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Abstract

This study examines a decade of laboratory investigation and bronze conservation prac-
tice at the Shanghai Museum using a 1064 nm Nd:YAG laser (ELEn. S.p.A., Calenzano,
Italy). Preliminary irradiation tests on heterogeneous archaeological fragments explored
effective-cleaning fluence ranges and adverse-alteration limits under dry and wet LQS and
SFR irradiation; reflectance measurements assessed optical response at 1064 nm. Despite re-
curring tendencies, operational ranges overlapped substantially and remained case-specific,
limiting the predictive value of nominal fluence and reflectance. Eight historical artefact
cases highlighted situations with greater practical potential for laser treatment, includ-
ing well-preserved gold-bearing surfaces and selected aged restoration residues, whereas
sensitive patinas and degraded metallic decorative layers offered narrower treatment mar-
gins. For certain restoration residues, useful removal was achieved even when their major
constituents were weak absorbers at 1064 nm. In selected chloride pits, high-frequency
SFR was associated with delayed and reduced visible recurrence but was accompanied by
surface modification and the continued need for conventional corrosion-control measures.
These successes and setbacks inform a practice-oriented decision framework integrating
pre-treatment assessment, preliminary testing, observed response and conservation judge-
ment to determine whether laser treatment should serve as a primary method, make an
auxiliary contribution or be avoided, with its role reassessed as treatment progresses.

Keywords: laser cleaning; bronze conservation; Nd:YAG laser; copper-alloy artefacts;
conservation practice; corrosion products

1. Introduction

A central challenge in bronze artefact cleaning is the removal of unwanted materials
from complex surface structures while preserving the original or historicized appearance.
This challenge is particularly evident in many ancient Chinese bronzes, which often combine
intricate decoration with sub-millimetric cavities, and well-preserved patinas of both pro-
tective and aesthetic value, reflecting refined metallurgical technologies and long histories
of burial, cleaning, polishing and use. Therefore, highly precise, efficient and selective
methods are required.

The Shanghai Museum houses one of the most important bronze collections in China
and the world, covering both archaeological findings and transmitted objects with com-
plicated but unclear conservation histories. As one of the country’s leading conservation
institutions, it also undertakes treatments for numerous external collections. Faced with
highly diverse cleaning challenges, conservators frequently encounter the limitations of
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conventional approaches: mechanical cleaning can be labour-intensive and highly depen-
dent on operator skill, whereas chemical treatments may offer limited selectivity and can
leave potentially harmful residues. These limitations have long motivated the search for
alternative cleaning technologies.

Pulsed laser cleaning has emerged as a promising non-contact conservation technology,
valued for its high spatial precision and potential selectivity arising from differences in
optical and material properties between substrate and unwanted deposits [1]. It therefore
appears well suited to many of the challenges posed by bronze artefacts. However, com-
pared with the extensive literature on laser cleaning for stone conservation, studies focusing
on metal artefacts, particularly bronze objects, are still relatively limited [2]. Notable suc-
cesses have been reported for both gilt and non-gilt bronze artefacts [3-10], demonstrating
the considerable potential of this technique under appropriate conditions. At the same
time, previous work has shown that laser ablation on metallic substrates is not inherently
self-terminating or selective and may involve significant photothermal or photomechan-
ical risks [11-14]. Studies on non-gilt copper-alloy surfaces remain largely confined to
laboratory-scale experiments and small specimens [15-20], while the macroscopic aes-
thetic consequences of laser treatment have received comparatively less attention. Whether
threshold-based approaches and optical characterisation protocols, widely adopted for
stone cleaning, can provide comparable guidance for bronzes remains uncertain. Taken to-
gether, the available evidence suggests that treatment outcomes are highly case-dependent.
Overall, laser cleaning of bronzes remains a field where considerable promise coexists with
substantial operational challenges.

Motivated by these opportunities and challenges, the Shanghai Museum acquired an
EOS Combo Nd:YAG 1064 nm laser cleaning system from ELEn. (Italy) in 2015. The system
was introduced to systematically explore application scenarios and optimise methodologies
for Chinese bronzes. Alongside laboratory investigation of laser—-material interactions,
the present study places particular emphasis on the professional assessment of conserva-
tors during practical treatment, where surface appearance, preservation of the original
surface, and achievable cleaning efficiency are critical criteria for evaluating treatment
suitability. The central objective was therefore to identify the types of unwanted materials
and bronze surface conditions for which laser cleaning offers practical advantages, and to
provide practice-oriented guidance for its operation, optimization, and integration with
complementary conservation methods.

2. Materials and Methods
2.1. Laser Cleaning Setup

The EOS Combo Nd:YAG 1064 nm system operates in two modes: Long Q-Switched
(LQS; 100 ns), with selectable energy levels of 150, 300, and 450 m]J, and Short Free Running
(SFR; 30-110 us), with adjustable energy levels from 200 to 2000 m]. Optical attenuators,
interchangeable with the handpiece lens, further reduce output energy to 50% or 25% of
the nominal value for highly sensitive surfaces. Throughout this study, the reported pulse
number refers to the number of laser deliveries to a given treatment area, as recorded
during treatment. Although the 300 and 450 m] LQS settings comprised two and three
closely spaced 100 ns sub-pulses, respectively, each delivery was counted as one pulse in
the reported pulse number. Both modes allow adjustable pulse repetition frequencies from
single-shot to 30 Hz.

Designed for high precision and operational adaptability, the beam diameter is ad-
justable through the focal length knob. Accurate determination of laser spot size is not
straightforward and may require dedicated beam-characterisation methods beyond simple
visual inspection of the irradiated surface [21]. In conservation laser cleaning, spot size has
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also been defined inconsistently across studies, using burn-paper marks, visibly affected
areas or manufacturer information [2].

For the EOS Combo used here, the manufacturer specifies a treatment spot range
of 2.5-6 mm and provides a separate visible aiming beam for positioning and focusing.
No manufacturer-provided calibration relating the diameter of the visible aiming spot to
that of the 1064 nm treatment beam was available, and the latter was not independently
characterised during the historical treatments. In practice, focusing was established visually
using the aiming beam, which could be reduced to approximately 1.5 mm under the
tightest working conditions. Fluence values were therefore calculated from the pulse-
energy indicated by the laser system and the diameter of the visible aiming spot under the
corresponding working conditions, assuming an approximately circular spot. Accordingly,
all fluence values reported in this study should be interpreted as nominal operational
fluences rather than calibrated incident fluences.

For wet irradiation, the surface was prewetted immediately before treatment. Pre-
liminary tests on archaeological fragments used either water or a 1:1 (v/v) water—ethanol
mixture, selected according to surface wetting behaviour, whereas wet treatments of his-
torical artefacts used a 1:1 (v/v) water—ethanol mixture. The liquid was applied with a
soft brush or cotton swab, with excess liquid removed where necessary so that the sur-
face remained visibly moistened without a thick standing layer. The liquid was reapplied
as needed when repeated irradiation caused visible evaporation during cleaning. Dry
irradiation was performed without intentional prewetting.

During laser treatment, the generated plume was locally extracted using a portable
ULT LAS 200.1 fume-extraction unit (ULT AG, Lobau, Germany) positioned close to the
treatment area. Respiratory protection was also used where appropriate as part of routine
operator protection.

2.2. Assessment and Analytical Methods

Given the multi-year nature of this research initiative, a range of analytical tools was
employed, although only the most frequently used instruments are described below accord-
ing to their objectives. Methods were selected case-by-case according to conservation needs
rather than applied uniformly, with instrumental analyses used to address specific material-
or treatment-related questions.

e  Morphological and aesthetic assessment: expert visual examination was prioritised as
the primary method for macroscopic evaluation, particularly for defining the necessity
and boundaries of laser intervention and judging treatment acceptability. Most laser
treatments and first-line visual assessments were undertaken or supervised by the first
author, a practising bronze conservator trained in traditional bronze restoration. For
treatments on historical artefacts, treatment outcomes were also discussed with the
responsible conservation team and, where applicable, senior conservators experienced
in traditional bronze restoration. No universal numerical acceptance scale was used.
Before irradiation, the material intended for removal, the intended degree of removal,
and the surface intended for preservation were identified visually. Where available, a
naturally patinated, relatively deposit-free area on the same object that did not require
cleaning served as the primary visual reference; otherwise, comparable surfaces on
similar objects or manually cleaned areas were used as contextual references. Treatment
response was judged primarily from the extent of target removal and preservation of
the pre-existing surface morphology, continuity, colour and gloss, where relevant. New
discolouration, conspicuous treatment marks, melting or redeposition, roughening, or
visible loss/disruption of patina or metallic decorative layers were treated as adverse
responses. Microscopic characterisation was performed using a Dinolite AM73915MZT
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handheld digital microscope (AnMo Electronics Corporation, New Taipei City, Taiwan,
China), a desktop Hirox Hi-Scope KH-2400 digital microscope (HIROX Co., Ltd.,
Tokyo, Japan), or a desktop Keyence VHX-5000 3D digital microscope (KEYENCE
Corporation, Osaka, Japan), depending on instrument availability and suitability for
the object dimensions and surface morphology. Observations were typically made
at magnifications up to 50x to retain a sufficiently broad field of view, with higher
magnifications used selectively to examine localised alteration.

e  Optical characterisation: Reflectance measurements employed a custom-built 15 cm
integrating sphere (Labsphere Inc., North Sutton, NH, USA) with a barium sulfate
diffuse-reflectance coating, operating in an 8°/hemispherical geometry and referenced
to a calibrated gold reflectance standard (97% reflectance at 1064 nm). The system was
coupled directly to the EOS handpiece, allowing the cleaning laser itself to serve as
the diagnostic light source. Measurements were restricted to relatively flat specimens
because the irregular geometry of most archaeological fragments was incompatible
with reliable integrating-sphere measurements.

e  Compositional analysis: Non-destructive analytical methods were preferred wherever
practicable and selected according to the specific conservation question. The most
frequently used techniques in the present study were portable X-ray fluorescence
(pXRF; TRACER 5i, Bruker, Kennewick, WA, USA) for elemental characterisation
and confocal Raman spectroscopy (inVia™ InSpect, Renishaw plc, Wotton-under-
Edge, UK) for molecular and phase identification. pXRF measurements were typically
performed without a filter using a variable-voltage acquisition protocol, with the
excitation voltage reaching approximately 40-50 kV during the high-voltage stage and
a total acquisition time of 60 s. Raman measurements generally employed 532 nm
excitation and a 50x objective, with wavenumber calibration performed using a silicon
reference. Spectra were typically collected over approximately 59-1837 cm™!, with
the range extended where required. Acquisition time, accumulations and laser power
were adjusted according to sample response and signal quality.

Additional approaches, including fibre-optic spectroscopy, colour and small-aperture
gloss measurements, in situ hyperspectral imaging, and multi-point Raman examination,
were used selectively to address specific conservation questions. Because these methods
were not applied systematically across the case series and were affected to varying degrees by
surface irregularity and material heterogeneity, they are not presented as separate analytical
datasets in this study.

