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Abstract: The characteristics of armour paints, historically used to protect ferrous industrial heritage,
are explored. Amour paints contain lamellar and highly reflexive pigments of micaceous iron oxide
(MIO) and metallic, leafing aluminium, bound in linseed oil and linseed oil–tung oil mixtures, on
an inhibitive and soap-forming linseed oil primer (red lead). It is the first study of the binding
media used for historical armour paints and investigates the chemical and physical ageing of armour
paints using a multianalytical approach. Naturally aged examples are compared to accelerated aged
replica armour paint, and to historical paints. The ageing and degradation reactions are assessed by
complementary GC–MS and FTIR, together with measurements of wettability, hardness and surface
colour. The historical paint formulations include linseed oils and alkyd binders. The results confirm
that the leafing effect of aluminium pigments results in only a small concentration of binder at the
surface: the paints studied reflect light and form a strong chemical and physical barrier. Linseed oils
and tung oil mixtures have been proven to be suitable for the production of armour paints, but the
evaluation of ageing and assessment of physical changes will require further investigation.

Keywords: armour paint; linseed oil varnish; stand oil; tung oil; anticorrosive paint; aluminum
pigments; micaceous iron oxide; ageing; multianalytical characterisation

1. Introduction

Ferrous structures are prone to oxidation and corrosion, and organic coatings have
long been employed to protect them. Until the mid-20th century, iron bridges, roofing and
railings were regularly painted in situ with drying oil varnish coatings to protect them
from atmospheric corrosion [1]. These historical paints are believed to provide excellent
adhesion to the substrate, high tolerance to existing paint film defects, easy maintenance,
high and long-lasting elasticity and weathering resistance. Moreover, they are VOC-free
and renewable binder materials. In Sweden, many buildings with original steel sheet
roofing, or steel bridges, were and are treated with anticorrosive paints, including so-
called “armour paints” (AP), as seen in historical ferrous structures (Figure 1). Recent in
situ and empirical investigations of protective coatings based on armour paints from the
first half of the 20th century suggest that original coatings exhibit significant weathering
resistance [2,3].

The term armour paint, in fact, describes anticorrosive paints that are pigmented
with lamellar pigments such as micaceous iron oxide (MIO) and milled leafing metallic
aluminum, bound in linseed oil, linseed stand oil and/or tung oil (China wood oil) [1]. AP
was traditionally applied in two layers over two layers of primer composed of red lead in
linseed oil. Armour paints are known for their high adhesion, density, long-lasting elasticity
and high weathering resistance due to the formation of an efficient barrier between the
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substrate and the atmosphere [4–6]. Flaky aluminum pigments are categorised as leafing
and non-leafing grades, and the former is used in armour paints [1,7]. “Leafing” indicates
that the pigment will float to the coating surface (immediately after application) due to
surface tension induced by a fatty acid lubricant used in the production of aluminium
and lead to a practically continuous metallic film (resembling close-packed fallen leaves),
despite the high density of the metallic pigment [1,6]. The thickness of the leafing depends
on the pigment and the properties of the binder. The leafing leads to strong reflection of
radiation, observed as high gloss [6].

Figure 1. Examples of armour paint on historical ferrous structures. Top: A train wagon from 1936
with armour paint roof. Photo: Anna Lindgren 2019. Left: Västerbron in Stockholm, painted with
amour paint in 1936. Photo: Cronquist, Gustaf W:son, unknown year (CC-By). Right: Steel sheet
roofing in 2019, last time repainted with armour paint in the 1960s (without primer). Photo: Tom
Granath 2019.

Since the 1920s, linseed-based stand oils and tung oils have been used as additives
in anticorrosive linseed oil paints as they improve durability and weathering resistance.
Tung oil is a pale oil refined from nuts from tung trees and has been known outside of
China since 1760 [8]. Tung oil was introduced in paint-making in the late 19th century and
was widespread in the 1920s [9]. The high polymerisation rate in tung oil is caused by a
77–86% content of α-eleostearic acid (an 18-carbon chain fatty acid with three conjugated
double bonds), which makes the oil very reactive and fast curing [10–12]. Tung oil is the
most rapidly drying oil that exists, and refined tung oil is mixed together with other drying
oils (such as linseed oil) in order to significantly improve the drying speed, film toughness
and water resistance of the paint film [13,14]. Linseed stand oil has been produced in the
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Netherlands from the early 19th century [13,15]. High-temperature boiling in covered
metallic kettles with limited air access, and addition of a drier, results in a pale, polymerised
highly bodied oil varnish. It dries with a high and long-lasting gloss and elasticity. The
characteristics of this oil are similar to the historically fire boiled linseed oil varnishes, i.e.,
they have a stand oil character [16]. By contrast, modern “boiled” linseed oils are air-blown
with different liquid driers at low temperatures [17]. They are bodied due to preoxidation,
rather than thermal polymerisation [9]. Blown varnishes are generally considered as too
soft and brittle for producing weathering-resistant films and are also polar, i.e., sensitive to
moisture [14,18]. It is therefore expected that the blown oil would be more hydrophilic than
heat-bodied varnishes, which should be more hydrophobic [13–15,17,18]. On the other
hand, Kalpers states that blown varnishes work well as binders in aluminium paints [19].

After the Second World War, coatings for ferrous structures and objects based on
linseed oil varnishes were gradually replaced with synthetic binders that polymerise and
dry with the evaporation of volatile solvents [9]. In the 1990s, the production of linseed oil
paints restarted in Sweden, and linseed oil-based paints were reintroduced for heritage
applications and in eco-building as environmentally beneficial alternatives to modern
synthetic paints.

