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Abstract

Superabsorbent polymers (SAPs) are well known for their ability to absorb and hold high water
amounts accompanied by a high volume expansion. In this work we show the benefits of this
underlying property of SAPs to induce underwater crack closure with subsequent barrier
restoration in damaged protective coatings. For the proof of concept, three layer epoxy-
polyester (EP) powder coating systems were developed and applied on carbon steel. In these
systems the middle EP layer (also called functional layer) contained crosslinked
acrylamide/acrylic acid copolymer SAPs in different amounts ranging from 0 to 40 wt%. The
capability of the SAPs to close damages and extend barrier and corrosion protection was
evaluated by electrochemical impedance spectroscopy (EIS), NaCl aqueous solution immersion
test and optical microscopy. It was found that coatings loaded with a 20 wt% SAP led to the
best overall corrosion protection for the studied systems. In order to proof the potential use of

this extrinsic healing concept for multiple healing events wet-dry cycles on scratched systems

' Present address: Elementis GmbH, Stolberger Strae 370, 50933 Kéln
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were performed and the corrosion performance wiésarfed by EIS. Although not yet optimal,
the results show the potential of the concept fartiple healing events under wet-dry

conditions.

1 Introduction

Corrosion protection of metal structures using-bekling concepts has attracted significant
attention in the last two decades. Such attentsohaised on the potential of the concept to
restore local protection after damage by multiptategies [1]. Two main self-healing generic
strategies have been explored in anticorrosiveirgggt namely intrinsic and extrinsic self-
healing. Intrinsic self-healing implies that theaheg capability is given by the matrix itself. In
this concept temporary mobility of the matrix (emgplymeric coating) leads to damage
restoration such as closure of scratches or regavieadhesion [2]. Intrinsic healing can be
obtained by using various types of reversible cemtabnd non-covalent chemistries such as
ionomers [3], disulfide bridges [4], shape memooyymers [5] and Diels Alder moieties [6].
Extrinsic self-healing is obtained by secondaryctiga phases added to the main matrix. The
most common approaches use capsules containingiveealiquids [7] or inorganic
nanoparticles loaded with corrosion inhibitors [8}1 Despite the multiple strategies
developed, clear benefits to extend the corrosioteption at damaged sites is still challenging
due to some drawbacks. On the one hand most itinezling principles require a localized
energetic input which can limit future applicatiomkile extrinsic concepts using encapsulated
liquids can only heal once and are technologicatignplex to upscale. Moreover most of the
existing research has focused on solvent basedngsatvhile the more environmentally
friendly organic powder coatings [13—-15] have ated little to no attention. In this work we
explore the potential of superabsorbent polymersideelop an extrinsic healing powder
coating capable of repeated healing at the sameagkn site with wet-dry cycles.
Superabsorbent polymers (SAPs) have the abiligbsworb liquids up to several thousand times
of their own weight, keeping this water in the stume for long periods of time.
Superabsorbent polymers are extensively used in thalpers [16] and agriculture [17—-20] but
their use in self-healing coatings is limited thandful of works. Yabuki et al. showed that a
SAP could act as a self-healing agent in a vingxgpliquid coating [21] and some patents
were filed showing the potential of SAPs for watkycking in optical cables [22]. SAPs have
also been used to develop swellable thermoplalststemer alloys [23], water-swellable
rubbers [24] and self-healing concrete [25-27]allrthese concepts the underlying principle is

the same: when there is damage, the SAP is expgogbeé environment from where the SAP
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absorbs humidity thereby expanding. The local egemof the SAP leads to the blocking of
the damage and protection of the underlying (mejadtructure by local barrier restoration.

In this work we show the potential use of SAPsatwealing additives in powder coatings. To
demonstrate the concept a three layered epoxy-gtely¢dEP) powder coating system was
developed. Acrylamide/acrylic acid copolymer SAPsvgynthesized and incorporated in the
coating system by blending it with the middle Effela this conforming the so called functional
middle layer. Several coatings were prepared wiffierent SAP concentrations in the middle
layer ranging from 0 to 40 wt%. To evaluate the dgenhealing potential the coatings were
manually scratched with a knife ensuring the uryilegl substrate was reached. The behavior of
the coatings and their barrier restoration efficiea were then evaluated by electrochemical
impedance spectroscopy (EIS) and salt water immetsisting. The potential of the concept as
an extrinsic healing strategy with multiple healiegents at the same damaged site was
evaluated by wet-dry cycles and EIS. The resulés momising although more research is
needed to improve the overall barrier restoratios laealing repeatability at one same damaged

site.

