swelling and discolouration from day 14; even on
brine light swelling developed. It is evident that there is humidity uptake upon exposure to water environment.

Epoxy A presented good stability in non-heavily acidic environment; however, exposure to extreme acidities like
DeSalin K resulted in heavy blistering.

4.9 Ranking of Painting Systems

Following the completion of the laboratory testing scope, and prior any full scale application, the 3 different
painting systems need to be ranked based on the test results. The attained utility for each objective is depicted in
tables [5] to [13] that follow.

Epoxy N Epoxy B Epoxy A
Average: 55.7 0.394 Average: 20.7 0.798 Average: 17.2 0.754
Std Dev: 2,2 0,085  Std Dev: 0,9 0,074 Std Dev: 1,3 0,114
Athfmed 1 1 0.371633752 0.49373434 0.20255 0.55209
Utility:
Table [5]: Attained Utility for Surface Glossiness.
Abrasion Test Results Attained Utility
Resistance Test
20 cycles test Epoxy A Epoxy B Epoxy N Epoxy A Epoxy B Epoxy N
Damage  Length 20.00 21.10 15.00 0.75 0.71 1.00
(mm):
Damage — Width = g9 10.00 9.20 0.92 0.92 1.00
(mm):
Damage  Depth 5, 59 264.00 178.00 0.52 0.67 1.00
(mm):
Volume loss 68.80 55.70 24.60 0.36 0.44 1.00
(mm°):
Table [6]: Attained Utility for Abrasion Resistance (20 cycle test)
Abrasion Test Results Attained Utility
Resistance Test
5 cycles test Epoxy A Epoxy B Epoxy N Epoxy A Epoxy B Epoxy N
Damage  Length 15.40 16.30 5.00 0.32 0.31 1.00
(mm):
Damage — Width 9.50 9.70 9.20 0.97 0.95 1.00
(mm):
Damage  Depth 0.24 0.19 0.08 0.35 0.43 1.00
(mm):
Volume loss 35.40 30.70 3.90 0.11 0.13 1.00
(mm°):
Table [7]: Attained Utility for Abrasion Resistance (5 cycle test)
Surface Hardness Test Results Attained Utility
Test Epoxy A Epoxy B Epoxy N Epoxy A Epoxy B Epoxy N
Oscillations to
dampen: 52 60 43 0.83 0.717 1

Table [8]: Attained Utility for Surface Hardness



!rr:s[)tact Resistance Epoxy A Epoxy B Epoxy N
Crater Diameter 7.9 6.4 4.1
Std Dev 0.3 1.4 1
Attained Utility: 0.450751582 0.640625 1
Table [9]: Attained Utility for Impact Resistance
Stain Resistance Test Epoxy A Epoxy B Epoxy N
Attained Utility: 0.4 0.1 1

Table [10]: Attained Utility for Stain Resistance

The resistance to chemicals as described previously in paragraph 4, has qualitative results. The following scale
has been used in order to quantify the defects due to the chemicals and thus quantify results:

Table [11]: Defect scale for chemical resistance tests.

Using this scale, the results of the chemical resistance test can now be quantified as performance indices instead,
as shown at table [12] below.

Table [12]: Matrix of quantified results of chemical resistance tests.

No Change Discoloured Heavy Blistering




In order to derive now with one index per coating based on the results matrix a weighted average approach is
followed. For each chemical solution the respective coating was exposed to, the average of the quantified result
of the duration the coating was exposed to the latter (7/14/21/28 days) is calculated. From this calculation, an
average index per chemical solution per coating is derived. Following this, a weighted average procedure is
applied with 5 different weight per solution scenarios as per table [13]. The coating chemical resistance
performance index is the average of the 5 different scenario results. The utility for chemical resistance of each

coating u;(CR), is therefore calculated. The results of the attained utility per coating can be seen in table [13].