2.3. Specimens and Artefacts

The initial stage focused on determining laser operational cleaning fluence windows
and adverse-alteration limits using numerous unattributed bronze fragments from archaeo-
logical excavations. As these fragments were not intended for reassembly or restoration,
they served as dedicated experimental samples. The documented dataset comprised ap-
proximately 50 fragments. The surviving records and observable typological characteristics
indicate a broad chronological range from around 13th century BCE to late 19th century,
although precise dating was generally unavailable. The fragments were selected primarily
according to the presence of representative surface conditions and removal targets rather
than archaeological chronology or alloy composition. Where sufficiently comparable areas
were available on the same fragment, the surface was subdivided into small test zones so
that different irradiation conditions could be examined on closely similar target materi-
als. Most of the fragments therefore accommodated multiple small test zones, so the total
number of individual test areas substantially exceeded the number of fragments. Compa-
rable target types were also examined across multiple fragments. Corrosion products on
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a substantial subset of the fragments were characterised by Raman spectroscopy during
associated research projects, although these analyses were not applied uniformly across the
entire fragment set. Where available, pXRF measurements were generally consistent with
commonly encountered Cu-Sn-Pb bronze compositions. However, because corrosion prod-
ucts, patinas, and surface deposits were intentionally retained, these measurements were
treated only as indicative compositional information rather than as a basis for systematic
bulk-alloy classification.

Instead of individual cataloguing, they are categorised by their representative removal
targets and substrates typical of Chinese bronzes. These included malachite-dominated
green corrosion products (from powdery to crystallised forms), chloride pitting associated
with active bronze disease, and adherent earthen deposits. Beyond typical deep-green
or brownish patinas, two particular bronze surface types were investigated: the so-called
silver-coloured shui-yin-gin and lustrous black hei-gi-gu patinas. Both are exceptionally
smooth, glossy, tin-rich surface types particularly well known from Chinese bronze mirrors,
with tin oxides commonly reported as major constituents of the altered surface layer [22].

To supplement these heterogeneous archaeological fragments, reference materials
were introduced. Synthetic compound powders corresponding to common bronze corro-
sion products were compressed into pellets using a Shimadzu MP-35 briquetting machine
(30-ton load for 30 s). Powder volume and pressing conditions were kept broadly com-
parable between preparations, although the resulting pellet surfaces were not expected
to be microscopically homogeneous. High-purity malachite was used as a natural min-
eral reference; other copper minerals were not included because sufficiently homogeneous
natural specimens of suitable size were not available for these measurements. Reflectance
was measured at multiple spatially separated positions, with up to six positions examined
on an individual pellet or flat specimen. For materials of particular relevance to bronze
conservation, such as malachite and cuprite, measurements were obtained from more than
one separately prepared specimen, and the total number of measurements therefore varied
among materials.

Authentic historical artefacts were subsequently examined. The eight cases sum-
marised in Table 1 collectively cover the principal cleaning scenarios investigated in this
study, including interventions on gilt and silvered surfaces.

Table 1. Historical artefacts providing significant empirical data.

Object

Cleaning Targets/Surface Intended for
Source Image Preservation; Scope of Laser Treatment
(Section)

Earthen deposits and localised green

Bronze bell Shanghai History corrosion/smooth mixed patina;
Qing Dynasty (1644-1912) Museum exploratory cleaning test
(Section 3.1)
Thick coating with powdery
Mantelpiece Shanghai History corrosion/smooth brown patina;
Early 20th century Museum localised treatment

. (Section 3.1)
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Table 1. Cont.

Cleaning Targets/Surface Intended for

Object Source Image Preservation; Scope of Laser Treatment
(Section)
— - . Mixed deposits/amalgam-gilded silver
Gllt_s}zzaﬁzg;fe hair Shanghai History surface;
. Museum localised treatment
Ming Dynasty (1368-1644) (Section 3.2)
Silvered-copper filigree Earthen deposits and localised green
bracelet witlg Iijv ory ;;51 ates Shanghai History corrosion/amalgam-silvered copper surface;
Qing Dynasty (1644-1912) Museum exploratory cleaning test
g Lynasty (Section 3.2)
Gilt-brass Buddhist statue * Mixed surface deposfits /shell-gilded brass
: i . surface;
erllig 'Dyrﬁ?tg’/ﬁ_%l;;ﬁl?ng Shanghai Museum large-area treatment
elgn (Section 3.2)
Bronze gu vessel ** Aged restoration residues/heterogeneous
Shang Dynasty . patinated bronze surface;
(ca. 13th—11th century Shanghai Museum large-scale treatment
BCE) (Section 3.3)
Single-winged bronze bell Localised chloride pitting/ thick corrosion
Western Zhou Dynasty Shanghai Museum layers and coarse brownish patina;

(1046-771 BCE)

targeted treatment of chloride pits
(Section 3.4)
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Table 1. Cont.

Object

Cleaning Targets/Surface Intended for
Source Image Preservation; Scope of Laser Treatment
(Section)

Bottom of incense burner
Southern Dynasties
(420-589 CE)

Nanjing Localised chloride pitting/smooth mixed

Archaeological Dt
rICn si'iet(t)l gg;lca targeted treatment of chloride pits
(Section 3.4)

* The previous study reported in Ref. [23] focused primarily on the characterisation of the surface
deposits and reported subsequent cleaning treatment only briefly; additional treatment records and
comparative interpretation are included here. ** The laser cleaning treatment of this object was
previously reported in detail in Ref. [24]; it is included here for comparative interpretation within the
present cross-case synthesis.

3. Results and Discussion

The findings are presented as a progression from laboratory investigations to practical
conservation treatments, beginning with attempts to define operational fluence windows
and reflectance metrics, followed by assessments of application scenarios involving spe-
cific surface conditions and unwanted materials. The accumulated observations are then
synthesized to reconsider, from a practical conservation perspective, the role that laser can
play in the treatment of bronze artefacts. Unless otherwise specified, all fluence values
reported below are nominal operational values as defined in Section 2.1. For historical

“u

artefact treatments, values preceded by indicate approximate nominal fluences, re-
flecting minor working adjustments made in response to local surface conditions during
hand-operated treatment. A concise summary of the principal irradiation configurations
and observed responses for the experimental and conservation cases is provided in Supple-

mentary Table S1.

3.1. Operational Fluence Windows and Reflectance: From Optical Properties to Structural Reality

As one of the earliest objectives of this research, we examined whether threshold-based
approaches and optical characterisation methods developed largely for stone conservation
could provide practical operational guidance for bronze artefacts, drawing particularly
on the methodological framework of the European standard EN 16782:2016 for prelimi-
nary irradiation tests, working-fluence selection, and reflectance characterisation using an
integrating sphere [25].

A series of irradiation tests was conducted on archaeological fragments bearing diverse
corrosion products, patinas and earthen deposits under LQS and SFR modes. Adapting
the general concept of EN 16782:2016 to bronze surfaces, the following terms are used
here in an operational conservation sense rather than as analytical material thresholds.
“Effective cleaning” denotes removal of the intended target to a practically meaningful
extent within the limited test sequence without perceptible adverse alteration of the surface
intended for preservation. The “effective-cleaning fluence” refers to the lowest nominal
fluence at which this criterion was met under a given test condition. The “adverse-alteration
limit” refers to the lowest nominal fluence at which a perceptible unacceptable response
was first observed. Where both boundaries could be identified, the “operational fluence
window” denotes the range between effective cleaning and the onset of perceptible adverse
alteration. These judgements were based primarily on visual examination, supplemented
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by microscopic examination where appropriate, using the conservation criteria described in
Section 2.2. They therefore represent conservation-relevant perceptible limits and should not
be interpreted as thresholds for the onset of sub-visible chemical or structural modification.
For chloride-pitting tests, where the original surface within the pit was already disrupted by
corrosion, removal fluence was recorded separately rather than interpreted as a conventional
operational window; the surrounding preserved surface served as the principal reference
for unacceptable lateral alteration.

Tests followed a broadly standardised protocol using 1-2 pulses at 1 Hz and visible
aiming-spot diameters of approximately 3-5 mm according to the treatment target, with
fluence progressively increased until either effective removal or the adverse-alteration limit
was reached. The low repetition rate was deliberately chosen to minimise inter-pulse thermal
accumulation and to permit visual assessment of the surface response between successive
irradiations. Below the adverse-alteration limit, fluences producing greater removal within
the same limited pulse sequence were considered operationally more efficient. Both dry and
wet methods were used. For wet tests, the surface was prewetted as described in Section 2.1;
because only 1-2 irradiation events were typically applied at each setting, rewetting between
successive events was generally unnecessary.

Where sufficient comparable surface was available, the same irradiation condition
was examined on more than one visually comparable test area within the same fragment.
The number of such repeat areas varied according to the extent and heterogeneity of the
surviving surface. Fluence and observed response were documented for each individual
test area.

Laser responses varied significantly across the tested surface conditions, yet several
recurring qualitative tendencies emerged. Among patinated surfaces, shui-yin-gin exhibited
the greatest irradiation tolerance, whereas hei-gi-gu showed early visible alteration and
provided no useful operational window under the conditions tested. Superficial powdery
corrosion products associated with chloride pitting were readily removed, while compact,
strongly adherent corrosion layers and earthen deposits generally required higher fluence
for meaningful removal, often narrowing the margin before adverse alteration.

Substantial variation was observed both among fragments and among nominally simi-
lar target areas on the same fragment, with considerable dispersion in effective-cleaning and
adverse-alteration fluences. Rather than discrete thresholds, the data revealed overlapping
operational fluence windows whose boundaries varied from case to case. Figure 1 there-
fore summarises the observed ranges as descriptive envelopes compiled from individual
test areas and, where comparable target materials occurred on more than one fragment,
from multiple fragments. Effective-cleaning fluence ranges are shown for green corrosion
products and earthen deposits, removal-fluence ranges for chloride pitting and adverse-
alteration limits for shui-yin-gin and hei-gi-gu patinas without evident corrosion. For chloride
pitting, the original surface within the pit had already been disrupted by corrosion, and the
surrounding surface intended for preservation served as reference for unacceptable lateral
alteration. Selected material responses are shown in Figure 2. The breadth and overlap of
these ranges indicate that a single operational fluence criterion is unlikely to be transferable
across bronze surfaces. Given differences in irradiation conditions and surface states among
published studies [2,12,15,17,19], these ranges are more appropriately used as references
for preliminary testing than as transferable cleaning thresholds.

