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Abstract: The study of patinas plays an important role in the field of cultural her-
itage. This review reports systematic investigations of European institutional
co-operations. A stable patina relies on a certain atmospheric content of sulphur
dioxide from industrial immissions. Since these are decreasing recently, patina
phases change to aesthetically unsightly appearances. Analytical case studies are
presented of selected bronze monuments and one bronze sculpture in Europe of the
period from 1807 until 1934. These were the emperor Joseph II. Memorial (Vienna,
Austria), the Maria Theresia Memorial (Vienna, Austria), the Gustav II Adolf
Memorial (Gothenburg, Sweden), and the Marquês de Pombal Memorial (Lisbon,
Portugal), as well as one Quadriga ensemble on the Austrian Parliament (Vienna,
Austria). X-ray diffractometry (XRD), atomic absorption spectral analysis (AAS),
scanning electron microscopy (SEM), energy dispersive X-ray microanalysis (EDX),
and optical microscopy provided insights into deterioration processes in urban and
marine climates. On the basis of these findings suggestions are put forward for
innovative conservation interventions on bronze and brass statuary monuments in
open-air exposure including laser cleaning technologies which allow the selective
removal of encrustations from original patinas.
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1 Introduction

The history of patina can be traced back to its longevity, corrosion resistance
and prestigious appearance.1–3 Corrosion of materials, which are exposed to the
atmosphere, is a dynamical process of adaption to varying environments. A patina
contains a number of compounds that together create the overall appearance. These
include corrosion products and deposited material such as aerosol particles.
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Outdoor copper or bronze objects exhibit patina layers with several compo-
nents4–14 such as cuprite, Cu2O, the hydroxy sulphates brochantite, Cu4(OH)6SO4,
antlerite, Cu3(OH)4SO4, and the hydroxy chloride dimorphs atacamite and para-
tacamite (=clinoatacamite) Cu2(OH)3Cl. Posnjakite, Cu4(OH)6SO4·H2O, is a common
corrosion product after more than ten years exposure.9,10,15–17 Also strandbergite,
Cu2.5(OH)3SO4·2H2O, and chalcanthite, CuSO4·5H2O, have been observed in outdoor
patinas. Cuprite and brochantite dominate on rain-washed light green areas, while
copper hydroxy chloride, Cu2(OH)3Cl, and antlerite, Cu3(OH)4SO4, occur in dark rain-
sheltered areas.10 An inner layer of cuprite (Cu₂O) and an outer layer mainly of
brochantite (Cu₄SO₄(OH)₆) is common.3,18,19

The brochantite formation reaction is20

4Cu2+ + SO2−
4 + 6H2O→ Cu4 OH( )6SO4 + 6H+ (1)

and for the antlerite formation applies

3Cu + SO2−
4 + 4H2O→ Cu3 OH( )4SO4 + 4H+ (2)

Atacamite can be formed in chloride-containing environments:10,21:

4CuCl + O2 + 4H2O→ 2Cu2(OH)3Cl + 2HCl. (3)

Brochantite is stable between 3.5 and 6.5 pH, while antlerite, Cu3(OH)4SO4, occurs
only in the acidic range between 2.8 and 3.5 pH.6,11,22 Chalcanthite, CuSO4·5H2O, on an
artefact points to the fact that the pH was even <2.8. This shows that bronchantite is
the only stable patina phase in a neutral and mildly acidic, humid environment
containing SO2. That means that a patina formed in the inner terrain industrial
environment of Central Europe consists mainly of bronchantite.

Therefore, green patina phases were synthesised, particularly the most stable
type, brochantite, Cu4(OH)6SO4,1,23–28 The synthesis by a solution-chemical technol-
ogy of artificial brochantite patination layers was e.g. applied 2004 at the tambour
sheeting (approx. 400 m²) of the Otto Wagner Church in Steinhof in Vienna
(Figure 1).24,26 Scanning electron microscopy (SEM) images of the surface textures of
the typical reddish coloured cuprite and the greenish brochantite are shown in
Figure 2.

