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Abstract 

The development of new alternatives for the protection of metallic heritage aims to improve the performance 
of the coatings used in recent decades. For this purpose, the performance of three novel or poorly explored coatings 
in this field of study has been evaluated: Owatrol Oil, TiO2-modified Paraloid B-72 and a hybrid of poly(2-ethyl-2-ox‑
azoline), PEOX and poly(4-hydroxy styrene), PHS as a self-healing coating. These have been compared with coatings 
widely used in conservation such as: Paraloid B-72, Incralac and microcrystalline wax C80. The coatings were evalu‑
ated after accelerated ageing in terms of aesthetic changes (visual observation under stereomicroscope and colour 
measurements), protective ability (electrochemical impedance spectroscopy) and chemical stability (FTIR). After 500 h 
of exposure to Xenon-arc lamp, it was observed how the addition of TiO2 to Paraloid B-72 partially reduces photo-
oxidation of the polymer, but at the same time harms the protective ability due to the appearance of defects. The 
self-healing coating is quite stable and can also regenerates superficial scratches of about 100 µm if subjected to 90% 
RH. On the other side, Owatrol demonstrated a very poor performance. These advantages and disadvantages in their 
use have been compared with those of B-72, Incralac and C80 microcrystalline wax, identifying in which cases their 
application for protection on scientific-technical artefacts may be feasible.
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Introduction
The search for new solutions for the protection of cul-
tural heritage metals against corrosion is a major chal-
lenge today. Traditional conservation coatings such as 
waxes and acrylic resins tend to photo-oxidise [1, 2] and 
in some cases contain benzotriazole (BTA), having sus-
pected toxicity [3]. In the last decades, alternatives to 
the most usual coatings used by conservators have been 
investigated. In addition to their protective capabilities, 

improvement of other properties of the coatings are 
sought, trying to improve their performance in specific 
environments or for specific types of artefacts or surface 
characteristics [4]. For instance, fluoropolymers have 
demonstrated to be more chemically inert and stable in 
outdoor environment [5, 6], and silane-based coatings 
have improved hydrophobicity [7] or penetration of the 
coating into the corroded metal [8, 9].

In this direction, efforts have been dedicated in the last 
years to research on smart coatings, that is, coatings that 
are capable to react and adapt to external stimuli. Coat-
ings with self-cleaning or superhydrophobic properties 
are making progress in industrial sectors [10], and their 
application in heritage is beginning to be explored. This 
type of coatings has been investigated with the use of 
oxide nanoparticles mainly in the field of conservation 
of architectural heritage [11, 12]. These include the use 
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of SiO2 and TiO2 as photocatalysts capable of creating a 
surface with nonwetting and self-cleaning properties, and 
even of decomposing pollutants [13]. The use of these 
nanoparticles on metals is very limited, but their addi-
tion to acrylic or organosilane coatings has started to 
be investigated [14–17]. TiO2 stands out as the additive 
with the most attractive performance, as its photocata-
lytic activity can improve the polymer’s resistance to UV 
radiation [14, 18]—one of the main degradation agents 
of commonly used acrylic resins—, while providing self-
cleaning and de-polluting abilities. However, at the same 
time, degradation of the polymer can be induced due to 
an excess of free radicals [19, 20]. It is therefore neces-
sary to evaluate the pros and cons of use in metal protec-
tion and how it can influence the protective ability of the 
coating.

On the other hand, the application of self-healing coat-
ings has attracted a lot of interest for industrial applica-
tions. Their use on metals implies the regeneration of 
local physical damage caused by external factors that can 
initiate the corrosion process [21], but their application 
options on heritage is very limited due to the fact that 
most of them do not fulfil conservation ethic criteria. A 
recent work proposes a transparent self-healing coating, 
easy to synthesise and with promising results, tested on 
glass slides, which could be suitable for conservation of 
cultural heritage [22]. It is based on a hybrid polymer of 
poly(2-ethyl-2-oxazoline), PEOX, and poly(4-hydroxy 
styrene), PHS, capable of regenerating in high and low 
humidity, especially when CaCl2 is added. Its main com-
ponent PEOX is better known as Aquazol©, and it has 
already been used as a consolidant in stone heritage [23] 
and as a binder in canvas paintings [24] with satisfactory 
results.

This research aims to explore the applicability of these 
alternative coatings for metallic scientific-technical arte-
facts. This type of heritage have some peculiarities: it 
includes objects of very different sizes, museographic 
exhibition requirements, and material compositions, 
making difficult to achieve optimal conservation con-
ditions [25]. In contrast with archaeological or artistic 
metallic heritage, which usually have a thick patina or 
corrosion crust, metallic surfaces in scientific-technical 
artefacts generally have a "clean", and bare finish that 
favoured their functioning and use. This finish is usu-
ally maintained by conservators depending on the type 
of object [26, 27] and avoiding damage to original wear 

marks or other finishes such as original shellac coatings 
[1, 28]. Finally, in some cases, artefacts are in opera-
tion [29, 30], so the coating may suffer from mechanical 
damages.