Modern anticorrosive coatings based on epoxies and polyurethanes are extensively
used for anticorrosive maintenance of ferrous substrates today. There is a large variety
of these coating systems [20–24]. Despite their advantages, and their ability to form thick
barrier coatings, high elasticity and chemical resistance, some drawbacks in their use are
related to the use of two-component systems, and the risk of chalking due to atmospheric
exposure [25,26]. Epoxy-based paints are strongly adhesive and may be particularly diffi-
cult to maintain because the removal of aged paint layers requires abrasive blasting that
may compromise the integrity of the ferrous substrate. Another objection to these systems
is that they are not similar to traditionally used oil varnish paints, which is an important
aspect in the maintenance of ferrous heritage, according to international goals formulated
by ICOMOS [27–29]. Linseed oils are recognised in scientific publications only as minor
modifying additions to different types of modern anticorrosive alkyds or acrylate coat-
ings [30,31] or as minor ingredients in eco-friendly synthesised polyesteramides, epoxies or
polyurethanes [32–34]. Due to the increased use of water-based coatings (such as acrylates),
contemporary research with aluminium pigmentation has focused on preventing hydro-
gen formation when the metallic, amphoteric aluminum pigment comes in contact with
water [35]. This could be conducted by either treating the pigment surfaces with corrosion
inhibitors or by encapsulating them with organic or inorganic coatings [36,37]. This is not
a problem when drying oil varnishes are used as binders, as in the historic recipes. Binders
with a low acid number, such as kettle-bodied linseed varnishes, have proven to function
well over the years, with the leafing effect and colour and luster of the metallic pigments
cited as particularly advantageous [38].

The deterioration of oil-based paints affects their visual appearance and protective
capacity, due to changes in their physical, chemical and mechanical properties. Photo-
oxidation (UV-light), hydrolysis and thermal exposure, pollutants, increased wet time or
UV exposure due to climate changes and so on are recognised factors in oil-based paint
degradation [39–41]. The ageing mechanisms for linseed oil paints are well explored for
oil paintings in indoor conditions and continue to generate significant research (such as
by [42–44]. The role of pigments in paint ageing is also well recognised, as are reactions
generated in the ground and at the surface. During the curing and ageing of oil paints,
oxidation, formation of volatile compounds and hydrolysis occur, together with physical
and mechanical changes. These processes are reported in many studies [45–47].

So far, the study of the behaviour of oil paints in an outdoor environment/condition
remains fairly unexplored, in particular on other substrates than painted artworks. There
are significant differences in the kinetics and extent of ageing for paintings kept indoors
and coated surfaces exposed to outdoor conditions. The latter are exposed to factors
such as high UV dosage, high temperatures and humidity fluctuations and long wet
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times, freeze and thaw cycles, the influence of gases and pollutants. In addition, painted
ferrous substrates show large movements due to contraction and expansion following large
temperature variations and movements of the substrate.

In this context, investigations were conducted in order to explore the chemical and
physical properties of replica armour paints and to compare the chemical changes that
occur following their exposure to natural and artificial ageing. This work recognises the
highly complex mixtures used to prepare armour paints and the need to assess the physical
properties of the composite paints.

This work focuses on how historical and reproduced replica armour paints age in
natural and accelerated conditions, in order to determine if the paints continue to function
for demanding exterior applications. Starting from the investigation of samples from
historical structures (four samples from historical armour paints applied to industrial
heritage), replicas were prepared with different drying oil binders mixed with inorganic
additives in order to investigate the behaviour of these coatings following natural (outdoor)
and accelerated ageing. A primer paint remade of red lead bound in linseed oil, with
armour paint top coatings, was investigated in two variants and ageing regimes: one with
modern low temperature-heated linseed oil varnish (blown oil), and another based on a
high-temperature-bodied linseed–stand oil–tung oil mixture (similar to original recipes
as reported by [1]). The same inorganic components were added to each paint so that the
only variable between the paints was the binding medium. Replica armour paints were
then characterised by a multianalytical approach to follow changes during curing and then
using a combination of non-invasive and sampling analyses.

2. Materials and Methods
2.1. Overview of Paint Samples

The paint samples considered as part of this work are listed in Table 1.

Table 1. Description of paint samples.

Typology Name Object Description Comment

Historical paints

OM
National listed building,
The Oat Mill in Nacka,

Stockholm.

Aluminum pigmented armour paint from a structural
part that has been protected from atmospheric

exposure since 1934. The silos were painted with
original armour paints in 1928.

GMW
A cast iron sign for an
industry; Göteborgs
Mekaniska Werkstad

Aluminium pigmented armour paint ca. 1920–1940.

BJ-red Bridge in Björneborg
(built 1870)

The original paints have been overpainted (sparkling
top paint beneath, indicating scale armour paint).

BJ-grey Overpainting.

Replica paints

F-Al
Field (outdoor) exposed

armour paints on steel sheet,
in Mariestad, Sweden.

Replica aluminium pigmented armour paint, field
tests started April 2017, outtake in December 2019

(33 months) and March 2021 (49 months).

F-AP
Replica armour paint, field tests started April 2017,

outtake in December 2019 (33 months) and March 2021
(49 months). Higher content of MIO, greyish.

P1-R Artificially aged.
Paint 1—solid reference.

Replica paints. Primer of red lead and top layer of
aluminium pigmented armour paint. Blown linseed

varnish as binder.
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Table 1. Cont.

Typology Name Object Description Comment

Replica paints

P1-A1 Artificially aged.
Paint 1—Aged 1 As above. First outtake 1000 h.

P1-A2 Artificially aged.
Paint 1—Aged 2 As above. Second outtake 5500 h.

P2-R Artificially aged.
Paint 2—solid reference

Replica paints. Primer of red lead and top layer of
aluminium pigmented armour paint. Heat-bodied
linseed oil varnish, stand oil and tung oil mixture

as binder.

P2-A1 Artificially aged.
Paint 2—Aged 1 As above. First outtake 1000 h

P2-A2 Artificially aged.
Paint 2—Aged 2 As above. Second outtake 5500 h.

2.1.1. Historical Paints

Four paint samples were collected from objects with historical AP layers for analysis
(Table 1 and Figure 2). The railway viaduct in Björneborg was currently severely flaking
as a result of ageing and repeated overpainting of the original paint. Since this is not
a typical ageing characteristic of oil varnish paints (that usually erode), it was assumed
that the overpainting had been with other types, such as for instance alkyd paints [1]
(Figure 2A,B). The Oat Mill Factory in Nacka is listed by the National Heritage Board
as modernistic industrial heritage (Figure 2C,D). The original AP layers from 1928 were
eroded on silos, but still intact, prior to repainting in 2016 [3]. The Oat Mill armour paint
layers were intact, with a later green overpainting of unknown origin. The grey cast iron
sign from a workshop in Gothenburg “Göteborgs Mekaniska Werkstad 1900”, with an
original aluminium pigmented AP (Figure 2E,F) had been relatively well protected since it
was attached to a façade.