The build-up of a black patina and the presence and a synergistic interaction of
the oxidising agents SO2 + NO2 and SO2 + O3 leads to a high corrosion rate.30–32

Corrosion of bronzes is affected by alloying elements. For instance, it is
reduced upon increasing the tin content33–36 and is changed on quaternary bronzes
(Cu–Zn–Sn–Pb).37

In order to address immissions in a systematic way, reference can bemade to the
international standard ISO 9223,38 which classifies atmospheres and the deposition
rate of the most common pollutants: sulphur dioxide and atmospheric salinity. SO2
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emissions in Europe increased steadily until about 1980, and decreased afterwards
until now.29,39–42 Specific Viennese SO2 immission results are depicted in Figure 3.
The main reasons for this decline are a reduced sulphur content in mineral oil
products, the installation of desulphurisation units and the shutdown of coal-fired
power stations partially due to environmental legislation. In Austria, in particular,
SO2 emissions have been reduced by 59.4 % since 2005 and by 85.7 % since 1990.43

The degree of atmospheric corrosion of cultural artefacts and a risk assessment
can be carried out using experimentally deduced so-called dose-response functions
for a variety ofmaterials.42 In fact, the average annualmass losses showa decrease in
the last decades, especially after about 2000, as air pollution decreased.44,45

Figure 2: SEMmicrographs of artificial patinas according to Pichler method.24 (a) Artificial brochantite,
Cu4[(OH)6SO4], (b) artificial cuprite, Cu2O.

Figure 1: Artificial brochantite patination for the tambour sheeting of the Otto Wagner Church in
Steinhof, Vienna, 2004. (a) Bath with submersed copper sheet, (b) tambour with new sheeting.
© University of Applied Arts Vienna.
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It has been recognised that the ratio of cuprite to copper salts has generally
increased on copper and bronze exposed to the outdoors in recent decades. This is a
result of lower SO2 concentrations and decreased acidity of precipitation.29,39–42 The
expectation that copper and bronze will “naturally” turn green, an aesthetic ideal
caused by environmental pollution that developed in the early industrial era, can
therefore no longer be achieved today. As a result, streaky and blotchy appearances
of old bronze sculptures are more widespread. Such corrosion phenomena have
been investigated in the present case study.

As a rule a broad bandwidth of physicochemicalmethods is used to get an insight
into deterioration phenomena on outdoor bronze monuments. This is also respon-
sible for further research findings in the research of copper and copper alloys
corrosion.

This paper has been arranged as a review article. The results of extended
international co-operations, mostly under the umbrella of the EUREKA Project EU 316
EUROCARE COPAL, have been partially reported in difficult to access grey literature.
Therefore, this work offers a review of surface investigations of bronze and brass
statuarymonuments in open-air exposure, which have been compiled overmany years.

2 Methodology

A large repertoire of analyticalmethods is available for the investigation of corrosion
phenomena on outdoor bronzes.46 Common techniques are optical microscopy
(metallography),3,47,48 X-ray diffractometry (XRD), scanning electron microscopy
(SEM), energy dispersive X-ray microanalysis (EDX), and colorimetry.14,49

Figure 3: Decline in annual mean SO2 air concentration in Vienna, 1980–2000.
29 Dashed line indicates

trend over two decades.
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The phase analysis of the patina samples taken with a scalpel was carried out
using X-ray diffractometry (XRD; Philips X’pert MPD, CuKα tube, 40 kV, 40 mA). The
evaluation of the patina powder samples using XRD was accompanied by light
microscopic and electron microscopic SEM-EDX examinations.

Atomic absorption spectral analysis (AAS) was used to determine the composi-
tion of the metal samples (drill chips; ∼10 mg). These drill chips were cleaned and
dissolved in a mixture of HNO3 and HCl. This solution was analysed in an AAS
spectrometer (Perkin Elmer AAS Modell 1100 B).

Additional alloy analyses were carried out using scanning electron microscopy
(SEM; Philips XL30 ESEM, 20 kV acceleration voltage) and energy dispersive X-ray
microanalysis (EDX; Oxford Instruments, Link ISIS 300) for element-specific distri-
bution images of polished cross-sections.