Sulphuric Hydrofluoric Brine H D::Jéﬁifric DeSalin
Acid Acid 10% yaroe K
Acid
Chemical . Muriatic
Resistance Brine &
H2S04 HF H2S04 HCl1 10% .
Test Formic
Acid
- - - - pH =
pH=2,0 pH=29 pH=29 pH=1,0
<
>
X
)
2,
m
Average
Values
m
>
X
)
2,
m
Average
Values
Z
>
X
=}
=Y
m
Average
Values

Similarly to the chemical resistance test results, the paint microstructure and coherence is determined from the
results of the SEM analysis, as described in paragraph 4, the results of which are also qualitative. For this case a
utility has been assigned directly to each coating system. Epoxy N, having the best microstructure coherence has
been given the utility of 1.0, since it is the one closest to the desired coating merit. Since Epoxy B has a very
similar film microstructure structure to Epoxy N, a utility of 0.8 has been assigned, while for Epoxy A that has an
incoherent film microstructure with many micro-craters being formatted has been assigned a utility of 0.5.

Sulphuric Hydrofluoric  Brine H D(/;:J:ﬁ::)cric DeSalin

Acid Acid 10% YOreC K
Acid
lg:;?:;file Brine Muzatlc Epoxy Epoxy Epoxy
H2S0q4 HF H2S04 HCl 10% . A B N

Test Formic
Acid
= = pH = - pH =
pH=2,0 pH=29 2,9 pH=1,0 0,15




Scenario 1 0.17 0.17 0.17 0.17 0.17 0.17 1.00 2.96 1.38

Scenario 2 0.20 0.10 0.10 0.30 0.00 0.30 1.00 3.05 1.23
Scenario 3 0.30 0.20 0.10 0.20 0.10 0.10 1.00 3.28 1.45
Scenario 4 0.20 0.30 0.10 0.10 0.00 0.30 1.00 3.65 1.68
Scenario 5 0.30 0.30 0.00 0.10 0.00 0.30 1.00 3.88 1.68
Average Chemical Resistance Index 3.28 3.36 1.48

Attained Utility: 0.259  0.252  1.000

Table [13]: Ranking and attained utilities for Chemical Resistance

SEM Analysis Epoxy A Epoxy B Epoxy N
Attained Utility: 0.5 0.8 1
Table [14]: Attained Utility for Paint Microstructure (SEM analysis results)

The last qualitative result is that of the stain resistance testing. The assignment of utilities here follows the same
approach as in the case of the microstructure SEM results described above. The Epoxy N, which is distinctly
closest to the merit has been assigned with a utility of 1.0. The other two coatings have a much inferior
performance, with the Epoxy A being the second after Epoxy N with a utility of 0.4. Epoxy B can be considered
as having no stain resistance at all, therefore a minimum utility of 0.1 has been assigned. ¢

Stain Resistance Test Epoxy A Epoxy B Epoxy N
Attained Utility: 0.4 0.1 1
Table [15]: Attained Utility Stain Resistance

The weight of each attribute/objective is being assigned accordingly by the decision makers (in this instance the
ship owner). For the study presented herein, Authors assumed three different scenarios (Ul, U2 and U3)
respectively in which the assignment and weight distribution for each attribute is different. In Scenario Ul, all
attributes have equal weights. In Scenario U2 the decision maker focuses on the practical and operational aspects
of cargo hold coating, namely the ease to clean after cargo operations and its resistance to the chemicals used in
such operations. The bigger weight of 0.2 has been therefore assigned to the Resistance in Chemicals, Stain
Resistance and Glossiness test results. The Roughness, Hardness and the SEM examination results have a smaller
weight of 0.1 and lastly, the smallest weight of 0.05 is assigned for the Abrasion Resistance results and Impact
Resistance results. In Scenario U3, the biggest weights of 0.2 are assigned to the Abrasion Resistance, Hardness
Resistance, Impact Resistance and SEM microstructure examination test results. While a small weight of 0.05 is
assigned to all other attributes. In this scenario the decision maker thus focuses on the structural integrity and
overall toughness of the coating. The assignment of attribute weights for each scenario is depicted in Table []

below.
Objective Weight U1l U2 U3

Surface Glossiness / wgg 0.125 0.200 0.100
Surface Roughness wgp 0.125 0.100 0.050
Abrasion Resistance (20 cycles) / wyp 0.125 0.050 0.200
Surface Hardness / wgy 0.125 0.100 0.200
Resistance in Chemicals / weg 0.125 0.200 0.100
Impact Resistance / w; 0.125 0.050 0.200
Carbon Stain Resistance / wggp 0.125 0.200 0.050
Microstructure SEM examination / wggy, 0.125 0.100 0.100

