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Abstract

The lack of a standardised methodology for the application of coatings on heritage metals can lead to non-compara-
ble results. A careful and meaningful study requires considering the different application variables involved, especially
in the preparation of the coupons. In this work, the effect that these application variables can have on the protective
capacity of the coatings used has been studied. The influence of the thickness, number of layers and drying time
(between layers and final) of Paraloid B-72, C80 microcrystalline wax and Incralac has been evaluated. Coatings have
been applied on bare steel coupons, thickness measured with an induction probe, and subject to artificial ageing on
UV light/water condensation cycles. The performance of the coatings has been studied by visual inspection and elec-
trochemical impedance spectroscopy (EIS). Morphology of the layers has been characterised by optical microscopy
and the composition of the corrosion products by Raman spectroscopy. Results show that the number of layers is not
always proportional to the final thickness of the coating, and that drying time is a critical factor affecting the thickness
and the protective properties of the coatings. After accelerated ageing, some coatings that had been left to dry for 14
days have a much better protective capacity than those that were left to dry for less time. Without taking into account

Accelerated ageing, Dewetting

these factors, performance measured can be wrong and comparison between materials misleading.
Keywords Coatings, Application methodology, Metallic heritage, Drying time, Thickness, Number of layers,

Introduction

Design and application of protective coatings for metals
in the field of heritage conservation is a challenge. Not
only for the need to comply with conservation and res-
toration criteria, but also for the problem of the lack of
a standardised methodology to test and compare them
as has already been highlighted [1-3]. This methodology
usually involves several aspects such as: the selection
and preparation of samples, the weathering methods to
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test the resistance of the coating and the evaluation tech-
niques to assess their performance. This methodological
variability can lead to misleading results and/or make it
difficult to compare different studies [4, 5].

The selection of the weathering procedures may vary
depending on the intended application (indoor/outdoor
protection, urban or marine climate, etc.) and other
variables including duration. Methodologies defined
in existing standards such as ISO or ASTM are usually
not adapted to heritage studies, although they can be a
guide to develop tailored test methods for this field. The
selection of evaluation techniques is often conditioned
by the availability of equipment and expertise. Electro-
chemical techniques are among the most commonly
analytical method for evaluation of coatings perfor-
mance. Electrochemical impedance measurements can
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be used to study the efficiency and protective capacity
of the coatings [6, 7, 8, 9, 10, 11, 12], but a multi-analyt-
ical examination is required to characterise the visual
appearance, chemical and physical changes and other
more complex studies for the development of the most
innovative coatings [13, 14].

Probably the most critical aspect of achieving com-
parative results is the preparation of the coupons at the
beginning of the test “starting point” In most of the cases,
the focus is only on deciding the most suitable applica-
tion method (brush, spray, dipping, etc.) but hardly ever
on the thickness and number of layers. The number of
layers determines, in theory, the thickness of the coating
which in turn is associated with the ability to protect the
metal through a barrier effect. Nevertheless, the concen-
tration of the solution, dissolving capacity and volatility
of the solvent, and the degree of dryness of the underly-
ing coatings, might affect the thickness obtained by the
application of further layers. Thus, the final layer’s thick-
ness should be measured and considered when evaluat-
ing or comparing coatings.

Other parameter that is frequently overlooked is the
final drying time of the coating. After its application, it
takes some time for the solvent to evaporate [15] and
the coating film to develop completely. This parameter
is critical as it defines the starting point or time zero for
assessing the ageing effect. Furthermore, in the case of
artificial ageing, the degree of curing of the coating when
it enters the climatic chamber can determine the final
result.This has been observed in a preliminary study by
the authors on the protective properties of different tra-
ditional coatings applied on steel and brass [16]. In this
work, it was found that allowing the coatings to dry for
48 h before accelerated ageing was not enough to form a
stable, defect-free coating, so the possibility of extending
the drying time was raised. To the best knowledge of the
authors, no systematic study has been published regard-
ing the effect of drying time on the performance of coat-
ings for metal conservation.