Metallographic examinationmethodswere used for characterisation of the alloy
bulk samples with regard to casting details and patina stratigraphy.48 The samples
were embedded in a cold-hardening synthetic resin, were then wet-ground with SiC
paper (grit size 4,000), and polished with diamond pastes (grit sizes 3, 1 and 0.25 μm).
For SEM, these specimenwere vapour-coated with carbon. A back-scattered detector
(BSE) was used.

After completion of the SEM analyses, the polished sections were etched with a
copper ammonium chloride solution to develop the metal microstructure for the
optical microscopic microstructural examination (Leitz ORTHOPLAN-POL).

3 Analytical case studies

3.1 Alloy analyses

Determining the alloy compositions is a fundamental step in the process of assessing
the condition of the object and the strategy of restoration and conservation mea-
sures. The objects covered here are made of bronze. The main component is Cu
around 90 % (Table 1). The Sn content is in the range 6–10 % with the notable
exception of themonument of Emperor Josef II with only approx. 1 %. This particular
artefact has a higher Zn content (approx. 6 %) compared to the other objects, which
show less than 3 %. The alloys used for the quadriga on the northeast corner of the
south wing of the Austrian parliament (comp. Figure 8) is bronze contain copper
(ca. 90 %) and tin (ca. 10 %).

The metallographic evaluation sample of the horsetail the Gideon Ernst von
Laudon statue of the Maria Theresia Memorial shows a black crust on a partially
corroded parent metal. The basic structure is dendritic (Figure 4a). Preferentially
one component of the alloy was converted to a green corrosion phase which
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phenomenon is discussed below. The lower end of the horsetail of the Emperor
Joseph II. Memorial exhibits a microstructure with grains of α-solid solutions
(Figure 4b). Ametallographic colour etching of a sample from the right horse hock of
the Peter the Great Monument also shows a dendritic alloy structure (Figure 4c).

3.2 Emperor Joseph II. Memorial, Vienna

Marcus Aurelius on Capitoline Hill in Rome can be considered the archetype of all
post-antique equestrian monuments, which exemplary nature was venerated until
the early 19th century and against which artists compared their own creations. It
formed the iconographic model for all artists of the Renaissance and all subsequent
styles. This is also the case with the Memorial of Emperor Joseph II. on Josefsplatz
in Vienna, which was unveiled in 1807 (Figure 5).50 The specific microenvironment
has a tremendous impact on the nature of the corrosion products. The monument
shows various corrosion regions in dependence on the irrigation direction and
the accessibility of wind convection. Local patina samples were taken with a scalpel.
The respective phase analyses by X-ray diffractometry (XRD) are presented in
Figure 6. The directly rained zones, such as the upper side of the Emperor’s arm, the
horse’s croup and shoulder, predominantly show the green brochantite,
Cu4(OH)6SO4, phase. Deposits of dust with a calcite component and layers of gypsum
have formed in the concealed areas, in the fold of the coat, in the horse’s nostril and
in the mane area, but also on the horse’s belly. In these areas one finds not only this
gypsum formation but also the acidic conversion phase of the original brochantite
patina, the antlerite, Cu3(OH)4SO4, and with increasing acidity, the chalcanthite,
CuSO4·5H2O:19

Table : Alloy compositions of exemplary memorials and ensembles.

Cu Sn Pb Zn Fe Ni Ag Sb As

Peter the Great () . . . . . . . . .
Joseph II () . . . . . . . . .
Gustav II. Adolf () . . . . . . . . .
Quadriga ()a . . – – – . – . .
Maria Theresia () . . . . . . . . .
Marquês de Pombal () . . . . . . . . .