Table [16]: Utility weights for each objective according to the 3 decision making scenarios.

Test Epoxy N Epoxy B Epoxy A
Glossiness 1.000 0.372 0.203

Roughness 1.000 0.494 0.552



Abrasion Resistance (20 cycles) 1.000 0.442 0.358
Hardness 1.000 0.118 0.161
Resistance in Chemicals 1.000 0.440 0.451
Impact Resistance 1.000 0.641 0.451
Stain Resistance 1.000 0.100 0.400
Microstructure SEM examination 1.000 0.800 0.500
Utility Function 1 1.000 0.426 0.384
Utility Function 2 1.000 0.378 0.372
1.000 0.470 0.374
Utility Function 3
Table [17]: Utility function for each painting system
Utility Function - Ul
1.200
1.000
0.800
=
= 0.600
]
0.400
0.000
Epoxy N Epoxy B Epoxy A
m Utility Function 1 1.000 0.426 0.384

1.200

1.000

0.800

0.600

Utility

0.400

0.200

0.000

m Utility Function 2

Utility Function - U2

Epoxy N
1.000

Epoxy B
0.378

Epoxy A
0.372



Utility Function - U3
1.200

1.000
0.800

0.600

Utility

0.400
0.200

0.000
Epoxy N Epoxy B Epoxy A

Utility Function 3 1.000 0.470 0.374

Figures [37] to [39]: Ranking of the painting systems with utility functions — scenarios U1 to U3

As seen from both table [17] and figures [37] to [39], the Epoxy N has a distinctively higher utility which fully
validates all experimental results. It should be noted that this coating is an experimental epoxy with nano-particles
designed for superior performance compared to conventional cargo hold painting systems and its strict dominance
against the other systems in all testing results was expected and targeted. Furthermore, rather interestingly, the
ranking between Epoxy A and Epoxy B is highly dependent on the weights chosen by the respective decision
maker. For example, for scenario U1 for which there are equal weights for each objective, Epoxy A dominates
Epoxy B. In scenario U2, Epoxy B also dominates Epoxy A but marginally since more weight is assigning to the
chemical and stain resistance performance. In scenario U3 lastly, again Epoxy B strictly dominates Epoxy A, due
to the weight assigned to the SEM examination results as well as the hardness and abrasion resistance

performance.

Authors would therefore suggest that careful weight attribution, prioritization as well as a sufficient number of
scenarios are generated in order to make the decision-making process safer and more efficient. Another, rather
important point is that normally, such functions would be used for a much higher population of different variants
and not just three. Furthermore, the Author’s from their experience already know the ranking of the Epoxy A and
Epoxy B from applications and lifecycle performance on board, which is in turn validated by the results of the
herein presented study. Naturally, all of the above comparisons made don’t include any commercial, marketing
aspects and pricing which for decision makers in shipping companies are key drivers, as the present is a multi-
criteria ranking methodology for the technical/technological aspects of coatings, however in future studies this is
to be also included in order to address the decision making process in a holistic way.