2.1.2. Replica Paints

Replica paints were produced in cooperation with an experienced professional linseed
oil paint manufacturer. In the recipe construction process, a large number of recipes from
1949 (from the archives of AB Förenade Färg) were studied to establish ingredients and
proportions, as described by [1]. The historical recipes reveal variations and tailor-made
paint formulations. The proportions of the pigments, binders and fillers differed, and there
was no universal recipe. Two variants were chosen for accelerated ageing to investigate
the role of the binding medium on the performance of the paints. The same formulation
was used for the two variants, one with a modern linseed oil binder (Paint 1), and another
similar to original recipes (with high-temperature double-boiled linseed oil, stand oil and
tung oil mixture) (Paint 2). The pigment-to-binder weight ratio in both armour paints was
0.43 and in the red lead primer 0.80. For the naturally aged replica armour paints, a number
variants were made, with different proportions of pigments. The recipes for primers and
armor replica paints are listed in Appendix A. After stepwise addition of pigments and
other ingredients to the oils, during continuous blending with a low-speed dissolver the
paint mixture was left to be worked for about 60 min.
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Figure 2. Historical painted surfaces, with the sampling location indicated with a red arrow. Björneborg viaduct (A,B)
Oath Mill Factory (C,D), GMW workshop sign (E,F) Photos: Sven-Olof Ahlberg (BJ), Hollger Ellgard (CC-By) (OM Upper),
Authors.

2.1.3. Application of Replica Paints to the Steel Sheet Substrate

Mild steel sheets, common in steel sheet roofing (Dogal DC10 from SSAB), size
75 × 95 mm, were used as the substrate for the replica paints P1 and P2. The chemi-
cal composition of the steel was C 0.12 wt. %, Mn max. 0.8 wt. %, P and S max. 0.045 wt. %.
The steel sheets were degreased with ethanol, rubbed with fine steel wool with detergent
to surface profile Ra 6 ± 1 µm, washed in water and dried. Directly prior to coating, the
surfaces were washed and wiped with ethanol and air dried. Two coats were applied with
a fine nylon brush. The thickness of each layer was measured as 30 µm, first a primer and
an armour paint top coat resulting in a total thickness of 60 µm (±3 µm). To accelerate the
ageing mechanisms, it was decided to produce thicknesses which were about half of what
is usually applied in practice in Sweden (corrosivity class 2). Paint thickness and surface
profiles were determined according to [48,49]. The nylon brushes produced less variation
in coating thicknesses compared to tested gap film applicators or drawdown bars. The
brush application enabled close contact with the substrate, which is an important aspect of
application of linseed oil paints and is most similar to real conditions. Temperature and
relative humidity during drying varied between 20 ◦C ± 1 ◦C, and relative humidity of
43 ± 5%. Primer layers were dry to touch within 24 h and were left to dry for two weeks be-
fore one layer of top coat was applied. The red lead primers were covered with a distanced
board in order to not expose the samples to light and to reduce the risk of embrittlement.
The top coats were touch dry within 24 h and were left to cure for four weeks before the
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plates were placed into the ageing chamber. Paint-outs of oil films were also prepared
without primer and left to cure for four weeks before accelerated ageing started.

2.2. Ageing Conditions
2.2.1. Natural Ageing in Southern Sweden

In April 2017, a field test with commercial anticorrosive and replica armour paint
types, applied on steel sheets, was started in Mariestad in Southern Sweden (Figure 3).
Geographically, the city is placed close to the largest lake in the country. The city is small
and the corrosivity is estimated to correspond to corrosivity class C2 according to [50].

Figure 3. Replica armour paints F-Al and F-AP, naturally aged. Photo: Authors.

2.2.2. Accelerated Ageing

Accelerated ageing was carried out in a climate chamber by using a standardised
cyclic test [51], Xenotest 440, Atlas Instruments. The ageing did not include salt weathering,
and the samples were exposed to controlled cyclic humidity and UV light (Xenon arc lamps
with a wavelength distribution similar to daylight) [52]. All parameters were continuously
monitored and recorded, including the radiation and efficiency of the Xenon lamps. Al-
though the dosage, moisture and temperature exposure cannot easily be translated to real
exposure, 1000 h exposure of the standardized testing procedure may be equated with
approximately one year (southern facing) in the climate in Southern Sweden, Corrosivity
Class C2 according to [2,50,53]. Three samples of each replica paint (P1 and P2) were placed
in the climate chamber. The samples were checked and were assessed for chalking using
the tape test according to [54]. A surface profile measurement with Elcometer 224 was
made per sample, 30 measurements each sample. The first sample was removed when
most of the paint surfaces had become visibly matte (approximately 1000 h, UV dosage
1500 kJ). A second sample was removed after 5500 h (UV dosage 20,000 kJ, equivalent to
about five years natural exposure according to [53], when discolouration started to appear
on the chalking paint surfaces.

2.3. Investigations and Analytical Methods
2.3.1. König Pendulum Hardness Rocker

Hardness is an indication of the polymer’s elastic modulus, yield strength and strain
hardening ability. Hardness measurements could give an indication of the relative em-
brittlement of the aged surfaces, due to oxidation [55]. A König pendulum hardness
measurement was conducted according to [54] for all plates at room temperature in the
laboratory. This method is widely used for hardness testing of polymers and coatings [56].
Up to seven measurements were made per replica samples P1 and P2, and the average,
standard deviation (Sd) and cumulative percentage change was calculated.
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2.3.2. Contact Angle Measurements (Wettability)

One drop of water was deposited on the surface of the replica samples P1 and P2 and
an image of it was taken through a portable microscope positioned perpendicularly to the
surface and fixed on a support. Distilled water was dropped on the surfaces with pipette
in order to check the wettability of the painted surface by observing the appearance of the
droplets. Evaluation of the θ angle (which is the angle formed between the surface of the
sample and the lowest part of the drop, when contact between the objects is established)
was carried out with the software DinoCapture2.0 version 1.3.7.A. The presented value is
the average of three replicas.