AAS analyses of drilling chips. aSEM/EDX analysis. In weight %.
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3Cu4 OH( )6SO4 + H2SO4→4Cu3 OH( )4SO4 + 2H2O KBrAnt ≈ 10−18 (4)

and the antlerite is further transformed into chalcanthite:

Cu3 OH( )4SO4 + 2H2SO4 + 5H2O = 3CuSO5 ⋅ 5H2O + 4H2O KAntCh ≈ 10−39 (5)

Figure 4: Microstructure analyses. Optical microscopic images of metallographic cross-sections.
(a) Gideon Ernst von Laudon statue of theMaria TheresiaMemorial, Vienna. Sample from the lower end
of the horsetail (#MTH3). Black crust on corroded surface. © University of Applied Arts Vienna.
(b) Emperor Joseph II. Memorial, Josefsplatz, Vienna. Lower end of the horsetail (# Josef II/15).
Microstructure with grains of α-solid solution. © University of Applied Arts Vienna. (c) Peter the Great
Monument on Senate Square, St. Petersburg. Unveiled 1782. Sample from the right horse hock (# LG 12).
Dendritic alloy solidification structure. © University of Applied Arts Vienna.
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The equilibrium constant of this reaction is extremely small. That may indicate that
the formation of chalcanthite may need a long period. Water layers repeatedly
remain there for extended times so that atmospheric SO2 can increase the concen-
tration of the acidH2SO4. Tutton’s salt, (NH4)2Cu(SO4)2·6H2O, a rarely occurringmixed
basic ammonium sulphate hydrate of copper (II),51 was detected in sheltered areas,
such as in the nostrils, at the lower end of the horse’s tail, in the folds of the emperor’s
robe. It can remain only in hidden regions because it is very soluble and would be
washed away in more exposed patina locations.

Figure 5: Emperor Joseph II. Memorial, Josefsplatz, Vienna. Unveiled 1807. © University of Applied Arts
Vienna.
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3.3 Quadriga on the Austrian Parliament, Vienna

Quadrigas finished in 1885 were restored on the roof of the Austrian parliament in
the period 2007–2016.52 Housings were established for this purpose (Figure 7). XRD
data of patina formed on the right wing of a Nike figurine indicates basic copper
sulphate, brochantite, as themajor corrosion product together with quartz (Figure 8,
left). XRD and EDX findings from a sample taken under a removed wheel hub of the
left carriage wheel (Figure 8, right) indicate the presence of a chloride bronze patina,

Figure 6: Patina sampling positions and X-ray diffractometry (XRD) results of the Memorial of Emperor
Joseph II. Left: Southeast side. Right: Northwest side. © University of Applied Arts Vienna.

Figure 7: Construction of the housing on the roof of the Austrian parliament for the restoration of one
of the Quadrigas. © Parlamentsdirektion, Michael Buchner, Picture ID: 2652377. Date of photograph:
22.08.2007.
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the basic copper chloride atakamite, Cu2(OH)3Cl, a product that usually occurs in the
marine environment. The source of the emitter that led to chloride corrosion
products has not been resolved. Cl-containing air pollutants, in contrast to NO2, SO2,
and soot, were not routinely recorded in a dense network of measuring points in
Vienna.29 The basic copper sulphate, brochantite, represents the expected major
component. Surface studies have shown that there can be a higher Sn content in the
outer area of green areas compared to the outer black regions. It is assumed that in
areas that are not regularly irrigated, the originally formed Sn-oxide is covered by
deposits and corrosion products, whereas in areas that are constantly exposed to
rain, surfaces are cleaned and brochantite or atakamite mainly remain.

3.4 Maria Theresia Memorial, Vienna

TheMariaMonument in Vienna (1887) with its four victorious generals on horseback
is a work of art from the same period of Ringstrasse construction as the quadriga on
the Austrian Parliament building just discussed. An exemplary sample was taken
from the lower part of the horse’s tail of General Gideon Ernst von Laudon eques-
trian statue before the restoration in 2013 (Figure 9). The optical image of the surface
cross-section shows a black crust on the partially corroded parent metal (Figure 4a).
The same region has been analysed by EDX for elemental mapping (Figure 10). The
bulk alloy consists mainly of Cu (Figure 10a). In some alloy dendrites, which exhibit
intersections with the surface, Cu was depleted in favour of Sn from the base

Figure 8: Quadriga (1885) on the northeast corner of the south wing of the Austrian parliament before
conservation interventions. Left: Right wing of the Nike # Q21a. Right: Left chariot wheel # Q21b. ©
Atelier Mag. Elisabeth Krebs, Vienna.52
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Figure 9: Gideon Ernst von Laudon of the Maria Theresia Memorial before conservation interventions
2013, Maria Theresia Square, Vienna. © University of Applied Arts Vienna.