2 Materials and Experimental

2.1 Synthesis of SAP

Crosslinked acrylamide/acrylic acid superabsoricepblymers (SAPs) were synthesized in the
lab by radical polymerization. Acrylic acid (99 %iry; 0.02 % hydroquinone monomethyl
ether as stabiliser) was supplied by Sigma—AldriChemie GmbH. N,N’-methylene
bisacrylamide (> 98 % purity), sodium hydroxideS@ % purity), ammonium persulfate (> 98
% purity) and sodium bisulfite (97—-100 % purity) neesupplied by Merck KGaA and used as
received.

Acrylic acid (AA) and sodium acrylate (SA) were dsas functional monomers and N,N-
methylene bisacrylamide as a crosslinking monorfiee. redox system ammonium persulfate
and sodium bisulphate was used as the initiatarthesynthesis of SAP, 0.78 mol of AA was
first dissolved in 16 mol of deionised water iniaa bath at 3°C. Subsequently, this mixture
was neutralized with 0.58 mol of NaOH to achieve ttequired 75 mol% degree of
neutralization of AA. After this, 0.04 mol of crdskker was dissolved in the solution, which
was then deaerated by bubbling with nitrogen fomfif. Thereafter, the solution was cooled
down to 10°C in an ice bath and stored for further 5 min. Timisnomer solution was then
mixed with the initiator solution (0.01 mol of ammom persulfate and 0.01 mol of sodium

bisulphate dissolved in 10 ml of deionised waten] ¢hen transferred to a 500 ml glass bottle
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at 60 °C to allow the polymerization reaction tmgeed. The polymerization reaction was
completed after 4 h. Thereafter, the hydrogel vedken out of the glass bottle and cut into
small pieces. The hydrogel pieces were stored ionged water at ambient temperature for
four days for washing out of the unreacted comptmext daily water exchange. The hydrogel
was then dried in vacuum oven for 24 h at 70 °Cgunodind in a ball mill to obtain a powder.

The resulting particles had a cubically broken getoyn The powder had an unimodal

distribution with a d(0.1) of 15 um, a d(0.5) of 4&h and a d(0.9) of 76 um.

2.2 Swelling degree of SAP

The tea bag method was used for the measurememiatiing degree of the synthesized SAP.

About 0.2 g of SAP powder is sealed in a liquidmpeable tea bag and immersed in a bath of 5
wt% aqueous NaCl solution and kept at ambient teatpee. The tea bag was then taken out at
set intervals (1, 2, 5, 10, 15, 20, 30 and 60 mamj drained for one minute to remove the

excess water before weighing. The equilibrated lsvge(ES) was measured twice using the

following equation

W,-W
ES(g/e) = = — Eq. 1

After weighing the swollen gels, the swelling degr@vater absorption of SAP at a given
moment) was calculated according to Eq. 1

2.3 Cyclic absorption-drying tests of the SAP

To identify any potential loss in the absorptiortguial of the SAPs up to four absorption-
drying cycles were performed. During the absorpttep the SAPs were immersed for one
hour in 5 wt% aqueous NaCl solution until saturatreas reached. The drying cycle consisted
of exposing the saturated SAPs in an oven at 70nt{Cfull drying.

2.4 Coating systems preparation

Low carbon, cold rolled steel with a thickness @& thm and a size of 102102 mm used as
metal substrate was supplied by Q Lab Germany utiebrand name R46, and used after
degreasing. Epoxy-polyester powder coatings coimiguinigh performance epoxy and polyester
resins were used as received from Axalta Coatirgge®ys Germany GmbH with a particle size
<160 um (brand name Aleasta EP). The EP powder coatirege @eposited by electrostatic
spraying onto the low carbon steel (at 60 kV pa&érdifference) and cured in an oven at
170 °C for 10 min.