Considering these peculiarities, coatings exhibiting prom-
ising features from the literature, such as Paraloid B-72 
modified with TiO2 nanoparticles and the above-mentioned 
self-healing coating [22], were selected to be evaluated as 
protective coatings for metals in scientific-technical heritage. 
Additionally, Owatrol oil is also included as a protective coat-
ing in this study. Owatrol is distributed as an “oil-based rust 
inhibitor” that has being used by conservators in industrial 
heritage protection exposed to outdoor environments [31]. 
To the best of our knowledge, only few references report its 
performance [32–34], but none of them on clean metal sur-
faces. Therefore, further investigation is needed to determine 
its protective ability and chemical stability upon ageing, and 
whether it could also be used on bare metals. These coat-
ings are compared in performance with previously studied 
and traditionally used such as Paraloid B-72 acrylic resin and 
C80 microcrystalline wax as coatings with acceptable perfor-
mance [1, 35] and Incralac, an acrylic resin with corrosion 
inhibitor widely used in conservation that has demonstrated 
good protective ability [36–38].

For this work, bare steel and brass have been selected 
as the most representative metal substrates for scien-
tific-technical collections exposed indoors according 
to a previous work by the authors [1]. This study will 
allow complementary comparisons between the coat-
ings already evaluated in the previous reference on these 
metals using different accelerated ageing conditions, as 
well as studying the feasibility of applying the alternative 
coatings according to the additional needs of this type of 
artefacts.

Materials and methods
Substrate preparation
Brass (CDA 260 alloy) and low carbon steel (Table  1) 
were selected as substrates for the application of the 
different coating systems. C and S were determined by 
infrared absorption method after combustion and the 
remaining elements by glow-discharge optical emis-
sion spectroscopy (GDOES). 5 × 5 × 0.2  cm3 steel and 
5 × 5 × 0.03 cm3 brass coupons were cut and sanded with 
P320 and P600 grit emery paper and cleaned with etha-
nol in an ultrasonic bath in order to degrease and pre-
pare the surface before applying the coatings. Although 

Table 1  Elemental composition (mass %) ± SD of the steel coupons

C Si Mn P S Cr Ni Al Cu Fe

0.026 ± 0.001  < 0.03 0.15 0.014 ± 0.001 0.026 ± 0.0003 0.019 ± 0.001 0.019 ± 0.001 0.036 ± 0.001 0.038 ± 0.001 Balance
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some scientific-technical artefacts may have some stable 
oxide layer inside the museum, for this first test explora-
tion with alternative coatings, the metal is lightly sanded 
to obtain a reproducible and comparable surface and 
methodology.

Coatings preparation and application
Selected coatings, their composition, code used in this 
paper and supplier are described in Table 2. Paraloid B-72 
was dissolved at 10 wt.% in xylene, C80 microcrystal-
line was warm dissolved at 80 ℃ in 10 wt.% white spirit. 
The application methodology for these coatings was the 
same as the previous work [39]. For Paraloid B-72 and 
C80 microcrystalline wax, two layers were applied by 
brush, with a drying time of 1  week between layers, at 
room temperature (over 21 ℃ and 45% RH). Incralac and 
Owatrol Oil were used as supplied and applied in only 
one layer. All coatings were left to dry for 2 weeks before 
testing. This promotes the formation of a dry sufficiently 
stable layer, i.e., retained solvent does not impair the pro-
tective ability of the layer prior to ageing [39].

For the B72/TiO2, nanoparticles with an average diam-
eter of 25  nm in anatase crystalline phase were chosen 
(≥ 99.5% trace metals basis; REF: 718467, Sigma-Aldrich), 
as they are more photoactive than other phases such as 
rutile [18]. To limit the undesirable aesthetic effects due 
to the white colour of the TiO2 particles, they were dis-
persed at low concentration in the acrylic resin (0.5 wt. 
% in Paraloid B-72). The dispersion was carried out with 
a magnetic stirrer for 3 h at a temperature of 30 ℃ and 
finally ultrasonicated for 15 min before application. The 
same application methodology was followed as for the 
acrylic resin without additives.

Hybrids of PEOX (Mw ̴200,000; REF: 372854, Sigma-
Aldrich) and PHS (Mw ̴11,000; REF: 436216, Sigma-
Aldrich) were manufactured by dissolving them in 
DMF (≥ 99% purity; REF: D158550, Sigma-Aldrich) 

at a concentration of 15 wt. % and with a ratio of 70% 
PEOX/30% PHS. According to [22], the addition of solu-
ble salts such as CaCl2 accelerates the self-healing of the 
film, however this can lead to corrosion on our surfaces. 
Still a quick test was made by adding the lowest amount 
used in that paper: molar ratio of 1:6 according to (Ca2+: 
carbonyl groups of PEOX) [22]. The resulting PHS/PEOX 
coatings with and without CaCl2 were applied by brush 
and left to dry for 48 h in an oven at 60 ℃ to accelerate 
the evaporation of the DMF and then left two further 
weeks before accelerated ageing, as the other coatings.

Artificial ageing
To evaluate the long-term performance of the coatings, 
they were subjected to photochemical ageing using a 
SolarBox CO.FO.ME.GRA model 3000e equipped with 
a Xenon-arc lamp and an outdoor type UV filter with 
cut-off < 290 nm to eliminate radiation not present in the 
external sunlight. According to ISO 16474–2:2014 [40], 
the irradiance was maintained at 500 W/m2 and the black 
standard temperature (BST) at 60 ± 1 ℃. Coupons were 
studied before (t = 0) and after accelerated UV exposure 
for 500 h (t = 1). Inside a museum the radiation would not 
be as aggressive but for this study it is intended to evalu-
ate the photocatalytic action of TiO2 since at λ > 390 nm 
it could be limited [41] as well as to know if all coatings 
perform well under severe conditions.

