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Abstract

Preservation of cultural property for the future is one of the most important activities of our 
society. The information which we can gather from such materials is a valuable key to
understanding the past. Conservation is a process which includes a range of different 
treatments. Cleaning is one of the critical steps of the conservation process and involves
stabilizing the material and the exposure of hidden details on the surface of the artifact in
question. As the artifacts are often fragile and irreplaceable it is very important to choose 
suitable techniques and methods to avoid damage. Research is still continuing to develop new
or improved techniques. One of these new techniques is laser cleaning which has shown good 
potential as a cleaning tool in many material categories in conservation work.

This thesis presents an investigation of laser cleaning techniques of metal artifacts using
Nd:YAG and TEA CO2 lasers. The work is divided into seven chapters; 

Chapter 1
The thesis begins with an introduction to the subject of laser cleaning in the context of
conservation. The final part of this chapter includes a brief summary of the five published 
research papers which constitute chapters 3 – 7. 

Chapter 2 
The second chapter describes the ethical questions which must be addressed when scientific 
research interacts with the field of conservation. The ethical approach of this research work is 
described and explained in this section.

Chapter 3
Paper A:  Cleaning of corroded iron artifacts using pulsed TEA CO2 and Nd:YAG lasers
This paper presents the results of an experimental program to use CO2 and Nd:YAG lasers to
clean corrosion products and organic materials off corroded metallic samples. The Nd:YAG 
laser produced some positive results and it was demonstrated that the CO2 laser could be an 
extremely effective cleaning tool when dealing with organic materials (such as wax) and thin 
layers of corrosion (especially if the surface of the artifact was wet). 

Chapter 4 
Paper B: The removal of layers of corrosion from steel surfaces: A comparison of laser 
methods and mechanical techniques
This paper presents a direct comparison of the efficacy of laser cleaning with mechanical
brushing and micro-blasting for removing substantial layers of iron oxide from specially made
samples. The conclusions drawn from this work indicated that micro-blasting was slightly 
more effective than laser cleaning and that Nd: YAG lasers performed better than CO2 lasers. 

Chapter 5 
Paper C: Removal of adhesives and coatings from iron artifacts using pulsed TEA CO2 and
Nd:YAG lasers 
This paper concentrated on the removal of different adhesives and polymer fillers from metal 
surfaces (as these materials are often present as a result of earlier conservation work). The
CO2 laser proved to be an extremely useful tool in this context because its light is absorbed by
polymers but reflected by the underlying metal.
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Chapter 6 
Paper D: Experimental study on the effect of wavelength in the laser cleaning of silver threads 
This paper concentrated on a specific conservation problem involving the cleaning of a fabric 
made up of thin silver tape wrapped around silk fibres. Three Nd:YAG laser wavelengths 
were employed: 1,064nm, 532nm and 266nm. The two longer wavelengths were found to 
damage both the silver and the silk. The 266nm (Green) wavelength cleaned the silver surface 
without damaging the silk. 

Chapter 7 
Paper E: Cleaning oxides from copper artifacts using a frequency-doubled Nd:YAG Laser 
This paper presents the results of an experimental program investigating the ablation of 
oxides from copper alloy surfaces using a frequency doubled Nd:YAG laser. A collection of 
coins with similar levels of surface oxidation were cleaned using range of laser pulsing 
parameters on dry, wet and submerged surfaces. It was discovered that laser cleaning was 
always associated with one of two types of coin surface damage. At higher powers the 
damage took the form of surface melting and at lower powers the incident laser beam 
converted the original oxide layer into adherent droplets of molten metal. 
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Introduction
1.1 Survey on the thesis

Motivation behind this thesis 
The overall motivation behind this thesis came from the requirement to investigate the little
known subject of laser cleaning of corroded metal artifacts. Although laser cleaning has 
gained acceptance in other areas of conservation (e.g. Stone statues and paintings) the process 
has not been widely applied to metal artifacts of historical value. This work is clearly of an 
interdisciplinary nature and involved a collaboration between Luleå University of Technology
and The Kiruna Center for Conservation of Cultural Property (The employer of the
researcher). The project attracted funding from The National Heritage Board of Sweden and 
Norrbotten’s Research Council.

Methodological approach 
Although the eventual aim of this research is the understanding of laser cleaning in the 
context of historical metal artifacts, it was decided at an early stage that items of historical
value should play only a minor role in the research. The main reason behind this decision was
the consideration that laser-material interaction experiments often result in material damage
(melting etc.). Damage of this sort would, of course, be contrary to the ethical requirements of 
conservation. For this reason the historical importance of all the artifacts involved in this 
research was low. 
The research involved the use of four different laser wavelengths as follows; 
a. TEA CO2 laser - 10,600 nm (Infra-red) 
b. Nd:YAG laser - 1,064 nm (Infra-red) 
c. Nd:YAG laser (frequency doubled) - 532nm (Green) 
d. Nd:YAG laser (frequency quadrupled) - 266nm (ultra-violet) 
During the experiments the effect of these different wavelengths on various materials was
compared (although not all types were involved in every case).The laser cleaning process was 
carried out on wet and dry samples as water can have a favourable effect on the laser-material
interaction. In some cases these laser treatments were compared with traditional, mechanical
cleaning techniques such as micro-blasting and brushing. The comparison of the effectiveness
of the cleaning methods involved; Optical and SEM microscopy, Profilometry, Raman
spectroscopy and X-ray spectroscopy. 

Conclusions
From the work presented in this thesis the following general conclusions can be reached;

General points 

Laser cleaning is an effective technique for assisting in the conservation of metal artifacts
since it provides a high degree of control during cleaning allowing fragile objects or items
with a considerable amount of surface detail to be effectively cleaned. This degree of control 
is essential when preserving items with surface relief, original tool markings and surface
patina. It is also important to use good monitoring and controlling techniques and skilled
operators with experience of the process to achieve the most satisfactory results.
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The technique must be used with care since process parameters must be set so as to prevent 
over cleaning. This is especially true when removing inorganic corrosion products since these 
show a great variation in their absorptivity and thus react differently to laser irradiation. At 
the moment process parameters must be set on a case by case basis and there remains much to 
be investigated before lasers will be commonly used in metal conservation. 

Specific points 

1. Micro blasting techniques were found to be more effective than laser techniques in 
removing substantial corrosion layers from steel surfaces. 
2. An Nd:YAG laser is a more effective cleaning tool than a TEA CO2 laser for corroded 
steel.
3. Wet corroded steel surfaces can be cleaned more effectively than dry surfaces. 
4. TEA CO2 lasers are more effective at cleaning polymeric materials off metal surfaces than 
Nd:YAG Lasers. 
5. Frequency quadrupled (ultraviolet) Nd:YAG laser light is an effective cleaning tool for 
silver threads which are combined with silk threads. The other three wavelengths noted above 
damage both the silver and the silk. 
6. Frequency doubled (Green) Nd:YAG Laser light cannot be used to clean copper oxides 
from copper substrates without some surface melting of the copper or the copper oxide. This 
laser-material interaction is, therefore, inappropriate for conservation purposes. 

Suggestions for future work    
1. The investigation into the improvement in performance when laser cleaning wet samples 
could be extended to liquids other than water. Liquids with superior penetration 
characteristics and higher volatility (such as alcohols or solvents) could be stimulated by laser 
irradiation to eject corrosion products from metal surfaces with greater efficiency than water 
alone.

2. Fundamental studies into the interaction of lasers with a wide range of metal oxides would 
form a useful step in the future development of laser cleaning of corroded artifacts. 

3. High speed, high magnification photography studies would help in our understanding of the 
laser-material interactions involved in laser cleaning.

4. Eventually, collaboration should be started with a builder of laser cleaning equipment to 
develop a device specifically for cleaning corroded metallic artifacts. 
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1.2 Introduction to the subject 

Conservation of artifacts 
There is a long history of the collection and restoration of historic artifacts. In the past the 
collected items were repaired where necessary by craftsman. The need for more professional 
techniques to take care of objects of interest first arose when the serious collection of such 
artifacts/curios began. Such collected artifacts have a symbolic value and must also be 
regarded as a source of important historical information. However, the care of artifacts, which 
often have decayed as a result of long exposure to the elements and to human handling, is not 
easy. As early as the 18th century treatment of different kinds of historical artifacts was 
carried out [1].

Conservation is the action of preserving artifacts which are the material remains of the past. It 
is important to remember that original artifacts are irreplaceable and that the preservation of 
cultural artifacts is essential from a historical, social and cultural point of view. One of the 
main aims of conservation is to ensure that historical artifacts are available for examination
today and in the future.

The key to successful conservation is a complete understanding of the material from which an 
artifact is made and the associated process of decay. However, for many materials the 
processes of decay are complicated and are still far from clear. In recent years a wide range of 
techniques have been employed to improve and to facilitate conservation work which avoids
damage and increases the state of preservation of artifacts.

In recent years advances in technology have created tools that are revolutionizing 
conservation techniques. The latest of these is the use of high-intensity light (lasers) for 
surface cleaning of artifacts. Lasers remove/clean undesirable contaminants as well as old and
decayed conservation materials to preserve the original material. The technology is based on
the selective vaporisation of an optically absorbing substance such as a contaminant from the 
reflective underlying surface. During the past 30 years cleaning of different materials using 
laser radiation has been studied and compared with the other methods and has shown to give 
good results [2]. 

The science of conservation has grown out of an earlier craft tradition of restoration and now 
involves the application of the theory and practice of technical methods to conservation 
procedures. Conservation has an important role in bringing the past to life, and also in 
minimising the effects of further deterioration on the material itself. Conservation of
archaeological artifacts is concerned with the objects and structures which represent the 
archaeological record. The investigation of excavated artifacts plays an important part in 
understanding the activities associated with an excavated site. However, exposure of an 
archaeological object at an excavation often results in changes to the material as a result of the 
sudden change in the environment in which the artifact finds itself. Materials can become
unstable and decayed which can result in a series of damaging changes to the object.
Conservation helps reveal the historical evidence that an artifact contains and maintains them 
in good condition for different studies today and in the future and thus has an important role 
in the process of understanding societies and technologies from the past.
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The processes of conservation involve two main activities, rectifying past deterioration and 
preventing further deterioration. It is important to understand that the result of both activities 
depend on an understanding of the characteristics of the objects themselves.  

Ethics in conservation 

Applying and developing conservation techniques demands not only a high degree of manual 
skill but also a knowledge of material science and early technology, combined with an 
aesthetic sense. Conservation procedures are used to preserve the nature and condition of 
objects, to rectify or restore the effects of poor manufacture, of use and decay, and to prevent 
or minimize any future deterioration. However, any act of conservation should be applied 
following the codes of ethics of professional conservation associations so that both 
authenticity and integrity of the original are maintained. These principles and codes of 
practice represent attempts to set standards and to guide or regulate practice. The 
Conservation Committee of the International Council of Museums (ICOM) has produced a 
document entitled ‘The conservator-restorer: a definition of the profession’ which underlines 
the fact that recognition and respect of the nature of individual objects are fundamental values 
in any conservation work. The principal goal for all conservation procedures should be to 
stabilise the object. Such procedures should be documented and reversible. In addition, all 
added materials and physical or genetic modification should be clearly identifiable from the 
original object or specimen [3, 4]. In Europe, the European Confederation of Conservator-
Restorers’ Organisation (E.C.C.O) in co-operation with other European cultural institutions 
has defined recommendations and guidelines for conservator/restorers in the European 
community [5]. These guidelines cover the complicated questions of ethics in all fields of 
conservation and describe how a conservator works, which is often very different from the 
simple repair, cleaning or restoration carried out in the past by craftsman. All treatments 
should take account of the original shape and surface details, materials adhering to the 
artifacts and also the original nature of the remaining material. It is recognised that no 
treatment is in the strictest sense ‘reversible’ but the most important criterion is that the 
conservator should interfere minimally with the true nature of an artifact. Finally, 
conservators and all others working with historical artifacts, for instance archaeologists, 
specialists, curators, analytical scientists, etc., are expected to work only within their own area 
of expertise [6, 7]. The subject of ethics is discussed in further detail in chapter 2 of this 
thesis.

Cleaning

The main aim of all conservation treatment is to increase the stability of the object being 
treated. The process of removing material from an object, often described as cleaning, is an 
important part of the stabilizing process and is one of the most important processes in the 
conservation of artifacts. Removing contaminants from an object also removes a potential 
source of deterioration. Cleaning is also a preparatory process for further treatments such as 
the coating of a surface or the joining of broken parts. Cleaning procedures, which involve 
removal of materials from an artifact, are the most difficult to control and the results can be 
highly critical for the long term preservation of the item.  

There are two categories of contaminants which must be cleaned from artifacts; foreign matter 
which is not part of the original object, and materials resulting from the chemical and physical 
deterioration of the original material of the object. Foreign matter is simply secondary 
material that has become mixed with the original material. This  also  includes  adhesives  and  
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filling material from old repairs because conservation processes are not permanent and both 
the object and added materials can change. Re-treatment is necessary if an earlier treatment
has failed or has proved unsuitable. Deterioration products, such as metal corrosion products, 
form through a chemical reaction between the original material and chemicals from the 
environment such as gases in the air or salts in solution from the soil or the sea [8]. The
deterioration and long term preservation of any material depends on both the nature of the 
material and the surrounding environment.

There are many different kinds of cleaning methods and techniques to choose from including 
mechanical and chemical cleaning. However, the choice of cleaning process to use in 
conservation is frequently complicated by questions such as ‘what will be removed?’ or ‘what 
will be preserved?’. This is because the distinction between optimum cleaning and over-
cleaning is often quite subtle (see Figure 1). In many instances cleaning requires the 
conservator to make a professional judgement as to what the final appearance of the object 
should be and thus how much of the contaminating material should be retained. The method
chosen must ensure that the cleaning process does not damage the object. However, the 
results are often strongly dependent upon the skill and experience of the individual 
conservator since all effective cleaning processes are capable of causing some degree of
damage if incorrectly used. In practice, it is rarely possible to entirely separate the
contaminants from the object. In any case, removing a product of the deterioration process, 
which was originally a part of an artifact, involves removing some of the artifact itself [8]. 
Even if cleaning is carried out with care, techniques such as micro-blasting will always result 
in some loss of material from a surface, particularly from a crumbling decayed surface,
simply because abrasive particles cannot discriminate between the dirt and the substrate. The 
loss of surface detail can reduce the aesthetic appeal of an artifact and in extreme cases can 
even lead to deterioration of the material. Also, chemical-based cleaning techniques leave
residues within the material which can cause long-term problems.

It is clear that there are many questions, both technical and ethical, that need to be considered
when deciding on which cleaning treatment to use. Science and technology cannot answer the 
ethical questions, but they can offer different methods and techniques which avoid or 
minimise damage whilst still giving satisfactory cleaning results.

     (a) contaminated      (b) clean          (c) cleaner         (d) cleanest          (e) over-clean 

Figure 1. The distinction between optimum cleaning and over-cleaning is often quite subtle. 
The conservator has to make a choice as to the final appearance of the treated object
following the cleaning process [8].

Metals

The most typical type of deterioration seen in metal artifacts is the result of chemical changes
rather than physical damage. Most metals, with the exception of gold, are not particularly 
stable. Chemicals from many different sources in the environment react with metals to form
more stable compounds which are observed as corrosion. The corrosion products replace the 
metals and also affect the physical properties of the artifact. Corrosion products are often 
chemically the same as raw  material  of  metals, i.e. ores.  Extracting a metal by, for instance,
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the process of smelting is in effect the reverse of corrosion [6]. Corrosion crusts (see Figure 2) 
are usually a mixture of a number of corrosion products (Table 1) which often have embedded 
in them impurities from the surroundings.

     (a) corroded nail                   (b) cross-section                   (c) details of corroded surface 

Earth
minerals Sound

metal

Corrosion
products

Original
surface

Figure 2.  Example of a typical corroded archaeological iron object 

Table 1.  Corrosion products of iron [6, 9]

Corrosion
products

Chemical formula of compounds Colour Characteristics

Wuestite FeO   iron (II)oxide Black

Magnetite Fe3O4  iron (II, III)oxide Black Magnetic

Maghemite -Fe2O3 iron (III)oxide Dark brown

Hematite -Fe2O3   iron (III)oxide Bright-red Protective,
when heated above 200ºC 

Goethite -FeOOH
iron (III)oxyhydroxide

Red/brown/yellow As bulky mass

Akaganeite ß-FeOOH iron (III)oxyhydroxide Orange Metal-rust interface, grows
when chloride ions around

Lepidocrocite -FeOOH
iron (III)oxyhydroxide

Orange-red

Limonite FeOOH iron (III)oxyhydroxide Amorphous

Siderite FeCO3 iron (II)carbonate Grey/yellow/brown In calcareous soil

Pyrite FeS2  iron (II)disulfide Yellow

Vivianite Fe3(PO4)2·8H2O
iron (II)orthophosphate

White/blue Protective

Rozenite FeSO4·4H2O iron (II)sulfate Green

Jarosite NaFe3(OH)6(SO4)2
iron (II)sulphate

Pale blue/yellow Powdery

Taconite Low-grade iron ore, contain
about 25% Fe as magnetite

To arrest the process of decay of metal artifacts, especially archaeological artifacts,
conservation is necessary.  A typical conservation treatment includes several procedures such
as cleaning, repair, stabilisation and finishing. During the repair, broken pieces of an artifact 
could be put together using some kinds of adhesive. Here, reversibility is one of the most
important points from the conservators ethical viewpoint. To stabilise the condition of an 
artifact, the causes of decay have to be removed as much as is possible. For stabilising
archaeological   iron  artifacts   the  removal   of  chlorides  (desalting)  in  deionised  water  is
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commonly employed. The final process in metal conservation is usually a surface treatment.
Here, for example, a surface coating can be applied to the artifact which acts as protection.