Therefore, the aim of this study is to investigate the
influence of the coating preparation methodology on the
performance of protective coatings in weathering tests,
with special focus on the drying time and thickness. For
this purpose, three representative coatings commonly
used in metal conservation which have shown differ-
ent behaviour in the previous work [16] (Paraloid B-72,
Incralac, and C80 microcrystalline wax) have been tested
on bare steel. Although this clean surface does not repli-
cate the actual surface of artistic heritage, which usually
include remains of corrosion products or patinas [4, 9],
it is representative of scientific-technical objects of bare
metal [16, 17]. Moreover, this substrate has been selected
for this study as a simple model to avoid uncertainties
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introduced in the study by irregularities caused by the
pre-corrosion of the metal.

Materials and methods

Sample preparation

Steel coupons (0.15% Mn, 0.026% C, <0.03 Si and
between 0.038-0.014% of other minority elements;
according to GDOES and combustion-IR absorption
analysis for carbon) were cut in 5X5x0.2 cm, sanded
with P320 and P600 grit emery paper and cleaned with
ethanol.

Selected conservation coatings were (Table 1): Para-
loid B-72 and Incralac (supplied by Kremer Pigmente
GmbH & Co.) as acrylic resins and C80 microcrystal-
line wax (supplied by C.T.S Espaiia S.L.). Wax was warm
dissolved at 10% by mass in white spirit (~17% aromat-
ics basis; REFE.: 86460, Sigma-Aldrich), according to the
technical data sheet of the supplier. Incralac was used as
received and Paraloid B-72 was dissolved at 10% by mass
in acetone (ACS reagent, >99.5%; REF.: 179124, Sigma-
Aldrich) and in xylene (mixture of isomers, pure; REF.:
141769, Panreac AppliChem).

Paraloid B-72 was initially prepared in acetone, which
is along with xylene, one of the most commonly used
solvents for the preparation of coatings for iron objects.
Acetone was chosen because of its lower toxicity. How-
ever, the result was not satisfactory because waves started
to develop in the coating after applying the second layer
onwards, leaving a heterogeneous appearance. The high
volatility of acetone excessively reduces the coating for-
mation time [17] and tends to redissolve the layers pre-
viously applied. Therefore, it was decided to use a less
volatile solvent such as xylene for the Paraloid B-72
coatings.

The three coatings were applied by brushing (Brush
Premium Synthetic series 631, 50 mm (supplied by
MILAN; FACTIS, S.A.)) in one or two criss-cross lay-
ers. For this study, brushing has been used because it is
the application method most commonly used by restor-
ers. Each layer was left to dry in a ventilated environ-
ment (inside the laboratory at 24.6+3 °C and 38.2+5%
RH, conditions averaged over the drying time period)
for 24 h, 72 h and 1 week before applying the second

Table 1 Composition of the coatings used and their assigned
identification code in the text

Product Composition Code

Paraloid B-72 Ethyl methacrylate and methyl-  B72
acrylate copolymer

Incralac Methyl-methacrylate and ethyl-  INC

acrylate copolymer + BTA

Microcristalina C80 Microcrystalline wax 80
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one. This drying environment was also used for the final
coatings.

Thickness measurements

Thickness measurements were taken during the appli-
cation of layers and after final drying with an Elcometer
456, using a probe for ferrous materials based on electro-
magnetic induction. The manufacturer reports a+2.5 um
precision in measurement for this probe. A 12.3-micron
gauge (Ser. N° KC8913) was used for calibration and a
thicker 23.9-micron gauge (Ser. N° KC8888) was used to
interpose between the probe and the C80 wax coating
to avoid pressure marks. For each coupon, 16 measure-
ments were taken and then averaged.

Ageing tests

This artificial ageing was carried out on a UV/CON
chamber (Q-Lab Corporation) alternating UV-A light
of 340 nm and condensation, according to ISO 4892:3
standard [18]. Alternating cycles of 4 h UV-A light
(0.63 W/(m2nm) at 60+2.5 °C and 4 h of condensation
(dark period) at 50 +2.5 °C were performed during 336 h.
At 168 h, the test was paused for several days to evaluate
the different coatings.