LQS exhibited a somewhat broader operational window under dry conditions and was
applicable to a wider range of unwanted materials, while SFR was more effective for thin and
homogeneous corrosion layers on relatively intact patina. Irradiation under wet conditions
often facilitated material removal and tended to broaden the operational window, but the
effect was not sufficiently consistent to provide transferable guidance. For example, wet SFR
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proved effective on powdery corrosion of the early 20th-century mantelpiece, whereas wet
LQS enabled removal of compact earthen deposits from the Qing-dynasty bronze bell, albeit
with concurrent alteration of the surface intended for preservation (see Figure 2e-h). These
discrepancies indicated that nominal fluence and irradiation mode alone were insufficient
to predict treatment behaviour across heterogeneous bronze surfaces; subsequent treatment
parameters were therefore adjusted according to object-specific surface responses and
conservation objectives rather than selected directly from the ranges shown in Figure 1.

Green corrosion, LQS dry
Green corrosion, LQS wet
Green corrosion, SFR dry
Green corrosion, SFR wet
Earthen deposits, LQS dry
Earthen deposits, LQS wet
Earthen deposits, SFR dry
Earthen deposits, SFR wet
Chloride pitting, LQS dry
Chloride pitting, LQS wet
Chloride pitting, SFR dry
Chiloride pitting, SFR wet
Hei-qi-gu, LQS =

Hei-gi-gu, SFR i
Shui-yin-gin, LQS |
Shui-yin-qin, SFR |
Nominal Fluence (J-cm2) 0 1 2 3 4 5 6 7

Effective-cleaning range B Adverse-alteration limits

Figure 1. Selected nominal fluence ranges observed in preliminary tests across representative bronze
surface and target conditions. Bars indicate effective-cleaning/removal ranges or adverse-alteration

limits, as labelled.

Figure 2. Representative surface responses during preliminary irradiation tests and conservation
treatments. (a,b) Shui-yin-gin before and after wet LQS cleaning (~3.73 J-cm™2); (c) irradiation
marks on hei-gi-gu produced by wet LQS at 0.29 and 0.53 J-cm~2; (d) melting and morphological
modification of compact green corrosion after wet LQS irradiation (~2.12 J-cm™2); (e,f) powdery
green corrosion on the mantelpiece before and after wet SFR treatment (~4.25 J-cm™2); (g,h) removal
of compact earthen deposits from the bronze bell by wet LQS treatment (~2.39 J-cm~2), with localised
patina alteration shown at macroscopic and microscopic scales. Scale bars: (a,b,d) 1 mm; (c,h) 2 mm.
Differences in colour between (e, f) reflect different imaging and illumination conditions and are
not intended for colourimetric comparison. The Chinese label “f%#” in panels (a), (b), and (d)

indicates magnification.
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To examine whether optical absorption could provide predictive guidance, reflectance
at 1064 nm was measured on compressed pellets of representative corrosion products and
selected flat bronze fragments. Following the approach described in EN 16782:2016, re-
flectance was used as an experimentally accessible comparative measure of optical response
at 1064 nm and as an indication of relative absorptance, which is difficult to quantify directly
under practical conservation conditions [25]. Although the pellets appeared macroscop-
ically homogeneous, appreciable variability remained among measurements (Figure 3).
For the compressed materials, local differences in particle packing, surface roughness and
scattering may have contributed to this dispersion; where more than one pellet was pre-
pared, between specimen variation may also have contributed. Measured reflectance values
differed from the existing literature [26], likely reflecting methodological and surface dif-
ferences. Nevertheless, mean reflectance differed among corrosion types, although these
differences were modest relative to the diversity in cleaning behaviour. More importantly,
reflectance ranges of corrosion products overlapped substantially with those of stable ar-
chaeological patinas dominated by malachite and cuprite, indicating limited reflectance
contrast at 1064 nm under the present measurement configuration. A new bronze plate
likewise exhibited a reflectance of approximately 40%, showing that the metallic reference
itself was not highly reflective under the present measurement configuration. Overall, re-
flectance provided useful comparative information on optical response but did not reliably
predict cleaning behaviour across heterogeneous bronze surfaces examined. In this respect,
most bronze corrosion-removal scenarios differ substantially from the canonical case of
black-crust removal from white marble.

Comparison with the model specimens further highlighted the limitations of sim-
plified sample systems. The malachite mineral slice showed higher reflectance than the
corresponding pellets, indicating that optical response was sensitive to sample form and
surface condition. More notably, material removal was generally achieved at lower flu-
ence on the compressed pellets than on naturally formed corrosion layers under the tested
conditions. Artificially compacted powders do not reproduce the cohesion and target—
substrate interfacial characteristics of archaeological corrosion systems. Pellet data were
therefore retained for comparative optical characterisation but excluded from the operational
window evaluation.

These observations do not diminish the fundamental roles of material composition
and wavelength-dependent absorptivity in laser—-material interactions. Rather, they show
that these properties, and measured reflectance in particular, are insufficient on their own
to define practical operational windows for heterogeneous archaeological bronze surfaces.
Physical and morphological characteristics of the surface—target configuration, including
porosity, cohesion, stratigraphy, surface texture, and adhesion to the underlying surface,
can substantially influence whether laser—material interaction is manifested as material
removal, melting, or other thermal, morphological, and potentially chemical modification of
the target material, and whether such effects extend to the surface intended for preservation.
Loose and weakly adherent materials were generally the most favourable targets, whereas
cohesive corrosion layers strongly anchored to the substrate were more resistant to removal.
Smooth and compact underlying surfaces were often associated with a broader usable
window, although hei-gi-gu represented a notable exception.

Consequently, operational fluence windows should be regarded as case-specific starting
references rather than transferable prescriptions. For surfaces lacking clearly favourable
or prohibitive features, preliminary testing on unobtrusive areas using appropriate ranges
of fluence and irradiation modes, under dry or wet conditions where relevant, remains
necessary. Close visual monitoring by experienced conservators is therefore essential
for identifying the earliest unacceptable responses and determining when irradiation is
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extending beyond the intended cleaning action. These preliminary tendencies provided a
reference for interpreting the artefact cases that follow, including both situations in which
laser treatment offered practical advantages and those in which object-specific surface
conditions altered or constrained the expected response.
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Figure 3. Reflectance characterisation of specimens at 1064 nm; inset shows the integrating-sphere
setup coupled to the EOS laser handpiece. Plotted ranges represent the available measurements for
each material. The numbers of measurements (1) were as follows: cuprite pellet (n = 8), new bronze
plate (n = 7), malachite pellet (n = 16), malachite natural mineral slice (1 = 16), mixed patina of
cuprite and malachite (n = 7), tenorite pellet (n = 7), basic copper sulfate pellet (n = 6), covellite
pellet (n = 8), chalcocite pellet (n = 7), and nantokite pellet (n = 6).

3.2. Cleaning Gilt and Silvered Surfaces: Beyond Expectation, Within Reason

The canonical treatment of Florence’s “Gates of Paradise” demonstrated the consid-
erable potential of laser cleaning on gilt surfaces [27]. The high infrared reflectance and
low absorption of gold, together with favourable optical contrast between gilding and some
surface deposits, can provide conditions for selective removal. However, previous studies
have also shown that damage thresholds depend strongly on gilding systems, condition, and
interfacial characteristics, and that laser treatment is not inherently self-terminating [28,29].

Despite this reference framework, our early trials on filigree objects from the Shanghai
History Museum revealed responses less favourable than initially expected. XRF analysis
detected mercury on both artefacts, consistent with mercury-based amalgam techniques
used in their respective metallic surface treatments. On the gilt-silver filigree hair ornament,
which bore mixed soil and oily deposits, SFR irradiation produced little useful removal,
whereas LQS irradiation began to remove the deposits at ~0.53 J-cm~2. At a low repetition
rate of 2 Hz under wet conditions, the response depended markedly on deposit thickness.
In thinly covered areas, as few as two pulses produced visible discolouration of the metallic
surface, while lower tested fluences did not achieve effective cleaning. In contrast, areas
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covered by thick deposits tolerated approximately 4-5 pulses at ~0.53 J-cm™
immediately visible alteration of the gilding, while increasing the fluence to ~1.06 J-cm™
and reducing the number of pulses also produced substantial removal before alteration
occurred (Figure 4).

Figure 4. Representative responses of the gilt-silver filigree hair ornament during wet LQS treatment.
(a) Localised discolouration observed in a thinly covered area (red box); (b,c) a relatively thick
deposit before and after cleaning, showing substantial removal without immediately perceptible
adverse alteration of the metallic surface. Scale bars: 5 mm.

These observations suggested a temporary shielding effect of the deposit layer. Previ-
ous work on amalgam-gilded bronze reported successful LQS cleaning at approximately
0.53 J-cm~2 using 1064 nm LQS irradiation with a pulse duration of 70-120 ns [30]. More
recently, an operative range of 0.19-0.46 J-cm~2 at 2-7 Hz was reported for a 100 ns EOS1000
LQS system following preliminary steam and solvent-emulsion cleaning [6]. In the present
filigree ornament, by contrast, ~0.53 J-cm~2 produced effective removal only where deposit
was sufficiently thick. Although the reported fluences are numerically similar, these con-
trasting outcomes highlight the importance of considering surface preservation, deposit
thickness and pre-treatment when judging the usable treatment margin.

The origin of the discolouration could not be analytically resolved during the original
treatment campaign, and may have reflected local thinning or disruption of the gilded
layer, changes in the exposed metallic surface, and/or morphological modification, but the
relative contributions could not be distinguished. It was therefore treated in practice as a
warning of unacceptable surface alteration.

Similarly, on the silvered copper bracelet, both laser modes showed limited effectiveness
and substantial risk in removing the green corrosion, for which malachite was identified
as the principal phase through Raman analysis. LQS irradiation again performed better
than SFR, but appreciable removal was observed only when the fluence was increased to
approximately 2.83 J-cm~2. The first 1-2 pulses removed part of the relatively loose surficial
corrosion; however, the more compact underlying layer proved markedly resistant. Further
irradiation, whether by increasing the number of pulses, fluence, or repetition rate, produced
little additional removal but increasingly visible discolouration of the remaining corrosion
and/or alteration of the underlying silvered surface (Figure 5). Purple discolouration
observed in some areas yielded no diagnostic Raman peaks; visually, it was consistent with
possible thinning or partial loss of the silvered layer and increasing exposure of the copper
substrate, although this interpretation could not be analytically confirmed.
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Figure 5. Representative area of the silvered copper filigree bracelet (a) before and (b) after laser
treatment, showing partial removal of green corrosion accompanied by discolouration of the exposed
metallic surface. Scale bars: 1 mm. The Chinese label “£%%” in the images indicates magnification.

The poor tolerance of these filigree surfaces probably reflects a combination of factors
rather than a single material property. Amalgam-treated metallic layers are compositionally
and structurally complex, commonly retaining residual mercury and exhibiting elemental
interdiffusion across the metallic surface—substrate region [31]. Additional rapid heating
during laser irradiation could therefore promote local mercury loss or redistribution and
associated compositional or phase changes within the amalgam-derived layer, although no
post-irradiation analysis was available here to determine whether such changes contributed
to the observed discolouration. In the present objects, relatively thin metallic layers and
intricate three-dimensional geometry may have introduced additional local heterogeneity
in thickness, continuity, and laser response. In the bracelet, corrosion extending beneath
the silvered layer, together with the compact and strongly adherent nature of the corrosion,
further constrained selective removal.