The cleaning of metal artifacts is normally accomplished using mechanical or chemical
methods [10]  chosen by taking into account the kind of material involved, the condition of
object, and also the aim of the conservation work. Mechanical cleaning techniques involve a 
wide range of tools. Hand tools, such as scalpels, can be used to remove corrosion products 
piece by piece and, to avoid damaging the artifact, the tool used should be softer than the 
material being cleaned. Tools powered by electricity, compressed air, or ultrasonics can also 
be used in the cleaning of metals. The most commonly used air-tool is the air-abrasion/micro-
blasting unit. Here abrasive powders of a variety of hardnesses are propelled in a fine jet of air 
onto the artifact. This method requires skill and considerable operator experience since 
damage of the artifact due to over cleaning can easily occur. Another problem with the 
blasting method is that the abrasive powder can remain trapped in the porous materials which 
could cause problems in the future. Chemical cleaning, on the other hand, is accomplished by 
dissolving the contaminant or by causing something to react with it. Different kinds of
chemicals can be used depending on the material from which the artifact is made and the 
contaminants present. As with any technique, there are risks associated with this method. In 
general, chemical cleaning is difficult to control and the chemicals used can cause further 
problems, such as solvents penetrating micro-cracks to reach the weakened artifact. The use 
of toxic chemicals also presents a potential health risk for conservators and can be damaging
to the environment.

Laser cleaning

Introduction

The word Laser is an acronym for Light Amplification by Stimulated Emission of Radiation.
Laser radiation is an intense monochromatic (single colour) light which is emitted in a highly
collimated beam. The modern theory of light began in the 1700s in the work of Isaac Newton. 
However, the most important theory concerning lasers, that of stimulated emission, was first 
suggested by Albert Einstein in 1917. Physicists tried to prove the theory without any success 
until the invention of the maser (microwave amplification by the stimulated emission of
radiation) by Charles H. Townes in 1957 in the USA. Following the invention of the maser,
speculation arose as to whether the same principles could be applied to light. The first laser,
which used a synthetic ruby, was finally demonstrated by Theodore Maiman in 1960. His 
ruby laser emitted coherent light at a single wavelength 694 nm at the red end of the visible 
spectrum. Since the invention of the first laser many different types of laser have been 
developed and applied in a wide range of fields. Each type of laser emits a characteristic
wavelength in the infrared (IR), visible or ultraviolet (UV) regions (see Figure 3). The 
character of a laser is dependent on the type of material that emits the laser light, the laser’s
optical system, and the way the laser is energised. Lasers come in a wide range of power 
levels from less than a milliwatt to many kilowatts [2, 11].

Whilst different lasers have different characteristics, they often share some common 
properties. Most lasers are monochromatic (i.e. single-coloured) and coherent and have high 
directionality. Laser power is usually measured in watts (joules per second) and shows how 
much energy the laser  releases  per unit time. Lasers can emit pulses of various durations and
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repetition rates, or they can emit a continuous beam. Some lasers, such as the Nd:YAG laser
used in this study, can emit at different wavelengths by using harmonic generation.

108

10

10-1

Gamma
rays

107

106

105

104

103

102

1

10-2

UV

m)
0,600 nm)

Visible

IR

Wavelength
nm

Electromagnetic
Radiation

Types of lasers

KrF  Excimer (248nm)
HeCd  (325 nm)

Ar ion (515 nm)
HeNe (633 nm)
Ruby (694 nm) 

GaAs (845 nm)
Nd:YAG (1064 n
CO2 (1

Microwave (Maser)

Radiowave

Figure 3.  The electromagnetic spectrum and examples of lasers used to generate at different 
frequencies.

Cleaning applications 

Since the invention of the first laser development has been extremely rapid and the unique 
properties of laser radiation have been applied in many different ways. Cleaning and 
removing of surface layers is one application where lasers can be used to generate clean
surfaces without the use of environmentally hazardous solvents [12]. Some of the industrial 
applications of lasers include the removal of contaminants from semiconductors [13], 
removing paint from metal [14], removing various contaminants from magnetic media
surfaces [15], and the pre-treatment of stainless steel prior to adhesive bonding [16]. Lasers 
are also being investigated with regard to their use in the field of artwork conservation and 
restoration. Laser cleaning has been used successfully in several conservation applications 
and has great potential as an effective alternative to many traditional methods of cleaning.
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The first research studies on the application of laser technology to art restoration were 
performed in 1972 by Asmus and co-workers [17]. Since those first attempts using the ruby-
laser, different types of lasers have been tested on different materials. For example, Nd:YAG 
lasers emitting in the infrared part of the spectrum have been applied to the removal of black 
encrustations from stone, including marble [18] and limestone [19]. The laser cleaning of 
stone is based on selective removal of contaminants due to differential absorption of the 
contaminants and the underlying substrate. The laser cleaning of other materials, for example
stained glass [20], photographs [21], tiles [22], paper and parchment [23] and paintings [24,
25], has also been investigated. A requirement for all these applications is that the cleaning of
the surface should not cause damage to the underlying material. In the conservation of metals
a few examples of laser cleaning have been reported. Because the corrosion products are 
usually mixed in with the original material it is often difficult to distinguish between them. 
For the cleaning of metal artifacts two types of lasers have been used; TEA CO2 and 
Nd:YAG. The former have been applied to the cleaning of corroded metals [26, 27] and
Nd:YAG lasers to the cleaning of aluminium sculptures [28], archaeological finds [29], gilded 
bronze [30] and lead statues [31]. Since laser cleaning can be carried out in a selective and
highly precise way without exerting mechanical pressure or requiring chemicals, it allows far 
better preservation of surface details on fragile metal objects. However, an understanding of 
the technique and care in its application are required in order to avoid thermal damage such as 
melting and oxidation of the treated metal surface.

Laser cleaning offers advantages over traditional cleaning methods involving chemical or 
mechanical action [32]. These include:

Non-contact: energy is delivered in the form of light. 
Low environmental impact: no hazardous chemicals or solvents and the process 
generates very small quantities of waste material.
Selectivity: can be tuned to interact with specific substances.
Localised action: cleans only where directed. 
Versatility: in some cases the availability of radiation at other wavelengths can 
increase the flexibility.
Preservation of surface relief: sensitive enough to preserve fine detail. 
Controlled removal: a specific thickness of material can be removed, and the laser 
can be stopped immediately.

However, lasers have a large initial investment cost which is probably the biggest 
disadvantage of this technique.

Mechanisms

Cleaning by laser irradiation involves complex mechanisms such as photo-thermal,
photochemical and mechanical effects on the target material. The exact mechanisms which 
are active depend on the parameters of the laser irradiation and on the physical and chemical
properties of the surface. A summary of the parameters affecting the laser cleaning process is
presented in Figure 4. The most important cleaning parameter is the energy density/fluence of
the laser beam which is defined as the energy per unit area and is usually measured in joules 
per square centimetre. It is important that the fluence is high enough to remove the 
contaminant layers but low enough to prevent damage the substrate. Also, the interaction 
between the laser beam and the target is influenced by parameters such as the wavelength, 
pulse length and transport medium characteristics.  In  general,  short  pulses  from a  laser are
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used in cleaning applications since this helps prevent heat from being conducted into the 
substrate. When a laser beam interacts with a surface, the major part of the incident energy is
absorbed and the remainder is reflected. Strong absorption of energy leads to rapid heating of 
the surface contaminants and ablation (due to a shock wave caused by the thermal expansion 
of the contaminant layer) occurs. If the fluence is increased above a certain point, some of the 
material will be heated to a sufficiently high temperature to cause it to vaporise. Since a laser
beam can have no effect on a surface unless it is at least partially absorbed [33], this process 
of ablation and vaporisation results is a so-called a ‘self-limiting process’ allowing cleaning to 
be carried out within safe parameters. Once the contaminant has been removed, further pulses 
will have no effect and cause no damage to the reflective metal surface. 

Figure 4. Ishikawa diagram of the factors affecting the laser cleaning process 

Wet cleaning 

Two types of laser cleaning have been reported in the literature, both using pulsed lasers, but 
either with or without the presence of a thin liquid film (usually water).  These are sometimes
referred to as dry or steam laser cleaning respectively. In dry laser cleaning most of the 
incident energy can be absorbed on a targeted surface allowing selective cleaning by control
of the laser wavelength. This technique is useful when the substrate and contaminant layer or 
particles have different laser absorption characteristics causing the substrate or particles to be 
rapidly heated by the laser pulse leading to their ejection or vaporisation. However, in certain
applications such as the removal of encrustations, better cleaning efficiency can be achieved
by choosing a laser wavelength that is strongly absorbed by the surface together with a thin
water film [34]. Water brushed or sprayed onto the surface before the laser irradiation will 
penetrate into the contaminant layer where it will be rapidly heated by the laser leading to
explosive vaporisation of the water. This results in efficient particle removal from the surface.
However, in a typical laser-cleaning situation, the expected peak temperature of perhaps 
370ºC together with the high transient pressure due to the vaporisation of the water of up to a
few hundred atmospheres can result in substrate damage, especially in rough or porous 
surfaces. However, this peak temperature exists only for a very short time, and most material
surfaces show no sign of damage after a few pulses [35]. 

Liquid coating
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Repetition rate 
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A brief overview of the five research papers which constitute Chapters 3 -7 
of this thesis 

Paper A (Chapter 3) 

Title; Cleaning of corroded iron artifacts using pulsed TEA CO2- and Nd:YAG-lasers
This paper is an edited combination of the following two publications; 

Authors; Y.S. Koh and I. Sárady 

1. Cleaning of corroded iron artifacts using pulsed TEA CO2- and Nd:YAG-lasers 
Published in Journal of Cultural Heritage vol. 4 Supplement 1, 2003 (Proceedings of the 
Conference LACONA IV, Lasers in the Conservation of Artworks IV, Sept. 11-14, Paris, 
France, 2001). 

2. Surface cleaning of iron artifacts by lasers
Presented at the Conference LACONA V, Lasers in the Conservation of Artworks V, 
Sept.15-18, Osnabrueck, Germany, 2003). 

Abstract

Archaeological iron artifacts are often covered with a crust containing organic fibres, mineral
particles, dirt, etc. Before conservation, this crust must be carefully removed. With traditional 
mechanical and chemical methods there is an obvious risk of over-cleaning. These methods
also increase the risk of the oxidised or primary corrosion layer breaking away which will 
lead to loss of information about the form of the object and other important surface details. 

The main advantage of using pulsed lasers for cleaning metallic archaeological artifacts is that
the removal of the crust is well controlled and can be carried out layer by layer. To determine
the most suitable irradiation conditions, the wavelengths and the fluence for successful
cleaning must be evaluated carefully.

Different lasers have been used in this investigation: TEA CO2 lasers have been successfully 
used for removal of organic materials and rust.  Q-switched Nd:YAG lasers at IR and at green 
wavelengths, which have different absorption characteristics, have also been tested. The 
Nd:YAG laser was able to clean the corroded samples, however, the risk of surface damage
was higher than when using the TEA CO2 laser. A comparison between laser cleaning and
micro blasting revealed that the lasers achieved a superior performance. Analysis of the 
surfaces cleaned by lasers has been performed by optical and scanning electron microscopy,
x-ray spectrometry and Raman-spectrometry.

Zn coating

Before After

5 mm 

Figure A1. Nail covered with rust, fibres and mineral particles, before and after treatment 
with the pulsed TEA CO2 laser. The original Zn-coating became visible after laser treatment.
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a B c d

2 mm

Figure A2. The surface of blasted and laser treated specimens.
a) Original rusty surface.  b) Glass blasted, but ’over-cleaned’ surface, with changes in the 
topography. Some areas remain rusty.  c) Surface after moderate glass blasting.  d) Wet 
cleaned surface with TEA CO2 laser, showing uniform cleaning effects. 

Conclusions

The laser cleaning technique must be used with care since process parameters must be set so 
as to prevent over cleaning. This is especially true when removing inorganic corrosion 
products since these show a great variation in their absorptivity and thus react differently to 
laser irradiation. At the moment process parameters must be set on a case by case basis and 
there remains much to be investigated before lasers will be commonly used in metal
conservation.

Knowledge of the physical and chemical properties of materials to be treated is critical when 
choosing a laser suitable for surface cleaning prior to conservation. One relevant phenomenon
is that metals can be subjected to high far infrared laser radiation fluences with no significant 
surface heating or damage. However, even TEA CO2 laser pulses cause surface damage if 
used at fluences that exceed those used in normal cleaning operations. Many other factors
influence the result of laser cleaning and even the same laser gives different results depending 
on the character of the substrate. The colour, porosity and surface structure all affect the 
process. Changes in the thickness of the contaminant layer also require changes to operating 
parameters.

Paper B (Chapter 4) 

Titel; The removal of layers of corrosion from steel surfaces: A comparison of laser methods
and mechanical techniques

Authors; Y.S. Koh, J. Powell, and A.F.H. Kaplan,

Submitted to Applied Surface Science, accepted with minor revisions (2005)
and presented at the 10th NOLAMP Conference, Luleå, 17-19 August 2005, pp. 315-330, Ed. 
A. Kaplan. 

Abstract

A series of steel substrates with precisely grooved surfaces were produced and subsequently
corroded under controlled conditions. The oxidised surfaces were then cleaned by one of eight 
methods, three of which were mechanical (brushing or micro blasting with Al2O3 or Glass) 
and five of which were Laser dependant (TEA CO2 or Nd:YAG laser  with  or without surface
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water). Surface profilometry and Scanning Electron Microscopy have been used to compare
the cleaned surfaces with the original, known, surface geometries. The relative efficacy of the
eight cleaning methods has been quantitatively compared for three different types of grooved 
surface and three different levels of corrosion. Typical results are presented in figure B1
below.

Case Pictures Optical profilometry Amplitude range

Reference
no corrosion 0.47 – 0.46 =

0.01 mm 

Micro blast, 
Al2O3 0.42 – 0.39 =

0.03 mm 

Micro blast, 
glass 0.42 – 0.34 =

0.08 mm 

Nd:YAG laser 
1064 nm, wet 0.43 – 0.30 =

0.13 mm 

Nd:YAG laser 
532 nm, wet 0.36 – 0.29 =

0.07 mm 

Nd:YAG laser 
1064 nm, dry 0.31 – 0.27 =

0.04 mm 

Nd:YAG laser 
532 nm, dry 0.50 – 0.33 =

0.17 mm 

TEA CO2 laser
10600 nm 0.41 – 0.12 =

0.29 mm 

Rotating
stainless steel 
brush

0.45 – 0.10 =
0.35 mm 

Reference,
corrosion 0.46 - 0.22 =

0.24 mm 

Figure B1. A comparison of the cleaning results for 0.5 mm deep grooves and moderate 
corrosion
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Conclusions

Within the scope of this study micro blasting techniques cleaned iron oxides from 
steel surfaces more effectively than laser methods. 
Wet surface Nd:YAG laser techniques were more effective than dry surface 
techniques. This increase in effectiveness is probably the result of the break up of the 
oxide layer by the sudden expansion and vaporisation of trapped liquid in cracks and 
pores.
Steel brushing cleaned the oxide from the surface in some cases but this was 
accompanied by substrate erosion.    
The TEA CO2 laser was less effective than the Nd:YAG laser in removing oxide 
layers.

Paper C (Chapter 5) 

Titele; Removal of adhesives and coatings from iron artifacts using pulsed TEA CO2- and 
Nd:YAG-lasers

Authors; Y.S. Koh and I. Sárady 

Presented at Conference on Laser Techniques and Systems in Art Conservation, SPIE, 
Munich, Germany, June 18-19, 2001. 

Abstract

Selective and precise removal of surface coatings and contaminants can be achieved using 
lasers with a suitable wavelength. In this study pulsed TEA CO2- and Nd:YAG-lasers have 
been used to remove old adhesives and coatings from iron artifacts. This laser cleaning 
technique can enable extremely precise removal of old coating layers without damaging the 
underlying metal. Cleaning tests on different samples using an Nd:YAG-laser with 
wavelengths of 1,064 nm and 532 nm and a TEA CO2-laser at 10,600 nm have been carried 
out. Trial samples were treated with a range of adhesives and coatings used in metal 
conservation and then cleaned using the three lasers. The results were compared with a 
conventional technique, micro blasting. Comparison of the laser cleaned surfaces was 
performed by optical microscopy and Raman-spectroscopy. The comparative study showed 
that the best results were achieved with the TEA CO2 laser, with the coatings being removed 
entirely without damage to the substrate. The original surface of the substrate was preserved 
and any re-deposited particles could be removed easily using a scalpel or brush after the laser 
radiation treatment. Typical results are presented in figure C1 below. 