Characterisation techniques
Thickness measurements were taken before and after 
ageing with an Elcometer 456, using a probe for ferrous 
and non-ferrous materials based on electromagnetic 
induction. A 12.3-micron gauge (Ser. Nº KC8913) was 
used for instrument calibration and a thicker 23.9-micron 
gauge (Ser. Nº KC8888) was used to interpose between 
the probe and the C80 coating to avoid pressure marks, 

Table 2  Tested coatings

* C80 is distributed as Cosmolloid H80 but according to its safety data sheet, it may contain a mixture of other waxes

Coating Composition Code Supplier

Paraloid B-72 Methyl acrylate and ethyl methacrylate B72 Kremer Pigmente GmbH & Co

Microcristalina C80 Microcrystalline wax + 
other waxes may be added*

C80 C.T.S España S.L

Incralac Ethyl acrylate and methyl methacrylate (Paraloid B-44) + Benzotria‑
zole (BTA) + plasticising agents

INC Kremer Pigmente GmbH & Co

Owatrol oil Alkyd-based resin resin from vegetable oils
(No information on possible additives
)

OW AGA​RAG​AR Quinta y Galán, S.L

Paraloid B-72 and TiO2 
nanocomposite

B72 + Titanium(IV) oxide; P25
nanoparticles (NPs)

B72/TiO2 Merck KGaA—Sigma-Aldrich Spain

PHS and PEOX blend Poly(2-ethyl-2-oxazoline) (PEOX) + poly(4-hydroxy styrene) (PHS) PHS/PEOX Merck KGaA—Sigma-Aldrich Spain
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which was then subtracted. For each coupon, 16 meas-
urements were taken and then averaged.

For a visual and generalized analysis of the coatings 
after ageing, macro-scale imaging was obtained with 
a Canon EOS 7D camera and EF-S 60  mm f/2.8 macro 
lens. To analyse the defects undergone at a smaller scale, 
an Olympus BX41M LED reflected light metallurgical 
microscope with a 10 × objective was used. In particular, 
the defects produced in the TiO2-modified B72 coatings 
on the two metals were also analysed at the nanoscale 
with a JEOL JSM 6500F SEM equipped with EBSD. The 
beam application energy was 14 kV or 7 kV depending on 
the magnification; 250 × or 4000 × respectively.

Colour measurements were made with a Konica-
Minolta CM-700-d spectrophotometer using the 1976 
CIELAB colour space. The standard illuminant was D65 
and the observer was set to 10° according to UNE-EN 
15886:2010 [42]. The colour coordinates L*, a* and b* 
were recorded in four zones for each coupon (Ø = 6 mm) 
at t = 0 and t = 1, excluding the specular component 
(SCE). The instrument was calibrated against a SPEC-
TRALON reference before each set of measurements. 
Since the coupons are made in triplicate, an average is 
taken for each coating to obtain the L*a*b* values. The 
colour differences were calculated from the following 
Eq. (1):

Chemical changes of the coatings were evaluated by 
FTIR in total reflection mode (TR-FTIR). A Bruker Alpha 
II spectrometer with external reflection module was used 
and spectra were acquired with a resolution of 4 cm−1 in 
the range 7000–400 cm−1, collecting 64 scans in each area 
with a spot size of 5 mm. Background was performed on 
gold plate and data were processed with OPUS 8.7 soft-
ware. Spectra were represented using the pseudo absorb-
ance [A’ = log(1/R); R = reflectance] as the intensity unit. 
The resulting spectra were comparable with those taken 
in transmission and ATR. The ATR module was also used 
with the same spectrometer to analyse the microcrystal-
line wax C80 with the same measurement conditions as 
the external reflection module. This will be detailed in 
Sect. “TR-FTIR measurements”.

The spatial distribution of the two-component PHS/
PEOX coating was monitored with a Bruker LUMOS II 
FTIR microscope (Bruker Optics GmbH, Ettlingen, Ger-
many), equipped with a liquid-N2 cooled 32 × 32 element 
Focal Plane Array (FPA) detector. FPA-FTIR images were 
acquired in reflection mode within a 4000–750  cm−1 
spectral region, as a single FTIR image covering a sam-
pling area of ca. 150 × 150 mm2, with resolution 4  cm−1 
and 128 scans. A single spectrum in each FTIR image 
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represented molecular information acquired from ca. 
5 × 5 μm2 area on the sample plane. The collected FTIR 
spectra were processed using OPUS 8.7 software.

Protective properties of the coatings were evaluated by 
electrochemical impedance spectroscopy (EIS) using the 
G-PE cell previously developed by the authors for elec-
trochemical analysis in cultural heritage [43, 44]. AISI 
316 stainless steel wire (1.5  mm thick) and AISI 316 
stainless steel mesh were used as pseudo-reference elec-
trode and counter-electrode, respectively. Distilled water 
with 10  ppm acetic acid − conductivity of 26.13 µS and 
pH = 6 − was used as electrolyte, since this acid is one of 
the most common pollutants in museum indoors [45]. 
The solution was gelled with 2 wt. % agarose according 
to [46] and exposed to an area of 3.14  cm2 of the work-
ing electrode. Spectra were acquired with a Gamry Ref-
erence 600 potentiostat, with 20 mV RMS amplitude (at 
open circuit potential, OCP) and 10 points/decade from 
100 kHz to 10 mHz. The system was allowed to stabilise 
at OCP for 30 min before measurements.