2.3.3. Colourimetry

To study the chromatic variations (in the CIEL*a*b* space) which occurred during
the ageing of the replica paint samples P1 and P2, a Konica Minolta CM 2600d/2500d
spectrophotometer was employed. The measurements were performed in SCI (specular
component included) and SCE (specular component excluded) modality. The spectropho-
tometer has an 8-degree viewing angle geometry, with a Xenon lamp diffusion light and a
high-resolution monolithic polychromator. The instrument analysed circular areas with
an average diameter of 3 mm; each acquired result was the average of three consecutive
measurements made in the same point. The recorded data were elaborated by the software
Spectra Magic NX.

2.3.4. Fourier Transform Infrared Spectroscopy

Analysis of (unaged and aged) replica paints P1 and P2, and their binders, was carried
out by Fourier transform infrared spectroscopy (FTIR). An Alpha, Bruker Optics FTIR
spectrometer was used in attenuated (ATR) and external reflectance (ER) mode. The
spectrometer was equipped with a Pt/SiC globar source, a Rock-solid interferometer (with
gold mirrors) and a deuterated triglycine sulphate (DLaTGS) detector, operating at room
temperature, giving a linear response on the spectral range between 7500 and 375 cm−1.
Measurements were carried out by a front reflection module (Alpha-R) with an optical
layout of 22◦. Pseudo-absorption spectra (log((1/R)); R = reflectance) were acquired with
working distance of 15 mm (large distance holder), from a sampling area of about 20 mm2

in the spectral range of 4000–400 cm−1, at a resolution of 4 cm−1 and using 120 scans.
Spectra from a gold mirror were used as background. For measurements in ATR mode on
micro-samples from the surface, a diamond crystal was used, with resolution of 4 cm−1

and 128 scans.

2.3.5. Gas Chromotography–Mass Spectrometry

According to a derivatisation method already tested on fatty acids from oil-based
paints [47,57–62] lipids contained in small amounts of paint samples (weight ranging from
0.10 to 0.20 mg) were transformed into their corresponding methyl esters by a one-step
transesterification using 50 µL of m(trifluoromethylphenyl)trimethylammonium hydrox-
ide, 2.5% in methanol, overnight reaction at room temperature. One microliter of each
derivatised sample was automatically injected by an autosampler AS1310 (Thermoscien-
tific) in a Trace GC 1300 system (Thermoscientific) equipped with a mass spectrometric
detector ISQ 7000 with a quadrupole analyser (Thermoscientific). The chromatographic
separation was performed on a chemically bonded fused silica capillary DB–5MS Column
(30 m length, 0.25 mm, 0.25 µm—5% phenyl methyl polysiloxane), using helium as the
carrier gas (flow rate 1 mL/min). The inlet temperature was 280 ◦C, and the MS interface
was at 280 ◦C. The transfer line was at 280 ◦C and the MS source temperature was 300 ◦C.
The temperature program was set from 50 to 320 ◦C with a ramp of 10 ◦C/min, held at
the temperature for 5 min. The MS was run in full scan mode (m/z 40–650), 1.9 scans/s.
Electron ionisation energy was 70 eV. The compounds were identified by comparison with
the NIST and MS Search 1.7 libraries of mass spectra and a library created by the authors.
Quantitative analysis was achieved using nonadecanoic acid as the internal standard and a
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standard solution containing saturated (myristic, palmitic, stearic, azelaic, suberic, sebacic)
and unsaturated (oleic, linoleic, linolenic, palmitoleic) fatty acids and glycerol. The molar
ratios among the most important fatty acids were calculated: A/P (azelaic to palmitic
acid ratio), D/P (dicarboxylic acid to palmitic acid ratio) and D% (total percentage of
dicarboxylic acid) to provide information on the degree of oxidation of oil; P/S (palmitic to
stearic acid ratio) is commonly used to suggest the type of drying oils; O/S (oleic to stearic
acid ratio) may indicate the maturity of oils (i.e., the amount of remaining unsaturated
fatty acids) [57].

3. Results and Discussion
3.1. Organic Composition of Historical Samples

The historical paint samples were characterised to determine the composition of the
binding media employed. To the best of our knowledge, this is the first study that considers
historical cases of the application of armour paints.

ER–FTIR analysis was followed by GC–MS analysis. It is important to note that, while
the former analyses give information related to the superficial painted layers, GC–MS
results tell us about the paints in bulk.

Figure 4 illustrates the ER–FTIR spectrum of the BJ sample, which highlights the
presence of a significant organic fraction, identified as lipidic-based compounds. The
IR spectrum, indeed, was characterised by the typical vibrations due to the stretching
–CH2CH3 at 2930 and 2856 cm−1, and the stretching C=O at 1747 cm−1, respectively corre-
sponding to the hydrocarbon chains and the carboxylic groups preset in oil-binding media.

Figure 4. ER–FTIR of historic paint layer from the bridge in Björneborg (BJ).

Furthermore, the peak at 1564 cm−1 was related to the presence of metal carboxylates
(i.e., metal soaps) [63–65]. These compounds can form from the lipidic polymerised
matrix (upon hydrolysis of the original oil film) and the reaction of (free) fatty acids with
cations (generally from pigments and/or additives in paint mixtures). In modern and
contemporary oil paint formulations, they are also commonly added as dispersion agents
(i.e., aluminium and other metallic stearates) [57,58,61].
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Considering that traditional armour paints are made with a mixture of lipid binders
and metallic pigments/metal powders and that there is also the presence of a lead-
containing primer, the occurrence of metallic soaps is not surprising. It remains to be
determined, in historical cases, whether the metal soaps were additives in the form of
stearates [6] and Appendix A for pigment manufacturer) or if the soaps were the result of
reactions within the paint.

GC–MS results on micro samples confirmed that the historical case studies were
painted with drying oils. Except for one case (as described below), the chromatograms
were characterised by the typical fatty acid profile of aged oil-based paints: saturated
monocarboxylic acids (mainly palmitic and stearic acids) and saturated dicarboxylic acids
(pimelic, suberic, sebacic and azelaic, the last being the most abundant) were largely
detected in the paint samples together with glycerol and traces of unsaturated (oleic) acids.