Conclusions

When selecting a laser for cleaning corroded archaeological artifacts, the physical and 
chemical properties of the material must be considered. The lasers used in these trials, 
Nd:YAG and TEA CO2, operate in the visible, near and far infrared respectively. An 
important property of metals is their poor absorption in the far infrared which allows them to 
be subjected to relatively high laser radiation density or fluence at these wavelengths with 
little risk of surface heating or damage. 
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a. TEA CO2 laser b. Nd:YAG Green laser c. Nd:YAG Infrared laser d. Micro blast

O. Original metal
surface
T. Cleaned by TEA 
CO2 laser

G. Cleaned by Nd:YAG
laser 532 nm (green)
A. Remains of araldite
after cleaning

A. Remains of araldite
after cleaning
N. Cleaned by Nd:YAG
laser 1064 nm

A. Remains of araldite
after cleaning
MB. Cleaned by Micro 
Blast

G 3 mm AO A

AT MBN

Figure C1.  The appearance of a trial sample coated with araldite.

Paper D (Chapter 6) 

Title; Experimental study on the effect of wavelength in the laser cleaning of silver threads

Authors; Y.S. Koh, J-M. Lee and J.-E. Yu 

Published in Journal of Cultural Heritage vol. 4 Supplement 1, 2003 (Proceedings of the 
Conference LACONA IV, Lasers in the Conservation of Artworks IV, Sept. 11-14, Paris, 
France, 2001). 

Abstract

Laser removal of surface contaminants on silver threads was carried out using Nd:YAG laser
radiation from the near infrared (1064 nm) through visible wavelength (532 nm) to  ultraviolet 
(266 nm) produced by frequency harmonic generation. The silver thread in the museum
textile was made of silver and silk in which a silver ribbon wraps a bunch of silk fibres. The 
goal of this work is to assess the feasibility of cleaning the tarnished silver without any 
damage of the underlying silk since the conventional chemical treatment is problematic to 
apply for this specific specimen.

Figure D1. Silver and silk surfaces after laser treatment at 266 nm 
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Conclusions

Laser removal of the surface tarnish on a silver thread textile was carried out by using a Q-
switched Nd:YAG laser. In order to investigate the effect of laser wavelength, three different 
wavelengths of 1064 nm (near infrared), 532 nm (visible) and 266 nm (ultraviolet) were used 
at almost the same laser fluence. Successful removal of the tarnish on the silver surface was 
achieved by the laser irradiation at 532 nm and 266 nm while 1064 nm was found to be 
inappropriate due to excessive melting of the metal. It was also found that thermal damage 
such as burning and disconnection of the underlying silk was caused at 1064 nm and 532 nm. 
The amount of heat generation with the different wavelengths can be estimated qualitatively 
by investigating the change of surface colour in the heat-affected zone around the laser-
irradiated spot. It was found that the heating effect decreased with decreasing laser 
wavelength. In addition, it was found that shorter wavelength provided a higher removal 
efficiency and lower threshold laser fluence for the removal of the surface tarnish. As a 
summary, a shorter wavelength like UV radiation is much more effective and efficient for 
cleaning the silver threads since it does not produce any apparent damage to the silver or the 
silk inside (see figure D1).

Paper E (Chapter 7)

Title; Cleaning oxides from copper artifacts using a frequency-double Nd:YAG laser

Authors; Y.S. Koh, D. Bergström, J. Powell, G. Åberg, J. Grahn and A.F.H. Kaplan, 

To be submitted to Studies in Conservation (2006) 
and accepted for presentation at PICALO 2006, Melbourne (AUS), April 3-5, 2006.

Abstract

This paper presents the results of an experimental program investigating the ablation of 
oxides from copper alloy surfaces using a frequency doubled Nd:YAG laser. A collection of 
coins with similar levels of surface oxidation were cleaned using range of laser pulsing 
parameters on dry, wet and submerged surfaces. It was discovered that laser cleaning was 
always associated with one of two types of coin surface damage. 

Conclusions

Although frequency doubled Nd:YAG lasers can be used to remove oxides from copper coins 
there is always (within the experimental scope of this paper) a residual alteration of the coin 
surface. Either; 
a) the surface of the coin is melted  
or;
b) the oxide surface is transformed into small droplets of metal which adhere to the coin 
surface.
These effects are generally microscopic and only visible at high magnification (see figures E1 
and E2). 
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Optical photos SEM SEM

Sample 4 
Laser power 35 W 
Pulse length 55 nS 
Pulse frequency
3000 Hz
Raster speed 100 m/s

c

b

1 mm 100 μm 10 μm

27 mm 

1 mm 100 μm 10 μm

Sample 2 
Laser power 55 W 
Pulse length 60 nS 
Pulse frequency
5000 Hz
Raster speed 100 m/s

c

b

Sample 5 
Laser power 75 W 
Pulse length 75 nS 
Pulse frequency
7000 Hz
Raster speed 100 m/s

c

1b

100 μm 10 μm

1 mm

1mm

1mm

1mm

27 mm 

100 μm 10 μm

100 μm 10 μm

27 mm 

100 μm 10 μm

Figure E1. Optical and scanning electron microscopy of three coins cleaned with different 
pulse conditions (note the melted surfaces which are visible at higher magnification).
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Figure E2. The effect of reduced laser pulse energy
on the surface (laser power 10 W, pulse frequency 
5000 Hz, pulse length 50 nS, scan speed 100 m/s).
Note that at low powers the copper oxide is melted 
into droplets on the surface of the copper. 
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The ethics of ‘Laser cleaning as a Conservation Technique for 
Corroded Metal Artifacts’ 

2.1. Introduction 
Excavation of archaeological artifacts from different periods is an ongoing activity and there 
are a considerable number of excavated artifacts in museums. It is necessary to have correct 
handling and care rules for these artifacts to prevent degradation due to changes of the 
environment and incorrect handling. The preservation of those artifacts is important because 
all artifacts have their own value as sources of different information from the past. Therefore 
it is essential to choose a correct conservation treatment for each artifact to preserve items of 
irreplaceable cultural heritage.  
Archaeological metal artifacts form a large part of our cultural heritage. However, they are 
often covered with corrosion products and contaminants from the earth. During a 
conservation process an artifact must be cleaned with care and the contaminants must be 
removed as much as possible. At the same time, the original information carried by the 
artifact must also be preserved as much as possible. In general, mechanical or chemical 
methods are used for cleaning metal artifacts. However, there are risks of damage with 
traditional methods, due to over-cleaning or due to chemical residues which can cause the 
corrosion of the artifact afterwards. As a result of the damage, vital information can be lost.
Development of the technology of conservation is an ongoing process which aims to find 
more effective and safer conservation methods. Recently, interest in using laser cleaning on 
historical artifacts has been increased significantly in several material categories. Laser 
technology has several advantages over traditional cleaning methods in conservation. Also, it 
is a safer method without any use of chemicals. This means no contact with hazardous 
chemicals for the conservator, no corrosion problems due to chemical residues on the cleaned 
artifact and no toxic discharge into the environment.                  
The aim of this research work is to help to develop a laser technology which is effective and 
safe for the cleaning of archaeological metal artifacts. The goal is to avoid the use of health 
damaging and environmentally hazardous chemicals as much as possible. As a result the 
cleaning process will be safer and the preservation of archaeological metal artifacts will be 
improved.     

2.2. Ethical problems and limitations
Ethics may be interpreted in different ways. One of these is the accepted practice relating to a 
specific profession, and this is self monitoring [1].  A researcher or professional, who ignores 
the relevant ethical principles, will find difficulties in being accepted by others in the same 
profession, regardless of the quality of the work carried out. On the other hand, there is a risk 
that ethical principles limit the freedom to investigate new theories by means of research and 
experiments. As a result, the quality of the work could possibly be undermined. Research 
ethics involves not only the society of researcher, but also the society outside of it. Therefore, 
to follow ethical principles correctly requires an understanding of how both science and 
society interact.
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The ethical basis of conservation 

Since conservation, just like medicine, has the power to damage, distort, or destroy the object 
being cared for, it is practised within a framework of ethical standards and principles. The 
principles and the codes of practice are attempts to set standards and to guide or regulate 
practice to protect cultural heritage from damage. Also this is done to protect the interests of 
public and the owners [2]. Ethics in conservation are regulated by ‘the law on relics of ancient 
culture’ [3] and by guidelines both of national, European (such as of E.C.C.O. [4]) and 
international organisations such as ICOM. The ICOM:s Code of Ethics for museums [5] and 
‘The Conservator-Restorer: a Definition of the profession’ [6] are examples of the guidelines 
which have been produced with this aim. There are several common principles, adapted in 
conservation, which have been directly or indirectly enshrined in various codes [2]; 

1. To ensure that any work undertaken should not affect the significance of the object, 
either the material structure or the intangible meaning. 

2. The minimum amount of interventive work should be undertaken on an object which 
will secure a satisfactory result. If it is possible, new materials introduced should be 
removable.

3. When any restoration is undertaken it should be readily detectable, even if not 
immediately apparent on superficial examination. Conservators are expected to work 
only within their own expertise, and all work should be fully and clearly documented. 

’The law on relics of ancient culture’ came into force the first January 1989 in Sweden, which 
replaced the former laws and the regulations with a joint law to preserve cultural heritage and 
the cultural environment. Chapter 2 deals with legal protection of the ancient finds and relics 
of antiquity in Sweden.

As early as the 19th century collections of curios were recognised as being of historical 
importance. For the preservation of these collections scientific techniques and methods were 
developed by scientists. In the beginning of the 20th century special posts were created at 
museums in Europe to achieve the best results by applying these new methods. For example, 
the first Swedish conservator post was created in 1909 at the National museum in Stockholm. 
A few years earlier the technical development guidelines had been outlined for conservation. 
In 1883 the Italian restoration doctrine was introduced, which still has an impact on the 
ethical principles of conservation. This doctrine recommends that we preserve as much as 
possible, with no renovation or modification, and we document all treatments which have 
been carried out. Later on, an ever-widening range of international charters was presented, 
setting out standards or principles, and codes of practice relating to the understanding and 
preservation of heritage. An example is the Venice Charter from an international congress 
(ICOMOS 1966) that reflects the guidelines from 1883. Earlier guidelines, principles and 
codes are mostly intended for sites and monuments, however it is possible to apply them to 
the conservation of objects. Also, the general ethics of conservation have been developed 
fundamentally over the last 30 years, especially by, for example, Sir Bernard Feilden [7] and 
Hanna Jedrzejewska [8]. 

Conservation in practice

One of the processes in conservation, cleaning, requires the removal of surface contaminants 
with the minimum of damage to the underlying material. Concepts of the absence of damage 
may involve critical considerations that emerge from the detailed knowledge and appreciation
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of the conservator. For example, many architectural bronze items would gradually discolour 
to a greenish or reddish surface colouration (patina), over a period of exposure in the air. In 
this case the best conservation practice may be to remove more recent pollutant layers while 
preserving the layer of patina. Such concerns clearly differ from that of the physicist who 
wishes to produce an atomically clean surface [9]. This is a good example how different 
professionals deal with the same concept. Also, it shows how a misconception, resulting from 
a lack of relevant knowledge, can damage a valuable object. However, differences of opinion 
can take place within the same professional group therefore discussion between all involved 
about the way to construe and apply the ethical principles is necessarily to get the best result.  
An object is often covered with different kinds of deposit, which can obscure the topography, 
the structure and the colour of the surface. However, before anything is removed from the 
surface, the conservator must question the origin of the contaminant. The contaminant could 
be;

1. Dirt which has accumulated in the museum.
2. Dirt which accumulated when the object was in use. 
3. Deposits applied intentionally during use. 
4. Soil deposits on archaeological objects. 
5. Alteration products arising from chemical changes to the object.[10]

The questions arising are; what should be removed and what should be preserved? It is 
obvious to remove museum dirt, which has no connection to the object. But what about the 
others? A wrong decision could lead to not only damage of the object but also the loss of 
important information, such as the marks from a manufacturing process or evidence of use. 
For example, soil and other contaminations from the earth on archaeological objects are 
usually removed. However, the main problem of cleaning arises when the interface between 
the soil and the object is reached. Is it acceptable to remove corrosion products from a metal 
artifact? To remove corrosion products means removing of a part of the object, but corrosion 
products on the surface can prevent observation of the contours of the original surface. In this 
case the conservator will choose a careful removal of corrosion products rather than preserve 
them. The removal of corrosion products, which are a part of the object, is basically against 
the ethical principles in conservation, but it is acceptable in practice because it has benefit of 
revealing more information about the object. Nevertheless the conservator has to pay attention 
not only to the aesthetical appearance of the object but also to possible chemical and micro 
structural changes which could occur. In other words, many questions facing a conservator 
prior to any conservation processes are both practical and ethical. Because it is often hard to 
draw an exact line concerning the ethical problems, a professional judgement by the 
conservator will have vital importance in each case. All decisions should be based on the 
particular series of circumstances prevailing at the time for the particular object to be treated. 
Because no two objects are the same no two treatments should be the same [11]. The basic 
requirement in conservation is to protect historical objects against further deterioration, and 
make them aesthetical presentable without damage to any historical evidence. This is, 
however, impossible in practice. All the historical evidence can not be saved, however there is 
a need for samples, analyses, photos, diagrams, etc. Unfortunately, there is no perfect 
conservation treatment but there is a need for good information and a direct exchange of 
views with others [12]. The principles of conservation should be applied by individual 
judgement and interpretation. Furthermore, they are not comprehensive rules but guidance on 
what factors should be given priority when making decisions [2].                        
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2.3.  The planning and practice of this research work
One difficulty in the planning of a project is that it is impossible to forecast all the incidents 
which can happen during the investigation process which possibly require modification of the 
methods or the issues. However, all changes require a survey of the theory and method to get 
the best results of the research [1]. 
The use of lasers in conservation and restoration is increasing all the time because of the 
advantages of using optical energy rather than conventional methods, which carry risks of 
damage to the material. Hence, the research work ‘Laser cleaning as a conservation technique 
for corroded metal artifacts’ had a good potential of success. The main aim of this research 
work was to develop a more effective and safer cleaning technique in metals conservation. To 
fulfil this aim this research work needed examples, i.e. archaeological metal artifacts, to carry 
out the experiments. However, since the work operates within the framework of metal 
conservation, the ethical principles in conservation needed to be respected. One of the 
important principles, which is relevant in this case, is to change the artifact as little as possible. 
In other words it is not acceptable, from an ethical point of view, to use irreplaceable objects 
in new research. Using historical artifacts in laser tests could destroy both the material and the 
historical evidence carried by them. This is one of principles which has influenced this project. 
The response of the project may be summarized as [13]; 

1. Samples used in this research work are non-registered metal objects, which have no 
historical value but have similar corrosion products to historic artifacts. The aim of 
this work was to find out if the laser technique is applicable to metal objects and to 
compare the effect of different laser systems. Furthermore, the results can be used to 
build a reference of different parameters affecting the cleaning result, which can be 
used in future experiments.

2. The second stage is to do a quantitative study to show the efficiency of laser cleaning 
compared to other traditional methods. Because it is impossible to find several exactly 
similar samples in nature, the samples for the experiments were artificially made. 

3. The final stage involves case studies with ‘real’ metal artifacts. The knowledge and 
the experience from 1 and 2 will be a basis to ensure an acceptable cleaning result 
without any damage to the material or the historical value of the artifact.

For each experiment the results were evaluated by different methods, i.e. optical microscopy, 
SEM, x-ray diffraction and also Raman spectroscopy. Results of analyses of the material 
before and after cleaning are compared to document possible damage by the laser. It is 
possible that the samples using 1 and 2 can be damaged during the experiments, however, 
because those samples are not ‘real’ artifacts with historical value this will not be against the 
ethical principles of conservation.

2.4. Discussion
Technical and methodological development is an ongoing process in conservation to find 
more effective and safer treatments. At the same time, criticism and new alternatives are also 
developing in classical conservation theories, which are characterized by their close 
adherence to Truth. Three essential concepts in classical theories have been criticised: 
reversibility, universality and objectivity. As a result of these criticisms, emerging 
contemporary theory of conservation has substituted the concept of function, use or value of
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the conservation object for that of Truth [14]. The classical principles of ethics could be 
questioned because of different possibilities of interpretation. One good example concerns 
‘damage’. Damage is a theoretical possibility in any conservation practice, because no 
conservation can be performed without the risk of damage. However, what is damage? How it 
can be defined? Unfortunately, to define damage clearly and objectively could be impossible 
in reality. There are many discussions about this complex problem. One is that alteration of an 
object may or may not be deliberate, and that it may or may not be considered positive. If it is 
not deliberate but it is positive, it is ‘Patina’; if it is deliberate and positive, it is ‘restoration’; 
if it is negative, then it is ‘damage’. The decision, i.e. positive or negative, is a result 
influenced by the taste of persons, cultures and time [15]. 
It is very difficult to discuss ethical principles in new research, due to the complexity of 
interpretation, as mentioned above, and unknown factors which are not foreseeable at the start 
of the research. However, there are important ingredients for a good approach in a research, 
i.e. knowledge, good intentions, courage and material and organisational conditions [1]. In the 
research work ‘Laser cleaning as a conservation technique for corroded metal artifacts’ there 
are the following ingredients maintain the ethical (moral) requirement; 

Knowledge; this research work is carried out by an educated, experienced and active 
metal conservator, who is able do evaluation from an ethical conservation point of view. 
Due to cooperation with other expertise in technology at Luleå technical university, there 
is also good technical knowledge to perform experiments and evaluation of the results.
Good intention; the aim of the work is to develop a safer and more effective laser 
technique in the conservation of metal artifacts. Also, the new technique will be a safer 
alternative for the conservator in practice and the preservation of our cultural heritage. 
Courage; nobody can start a research in an almost unknown field without a lot of courage, 
because it requires a large investment of energy, money and time.  
Material and organisational conditions; the material and organisational conditions of this 
project were good from the beginning, because, first of all, it is a part of the development 
work at the division of metal conservation at Kiruna Center for Conservation of Cultural 
Property, and, secondly it has been financed by external means partly from Norrbotten’s 
Research Council and partly from The National Heritage Board in Sweden.   