Based on preliminary tests it was decided to dgwveldhree layer system in which the SAP
particles are located in the middle (i.e. a funwdlocoating as middle layer between a primer
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and a topcoat). It should be noted that when thBsSwere added in the primer the coatings
showed a clear adhesion loss and low resistaneeter exposure, thereby highlighting the
need for a primer below the SAP-containing layehethe SAP-containing layer was directly
exposed to water a fast and uncontrolled leachinjeoSAP was observed with its consequent
loss of healing potential. This highlighted the chder a barrier topcoat to force the SAP
swelling and expansion to occur only at damagex$ sito form the three-layer coating systems
first the base EP layer was applied and placedniroxen at 170 °C for 3 min to ensure
sufficient melting and coverage. Then the functionaldle EP layer containing the SAPs was
applied using different EP/SAP powder mixtures f0ta 40 wi% SAP) and placed in an oven
at 170 °C for 3 min. Finally the last EP layer vaeposited and the three-layer coating system
cured in an oven at 170 °C for 10 min. A schematithe process is depicted in Figure 1. The
average coating thicknesses of all the samples2dgagum (with a functional middle layer of
approximately 104 um thick and the base and toprtagf 70 um). To show the stability of the
SAPs during the curing process at 170°C a dedic#tednogravimetric and differential
scanning calorimetry analysis of the polyacryladsdd SAPs was performed. The results
showed the particles are stable until up to 230wWé€ll in agreement with previously published
works with similar SAPs [28], and therefore stabiiging the coating curing proceSsable 1
shows the different coating systems prepared arair thomenclature used along the

manuscript.

PRSI A R
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Powder coating Powder coating Powder coating

— T, ——

Substrate 3'min, 170 °C Base coat 3min, 170°C  Functional coat 10 min, 170 °C Top coat

(mixed with SAP)
Figure 1:Three layer coating system production
Table 1: Coatings prepared with different SAP cotge
Sample SAP content in the functional layer

SAP-0 No SAP

SAP-10 10 wt% SAP
SAP-20 20 wt% SAP
SAP-30 30 wt% SAP
SAP-40 40 wt% SAP
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Figure 2 shows a cross-section of a three-layetirgpaystem (SAP-40) in dry and swollen
state. To allow for a smooth surface and a higlustrast the cross-sections of the coated
panels were polished down to 320 grit (VSM, KK11BB20). The micrographs were taken by
a digital microscope. Although the three coatingefa cannot be easily identified, the SAP
particles are slightly visible before immersion ahearly distinguishable after immersion in DI
for one hour (black areas within the middle lay&he optical images show that the swelling of

the SAP particles does not significantly affect dverall coating system thickness.

Figure 2: Micrographs of the cross-section of @¢Hlayer SAP-40 coating system with SAPs in thedfeidayer
in dry (left) and swollen state (right) after 1rhde-ionized water. The SAP particles can be d@jstshed as dark
areas in the middle of the coating.

2.5 Wet-dry cyclic immersion tests followed by EIS

Wet-dry cyclic tests were performed to analyze plogential of SAP particles to allow for
multiple healing events at the same damage site B&rrier and corrosion protection
performance was followed by electrochemical impedaspectroscopy (EIS) under immersion
conditions. Repeats performed on the damaged cegstdms as well as optical and salt fog
spray confirmed the overall trends here reported,spme differences in absolute measured
values were found due to the impossibility to elya@produce the scratches.