Characterisation techniques
Coatings were evaluated by electrochemical impedance
spectroscopy (EIS) using the G-PE cell developed for
electrochemical analysis in metallic heritage [19, 20]. An
AISI 316 stainless steel wire (1.5 mm thick) and AISI 316
stainless steel mesh were used as pseudo reference and
counter electrode respectively. Distilled water with 10
ppm acetic acid [16] gelled with 2% w/v agarose as elec-
trolyte [21] was used. EIS spectra have been acquired
with a Gamry Reference 600 potentiostat, with 20 mV
RMS amplitude (at the open circuit potential, OCP) and
10 points/decade from 100 kHz to 10 mHz. The system
was left to stabilise at OCP for 30 min before measure-
ments. The area exposed to the electrolyte was 3.14
cm? The experimental data were represented as Bode
diagrams.

An Olympus BX41M LED Reflected Light Metallurgi-
cal Microscope with a 5x objective was used to observe
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the homogeneity and appearance of the coatings at
microscopic scale before and after accelerated ageing.
The images were obtained from Olympus Stream Basic
software. For a more visual and general analysis, a macro-
scale photographic monitoring was carried out with a
Canon EOS 700D camera and a Canon 18-55 mm macro
lens.

Corrosion products were characterised with a cus-
tom-made Raman (MicroBeam), using an Exemplar Pro
CCD spectrometer configured with a 532 nm green laser
model DPSS, both from B&W Tek. Sampling was per-
formed by a video-microscope from the same company
(ref.. BAC151C) with a 50X objective. Images of the
general sampling areas were taken with a 20X objective
at working distance of 8.8 mm. Raman measurements
were taken in a range from 150 cm™! to 2000 cm™?, for
100 s with 3 accumulations and the laser power did not
exceed 10% of its maximum power (100 mW) due to the
sensitivity of the iron oxides. Spectra were acquired and
smoothed with the BWSpec®4 software and plotted and
deconvoluted with Origin 2022 software.

Results and discussion

Coating thickness

Applying a coating in two crossed layers is very effective
to reduce the presence of defects and to achieve a homo-
geneous film, at least to the naked eye. However, it is
important to consider the interval between applications
to ensure an effective addition of the layers. Table 2 sum-
marises the thickness results of a separate preliminary
test carried out to estimate when to apply the second
layer to the coupons. The second layer was applied to dif-
ferent set of coupons at 24 h, 72 h or 1 week after the first
layer was applied. With one layer of Incralac, a thickness
of about 8 pm is obtained. Regardless of the drying time
before applying the second layer, the thickness increases
considerably. However, the end result is a heterogene-
ous coating with a too glossy appearance. B72 and C80
had a lower thickness after the first layer, which did not
increase significantly when a second layer was applied
after 24 or 72 h. For these short drying times, solvent of
the new layer redissolves the previous one. Allowing 1

Table 2 Thickness measurements of the first layer and the second one applied after 24 h, 72 h or 1 w of drying at different coupons

Average (um) and +SD

24 h between layers

72 h between layers

1w between layers

1st layer 2nd layer 1st layer 2nd layer 1st layer 2nd
layer
B72 2+1 24+07 25+03 24+09 2+03 44409
INC 9+2 14+3 8+2 16+5 8+1 15+4
C80 30+07 21+£06 19405 21+05 15+06 2+05
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week between applications, the thickness increases as the
first layer is dry enough and is not redissolved by the sol-
vent of the second one. These results show that the thick-
ness is not always proportional to the number of layers
and that it will depend on the composition and concen-
tration of the solvent/polymer and whether it is com-
pletely dry or not.

Based on these results, a total of 27 coupons were
prepared for the ageing test, allowing one week of dry-
ing between layers, for better control of thickness and
appearance. After applying the second layer (or not in the
case of Incralac), the coupons were left to dry for differ-
ent times: 3, 7 and 14 days. Their thicknesses can be seen
in table 3. In general, thin coatings of the range of 1-6 pm
are observed which are close to the detection limit given
by the manufacturer. If the precision of the equipment
(£2.5 um) and the fact that they are hand-applied layers
are also considered, the uncertainty rises, so that mak-
ing coupons in triplicate as a minimum is indispensable.
Standard deviations only exceed 1 pm in cases where
some waves have formed due to accumulation of material
on application.