Results and discussion
Aesthetic changes
Visual appearance
Monitoring the visual appearance of coatings after appli-
cation and accelerated ageing is very important in cul-
tural heritage applications, as aesthetic changes can be 
a reason for rejecting the coating from its application 
on a real object. All coupons were photographed before 
and after ageing under the same lighting conditions and 
some differences were visible. Most noticeable is the yel-
lowing of the uncoated brass coupons (Fig. 1a.2) due to 
the thin oxidation layer formed as reported in the previ-
ous work [1]. No large-scale corrosion is visible on any 
of the coupons, however on steel OW coupons, the elec-
trolyte contact mark is visible where the EIS measure-
ments have been taken (Fig.  1b.1), while on brass it is 
hardly distinguishable (Fig. 1b.2). It is likely that some of 
the electrolyte has been retained in the coating and con-
tributed to the oxidation of the steel, which is more sensi-
tive to moisture than brass. On all the B72/TiO2 coupons, 
waves in the coating are associated to a slight whitening 
(Fig.  1c). The C80 coupons show differences between 
the two metals. At t = 1 the coating on steel is rough 
with small pores and white clusters that are visible to the 
naked eye (Fig. 1d) while on brass it looks fairly uniform. 
The INC, B72 and PHS/PEOX coatings are apparently 
unchanged (Fig. 1e.1–3).

Colour measurements
Colour changes after ageing are presented in Table  3. 
The differences in the L* coordinates show darkening of 
all the brass coupons, probably due to the formation of 
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oxidation layer described in Sect. “Visual appearance” 
and more detectable in the bare coupons (ΔL* =  − 8.23) 
than in the coated ones (ΔL* =  −  2.30/ −  4.63). It is 
noticeable how the application of all coatings also 
reduced Δb* compared to the uncoated ones.

The largest colour differences for both metals occur in 
the b* coordinate related to yellowing. After 500 h of age-
ing, all the coatings on brass increase their b* coordinate 

by several units with respect to t = 0. Since the coupons 
are yellow per se, the coordinates are very different with 
respect to the steel, in addition the yellowing of the sub-
strate by the oxide layer makes the results incomparable. 
This observation is in agreement with previous studies [1].

On steel (Fig.  2), the highest changes in b* were 
detected for OW and PHS/PEOX, followed by INC, 
with Δb* = 1.54, 1.73 and 1.22 respectively. Regarding L* 

Fig. 1  Macro-pictures of bare brass at t = 0 (a.1) vs t = 1, where its yellowing can be appreciated (a.2). EIS measurement mark on Owatrol at t = 1 
on steel (b.1) and on brass (b.2). Defects on the coatings of B72/TiO2 on steel before ageing (c). Macro + zoom of C80 on steel at t = 1 showing 
the rough surface due to the presence of wax flakes (d). The rest of the coatings (e.1) PHS/PEOX, (e.2) INC and (e.3) B72, are apparently unchanged 
at t = 1; only a general yellowing of the metal is visible, as is the uncoated brass
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coordinate, on B72/TiO2 an increase in whiteness is par-
ticularly evident on steel. Despite these colour changes, 
none of the coatings on steel exceeded by 3 units in ΔE 
(colour difference detectable by a standard observer [47]).

Protective ability
Thickness measurements
Since the thickness has a great influence on the barrier 
effect and, consequently, on the protective ability, it has 
been taken into account to compare the coatings [39]. 
Thickness measures are listed in Table  4. A significant 
difference is observed between the coatings that have 
been diluted before application (B72, B72/TiO2, PHS/
PEOX) and those that have been used as prepared by the 
manufacturer (INC, OW). Indeed, the thickness meas-
urements on the latter coatings are associated to higher 
standard deviations than those on the former ones. This 
indicates that the products used as supplied produced 
quite uneven layers, probably due to higher viscosity and 
therefore more difficult application without leaving brush 

strokes. It also shows how the addition of TiO2 to B72 
increases the SD by the waves previously seen (Fig. 1c).

After ageing, all the coatings seem to maintain their 
thickness in the same range with respect to t = 0. How-
ever, at t = 1, a slight generalised decrease in thickness is 
observed, which may be due to the evaporation of the sol-
vent residues during ageing. B72 and C80 on steel do not 
follow this trend but fall within the uncertainty values. 

Table 3  Colour variation measurements in CIELAB 1976 colour space induced by accelerated ageing

Difference between aged and unaged samples

ΔL* Δa* Δb* ΔE

Steel Brass Steel Brass Steel Brass Steel Brass

Bare  − 0.41  − 8.23  − 0.13 1.90  − 0.48 12.10 1.13 14.76

OW  − 0.90  − 3.44 0.07 0.40 1.73 1.05 1.99 3.66

PHS/PEOX  − 0.04  − 2.30  − 0.40 0.38 1.54 3.38 1.68 4.16

B72/TiO2 1.50  − 3.30  − 0.04 0.64  − 0.11 2.66 1.80 4.32

B72  − 0.24  − 3.43  − 0.03 0.45 0.49 4.39 0.87 5.61

INC  − 0.46  − 3.33  − 0.02 0.78 1.22 5.06 1.40 6.13

C80 0.54  − 4.63  − 0.01 0.56 0.49 3.01 0.85 5.56

Fig. 2  Differences in b* values between coatings on steel before and after ageing

Table 4  Thickness values ± SD of the coatings (µm) before and 
after ageing

Steel Brass

t = 0 t = 1 t = 0 t = 1

OW 29 ± 5 25 ± 5 32 ± 5 30 ± 5

PHS/PEOX 8 ± 2 8 ± 2 10 ± 3 10 ± 3

B72/TiO2 6 ± 3 5 ± 3 10 ± 2 8 ± 2

B72 6 ± 1 7 ± 1 10 ± 2 9 ± 1

INC 27 ± 7 26 ± 6 35 ± 6 34 ± 6

C80 20 ± 5 22 ± 6 21 ± 11 21 ± 9
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However, the average decrease in thickness of OW is 
rather noticeable and occurs on both metals. Taking 
into account that the curing of alkyd resins such as OW 
involves not only physical drying but also chemical pro-
cesses including oxidative crosslinking of the unsaturated 
fatty acids [48], it is possible that the chemical changes 
result in significant shrinking of the polymer.