For the EIS a potentiostat—galvanostat (autolab-Fd30) and a frequency response analyzer
(FRA) were used together with a faraday cage tadaexternal interferences. A traditional EIS
three electrode set-up was employed using Ag/AgCha reference electrode, platinum gauze
as the counter electrode and the coated samptés asorking electrode. All experiments were
carried out at room temperature. The area of theéing electrode was kept 16 érand 5 wt%
NaCl aqueous solution was used as the electrolyie.impedance measurements were carried
out over a frequency range of°#z to 10° Hz at 10 mV AC amplitude. Artificial defects of
200 um width and 1 cm length were created in the coasiyggems with the help of a sharp
knife before immersion. Before initiating the impede test, the coating systems were allowed
to stabilize at the open circuit potential for 16hm
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One wet-dry cycle consists of the following stefiee damaged sample is immersed in the
electrolyte and EIS measurements performed ingtgtstD h) and after one hour immersion
(t=1 h), as this is the saturation time for SAP@sdgcated in the swelling tests. After the EIS at
1 h immersion the electrolyte is decanted and #repée is dried in an oven at 6Q for a
period of one hour to ensure full drying in fassaibing SAPs as the ones used in this work.
After drying, the sample is immersed again in thecteolyte and a new EIS spectrum is
recorded after one extra hour immersion. The wetegicle was repeated three times. After the
three cycles the samples were kept immersed ireldwtrolyte and a final EIS spectrum was
recorded after 24 hours (t=24 h). A schematic @iagof this wet/dry cycles is shown in Figure
3.

* X i ¥ } ¥ i ¥ 7~ *—

0 1 2 3 4 5 6 7 24 Time [h]
Dry/wet Dry/wet Dry/wet
cycle 1 cycle 2 cycle 3

Figure 3: Schematic of the EIS cyclic test inclyudthe three dry/wet cycles during the full 24 h iersion test in
5 wt% NacCl. Stars represent the times at whichl&siectrum was recorded.

2.6 Long term immersion tests

All coated samples with and without SAP (blank) ev@mmersed in 5 wt% NaCl aqueous
solutions for a period of 168 h to evaluate theasion behavior. Before exposure, the coated
samples were manually scribed with the help of argstknife in T-shape according to the
method described in DIN EN ISO 17872 norm to exptise underlying substrate to the
corrosive environment. After the immersion tedtg, $amples were examined visually and with

the help of an optical microscope. All experimentse replicated twice.

2.7 Optical microscopy

Optical microscopy was used to examine the disivbuof SAP at the coating crack/scribe
plane before and after the corrosion tests. Optwialographs of the coatings with various
amounts of SAP were also used to calculate thenwdltraction of the SAP in the coatings

which was further used for the calculation of tle@al maximal healing efficiency.

2.8 Adhesion tests

Adhesion tests were carried out before and afterirtimersion tests using a dedicated set up
from Elcometer Instruments Ltd. The coated samplese tested for cross-hatch adhesion in
agreement with the international standards: DIN IB® 2409, which involved scribing six
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parallel cuts at 3 mm distance from each otherutdnothe coating. These cuts were then
crossed afterwards by six perpendicular cuts. Alsafsh was then applied to the coating for

scraping off lifted coating. Adhesion loss was tf@fowed using a magnifier lens.

3 Results and discussion

3.1 Characterization of SAP

The swelling degree of the synthesized SAPs witte tin 5 wt% NaCl solution can be seen in
Figure 4. The maximum swelling degree in this csire media is achieved already after 2
minutes immersion at room temperature. Based @rdsult it was decided to perform the EIS
wet/dry cyclic tests in intervals of one hour wagtiand 1 hour drying thereby ensuring that the

SAPs reach their maximum expansion potential dugengh studied cycle.

15 1 " 1 " 1 n 1 " 1 " 1 " 1

Equilibrated swelling [g/g]

|—=— NaCl-solution (5 wt%))

0 T T T T U— T T — T T
0 10 20 30 40 50 60

time [min]

Figure 4: Swelling degree of SAP in 5 wt% NacCl $ioln. Measurements were done at 25 °C.

3.2 Self-healing mechanism by SAP containing coating yar

In the current study the SAP content was variethfid to 40 wt% in the functional layer of

the coating (middle layer). Figure 5 shows a schientesign of the self-healing mechanism
proposed under this concept. When the scratchetihgoeomes in contact with water or the

electrolyte used in this study (5 wt% NaCl in waténe SAP particles absorb water and swell
to fill in and block the coating damage therebydainng further electrolyte ingress.
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Water drop

e Scratch

Functional layer

Base layer

Substrate ———

Figure 5: Idealized schematic representation df@etlayer coating system with SAP particles inooafed in the
functional middle layer. The scheme shows the Safigles swell when in contact with an electroligading to
the damage blocking by a high volume expansion.