“….. It should be possible to bring reality near to the ideal and one should not give up the 
ideal because it is difficult to achieve. However, it is clear that to realize the ideal is difficult 
or impossible [16]”. An excessive belief in the efficiency of new techniques, which hinders 
one in seeing the truth, should not be a part of the research process or of the application of 
research results. On the other hand, one should not give up or do inadequate research due to 
limitations in the research or professional ethics. The lure, which fascinates a researcher into 
the unknown, is that to attempt to reach the ideal or the truth, even if it is difficult or 
impossible.           
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The following paper combines from two papers; 

Cleaning of corroded iron artifacts using pulsed TEA CO2- and Nd:YAG-lasers 
Surface cleaning of iron artifacts by lasers

Abstract

Archaeological iron artifacts are often covered with a crust containing organic fibres, mineral 
particles, dirt, etc. Before conservation, this crust must be carefully removed. With traditional 
mechanical and chemical methods there is an obvious risk of over-cleaning. These methods 
also increase the risk of the oxidised or primary corrosion layer breaking away which will 
lead to loss of information about the form of the object and other important surface details. 

The main advantage of using pulsed lasers for cleaning metallic archaeological artifacts is that 
the removal of the crust is well controlled and can be carried out layer by layer. To determine 
the most suitable irradiation conditions, the wavelengths and the fluence for successful 
cleaning must be evaluated carefully.  

Different lasers have been used in this investigation: TEA CO2 lasers have been successfully 
used for removal of organic materials and rust.  Q-switched Nd:YAG lasers at IR and at green 
wavelengths, which have different absorption characteristics, have also been tested. The 
Nd:YAG laser was able to clean the corroded samples, however, the risk of surface damage 
was higher than when using the TEA CO2 laser. A comparison between laser cleaning and 
micro blasting revealed that the lasers achieved a superior performance. Analysis of the 
surfaces cleaned by lasers has been performed by optical and scanning electron microscopy, 
x-ray spectrometry and Raman-spectrometry. 

Keywords: pulsed lasers / surface cleaning / archaeological iron artifacts / optical & scanning 
electron microscopy 
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1. Introduction
In archaeology, most artifacts are extracted from environments in which they have lain for
hundreds or even thousands of years. Since all matter is subject to decay it is very rare to 
discover artifacts in pristine condition. Materials react with chemicals in the environment
such as moisture, oxygen, carbon dioxide, salts, etc. and form various corrosion products. For 
metal artifacts this process occurs both inside and on the surface of the material, which can
become brittle and porous. Contaminants such as mineral grains and organic materials from
the earth can also be incorporated with corrosion products to form a hard crust on the surface 
(see Figure 1). The corrosion of archaeological metal objects continues and can even
accelerate after excavation. Careful use of a suitable conservation treatment is therefore 
necessary to preserve the material and the valuable information that the artifacts carry.

Sound metal
Corroded

layer

Embedded
mineral
particles0.5 mm

Figure 1. Cross-section of an old iron artifact, with a crust of corrosion products and 
embedded mineral particles. 

Cleaning is an essential part of the conservation process and improves both the visual and 
aesthetic appeal of an object and also reveals its condition so that the right treatment can be
chosen to preserve it for future generations. It is also one of the most difficult operations 
undertaken when preserving metal artifacts. Any cleaning must be carried out with great care 
and consideration of the original objects form, function and material. In recent years, a 
number of new methods for cleaning and stabilising iron artifacts have been developed.
Cleaning methods can be classified into four types: electrolytic reduction, electrochemical
stripping, chemical stripping and mechanical stripping 1 . The most common treatments are 
the mechanical ones, which can be carried out using a range of techniques and tools chosen 
according to the thickness of the layer to be removed and the size and strength of the artifact.
For example, dental tools and micro blasting with sand or other abrasives are commonly used
for surface cleaning. However, it is difficult to avoid some surface damage with traditional
mechanical methods since they are difficult to control and have poor precision. As a result,
the original surface can be re-shaped and important and valuable information is lost during
cleaning.

Over the past fifty years, conservation has developed from a simple craft into a skilled
profession using the latest scientific methods [2]. Unfortunately, no entirely satisfactory 
conservation treatment has yet been developed for corroded metal items. For this reason it is
necessary to develop new techniques and methods which are suitable for treating different 
kinds of artifacts.
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Laser cleaning is a modern conservation technique which was developed initially in industry 
as an alternative to wet or chemical cleaning which is environmentally costly [3]. There are 
many different types of lasers which have varying wavelength and energy characteristics. 
Lasers are unique sources of light, providing energy in the form of a very intense, 
monochromatic, well-collimated beam which offers many advantages over traditional 
methods. Laser cleaning is a selective, non-contact method that can lead to better preservation 
of the surface and surface details. Furthermore, laser cleaning is safer from the point of view 
of working conditions and the environment 4 . However, laser cleaning involves very 
complex mechanisms such as photo-thermal, photo-chemical and mechanical effects. 
Cleaning tests on various materials using lasers was performed by John Asmus and co-
workers during the 1970s and gave very promising results. Since the first cleaning tests, 
scientists and conservators have carried out a great deal of research to investigate the use of 
lasers as a cleaning tool on different materials for conservation 5, 6 . As a result lasers are 
now routinely used for cleaning artifacts and in other applications such as imaging [4]. 
Investigations into using lasers for cleaning metal artifacts have also been carried out. 
However, very few applications of laser cleaning of metal artifacts have been reported 7, 8 .

The most common type of laser used in conservation is the Q-switched Nd:YAG laser which 
provides very short pulses of high energy, near infrared radiation at a wavelength of 1,064 
nm. The most important parameter when using Nd:YAG laser for cleaning is the energy 
density (fluence) of the laser beam which is defined as the energy per unit area, J/cm2. The 
energy density should be high enough to remove the dirt layers but low enough to ensure that 
the substrate surface is not damaged [9]. However these principles work best for materials, 
such as stone, parchment, textiles, paintings and stained glass, which show a high contrast 
between absorption and reflection of the surface contaminants and the substrate. 

TEA CO2 lasers have been successfully used, for example, for removing paint from aircraft. 
This is due to the fact that the absorption coefficient of paint materials consisting of organic 
or inorganic compounds is much higher than that of the aluminium substrate [10]. An 
investigation into laser cleaning of various metals using a TEA CO2 laser showed that the 
laser has a substantial effect on the colour and composition of the corrosion layer. However, 
the cleaning effect depended mostly on the character of the corrosion layer being removed 
11 .

The work presented here has investigated the use of lasers for cleaning archaeological iron 
artifacts. The cleaning effects of lasers at three different wavelengths: a 10,600 nm TEA CO2
laser, and 1,064 nm and 532 nm Nd:YAG lasers have been compared. To determine the most 
suitable irradiation conditions, wavelengths and fluence for successful cleaning, careful 
evaluation by optical microscopy, scanning electron microscopy, x-ray spectrometry and 
Raman-spectrometry has been carried out.  
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2. Experiments

2.1 Equipment 

2.1.1 TEA CO2 laser
The TEA CO2 laser used here, the ALLTEC ALLMARK 870, emits radiation at a wavelength 
of 10,600 nm in the form of short pulses, with an energy of 2 - 4 J with a typical duration of
100-1,000 ns at a repetition rate of up to 20 Hz.  As can be seen in Figure 2, at  = 10,600 nm 
most metals absorb poorly, however, organic materials show a strong absorption at this 
wavelength. For this reason, the TEA CO2 laser is very suitable for cleaning organic materials
from metal artifacts. The absorption of radiation in organic compounds is due to the 
interaction of photons with different radicals. CO2 laser photons with energy E=h = 0.116 eV 
strongly excite the –OH, -CH, -CN radicals causing organic compounds to become heated and 
evaporated.

Wavelength ( m)

Steel

Wavelength ( m)

Steel

Figure 2. Absorption characteristics of different metals as a function of wavelength. The 
wavelengths used in the present work are indicated. Since they are poorly absorbed by the 
metal substrate, lasers with longer wavelengths (in this case the CO2 laser) are less likely to
damage the metal artifacts. On the other hand, organic compounds and minerals are often 
transmissive or translucent at visible and near infrared, but absorb strongly in the far 
infrared.

2.1.2 Nd:YAG laser, IR and green
The PARAGON XL Nd:YAG laser emits short duration,  10 ns, pulses with an energy of 
0.5 J in the infrared, 1,064 nm, and 0.25 J at the second harmonic (green), 532 nm
wavelength. A pulse repetition rate of up to 10 Hz is possible with this equipment. The photon 
energy of the IR and green beams are about 1.18 eV and 2.36 eV respectively. 
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2.2 Experimental Methods 

2.2.1 General 
Cleaning tests on different samples using a TEA CO2 laser with 10,600 nm and an Nd:YAG 
laser with wavelengths 1,064 nm and 532 nm were carried out. Due to the need to carry out 
destructive investigation of the samples, no registered archaeological artifacts were used in 
this investigation. The samples used were corroded, buried nails and tools. The type and 
appearance of the samples varied, but most of them were covered with a crust containing 
organic fibres, mineral particles, dirt, etc. 

2.2.2 Dry cleaning 
TEA CO2 laser

Some initial tests with the TEA CO2 laser were needed to find the optimum distance from the 
beam’s focal point and hence the spot size and optimum energy density. Different distances 
from the focus were tested to find the optimum energy density for maximum cleaning effect 
before the cleaning experiment on prepared samples. The optimum energy density was found 
to be in the region at 8 J/cm2. However, it was almost impossible to clean the surface of 
corrosion products with the first pulse and several pulses were often necessary.

The first samples for the experiment were corroded nails which were cleaned by the optimal 
energy density discovered during the initial tests. 

The other sample was a part of an old iron spade which was divided into four small squares, 
about 20 mm X 20 mm. The samples were prepared by cleaning with a rotating brush and 
then coated with microcrystalline wax giving the samples a dark smooth waxy surface. Three 
of the samples were treated using the TEA CO2 laser with one being retained as a reference. 
The distance between the focal point of the laser and the sample was varied to compare the 
cleaning effect of different energy densities and to find the optimal cleaning distance for 
similar iron objects. 

TEA CO2 laser: Micro blasting comparison

The sample, part of an old iron scythe about 75 mm X 75 mm, divided into four areas. The 
first area was kept as a reference of the object before treatment. The surface was covered by 
red-brown corrosion products of iron. One of the areas was cleaned using TEA CO2 laser, 
10,600 nm, whilst the others were cleaned by micro blasting with glass powder of diameters 
0.075-0.15 mm at a pressure 0.6 MPa. To compare the changes on the surface topography one 
of the samples was over-cleaned by micro blast.    

Nd:YAG lasers at two wavelengths 

The optimum energy density for both Nd:YAG wavelengths was determined using the same 
procedure as for the TEA CO2 laser. In the case of the PARAGON XL Nd:YAG laser, the 
object being cleaned was located between 5 and 20 mm from the focal point of the 100 mm 
focal length lens. Discolouration of the surface occurred when the energy density or pulse 
repetition frequency was too high. The laser’s own control system automatically calculated 
the energy densities for the given pulse energy and spot size. The optimum energy density 
values were in the range of 0.4-2.0 J/cm2, depending upon the wavelength used. 



 38 Chapter 3 Paper A Yang Sook Koh
Cleaning of corroded iron artifacts using pulsed TEA CO2- and Nd:YAG-lasers

__________________________________________________________________________

Nd:YAG laser: Micro blasting comparison 

The sample, part of an old iron scythe, was cut into three pieces. The first piece was kept as a 
reference of the object before treatment. The surface was covered by red-brown corrosion
products of iron. Some parts of the surface had flaked off and were unstable. One of the 
pieces was cleaned using the frequency doubled Nd:YAG laser, 532 nm whilst the other was 
cleaned by micro blasting with aluminium oxide powder of diameters 0.050-0.075 mm at a
pressure 0.5 MPa. Before the comparison of the cleaning results the samples went through a 
standard conservation treatment for a metal artifact. The purpose of this was to compare the
final appearance of the samples after pre-cleaning by the different methods. The samples were 
desalted in deionised water, and, then the process involved removal of rust resulting from the 
desalting process, using a rotating brush. The samples were then soaked in ethanol, dried in a
vacuum chamber and coated with microcrystalline wax.

2.2.3 Wet cleaning 
Application of a thin water film on the surface before irradiation (known as steam cleaning)
increases the laser cleaning effect and is especially helpful if the crust is difficult to remove
5 . To investigate the effect of the wet surface on the lasers the samples were dampened 

before cleaning.

The surface of the test sample which was to be cleaned by the TEA CO2 laser was brushed 
with tap water before the cleaning process started. The light from the TEA CO2 laser is 
absorbed by water and hence a thin layer is sufficient to enhance the cleaning process. 
However, water is transparent at the 1,064 nm and 532 nm wavelengths of the Nd:YAG laser. 
For this reason, the test samples could be treated when fully immersed in water. The samples
were simply placed in a jar of water during laser cleaning. 

3. Results and Discussion 

3.1 TEA CO2 laser cleaning 

3.1.1 Dry cleaning 
Cleaning by laser resulted in different effects on the surfaces of the tested samples. It was not
difficult to remove organic materials and thin layers of rust from the surface using the TEA 
CO2 laser. On one of the samples a hidden Zn coating, covered with organic material and rust, 
was revealed during cleaning (see Figure 3). The presence of the Zn coating was confirmed
by scanning electron microscopy and x-ray spectrometry of the surface (see Figure 4).

Zn coating

Before After

5 mm 

Figure 3. Nail covered with rust, fibres and mineral particles, before and after treatment with
the pulsed TEA CO2 laser. The original Zn-coating became visible after laser treatment.
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a)

b)

Zn
Zn

Fe

Fe

Zn

Fe

Fe

Figure 4.  X-ray analysis of the nail, cleaned by TEA CO2 laser. 
(a) Corroded area, where the original Zn-coating has flaked off 
(b) Area where the original Zn-coating is preserved 

Besides inorganic corrosion products such as rust, surface coatings such as wax often require 
removal before a re-conservation of metal artifacts. Organic coatings degrade through 
physical and chemical ageing, which results in their protective properties deteriorating which 
can accelerate the rate of corrosion of the metal substrate. Cleaning/removing of organic 
coatings using a TEA CO2 laser showed promising results in earlier studies since this
wavelength (10,600 nm) is strongly absorbed, whilst inorganic contaminants such as rust and 
dirt show a large variation in absorption, due to composition, water content etc [12, 13]. All 
metals are highly reflective in the far infrared (see Figure 2) and because of this they can be 
subjected to high laser radiation fluence in the far infrared with no significant surface heating
and therefore no surface damage. The TEA CO2 laser used in the experiments was thus a 
logical choice for cleaning metal artifacts which retain a non-corroded metal core since the
laser radiation vaporises the surface contaminants and is then reflected from the underlying 
metal. However, the interaction between laser radiation and different contaminants may be 
complex and must be investigated on a case by case basis prior to extensive cleaning. 

To investigate the performance of the TEA CO2 laser on organic and inorganic contaminants,
special samples were prepared. Part of a  rusty   old   iron  spade  was  divided up into squares
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approximately 20 mm X 20 mm. The samples were prepared by cleaning with a rotating brush 
and then coated with microcrystalline wax. Keeping one sample as a reference the other three
samples were cleaned by the laser over a range of energy densities. The sample which was 
cleaned at the highest energy density, 20 J/cm2 (distance 31 cm), became darker, probably due 
to oxidation of the material or dehydration of surface rust. For the sample cleaned at the 
lowest energy density, 5.1 J/cm2 (distance 33 cm), some of wax coating remained after 
cleaning with 1 or 2 pulses. More pulses could cause damage of the surface. Optimum results 
were obtained with an energy density of around 10 J/cm2. This allowed cleaning with 1 or 2 
overlapping pulses without the risk of damaging the substrate (see Figure 5).

a) Reference b) Distance 33cm c) Distance 32cm d) Distance 31cm
Energy density 5.1 J/cm2 9.5 J/cm2 20.0 J/cm2

Spot size 0.65 X 0.6 cm2 0.5 X 0.42 cm2 0.3 X 0.33 cm2

10 mm 10 mm10 mm10 mm

Figure 5. Removal of wax from samples taken from a spade using the TEA CO2 laser.
Wavelength: 10,600 nm, Frequency: 2 Hz, Spot form: square
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Figure 6. Raman spectroscopy (RENISHAW 200, Ar-ion laser at 514 nm with a magnification 
of between 20-50 X) before and after removing a wax layer from an iron object with a TEA
CO2 laser. a) The analysis shows the presence of a wax coating. b) After TEA CO2 laser
cleaning no traces of wax can be detected. 
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To study the pre- and post-irradiated surfaces of the wax coated samples, Raman spectroscopy
was used since it is non-destructive and allows an accurate indication of the presence or 
absence of a wide range of organic and inorganic compounds (Figure 6). As would be 
expected, the cleaned samples which involved removal of rust and inorganic contaminants
showed similar surface chemistry. In the experiment where wax was to be removed, the 
Raman spectrum of the reference sample showed a clear indication of the wax. On the 
irradiated samples no spectral lines originating from the wax were seen, confirming that the 
laser cleaning process was very effective. 