Electrochemical impedance
Considering the thicknesses for each of the triplicate 
coupons and selecting an area with controlled thick-
ness to make the electrochemical measurements before 
and after ageing for each of them, reproducible results 
were obtained. EIS data have been represented using 
Bode plots, which show the logarithm of the impedance 
modulus, |Z|, and the phase angle, φ, versus the loga-
rithm of the frequency. All coupons have been measured 
except PHS/PEOX because the hydrophilicity of PEOX 
[23] makes the polymer incompatible with aqueous 
electrolytes.

After ageing (t = 1), |Z| of all coatings decrease (Figs. 3–
4) − with the exception of INC-brass − . OW is the coat-
ing with the lowest |Z| at t = 0, despite being one of the 
thickest. Although defects are not obvious to the naked 
eye, the coating has not demonstrated much resistance 
to electrolyte entry at t = 0, and worsens significantly 
after ageing, since |Z| has decreased almost three orders 
of magnitude (Fig.  3a). This makes it a poor alternative 
to common coatings when applied on bare metal and 
exposed to solar radiation. Therefore, its performance 
on patinated or corroded metal needs to be further stud-
ied in order to shed light on the contrast between the 
good results obtained by conservators on real artefacts 
in terms of appearance and short-term protective ability. 
[31, 33, 34].

It can be noticed that C80 also presents a significant 
|Z| decrease upon ageing (Fig.  3b), and a second time 
constant appears, linked to the formation of defects of 
the coating (see Sect. “Visualisation of defects”) allowing 
the electrolyte to reach the metal surface. These defects 
may have been generated by exposing the wax to the test 

Fig. 3  Comparison of the impedance spectra of OW before and after ageing (a) with the spectra of C80 (b) and INC (c)
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temperature, which may have contributed to a change in 
its crystalline structure, turning it more amorphous and 
thus leading to a decrease in resistance [49]. This behav-
iour is different in the two metals, since on steel |Z| the 
decrease is not so abrupt and new time constant is more 
evident. As will be seen in Sect. “Visualisation of defects”, 
the morphological defects are also different in the two 
metals.

On the other hand, INC continues showing good pro-
tective ability after accelerated ageing, as shown in pre-
vious studies [37, 50] since |Z| and φ between t = 0 and 
t = 1 remain almost equal (Fig. 3c). Its good performance 
is related to the additives, including BTA as corrosion 
inhibitor and UV stabiliser [38]. The lower thickness of 
the coating on steel makes clearly visible in |Z| the pla-
teau at the low frequencies, attributable to the resistive 
behaviour of the coating, and its decrease of about one 
order of magnitude in |Z| upon ageing. On the other side, 
on the thicker coating on brass, this plateau appears at 

frequencies below the experimental limit of the imped-
ance spectrum, making difficult to observe the changes 
upon ageing.

The effect of TiO2 nanoparticles on the protective abil-
ity of B72 has been represented in Fig.  4 for both steel 
and brass substrates. At t = 0, it is observed that the addi-
tion of NPs slightly lowers the |Z| of the coating on both 
metals, but their presence does not greatly affect the 
protective ability of the coating. However, at t = 1, |Z| 
decreases by four orders of magnitude and with it the 
phase angle, where new time constants start to become 
evident (Fig.  4a, b right). In order to characterise these 
changes in the spectra, a fitting of the spectra to the 
equivalent electrical circuit (EEC) shown in Fig.  5 has 
been carried out. The fitting results are plotted in Fig. 5 
over the experimental data, and the parameters of the 
different elements used presented in Table 5.

All spectra can be fitted to the typical EEC of a coated 
metal [51] (Fig.  5), in which Rs corresponds to the 

Fig. 4  Comparison of the protective ability of B72 and with the addition of TiO2 NPs before and after accelerated ageing. Impedance spectra 
and their fitting to EEC of the coatings applied on steel (a) and brass (b) are plotted
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uncompensated resistance (mainly the electrolyte resist-
ance); CPEcoat in parallel to a Rcoat are attributable to the 
capacitance of the coating and the resistance of the elec-
trolyte permeating the coating through pores, cracks or 
paths between the polymeric chains; (CPEdl) is capaci-
tance of the electrochemical double layer and (Rct) the 
charge transfer resistance of the faradaic process. CPE 
are usually employed instead of capacitors to account for 
the non-ideal behaviour of the electrochemical system. 
In our case, values of the exponent of the CPEcoat very 
close to 1 indicate an almost ideal capacitive behaviour of 
the coating, which is lost for B72-TiO2 after ageing, fall-
ing to about 0.5. Values of 0.5, also seen in the exponent 
of CPEdl, can be attributed to a diffusion process or to 
a high dispersion of time constants caused by the inho-
mogeneity of the degraded coating/corrosion products/
metal system.