The fatty acids detected in the analysed painted layers and their percentages are
stated in Appendix B and exemplified in Figure 5. Quantitative results were obtained
for saturated acids (monocarboxylic acids such as myristic, palmitic, stearic; dicarboxylic
acids such as pimelic, suberic, azelaic, sebacic), unsaturated fatty acids (oleic, linoleic and
linolenic acids) and glycerol. Several oxidation by-products, other fatty acids and other
compounds were identified qualitatively. The most significant molar ratios and the total
percentage of dicarboxylic acids (%D) are reported as well and help in elucidating the
composition of the historical armour paints.

The values of %D, related to the typical oxidation products from unsaturated fatty
acids present in fresh vegetable drying oils, is generally higher than 35% in weight and
the ratio between azelaic and palmitic acid (A/P) is a ratio >1 for all the analysed paints.
Besides dicarboxylic acids, other oxidation products were identified in the samples, such
as oxo-, hydroxy- and methoxy- octadecanoic acids, produced by the oxidative scission
of unsaturated fatty acids [43]. Additionally, indicative of oxidation mechanisms was
the presence of only trace amounts of oleic acid, which together with other double and
triple unsaturated fatty acids (linoleic and linolenic acids for linseed oil and linoleic and
alpha-eleostearic acid for tung oil) make up more than 66–80% of the fatty acids in fresh
films. In the studied armour paints, the O/S ratios were lower than 0.4. To identify the kind
of oil, the ratio between palmitic and stearic acid (P/S) is generally taken into consideration.
According to specific literature, we can state that OM (P/S = 1.1) and BJred (P/S = 1.5)
paints are bound with linseed oil [43,46,57].

It is not possible to determine whether tung oil was also present in the original recipes,
as the high reactivity of the unsaturations means that the fatty acid profile in aged films
made with linseed oil or tung oil are quite similar, as reported by [12].

Different is the case of GMW paint, where the P/S was 0.5, indicating a major amount
of stearic acid, most likely due to the presence of formed and/or added metal stearates in
the painted layers, as previously discussed.

The greyish overpainting of the original red layer (probably primer paint) in the
Bridge at Björneborg was painted using an oil-modified alkyd paint. According to the
GC–MS results, the typical fatty acids present in dried linseed oil (P/S = 1.3) were detected
together with the characteristic alkyd-based varnish (phthalic acid, pentaerythritol and
benzoic acid, in particular) [66]. This indicates that the bridge was painted in the mid-20th
century when alkyds were more widely used.
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Figure 5. Total ion current (TIC) chromatogram of historical paint sample from the Oat Mill (OM) after derivatisation and
GC–MS analysis. Fatty acids were identified as methyl esters (ME) or dimethyl esters (diME); glycerol was identified in
different derivatives.
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3.2. Replica Paints
3.2.1. Natural Ageing

Field-exposed armour paints on steel sheet (F-AI and F-AP) were subjected to out-
door natural ageing, as described in Section 2.2.1. The samples removed in December
2019 and March 2021 had been facing south for approximately 23,880 and 35,400 h (i.e.,
33 and 49 months) of natural exposure. The impact of these conditions was assessed
through macroscopic observations, contact angle measurements (wettability), ER–FTIR
and GC–MS analysis.

Macroscopically both naturally aged replica amour paints were in perfect condition
by the time of outtake, and no visible deterioration (cracking, delamination, paint losses)
was detected. This suggests that the physical properties of the films were satisfactory, and
the binder proportions were about the same in the paint formulation. The grey AP (F AP)
was slightly more dirty, probably due to the higher proportion of micaceous iron oxide:
this pigment, indeed, was quite coarse, and the paint surface had collected deposits more
easily compared to the smoother aluminium pigment-rich variant (F Al).

The contact angle measurements on the painted surface provide important indications
of changes in the wettability of the studied system. It is interesting to note that the 2019
F-AI and F-AP replicas had contact angle values around 55–60◦, thus typical of a “good
wetting” condition, while in 2021 the values increased up to about 90◦ (incomplete wetting),
as shown in Figure 6. We would expect an oil paint to have a higher hydrophobicity before
ageing and then a higher hydrophilicity after ageing. However, experimental data show
that this is not the case [67] have shown that surface wettability of oil varnish paints for
wood is time-dependent. Tung oil additions to paint rapidly turn hydrophobic due to the
rapid polymerisation of tung oil, but linseed oil varnishes show higher hydrophobicity
(higher wetting angle) after a longer induction period. The current measurements may
therefore indicate that these paint layers were still immature (see in fact the abundant
presence of oleic acid detected by GC–MS analysis) and therefore it will be necessary to
monitor over time when this transition will take place in terms of wettability. Another
possibility is that the very thin organic surface fraction that was present on the surface, due
to the leafing effect of the aluminium paint, was modified during ageing, and the increasing
hydrophobicity was a result of changing surface energy due to a more highly exposed
metallic surface. It is also known that changes in surface roughness could affect the contact
area and contact angle [68]. An ageing surface that chalks will become smoother, which
may result in a higher wetting angle.

FTIR analyses were conducted in ATR mode on paint fragments. For both the 2019
and 2021 F-AI and F-AP series, samples were analysed both “externally” (i.e., resting on
the ATR diamond crystal on the outer surface) and at the inner interface in contact with the
primer layer.
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Figure 6. Wettability of naturally aged F-Al 2019 and 2021.

In this way it was possible to verify that:

• Externally, the IR analysis was strongly influenced by the inorganic and reflective
pigments that were highly reflective and there was little appreciable signal from
molecular vibrations from the binder (shown in green in Figures 7 and 8).

• In the interface between armour paint and lead-containing primer, instead, the organic
component was present and visible in the IR spectra (shown in red in Figures 7 and 8).
In addition to the typical peaks related to the use of a lipidic binder, the absorptions
due to metal carboxylates were clearly visible (in particular the peak very defined at
1566 cm−1).

As an example, the FTIR–ATR spectra of F-AP 2019 and F-AI 2021 samples are shown
in Figures 7 and 8.