3.1.2. Wet cleaning 
Wet cleaning using the TEA CO2 laser resulted in rapid cleaning of thin corroded surfaces 
covered with rust and organic contaminants, but the effect on the surface covered by mineral
particles was poor. Some blackening of the surface was observed during operation, but no 
melting of the substrate occurred. 

3.1.3 TEA CO2 laser: Micro blasting comparison

Comparison of laser cleaning with one of the traditional methods, micro blasting with glass 
powder, showed that the TEA CO2 laser cleaned surface retained more of the original
topographical structure than the blasted surface (see Figure 7).

a b c d

2 mm

Figure 7. The surface of blasted and laser treated specimens.
a) Original rusty surface.  b) Glass blasted, but ’over-cleaned’ surface, with changes in the 
topography. Some areas remain rusty.  c) Surface after moderate glass blasting.  d) Wet 
cleaned surface with TEA CO2 laser, showing uniform cleaning effects. 

3.2 Nd:YAG laser cleaning 

3.2.1 Dry cleaning 
The Nd:YAG laser had more difficulty removing organic materials since they absorb poorly 
at shorter wavelengths. The corroded surface became darker at high energy densities and/or 
after several pulses. The use of pulsed near infrared and green Nd:YAG lasers for cleaning
corroded metals is thus limited by the risk for surface melting and blackening due to thermo-
and photo-chemical changes. The reaction mechanism associated with the blackening may be
explained by dehydration of the brownish-red coloured rust by 11]:

2 FeOOH (goethite) + h  => Fe2O3 (maghenite) + H2O
6 Fe2O3 (maghenite)  + h  => 4 Fe3O4 (magnetite) + O2
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At even higher fluences, the Fe2O3 formed can melt as its melting temperature is much lower 
than that of metallic Fe. If this occurs, small, ball-like features can be formed on the surface. 
When using Nd:YAG lasers for cleaning, the process is very sensitive, and correct operating 
parameters and operator care are required. Once the surface has blackened, the laser radiation
is absorbed more readily and further damage can easily occur.

3.2.2 Wet cleaning 
Wet cleaning of samples using the Nd:YAG laser gave better results, as was the case when 
wet cleaning with the TEA CO2 laser. Surface corrosion flaked away from the surface more
easily than it did without the water film. 

3.2.3 Nd:YAG laser: Micro blasting comparison 
In the comparison experiment both cleaning methods, Nd:YAG laser and micro blasting by 
aluminium oxide, removed corrosion products from the samples. However, the microscope
pictures, Figure 8, show that the sample cleaned by laser has a smoother surface than that 
cleaned by micro blasting. Using micro blasting, more of the surface flaked off in an 
uncontrolled manner during cleaning, which resulted in the roughness observed. The laser, on 
the other hand, caused less stress on the unstable surface, which results in a better 
preservation of the surface structure. However, it was noted that laser cleaning was more time
consuming than micro blasting, because a laser spot covered a much smaller area than the jet 
of abrasive particles from the micro-blasting equipment.

a) Reference b) Cleaned by
    Nd:YAG laser

c) Cleaned using
    micro blasting 

10 mm 10 mm10 mm 

Figure 8.  Surface of the samples before (a) and after conservation (b, c) 

3.3 General Notes 
Laser cleaning often relies upon the photomechanical effect of the intense shock wave 
associated with the formation of plasma near the surface 14 .  This effect requires high peak 
powers or energy densities and short pulse duration, which can cause the superficial layer to 
be fragmented into small particles and removed without causing damage to the underlying 
surface. However, the formation of a plasma (a partially ionised cloud of vapour) above the
irradiated metal object can cause surface damage due to plasma heating which results in
discolouring/darkening of the surface. Plasma formation influences the effectiveness of the 
cleaning. This problem was sometimes observed during our experiments, for example, in the 
cleaning test where dark spots were seen on the sample irradiated at the highest energy
density 20 J/cm2 (Figure 5). 
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Due to the vaporization of the surface contamination, an audible ‘click’ can be heard when the 
laser impinges the surface. The character of this sound varies with laser parameters and is also 
affected by plasma formation. An experienced operator will ‘hear’ when the cleaning process 
is most effective. It is also possible to use advanced signal processing to provide closed loop 
feedback [15]. Plasma formation can be prevented by using a shielding gas stream, for 
example Nitrogen, over the sample surface.  

The surface characteristics of the material to be cleaned by the laser are important to achieve a 
good result. One of the characteristics is absorptivity which affected by, for example, surface 
roughness. Rough surfaces absorb more strongly than smooth ones. Very rough surfaces with 
cavities and other ‘hidden’ areas are difficult to clean since a considerable amount of material 
is in the shadow of the laser beam. This problem can be partially overcome by using low 
energy pulses and irradiating from different directions. 

The corroded iron surface on archaeological artifacts is often unstable and easy to flake off. 
Corrosion products are commonly inhomogeneous and their chemical and physical properties 
can vary over the same sample. Many factors affect the quality of any cleaning process, 
however, it is important to examine any artifact before cleaning to avoid unexpected damage. 

4. Conclusions 
Laser cleaning is an effective technique for assisting in the conservation of metal artifacts 
since it provides a high degree of control during cleaning allowing fragile objects or items 
with a considerable amount of surface detail to be effectively cleaned. This degree of control 
is essential when preserving items with surface relief, original tool markings and surface 
patina. It is also important to use good monitoring and controlling techniques and skilled 
operators with experience of the process to achieve the most satisfactory results.  

The technique must be used with care since process parameters must be set so as to prevent 
over cleaning. This is especially true when removing inorganic corrosion products since these 
show a great variation in their absorptivity and thus react differently to laser irradiation. At 
the moment process parameters must be set on a case by case basis and there remains much to 
be investigated before lasers will be commonly used in metal conservation. 

Knowledge of the physical and chemical properties of materials to be treated is critical when 
choosing a laser suitable for surface cleaning prior to conservation. One relevant phenomenon 
is that metals can be subjected to high far infrared laser radiation fluences with no significant 
surface heating or damage. However, even TEA CO2 laser pulses cause surface damage if 
used at fluences that exceed those used in normal cleaning operations [12]. Many other 
factors influence the result of laser cleaning and even the same laser gives different results 
depending on the character of the substrate. The colour, porosity and surface structure all 
affect the process. Changes in the thickness of the contaminant layer also require changes to 
operating parameters.  

The plasma which is occasionally formed during laser cleaning can absorb most of the energy 
in the laser pulse causing the cleaning efficiency to be reduced. Care must also be taken if 
problems with surface dehydration and discolouration of the rust are to be avoided. There is a  
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further risk that any iron oxide formed could melt, which can lead to irreparable damage. 
Such problems can be avoided by careful investigation and mapping of the limiting fluences 
for the particular article to be cleaned. 
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Abstract

A series of steel substrates with precisely grooved surfaces were produced and subsequently 
corroded under controlled conditions. The oxidised surfaces were then cleaned by one of eight 
methods, three of which were mechanical (brushing or micro blasting with Al2O3 or Glass) 
and five of which were Laser dependant (TEA CO2 or Nd:YAG laser with or without surface 
water). Surface profilometry and Scanning Electron Microscopy have been used to compare 
the cleaned surfaces with the original, known, surface geometries. The relative efficacy of the 
eight cleaning methods has been quantitatively compared for three different types of grooved 
surface and three different levels of corrosion. 

mailto:kaplan@ltu.se
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1. Introduction 
In certain circumstances it is important to delicately remove corrosion products from metals 
without damaging the substrate. This subject is of particular interest to archaeologists and 
historians who need to expose the original surface to analyse the manufacturing process or 
surface markings. The corrosion of buried iron artifacts is a complex electrochemical process 
which depends on the metallurgical quality of the item and the local soil conditions. A 
complete understanding of the corrosion of archaeological iron requires consideration of both 
the buried condition of the object and the effect of this on the corrosion process after 
excavation [1,2]. Valuable information can also be preserved in the corrosion products. This 
evidence may be metallurgical, such as metal composition or structure, but also may concern 
the burial environment or associated organic material. Various mechanical and chemical 
surface treatments are available for the removal of surface corrosion and other contaminations 
[3]. Cleaning is an irreversible process and any cleaning activity will unintentionally remove 
evidence from the object. No method is suitable for use on all types of iron. Almost all 
mechanical methods such as vibrotools, drills and brushes are mildly abrasive, and can 
potentially damage the layers beneath corrosion.  
Cleaning methods which employ water or other liquids are more difficult to control than dry 
cleaning techniques. Most of these wet techniques oxidise and etch any exposed iron surfaces. 
Corrosion of iron in the earth is the result of exposure to water, oxygen and chlorides and a 
number of desalisation methods have been developed [4] to minimize corrosion after 
excavation. Of these, the electrolytic and chemical methods can damage aub-surface layers 
[5], high temperature hydrogen reduction has ethical limits [6,7], desalting by diffusion into 
distilled N2-enriched water is slow and limited [8]. 
As both chemical and mechanical techniques can damage the underlying metal, there is a 
great deal of interest in developing a new cleaning technology which is less aggressive to the 
metal surface below the oxide layer. Over the past few years the traditional cleaning methods 
employed by conservators have been augmented by treatments involving the use of lasers 
using non-toxic and environmentally friendly light beams. Laser cleaning [9-11] is a non-
contact process which can be carefully controlled to minimise damage to the metal beneath an 
oxidised surface. For this reason this process has potential advantages over traditional 
chemical or mechanical cleaning methods.  
It is, however, very difficult to quantify the relative performance of cleaning techniques using 
actual historic artifacts because each object is different. For this reason it was decided to 
produce a large number of similar samples with known surface topology and corrosion levels 
in order to accurately compare several laser and non-laser cleaning methods. 

This paper directly compares the effectiveness of eight methods of cleaning a corroded steel 
surface. Three of the cleaning techniques were mechanical in nature and five were laser based 
as listed in Table 1.

Table 1: A list of the cleaning techniques compared in this study 
Mechanical methods Laser based methods 
Microblasting with glass TEA CO2 laser (10600 nm ) 
Microblasting with Al2O3 Nd: YAG laser (1064 nm) on a dry surface 
Rotating steel brush Nd: YAG laser (1064 nm) on a wet surface 

Nd: YAG laser (532 nm) on a dry surface 
Nd: YAG laser (532 nm) on a wet surface 
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In order to carry out a systematic comparison of these methods each one of them was used to 
remove the corrosion products from a set of similar samples. These samples were first 
machined to have identical grooved surfaces (of three types) and subsequently corroded to 
one of three different levels of severity. The cleaned surfaces could then be compared with
each other and with a set of machined but uncorroded reference samples.

2. Experimental work 
2.1 Sample Design 

The material used to produce the samples was a carbon steel (SS 1672) with the chemical
formulation Fe 98.7%, C 0.47 %, Si 0.25 % and Mn 0.60 %.
The samples used in this work were machined to have a surface covered in parallel grooves 
with a cross section of the type shown in Figure 1. The depth of the grooves was either 0.25, 
0.5 or 2.0 mm. The sample size was 30 mm x 30 mm x 13 mm.

Groove height
(0.25, 0.5 or 2.0 mm)90

Figure 1.  A typical cross section of a grooved sample 

2.2 Corrosion technique 

The samples were degreased with acetone before being systematically corroded in a 
corrosion-chamber. The samples were corroded for 3, 5 or 7 weeks by exposing them to 0.1 
M NaCl solution, which was sprayed on the samples twice a day, as shown in the Figure 2. 

SamplesDamp air 

Grating
Damp air 

Water

Figure 2.  Set-up for corrosion of the samples, which also undergo a 0.1 M NaCl shower 
twice a day 

2.3 Cleaning Methods

Micro blasting with glass 
A Normek Sandmaster FG 2-94 was used with a pressure of 6 bar and a nozzle diameter of 
1.8 mm. The glass powder had a diameter range of 0.075- 0.15 mm and the cleaning time was 
30 to 60 seconds per sample of area 30 x 15 mm. 
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Micro blasting with Al2O3

A Normek Sandblaster FG 2-94 was used at a pressure of 2 bar with a nozzle diameter of 1.2 
mm. The aluminium powder had a diameter range of 0.050-0.75 mm and the cleaning time 
was 15 to 60 seconds per sample of area 30 x 15 mm. 

Rotating Steel Brush 
A Kavo dental drill, type K9 915, with steel brush was employed at 5000 revolutions per 
minute for between 90 and 120 seconds per sample of area 30 x 15 mm. 

TEA CO2 Laser (10600 nm, Far InfraRed) on a dry surface 
An Alltec Allmark 870 laser was used with pulse duration of 100 nS and a repetition rate of 
20 Hz. The laser beam was focused by a Ge lens to a spot size of 6x8 mm. The maximum 
pulse energy was 4 J and the peak pulse power was 40 MW. An area of 30 x 15 mm of each 
sample was cleaned for between 60 and 120 seconds.  

Nd:YAG (1064 nm, Near InfraRed) on a dry surface 
A Paragon XL Nd:YAG laser was used with a pulse duration of 10 nS and a repetition rate of 
maximum 10 Hz. The laser spot diameter was 4 mm. The maximum pulse energy was 600 mJ 
and the maximum average power was 6 W. An area of 30 x 15 mm of each sample was 
cleaned for about 60 seconds. The repetition rate for this experiment was 2.5 Hz. 

Nd:YAG laser (1064 nm, Near InfraRed) on a wet surface 
The technique was carried out same as for the previous but in this case the material surface 
had been sprayed with water prior to cleaning. 

Nd:YAG (532 nm, Visible) on a dry surface 
A Paragon XL Nd:YAG laser was used (second harmonic, green) with a pulse duration of 10 
nS and a repetition rate of maximum 10 Hz. The laser spot diameter was 1.5 mm. The 
maximum pulse energy was 300 mJ and the average pulse power was 3 W. An area of 30 x 15 
mm of each sample was cleaned for approximately 120 seconds. The repetition rate for this 
experiment was 2.5 Hz. 

Nd:YAG laser (532 nm, Visible) on a wet surface 
The technique was carried out same as the previous but in this case the material surface had 
been sprayed with water prior to cleaning. 

3. Results
Figure 3 shows the results of the cleaning trials for lightly corroded 0.5 mm grooves (i.e. peak 
to peak distance 1 mm, peak height of 0.5 mm). The results have been arranged with the most 
effective cleaning method towards the top of the figure and the least effective towards the 
bottom (The uncorroded reference sample is shown first and the uncleaned, corroded 
reference sample is shown at the bottom of the figure).  
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Case Pictures Optical profilometry Amplitude range

Reference
no corrosion 0.47 – 0.46 =

0.01 mm 

Micro blast, 
Al2O3 0.45 – 0.42 =

0.03 mm 

Micro blast, 
glass 0.45 – 0.42 =

0.03 mm 

Nd:YAG laser 
532 nm, wet 0.45 – 0.42 =

0.03 mm 

Nd:YAG laser 
1064 nm, dry 0.42 – 0.37 =

0.05 mm 

Nd:YAG laser 
1064 nm, wet 0.45 – 0.42 =

0.03 mm 

Rotating
stainless steel 
brush

0.45 – 0.42 =
0.03

TEA CO2 laser
10600 nm 0.45 – 0.35 =

0.10 mm 

Nd:YAG laser 
532 nm, dry 0.41 – 0.24 =

0.17 mm 

Reference
corrosion 0.46 - 0.22 =

0.24 mm 

Figure 3. A comparison of the cleaning results for the 0.5 mm deep grooves and light 
corrosion
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After reviewing a number of statistical roughness comparisons it was found that a simple 
measure of the range of groove amplitude was the most effective and these values are given 
down the right hand side of the figure. Although corrosion and cleaning had little effect on the 
maximum groove amplitude it had a considerable effect on the minimum amplitude measured 
where the original groove peak or tough would have been located. This location is easy to 
identify as the pitch of the grooves is known. This reduction in groove amplitude is either due 
to the corrosion products filling the bottom of the grooves or the corrosion process removing 
the peaks of the grooves.
The groove amplitude measurements give only a rough guide to the effectiveness of the 
cleaning method and this is made clear by comparison of Figure 3B (micro blast Al2O3) and 
3G (stainless steel brush). Although the groove amplitude measurements are identical for both 
samples it is obvious that the original groove profile has been retained only in the case of 
Figure 3B. The steel brushing method has, by its nature, eroded the upper surface of the 
grooves giving the grooves a shaper peak than the original machined profile. 
Using this combination of groove amplitude measurements and visual assessment of the 
profiles and photos it was possible to rank the effectiveness of the eight cleaning methods for 
the 0.5 and 0.25 mm deep grooves for light, moderate and severe corrosion. The results of this 
grading procedure are presented in Table 2. 