At t = 0, the values of Rcoat decrease in one order of 
magnitude for both steel and brass with the addition 
of TiO2, indicating that NPs favour the formation of 
defects in the coating, and hence facilitate the permea-
tion of the electrolyte. For the TiO2-modified coatings, 
ageing results in drastic changes. The pore resistance 
falls rapidly, twice the orders of magnitude than in the 
B72 coating. Double layer capacitance also shows a sig-
nificant increase with ageing for B72/TiO2 coating on 
both metals, together with a drastic decrease of Rct. 

This can be related to the increase of the exposed metal 
surface to the electrolyte, through the high number of 
pores.

Visualisation of defects
For B72/TiO2, the hypothesis of increase in surface area 
exposed to the electrolyte was confirmed by the micro-
scopic visualisation of the coatings. Figure 6a–c show that 
the modification of B72 with NPs leads to an increase in 
porosity and defects (Fig.  6b), particularly pronounced 
at t = 1 (Fig. 6c). Regarding the visualisation of the other 
coatings, the presence of scattered pores in OW on both 
metals (Fig.  6d; steel) and the differences between the 
defects in the C80 coupons are also confirmed. In brass 
(Fig.  6e), the restructuring of C80 due to the high tem-
perature of the weathering test has left areas of the metal 
unprotected, responsible of the decrease in the protective 
ability. However, in steel (Fig. 6f ), this coating looks more 
compact, with pores instead of gaps, and it accumulates 
in the form of flakes on the surface. No defects were 
seen in the INC and PHS/PEOX coatings, so they are not 
included in the figure.

For a better visualization of the defects formed in B72/
TiO2 on steel and brass and the arrangement of the nano-
particles in the coating, coupons have been observed by 
electron microscopy. As can be seen in Fig. 7a, on brass 
at t = 0, most of the NPs are integrated in the coating with 
hardly any visible defects, while at t = 1 the defects are 
quite noticeable, creating pores that reveal the metal and 
TiO2 (Fig. 7b). The larger pores coincide with clusters of 
NPs and can be seen to be responsible for the physical 
deterioration of the polymer (Fig.  7c). This degradation 
can be related to the generation of high energy free radi-
cals such as O2

− and OH− during the photocatalytic pro-
cess, which are breaking down the polymer matrix [52].

Fig. 5  Equivalent electrical circuit used to fit the experimental data 
of Fig. 4

Table 5  Electrochemical parameters of the fit of B72 and B72/TiO2 coatings before and after ageing

Steel Rs (Ω cm2) CPEcoat-Y1 (S 
sα1  cm−2)

α1 Rcoat (Ω cm2) CPEdl-Y2 (S sα2 cm−2) α2 Rct (Ω cm2)

B72 (t = 0) 3.79E + 03 5.70E-10 0.96 1.08E + 08 1.29E-09 0.84 1.14E + 08

B72 (t = 1) 2.92E + 03 4.85E-10 0.97 3.49E + 06 4.89E-09 0.59 1.39E + 07

B72-TiO2 (t = 0) 2.37E + 03 5.21E-10 0.96 1.04E + 07 7.48E-09 0.39 1.22E + 08

B72-TiO2 (t = 1) 2.49E + 03 5.14E-10 0.96 3.21E + 03 2.34E-05 0.58 1.29E + 04

Brass Rs (Ω cm2) CPEcoat-Y1 (S 
sα1  cm−2)

α1 Rcoat (Ω cm2) CPEdl-Y2 (S sα2 cm−2) α2 Rct (Ω cm2)

B72 (t = 0) 3.82E + 03 5.08E-10 0.96 6.12E + 07 2.76E-09 0.42 9.29E + 08

B72 (t = 1) 2.68E + 03 6.41E-10 0.96 6.99E + 06 1.16E-08 0.50 8.32E + 07

B72-TiO2 (t = 0) 3.42E + 03 6.78E-10 0.96 6.32E + 06 6.44E-09 0.53 2.55E + 08

B72-TiO2 (t = 1) 2.71E + 03 7.28E-06 0.54 2.68E + 04 2.50E-05 0.96 1.36E + 04
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Evaluation of chemical changes
TR‑FTIR measurements
Coatings were characterised before and after ageing with 
FTIR in reflection mode to determine their chemical sta-
bility. The chemical changes occurring to B72-steel can 
be observed in Fig.  8a. At t = 1, the evident broadening 
of the carbonyl ester band at 1745  cm−1 can be related 
to the evolution of carboxylic acids to anhydrides, either 
by inter- or intramolecular elimination of water, while 
the development of the small band at 1640  cm−1 can 
be attributed to the formation of C = C chain-end dou-
ble bonds [53]. The same applies to brass. Nevertheless, 
when the polymer is charged with TiO2 NPs, no evident 

changes to the spectral profile are visible on both met-
als, suggesting that no significant chemical alterations 
occur in the bulk of the polymer, as a result of the UV-
absorbing action exerted by this additive. At the same 
time, TiO2 is responsible for the formation of defects in 
the coating, as previously shown (Fig. 6b, c) and (Fig. 7b, 
c), which lower its protective ability shown in EIS (Fig. 4). 
Thus, it is demonstrated that with the accelerated ageing 
conditions used, the degradation of B72/TiO2 occurs on 
a physical scale and its photocatalytic process does not 
affect chemically the stability of the bulk of the polymer. 
On the other hand, INC has demonstrated on both met-
als better chemical stability than B72 without NPs, since 

Fig. 6  Comparison of coating defects under microscope. (a) B72 on steel at t = 1. No defects are visible. (b) B72/TiO2 on steel at t = 0. Addition 
of NPs leads to the appearance of localised pores. (c) B72/TiO2 on steel at t = 1. The appearance of pores grows abruptly. (d) Defects of OW on steel 
at t = 1. (e) C80 on brass at t = 1. Wax seems to restructure leaving gaps, with areas of the metal left unprotected (delimited by dashed white line). (f) 
C80 on steel at t = 1. Wax grains (one of these is indicated by the arrow) predominate over a coating with few pores

Fig. 7  SEM topographic images of TiO2-modified B72 on brass. (a) At t = 0. (b) At t = 1 and (c) Detail of a pore/defect formed at t = 1, showing 
the coating, the NPs clusters and the metal
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only the development of a small band at 1640  cm−1 has 
been observed (Fig. 8b), probably due to the presence of 
BTA in its composition which also acts as a UV absorber 
[38, 54].