Figure 10: SEM/EDX elemental distribution images of metallographic cross-section (comp. Figure 4a).
Gideon Ernst von Laudon statue of the Maria Theresia Memorial, Vienna. Sample of the horsetail
(# MTH3). Black crust on corroded surface. (a) Cu, (b) Sn, (c) S, (d) Si. © University of Applied Arts Vienna.
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material (Figure 10b) and S coming from the atmosphere (Figure 10c). S and Sn were
apparently enriched in these dendrites during the first patina formation period.
Silicate dust represented by the Si EDX signal (Figure 10d) has been occluded in the
original patina layer, but also above, in the secondary conversion layer which
appeared as “black crust”. A distinct interface inside the patina region can be
observed by the Cu and S maps. The primary patina, possibly with the major
component brochantite, exhibits the highest S content whereas the secondary con-
version layer shows more or less a comparable Cu content but a relatively lower S
content.

3.5 Gustav II Adolf Memorial, Gothenburg

Gustav II. Adolf, of the Vasa dynasty, was King of Sweden between 1,611 and 1,632 and
one of the important figures of Swedish History and of the Thirty Year’s War. His
memorial in Gothenburg, Sweden, was unveiled in 1854 (Figure 11). Ametallographic
cross-section of a sample of the spur on the right boot (Figure 12) reveals a black crust
(ca. 30 μm) on top of corrosion layers appearing yellowish and reddish in the cross
section image (ca. 60 μm). The reddish component represents cuprite, Cu2O, which is
commonly the first bronze conversion layer.6,22 The yellow phase may indicate the

Figure 11: Gustav II Adolf Memorial,
Gothenburg, Sweden (1854). Aspect from
south. © University of Applied Arts Vienna.
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presence of Sn-oxide. The thin greenish film underneath the black crust can be
correlated with basic Cu sulphates and/or chlorides, such as brochantite,
Cu4(OH)6SO4, antlerite, Cu3(OH)4SO4, and atacamite Cu2(OH)3Cl.

X-ray diffractometry shows that directly irrigated surfaces (e.g. upper arm,
collar, tip of the left boot) contain mainly brochantite and Sn-oxyhydrates accom-
panied with few Cuprite. Antlerite, which is stable in the more acidic environment,
occursmainly in the cloth pleats (Figure 13). The relative solubility cannot explain the

Figure 12: Metallographic cross-section
(optical microscopic image). Black crust on
corroded surface. Gustav II Adolf Memorial,
Gothenburg, Sweden. Sample of the spur on
the right boot (# GAGOT 1). © University of
Applied Arts Vienna.

Figure 13: X-ray diffractometry (XRD) results of the Memorial of Gustav II Adolf. Left: South side. Right:
North side. Analyses of the relative proportions of the patina components: cuprite, brochantite,
antlerite, atacamite, and Sn-oxyhydrates. © University of Applied Arts Vienna.
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absence of the chloride species, atacamite, in irrigated regions. Therefore, one has to
assume that NaCl spray and droplets dry out and result in crystallites which can
accumulate in rain-sheltered areas. There, in humid condition, they react with pre-
existing brochantite, antlerite, and cuprite.

Patina powder samples were subjected to the semiquantitative evaluation of
patina mineral components by light microscopy (Figure 14). Brochantite occurs
together with Sn oxyhydrates mainly on irrigated surfaces (position 1, 2, 4, 6, 7, 8, 9,
10, 14, 16, 17, 19, 20, 21, 25, 28, 29). Antlerite and brochantite do not appear together
except in a single positions (29). They obviously exclude each other due to their
different pH stability. Antlerite, however can be associated with the occurrence of
the chloride species, atacamite, in hidden and remote locations where rain cannot
arrive directly (positions “GAF” 3, 5, 13, 15, 18, 26), There are also few more or less
remote locations where antlerite is only associated with some cuprite, quartz and
carbonatious contaminants (positions “GAF” 23, 24). Gypsum accumulated in hid-
den locations (position “GAF” 11, 13, 30) obviously excluding Sn-oxyhydrates.
Interestingly, there are reports53 that alloying with Sn facilitates the formation of
atacamite through redox reactions between intermediate Sn- and Cu-chlorides,
based on the strong reducing power of Sn(II)-chlorides. The orientation north
versus south side shows no significant influence on the patina character since e.g.
the seaside is still at far on Gustaf Adolf’s Square.