Table 2: A comparison of the effectiveness of the eight cleaning methods for different grooves 
and corrosion condition 

Light corrosion Moderate corrosion Heavy corrosion 
Points 0.5 mm 

Groove
0.25 mm 
Groove

0.5 mm 
Groove

0.25 mm 
Groove

0.5 mm 
Groove

0.25 mm 
Groove

8 = Best A A A A A A
7 B B B B B B
6 C C E C C E
5 D D C E E C
4 E E D H F D
3 F G H G D H
2 G F G F H G
1 = Worst H H F D G F

Key for Table 2:
A  Micro blast, Al2O3  E  Nd:YAG 1064 nm – wet surface                                
B  Micro blast, glass                                                     F  Stainless Steel brush 
C  Nd:YAG 532 nm – wet surface                               G  TEA CO2 laser 10600 nm           
D  Nd:YAG 1064 nm – dry surface                              H  Nd:YAG 532 nm – dry surface 

By allocating points to each process in Table 2 depending on their performance in each case it 
is possible to give an overall performance ranking and this is presented in Table 3. 
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Table 3: An overall ranking of the eight cleaning methods

Ranking Method Points
Best 1 Micro blast – Al2O3 48

2 Micro blast – Glass 42
3 Nd:YAG 532 nm – Wet 34
4 Nd:YAG 1064 nm - Wet 30
5 Nd:YAG 1064 nm – Dry 22
6 Nd:YAG 532 nm – Dry 14
7 Stainless Steel brush 13

Worst 8 TEA CO2 laser 13

For the light corrosion results given in Figure 3 all the cleaning methods are rather effective in 
revealing the original surface pattern under the layer of corrosion. As would be expected, the 
cleaning results are not so impressive for the moderately and heavily corroded samples which 
are presented in Figures 4 and 5.

In the case of the moderately corroded samples there is not much difference between the 
profile for the two least effective cleaning methods and the uncleaned reference sample. Only 
the two micro blast methods and the Nd:YAG – Wet surface techniques reveal a pattern of 
regular sharp points. In the case of the heavily corroded samples (Figure 5) the situation is 
even worse. Here, only the micro blasted specimens give us any useful information about the 
original surface topology. An appropriate analogy here is that of a signal to noise ratio: the 
regular cycle of the original, uncorroded surface can be considered a signal and the corrosion 
process can be assumed to be obscuring this signal with random surface features or ´noise´. 
The cleaning process attempts to remove the noise and re-identify the signal. Figure 6 shows 
that the signal was more rapidly corrupted by the corrosion process in the case of the 0.25 mm 
deep grooves. The results shown here are for the moderate corrosion samples but it is clear 
that even the micro blasting techniques are less effective than they were in the case of the 
deeper grooves. The reason for this decrease in the signal to noise ratio is simply that the 
shallower grooves represent a ´weaker signal´ than the deeper ones. This ´weaker signal´ is 
more easily lost under the action of the corrosion process. 
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Case Pictures Optical profilometry Amplitude range

Reference
no corrosion 0.47 – 0.46 =

0.01 mm 

Micro blast, 
Al2O3 0.42 – 0.39 =

0.03 mm 

Micro blast, 
glass 0.42 – 0.34 =

0.08 mm 

Nd:YAG laser 
1064 nm, wet 0.43 – 0.30 =

0.13 mm 

Nd:YAG laser 
532 nm, wet 0.36 – 0.29 =

0.07 mm 

Nd:YAG laser 
1064 nm, dry 0.31 – 0.27 =

0.04 mm 

Nd:YAG laser 
532 nm, dry 0.50 – 0.33 =

0.17 mm 

TEA CO2 laser
10600 nm 0.41 – 0.12 =

0.29 mm 

Rotating
stainless steel 
brush

0.45 – 0.10 =
0.35 mm 

Reference,
corrosion 0.46 - 0.22 =

0.24 mm 

Figure 4. A comparison of the cleaning results for 0.5 mm deep grooves and moderate 
corrosion



Yang Sook Koh     Chapter 4 Paper B  55 
The removal of layers of corrosion from steel surfaces:A comparison of laser methods and mechanical techniques 
___________________________________________________________________________________________

Case Pictures Optical profilometry Amplitude range

Reference
no corrosion 0.47 – 0.46 =

0.01 mm 

Micro blast, 
Al2O3 0.37 – 0.30 =

0.07 mm 

Micro blast, 
glass 0.37 – 0.29 =

0.08 mm 

Nd:YAG laser 
532 nm, wet

0.34 – 0.15 =
0.19 mm 

Nd:YAG laser 
1064 nm, wet 0.47 – 0.23 =

0.24 mm 

Rotating
stainless steel 
brush

0.57 – 0.30 =
0.27 mm 

Nd:YAG laser 
1064 nm, dry 0.34 – 0.14 =

0.20 mm 

Nd:YAG laser 
532 nm, dry 0.36 – 0.28 =

0.08 mm 

TEA CO2 laser
10600 nm 0.46 – 0.25 =

0.21 mm 

Reference,
corrosion 0.13 - 0.09 =

0.04 mm 

Figure 5. A comparison of the cleaning results for 0.5 mm deep grooves and heavy corrosion 
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Case Pictures Optical profilometry Amplitude range

Reference, no 
corrosion

0.23 – 0.21 =
0.02 mm 

Micro blast, 
Al2O3

0.18 – 0.15 =
0.03 mm 

Micro blast, 
glass

0.19 – 0.15 =
0.04 mm 

Nd:YAG laser 
532 nm, wet

0.27 – 0.17 =
0.10 mm 

Nd:YAG laser 
1064 nm, wet

0.19 – 0.10 =
0.09 mm 

Nd:YAG laser 
532 nm, dry

0.16 – 0.08 =
0.08 mm 

TEA CO2 laser
10600 nm 

0.09 – 0.06 =
0.03 mm 

Rotating
stainless steel 
brush

0.14 – 0.09 =
0.05 mm 

Nd:YAG laser 
1064 nm, dry

0.08 – 0.03 =
0.05 mm 

Reference,
corrosion

0.16 – 0.10 =
0.06 mm 

Figure 6. A comparison of the cleaning results for 0.25 mm grooves and moderate corrosion 
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4. Discussion 
Reviewing all the results presented so far it is clear that the best cleaning results are obtained
by the microblasting processes and the next most effective techniques involve the use of an 
Nd:YAG laser on a wet surface. It is clear from this result that the effective removal of
corrosion products from an iron (or steel) surface must involve some mechanical action. In 
the case of the microblasting processes this mechanical action is provided by the momentum
transfer from the high velocity Al2O3 or glass particles. For the Nd:YAG/wet surface 
technique the mechanical action is provided by the rapid expansion and partial vaporisation of 
the water which has previously penetrated the oxide layer.  Only when the oxide layer is very 
shallow is it possible to remove it effectively by simple laser irradiation (at the power
densities considered here). In this case the mechanical action is simply one of local, thermally
induced, expansion leading to fracture and removal of the brittle oxide surface.

Figure 7. Scanning electron micrographs demonstrating the difference in the cleaned surface 
for wet and dry laser cleaning (2.0 mm grooves)

Figure 7 provides some clues to the difference between the cleaning mechanisms for the dry
and wet samples.
The electron micrographs presented in Figure 7 compare the cleaned surfaces after wet and 
dry laser cleaning with the 1064 nm Nd:YAG laser. The samples presented here are those 
with 2 mm deep grooves (which were intrinsically too rough for examination by the optical 
profilometry used on the 0.25 and 0.5 mm deep grooves). The dry ‘cleaned’ surface is 
covered in a rather thick oxide layer which is clearly cracked and porous. It seems likely that,
in the case of the wet cleaned surface, the water infiltrated these cracks and pores. The 
incident laser has a wavelength (1064 nm) which would pass though any surface water
without being absorbed by it. The laser energy would be absorbed by the solid oxide layer
which would rapidly heat up the water in the cracks and pores.
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This transfer of the heat from the solid to the surrounding water has been noted by Zapka et al 
[12] and Grigoropoulos and Kim [13] when studying the removal of particles from substrates. 
These research projects were concerned with the removal of non-attached debris which was 
more effectively removed from wet surfaces than from dry ones. 
Grigoropoulos and Kim found that submicron sized contaminants could be removed from 
various wet surfaces in a process which involved explosive vaporisation of the liquid. The 
laser energy passes through the liquid without heating it but then heats the submerged solid 
surface. This heat is then rapidly transferred to the liquid film which vaporises. The ejected 
vapour carries the particles away with it.
This mechanism does not entirely explain the results of this present investigation because here, 
we are dealing with an adherent coating of oxide tens or even hundreds of microns thick. A 
probable explanation for the removal of thick, wet oxide layers is the action of the sudden 
expansion of the vaporising water on the cracks and pores within the layer. The forces 
generated by vaporisation would rapidly open the cracks and pores to shatter the brittle oxide 
coating. An in depth investigation into this mechanism will be the subject of future work by 
the present authors. 

5. Conclusions
Within the scope of this study microblasting techniques cleaned iron oxides from steel 
surfaces more effectively than laser methods. 
Wet surface Nd:YAG laser techniques were more effective than dry surface techniques. 
This increase in effectiveness is probably the result of the break up of the oxide layer by 
the sudden expansion and vaporisation of trapped liquid in cracks and pores. 
Steel brushing cleaned the oxide from the surface in some cases but this was accompanied 
by substrate erosion.
The TEA CO2 laser was less effective than the Nd:YAG laser in removing oxide layers.  
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Removal of adhesives and coatings from iron artifacts 
using pulsed TEA CO2- and Nd:YAG-lasers. 
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Abstract
Selective and precise removal of surface coatings and contaminants can be achieved using
lasers with a suitable wavelength. In this study pulsed TEA CO2- and Nd:YAG-lasers have 
been used to remove old adhesives and coatings from iron artifacts. This laser cleaning
technique can enable extremely precise removal of old coating layers without damaging the 
underlying metal. Cleaning tests on different samples using an Nd:YAG-laser with 
wavelengths of 1,064 nm and 532 nm and a TEA CO2-laser at 10,600 nm have been carried 
out. Trial samples were treated with a range of adhesives and coatings used in metal
conservation and then cleaned using the three lasers. The results were compared with a 
conventional technique, micro blasting. Comparison of the laser cleaned surfaces was 
performed by optical microscopy and Raman-spectroscopy. The comparative study showed 
that the best results were achieved with the TEA CO2 laser, with the coatings being removed
entirely without damage to the substrate. The original surface of the substrate was preserved 
and any re-deposited particles could be removed easily using a scalpel or brush after the laser 
radiation treatment.

Keywords: Pulsed lasers; Surface cleaning; Metal conservation; Archaeological iron 
artifacts; Optical Microscopy;  Scanning Electron Microscopy; Raman-spectroscopy.
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1. Introduction 

Corrosion of archaeological metal artifacts takes place very rapidly after excavation because 
moisture and the oxygen in the environment react chemically with elements in the artifact.
During this process corrosion products are formed both inside and on the surface of the 
object. Because of these changes the artifact can become brittle and porous. Careful use of a 
suitable conservation procedure is therefore necessary to preserve both the bulk material and 
detailed structural information on the surface of the artifact.

Archaeological iron artifacts are routinely coated with wax as part of a conservation treatment
to protect against moisture and dirt in the environment. Different kinds of adhesives are also 
used to stick broken parts together. Such conservation treatments are not without their
problems. Coatings and adhesives undergo physical and chemical ageing and damage during 
handling can mean that items require re-gluing and re-conservation.  Without this the items
lose some of their archaeological value. However, it is quite difficult to remove old and aged 
coatings and adhesives. The ageing process changes the solubility of those materials in 
organic solvents which makes chemical cleaning difficult or impractical. In such cases 
mechanical methods such as micro blasting with sand or other abrasives must be used. 
However, this can result in damage or over-cleaning of the surface since the micro-blasting
process is difficult to control and has poor precision. 

Techniques and methods for conservation are developing all the time. The use of lasers is one 
technique that is being tested on a wide range of conservation problems. One of the first 
applications was selectively vaporizing an optically absorbing substance from a reflective
surface, a so called ’laser eraser’, which was developed in the 1960’s by Arthur Schawlow. 
During the 1970’s, cleaning of the surface of polluted marble sculptures and another materials
using lasers was carried out by John Asmus and co-researchers. Since these first test, lasers
have been used by conservators for cleaning many different materials 1 , although until now, 
few applications of laser cleaning of metal artifacts have been reported 2 .
Due to it’s unique properties, laser light enables more effective, predictable and less damaging
cleaning of delicate metal artifacts 3,4 . The advantages of lasers over more traditional 
methods include: 

The cleaning process resulting from irradiation is a physical, not a chemical one 
- No chemical deposits remain on the object and the environment is safer for the 

conservator
- The energy is delivered as light and produces no contact wear or damage
- The process removes surface coatings whilst preserving surface relief 
- The technique is controllable and selective; by changing intensity, wavelength and

focusing
The fact that most metals exhibit low absorption of infrared laser light, makes it an excellent 
tool for cleaning metals during conservation. However, the cleaning effect varies with 
different wavelengths and the nature and structure of the substrate surface, the chemical and 
physical characteristics of the metal and any corrosion products. 
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  Table 1.  Laser systems used in the experiments

TEA CO2 Nd:YAG Nd:YAG ( green)
System Alltec, Allmark 870 Lynton, Paragon XL Lynton Paragon XL
Beam transport 90o deflection, focusing Articulated arm Articulated arm 
Wavelength 10,600 nm 1,064 nm 532 nm
Pulse energy 2 – 4 J,   1 – 80 J/cm2 0.5 J 0.4 – 16 J/cm2 0.25 J; 0.4 - 8 J/cm2

Frequency (used) 1 – 20 Hz  (2 Hz) 1 – 10 Hz  (2 Hz) 1 – 10 Hz  (2 Hz)
Focusing Defocused Defocused Defocused
Spot form Square Round Round

2. Experimental work 
The TEA CO2 and Nd:YAG lasers were first tested on simple non-corroded steel plates which 
had prepared with different adhesives commonly used in metal conservation. These tests 
allowed the optimal threshold energy density for each adhesive / laser combination to be 
found. The effect of the process on the cleaned substrate was also investigated. 
The study then used this data as the basis for further investigations into the cleaning effect of 
the three lasers on corroded metal objects which had been treated with various adhesives and 
waxes.

2.1 Initial trials - Cleaning of non-corroded samples 

Non-corroded samples were coated with six different adhesives a few days before the 
cleaning experiments. Each of the samples, 60mm x 600mm mild steel plates, were coated
with a circle of adhesive that covered their centres. The samples were then divided into four 
quadrants which were then treated using different techniques (See Figure 1.) Quadrant 1 was 
treated with the TEA CO2 laser, quadrant 2 with the 532 nm Nd:YAG laser, quadrant 3 with
the 1,064 nm Nd:YAG laser and quadrant 4 using micro-blasting.

Quadrant 1 Quadrant 2

Quadrant 4Quadrant 3a. b.

10 mm

Figure 1.  Schematic of trial sample plates (a.) showing the adhesive coated area – the 
central circle - and the four quadrants.  An example of a treated plate (b.) coated with Black 
Cyano-Acrylate Adhesive and treated with the four methods described. 

2.1.1 Cleaning of trial samples by TEA CO2 laser

Initial tests with the TEA CO2 laser were needed to find the optimum distance from the 
beam’s focal point and hence the optimum energy density; a total of eight different distances 
were tried. Irradiation distances near the beam focus caused slight melting of the surfaces and
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the use of a defocused beam was found to be necessary to avoid damaging the material.
Plasma formation, which can occur at high energy densities, also affects the efficiency of the
cleaning process. A distance of 60mm or 70 mm from the focus gave optimal results. It was 
found to be almost impossible to remove the adhesives with the first pulse and several pulses 
were often necessary. 

Figure 2.  The principle for 
marking via mask projection 
using a TEA CO2-laser. The
same technique, but without 
the mask has been used for
removal of different
adhesives from the surface of 
steel samples and cast iron 
artifacts. By defocusing the
beam, the energy and power 
density in the spot could be 
varied within wide limits. 

2.1.2 Cleaning of trial samples by Nd:YAG lasers at two wavelengths

The same procedure to find the optimum focus distance and energy density was used for 
the Nd:YAG lasers. It was observed that discolouring of the surface occurred when the 
energy density or pulse repetition frequency were too high. Quadrant 2 and 3 were 
irradiated at the optimised energy density by SHG (green) and IR Nd:YAG laser at 532 
nm and 1,064 nm respectively. The same six adhesives were treated. With the exception 
of the black cyanoacrylate, all the adhesives were transparent or translucent to both the
532 nm and 1, 064 nm beams. In all cases the adhesive was removed, or became brittle
and could be removed with some manual help. The energy densities used, from 0.5 J/cm2

to 2.0 J/cm2, were sufficiently high to give some limited melting of the metal surface
layer.