5. Full Scale Assessment on board

The full-scale assessment of the herein examined cargo hold coatings took place on board a 98,000MT DWT Post
Panamax bulk carrier, during her dry-docking maintenance at a shipyard in China in 2016. The full-scale
application serves as a verification of the results of the laboratory tests and subsequent ranking procedure. The
vessel was built in 2011 and thus that was her first dry-docking and special survey. The cargo hold paint was the
original, as-built system (250um total DFT, 36 months lifetime) from the newbuilding yard with the necessary
maintenance in form of touch-ups from the crew using Epoxy A. The painting specification of the vessel is
constituted by two coats of Epoxy B paint of 125 um each totalling at 250 pm for the cargo holds. A test patch of
Epoxy N was applied in order to assess it performance in actual operating conditions. No.4 Cargo Hold was
selected for the test which is also heavy ballast hold and has higher corrosion rates. The patch location was at the



vessel’s port side and at the lower hopper location. The applied areas were grit blasted to Sa2.0 standards (100%
at hopper areas) while adjacent locations were blasted to Sal.0 standards in order to perform “feathering” and
smoothen the profile of previous coating. The Epoxy N patch similarly to the prevailing repair painting
specification had a total thickness of 250um but was composed by two coats of 100pum primer and 150um final
coat instead.

The application procedure and respective areas are depicted at the below photographs:
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Figure 41 - Application of EZR Primer on board No.4 (P) Cargo Hold of Post Panamax Bulker — Cas

eA'



Figure 42 - Completed application of EZR Primer on board No.4 (P) Cargo Hold of Post Panamax Bulker -
Case A . Blue line denotes application area.

Figure 43 - Application of Epoxy N top coating on board No.4 (P) Cargo Hold of Post Panamax ulker -
Case A. Epoxy N appears glossier than surrounding coatings. Blue line denotes application area.



Figui‘e 44 - Application of Epoxy N top coating on board No.4 (P) Cargo Hold of Post Panamax Bulker -
Case A. Epoxy N appears glossier than surrounding coatings. Blue line denotes application area.

Figure 45 - Completed application of Epoxy N top coating on board No.4 (P) Cargo Hold of Post Panamax Bulker
— Case A. Blue line denotes application area.

Three and a half months and 16 months after the application of the EZR-Epoxy N on-board subject vessel, real
life assessment of the coatings’ condition took place, by photographing in comparison to Epoxy B.



Figures 50 and 51 underline that the results are very impressive and there is a distinct difference between the two
systems. Figures 52 and 53 depict the test patch area after 16 months from the application and underline the
distinctive difference between the two coating systems which can be used in the qualitative technical assessment
and consecutive ranking by owners for future applications. Damage areas are mainly attributed to the abrasive
action of grabs and bulldozers.

Furthermore, it should be noted that the extremely high Abrasion rate and mechanical damages observed at the
hoppers, are not representative of the paint since any paint at such locations will fail. It is therefore suggested by
the authors that the testing location should be reconsidered to be extended towards the frame area and also include
the stool and lower bulkhead areas, including in this way the entire cargo hold lower zone.

Figure 46 - Port Side of No.4 Cargo Hold of Post Panamax Bulker, three and a half months after application of
Epoxy N coating.



Figure 47 - Port Side of No.4 Cargo Hold of Post Panamax Bulker, 16 months after application of Epoxy N coating.

Figure 48 - Starboard Side of No.4 Cargo Hold of Post Panamax Bulker 16 months after application of Epoxy B
coating.



6.

Conclusions, discussion of the results and future work

A comprehensive multi-criteria decision-making methodology for the selection of cargo hold coating for bulk

carriers has been presented and applied successfully at the comparison between three real distinctive coating

schemes. After the critical characteristics and desired attributes of the ideal bulk carrier cargo hold coating system

were identified, a methodology was developed in order to technically and rationally assess and consecutively rank

each system in both model and full scale. This methodology can be used by ship owners in the future in order to

rationalize and add an enhanced technical assessment for the ranking of different painting systems for cargo holds

along with the commercial aspects of this decision-making process.

Future work on this direction will include the following:

Include cost and other key commercial drivers in the DM process

Extend and adapt comparison method for antifouling paints,

Use of vessel motion simulation tripod with cargo hold models to simulate cargo (carbon) movements
in holds and assess its interference with the coating system.

Application of the method for new and experimental coating systems such as self-healing paints
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