In OW on both metals (Fig. 8c; brass), the occurrence 
of chemical changes due to accelerated photo-ageing is 
suggested by the depletion of methylene vibrations at 
2930 and 2850  cm−1, by the increased intensity of the 
band at ca. 2650 cm−1, attributable to hydroxyls bonded 
-OH with carboxylic groups, and by the broadening 
of C = O carbonyl absorption at 1745  cm−1 [55], with 
appearance of a weak shoulder at 1780 cm−1 which ear-
lier studies related to the formation of either γ-lactones 
or peresters [56]. These changes suggest oxidation and 
partial decomposition of the tridimensional network of 
the molecules, which is in agreement with the decrease 
in impedance reported in Sect. “Electrochemical imped-
ance”. In the 800–400  cm−1 region, interference fringes 
from the transmitted radiation are visible [57]. With 

regard to PHS/PEOX, at t = 1 it was observed the appear-
ance of a new band at 1710 cm−1 in the C = O stretching 
range and some intensity changes in the C-O stretching 
region (1320–1025  cm−1) (Fig.  8d; steel), which may be 
attributed to hydrolysis of the ester linkage with forma-
tion of free carboxylic groups, as reported in the litera-
ture [58]. Interference fringes are also visible between 
2600 and 1800 cm−1.

Figure  9 shows the changes that C80 has undergone 
at t = 1. Spectra on both metals (Fig.  9a, b) reveal new 
vibration bands at 1720 cm−1, 1410 cm−1 and 1175 cm−1 
which can be attributed to C = O stretching, C-H bending 
and C-O stretching respectively, as a result of oxidation 
processes and chain rearrangement. These data are in 
agreement with those obtained in [49] on Butcher’s wax 
(a mixture of carnauba wax and microcrystalline wax), 
also suggesting that C80 consists of a mixture of different 
waxes. On C80-brass, these bands are less intense and 
more difficult to identify with TR-FTIR (Fig. 9c). This is 
likely due to the oxide layer formed over the metal, which 
exhibits dielectric optical properties in this IR region 
and acts as a semiconductor decreasing the absorption 
[59]. Such hypothesis has been confirmed by performing 
ATR-FTIR on the coating without the metallic substrate 
(Fig. 9b).

Comparing FTIR results for C80 for brass and steel 
with those reported in the previous sections, it can be 
argued that the cross-linking of the polymer may be more 
significant on steel than on brass, forming a more insol-
uble coating that is consistent with the observation of a 
more compact (Fig.  6) and higher impedance (Fig.  3b), 
and therefore more protective layer at t = 1.

Fig. 8  FTIR evaluation of coatings after accelerated ageing. a 
Represents B72 and TiO2 spectra on steel, b INC spectra on steel. c 
OW spectra on brass and d PHS/PEOX spectra on steel. The green 
arrows show peak broadening, the blue arrows show new peaks 
and the black arrows show the characteristic peak of the Ti–O-Ti bond

Fig. 9  Comparison of the absorbance of C80 coatings applied 
on steel (a) and brass (b, c) after ageing. A spectrum on steel at t = 0 
is added as a reference (d)
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Evaluation of self‑healing ability of PHS/PEOX
Addition of CaCl2
In non-heritage related fields of study, the advantages of 
coordination bonds in the construction of self-healing 
polymers have been explored [60]. Metal–ligand coor-
dination bonds are a type of non-covalent interactions 
that form between a metal ion and the surrounding 
organic molecules. In the case of PHS/PEOX synthesis, 
the addition of the CaCl2 salt accelerates the self-healing 
efficiency by a ternary bonding effect and increases the 
adhesion strength in both wet and ambient environments 
[22]. In heritage conservation, the use of soluble salts is 
not recommended because they can degrade the mate-
rial, and in our case corrode the metal. However, for this 
work, some steel and brass coupons were prepared with 
a low proportion of CaCl2 to test if an improvement of 
the self-repairing ability could be achieved without any 
damage or aesthetic changes in the metal. But after 48 h 
of drying corrosion of the metal substrate was already 
observed (Fig. 10). Although corrosion was only visible in 
small proportion on brass, the application of soluble salts 
was discarded in both cases and no further testing was 
carried out.

Procedure and damage regeneration
To evaluate the self-healing efficiency of the polymer, a 
set of steel and brass coupons that was not exposed to 
accelerated ageing was prepared. After application and 
drying of the coating, a series of mechanical damages 
were performed with a scalpel. The width of the scratches 
ranged from 50 to 400 µm. In some regions the incision 
left the metal exposed, while in others the damage was 
more superficial.