2.2 Cleaning of corroded and coated samples 

2.2.1 Cleaning of corroded and coated objects by TEA CO2 laser

The optimum energy density for each coating was determined by trials using corroded 
and coated steel sheets and different degrees of beam defocusing, achieved by changing 
the distance – hence, the spot size – from the focusing lens. For the TEA CO2 laser, the
optimum defocusing corresponded to a distance of +70 mm from the focus. The energy 
density was about 7 J / cm2, with a total pulse energy of 4 J. 
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Table 2. Summary of the parameters used for the TEA CO2 laser tests on corroded samples

Distance from the focus +70mm       Energy density 7 J / cm2

Paraloid B 72 
(HMG)

Adhesive removed by 1 or 2 pulses 

Cellulose Nitrate
(Karlssons glue) 

Adhesive removed by 1 or 2 pulses 

Epoxy
(Araldite)

Adhesive not totally removed,
the surface darkened

Cyanoacrylat, gel
   (Loctite 454) 

The adhesive flaked and removed

Cyanoacrylat
  (Loctite 407) 

The adhesive flaked after several pulses
but could not be totally removed

Cyanoacrylat, black
  (Loctite 480) 

Several pulses needed but adhesive not totally 
removed, the surface darkened 

Microcrystalline wax
 (Ter Hell 5495) 

Adhesive removed by 1 or 2 pulses 

Dinitrol 4010, liquid Adhesive removed by 1 or 2 pulses 
Dinitrol To 29241, paste Adhesive removed by 1 or 2 pulses 

Table 3. Summary of the parameters used for the 532 nm visible green Nd:YAG laser tests on 
corroded samples

Nd:YAG (Green 532 nm)  1.9 J/cm2

Paraloid B 72
(HMG)

Adhesive removed,
the metal surface became black 

Cellulose Nitrate
(Karlssons glue) 

Adhesive easy to remove,
the metal surface became almost black 

Epoxy
(Araldite)

The adhesive flaked,
the metal surface became black 

Cyanoacrylat, gel
(Loctite 454) 

Adhesive removed,
the metal surface became black 

Cyanoacrylat
(Loctite 407) 

The object surface darkened 

Cyanoacrylat, black
(Loctite 480) 

Adhesive removed,
the metal surface became black 

Microcrystalline wax
( Ter Hell 5495) 

The metal surface became dull
but not clean 

Dinitrol 4010, liquid The metal surface became dull but not clean 
Dinitrol To 29241, paste The metal surface became dull but not clean 

2.2.2 Cleaning of corroded and coated objects by Nd:YAG lasers at two wavelengths

The optimum energy density for each coating was determined as in 2.2.1. In the case of the 
PARAGON XL Nd:YAG-laser, the spot was applied before the focal point, between –5mm 
and – 20 mm before the focus. The laser’s own processor automatically calculated the energy
densities for the given pulse energy and spot size, i.e. the stated distance from the focus. The 
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optimum energy density values were in the range of 0.4 – 2 J/cm2, depending upon the 
wavelength used. 

Table 4. Summary of the parameters used for the 1,064 nm infrared Nd:YAG laser tests 

Nd:YAG (1,064 nm)  0.4 – 2 J/cm2

Paraloid B 72
(HMG)

The adhesive became discoloured and opaque,
the metal surface melted

Cellulose Nitrate
(Karlssons glue) 

The adhesive became discoloured and dried 

Epoxy
(Araldite)

The adhesive became discoloured 
 and was difficult to remove 

Cyanoacrylat, gel
(Loctite 454) 

The adhesive discoloured and remained on the 
substrate, the surface melted

Cyanoacrylat
(Loctite 407) 

The adhesive discoloured and remained on the 
substrate, the surface melted

Cyanoacrylat, black
Loctite 480)

The adhesive discoloured and was removed 
relatively slowly, no flaking

Microcrystalline wax
(Ter Hell 5495) 

0.5 J/cm2.
Adhesive removed easily 

Dinitrol 4010, liquid 0.4 J/cm2.
The adhesive discoloured and flaked 

Dinitrol To 29241, paste 0.5 J/cm2.  The adhesive was easily removed,
slight darkening of the surface

3. Results 
Cleaning by TEA CO2 laser gave the best results. The surface of the trial samples after 
treatment was clean and bright, but had slight discolouration with a ‘rainbow’ colouration. 
This was caused by a very thin, transparent, oxide layer, which caused optical interference.
The same ‘rainbow’ colours were observed on the non-irradiated metal surface. 

a. TEA CO2 laser b. Nd:YAG Green laser c. Nd:YAG Infrared laser d. Micro blast

O. Original metal surface 
T. Cleaned by TEA CO2
laser

G. Cleaned by Nd:YAG
laser 532 nm (green)
A. Remains of araldite
after cleaning

A. Remains of araldite
after cleaning
N. Cleaned by Nd:YAG
laser 1064 nm

A. Remains of araldite
after cleaning
MB. Cleaned by Micro 
Blast

AO AG 3 mm

AT MBN

Figure 3.  The appearance of a trial sample coated with araldite. 

Removal of adhesives from the corroded iron samples using the Nd:YAG laser gave similar
results to those observed in the non-corroded trial samples; the adhesives discoloured and 
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most flaked off the surface. The oxidised surfaces became slightly darker at high energy
densities and/or after several pulses. The possibility of using pulsed near infrared and green
Nd:YAG-lasers for cleaning bright and oxidized metallic surfaces (eg. corroded artifacts) 
seems to be limited by the risk for surface melting and blackening due to thermo- and photo-
chemical changes and dehydration effects. 

N W

6 mm
T

G

Figure 4.  The appearance of a broken part of an old cast iron cauldron, coated with 
microcrystalline wax, after surface cleaning at different wavelengths.  In this case, the pulsed 
TEA CO2 -laser gives the best cleaning result.
N = Nd:YAG laser 1064 nm, W = untreated micro-crystalline wax coating,
G = Nd:YAG 532 nm (green) laser, T = TEA CO2 laser

4. Discussion 
4.1 Interaction mechanisms

4.1.1 TEA CO2-laser

The TEA CO2 laser used ( ALLTEC ALLMARK 870) emits radiation at a wavelength of 
10,600 nm in the form of short pulses, typically 100 – 1,000 ns duration, and an energy of
2 – 4 J at a repetition rate of up to 20 Hz. 
As can be seen in Figure 3, at  = 10, 600 nm most metals absorb poorly, however, organic 
coatings show a strong absorption at this wavelength. For this reason, the TEA CO2 laser is 
most suitable for cleaning metal artifacts.
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Steel

Wavelength ( m)

Figure 5.  Absorption characteristics of different metals as a function of wavelength.  The
wavelengths used in the present work are indicated. Since they are poorly absorbed by the 
metal substrate, lasers with long wavelengths, in this case the CO2 -laser are less likely to 
damage the metal artifacts. On the other hand, organic compounds absorb strongly in the far 
infrared but are transmissive or translucent at visible and near infrared . 

The absorption of radiation in organic compounds is due to the interaction of photons with 
different radicals. CO2 laser photons with the energy E = h  = 0.116 eV strongly excite the –
OH, -CH, -CN radicals causing the compounds to be heated and evaporated.
If the energy density or fluence is very high, even poorly absorbing surfaces will be affected. 
This was observed in some of the tests. On corroded, rusty surfaces, the radiation can cause 
blackening, but only with repetitive pulses and at high fluences: The reaction mechanism may
be explained by “dehydration” of the brownish-red coloured rust by: 

2 FeOOH + h   Fe2O3 + H2O

At even higher fluences, the different Fe-oxides formed can melt as their melting
temperatures are much lower than for the metallic Fe. Should this occur, small, ball-like 
features can be formed on the surface. This situation is difficult, but not impossible, to 
achieve with the TEA CO2-laser making the process less sensitive to operator error when 
conserving and cleaning metallic artifacts. Should such chemical and thermal breakdown 
occur, the surface will be irreparably damaged.
This is true for all the lasers tested, but much more likely to occur with short wavelengths.

4.1.2 Nd:YAG-laser, IR and green 

The PARAGON XL Nd:YAG laser emits short duration,  10 ns, pulses with an energy of 
0.5 J in the infrared, 1,064 nm, and 0.25 J at the second harmonic (green), 532 nm 
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wavelengths.  A pulse repetition rate of up to 10 Hz was possible. The photon energy of the 
IR and green beams are about 1.18 eV and 2.36 eV respectively. 
The interaction of the near infrared and green light with metals and organic coatings is 
completely different from that of the TEA CO2 laser radiation. Both the near IR and visible
light pass through the surface coatings – except for the black cyanoacrylate – and are 
absorbed by the metal surface. As the laser pulse hits the metal’s surface, a small amount of 
the surface will be melted and evaporated, generating a high pressure vapour and causing so-
called “spallation” of the coatings from the metal surface. This process causes melting of a
very thin surface layer, even at quite low fluences. In some cases, the coating may be left on 
the surface, but can usually be removed by careful use of manual methods.

5 mm 

T N

Figure 6.  The surface of an old cast iron object was coated by micro-crystalline wax (Ter 
Hell 5495), which was removed by a pulsed TEA CO2–laser (T, wavelength 10,600 nm) and a 
pulsed Nd:YAG-laser (N, wavelength 1,064 nm) respectively. The darkening of the surface of 
artifact was much more pronounced with the shorter wavelength of the Nd:YAG – laser, due
to the photo- and thermochemical dehydration of the Fe(OH)2  and the formation of FeO. At 
the same time, the removal of the coating is far less effective with the Nd:YAG-laser beam, 
than with the TEA CO2–laser beam.

Surface darkening, caused by the thermo chemical decomposition of Fe(OH)2 described 
earlier, was much more commonly observed with the Nd:YAG laser. The process is thus 
much more sensitive and correct operating parameters and care by the operator are required 
when using Nd:YAG lasers for cleaning. Photo-chemical changes in translucent organic 
surface coatings such as adhesives also occur. However, this is not a significant problem since 
the coatings will hopefully be removed.

The black cyanoacrylic adhesive absorbs the Nd:YAG laser light because it contain particles
of carbon which are absorptive at Nd:YAG wavelengths. For this reason the black 
cyanoacrylic material is the only adhesive of the group which is directly ablated from the
metal surface by the action of the Nd:YAG laser light.

4.2 Evaluation by Raman-spectroscopy 

Using Fourier-Transform InfraRed (FT-IR) and Raman-Spectroscopy, it is possible to analyse 
and identify different organic and inorganic compounds such as the surface coatings in the 
present work. Raman-Spectroscopy was the principle analytical tool used in this investigation.
The instrument used was a RENISHAW 200 Raman-microscope, with Ar-ion laser at 514 nm 
as excitation source at a magnification of between 20 – 50 X. 
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The Araldite layer on the non-irradiated iron surface could be identified around wavenumbers
3071 and 2910 cm-1. Some Araldite remained on the surface irradiated by the Nd:YAG laser 
beam, but the amount was small. The post irradiation composition had also changed giving a 
Raman-shift to wavenumbers 3077 and 2924 cm-1. This indicates minor photo- or thermo-
chemical changes in the composition as described above. 

On the surface of the steel trial samples irradiated with the TEA CO2 laser, no remaining
Araldite could be detected. On the ancient cast iron surface, coated with microcrystalline
conservation wax, the spectral lines of the wax were clearly identified at the wavenumbers
2881 and 2849 cm-1. The same surface, following irradiation with the TEA CO2 laser, showed
no traces of wax. However, new spectral lines at around 1580, 1340, 686 and 389 cm-1

respectively appeared.  These are characteristic for iron oxides and -hydroxides. 

A commercial conservation agent, Dinitrol, which is used as a protective surface coating on 
iron artifacts has spectral lines at 2881 and 2843 cm-1 respectively. The surfaces irradiated
with the TEA CO2 laser showed no traces of Dinitrol. New spectral lines observed between 
1591 and 275 cm-1 were attributable to different iron oxides and iron hydroxides. The use of 
the Nd:YAG laser resulted in a darkening of the sample surfaces and this was more
pronounced at the shorter wavelength. Spectroscopy also revealed residual traces of Dinitrol
on the sample surface. It can be concluded that Nd:YAG-laser pulses at the near IR and 
visible wavelengths are less suited for removal of surface coatings on ancient iron artifacts,
whilst the careful application of a pulsed TEA CO2 laser can lead to successful removal of 
existing coatings before the objects are re-conserved. 

5. Conclusions 
When selecting a laser for cleaning corroded archaeological artifacts, the physical and 
chemical properties of the material must be considered. The lasers used in these trials,
Nd:YAG and TEA CO2, operate in the visible, near and far infrared respectively. An 
important property of metals is their poor absorption in the far infrared which allows them to 
be subjected to relatively high laser radiation density or fluence at these wavelengths with 
little risk of surface heating or damage. However, even TEA CO2 laser pulses, which are in 
the far infrared, can cause surface damage if used at fluences that exceed a certain threshold.
This fluence, however, lies well above that which is required for normal cleaning operations 
5 .

Physical and chemical changes due to ageing of organic materials can alter their absorptivity
of radiation at a given wavelength. The most effective cleaning fluence also varies depending 
on the thickness of the coating to be removed. There are other factors which influence the
cleaning effect of lasers; for example surface colour, oxidation, porosity and surface
roughness. The cleaning effect of a given laser on different substrates can therefore vary 
considerably. Surface oxides absorb laser energy better than clean metal surfaces. For this 
reason, care must be taken even with TEA CO2 lasers if problems with dehydration and 
discolouration of the rust are to be avoided. There is a further risk that the resulting iron oxide 
melts which could lead to irreparable damage. Such problems can be avoided by careful 
investigation and mapping of the limiting fluences for the particular article to be cleaned. 
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Abstract
Laser removal of surface contaminants on silver threads was carried out using Nd:YAG laser 
radiation from the near infrared (1064 nm) through visible wavelength (532 nm) to  
ultraviolet (266 nm) produced by frequency harmonic generation. The silver thread in the 
museum textile was made of silver and silk in which a silver ribbon wraps a bunch of silk 
fibres. The goal of this work is to assess the feasibility of cleaning the tarnished silver without 
any damage of the underlying silk since the conventional chemical treatment is problematic to 
apply for this specific specimen. From the results, it was found that the laser wavelength of 
266 nm is most appropriate to clean the silver surface without causing any damage both to the 
silver and the silk surfaces while the 1064 nm wavelength results in melting and burning of 
the silver as well as the silk.

Keywords: laser cleaning / silver thread / wavelength / damage / silk 
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1. Introduction
Techniques and methods in conservation are developing all the time to find more suitable and 
efficient ways to treat materials. In recent years lasers have provided a promising cleaning 
technique for artwork conservation due to the fact that the laser is a highly controllable and 
monochromatic energy source which can remove the surface contaminants precisely and 
selectively [1-5].  
In this investigation, an Nd:YAG laser is used to remove the surface tarnish on silver threads. 
The thread in question was a museum textile made of silver and silk where a silver ribbon 
wraps a bunch of silk fibres. In order to assess the feasibility of cleaning the tarnished silver 
without any damage to the silk using laser irradiation, various laser wavelengths such as 1064 
nm (infrared), 532 nm (visible) and 266 nm (ultraviolet) were utilized. In order to see the 
effect of the laser wavelength during the cleaning process, a thorough optical analysis was 
carried out after the laser treatments. Cleaning threshold fluences for the three wavelengths 
were also found from the experiment. 

2. Metal threads and conservation problems 
In the past, metals have been used as a raw material in textiles, especially for ceremonial 
objects or textiles with a symbolic meaning. The fabrication of metallic filaments may be 
traced back to the 3rd century BC in the Middle East [6]. Different manufacturing techniques 
of the filaments such as hammering and high-speed casting were developed. Gilded wire was 
commonly used from the 15th century onwards in Europe both for weaving and embroidery 
for high-class garments. All types of metal filaments may be used in their original form or 
spun on to a fibre core to produce a metal thread.  
Textiles employing metal are generally in poorer condition than those which do not contain 
metal because of extra stresses from the high mass of the material and the multiplicity of 
degradation processes. The condition of the metal textile depends on the quality of the 
materials and manufacturing, natural ageing processes, and the conditions in which they have 
been treated and kept. Because of the combination of metals and organic fibres, the 
conservation of textiles containing metal threads presents a variety of problems to 
conservators [7]. There are lots of concerns about the safety of the cleaning methods used and 
their long-term effect on both the metal filaments and the associated organic fibres. During 
any conservation treatment of metal threads it is almost impossible for cleaning solutions to 
avoid contact with some of the fibres. Treatment involving liquid agents, aqueous or non-
aqueous, could produce irreversible changes to the organic fibres inside the metal [8]. 
The advantage of pulsed laser cleaning is its ability to remove the surface contamination layer 
by layer precisely and selectively. In this work, laser removal of the surface tarnish on the 
silver threads without inducing any damage, particularly in the underlying organic silk fibres, 
was attempted by using various laser wavelengths.  
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3. Experiments 
3.1 Laser equipment 

A Q-switched Nd:YAG laser with a fundamental wavelength of 1064 nm was used in the 
experiment. The laser has single-mode cavity optics producing a Gaussian beam profile. The 
laser has a pulse length of 10 ns and a maximum repetition rate of 10 Hz. The visible 
wavelength of 532 nm and UV wavelength of 266 nm were achieved by frequency doubling 
and quadrupling of the fundamental wavelength after passing through a KTP (KTiOPO4)
crystal. The maximum pulse energies obtainable were 500 mJ, 250 mJ, and 50 mJ for 1064 
nm, 532 nm and 266 nm respectively. These three wavelengths were used to remove the 
tarnish on the silver surface. The laser beam was delivered by an articulated arm and thus 
irradiated the textile sample surface. The sample was placed on an X-Y-Z working table. The 
position of the sample was adjusted to change the laser beam fluence (J/cm2) on the surface. 