By contrast, large-area laser cleaning was successfully applied to a Qing Dynasty Bud-
dhist statue decorated using the shell gold (ni-jin), in which gold powder is mixed with
a binder and applied as paint. Unlike amalgam gilding, which forms a metallic Au-Hg-
derived layer directly associated with the substrate, shell gold consists of particulate gold
dispersed in a binder, resulting in substantially different layer continuity and interfacial char-
acteristics. The surface deposits and a brief account of cleaning were reported previously:
the exposed gold layer was generally well preserved, while the thick dark deposits com-
prised degraded ritual tributes (cereal and oil substances), copper-corrosion products, dirt,
and probably soot [23]. Wet LQS cleaning at a nominal fluence of ~0.6 J-cm~2 and 1-2 Hz
was previously found to remove these deposits efficiently (Figure 6), with residual loosened
material removed by ethanol swabbing [23]. Additional treatment records examined here
showed that deposit thickness influenced the immediate treatment margin: most deposits
were removed within 1-2 pulses in more thinly covered areas and approximately 3—4 pulses
where the deposits were thicker. Continued irradiation after most of the overlying deposit
had been removed produced darkening in some locally degraded areas and was therefore
discontinued, showing that the treatment was not self-terminating in this case, despite the
reflective gold-bearing surfaces.

The unpublished in situ reflectance measurements provided additional optical con-
text for the observed treatment response. A diagnostic fluence of 0.2 J-cm~2 was used,
approximately one third of the nominal fluence at which effective cleaning was achieved
(~0.6 J-cm~2); no visible cleaning or surface alteration was observed during the measure-
ments. Reflectance ranged from 60% to 87% on the gilding, 40% to 65% on the dark deposit,
and 19% to 34% on exposed brass. The overall ordering was consistent with the favourable
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selective response of gilded areas and the poorer outcome observed on the exposed brass.
However, the partial overlap between the gilding and deposit ranges indicates that re-
flectance contrast alone did not fully account for local treatment behaviour.

Figure 6. Corresponding areas of the ni-jin Buddhist statue (a) before and (b) after wet LQS cleaning,
showing removal of the overlying deposits and exposure of the gold-bearing decorative surface.

Although the ni-jin technique of the Buddhist statue differs fundamentally from the
gilding system of the “Gates of Paradise”, both successful treatments shared two favourable
features: arelatively well-preserved gold-bearing surface and a substantial overlying deposit.
Conversely, the unsuccessful filigree trials indicate that, in the cases examined here, the
presence of a reflective noble-metal surface alone was insufficient to ensure selective removal.
In both the filigree and ni-jin cases, deposit thickness influenced the immediate treatment
margin, but whether this margin was practically useful depended strongly on the condition
and architecture of the underlying decorative layer. This interpretation is consistent with
previous studies showing that gilding thickness and thermal contact with the substrate
influence laser-induced temperature rise and damage thresholds [30], although no transient
thermal measurements were available in the present treatments. Taken together, these
cases suggest that preliminary assessment should consider not only optical contrast but
also the condition and continuity of the metallic decorative layer, deposit thickness, and the
stratigraphic relationship between corrosion and plating.

Retrospectively, an additional practical consideration concerns mercury exposure dur-
ing treatment of amalgam-derived surfaces. Local fume extraction was used routinely, but
mercury release was not specifically monitored. Hg-containing amalgam surfaces should
therefore be regarded as a potential occupational-exposure concern, with local extraction
and appropriate operator protection considered explicitly when planning laser treatment.

3.3. Removal of Aged Restoration Residues: From Abrupt Detachment to Practical Control

Aged restoration residues, typically composed of aged organic binders mixed with
soil and corrosion products, can present particular cleaning difficulties on bronze artefacts.
The organic matrices may become poorly soluble after ageing and prolonged interaction
with dirt and corrosion products, while mechanical removal can be slow or difficult in
recessed and highly decorated surfaces. Several successful applications of infrared laser
cleaning to such materials have nevertheless been reported [7-10], despite the relatively
low absorption of many synthetic resins at 1064 nm [32]. Their removal therefore cannot
always be understood in terms of straightforward surface photoablation of the resin itself;
the overall composition of the deposit, including the presence of more strongly absorbing
constituents, together with its condition, thickness, and interfacial characteristics, may
substantially influence the treatment response.
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Preliminary tests on archaeological fragments illustrated this variability. On one frag-
ment covered by a thin, aged and largely transparent polyacrylic coating, a single LQS pulse
at ~0.6 J-cm~2 detached the resin but immediately produced visible discolouration of the
underlying bronze surface. No useful treatment margin could therefore be identified. On
another fragment, a substantially thicker resin-like restoration layer underwent extensive
removal, accompanied by detachment of adjacent corrosion products, while the exposed
cuprite-rich surface remained visually acceptable (Figure 7). In both cases, removal oc-
curred abruptly rather than through progressive layer-by-layer ablation. Although direct
discrimination of the relative mechanical, thermal, and interfacial contributions is experi-
mentally demanding in practical conservation treatments, the abrupt flake-like morphology
of detached material observed here, including associated lifting of adjacent deposit material
in the thicker-layer case, was consistent with an interfacial contribution. Similar removal
behaviour has been associated with photomechanical and interfacial processes in previ-
ous laser-cleaning studies [33,34]. Such behaviour was neither inherently controllable nor
self-limiting; rather, the contrasting results suggest that a sufficiently substantial overlying
layer may temporarily provide a practical margin before direct interaction with the surface
intended for preservation becomes critical.

Figure 7. Contrasting responses of aged restoration residues to LQS irradiation. (a,b) Thin polyacrylic
coating before and after treatment, showing detachment with surface discolouration; (c,d) thicker
resin-like layer before and after treatment, showing abrupt bulk detachment with adjacent corrosion
removal. Scale bars: 2 mm.

A previously reported treatment of the Shang-Dynasty bronze gu vessel [24] provides
a large-area example in which this type of abrupt detachment could be exploited in practice.
As reported previously, the tenacious restoration residue was a heterogeneous mixture dom-
inated by an ethylene-based copolymer and corundum powder, with minor laser-responsive
constituents. After prewetting with a 1:1 (v/v) water—ethanol mixture, LQS irradiation at a
nominal fluence of ~2.1 J-cm~2 removed most of the material [24] (Figure 8). Model tests
reported in the same study showed that small additions of lead- or copper-bearing phases
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could markedly increase response of corundum-based mixtures [24]. Considered alongside
the fragment tests and other artefact treatments, this case illustrates how deposit thickness,
abrupt removal, and a changing treatment margin can affect practical control, and suggests
that, under certain conditions, abrupt detachment can provide a useful treatment margin
even when the major residue components are weak absorbers at 1064 nm.
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Figure 8. Representative partially treated areas of the Shang Dynasty bronze gu, showing localised
removal of restoration residues. The dashed lines indicate treatment boundaries; the treated area
is on the left in (a) and on the right in (b). Treatment outcomes were also examined in situ using
hyperspectral imaging and Raman spectroscopy at multiple positions [24].

The gu vessel shares an important feature with the ni-jin Buddhist statue discussed in
Section 3.2: in both cases, the response of the heterogeneous deposit could not be predicted
from its major identified components alone, and minor or dispersed absorbing constituents
contributed to the overall interaction at 1064 nm. A substantial overlying deposit provided a
useful treatment margin in both cases, but was particularly important for the gu. As shown
in Section 3.1, archaeological patinas themselves may respond appreciably to 1064 nm ir-
radiation and offer much less intrinsic optical selectivity than the reflective gold-bearing
surface. Such situations may require moving beyond the idealized expectation of pro-
gressive, self-terminating layer-by-layer ablation and considering whether the response of
the target—surface system can be exploited without unacceptable alteration. Comparable
laser-assisted detachment of a weakly absorbing overlayer has been reported in polychrome
conservation [35]. As with the ni-jin treatment, complete laser removal was not pursued
once the remaining residue became thin or spatially smaller than the working spot; on the
gu, the small amount remaining was readily removed with a mixed organic solvent that
had been much less effective before laser treatment.

Across the present case series, exploiting a changing treatment margin depended heav-
ily on adaptive hand-operated control. In the gu treatment, low repetition rates and slight
defocusing were commonly used empirically to facilitate prompt adjustment and soften
treatment boundaries. These practices were previously described for the gu treatment [24].
Similar use of defocused irradiation has also been reported in practical laser-cleaning studies
of archaeological metals [36]. Handpiece position and irradiation delivery were likewise
adjusted according to deposit thickness, surface geometry, and the treatment response
observed as removal progressed. The practical significance of this adaptive control also
depended on the visual characteristics of the surface itself. On the deeply modelled relief
of the gu, minor variations in treatment boundaries were comparatively inconspicuous,
whereas exploratory irradiation on the relatively smooth non-gilded brass areas of the ni-jin
Buddhist statue, bearing a heat-coloured artificial patina that was more irradiation-sensitive
than many of the archaeological patinas examined in Section 3.1, produced conspicuous spot
marks, discolouration, and local gloss variation [23]. This contrast suggests that relatively
smooth or planar surfaces may provide less visual tolerance to minor variation in spot place-
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ment or overlap than strongly modelled relief, and illustrates why practical control involves
both adapting irradiation conditions and judging whether the resulting surface response
remains acceptable. The conservator’s real-time visual judgement therefore complements,
rather than replaces, parameter-based testing by translating preliminary test results into a
changing treatment situation.

3.4. Localised Treatment of Chloride Pitting: Revisiting a Long-Neglected Parameter

Pitting corrosion associated with chlorides is among the most persistent and destructive
forms of deterioration affecting bronze artefacts. Although loose superficial chloride-bearing
corrosion products can often be removed relatively easily, the principal conservation diffi-
culty lies in chloride-containing corrosion extending beneath the visible surface, particularly
nantokite (CuCl), which may sustain recurrent corrosion under humid conditions [37,38].
Because such material may remain concealed beneath secondary cuprite, malachite, or
other corrosion layers and may extend into the metal-corrosion interface, complete removal
by conventional surface cleaning is difficult. Previous studies have shown that laser irradia-
tion can efficiently remove superficial corrosion products and may also induce substantial
thermal modification of copper-corrosion layers; however, its capacity to provide long-term
control of active chloride corrosion remains uncertain, and complementary inhibition and
protective measures are generally still required [2,3,6,14,39].

The conservation context of an active chloride pit differs from that of routine cleaning
of a stable, preserved patina, because corrosion has already substantially disrupted the
original surface stratigraphy within the pit. This changes the risk-benefit balance: limited
modification within an actively deteriorating pit may in some cases be justified if continued
chloride activity poses a greater threat to the surrounding preserved surface. In the present
work, “localised” alteration is therefore used in a spatial rather than evaluative sense, refer-
ring to visible modification remaining primarily within the pre-existing corrosion pit and
avoiding unnecessary extension into the surrounding preserved patina. The tightly focused
working configuration used for these treatments, operationally estimated at approximately
1.5 mm, provided sufficient spatial control for treatment of many individual pits.