In terms of the relation between thickness and protec-
tive ability, coatings before ageing have been compared
by electrochemical impedance spectroscopy. The |Z| of
Bode diagrams (from medium frequencies up to 10 mHz)
of coupons with the same coating, show an ascendant
tendency as the thickness increases. This is evident for
the B72 and INC coupons (Fig. 1). Results are irregular in
C80, but this can be attributed to imprecisions in thick-
ness measurement because the probe may be deforming
the coating, as it is so soft.

As expected, thicker coatings have better protective
properties, but a compromise has to be found between
good protection and the visual appearance of the fin-
ish. Thicker coatings can lead to an increase in gloss and

Table 3 Thickness data of coupons carried out in triplicate for
B72,INC and C80 and for each final drying time: 3, 7 and 14 days

Average (um) and +SD

Dried3d Dried7d Dried14d Ne°
samples

B72 coupons 23408 24+05 21+£08 9
(2 layers) 241 24406  25+07

19406 26+09 33+09
INC coupons 3+2 29+08 4+2 9
(1 layer) 311 30408 542

33+08 3.7+09 3+1
C80 coupons 24+0.7 22+06 22+04 9
(2 layers) 16404 22404  20+06

20+06 24+06 22+07
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Fig. 1 Bode plot comparing the different thicknesses of a set of INC
and B72 coupons before accelerated ageing. INC yields the highest
impedance of the tested coatings

a more uneven distribution of the product, resulting in
waves, brush marks, etc.

In any case, variability of samples has to be considered
in a statistical approach when comparing. If measure-
ments are made in an area reasonably above or below
the mean thickness of the whole coupon, there is a risk
to compare values in different extremes of the range
(i.e. the best possible result of a coating with the worst
for another). As in coupons preparation, several meas-
urements should also be taken to lead to more accurate
results.

Once the thickness is similar for different coatings, it
is possible to compare other factors such as the nature of
the coating or the adhesion and the possible existence/
absence of defects that would affect the penetration of
the electrolyte.

Performance vs. drying time of the coatings

Visual changes

All coupons were visually monitored at the middle of the
test (t=168 h) and after the end at t=336 h. At 168 h, the
corrosion products were already covering a large part of
the surface of the C80 coupons, while only localised pit-
ting was visible on the B72 ones. As can be seen in Fig. 2
after 336 h, the coupons start to corrode at the edges and
then spread to the centre.

At t=336 h each of the coatings shows different
results. In C80, the extent of corrosion products tends
to decrease with increasing drying time (see Fig. 2A)
while in B72 (Fig. 2B) this tendency is not entirely clear.
INC is not affected by drying time, and no corrosion is
visible except for a few stains in the borders (Fig. 2C).
These coupons have the same appearance independently
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Fig. 2 Visual appearance of the 27 coupons after 336 h of accelerated ageing. Triplicates for each coating left to dry for 3d, 7 d or 14 d are shown

of whether they have dried for 3 days or 14 days. Whit-
ish spots can be observed due to the condensation and
the fogging of the coating as it happened in the previous
paper [16].

Aesthetically, it can be said that only INC has per-
formed well. This could be due to the presence of BTA
UV-absorbing inhibitor in its composition [22].

Coating defects

Several studies have shown that exceeding the glass tran-
sition temperature of a polymer leads to the mobility of
its chains and therefore affects the coating performance
[23]. Exposing these coating to 60 °C during UV cycles
would lead to exceeding the Tg in most of them, andthis
can result in a homogenization of the coating, correcting
even pores and application defects, or have the opposite
effect. In this experiment, continuous exposure to accel-
erated ageing cycles results in large-scale deformation of
the polymer and thus minimisation of the contact area
with the substrate, producing a phenomenon described
as dewetting [24, 25]. This process of coating retraction
can be observed with the clumping of the polymeric
material, forming a kind of bubbles/craters that leave
areas of the metal with a lower coverage (Fig. 3). How-
ever, as the drying time increases, it can be observed
how the film is more homogeneous (Fig. 3A-C at 14 d).
Some craters and pores are visible but do not leave gaps
between them, with a few isolated exceptions, where cor-
rosion of the metal starts to develop.