3.2 Sample characteristics

The silver thread textile sample used in this experiment is shown in Figure 1, and is assumed
to be part of a 19th century Swedish chasuble. It is clearly shown in the magnified figure that a 
thread in the textile consists of silver and silk where the silver ribbon wraps the bunch of silk 
fibres. In atmospheric conditions, silver is corroded to two compounds; Ag2O and Ag2S. It is 
possible to differentiate between these materials by their colour, i.e. Ag2O forms a thin white 
layer and Ag2S is basically black depending on the degree of corrosion [9]. It can be deduced 
that the silver textile surface mainly consists of Ag2S as the surface colour is dark brown as 
shown in Fig. 1. The sulphide is formed as follows [9], 

2Ag + H2S + 1/2O2 => Ag2S + H2O

It should be noted that the sulphur was detected on the sample surface by EDS analysis, and 
the sulphur peak was subsequently decreased on the laser cleaned surface. 

Figure1. Sample of the silver thread textile 
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4. Results and Discussion 
In order to investigate the effect of laser wavelength on the laser cleaning of the silver threads 
experimentally, the three wavelengths of at 1064 nm, 532 nm and 266 nm were used at 
similar laser fluences of 2.7 J/cm2, 2.5 J/cm2 and 2.6 J/cm2 respectively. The treated area was 
examined by high-resolution optical microscopy.
Figure 2 shows the silver thread surfaces after laser treatment with a wavelength of 1064 nm.
Five laser pulses with a fluence of 2.7 J/cm2 were used for the removal of tarnish from the 
silver surface. It is seen that the tarnish on the surface was removed but the edge of the silver 
ribbon was melted and a rough silver surface was formed after the laser irradiation. At high 
magnification, it was found that the silk fibres inside were severely burned and a number of 
the fibres were disconnected. From these results, it is seen that the laser wavelength of 1064 
nm is not appropriate for a successful removal of the tarnish from the silver surface without 
inducing damage both to the silver and to the silk. 

Figure 2. Silver and silk surfaces before and after laser treatment at 1064 nm 

Figure 3 shows the silver thread surfaces after laser treatment at 532 nm. Five laser pulses 
with a fluence of 2.5 J/cm2 were applied for cleaning the silver surface. It is clear that the 
tarnish on the surface was removed successfully without apparent damage such as surface 
melting of the silver. However it was found at higher magnification that the underlying silk 
was burned and a few of fibres were disconnected. From these results, it could be seen that 
the laser wavelength of 532 nm could damage the silk thermally during cleaning. 
Figure 4 shows the silver thread surfaces after laser cleaning with a wavelength of 266 nm. 5 
laser pulses with a fluence of 2.6 J/cm2 were used for the removal of the tarnish from the 
silver surface. It can be clearly seen that the black surface tarnish has been removed
successfully and a bright silver surface has been revealed. In addition, the silk inside was still 
intact without any apparent damage such as burning and colour change. From these results, 
the UV laser irradiation of 266 nm was seen to be very effective in cleaning the silver thread 
textile without any impact on the underlying silk. 
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Figure 3. Silver and silk surfaces after laser treatment at 532 nm 

Figure 4. Silver and silk surfaces after laser treatment at 266 nm 

In order to understand the thermal effects of the change in laser wavelength, the outer areas of 
the laser-irradiated spot, where laser-induced heating produces a heat affected zone (HAZ) 
were investigated, as shown in Figure 5. In case of 1064 nm, the dark brown silver surface 
was changed to show various colours such as orange, red, yellow, blue. This implies that the 
composition of the surface tarnish based on silver sulphides was changed by the laser-induced 
heat which resulted in further surface degradation by thermal oxidation. At 532 nm, a change 
of colour mostly to yellow at the outer area was found as shown in the Fig. 5 (b) although the 
amount of the change is not much as 1064 nm. This implies that 532 nm wavelength laser also 
induces enough heat to produce a change in composition of the HAZ. On the contrary, there 
was no color change in the HAZ region at 266 nm. This implies that thermal generation when 
using UV irradiation of 266 nm is quite small.
In summary; the near infrared laser radiation of 1064 nm provides a large thermal input both 
to the silver and the silk, while the ultraviolet radiation of 266 nm results in a small thermal
effect to the surfaces and is more effective in removing the silver tarnish successfully without 
damaging the underlying silk. 
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Figure 5. Outer areas of the laser-irradiated spot at (a) 1064 nm, (b) 532 nm and (c) 266 nm
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Figure 6. Removal efficiency as a function of laser fluence for three wavelengths of 1064 nm, 
532 nm, and 266 nm 

In order to compare the cleaning performance with the change of laser wavelength, the 
removal efficiency was measured for the three different wavelengths as a function of laser 
fluence and this is shown in Figure 6. The removal efficiency was defined by the cleaned area 
after the irradiation of five laser pulses, i.e. 100 % means that the cleaned area is equal to the 
laser-irradiated spot area on the surface. It is shown that the removal efficiency increases with 
an increase of the laser fluence, i.e. the cleaned area becomes larger with an increase of 
deposited laser energy. It is also seen that a shorter wavelength has a higher removal
efficiency at the same level of laser fluence. This implies that more effective interaction 
between the laser beam and the surface tarnish in achieved with decreasing laser wavelength. 
This is probably due to improved laser absorption and photo-chemical dissociation induced 
by the energetic UV photons at the shorter wavelength [3-5]. This conclusion is supported by 
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the fact that the threshold laser fluences for the removal of the tarnish on the silver surface 
was found to be around 0.06 J/cm2 at 266 nm, 0.2 J/cm2 at 532 nm and 0.6 J/cm2 at 1064 nm 
respectively.

5. Conclusions 
Laser removal of the surface tarnish on a silver thread textile was carried out by using a Q-
switched Nd:YAG laser. In order to investigate the effect of laser wavelength, three different 
wavelengths of 1064 nm (near infrared), 532 nm (visible) and 266 nm (ultraviolet) were used 
at almost the same laser fluence. Successful removal of the tarnish on the silver surface was 
achieved by the laser irradiation at 532 nm and 266 nm while 1064 nm was found to be 
inappropriate due to excessive melting of the metal. It was also found that thermal damage 
such as burning and disconnection of the underlying silk was caused at 1064 nm and 532 nm. 
The amount of heat generation with the different wavelengths can be estimated qualitatively 
by investigating the change of surface colour in the heat-affected zone around the laser-
irradiated spot. It was found that the heating effect decreased with decreasing laser 
wavelength. In addition, it was found that shorter wavelength provided a higher removal 
efficiency and lower threshold laser fluence for the removal of the surface tarnish. As a 
summary, a shorter wavelength like UV radiation is much more effective and efficient for 
cleaning the silver threads since it does not produce any apparent damage to the silver or the 
silk inside.
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Abstract

This paper presents the results of an experimental program investigating the ablation of 
oxides from copper alloy surfaces using a frequency doubled Nd:YAG laser. A collection of 
coins with similar levels of surface oxidation were cleaned using range of laser pulsing 
parameters on dry, wet and submerged surfaces. It was discovered that laser cleaning was 
always associated with one of two types of coin surface damage. At higher powers the 
damage took the form of surface melting and at lower powers the incident laser beam 
converted the original oxide layer into adherent droplets of molten metal. 
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1. Introduction 
The removal of oxide layers from copper artifacts using lasers has been of interest to 
conservation and restoration experts since the pioneering work of Asmus in the 1970s [1]. 
More recently the subject has attracted interest from the micro electronics industry for the 
production of very clean copper surfaces [2].
Pini et al [3] found that Nd:YAG (1064 nm) lasers were effective at removing calcareous and 
siliceous encrustations from bronze objects but were slow to remove the underlying copper 
oxide layer from the bronze substrate. During these tests the samples to be cleaned were first 
dampened with distilled water to enhance coupling of the laser light and to provide localised 
cooling. Pulse durations in the nanosecond range combined with fluences in the range 0.4 -1.0 
J/cm2 were found to give the best results for the removal of surface oxides.      
Drakaki et al [4] also found that laser cleaning was more effective with wet rather than dry 
coins. In this case the fluences were similar to the Pini et al work (0.4 J/cm2) but pulse lengths 
were in the range of microsecond to avoid plasma effects and mechanical distortion associated 
with nanosecond pulses. 
Siano et al [5] noted that one of the reasons water was useful to the cleaning process was 
because copper oxides have a low thermal conductivity (of the order of 5 W/moK, compared 
to the value for copper of 400 W/moK) and could therefore reach very high temperatures and 
become reduced back to their metallic state. This reduction would coat the underlying 
substrate with newly created metallic particles and interfere with the cleaning process. 
It is generally agreed in the literature that the ablation threshold of the cleaning process rises 
with TL (the laser pulse width) [6].  This is because longer pulses produce a cooler interaction 
[7].
Kearns et al [8] used a frequency doubled Nd:YAG laser (  =532 nm) to remove oxides (CuO 
+ Cu2O) from copper surfaces but noted that the process produced microscopic craters in the 
copper surface. The work estimated an oxide removal threshold of 6.6 – 9.8 J/cm2.
In this present research a frequency doubled Nd:YAG laser (wavelength =532 nm) was used 
to clean the oxide layer from a selection of similar coins. The coins were in one of three 
conditions;

a)dry
b) wet on the surface 
c) submerged beneath 1.0 mm of water 

The laser was used in its pulsed mode with raster mirrors to project a series of parallel lines 
onto the coin surface. In some cases the coin was then rotated though 90° and then cleaned 
again.

2. Experimental work 
2.1 Laser Equipment 

The laser used in this work was a Rofin Sinar Nd:YAG Laser (Diodlaser RSM 200 D/SHG) 
which can be operated at 532 nm in the pulsed mode. 
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3. Results and Discussion 
The experimental work began with a pilot study using only dry surfaces. In each case half a 
coin was cleaned by running a raster pattern of overlapping laser pulses over the surface.
Then the coin was rotated through 90° and the cleaning process was repeated. This eventually 
gave a sample similar to that shown in figure1 with four quadrants on its surface; two 
quadrants (b + d) which had been laser cleaned once, one quadrant (c) which had been 
cleaned twice, and one quadrant (a) of oxidised, uncleaned surface. 

 c d

    b a

Figure 1. A typical cleaned sample from the pilot study. One quadrant (a) remains uncleaned, 
quadrants (b) and (d) have been cleaned once by the laser, quadrant (c) has been cleaned 
twice with overlapping raster patterns at 90° to each other. 

To the naked eye the cleaning results obtained from this experiment were excellent as can be
seen from figures1, 2 and 3. The three optical photographs for sample 1 in figure 2 reveal a 
bright, completely cleaned surface. As the raster speed is increased from 50 m/s to 100 m/s
and then 200 m/s the cleaning effect diminishes as would be expected. It is also clear that the 
single direction raster cleaning technique (quadrant b or d; fig 1) produces a pattern of parallel 
lines on the coin surface and this pattern disappears if two raster directions are super-imposed
(quadrant c; figure 1). Figure 3 demonstrates that the pulse frequency needs to be optimised to 
achieve the best cleaning results. 
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Figure 2. Optical and scanning electron microscopy of three coins cleaned with different 
raster speeds.
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Figure 3. Optical and scanning electron microscopy of three coins cleaned with different 
pulse conditions. 

Although the low magnification optical photographs indicate excellent results, the higher 
magnification SEM photos reveal evidence of a fundamental difference in surface topology 
between all the laser cleaned samples and the original oxidised surface (see figure 4).
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Figure 4. SEM photographs of a typical area of original, oxidised coin surface.

From comparison of figures 2, 3 and 4 it is clear that the coins have experienced surface
melting as a result of exposure to the laser beam. This effect is most obvious in the case of
sample 4 (figure 3) where the melt splashes left by the individual laser pulses are clearly
evident. Even in this case however, the melting has not been of sufficient depth to change the 
macroscopic features of the stamped coin. The lower magnification SEM photos of samples 2 
and 5 in figure 3 show that even shallow scratches have not been hidden by the surface 
melting. This evidence suggests that the melt is only a few microns deep. Nevertheless, 
surface melting is something which should be avoided in a process which should be merely
revealing the metal surface below an oxide layer.
In order to achieve cleaning without surface damage it was decided to carry out similar
cleaning trials using wet and submerged samples. The intention was to suppress surface 
melting by using water as a coolant.
Figure 5 present a direct comparison of the effect of the laser on the dry, wet and submerged
(under 1.0 mm of water) samples. The dry surface result is what would be expected from the
earlier work i.e. a surface covered in distinct, approximately circular splash zones. The wetted 
surface sample shows that the splash zones have lost much of their individual identity and 
have fused together in a more generalised melt pattern. At this magnification the submerged
sample appears to have been cleaned without surface melting. The minor scratches and dents
typical of the original surface are clearly visible and there is no evidence of splash zones.

a. Dry surface b. Wet surface c. Submerged surface 

Figure 5. Low magnification SEM photographs of laser irradiated surfaces in the (a)dry,
(b)wet and (c)submerged conditions (identical laser parameters; laser power 55 W, pulse 
frequency 5000 Hz, pulse length 60 nS, scan speed 100 μm/s). 

However, the initial impression of cleaning without melting given by figure 5c is refuted at 
higher magnification as figure 6 demonstrates. Here we see, once again, that the laser has
melted the surface in all cases.
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a. Dry surface 40A 5000 Hz b. Wet surface c. Submerged surface 

10 μm 10 μm 10 μm

Figure 6. High magnifications SEM photos of the surfaces presented in figure 5.

a b

100 μm 10 μm

Figure 7. The effect of reduced laser pulse energy on the surface (laser power 10 W, pulse 
frequency 5000 Hz, pulse length 50 nS, scan speed 100 m/s).

Figure 7 presents SEM views of the surfaces created at much lower laser powers than those
used for figures 5 and 6. In this case the power was reduced from 55 W to 10 W and the 
resulting surface did not appear clean and bright to the naked eye. SEM examination of the 
surface revealed that it was covered in small (1-3 μm diameter) spheroids which were welded 
to the unmelted copper surface of the coin. EDX chemicals analysis of these droplets 
identified then as containing approximately 93 % copper, 5 % oxygen and 2 % tin (Atomic
%). From this chemical analysis and an observation of their physical shape it seems likely that 
the droplets originated from the oxide layer on the coin surface. The incident layer energy has 
reduced the oxide surface to liquid metal which has subsequently been gathered into surface 
droplets. To support this theory reflectance measurements were carried out: 
The reflectance of typical coins was measured with the surface in one of four states; oxidised, 
laser cleaned once, laser cleaned twice and mechanically polished. For these measurements a 
1 W cw Nd:YLF laser (  = 1053 nm or 527 nm) was used in conjunction with an integrating 
sphere [9]. The average results of this examination are presented in table 1. 

Table 1. The reflectance of the coins in the oxidised state and after cleaning (  = 527 nm)

Coin condition Reflectance Absorptance
Oxidised (uncleaned) 14 % 86 % 
Laser cleaned once 39 % 61 % 
Laser cleaned twice 44 % 56 % 
Mechanically polished 37 % 63 % 
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It is clear from table 1 that the oxide layer has an approximately 40 % higher absorptance to 
the laser light that the cleaned copper surface. This, combined with the lower thermal 
conductivity of copper oxides compared to copper (mentioned earlier), indicates that, at low 
laser power, the oxide could be affected without damage of the underlying copper. 
This phenomenon of droplets adhering to the material surface is almost as undesirable to a 
cleaning process as the surface melting effect noted at higher powers. In a search for a laser-
material interaction zone which could provide cleaning without surface alteration of the 
substrate a wide range of laser parameters were employed down to; laser power 10 W, pulse 
frequency 1000 Hz, pulse length 220 nS.
In all cases, wet, dry or submerged, the surface of the coin was either covered in droplets (low 
power) or melt (high power). In nearly all cases the coins were brightly cleaned to the naked 
eye and the surface alterations (melting or droplets) were only observable with the help of 
electron microscopy. 

4. Conclusion
Although frequency doubled Nd:YAG lasers can be used to remove oxides from copper coins 
there is always (within the experimental scope of this paper) a residual alteration of the coin 
surface. Either; 
a) the surface of the coin is melted  
or;
b) the oxide surface is transformed into small droplets of metal which adhere to the coin 
surface.
These effects are generally microscopic and only visible at high magnification. 
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