Initial trials on archaeological fragments and historical artefacts confirmed the broader
tendency observed in Section 3.1: loose, powdery corrosion was readily removed, includ-
ing superficial corrosion associated with active chloride pitting. Direct and microscopic
examination, supplemented by in-situ Raman characterisation in selected areas, showed
efficient cleaning of the visible superficial corrosion products. During irradiation, the fume
extractor nozzle was positioned adjacent to the treatment area to collect ejected particles,
followed by cleaning with ethanol-soaked cotton swabs. These trials nevertheless showed
that superficial removal alone did not necessarily prevent recurrence. On the Western Zhou
Dynasty single-winged bell, dry LQS treatment at ~2.83 J-cm~2 and 2 Hz efficiently cleaned
the visible pitted corrosion. Small or less-corroded pits sometimes required only a single
pulse, while up to five pulses were generally sufficient to remove most superficial corro-
sion from larger pits, although the cleaning response varied with pit condition (Figure 9).
Powdery green corrosion reoccurred rapidly even in areas that had appeared well cleaned,
indicating that the underlying source of active chloride corrosion had not been sufficiently
affected by the treatment. Trials on other archaeological fragments similarly showed that
increasing fluence alone did not resolve the problem: the surface response became more
pronounced without preventing subsequent recurrence.

In previous conservation treatments, recurrent chloride pits were usually retreated
and followed soon afterwards by corrosion-inhibitor measures, as in the single-winged bell
and other previously treated objects. During treatment of a Southern Dynasties incense
burner, approximately ten localised pit areas were identified, some containing more than
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one individual corrosion pit. All were initially treated using the routine low-frequency
approach of 3-5 Hz, which allowed continuous handpiece movement and rapid visual
adjustment over complex surfaces; approximately half were treated predominantly with
LQS at ~2.83J-cm~2 and half with SFR at ~4.25 J-cm~2. Most superficial pale-green corrosion
was removed within 4-5 pulses per irradiated area, as assessed visually and microscopically.
Visible recurrence was defined as the reappearance of pale-green corrosion within an area
that had appeared free of such corrosion immediately after treatment. Recurrence was
rapid, occurring in some areas within 2-3 days and generally within about one week, often
approaching the pre-treatment visible extent. Several areas were retreated after recurrence
using low-frequency LQS or SFR, but similarly limited persistence was observed. Increasing
the pulse number alone did not materially alter this short-term behaviour, while further
increases in fluence were avoided after tentative trials produced markedly stronger audible
and mechanical responses that were considered potentially damaging.

Figure 9. Typical response of active chloride pits on the single-winged bronze bell (a) before and
(b) after localised dry LQS treatment. Most superficial powdery corrosion was removed, although
the degree of clearing varied among individual pits according to their initial condition. Scale bars:
2 mm.

Higher-frequency treatment was explored only after rapid recurrence had been ob-
served following the routine low-frequency interventions. An alternative approach reported
previously provided a practical stimulus for considering whether a stronger localised ther-
mal contribution might be useful in recurrent chloride pits [6]. Using a 1064 nm Smart
Clean 2 laser in SFR mode, with the handpiece removed so that the optical fibre produced a
highly localised thermal effect, they treated localised chloride-related corrosion at 200 m]J
and 1 Hz, describing the effect as a form of “heat-sealing” [6]. Because this fibre-tip configu-
ration differed substantially from the focused handpiece used here, the reported parameters
cannot be translated into directly comparable fluence values, and the study did not establish
a repetition-frequency effect. Nevertheless, it suggested that deliberately enhancing the
thermal component of the interaction might merit exploration.

Because the active chloride pits on the incense burner were small, spatially fixed and
located on a relatively flat surface, higher repetition frequencies could be explored with
greater local control. At the time, one working hypothesis was that the shorter interval
between successive SFR pulses might enhance cumulative heating and thereby promote
thermal modification of chloride-bearing corrosion products, potentially facilitating more
complete removal of the active corrosion. On this basis, SFR irradiation at 20 Hz was
applied to selected recurrent pits at ~4.25 J-cm~2 for approximately 1-2 s, corresponding
to about 2040 pulses. In contrast to the preceding low-frequency treatments, these areas
developed marked darkening, smoother surface morphology and localised spheroidal
features, indicating substantial thermal modification. No visible pale-green recurrence
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was observed during the first week, whereas recurrence had typically occurred within
several days after the preceding low-frequency treatments (Figure 10). The same 20 Hz SFR
conditions were subsequently applied to two additional recurrent pit areas, which showed
a comparable short-term response.

L

Figure 10. Time-dependent response of an active chloride pit on the incense burner. (a) After low-
frequency SFR treatment (3-5 Hz); (b) recurrence one week later; (c) after subsequent 20 Hz SFR
treatment; (d-f) follow-up at one week, three months, and seven months, respectively. The boxed
lower-margin region in (d,e) was affected during subsequent treatment of an adjacent area and was
excluded from longitudinal comparison. Scale bars: 200 pm (a—e) and 2 mm (f). The Chinese label
“f%” in panels (a—e) indicates magnification.

Following this observation, limited opportunistic comparison trials were undertaken
using SFR at 10 Hz and LQS at 10 and 20 Hz, with approximately comparable pulse numbers
where practicable. These conditions did not reproduce the same combination of pronounced
thermal modification and delayed visible recurrence observed with 20 Hz SFR. Because the
trials were not balanced across equivalent pits and were influenced by differing prior treat-
ment histories, they were regarded as exploratory observations rather than as a systematic
frequency-response experiment.

These observations prompted the extension of 20 Hz SFR treatment to the remaining
pit areas. Follow-up observation took place in an indoor laboratory without dedicated tem-
perature or relative-humidity regulation or continuous environmental logging. The object
was exposed to ordinary seasonal fluctuations and routine ventilation, and no corrosion
inhibitor or protective coating was applied during the observation period. At approximately
three months, only isolated pinpoint recurrence of pale-green corrosion was observed. By
seven months, localised recurrence had appeared in five individual pits across four pit
areas, but remained limited in extent and differed markedly from the rapid and widespread
regreening observed within days after the earlier low-frequency treatments. Figure 10
illustrates the progression in one representative area, from low-frequency treatment and
follow-up after 20 Hz SFR at one week, three months and seven months.

A closer precedent for the accompanying surface modification is provided by Frank
et al. [39], who used an optically modified 1064 nm Nd:YAG laser for localised treatment
of active bronze-disease pits and reported micron- to sub-micron-scale micromelting on
some treated samples. Although their irradiation conditions and optical configuration differ
substantially from those used here and do not permit direct numerical comparison, their
observations similarly show that localised removal of chloride-related corrosion can coexist
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with surface modification. The present case extends this comparison by documenting the
subsequent evolution of visible recurrence over more than seven months.

Raman analysis was used to examine whether the pronounced visual and morpho-
logical differences within the 20 Hz-treated areas corresponded to detectable differences
in surface phase composition. Previous studies using 1064 nm lasers, although with ir-
radiation regimes substantially different from the microsecond SFR treatment used here,
have reported differing phase responses of copper-corrosion systems, including possible
localised tenorite formation after nanosecond Q-switched treatment [15] and persistence
of clinoatacamite after laser reduction of an artificial hydroxychloride layer [17]. In the
present study, spectra acquired from three visually distinct subregions—a reddish area,
a darkened area, and a spheroidal surface feature—were all attributable predominantly
to cuprite despite their markedly different microscopic appearances (Figure 11). Raman
signal intensity and spectral quality varied among the three surface morphologies and with
acquisition conditions and were therefore not interpreted quantitatively. Within the surface
region accessible to Raman examination, no distinct major phase corresponding to the
pronounced morphological differences was identified. The condition of chloride-bearing
corrosion at greater depth, however, remains unresolved.
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Figure 11. Microscopic and Raman characterisation of visually distinct subregions within a chloride
pit treated at 20 Hz. (a) Intermixed reddish and darkened areas; (b) spheroidal feature; (c) short-
acquisition (10% laser power, 1 s exposure, 1 accumulation) and (d) long-acquisition (10% laser
power, 10 s exposure, 10 accumulations) Raman spectra. Spectra from top to bottom correspond to
the reddish area, darkened area, and spheroidal feature. Scale bars: 20 pm.

The delayed and reduced visible recurrence following 20 Hz SFR treatment raises the
possibility that repetition frequency contributed to the different response. Although repeti-
tion frequency has received comparatively limited attention as an independent treatment
variable in conservation laser cleaning, it has been recognised as relevant to pulse delivery
and to cumulative thermal and mechanical effects in laser-material interactions [40,41]. In
the present exploratory trials, nominal fluence remained at approximately 4.25 J-cm~2, but
pulse number at 20 Hz was estimated from irradiation duration and was not tightly standard-
ised, while preceding low-frequency treatment histories were not systematically examined.
The observed response should therefore be regarded as suggestive of a frequency-related
effect rather than as a controlled demonstration of one. At 20 Hz, successive pulses were
separated by approximately 50 ms, which may have reduced the time available for thermal
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relaxation within the heterogeneous corrosion layer-metal system and increased cumulative
heating. Other processes may also have contributed, including transient vapour or plasma
effects on energy coupling and progressive changes in surface morphology and composition
that altered absorption from pulse to pulse. More extensive removal of chloride-bearing
material and thermally induced modification of the residual corrosion structure are there-
fore plausible, non-exclusive contributors to the delayed and reduced visible recurrence,
potentially also altering local pathways for moisture and oxygen transport within the pit.
No transient temperature measurements or depth-sensitive chemical characterisation were
performed, and the relative contributions of these processes therefore remain unresolved.
Further cross-sectional analysis, complementary phase characterisation, and longer-term or
accelerated-humidity monitoring would be required to test these possibilities.

The 20 Hz treatment also involved a clear conservation trade-off. Darkening, smoother
surface morphology and localised spheroidal features were conspicuous under microscopic
examination, and in some cases visible modification or patina loss extended approximately
0.1-0.3 mm beyond the original pit margin. The reasons for this uneven occurrence remain
uncertain, but differences in local preservation state and heat-transfer conditions, as well as
minor variations in spot placement during hand-operated irradiation, may have contributed.
This lateral spread was particularly relevant because several pits were located close to
surviving ink inscriptions; treatment was therefore confined as closely as possible to the
individual areas. At normal viewing scale, these localised changes were less conspicuous
against the heterogeneous and locally corroded surface of the incense burner (Figure 12).
Following the observational period of more than seven months, small recurrent pale-green
spots were retreated using 20 Hz SFR, with individual applications kept to approximately
1 s or less wherever practicable. Upon completion of the overall conservation treatment, all
laser-treated pit areas received conventional corrosion-inhibition and protective measures.