The theoretical maximum scratch filling potentiéltioe SAPs was calculated as the volume of
the scratch divided by the swollen volume of thePS#articles available at the scratch plane.
For the calculation several simplifications werketa (i) the SAP particles are homogeneously
distributed in the coating, show no particle sigdribution and their diameter is assumed to be
the same to their average particle size (i.e. 42, |ilfh when scratching, all the SAP particles
and polymer lying in the scratch path will be remdvirom the scratch and only particles
available at the wall sides will play a role in $vgy; (iii) the scratch reaches the metal and is
equally thick at its base as at the top. Withlal the free volume of the scratch to be filled by
the expanded SAP can be obtained by equation 2.

Volume of the scratchs{Mic) = FhilLOW = 510% pun?® Eq. 2
where: H = total thickness of the coating system (245 plow)jength of the scratch (10000
pm); W= width of the scratch (200 um).
The volume that the swollen SAP particles can (fitk;.q) can be calculated according to

equation 3 [29].

Pex (Z)*HZ*L*d*Sf

Viilled = Eqg. 3

D

Where; pt:I:;—: (density of the coating) = 2—’: (mass fraction of the SAP particlg), =
?(density of SAP particlesps= swelling degree of SAP particles (12 g/g in 5 wt%Q\
p

solution); L=length of the scratch (10000 pi)= thickness of the functional layer (104 pm);
d= average patrticle diameter of the SAP partidd@sy(m).
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Here: m= total mass of the coatiny,= total volume of the coatingn,= mass of the SAP

particles,V, = volume of the SAP particles. With this Eq. 3 tanrewritten as Eq. 4:

Vy*Hy Lkd*S
Viilled=—————— th f =f, * H, * Lxd xS Eqg. 4

Where“/]—p = f, (Volume fraction of the SAP particles)
t

The scratch filling efficiency (%) by the SAP particles can be then calculated as

n(%) = Veilled _ fv*Ha*Lxd+S¢ fyxHp+d«Se
Vscratch Hy#LsW = HpxW

Eqg.5

It is seen from equation 5 that, for the same ogatiystem dimensions, the scratch filling ratio
is proportional to the diameter of the incorporaB&P patrticles (d), their volume fraction in
the coating f{,) and their swelling degree {§3ut inversely related to the width of the scratch
(W).

The actual volume fraction of the SAP in the coasadhples was calculated by analyzing
microscopy images of cross-sections of all the ingasystems by image J software. The

calculated volume fractions from the microscopygesare given in table 2.

Table 2: Mass fractiondf) and volume fraction () of the coatings with various amounts of SAP

d (%) 10 20 30 40
fu (%) 5 13 17 21

By solving equations 4 and 5, Figure 6 is obtairkglit can be seen, the results can be fitted
with a linear plot (Figure 6) revealing that whée tvolume fraction of SAP patrticles increases
more volume of the scratch can be filled (higheawth filling efficiency). At the same time
the results also show that the SAP used in thidystan only partially fill the performed

scratches, reaching a maximum scratch volumeditiear the 23 %.

10
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Figure 6: Calculated scratch filling efficien@y) as function of the SAP vol% for a 200 pm wide &dran 5 wt%
NacCl solution. The dotted regression line confitires expected linear result.

3.3 Effect of SAP content on barrier restoration of arificial scratches followed by EIS
Representative electrochemical impedance specpyseesults of coated samples with and
without SAP are shown in Figure 7. Results are ldigdl as Bode plots (i.e. impedance
magnitude |Z| and phase angle vs. frequency). Veéberparing the impedance plots at short
and long immersion times (t = 0 h, 1 h and 24 was found that the low frequency impedance
of coating systems with SAP content O up to 30 walightly increased in the first immersion
hour. Such phenomenon at low frequencies can bbw#d to opposite phenomena such as
oxidation/passivation or barrier restoration actigrthe SAPs limiting surface redox processes.
Differences become more clear when the overall dapee (whole frequency range) is
observed. In this case it becomes clear that SAd@® SAP-10 show an overall sharp
impedance drop in this first immersion hour, whishwell in agreement with an absence of
barrier restoration. Samples SAP-20 and SAP-30 shomore moderate impedance drop
suggesting a moderate barrier restoration while-88Bhows an overall significant increase in
the total impedance in the first hour of immersibareby pointing at a positive effect of high
SAP contents on the short term barrier restorattadamage site.