Figure 14: Semiquantitative evaluation of patina mineral components by light microscopy of powder
samples.54 Gustav II Adolf Memorial, Gothenburg, Sweden (1854). South side: positons “GAF” 1–6, 8–12,
14–16. North side: positons “GAF” 7, 13, 17–30. © University of Applied Arts Vienna.
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3.6 Marquês de Pombal Memorial, Lisbon

The monument of the Marquês de Pombal unveiled 1934 is located few kilometres
from the Atlantic Ocean, and therefore underwent a typical marine climate. Atomic
Absorption Spectroscopy (AAS) of the casting Cu–Sn alloy showed a Sn content of ca.
7 % Sn. Other elements such as Pb, Zn, Ni, Ag, Sb, and As show concentrations of the
order of 0.1 %.24 At exposed and therefore heavily irrigated areas on the head
the main patina constituent is brochantite (green) besides cuprite (red) and antlerite
(blue-green) (Figure 15). Actually, a total of 49 patina samples were evaluated by the

Figure 15: Semiquantitative evaluation of patina mineral components by light microscopy of powder
samples.54 Marquês de Pombal, Lisbon, Portugal, 1934. © University of Applied Arts Vienna.
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semiquantitative optical microscopy method.24 In hidden areas chloride containing
phases were detected such as atacamite.55

4 Test coupons exposure

Standard patinas under various climatic and environmental conditions have started
in the 1990s by exposing copper and standard copper alloy (Rg 5 alloy) and artificially
patinated copper and copper alloy plates to check the alterations due to environ-
mental local influences. Both inland and marine locations were chosen globally,
i.e. in USA, Europe, Asia, and Australia (Table 2). In addition to the standard copper
alloy coupons, also alloys according to the compositions of several historical mon-
uments were cast. In this context, the casting technologies applied to produce the
monuments were researched.56–58 A large proportion of these samples showed a
dendritic structure. An example is a test coupon with the composition of the Me-
morial of Emperor Joseph II, Vienna (Figure 16) which was used for outdoor expo-
sitions (Table 2).

Protective coatings in the field of outdoor bronze conservation have been
broadly applied.59–61 E.g. organo-silanes62 and ormoceres63 were applied also to
coupons. Other exposure project are e.g. investigations of the dose-response

Table : Locations and starts of the outdoor exposition programme of the University of Applied
Arts Vienna, Institute of Art and Technology.

Locations Starts

Venice, Misericordia Laboratory, Cannaregio 

Moscow, Russian Academy of Sciences 

Gothenburg, Chalmers University of Technology 

St. Petersburg, Aleksandr-Newskij-Monastery 

Munich, Bayerisches Landesamt für Denkmalpflege 

Vienna, Hermannskogel, MA , Umweltschutz 

Alfanzina, Laboratorio Nacional de Engenharia Civil (Lisbon) 

Copenhagen, Nationalmuseet 

Fremantle, Western Australian Museuma


Honolulu, St. Andrew’s Cathedral, Towera 

Stanford, Carl Djerassi SMIP Rancha 

New York, The Metropolitan Museum of Art & NYUa


Bangkok, Austrian Embassya 

Ephesos, Austrian Excavation Center, ÖAIa 

Mellecey, Chateau de Germollesa 

aExtension of the ISCA/COPAL exposition programme.
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functions on dry and wet acid deposition effects64,65 and of the impact of urban rain
on the changes of bare and artificially patinated bronze.45 The analysis of such
exposed coupons includes stereomicroscopy, optical microscopy of surfaces and
cross-sections, SEM, EDX, XRD, colorimetry, layer thickness measurements, and also
electrochemical evaluations such as electrochemical impedance spectroscopy.