Considering the sensitivity of our substrates to humid-
ity, the coatings were first subjected to a relative humid-
ity of 54% at 35 ℃ for 3 h in a climatic chamber. Under 
these conditions, half of the damage of approximately 
50–100  µm was regenerated in the reference study on 
glass [22]. On steel and brass this is not the case and the 

scratches remained the same size. However, when the 
same coupons were subjected to 90% relative humidity at 
35 ℃ for another 3 h, changes were visible (Fig. 11; OM 
images) and the more superficial and narrower scratches 
were almost completely regenerated.

The spatial distribution of PHS/PEOX components in 
the coating was monitored with chemical imaging using 
FPA-FTIR. The most characteristic peaks, the C = O 
stretching band at 1660 cm−1 and the semicircle stretch-
ing modes of the benzene at 1515 cm−1, were selected for 
PEOX and PHS respectively. As shown in Fig. 11, PEOX 
initially exhibits high intensity on the surface where there 
is no scratch due to its higher proportion in the polymer, 
while PHS reflects how the area with the highest intensity 
corresponds to the accumulation of polymer. After 90% 
RH, the decrease in PEOX intensity combined with the 
disappearance of the most superficial part of the scratch 
suggests the redistribution of the polymer over the cou-
pon surface. A certain redistribution of PHS is also 
observed, so that both components of the polymer have 
shown mobility and a fairly homogeneous spatial distri-
bution after exposure to humid environments.

The behaviour of the polymer on steel is similar, even 
though less pronounced. Figure 12a shows a deep scratch 
in the coating. While no evident changes were observed 
after exposure to low humidity, it seems that polymer 
redistribution occurred at high humidity, as visible at the 

Fig. 10  Macro-photos of PHS/PEOX + CaCl2 on steel (left) 
and on brass (right) after 48 h of drying. Corrosion is observed 
to be higher in the areas where more coating accumulated 
after application

Fig. 11  Regeneration monitoring with OM and FPA-FTIR, of a scratch 
made on PHS/PEOX-brass before and after being subjected to 56% 
RH and 90% RH. The absorbance of the most characteristic peak 
of PHS and PEOX is represented
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microscope (Fig.  12b). As shown by chemical imaging 
(Fig. 12c), the intensities of PHS and PEOX bands slightly 
increase in the upper part of the scratch, suggesting that 
these two components of the polymer moved. How-
ever, corrosion of the substrate started to develop locally 
(Fig. 12b).

These preliminary results show that an optimisation 
of the conditions used is required to obtain a good self-
healing ability of the coating and to increase the viabil-
ity of use in metallic heritage. PHS/PEOX has shown 
acceptable behaviour after ageing, with no aesthetic or 
morphological changes observed. However, the high 
humidity required to achieve redistribution of the poly-
mer is the limiting factor because it promotes corrosion 
of the metal, so further research is needed in this area.

Conclusions
In this work, new alternatives for the protection of bare 
brass and steel surfaces in metal artefacts have been 
explored and compared to other more traditional coat-
ings. On both steel and brass, Owatrol demonstrated 

poor protective properties and significant chemical 
changes upon ageing, which are related to a tendency to 
yellowing. The performance of the C80 wax has been bet-
ter in its initial state. After ageing, it has lost almost all its 
protective ability due to the defects formed by its restruc-
turing during the ageing test. In addition, it has presented 
a high photo-oxidation that has formed an insoluble 
deposit on the steel, which could affect its reversibility.

Our results have shown that charging Paraloid B-72 
with TiO2 nanoparticles reduces the oxidation suffered 
by the polymer upon UV photo-ageing. However, it also 
increases degradation on a physical scale with massive 
pore opening and hence dramatically worsens the pro-
tective ability of the coating. The presence of these mor-
phological defects would leave the metal of the artefact 
more exposed to humidity − or rain in an outdoor envi-
ronment − and would cause its corrosion, so its use is 
not recommended. In these environments, Incralac is 
the best alternative among all the coatings studied, as it 
has obtained the best performance in all the parameters 
tested.

Fig. 12  Differences between the PHS/PEOX coating on steel seen under the optical microscope. a Scratch of the coating before exposure 
to humidity in the climatic chamber and b Steel corrosion, after exposing the coating to 90% RH and 35 ℃ for 3 h. c Chemical distribution map 
of the two polymer components before and after exposure to relative humidity. The same scale in absorbance as in Fig. 10 is followed
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PHS/PEOX has demonstrated good performance 
after accelerated ageing, as no morphological defects 
have been identified and no aesthetic changes have 
been obtained. Its use would be limited only to artefacts 
exposed indoors, as rain could dissolve the coating. Self-
healing properties at low and high humidity have been 
explored and it has been shown that the polymer has only 
redistributed when exposed to 90% RH and 35 ℃ for 3 h. 
Under these conditions, only the most superficial and 
narrowest areas of the previously made scratches were 
sealed.

These conditions, especially the humidity, are too high 
for metal artefacts on display in a museum; however, the 
results obtained in this work are very relevant, as the 
first ones on the application of this type of coatings for 
protection of metallic heritage. If a compromise can be 
found between low relative humidity and longer exposure 
time during the regeneration process, this coating would 
be a viable protective coating in some cases, such as 
regenerating surface damages on the protective coating 
suffered during the operation of some scientific-technical 
artefacts. Before they can be actually applied for conser-
vation treatments, further research is required, including 
aspects such as its performance on surfaces with differ-
ent degrees of corrosion, ageing under different envi-
ronmental conditions (indoor/outdoor), reversibility, 
performance on different metals, and limited testing on 
actual artefacts.
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