Figure 12. Overall appearance of the area affected by chloride pitting on the incense burner (a) before

and (b) after conservation treatment.

Taken together, laser irradiation provided rapid and efficient removal of superficial
corrosion associated with active chloride pits and, under the selected 20 Hz SFR conditions,
was associated with a marked delay and reduction in visible recurrence. Whether the
accompanying visual and surface alterations are acceptable depends on the balance between
these practical benefits, the condition and significance of the surrounding surface, and the
overall conservation objective.
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3.5. Defining the Role of Laser Cleaning in Bronze Conservation: A Practical Framework

The observations presented above ultimately echo Asmus’s longstanding view that
laser cleaning is “not, and never was, a panacea” [42]. A decade of laboratory investigation
and conservation practice suggests that the central question posed by practice is not simply
to identify a fluence, pulse mode or optical contrast that produces removal, but to determine
whether the resulting interaction offers a conservation advantage under the particular
surface—target configuration encountered. Nominally similar irradiation conditions may
lead to very different practical consequences when preservation state, surface morphology,
target thickness, adhesion or stratigraphy differ. The problem therefore extends beyond
parameter selection: preliminary testing must help establish whether a useful balance can
be achieved between removal benefit, preservation of the historic surface and practical
control of the intervention, within the intended scope and desired outcome of treatment.
The framework proposed here was developed from this shift in emphasis, integrating
pre-treatment assessment, experience-derived tendencies, preliminary testing, treatment-
response observation and conservation judgement into a practice-oriented decision process.

Before irradiation, pre-treatment assessment is intended to assemble the information
most relevant to that decision rather than to prescribe a fixed analytical sequence. Its
central concern is relational: neither the surface intended for preservation nor the removal
target can be judged in isolation, because practical selectivity depends on their contrast,
interface, morphology and relative state of preservation. Where information on composition,
manufacturing technique or previous analytical characterisation is available, it can sharpen
expectations about laser—material response. Where such information is incomplete, directly
observable features—including preservation state, surface morphology, target distribution,
thickness, cohesion and the degree of adhesion or intergrowth—still provide a practical
basis for identifying potential benefits and risks and for designing cautious preliminary
tests. In some cases, assessment alone may identify surfaces so vulnerable, or surface—-
target relationships so unfavourable, that irradiation need not be used merely to confirm
unsuitability. In this sense, the framework is intended to support structured conservation
judgement under the uneven analytical access that often characterises practice. Its purpose
is therefore not to provide a complete material description of every object but to identify,
from the information realistically available, the features most likely to govern the feasibility
and limits of intervention.

Viewed in relation to the three practical roles defined below, recurring combinations
of these features tended to shift the treatment margin in characteristic directions. Where
the preservation surface was laser-sensitive or poorly conserved, the target was densely
intergrown with it, or target—surface differentiation and the interface itself were poorly
defined, the margin tended to contract; hei-gi-gu patina and degraded gilding or silver-
ing exemplify the tendency associated with Type I. By contrast, a relatively tolerant and
well-preserved surface, loose or weakly adherent deposits, sufficient overlying target thick-
ness and clearer target—surface differentiation could widen the usable margin, as observed
with well-preserved ni-jin and shui-yin-qin surfaces and with compositionally distinct aged
restoration materials. Surface morphology also influenced how minor variation in irradia-
tion was expressed visually, with relief or coarsely textured surfaces generally providing
greater tolerance than planar surfaces; these conditions underpin the tendency associated
with Type II. A third group of situations was less well described by either a consistently
narrow or broad margin: localised problems, heterogeneous or variably adherent tar-
gets, spatially changing target—surface differentiation, and weakly absorbing targets for
which interfacial or mechanical effects may assist could make laser treatment useful only
within restricted areas, over limited treatment stages, or in conjunction with subsequent
conservation measures. Recurrent chloride pits and planar surfaces bearing relatively
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irradiation-responsive patina exemplify this more conditional tendency associated with
Type IIL

These recurring tendencies provide a practical basis for anticipating where a useful
treatment margin may be more or less likely to emerge, for identifying where caution should
be concentrated, and for deciding what preliminary testing needs to resolve. They do not,
however, assign a treatment Type in advance. The practical role of laser treatment emerges
only after the observed response is considered together with conservation judgement, in-
cluding removal benefit, surface preservation, controllability and the intended conservation
objective. A tendency suggested by pre-treatment assessment may therefore be confirmed,
modified or overturned during testing: a configuration that appears favourable may prove
difficult to control, while an apparently unfavourable target may become useful if partial
removal, structural weakening or localised intervention provides a meaningful conservation
benefit. Conversely, repeated departures from an expected tendency add to the empirical
basis of the framework and refine how those tendencies are understood. The framework is
therefore inherently iterative and open: accumulated experience informs preliminary expec-
tations, while each new treatment outcome can in turn modify the practical interpretation
of those expectations.

Against this background, the three types describe practical roles that laser treatment
may assume once the preliminary response has been interpreted in relation to the intended
intervention. They are therefore best understood as outcomes of the decision process rather
than as additional material categories.

e Type I: Laser generally unsuitable.

Type I is reached when preliminary testing does not establish a practically useful
treatment margin for the intended intervention. This may occur because unacceptable
alteration of the preservation surface precedes meaningful removal, or because irradiation
transforms the target without providing sufficient conservation benefit to justify continued
treatment. In some cases, this may reflect a particularly irradiation-sensitive surface, as
observed for hei-qi-gu patina. More often, however, Type I reflects the combined effect
of surface condition, the surface-target relationship and the conservation objective, such
that laser treatment offers no defensible practical advantage over alternative approaches.
Recognising this at an early stage is itself a useful outcome of the assessment process.

e  TypeIl: Laser as a primary treatment.

Type II describes situations in which laser treatment can undertake the principal
removal task with a sufficiently favourable and controllable balance between removal and
preservation. In the present study, selected well-preserved ni-jin surfaces and certain
aged restoration residues provided representative examples in which laser treatment could
perform most or all of the intended removal within an acceptable treatment margin. This
designation concerns the role of laser treatment rather than the permanence of a particular
set of irradiation conditions: the response must be reassessed as treatment is extended,
and broader application remains appropriate only while removal and surface preservation
remain sufficiently acceptable and controllable.

o  TypeIll: Laser as an auxiliary treatment.

Type III encompasses cases in which laser treatment makes a meaningful but delib-
erately limited contribution to the overall conservation process. The limitation may be
spatial, because only isolated or selected areas benefit from irradiation; procedural, because
laser treatment is most useful for partial removal, weakening or preparation before another
method is applied; or strategic, because the laser addresses only one component of a broader
conservation problem. In such cases, the value of treatment lies in improving the feasibility,
safety or efficiency of the intervention without being expected to complete the conservation
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task on its own. The treatment of recurrent chloride pits illustrates this localised role: laser
irradiation was confined to individual corrosion sites and did not replace the subsequent
corrosion-control and protective measures required for the object as a whole. Type III
should not be regarded simply as an unsuccessful or weaker form of Type II: a deliberately
localised or preparatory laser intervention may be the most appropriate use of the technique
even when broader removal is technically possible.

In practice, however, the boundary between Type II and III is contextual rather than
absolute. The same surface-target configuration may assume different practical roles de-
pending on the treatment objective, the area under consideration, and the stage reached
during treatment. The previously treated Shang Dynasty gu vessel illustrates this boundary
particularly well. Laser irradiation was applied over a large area and accomplished most
of the intended material removal, supporting a predominantly primary role; however, the
abrupt detachment of the restoration residues required close visual control as the remaining
layer became thinner, and complementary solvent finishing was still necessary. Broader ap-
plication was facilitated by the substantial thickness of the overlying material, the compact,
historically polished underlying surface, and the relief morphology, which made minor
variation at treatment boundaries comparatively inconspicuous.

This case also illustrates why the removal mechanism itself does not define the treat-
ment role. Progressive ablation, abrupt detachment, partial removal or structural weakening
may each be useful under appropriate circumstances. What matters is how the observed
response contributes to the intended intervention and how much complementary treatment
remains necessary. Complete target removal is therefore not a prerequisite for a successful
laser intervention: partial removal or weakening may constitute a meaningful outcome
when it reduces the duration, intensity or risk of subsequent conventional treatment while
avoiding unnecessary irradiation of the historic surface.

In practice, preliminary irradiation should begin with limited exposure so that the re-
sponse to individual or small numbers of irradiation events can be assessed before repetition-
frequency effects are deliberately introduced. The aim is not simply to identify an apparently
effective setting, but to understand how the treatment margin changes as exposure increases
and as the target is progressively altered. Reassessment becomes especially important
during scale-up: a response that is acceptable in a small test area may become conspicuous
or spatially variable when extended across differences in morphology, target thickness,
adhesion or surface condition. Likewise, as an overlying target becomes thinner and the
preservation surface is approached or exposed, the usable treatment margin may narrow
even in an otherwise successful Type Il intervention. Broader application is therefore ap-
propriate only while the response remains acceptable and sufficiently uniform; otherwise,
treatment should be restricted, modified, combined with complementary methods, or its
practical role reconsidered. Treatment roles may consequently change during the course of
an intervention rather than being fixed at the outset.

Figure 13 brings these relationships together as a practice-oriented decision framework.
Pre-treatment assessment and experience-derived tendencies guide preliminary testing,
while the observed response and conservation judgement determine the practical role as-
signed to laser treatment at that stage. Reassessment during scale-up allows that role to be
maintained, restricted or revised as conditions change. This framework is intended to struc-
ture professional judgement and make the reasoning behind treatment choices more explicit,
while remaining open to refinement as additional conservation experience accumulates.
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3.6. Between Experimental Control and Conservation Reality: The Value and Limits of
Practice-Based Evidence

The boundaries of the present study reflect both the diversity of bronze conservation
problems and the conditions of practice-led investigation. Even when laboratory experi-
ments and individual artefact cases reveal recurring tendencies, differences in preservation
state, surface morphology and surface—target relationships make generally transferable
treatment rules difficult to establish. The archaeological fragments examined here were
obtained opportunistically, while the historical artefact cases likewise arose from available
conservation assignments rather than systematic selection. Suitable matched specimens
were not always available, and the resulting evidence could not cover the full range of
relevant surface conditions.

Practice-oriented decision framework for assessing the role of laser treatment in bronze conservation

Pre-treatment assessment

I

Surface intended for preservation Material intended for removal Surface-target relationship Indicative tendency factors
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Figure 13. Practice-oriented decision framework for assessing the role of laser treatment in bronze
conservation. Indicative tendency factors guide preliminary testing but do not determine the treatment
Type; the practical role emerges from treatment response and conservation judgement and may be
revised during scale-up.