At long immersion times (24h) differences betweles ¢toatings at different SAP contents are
also remarkable. As expected, the coating systetmoui SAP (SAP-0) shows a single time
constant obvious in the phase angle at low freqesralong with very low total impedance in
the entire frequency range indicating total barloess and active corrosion at the scribe [30].
The systems with SAP showed on the other hand tatinctive time constants (visible in

phase and magnitude) and an increase of the impedainthe mid-frequency range when

11
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compared to SAP-0 at different immersion times. M/the time constant at lower frequencies
can be attributed to activity at the metal surfdloe,time constant at mid-range frequencies can
be attributed to (partial) barrier restorationtet scribe. This effect can only be justified by the
expansion of the SAPs due to water absorption liyefiniting water ingress and active

corrosion at the damaged site. Despite the siridaramongst the SAP containing systems it
also becomes clear that SAP-20 behaves significdetiter than the other systems. For this
coating system the total impedance does not showsamificant impedance drop in the

studied frequency range during the evaluated imimerime (0-24h). Moreover the total

impedance remains more stable and higher tharoftthe other systems. Such a result points
at a high and stable barrier restoration in the cdsSAP-20 coating system leading to lower
activity at the metal substrate. These results esigg possible optimal content of SAP in the

functional coating layer near 20-30 wt.%.

12
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Figure 7: Bode plots of coated systems with difier8AP contents (0O up to 40 wt% in the

middle layer) with a 20@im wide scratch exposed to 5 wt% NaCl solution.

Post mortem optical micrographs of all coatingera®4 hours immersion and electrochemical
tests are shown in Figure 8. In these micrographosion products can clearly be seen at the
scratch of coating SAP-0 while no obvious corrogiooducts can be seen in the other coating
systems containing different SAP contents. Fromntherographs analysis it seems that low
SAP contents (i.e. 10 wt%) do not lead to a clééing of the scribe surface which is in
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agreement with the low volume filling for low SABrdents and the EIS results. Higher SAP
contents (20, 30 and 40 wt%) show a filled scratatiace in agreement with EIS even if based
on theoretical calculations (Figure 6) it is po#sibo state that the SAP content was not
sufficient to fully fill the scribes. Furthermor#,becomes apparent that higher SAP contents
lead to blistering in regions close to the scrille@cl could justify the change in trend observed
in EIS when SAP content was higher than 20 wt%h& post-mortem analysis it was found
that high SAP amounts (40 wt%) lead to an increddee interface volume resulting in easy
hand delamination of the whole coating. On the otfand, little to no corrosion was detected
at the scribe of the coating systems SAP-20 and-3ARfter removing the SAP layer at the
scribe. In view of these results, a good corretattan be established with the EIS results
showing significant barrier restoration in the @ogisystems with 20 and 30 wt% SAP content
with an optimal SAP content in the range 10 < §fRu (Wt%) < 30. Interestingly, when
compared to the maximum theoretical volume fillthgse results point at significant level of
barrier restoration during the studied immersianes even when the damages cannot be

completely filled by the expanded SAPs.

P

Figure 8: Optical micrographs of coating systemthwdifferent SAP contents (O up to 40 wt% in theddié
layer), after 24 h immersion and EIS tests in 5 W&E| solution. Scale bars equal 0.5 mm.