5 Summary

The object conditions described in Section 3 show that for a scientifically based
restoration and conservation it is necessary to determine microclimatic data and to
define their appropriate recording period. This would necessitate recording, for
example, the amount of precipitation, time of wetness, sun hours, the concentration
of SO2, NO2, O3, H2S, COS, HCI, NaCl, (NH4)SO4 and soot particles in the immediate
neighbourhood of the object. In Austria, for example, the concentrations of
anthropogenic emissions of NOx, SO2, NMVOC (non-methane volatile organic com-
pound), NH3 and particulate matter (PM2.5), are recorded relatively spatially close
together, but not in the immediate vicinity of the artefacts.

The study of the production and characterisation of artificial patinas plays an
important role in thefield of cultural heritage.1,3,23–27,36,66 There have been numerous
attempts of obtaining a stable artificial brochantite based on the formation from a
humid atmosphere containing sulphur dioxide. Due to expected future climate and
industrial immission changes44 this approach may attain a priority.

Figure 16: Dendritic structure of the recast alloy with the composition used for the Memorial of
Emperor Joseph II, Vienna (comp. Table 1), fromAustrian FederalMinistry for Science and Research, final
report of the project “EUROCARE-Metallkonservierung”, BMWF GZ. 49.599/5–24/88.
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In the context of innovative techniques to clean outdoor bronze monument and
copper-based architectural elements such as roofs, laser cleaning may play an indis-
pensable role. Laser cleaning has become an established conservation intervention
technology for a range of artefacts, including stone, ceramics, paintings, andmetals in
cultural heritage, i.e. copper, iron, silver and gold.14,67–83 There exists an abundant
wealth of experiences with conservation and cleaning techniques for outdoor bronzes
which should be considered in modern intervention strategies.84–90 A minimal inter-
vention to maintain the ageing value would be respecting the patina and the removal
of deposits of soot, dust and corrosion products that disfigure the surface.

A careful selection of the laser wavelength, pulse duration and operating con-
ditions is crucial for the laser cleaning outcome. The laser cleaning of metals is often
associated with side effects such as discolouration and micro-melting. The use of
analytical techniques is crucial to assess the laser cleaning outcomes. When metals
are coveredwith thick coatings or thick corrosion layers, better results can generally
be obtained by combining laser cleaning with mechanical cleaning.

The optimal conditions for laser cleaning of bronze patina surfaces would be the
case “black over green” areas because a black crust would absorb inmost of the used
laser wavelengths and would be evaporated. Whereas a green patina phase mainly
absorbs radiation in the blue and violet range. Therefore, near wavelengths appear
most promising because they show a low interaction with the patina avoiding de-
structions and modification. Actually, cleaning of patinated copper surfaces with UV
and green laser wavelengths results in discoloration and darkening. The visible
wavelength 532 nmmay lead to damage and roughening. There are however several
reports that the IR wavelength allows cleaning without side effect.14,78,79,91

Regular maintenance by cleaning and coating with a protective material is
a common approach to preserve outdoor patinated bronze. The selection of
applicable coatings is limited by the object’s visual unchanged appearance and the
reversibility. Common protectivematerials arewaxes, acrylic resins, and corrosion
inhibitors.59–63,92–96 However, waxes have a short lifetime, are not fully reversible,
and are prone to dust accumulation. Acrylic coatings from the Paraloid family and
Incralac (an acrylic resin solution containing corrosion inhibitors like benzo-
triazole) are widespread. They require regular maintenance, similar to waxes.
Their drawbacks are the shiny appearance, the brittleness of the film, and the
difficult removal over time. Transparent coatings show yellowing due to photo-
oxidation. Benzotriazole (BTA) has been applied since the 1960s. Since the long-time
effects of such protection coatings can be often very disappointing, their laser
removal may play a crucial role in metal conservation praxis.

It is highly recommended that metallic outdoor structures should be regularly
inspected by professionals to detect and prevent deteriorations. In the field of
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sculpture conservation, a maintenance protocol is urgently needed, especially for
new works of art.30,31,97–101

Regular cleaning and treatment should be carried out by experts. Physico-
chemical and analytical application-oriented training programs turned out to bridge
the gap between conservators and scientists.
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