As observed in the previous work [16], this phenom-
enon is more evident in B72, because it has a Tg of 40 °C,
which has clearly been exceeded with accelerated ageing.
However, the evidence that the coating had fewer defects
as the drying time increased (Fig. 3A), confirms that the
presence of solvent inside the film keeps it flexible and

with a lower Tg, similar to the ambient temperature [15].
Therefore, as the solvent evaporates over time, we obtain
a more rigid and stable coating with a higher Tg, which
leads to an improvement in the protective capacity.

Aspect of INC is different, with smaller and more sepa-
rated pores (Fig. 3B) in a film that is not as deteriorated
as B72. This difference may be related to INC starting
from a higher Tg (similar to the temperatures in the UV
cycle). In this case no differences are observed between
coatings with different drying times. INC is a coating that
dries to the touch within a few hours and, as we observed
in the preliminary test (Table 2), its thickness increases
almost proportionally with the number of coats even at
short drying times. All these results could be related to
the presence of some additives in its composition, such as
plasticisers, which can accelerate the film formation pro-
cess [22].

In the coupons coated with C80 dewetting phenome-
non is not so clearly visible and practically after t=336 h,
there is hardly any coating left on coupons dried for
3 days and 7 days (Fig. 3C). It can be seen how the wax
layer deforms and allows water to enter very early in the
ageing process. Recent studies have shown that in humid
environments waxes retain water trapped at the steel-
coating interface, contributing to the formation of corro-
sion products [26, 27].

So far, no references have been found that consider
dewetting when evaluating the performance of protective
coatings in heritage. However, this phenomenon is being
studied in relation to cleaning processes and reversibil-
ity of polymeric resins [28, 29]. Although temperatures
used in our accelerated test might seem too high, metals
exposed to the sun outdoors can reach temperatures of
this order, so this phenomenon might play a significant
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Fig. 3 Comparison of the defects produced in coatings with different drying times at t=336 h with the initial surface before ageing (t=0). A higher
number of defects is observed in B72 A and C80 C when they have been left to dry for a shorter time. In INC B the drying time is not related to the
defects. Some areas where the metal is exposed are marked in yellow. Scales corresponds to 200 um

role in the protective properties of coatings for metal
conservation.

Protective capacity

The interpretation of EIS results was performed in a
simplified way, obtaining the impedance modulus (|Z|)
value at the lowest frequency (10 mHz). At low frequen-
cies, a global indication of the protective capacity of the
coating is obtained, as has been proven in some studies
on coatings for metallic heritage [6, 30]. For each condi-
tion (drying time and ageing time), the average values of
|Z| of the three coupons are represented, with error bars
showing the maximum and minimum measured values.
The results are in accordance to the visual analysis and
observed defects described in previous sections. For the
coupons of B72 and C80, two orders of magnitude higher
impedance modulus at low frequencies is obtained
when the coating has been left to dry for two weeks at
t=336 h (Fig. 4A-B), so EIS confirms that as the drying
time increases, so does the protective capacity upon age-
ing. The effect of drying time on B72 was not obvious in

the visual aspect (Fig. 2), due to the irregularity of the
corrosion distribution, but is clearer in the EIS results.
For INC, increase of drying time does not influence the
results (Fig. 4C). |Z| decreases by about one order of
magnitude at t=168 h and remains stable until the end of
ageing regardless of the drying time.

This decrease also occurs in respect to t=0 for all cou-
pons to a greater or lesser extent. This is caused by the
degradation of the coating and the defects formed what
allow the electrolyte to penetrate more easily. This there-
fore result in a lower impedance of the system (Fig. 5,
t=168 h). When this happens, corrosion products start
to form in the interface. Some of these corrosion prod-
ucts are protective (as show by Raman in next para-
graphs) and build up over time, and can hinder the access
of the electrolyte to the base metal, hence increasing the
measured impedance (Fig. 5, t=336 h). This effect can
be observed in Fig. 4 for all coatings except C80 dried 3
days and C80 dried 7 days, where the degradation of the
coating is evident and formed corrosion products are not
protective (see Raman results below).
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Fig. 4 Bar plot of the average |Z| at 10 mHz of triplicate coupons for B72, C80 and INC coatings left to dry at different times. Error bars represent the
maximum and minimum measured values. Drying times are compared for different ageing times of the coupons