The detection of metal carboxylates could also be explained considering that the
replica paints also contained reactive ZnO (Appendix A). ZnO is well known to promote
the formation of metal soaps when mixed with lipidic binding media (Osmond 2012). For
anticorrosive paints, the zinc soaps are generally considered as beneficial since the elasticity
and density of the paint films are improved with the addition of ZnO [69].

GC–MS provided significant information related to the chemical changes due to
natural ageing conditions. As for the historical paint samples, the chromatograms from
F-AI and F-AP replica paints were characterised by the typical fatty acid profile of (dried)
drying oils: in both series, the most abundant fatty acids were palmitic, stearic azelaic,
suberic, sebacic and oleic.
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Figure 7. FTIR–ATR spectra of the F-AP 2019 paint sample: external (blue) and internal surface (red).

Figure 8. FTIR–ATR spectra of the F-AI 2021 paint sample: external (violet) and internal surface (red).

However, the fatty acids percentage varies if we consider the first outtake (2019) and
the second (2021). In fact, as is known with ageing, the mechanisms of auto-oxidation, poly-
merisation, cross-linking and hydrolysis lead to compositional changes that are sometimes
significant from both a qualitative and a quantitative point of view. In particular, there is an
increase in the percentage of dicarboxylic acids (%D) and a decrease in the concentration
of unsaturated fatty acids. In addition, there is usually a significant presence of oxidation
compounds.

In the case of F-AI and F-AP paints, these changes have also been recorded in Figure 9.
For example, in 2019 the F-AI paint counted a %D value of 30.9, which increased to 36.9 in
2021, while the concentration of oleic acid was still very pronounced. Similar is the case of
FAP paint. A conspicuous presence of an unsaturated fatty acid such as oleic acid can be
explained by the youth of the film and by the minor reaction to autoxidation compared
to doubly (linoleic) and triply (linolenic, α-eleostearic acid) unsaturated acids [43,70].
Moreover, the influence that the metallic component of the paint mixture can have on the
organic fraction should not be forgotten. In fact, if on the one hand the catalytic action of
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many metal ions is known, it is also true (as mentioned before) that some compounds such
as ZnO, can “trap” oleic acid [71,72].

Figure 9. Total ion current (TIC) chromatogram of F-AI replica paint from 2019 (right) and 2021 (left) after derivatisation
and GC–MS analysis. Fatty acids were identified as methyl esters (ME) or dimethyl esters (diME); glycerol was identified in
different derivatives.

Among the drying oil components, some cyclic compounds were detected as well,
namely 7-(o-pentylphenyl)-heptanoic acid and 9-(o-propylphenyl)-nonanoic acid. These
are likely the cyclisation products due to the oil prepolymerisation, typically identified in
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stand oils [71]. Stand oil, indeed, was used in the paint replica formulation. So was tung
oil, but triple unsaturation cannot be detected with GC–MS.

3.2.2. Accelerated Ageing

Paint replica samples (P1 and P2) were accelerated aged in a climate chamber (as
described in Section 2.2.2) and the effect of the weathering was assessed though physical
and chemical analysis. As for F-AI and F-AP replicas, macroscopic observations, contact
angle measurements (wettability), ER–FTIR and GC–MS analysis were performed together
with surface profile measurements, tape tests, hardness measurements and colourimet-
ric measurements.

The results from the physical testing are shown in Table 2. Macroscopically speaking,
no visible damage such as blistering, cracking, delamination or paint losses were seen
in any replica (Figure 10). Surface profile measurements (Ra) did not reveal significant
changes in any sample (results are not presented). However, the paints all lost their shine
and gloss, and became slightly darker and yellower. The NCS-gloss scale comparator was
used, but also assessed by visual observation. These colour variations, visible even to the
naked eye, were determined by colourimetric analysis. It was observed that, in both replica
paints, the ageing conditions determined a strong variation mainly associated with the
parameter L (corresponding to luminosity and ranging from white to black scale). After
Ageing 1, L significantly increased (compared to solid unaged reference) in both P1 and P2,
with a ∆L of 10 and 12 respectively. The L values, then, decreased in the second ageing
step. In Ageing 2, the parameter b (related to yellow→ blue scale) increased, with a ∆ b
of 2.7 and 3.9 for P1 and P2, respectively. Thus, the yellowing was more pronounced in
the paint formulations containing a mixture of double-boiled linseed oil, stand linseed oil
and tung oil: this was likely related to the higher amount of (triply) unsaturated fatty acids
present in the fresh oil P1 formulations compared to P2, where the binder was air-blown
cold-pressed linseed oil. Finally, the ∆ E, the total colour variations, were higher than 5 in
all measured cases, so easily perceived by the naked eye.

Table 2. Summary of physical properties as a function of artificial ageing.

Variant Reference (S) A1 (1000 h) A2 (5500 h)

Tape tests (ISO4628-6:2011)
Paint 1 0 ≤2 ≤2
Paint 2 0 ≤2 ≤2

Contact angle
Paint 1 67.9 ± 1.0◦ 89. 9 ± 0.7◦ 89.3 ± 0.6◦

Paint 2 77.1 ± 0.8◦ 86.6 ± 0.6◦ 85.7 ± 0.5◦

König pendulum rocker counter (Sd), cumulative increase in percentage (ISO 1522:1998) [73]

Paint 1 16.3 (0.6) 33.8 (6.5)
96.8%

48.4 (6.7)
196.9%

Paint 2 14.3 (1.2) 37.5 (3.0)
162.2%

48.8 (6.7)
241.2%

Colour changes with respect to reference

Paint 1

∆L - 10 −7
∆a - 0.3 0.9
∆b - 0.7 2.7
∆E - 10.0 7.6

Paint 2

∆L - 12.3 −8.2
∆a - 0.3 1.0
∆b - 0.3 3.9
∆E - 12.3 9.1

Both paints were very similar in hardness after 5500 h exposure and very similar
hardness was present in both paint replicas at the end of the ageing. The largest increase in
hardness (in percentage), i.e., ageing and embrittlement rate during ageing was observed
for P2. The tape tests for revealing chalking corresponded to below 2 in the pictorial rate



Heritage 2021, 4 1157

according to ISO 4628-6:2011, which suggests a low chalking tendency. As observed in
the case of the F-AI and F-AP replicas, also in the P1 and P2 paints the wettability, i.e., the
contact angle shifted from values of 68◦ and 77◦ for the solid unaged reference to values
higher than 85◦ after the two ageing steps. The wetting angle (as also described by [66]
was initially higher for P2, that had the oil mixture binder containing tung oil (Table 2).
After ageing this shifted, and the contact angle was slightly higher for P1 with the blown
oil varnish. The causes are not known, but the blown oils are known for having high
wettability to pigments [9,14], and this may have affected the leafing characteristics and
the amount of surface binder. P1 was less viscous than P2 which was noticeable at the
application since the brushing required less effort and the surface as a result was smoother.