Technical characterisation presents another challenge in conservation practice. Con-
servators whose expertise lies primarily in treatment may find it difficult to verify beam
characteristics independently or investigate laser—material interaction mechanisms without
specialist laser-physics support and diagnostic facilities. In the present work, the treatment
beam was not independently characterised, and nominal fluence estimates relied on the
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visible aiming spot. Treatment outcomes were assessed predominantly through visual
and microscopic examination, with analytical methods applied selectively according to
individual conservation needs. These observations provide a stronger basis for describing
practical treatment responses than for establishing their underlying physical mechanisms.
Several explanations proposed in this study therefore remain hypotheses, while alterations
below the detection limits of the assessment methods cannot be excluded.

In the historical artefact cases, the scope for planned experimental comparisons was
often shaped by the immediate demands of conservation treatment. Conditions were
frequently adjusted as work progressed, and the control of comparison variables was not
always sufficiently systematic. The sequential chloride-pitting trials illustrate this difficulty:
although the treatment sequence and observed responses were documented, comparisons
between repetition frequencies were exploratory, without fully controlling pulse number
and preceding irradiation histories. More carefully planned comparisons, where compatible
with conservation priorities, would strengthen the interpretation of similar cases in future.

A separate difficulty concerns comparison with published studies. Differences in laser
systems, pulse regimes and beam-delivery configurations, together with incomplete report-
ing of some experimental parameters, often prevent meaningful numerical comparisons
even between treatments addressing similar conservation problems. This limits the extent
to which reported fluences can serve as transferable recommendations. The framework de-
veloped here instead provides a structure for using available evidence to guide case-specific
testing and conservation judgement, while allowing its indicative tendencies to be refined
as technical characterisation, reporting practices and comparative evidence improve.

4. Conclusions

Drawing on a decade of laboratory investigation and conservation practice at the
Shanghai Museum, this study identified both practical opportunities and important bound-
aries for 1064 nm Nd:YAG laser cleaning of bronzes. Preliminary tests on archaeological
fragments delineated effective-cleaning fluence ranges and adverse-alteration limits for
representative surface conditions. Their substantial overlap and variability, together with
the limited predictive value of reflectance at 1064 nm, showed why these values are better
used as preliminary references than as transferable treatment thresholds. Beyond material
composition and optical response, treatment margins were influenced by the preservation
state of the underlying surface, target thickness and cohesion, interfacial adhesion and
stratigraphy, and local morphology.

Despite the pronounced case specificity of bronze surfaces, recurring tendencies
emerged across the fragment tests and artefact treatments. Well-preserved gold-bearing
surfaces and certain aged restoration residues could provide useful margins for extensive
laser treatment, whereas sensitive patinas, degraded metallic decorative layers and strongly
intergrown corrosion often constrained selective removal. In selected active chloride pits,
20 Hz SFR treatment was associated with delayed and reduced visible recurrence, but also
with local surface modification and the continued need for conventional corrosion-control
measures. These contrasting outcomes showed that the practical value of irradiation de-
pends not only on what can be removed, but also on what must be preserved and what
further intervention is required.

The central lesson of these successes and setbacks is that laser cleaning should be
judged by the role it can appropriately play within a conservation intervention. It may
serve as the primary removal method, provide a limited contribution through localised
treatment, partial removal or target weakening, or offer insufficient advantage to justify its
use. Although the practice-led evidence leaves some interaction mechanisms unresolved
and limits direct parameter comparisons, it provides a basis for the experience-derived,
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adaptable decision framework proposed here. The ability to recognise when laser treatment
should be restricted, supplemented or avoided is therefore as important as identifying
conditions under which it can succeed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/heritage9110457/s1, Table S1: Principal irradiation configurations
and observed responses in main experimental and conservation cases. All treatments used EOS Combo
Nd laser at 1064 nm; LQS and SFR denote the 100 ns and 30-110 ps operating modes, respectively.

Author Contributions: Conceptualization, Y.S. and H.Z.; methodology, Y.S. and H.Z.; formal analysis,
Y.S.; investigation, Y.S.; resources, H.Z.; writing—original draft, Y.S.; writing—review & editing, Y.S.
and H.Z.; visualization, Y.S.; supervision, H.Z.; project administration, H.Z.; funding acquisition, H.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This paper is an outcome of the Phase II Open Research Project of the Palace Museum,
“Research on the Key Technologies and Integrated Conservation Applications of Laser Cleaning for
Harmful Corrosion (‘Bronze Disease’) on Museum-Held Bronze Artefacts” (initiated in 2024), with
philanthropic funding from the Longfor-Palace Museum Cultural Fund (JE#-#E 30 4) and
the Forbidden City Cultural Heritage Conservation Foundation (L5 = U RS H: 4 4).

Data Availability Statement: The data supporting the findings of this study are contained within the
article and its figures. Additional underlying data generated and analysed during the study are not
publicly available because they include conservation documentation and analytical records associated
with cultural heritage objects that are subject to institutional access restrictions. These data may be
made available from the corresponding author upon reasonable request and subject to permission
from the Shanghai Museum.

Acknowledgments: The whole decade-long research has greatly benefited from the support of
successive directors of the Conservation Center of the Shanghai Museum, namely Laiming Wu, He
Huang, and Zhongming Ding. The early stage of this research benefited from collaboration exchanges
with CNR, Italy. We are especially grateful to Maria Perla Colombini, Antonio Sansonetti, and Cristiano
Riminesi of CNR, as well as Alessandro Zanini of ELEn., for their fruitful discussions and generous
knowledge sharing. We also gratefully acknowledge Lankun Cai of East China University of Science
and Technology, a longstanding collaborator of the Conservation Center, for technical support and
constructive discussions. During the preparation of this manuscript, the authors used ChatGPT
(GPT-5.6, OpenAl) and Gemini (Gemini 3.5 Flash, Google) for the purposes of language editing
and readability improvement. The authors reviewed and edited all Al-assisted output. All scientific
content, interpretations, and conclusions were developed and finalized by the authors, who take full
responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

Nd:YAG Neodymium-doped yttrium aluminium garnet
LQS Long Q-switched

SFR Short Free Running

pXRF Portable X-ray fluorescence

References

1.  Siano, S.; Salimbeni, R. Advances in laser cleaning of artwork and objects of historical interest: The optimized pulse duration
approach. Acc. Chem. Res. 2010, 43, 739-750. [CrossRef] [PubMed ]

2. Bertasa, M.; Korenberg, C. Successes and challenges in laser cleaning metal artefacts: A review. J. Cult. Herit. 2022, 53, 100-117.
[CrossRef]

https://doi.org/10.3390/heritage9110457


https://www.mdpi.com/article/10.3390/heritage9110457/s1
https://www.mdpi.com/article/10.3390/heritage9110457/s1
https://doi.org/10.1021/ar900190f
https://www.ncbi.nlm.nih.gov/pubmed/20108953
https://doi.org/10.1016/j.culher.2021.10.010
https://doi.org/10.3390/heritage9110457

Heritage 2026, 9, 457 28 of 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Siano, S.; Agresti, J.; Cacciari, I.; Ciofini, D.; Mascalchi, M.; Osticioli, I.; Mencaglia, A.A. Laser cleaning in conservation of stone,
metal, and painted artifacts: State of the art and new insights on the use of the Nd:YAG lasers. Appl. Phys. A. 2012, 106, 419-446.
[CrossRef]

Angoletti, S.; Brini, A.; Mazzoni, M.D. L'impiego del laser nel laboratorio di restauro Bronzi e Armi antiche dell’Opificio delle
Pietre Dure: Il proseguo dell’esperienze operative sulla pulitura delle porte realizzate per il Battistero fiorentino [Use of the laser
in the Opificio delle Pietre Dure’s laboratory for ancient bronzes and arms: Continuing operational experience in cleaning the
doors made for the Florentine Baptistery]. In APLAR 6. Applicazioni Laser nel Restauro; Brunetto, A., Lanterna, G., Mazzei, B.,
Eds.; Nardini Editore: Florence, Italy, 2019; pp. 325-338. (In Italian)

Pucci, E.; Sarri, S.; Agresti, J.; Siano, S. La testa in bronzo dorato dell'imperatore Antonino Pio: Problematiche conservative
e pulitura laser [The gilded bronze head of Emperor Antoninus Pius: Conservation issues and laser cleaning]. In APLAR 6.
Applicazioni Laser nel Restauro; Brunetto, A., Lanterna, G., Mazzei, B., Eds.; Nardini Editore: Florence, Italy, 2019; pp. 355-363. (In
Italian)

Baruffetti, M.; Angoletti, S.; Belluzzo, P; Brini, A.; Cagnini, A.; Porcinai, S.; Ortolani, E.C.; Galeotti, M.; Bartoli, L.; Tartaglia, S.;
et al. The restoration of the amalgam gilded bronze elements from the Baptismal Font of Siena: Remarks on laser ablation in
combination with other cleaning methods. In Lasers in the Conservation of Artworks XIII; Siano, S., Ciofini, D., Eds.; CRC Press:
Bocca Raton, FL, USA, 2024; pp. 245-254. [CrossRef]

Dajnowski, A.; Lins, A. The practical use of lasers in removing deteriorated Incralac coatings from large bronze monuments. In
Lasers in the Conservation of Artworks VIII; Radvan, R., Asmus, ].F., Castillejo, M., Pouli, P,, Nevin, A., Eds.; CRC Press: Bocca Raton,
FL, USA, 2011; pp. 47-52.

Basso, E.; Pozzi, F,; Reiley, M.C. The Samuel F. B. Morse statue in Central Park: Scientific study and laser cleaning of a 19th-century
American outdoor bronze monument. Herit. Sci. 2020, 8, 81. [CrossRef]

Mignemi, A.; Collina, V.; Ricotta, N.; Speranza, L.; Angoletti, S.; Cagnini, A.; Porcinai, S.; Galeotti, M. Pulitura laser del bronzo
non dorato conservato in interno: Un approccio innovativo per la messa a punto dei parametri operativi e tecnica di applicazione
ad immersione [Laser cleaning of indoor non-gilded bronze: An innovative approach to parameter optimization and immersion
technique]. In APLAR 7. Applicazioni Laser nel Restauro; Andreotti, A., Brunetto, A., Lanterna, G., Mazzei, B., Eds.; Nardini Editore:
Florence, Italy, 2022; pp. 267-281. (In Italian)

Pucci, E. Una testa feminile dal Museo Archaeologico Nazionale di Firenze: La pulitura laser per il recupero di finiture antiche
[A female head from the National Archaeological Museum of Florence: Laser cleaning for the recovery of ancient finishes].
In APLAR 8. Applicazioni Laser nel Restauro; Andreotti, A., Brunetto, A., Lanterna, G., Mazzei, B., Sansonetti, A., Eds.; APLAR
(Self-Published): Vicenza, Italy, 2025; pp. 121-131. (In Italian)

Gervais, A.; Meier, M.; Mottner, P.; Wiedemann, G.; Conrad, W.; Haber, G. Cleaning historical metals: Performance of laser
technology in monument preservation. In Lasers in the Conservation of Artworks VI; Nimmrichter, J., Kautek, W., Schreiner, M.,
Eds.; Springer: Berlin, Germany, 2007; pp. 37-44. [CrossRef]

Froidevaux, M.; Platt, P.; Cooper, M.; Watkins, K. Laser interactions with copper, copper alloys and their corrosion products used
in outdoor sculpture in the United Kingdom. In Lasers in the Conservation of Artworks VII; Castillejo, M., Moreno, M., Oujja, M.,
Radvan, R., Ruiz, J., Eds.; CRC Press: Bocca Raton, FL, USA, 2008; pp. 277-284.