3.4 Wet/dry cycles followed by EIS tests
Wet/dry tests were performed as represented inr€i§uo evaluate the capability of the SAP
to restore barrier at the same site multiple tichesng wet-dry cycles. The barrier restoration

was evaluated by EIS during the wet cycle. Figuee©shows the Bode representation of the
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EIS results after each wet/dry cycle. In this feyut can be seen how the total impedance in the
whole frequency range of the coating system with®AP (SAP-0) decreases continuously
with the cycles highlighting the on-going degradatsince first hour due to the expected lack
of barrier restoration. Opposite to SAP-0, the icggt containing SAPs showed a varied effect
with the wet-dry cycles. The impedance of SAP-16pged after the first wet-dry cycle while
no significant variation in the subsequent cyckesimilar drop was detected in SAP-30 after
the first dry cycle although in this case a sectwdl impedance drop in the whole frequency
range was observed after the second cycle to skonvane significant changes after that. This
points at a more robust system in the case of SAE#é@ SAP-10. Similar to SAP-30, SAP-40
showed two total impedance drops in the whole feegy range at cycles one and two.
Nevertheless, contrary to SAP-30, impedance wasvezed after the third cycle (impedance
cycle 3 in Fig 9e). This last impedance increasthis sample could be due to passivation or
oxides blocking the scratch or, less likely, to thigher amount of SAP overcoming the
impedance loss due to further swelling. Moreoverstaown in 3.3, in this sample swelling led
to blisters and delamination at longer immersiomes (24 h) thereby affecting the overall EIS
signal. A significantly better result compared be ther SAP-containing coatings was found
for the coating system with SAP-20. In this casgyFfe 9c), the impedance slightly drops
during the first cycle but maintains a high impedarvalue in the whole frequency range
during the cyclic test without significant variatg This clearly indicates a slow degradation of
the SAP-20 coating system as well as the higheustoless of this coating against dry/wet
cycles at the scribe.

A clearer trend is observed when the total impeedaaiclow frequencies (0.01Hz) is plot
against the wet/dry cycles as shown in Fig 9f. His ffigure, the rapid decay of the total
impedance with the wet/dry cycles in the high SARtaining coatings (SAP-30 and SAP-40)
becomes evident. The total impedance of SAP-0 &R B decays more slowly although this
could be related to the fact that the impedansiise t=1 h (cycle 0) already at values related
to metal surface redox processes at the scribeldéick of barrier restoration at the scribe).
SAP-20 on the other hand shows a relatively stabk higher impedance with the wet-dry
cycles. Considering the total impedance value ef3AP-0 at one hour immersion, a minimum
total impedance value above which low activity bserved can be drawn (dotted line Fig 9f).
This simplified plot allows visualizing the supearibehavior of SAP-20 and the drop in
protection of the SAP-30 and SAP-40 in the secomd/dry cycles in a straight forward
representation. Despite somewhat modest, the seseite presented show for the first time the

potential of an extrinsic healing concept basedswelling particles to offer multiple barrier

15



Prog.Org. Coat. 122 (2018) 129-137, https://doi.org/10.1016/j.porgcoat.2018.05.019

restoration events at damaged sites in coatingeagluret-dry cycles. The results also highlight
the presence of an optimal SAP content near 20 (@®01%) leading to sufficient gap filling
yet without blistering and coating delamination sai by high water absorption in high SAP
contents. Despite these results, more dedicatéoivfalp works using the wet-dry EIS testing
concept should be performed in order to evaluageeffect of the cycle-related stresses on the

performance of healed scratches.
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Figure 9: Wet/dry cycles of coated systems witliedént SAP contents (0 up to 40 wt% in the middlgel) with
a 200pm wide scratch exposed to 5 wt% NaCl solution (a—Féyure 9f shows the total impedance at low

frequencies (0.01Hz) for the five studied systeNwste: 0-cycles in Fig. 9f represent 1 h immersiorcorrosive
solution.

3.5 Long term immersion assessment by ISO 4628-8

For the long term corrosion tests, samples weredrsed in 5 wt% NaCl solution for 168

hours at room temperature and evaluated accordin§@ 4628-8. Before exposure, coatings

were manually scratched with the help of a sharfekn expose the underlying substrate to the

corrosive environment. Figure 10 shows the optinalroscopy images of the samples after
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168 hours immersion. Table 3 shows the rankinghefdoatings based on ISO 4628-8 image
analysis. From the Table 3 and Figure 10 it candmeluded that the coating systems with SAP
contents 20 wt% and 30 wt% showed the best comgserformance in this test. However it

should be noted that system SAP-30 in this casevsioore blistering than SAP-20. These
results further confirm those obtained by EIS thaint at SAP-20 content as the best of the
studied coating systems in terms of corrosion ptaie and overall coating behavior.