The surface of the coupons was also analysed by Raman
to try to extract more information about the corrosion
suffered by the samples with the different coatings. In all
B72 coupons, regardless of the drying time, lepidocroc-
ite (y-FeOOH) with characteristic peak at 250 cm™!
and occasionally hematite (a-Fe,O;) were identified in
the upper layers according to the peak assignments at
223 ecm™ Y, 289 cm ™! and 404 cm™! (Fig. 6; Red spec-
trum). Magnetite (Fe;O,) was identified in the lower
layers with characteristic peak at 670 cm™' (Fig. 6; Blue
spectrum) [31]. The latter is one of the most stable phases
of the iron corrosion along with goethite (a-FeOOH),
which could not be identified after deconvolution of the
lepidocrocite spectrum as the peaks may overlap.

In the case of the C80 coupons, only lepidocrocite is
found in all corrosion layers. The large amount of these
corrosion product all over the surface, makes it difficult
to analyse the areas closest to the metal where magnetite
could hardly be identified. With this characterisation, it
is also confirmed that hardly any coating remains on the
substrate, so it is understood that the protective capac-
ity observed by visual inspection and EIS decreases with
ageing time. As mentioned in the previous section, the
wax retains a lot of moisture [26, 27], so it may also have
hindered the formation of non-hydrated and therefore
more stable corrosion products as in the case of the B72
coupons. INC coupons presented only a few localised
corrosion spots, and although small lepidocrocite peaks
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Fig.5 Schematic representation of the evolution of a coated metal
upon ageing. At t=0 the coating is intact. At t=168 h the electrolyte
reaches the metal through small pores or defects developed upon
ageing. At t=336 h corrosion spots formed at the contact points
block some pores and hinder the electrolyte penetration
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Fig. 6 Raman spectra of the corrosion products (marked with red
and blue circles) found in a B72 coupon left to dry for 1 week, after
accelerated ageing (t=336 h). The phases are usually mixed but the
presence of lepidocrocite is higher in the upper layers and magnetite
in the lower ones. Peaks assigned to haematite in the lepidocrocite

spectrum are marked with *

were detected, signal and the fluorescence of the coating
predominates in the spectra, so not much information
can be extracted.

Conclusions

In this paper, we have studied the effect of the thickness
of the coating and drying time, both between layers and
final, in the protective properties of coatings commonly
used for heritage metals protection. It has been shown
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that the different application procedures of a coating
can dramatically influence the results obtained.

Results presented here demonstrate that drying time
is a critical variable that can define the behaviour of
the coating exposed to aggressive conditions. Lack of
proper drying can favour degradation processes such
as dewetting and increased water permeability. On
bare steel surface considered in the present study, some
coatings such as C80 and B72 should be allowed to dry
for 14 days after application to ensure that as stable a
film as possible is formed prior to any ageing test, while
INC achieves good protective properties after just 3
days. In any case, the optimum drying time needs to be
established on different heritage metal surfaces in fur-
ther studies.

It is important to prepare coatings with similar thick-
ness to compare the performance of different materials.
It has been shown that the number of layers does not
directly correlate with the final thickness of the coat-
ing, so a direct measurement of this variable should be
made in any study comparing the behaviour of coatings.
Induction-based thickness meters, such as the one used
here, have the advantage of speed, low cost and acces-
sibility for any real case; however, in further studies, the
results obtained will be compared with other thickness
measurement techniques to check their accuracy.

The importance of the application methodology has
become clear. Variables such as thickness and dry-
ing time have to be considered to compare the results
between different protection systems, ageing methods
and any type of study related to the evaluation of the
protective capacity of both traditional and innovative
coatings for metallic heritage. Not taking them into
account or not making clear the methodology used
in the work may lead to non-reproducible results and
even wrong conclusions.
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