Figure 10. Photographic images of replica armour paints following artificially ageing. A 3× greyscale QP card was used
during photography (on right). R: reference (not aged), A1: 1000 h ageing and A2: 5500 h. R and A1 for both replica paints
only show slight differences in surface appearance compared to sample A2. The A2 sample show markedly greater variation
in the surface texture with more clearly apparent vertical brushstrokes. The coarse surface spots are the MIO particles.

In contrast to the analysis of historical samples, ER–FTIR analysis of artificially aged
armour paints yielded no detectable signal from the binding medium, which could be
as a consequence of the oxidation of the surface of the armour paints, as well as the
increased diffusion of infrared signal from the reflective paint surfaces. Instead, FTIR
spectra recorded in ATR mode from micro-samples scraped from the top surface revealed
a stronger signal from the lipid binder in unaged paints (with weak bands at 1740 cm−1

attributed to C=O stretching, and typical C-H bending at 2850 and 2920 cm−1). Other
bands in the FTIR spectra are attributed to inorganic components in the armour paint, as
seen in Figures 7 and 8 (see paint formulations in Appendix A).

As observed with the natural aged replica paints, accelerated ageing produced chemi-
cal changes which were recorded and quantified by GC–MS analysis. In particular:

• the increase of azelaic acid (especially compared to palmitic acid, A/P ratios) and
dicarboxylic acids in general (%D);

• the decrease of unsaturated fatty acids, specifically oleic, linoleic and linolenic acids
for P1 and oleic, linoleic and α-eleosteric acid for P2.
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GC–MS analysis highlighted the presence of cyclic compounds typical in stand oil, as
seen for F-AI and F-AP replicas, while the presence of tung oil was assessed only on the
solid reference of P2 before ageing. Indeed, α-eleostearic acid, the characteristic and most
abundant triply unsaturated fatty acid in tung oil, was detected only in the unaged paint
samples. Due to its susceptibility to cross-linking, this acid is hard to identify in paints that
have been subjected to UV exposure, auto-oxidation and degradation processes [12].

4. Conclusions

A number of replica armour paints were made based on historical descriptions, with
lamellar and highly reflexive pigments of MIO and metallic leafing aluminium, reactive
zinc oxide, in linseed oil and linseed oil–tung oil mixtures. Naturally aged replica paints
F-Al and F-AP were compared to the historical armour paints and the artificially aged
replica armour paints P1 and P2 with a multianalytical approach.

The historical paint formulations included linseed oil binders, but since an aged
tung oil proportion cannot be easily detected due to the rapid oxidation occurring for α-
eleostearic acid (the most abundant unsaturated fatty acid in tung oil), we cannot confirm or
exclude that tung oil was used. One of the historical armour paints had alkyd binders, over
a red hematite linseed oil primer (not red lead linseed oil primer, which was usual). It is
possible to distinguish stand oils in replica paints, due to the presence of cyclic compounds,
but stand oils were not detected in the historical paints.

The first visible sign of ageing is loss of gloss and hardly noticeable chalking, as seen in
results of the tape tests. The replica armour paints showed matte, slightly chalking surfaces
and slight discolouration due to the accelerated exposure, but no signs of cracking, flaking
or under film corrosion, after the test period. The results likely confirm that the pigments
formed a physical barrier and thus retarded photo-oxidation and hydrolysis of binder, as
suggested by [6]. The leafing effect of aluminium pigments led to only a small concentration
of binder at the surface, as revealed by ER– FTIR and ATR–FTIR analysis. Chemical changes
still occurred below the surface of the naturally aged samples, as observed by GC–MS
analysis. The surface was hydrophobic (or slightly wetted) for all replica paints, but
the mechanisms of surface ageing and the reason for changes in wettability are not fully
understood. It seems likely that the surface oxidation was not complete. The increased
yellowing of P2 is ascribed to the higher number of triply unsaturated fatty acids in the
binder mixture.

The accelerated ageing of 5500 h according to international standard ISO 16474-2 [74]
corresponds to approximately four years of natural ageing in Southern Sweden. The GC–
MS results (from bulk analysis) suggest that, following the ageing methods (natural or
accelerated) adopted in this study, the replica paints presented considerable percentages of
unsaturation, which is considered to be normal given the young age of the paint films and
the influence that metallic pigments can have. In the same way it is possible to explain the
behaviour of paints in terms of wettability. Therefore, it will be necessary to continue with
constant monitoring to see the behaviour of these paints over time.

We conclude that both the oil paint mixtures used in paint formulations as part of
this research were suitable for the production of armour paints that are in many respects
similar to the historical paints. Nonetheless the long-term evaluation of ageing of these
complex paints requires longer exposure and methods for the determination of failure of
the paints as protectives. It is likely that paint formulations need adjustments in order to
modify paint body and application performance. Future research should explore the role
of the aluminium flakes and the extent to which their geometry influences the formation of
a barrier film, and the role of zinc white as an additive to the paints.

Author Contributions: A.K.: conceptualization, project administration, investigation, methodology,
formal analysis, visualization, writing—original draft, review and editing. A.N.: methodology, formal
analysis, visualization, writing—review and editing, supervision. F.C.I.: investigation, methodology,
formal analysis, visualization, writing—review and editing. All authors have read and agreed to the
published version of the manuscript.



Heritage 2021, 4 1159

Funding: This research received no external funding.

Institutional Review Board Statement: This study involves no humans or animals. The study was
conducted according to the guidelines of the Declaration.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data from this study is available at request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Replica Paint Formulations (wt. %).