‘ b y §
SAP-0 SAP-10 SAP-20 SAP-30 SAP-40

Figure 10: Coated panels after 168 h in 5 wt% NsgBlition. Scale length is 2@6n

3.6 Adhesion tests by DIN EN ISO 2409

Since coating’s adhesion is a key parameter foctinesion protection of metals together with
barrier properties [30] dry and wet adhesion testee performed. Table 3 shows the adhesion
results evaluated as explained in the experimesstetion. As indicated in DIN EN I1SO 2409
adhesion ratings of GT 0 represent no adhesioroiode tested area, GT 1 represents 5 %, GT
2 represents 15 %, and GT 5 represents a compidenohation of the coating. As it can be
seen all systems show good dry adhesion. Nevesthelehen exposed to the humid
environment (5 wt% NaCl-water immersion tests fé8 In), the coating systems with high
SAP contents show lower adhesion, being this reaidykdetrimental in the case of SAP-40

and confirming the results obtained during the &8s where the best system is the SAP-20.
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Table 3: Corrosion assessment by 1SO 4628-8 anesamthassessment by DIN EN 1SO 2409.

Sample Corrosion grade Adhesion before | Adhesion after
(1ISO4628-8) corrosion test corrosion test
SAP-0 Grade 4 (Considerable) GTO GT1
SAP-10 Grade 4 (Considerable) GTO GTO
SAP-20 Grade 2 (Slight) GTO GTO
SAP-30 Grade 3 (Slight) GT1 GT2
SAP-40 Grade 5 (Severe) GT1 GT5

4  Conclusions

The potential use of superabsorbent polymers (SABd)ealing agents in protective powder
coatings has been presented and demonstrated Ing okeseveral methods yet considering the
limitations of the experimental methodology usele Entire self-healing process was due to a
barrier effect promoted by the local swelling of BSfarticles at the damage site. The results
shows that low SAP contents (<10 wt%) lead to l@ap §lling efficiency and therefore limited
barrier restoration. On the other hand, high SARterats (> 30 wt%) lead to higher gap filling
efficiency (up to 25%) but low long term barriestaration as well as blisters and delamination
formed at long immersion times. It was found tl@the currently used non-optimized coating
system, moderate SAP contents (near 20wt%; 13vo#)lead for a short period of time to
good and sustained barrier restoration combinet gatod dry and wet adhesion even if the
scribe is not fully filled. Furthermore, the wetydryclic EIS tests demonstrated the potential of
the concept for repeated barrier restoration umsdeh stress conditions without completely
losing its protective capability for a number ofttl®s in the case of SAP contents around 20
wt%. Low and high SAP contents do not lead to aiiant improvement in the overall
coating performance or in the wet-dry cycle tegjgasting an optimal SAP concentration
might be located somewhere between 10 and 30 wtthearstudied system, seemingly at a
content around 13 vol% (SAP-20). To the best of knowledge this is the first proof-of-
concept demonstrating the potential of SAPs to ldgveself-healing protective (powder)
coatings. Due to the commercial availability andiety of SAPs and the ease of combination
with corrosion inhibitors this type of self-healinginciple is likely to be up-scaled and
improved with relatively small amount of researnlthe topic. Nevertheless, in order to reach
the full potential of the concept, more dedicatesearch around the coating system design and
SAP selection should be performed. Special attergimuld be put on improving the elasticity
of the coating layer containing the SAPs. It iseptpd that higher flexibility (as when more

elastomeric layers are used) should lead to arlddimage closure due to a local adaptation of
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the coating to the SAP expansion and local elastiovery helping gap closure. The durability
in of healing concepts during wet-dry cycles shooddregarded of outmost relevance when
considering applications in which humidity variesa cyclic manner during structure use such

as in splash zones or transport containers.
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