Garbacz, H.; Fortuna-Zalesna, E.; Marczak, |.; Strzelec, M.; Koss, A.; Zatorska, A. Evaluation of laser cleaning of old copper roofing
and gilding using tunable length laser pulses. In Lasers in the Conservation of Artworks IX; Saunders, D., Strli¢, M., Korenberg, C.,
Luxford, N., Birkhoélzer, K., Eds.; Archetype Publications: London, UK, 2013; pp. 204-206.

Petiti, C.; Toniolo, L.; Gulotta, D.; Mariani, B.; Goidanich, S. Effects of cleaning procedures on the long-term corrosion behavior of
bronze artifacts of the cultural heritage in outdoor environment. Environ. Sci. Pollut. Res. 2020, 27, 13081-13094. [CrossRef]
[PubMed ]

Korenberg, C.; Baldwin, A. Laser cleaning tests on archaeological copper alloys using an Nd: YAG laser. Laser Chem. 2006, 2006,
75831. [CrossRef]

Drakaki, E.; Klingenberg, B.; Serafetinides, A.A.; Kontou, E.; Katsikosta, N.; Tselekas, P.; Evgenidou, D.; Boukos, N.; Zanini, A.
Evaluation of laser cleaning of ancient Greek, Roman and Byzantine coins. Surf. Interface Anal. 2010, 42, 671-674. [CrossRef]
Di Francia, E.; Lahoz, R.; Neff, D.; Angelini, E.; Grassini, S. Laser cleaning of Cu-based artefacts: Laser/corrosion products
interaction. Acta IMEKO 2018, 7, 104-110. [CrossRef]

Rezk, R.A.; Abdel Ghany, N.A.; Mostafa, A.M. Laser-assisted method for cleaning and analysis of archaeological metallic coins.
Coatings 2022, 12, 1548. [CrossRef]

Di Francia, E.; Lahoz, R.; Neff, D.; De Caro, T.; Angelini, E.; Grassini, S. Laser-cleaning effects induced on different types of bronze
archaeological corrosion products: Chemical-physical surface characterization. Appl. Surf. Sci. 2022, 573, 150884. [CrossRef]
Torrisi, L.; Cutroneo, M.; Torrisi, A. Laser cleaning and patina depth profiles of new and ancient copper coins. Heritage 2026,
9,221. [CrossRef]

https://doi.org/10.3390/heritage9110457


https://doi.org/10.1007/s00339-011-6690-8
https://doi.org/10.1201/9781003386872-26
https://doi.org/10.1186/s40494-020-00426-8
https://doi.org/10.1007/978-3-540-72310-7_5
https://doi.org/10.1007/s11356-020-07814-4
https://www.ncbi.nlm.nih.gov/pubmed/32016874
https://doi.org/10.1155/2006/75831
https://doi.org/10.1002/sia.3482
https://doi.org/10.21014/acta_imeko.v7i3.610
https://doi.org/10.3390/coatings12101548
https://doi.org/10.1016/j.apsusc.2021.150884
https://doi.org/10.3390/heritage9060221
https://doi.org/10.3390/heritage9110457

Heritage 2026, 9, 457 29 of 29

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

Swit, P; Gargano, M.; del Hoyo-Meléndez, ]. M. Beam characterization of a microfading tester: Evaluation of several methods.
Herit. Sci. 2021, 9, 78. [CrossRef]

Scott, D.A. Copper and Bronze in Art: Corrosion, Colorants, Conservation; Getty Publications: Los Angeles, CA, USA, 2002; pp. 339-344.
Shen, Y. Raman spectroscopy in the analysis of a Qing Dynasty gilt-brass Buddhist statue with polychromy. . Light Scatt. 2026,
38, 185-196. (In Chinese) [CrossRef]

Shen, Y.; Zhang, G.; Zhou, X. Identification of an unusual pale green material on the surface of an ancient Chinese bronze vessel
and application of laser cleaning to its removal. Herit. Sci. 2023, 11, 87. [CrossRef]

CEN. EN 16782:2016; Conservation of Cultural Heritage—Cleaning of Porous Inorganic Materials-Laser Cleaning Techniques for
Cultural Heritage. CEN: Brussels, Belgium, 2016.

Pini, R.; Siano, S.; Salimbeni, R.; Pasquinucci, M.; Miccio, M. Tests of laser cleaning on archaeological metal artefacts. J. Cult. Herit.
2000, 1, S129-S137. [CrossRef]

Siano, S.; Salimbeni, R. The gate of paradise: Physical optimization of the laser cleaning approach. Stud. Conserv. 2001, 46,
269-281. [CrossRef]

Lee, H.; Cho, N.; Lee, J. Study on surface properties of gilt-bronze artifacts, after Nd:YAG laser cleaning. Appl. Surf. Sci. 2013, 284,
235-241. [CrossRef]

Panzner, M.; Wiedemann, G.; Meier, M.; Conrad, W.; Kempe, A.; Hutsch, T. Laser cleaning of gildings. In Lasers in the Conservation
of Artworks VI; Nimmrichter, J., Kautek, W., Schreiner, M., Eds.; Springer: Berlin, Germany, 2007; pp. 21-28. [CrossRef]

Siano, S.; Grazzi, F.; Parfenov, V.A. Laser cleaning of gilded bronze surfaces. J. Opt. Technol. 2008, 75, 419-427. [CrossRef]

Masi, G.; Chiavari, C.; Avila, J.; Esvan, J.; Raffo, S.; Bignozzi, M.C.; Asensio, M.C.; Robbiola, L. Corrosion investigation of fire
gilded bronze involving high surface resolution spectroscopic imaging. Appl. Surf. Sci. 2016, 366, 317-327. [ CrossRef]
Madden, O.; Abraham, M.; Scheerer, S.; Werden, L. The effects of laser radiation on adhesives, consolidants, and varnishes. In
Lasers in the Conservation of Artworks V; Dickmann, K., Fotakis, C., Asmus, J., Eds.; Springer: Berlin, Germany, 2005; pp. 247-254.
[CrossRef] [PubMed]

Pouli, P. Laser Cleaning Studies on Stonework and Polychromed Surfaces. PhD thesis, Loughborough University, Loughborough,
UK, 2000.

Zafiropulos, V. Laser ablation in cleaning of artworks. In Laser Cleaning: Optical Physics, Applied Physics and Materials Science;
Luk’yanchuk, B., Ed.; World Scientific: Singapore, 2002; pp. 343-392. [CrossRef]

Striova, J.; Fontana, R.; Barbetti, I.; Pezzati, L.; Fedele, A.; Riminesi, C. Multisensorial assessment of laser effects on shellac applied
on wall paintings. Sensors 2021, 21, 3354. [CrossRef] [PubMed ]

Croveri, P; Demmelbauer, M.; Poli, T.; Cavaleri, T.; Giovagnoli, A.; Chiantore, O. La pulitura laser di leghe metalliche di interesse
artistico: Modificazioni morfologiche e chimiche di superfici patinate e non [Laser cleaning of artistic metal alloys: Morphological
and chemical changes in patinated and unpatinated surfaces]. In APLAR 4. Applicazioni Laser nel Restauro; Brunetto, A., Ed.;
11 Prato: Padua, Italy, 2013; pp. 295-306. (In Italian)

Cronyn, J.M. The Elements of Archaeological Conservation; Routledge: London, UK, 1990; pp. 217-219, 226-227. [CrossRef]
MacLeod, I. Conservation of corroded copper alloys: A comparison of new and traditional methods for removing chloride ions.
Stud. Conserv. 1987, 32, 25-40. [CrossRef]

Frank, E.; Paulson, M.; Londero, P.; Snow, C. A preliminary investigation into the use of laser cleaning to stabilize bronze disease.
In Objects Specialty Group Postprints; Dodson, K., Wilcop, M., Chao, R., Eds.; American Institute for Conservation: Washington,
DC, USA, 2019; Volume 26, pp. 123-142. Available online: https://resources.culturalheritage.org/osg-postprints/v26/frank/
(accessed on 24 August 2026).

Sawicki, M.; Bramwell-Davis, V.; Dabrowa, B. Laser cleaning from a practical perspective: Cleaning tests of varied gilded-wood
surfaces using Nd:YAG Compact Phoenix laser system. AICCM Bull. 2011, 32, 44-53. [CrossRef]

Theodorakopoulos, C. The Excimer Laser Ablation of Picture Varnishes: An Evaluation with Reference to Light-Induced
Deterioration. Ph.D. Thesis, Royal College of Art, London, UK, 2005.

Asmus, J.F. Light for Art Conservation. Interdiscip. Sci. Rev. 1987, 12, 171-179. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/heritage9110457


https://doi.org/10.1186/s40494-021-00556-7
https://doi.org/10.13883/j.issn1004-5929.202601019
https://doi.org/10.1186/s40494-023-00933-4
https://doi.org/10.1016/S1296-2074(00)00139-4
https://doi.org/10.1179/sic.2001.46.4.269
https://doi.org/10.1016/j.apsusc.2013.07.087
https://doi.org/10.1007/978-3-540-72310-7_3
https://doi.org/10.1364/JOT.75.000419
https://doi.org/10.1016/j.apsusc.2016.01.101
https://doi.org/10.1007/3-540-27176-7_30
https://www.ncbi.nlm.nih.gov/pubmed/42904876
https://doi.org/10.1142/9789812777515_0008
https://doi.org/10.3390/s21103354
https://www.ncbi.nlm.nih.gov/pubmed/34065913
https://doi.org/10.4324/9780203169223
https://doi.org/10.1179/sic.1987.32.1.25
https://resources.culturalheritage.org/osg-postprints/v26/frank/
https://doi.org/10.1179/bac.2011.32.1.007
https://doi.org/10.1179/isr.1987.12.2.171
https://doi.org/10.3390/heritage9110457

	Introduction 
	Materials and Methods 
	Laser Cleaning Setup 
	Assessment and Analytical Methods 
	Specimens and Artefacts 

	Results and Discussion 
	Operational Fluence Windows and Reflectance: From Optical Properties to Structural Reality 
	Cleaning Gilt and Silvered Surfaces: Beyond Expectation, Within Reason 
	Removal of Aged Restoration Residues: From Abrupt Detachment to Practical Control 
	Localised Treatment of Chloride Pitting: Revisiting a Long-Neglected Parameter 
	Defining the Role of Laser Cleaning in Bronze Conservation: A Practical Framework 
	Between Experimental Control and Conservation Reality: The Value and Limits of Practice-Based Evidence 

	Conclusions 
	References