Material Supplier Specification
P1 P2 F Al F AP

Primer Top
Coat Primer Top

Coat Primer Top
Coat Primer Top

Coat

Red-lead Kremer
Pigmente 99.7 % lead oxides. 80.0 - 80.0 - - -

Aluminiumtri-
phosphate Grolman SAS Rima Cor SWM. - - - - 17.5 17.5

Aluminum
pigment Carlfors Bruk

Leafing grade CB 180S
65. Particle size:

20 µm. Paste mixed
with 25–40 wt. %

white spirit.

- 21.0 - 21.0 - 22.6 - 4.8

Micaceous
iron oxide

(MIO)

Comptoire de
mineraux &

matieres
premieres

Grade Ironor P. - 6.8 - 6.8 - - 36.0

Talc Mondo
Minerals Grade Finntalc M15. - 3.4 - 3.4 - -

Chalk Omya Grade Omya GU5. - - - - 4.4 12.3 4.4 5.0

Zinc oxide Ever Zinc Grade White Seal >
99% ZnO. - 10.2 - 10.2 14.8 10.20

Black iron
oxide n.k n.k - - - - - - - 4.6

Pigment
paste n.k

Titanium white and
black iron oxide,

medium grey.
- - - - 50.0 - 50.0

Bentonite
paste Claytec Mixed in n-paraffin

and ethanol. - 3.95 - 3.95 5.1 2.3 5.1 2.0

Siccative Paint-maker

Sr, Ca, Co liquid salts
in proportions 1:1:2 in
n-paraffin to obtain a
balanced drying from
surface through the

films.

- 0.35 - 0.35 0.4 1.2 0.40 1.1

Double
boiled

linseed oil
(WHT)

German
linseed oil

High temperature
boiled (280 ◦C),

manganese compound
as drier.

20.0 - 20.0 22.0 14.6 35.1 14.6 30.6

Stand Oil
(SW)

German
linseed oil

Viscosity 20 dPa.
Consists of a 1:1

mixture of stand oil
50 dPa and double
boiled linseed oil.

- - - 18.6

Tung oil
(TW)

German tung
oil - - - - 13.5 8.0 11.7 8.0 10.2

Air blown
cold

pressed
linseed oil

(OH)

Modern
Swedish

linseed oil

In Paint 1 only. Heated
to 130–150 ◦C, drier:
Co-Zr ethyl hexane/
octate/proprionate

- 54.3 - -
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Appendix B

Table A2. Fatty Acid Profiles (at %) and Fatty Acid Molar Ratios.

Paintings and Paint Samples

Historical Paints Paint Recipes Field Exposed

OM GMW BJ Grey BJ Red BWP1 BWP3
F AI2019 F AI2021 F AP2019 F AP2021

S A1 A2 S A1 A2

Fa
tt

y
ac

id
s

an
d

ot
he

r
co

m
po

un
ds

Glycerol 8.6 6.2 11.5 10.5 16.8 14.8 6.6 10.0 9.2 10.5 12.1 9.2 11 11.2

Pimelic acid 0.8 1.8 1 0.5 1.0 0.5 0.8 0.9 0.4 0.8 0.4 1.0 0.6 0.9

Suberic acid 5.6 8.8 4.4 5.9 3.5 5.7 6.1 3.1 4.2 6.2 4.6 6.6 5.4 6.7

Azelaic acid 27.9 26 26.6 38.8 24.3 32.5 31.3 23.5 26.8 34.9 22.9 25.0 21.0 26.9

Sebacic acid 2.5 3.4 3 3 1.6 2.9 3.4 1.6 2.0 2.9 2.9 4.1 4.0 5.5

Myristic acid 3.2 3.1 1.4 1.1 5.3 6.4 4.6 6.2 5.0 4.2 2.2 2.0 2.0 2.2

Palmitic acid 23.8 16.9 24.9 22.2 19.9 23.9 21.9 22.8 20.9 17.7 17.7 18.6 16.8 22.0

Stearic acid 21.3 32.9 18.6 15.1 16.7 18.5 16.7 19.8 18.9 15.8 16.4 15.4 14.3 17.3

Oleic acid 5.9 0.4 7.5 1.6 9.9 9.1 8.2 10.9 11.0 6.5 17.9 15.3 20.1 19.6

Linoleic acid 0.5 0.6 1.1 1.3 1.0 0.4 0.4 1.2 1.7 0.5 0.3 0.1 0.4 0.3

Linolenic acid x

Alpha-eleostearic acid x ? ? ? ?

Nonanoic acid,
9-(o-propylphenyl)- x x x x x x x

Heptanoic acid
7-(o-pentylphenyl)- x x x x x x x

Phthalic acid x

Pentaerytritol x

Benzoic acid x

Arachidic acid x x x x

Behenic acid x x x x
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Table A2. Cont.

Paintings and Paint Samples

Historical Paints Paint Recipes Field Exposed

OM GMW BJ Grey BJ Red BWP1 BWP3
F AI2019 F AI2021 F AP2019 F AP2021

S A1 A2 S A1 A2

Dehydroabietic acid x x

Octadecanoic acid,
9,10-dihydroxy-, x x x x x x x x x x x x x x

hydroxy-and methoxy-
octadecanoic acids x x x x x x x x x x x x x x

M
ol

ar
ra

ti
os

am
on

g
fa

tt
y

ac
id

s

P/S 1.1 0.5 1.3 1.5 1.3 1.3 1.3 1.2 1.1 1.1 1.2 1.2 1.2 1.2

A/P 1.2 1.5 1.1 1.7 1.2 1.4 1.4 1.0 1.3 2.0 1.3 1.3 1.2 1.2

D/P 1.5 2.3 1.4 2.1 1.5 1.7 1.9 1.2 1.6 2.5 1.7 1.9 1.8 1.8

%D 36.7 39.9 35 48.2 30.4 41.7 41.6 29.1 33.4 44.8 30.9 36.7 31.0 40.0

O/S 0.3 <<0.1 0.4 0.1 0.6 0.5 0.5 0.6 0.6 0.4 1.1 1.0 1.4 1.1
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